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Abstract

The solid forms of active pharmaceutical ingredients (APIs), such as polymorphs,
cocrystals, and hydrates, possess unique physicochemical properties, including stability,
bioavailability, and solubility. These properties are closely tied to their structures, which can be
specifically tailored through rational design of novel forms. HCI salts are among the most
common solid forms of APIs; however, the formation of pharmaceutical cocrystals of HCI APIs
with pharmaceutically acceptable coformers, while relatively rare, can vastly expand the
landscape of solid forms. This study explores the mechanochemical synthesis of known
cocrystals of promethazine HCI and novel cocrystals of promethazine HCI and chlorpromazine
HCI, along with the use of 33Cl solid-state NMR (SSNMR) spectroscopy and density functional

theory (DFT) calculations for their structural characterization. Mechanochemical synthesis

methods were employed, offering higher yields and better scalability than conventional methods.

However, the nature of the products of mechanochemical reactions, which are often powders,
presents significant challenges for crystal structure determination. 3°>Cl1 SSNMR experiments
were used to reveal the chloride environments with distinct hydrogen bonding networks in each
solid form, identified through unique quadrupolar interaction parameters. Experimental 33Cl
electric field gradient (EFG) tensor data were compared with those from DFT calculations, and
used to identify a series of unique chloride ion hydrogen bonding configurations. This work
highlights the potential of NMR crystallography for advancing the rational design of cocrystals,
improving synthetic methodologies, and providing deeper insights into their solid-state

properties.
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1. Introduction

Approximately 80% of active pharmaceutical ingredients (APIs) are manufactured and
administered as solids,! which can take on a multitude of solid forms such as salts, solvates,
polymorphs, cocrystals, amorphous solid dispersions, and combinations thereof (e.g., ionic
cocrystals).? Currently, more than 50% of APIs are manufactured as solid, organic HCI salts, in
which the chloride ions are involved in intricate hydrogen bonding networks that have been
demonstrated to impart improved solubility and stability.>* Each solid form of an API can have
disparate physicochemical properties (e.g., solubility, stability, bioavailability, etc.); as such, the
ability to synthesize a variety of solid forms in high purity can permit the manufacture of more
efficacious drugs with desirable properties, which is of paramount interest to the pharmaceutical
industry as well as consumers of pharmaceutical products.

Pharmaceutical cocrystals, which are crystalline, single-phase materials composed of two
or more distinct pharmaceutically acceptable molecules within a unit cell (not including
hydrates, solvates, or simple salts),>¢ are of particular interest due to the sheer number of
coformers that can be used to elicit a wide range of structures and concomitant physicochemical
properties.”® Cocrystals are often formed via slow evaporation from solution;®'%** however, this
has several drawbacks, such as the use of relatively large volumes of solvents, high energy
inputs, long waiting times (e.g., weeks to months), and difficulties with scaling up output for
industrial production.'?*® Despite the widespread use of HCI salts of APIs and the significant
potential for ionic cocrystal synthesis, studies on cocrystals of HC1 APIs are surprisingly scarce,
but are gaining much interest in pharmaceutical research, since they offer the enticing prospects
of tailoring different solid forms with modified stability, solubility, or controlled release

properties. However, their synthesis using conventional solution-based recrystallization is
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challenging, since they are often less likely to form, either because of preferred protonation of
basic functional groups or less favorable thermodynamic properties, both of which often lead to
the formation of a simple HCI salt.

Mechanochemistry offers alternative routes for cocrystal synthesis with quantitative
yields, minimal impurities, short timescales (i.e., minutes to hours), and straightforward
scalability.’*-?> One of the most common mechanochemical synthetic techniques for small scale
reactions is ball milling,?6-?® in which the reagents (or educts) are placed into a milling jar with
ball bearings and ground at a specific frequency and for a fixed duration.?”?° A small amount of
liquid can be used as well, typically no greater than 2 pl./mg of solid, to speed up or facilitate the
reaction — this is known as liquid assisted grinding (LAG), while ball milling in the absence of
any solvent is often referred to as neat grinding (NG).3%3 The products and/or mixtures of
species that emerge from ball milling reactions often come in the form of microcrystalline
powders, which often restricts the application of single-crystal X-ray diffraction (SCXRD)
methods (i.e., crystals of suitable size and/or quality cannot be extracted). Fortunately, there are
numerous other analytical techniques for characterizing the molecular structures of these
products, with powder X-ray diffraction (PXRD), IR/Raman spectroscopy, and solid-state NMR
(SSNMR) spectroscopy at the forefront. SSNMR spectroscopy is of particular value for its
ability to resolve molecular structures in an atom-by-atom fashion, while also providing
“fingerprints” for each solid form, akin to those of PXRD, IR, and Raman methods.

33CI (spin 1= 3/2) SSNMR is well established for characterizing HC1 APIs and their
cocrystals, since their spectra have broad, central transition (CT, +1/2 <»[] —1/2) powder patterns
that are tens to hundreds of kHz in breadth, due to influences from the second-order quadrupolar

interaction (SOQI) and chemical shift anisotropy (CSA).3>** The quadrupolar interaction is the

4
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interaction between the nuclear quadrupole moment and the electric field gradient (EFG) at the
nucleus, the latter of which is described by a second-rank tensor. Measurement of 33C1 EFG
tensors is especially useful for characterizing chloride ion environments, since they are very
sensitive to their local ground-state electronic environments and can distinguish even minute
differences or changes between hydrogen bonding networks.>#>** With the aid of dispersion-
corrected density functional theory (DFT) geometry optimizations and computation of the 33ClI
EFG tensors, further insight into the molecular-level structures of materials without known
crystal structures can be gained.32454¢

Given the relative scarcity of ionic HCI cocrystals of APIs and their potential importance
in the design of new solid forms with useful physicochemical properties, herein, we discuss
mechanochemical syntheses of eleven such cocrystals featuring the phenothiazine drugs
promethazine HCI (Ptz), chlorpromazine HCI (Cpz), or promazine HCI (Pmz) (Scheme 1) and a
series of neutral coformers (see Supporting Information, Scheme S1) as starting reagents,
which yield 2:1 promethazine HCl:fumaric acid (Ptz,F), 2:1 promethazine HCl:succinic acid
(Ptz,S), 2:1 promethazine HCl:adipic acid (Ptz,A), 2:1 promethazine HCl:oxalic acid (Ptz,0),
2:1 promethazine HCl:glutaric acid (Ptz,G), 1:1 promethazine HCl:malonic acid (PtzMo), 1:1
promethazine HCl:malic acid (PtzMi), 2:1 chlorpromazine HCl:succinic acid (Cpz,S), 2:1
chlorpromazine HCl:fumaric acid (Cpz,F), and 1:1 chlorpromazine HCl:terephthalic acid
(CpzT) (see Scheme 2 for examples). We demonstrate (i) the advantages of mechanochemical
methods over previously reported synthetic procedures, (ii) the optimization of
mechanochemical syntheses to maximize efficiency and yield, (iii) the application of these
optimized protocols for the discovery of novel cocrystals, and (iv) the use of 3CI SSNMR to

investigate the structures of known Ptz cocrystals,* and to aid in the structural elucidation of the
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novel Ptz and Cpz cocrystals, via NMR crystallography (NMRX).4#? Lastly, experimental 33Cl
EFG tensors are compared to those calculated from structural models that have been geometry
optimized using dispersion-corrected plane-wave DFT methods.*¢ This helps assess how 3°Cl
EFG tensors of chloride ions are influenced by hydrogen bonding networks, which is key for
future applications of quadrupolar NMR-guided crystallographic crystal structure prediction

methods to HC1 APIs.50:51
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2. Methods
2.1 Materials

Promethazine HCI (Ptz), chlorpromazine HCI (Cpz), promazine HCI (Pmz), and
coformers succinic acid (S), oxalic acid (O), malonic acid (Mo), malic acid (Mi), glutaric acid
(G), adipic acid (A), terephthalic acid, (T) and fumaric acid (F), were purchased from
MilliporeSigma and used as received without further purification. PXRD patterns were acquired
for all starting reagents and compared to simulated PXRD patterns of known structures to assess

identity and purity.

2.2 Cocrystal Synthesis

Cocrystals were synthesized using slow evaporation and/or mechanochemically via ball
milling. Initial mechanochemical syntheses were carried out following the procedures reported
by Borodi ef al.*® Mechanochemical syntheses involved either LAG or NG, and were conducted
using a Retsch Mixer Mill 400 using two 15 mL stainless steel jars with two 7 mm stainless steel
grinding balls, a milling frequency of 30 or 35 Hz, and milling times ranging from 5 to 360
minutes (Tables 1 and 2). No further grinding of samples was needed prior to analyses by
SSNMR or PXRD, since all were produced as fine, microcrystalline powders. For syntheses of
cocrystals via slow evaporation, supersaturated solutions were prepared in a 20 mL glass vial by
dissolving one of three APIs and one of the eight coformers in 2 mL of acetonitrile (MeCN),
with gentle heating (ca. 55 °C) to completely dissolve the solids. The solutions were placed in a
fume hood to evaporate over a period of 5 days (see Table 3 for details). The resulting crystals

were analyzed by SCXRD.
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2.3 Powder X-ray Diffraction

PXRD patterns were acquired on a Rigaku Miniflex with a Cu Ka (A = 1.540593 A)
radiation source and a HyPix-400 MF 2D hybrid pixel array detector. The X-ray tube voltage and
amperage were set to 40 kV and 15 mA. Experiments were run with the detector scanning 20
angles from 5° to 50° with a step size of 0.03° at a speed of 5° min~!'. The PXRD patterns for all
reagents and cocrystals were compared to those simulated from reported structures!®>?-¢ using

CrystalDiffract software,*” to confirm crystallinity, purity, and the presence of novel phases.

2.4 Single-Crystal XRD

Single crystals of CpzF and CpzS were mounted on a cryoloop with paratone oil and
examined on a Bruker Dual Source D8 Venture diffractometer equipped with Photon 100 CCD
area detector using graphite monochromated Mo-Ko radiation (A = 0.71073 A). An Oxford
Cryostream cooler was used to maintain cryogenic temperatures of 170 K for these studies. Data
were collected using the APEX-III software, integrated using SAINT>® and corrected for
absorption using a multi-scan approach (SADABS).”® Final cell constants were determined from
full least squares refinement of all observed reflections. The structures were solved using intrinsic
phasing (SHELXT)s® and refined with full least squares refinement on F? using SHELXLS! in
Olex2-1.5 software.®? Simulated PXRD patterns derived from the single-crystal structures were found to

be identical to those of the bulk, microcrystalline samples.

2.5 Solid-State NMR Spectroscopy
2.5.1 Overview. SSNMR experiments at By = 9.4 T [vo('H) = 400.13 MHz and v,(**Cl) =

39.21 MHz] were conducted on a Bruker Avance III HD NMR spectrometer with an Oxford
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wide-bore magnet at the University of Windsor. SSNMR experiments at By = 14.1 T [vo('H) =
600.13 MHz and vy(13C) = 150.92 MHz] and By, = 18.8 T [vo('H) = 800.13 MHz and v(*’Cl) =
78.42 MHz] were conducted on Bruker Avance NEO spectrometers with 89 mm and 63 mm bore
Oxford magnets, respectively, at the National High Magnetic Field Laboratory (NHMFL).
SSNMR experiments at 9.4 T were conducted with a 5 mm ultra-low temperature, double-
resonance HX static (stationary sample) NMR probe manufactured by Revolution NMR, with
samples packed into 5 mm outer diameter (0.d.) glass NMR tubes sealed with Teflon tape.
Magic-angle spinning (MAS) and static SSNMR experiments at 14.1 T and 18.8 T were carried
out with 5 mm, 3.2 mm, and/or 1.3 mm triple resonance HXY probes built in-house at the
NHMFL, with samples packed into 3.2 or 1.3 mm o.d. zirconia oxide rotors (MAS) or 5 mm o.d.
glass sample holders (static). Details of these experiments are provided in Tables S1 — S7. Pulse
sequences and recommended standards and calibration parameters are available at

https://github.com/rschurko.

2.5.2 35C1 SSNMR. Static °Cl SSNMR spectra were obtained at both 9.4 T and 18.8 T,
while MAS spectra were acquired only at 18.8 T. At 9.4 T, spectra were obtained using the
WURST-CPMG#3-6¢ pulse sequence with a 'H continuous-wave (CW) decoupling field between
25 and 50 kHz. At 18.8 T, static spectra were obtained using either a Hahn Echo or CPMG pulse
sequence with a CW 'H decoupling field of 50 kHz. MAS at 18.8 T spectra were obtained using
a rotor-synchronized quadrupolar echo sequence, with an MAS rate of v,,; = 50 kHz.5” 33C1
chemical shifts were referenced to 0.1 M NaCl at 9;;, = 0 ppm using NaCl(s) as a secondary
reference (0i5o = -41.1 ppm).

2.5.3 BC SSNMR. 'H-'3C variable-amplitude cross polarization/MAS (VACP/MAS)
experiments®-72 were conducted at v, = 10 kHz. Data were acquired using a 5.0 pus 'H 7/2 pulse,

9
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a ramped-amplitude Hartman-Hahn matching field of vo('"H) = 50 kHz (matched on the X
channel),% optimized contact times between 1.0 and 3.0 ms, and a SPINAL-64 'H decoupling
field of v,('H) = 50 kHz.7® 13C chemical shifts were referenced to TMS (Jis, = 0.0 ppm using o-
glycine (dis, = 176.5 ppm) as a secondary reference.’7’>

2.5.4 Spectral Processing and Simulation. SSNMR spectra were processed using
TopSpin v4.1 software package. Simulations of 3C1 SSNMR spectra were generated using the
ssNake v1.3 software package.’® To ensure proper expression of the Euler angles describing the
relative orientation of the EFG and CS tensors in the ZY'Z" convention, the results of simulations
in ssNake, which uses the ZX'Z" convention and different definitions for anisotropic chemical

shift and EFG tensor parameters, were verified in WSolids1.7”

2.6 DFT Calculations

Quantum chemical calculations were performed on structural models obtained from
previous SCXRD studies,%5%535¢ or the two novel cocrystals obtained through SCXRD analyses
presented herein. Geometry optimizations and subsequent calculations of *3Cl EFG and magnetic
shielding tensors were performed with plane-wave DFT methods using the CASTEP module
within Materials Studio 2020.77° These calculations used the generalized gradient approximation
(GGA) with the RPBE functional,® ultrasoft pseudopotentials generated on-the-fly,® a k-point
spacing of 0.05 A~!, and a plane-wave cut-off energy of 800 eV, and an SCF convergence
threshold of 5 x 107 eV. Geometry optimizations employed the LBFGS method,?? in which the
positions of all atoms were relaxed with unit cell parameters remaining fixed at their
experimental values. The thresholds for structural convergence included a maximum change in

energy of 5 x 1076 eV atom!, a maximum displacement of 5 x 10 A atom™!, and a maximum

10
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Cartesian force of 102 eV A-1. A correction to the dispersion energy was introduced using
Grimme’s semi-empirical two- body dispersion force field,®*#* with an empirical
reparameterization introduced by our group (DFT-D2*).4685-88 35C] magnetic shielding tensors
were calculated using the GIPAW method.® 3Cl chemical shift values were referenced with
respect to NaCl(s) (Jiso = -41.1 ppm), which has an absolute isotropic chemical shielding value of
952.38 ppm. EFGShield* was used to extract the Euler angles describing the relative orientations

of magnetic shielding and EFG tensors, which are reported using the ZY'Z"” convention.

3. Results and Discussion
3.1 Overview

In this section, we discuss (i) the optimized mechanochemical syntheses of previously
reported Ptz cocrystals; (i) the optimized mechanochemical syntheses of novel Ptz and Cpz
cocrystals with various coformers; (ii1) the characterization of these cocrystals using a
combination of SSNMR, PXRD, and SCXRD; and (iv) the use of DFT calculations to gain
insight into relationships between 33Cl EFG tensors and molecular-level structure, as well as the
application of NMRX methods for the preliminary characterization of materials without known
crystal structures. All cocrystals were characterized by SSNMR; in particular, 3Cl SSNMR is
highlighted as the central characterization method due to the unique 3°Cl central transition (CT,
+1/2 «>[1 —1/2) powder patterns resulting from the multifarious hydrogen bonding arrangements
of the CI anions in both the HCI APIs and their cocrystals. For cocrystals with known crystal
structures, DFT-D2* geometry optimizations and calculations of 3°Cl EFG tensors are used to

correlate the 33Cl EFG tensor parameters and orientations to the local hydrogen bonding

11
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environments of the chloride ions — this is crucial for understanding the roles of the chloride ions

in stabilizing these novel ionic cocrystals.

3.2 General Observations

Mechanochemical Syntheses. In 2019 Borodi et al. reported the syntheses of four Ptz
cocrystals, including Ptz,F, Ptz,S, Ptz,A, and Ptz,0, using mechanochemistry and/or slow
evaporation, using Ptz and a neutral coformer as the starting reagents.'® LAG reactions with an
unspecified amount of solvent were reported to take between 30 to 90 minutes to produce
quantitative yields of cocrystals, while analogous NG reactions took 180 minutes. However, the
type and amount of solvent used in LAG syntheses, along with the ball milling conditions, can
co-workers,** our syntheses were optimized using the following ball milling conditions: (i) a
series of different LAG solvents were explored, including ethanol, methanol, water, acetonitrile,
diethyl ether, THF, nitromethane, dichloromethane, toluene; (ii) the LAG solvent volume to total
educt mass ratio was in the range of 5 - 20 puL of solvent per 200 mg of solid; (iii) the milling
time was varied between 5 and 360 minutes; and (iv) the milling frequency was set to 30 or 35
Hz (Table 1). Furthermore, we were able to produce the Ptz,S cocrystal under mechanochemical
conditions, which was not reported previously.

The optimized ball milling protocols served as a starting point for the syntheses or
attempted syntheses of novel cocrystals with Ptz, Cpz, and Pmz as starting reagents. Six new
cocrystals were synthesized, including three with Ptz and three with Cpz. Most of these
cocrystals can be synthesized in less than 30 minutes under LAG conditions, with the exception
of Ptz,G, which takes six hours of milling before formation of the cocrystal is completed (Table

12
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2). Attempts to synthesize other novel cocrystals of Ptz, Cpz, and Pmz with different coformers
(i.e., tartaric acid, salicylic acid, benzoic acid, benzamide, gentisic acid, xinafoic acid, maleic
acid, and aspartic acid) were unsuccessful, despite efforts with various stoichiometric ratios to
API to coformer, solvent identity and volume, milling media (i.e., stainless steel and Teflon), and
milling times (e.g., 30 minutes and up to five hours). Details on attempts to produce Pmz
cocrystals are reported in Table S8.

Powder X-ray Diffraction. PXRD patterns of reported Ptz cocrystals are distinct from
those of the starting reagents (Fig. S1) and in good agreement with simulated patterns based on
crystal structures (Fig. S2). PXRD patterns of the novel cocrystals Cpz,F and Cpz,S are
compared with simulated patterns (Fig. S3) based on the crystal structures reported herein (vide
infra, Table S9). PXRD patterns of novel cocrystals without known crystal structures are
compared to patterns of educts (Figs. S4 and S5, with key diffraction peaks attributed to a novel
phase, and compared to simulated patterns derived from the novel structures reported herein).
These results confirm that the syntheses are successful, the products are crystalline with no
presence of impurities, and the bulk powders are of the same phase as larger crystals.

Single-Crystal X-ray Diffraction. Slow evaporations were attempted in hopes of
obtaining crystals suitable for analysis by SCXRD; however, only recrystallizations of Cpz,F
and Cpz,S have been successful to date. These cocrystals are isostructural, crystallizing in the
monoclinic space group C2/c, each featuring a single, crystallographically unique chloride ion
site (Table S9 and Fig. S6). These crystal structures are available from the Cambridge Structural
Database under deposition numbers 2425375 (Cpz,F) and 2425376 (Cpz,S).

13C SSNMR. The formation of distinct intermolecular hydrogen bonding arrangements in
the cocrystals, as evidenced by '*C SSNMR spectra, highlights key structural differences from

13
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the Ptz, Cpz, and coformer educts. The 3C SSNMR spectra of the educts and cocrystals feature
peaks with full widths at half height of <3 ppm (Figs. S7 — S§9). Comparison of the 'H-13C
CP/MAS NMR spectra of the cocrystals and educts reveals marked differences in the d;5, values
of certain carbon peaks — notably, the peaks corresponding to the carbonyl carbons and carbons
directly bound to the protonated nitrogen atoms in both Ptz and Cpz are distinct from those of
the corresponding cocrystals (see Tables S10 - S12 for assignments of 8;,('>*C) values). These
differences likely arise from distinct intermolecular hydrogen bonding arrangements involving
the API and coformer molecules, where the bond lengths between the hydrogen atom on the
tertiary amine and the Cl-ion (R'R,NH™---Cl) in Ptz and Ptz cocrystals have differences of
roughly 0.1 A (Table 4). Interestingly, Ptz,G stands out as possibly being disordered, indicated
by the doubled glutaric acid peaks at around 174-175 ppm and the two Ptz peaks corresponding
to methyl carbon #9 at 10 and 8 ppm as well as carbon #6 at 144 and 143 ppm (Table S10). In
the crystal structure of Ptz,A, carbon #9 is near the carbonyl carbon — this is likely also the case
in Ptz,G. Due to the small change in chemical shift (< 1 ppm) of just a single carbon in the
glutaric acid component, a similar change in carbon #6 in the Ptz component, and a slightly
larger change in chemical shift of carbon #9 (~1.5 ppm) in the Ptz component we believe carbon
#9 is disordered which leads to a small changes in these nearby carbons.
3.3 33C1 SSNMR

33C1 SSNMR spectra were acquired for all APIs and cocrystals under static conditions at
two magnetic fields, 9.4 T and 18.8 T, as well as under MAS conditions at 18.8 T for some
materials (even at 18.8 T, certain samples with large magnitudes of Cg are not amenable to MAS
NMR experiments). These data aid in the accurate determination of both the CS and EFG tensors
(Table 5), since the effects of the CSA and SOQI on the CT patterns scale proportional and
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inversely proportional to the magnitude of B, respectively. MAS can completely or partially
average the contributions from CSA, but only partially average the SOQI contributions; this
enables facile determination of the quadrupolar coupling constant, asymmetry parameter, and
isotropic chemical shift (Cg, #7q, and dis,, respectively) and simplifies simulations of
corresponding static NMR spectra (the latter require eight parameters to fit, including the CS
tensor parameters and Euler angles that describe the relative orientation of the EFG and CS
tensors; see Table 5 for definitions of these parameters).

Unlike the 13C SSNMR spectra, which appear quite similar to one another, the 3>Cl
SSNMR patterns for each solid form are markedly different (cf. Figs. 1, 2, 3, and 4). This is due
to the great sensitivity of the 3>C1 EFG tensors to the local hydrogen-bonding environments of
the chloride ions. The 3°Cl spectra of each API and cocrystal feature a unique CT patterns that
can be simulated to yield distinct sets of quadrupolar and chemical shift parameters (Table 5).

The former are easily interpretable in terms of electronic structure: the absolute magnitudes of

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Cq reflect the degree of spherical symmetry of the ground state electron density about the Cl™ ion

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 1:37:44 PM.

(increased magnitudes indicate less spherical symmetry), while the 7 values describe the axial

(cc)

asymmetry of the EFG tensor (i.e., 0 < 5q < 1, where g = 0 is perfectly axial). All of this,
combined with the relatively rapid acquisition times (Tables S1 — S5), makes 3°Cl1 SSNMR an
ideal technique for obtaining spectral fingerprints and studying the relationships between the 33Cl
EFG tensors and hydrogen bonding environments (see §3.4 for the latter).

In most cases, accurately measuring the chlorine CSA is difficult due to the dominant
effects of the SOQI on the 3°Cl1 CT patterns. As a result, the uncertainties in the CS tensor
parameters (i.e., diso, €2, and k) and Euler angles, which describe the relative orientations of the
different tensors, are often high. This means that unlike the 33Cl EFG tensors, we cannot reliably

15


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ce00426h

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 1:37:44 PM.

(cc)

CrysttngComm

Page 16 of 38

View Article Online
DOI: 10.1039/D5CE00426H

identify simple correlations between the chlorine CS tensor parameters and the local chloride ion
environments.®> Nonetheless, inclusion of chlorine CS tensor parameters in the simulations aids
in differentiating the powder patterns of the different solid forms.

Phenothiazine APIs. The 33C1 SSNMR spectra of the APIs are similar, each displaying a
single CT pattern of similar breadths and a relatively low ng value (Fig. 1). This similarity is
expected based on the crystal structures of these APIs, as all three feature a single chloride ion
with a single short H---CI~ contact of similar lengths (i.e., ca. 2.0 A). Despite the similar chloride
ion environments, it is easy to differentiate these APIs based on the 3Cl SSNMR spectra. Of
these three APIs, Ptz stands out as having the broadest 33Cl spectrum, which is due to the H---Cl-
distance being shorter in Ptz than in Cpz or Pmz (Table 4). Pmz and Cpz have very similar
patterns, Cpz is slightly broader. However, they are more easily differentiated by their isotropic
chemical shift (41 and 60 ppm for Cpz and Pmz respectively). In the spectra of Cpz, there is no
indication of a second powder pattern corresponding to the covalently bonded chlorine atom; this
absence is due to the high Cg values of covalently bonded chlorine atoms (Cj, is often greater
than 60 MHz) resulting in an extremely broad pattern that is difficult to acquire.

Known Ptz Cocrystals. All 3°Cl1 SSNMR spectra of the known Ptz cocrystals feature a
single CT pattern corresponding to single distinct chloride site (Fig. 2). At 18.8 T, the CT
patterns are dominated by the SOQI with little trace of CSA effects, having breadths ranging
from 50 to 160 kHz. In general, these spectra can be obtained quickly, with prefatory spectra
taking only minutes and high-quality spectra usually taking from 2 to 6 hours. None of the 3Cl
spectra reveal the presence of unreacted Ptz, suggesting that the LAG reactions are quantitative.

The Cq values of Ptz,A, Ptz,F, and Ptz,S are large in comparison to that of Ptz and are
at the upper end of those typically observed for chloride ions (i.e., approaching 9-10 MHz),
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suggesting low spherical symmetries in the surrounding electron density. The range of 7 values
is from 0.05 to 0.25, indicating EFG tensors with high degrees of axial symmetry. Such
quadrupolar parameters for chloride ions are usually indicative of hydrogen bonding
arrangements featuring two short H-+-CI- contacts (i.e., #(H---Cl") < 2.2 A) with an almost linear
H---Cl---H arrangement (i.e., £(H---CI™---H) = 180°, see §3.4).42%3° Due to the large Cq values,
accurate CS tensor parameters are difficult to obtain, even with data at 18.8 T. In this series,
Ptz,0 is the exception, having a C smaller than that of Ptz (i.e., 5.07 and 6.49 MHz,
respectively), and a span Q = 85 ppm. Ptz,F and Ptz,S have very similar Cq and 7 parameters,
which is expected because these cocrystals are isostructural; hence, these cocrystals are most
easily differentiated in these spectra by their distinct 0, values (14 and 44 ppm, respectively) —
although these cocrystals are isostructural, subtle differences in hydrogen bond lengths influence
the local electronic structure, resulting in distinct 3°Cl chemical shifts.

Novel Ptz Cocrystals. Crystal structures have not been determined for any of the novel
Ptz cocrystals reported herein; however, comparison of their 33C1 SSNMR spectra (Fig. 3) to
those of the known Ptz cocrystals lends insight into their structures and aids in future NMR
crystallographic analysis. For example, the 3Cl SSNMR spectra of PtzMo and Ptz,G have large
Cqand small 5q values, which are suggestive of CI~ hydrogen bonding arrangements similar to
those of Ptz,A, Ptz,F, and Ptz,S. However, in this series, the exception is PtzMi, which has the
smallest Cq and largest #q of any HCl salt reported herein. There are several HC1 APIs with
similar Cy and 7 values to that of PtzMi, most notably yohimbine HCI and procainamide HCI,
suggesting that the former may have a similar chloride ion environment. In both of the latter,
there are two short contacts < 2.2 A, with V33 oriented approximately in the direction of the

shorter contact.*°? Ptz,G represents a unique case herein, in that peak doubling is clearly
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observable in its 'H-13C CP/MAS NMR spectra, which likely indicates a Z' = 2 unit cell.
Unfortunately, this cannot be confirmed with absolute certainty via the static 3>C1 SSNMR
spectra, since it is possible to obtain a similar powder pattern using (i) a two-site fit featuring
slightly different quadrupolar and chemical shift parameters or (ii) a one-site fit featuring a QQ =
100 ppm, k = 0.7, and B = 15° (Fig. S10). Nonetheless, the 3C SSNMR data is convincing in
this respect, and may aid in future attempts at NMRX-driven crystal structure prediction. We are
continuing to grow single crystals and acquire high quality PXRD data, in the hope of eventually
determining these structures via NMR-assisted SCXRD or a combination of NMRX and Rietveld
refinements.*495-%8

Novel Cpz Cocrystals. Three novel cocrystals of Cpz were also analyzed by 33Cl1
SSNMR (Fig. 4). The 33CI CT patterns of Cpz,S and Cpz,F are similar to each other but reveal
values of Cj, that are significantly lower than those of Ptz,S and Ptz,F, as well as higher values
of g, which indicate non-axially symmetric EFG tensors. As with their Ptz analogs, the 3°C1 CT
patterns of Cpz,S and Cpz,F are most readily differentiated by their disparate values of d;s, (38
and 42 ppm, respectively). The similarity of the 3>CI CT patterns of CpzT and Cpz indicate that
the chloride ions reside in similar environments (though CpzT has a higher degree of spherical
symmetry around the chloride ion). As in the case of Cpz, there is no indication of a second
powder pattern corresponding to the covalently bonded chlorine atoms.
3.4 NMR crystallography using 3°C1 EFG tensors

Plane-wave DFT calculations were conducted on structural models based on the crystal
structures of the three APIs (Ptz, Pmz, and Cpz), four previously reported cocrystals (Ptz,F,
Ptz,S, Ptz A, and Ptz,0), and two novel cocrystals (Cpz,F and Cpz,S). The structural models
were geometry optimized using dispersion-corrected plane-wave DFT calculations (DFT-D2%*),
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which are necessary to obtain low-energy configurations of atoms involved in intermolecular
hydrogen-bonding interactions.**#5 33C1 EFG and CS tensors were then calculated for the refined
structural models (Table 5).

Since there is generally good agreement between experimental and calculated 3°Cl EFG
tensors (Fig. 5), it is possible to explore their relationships to the structural environments of the
chloride ions, which are sensitive to variations in the number and arrangement of short H---CI~
contacts and the nature of the hydrogen-bonding moieties (Table 6).3234394143:92949 K ey
interatomic distances and interbond angles obtained from DFT-D2* geometry optimized
structures are summarized in Table 4.

The chloride ions of Ptz, Pmz, and Cpz have moderate magnitudes of |Cq| and low
values of ng (i.e., the largest component of the EFG tensor, V33, 1s the distinct component, and
V11 and V5, are similar in magnitude to one another and opposite in sign to V33). Based on the
growing database of 3°C1 EFG tensor data for cationic organic chloride salts and HCI
APIs,32344143 these values indicate the presence of a single, short H---CI" contact of < 2.2 A, with
V33 oriented along or near its direction. The DFT-D2* refined model structures confirm this,
revealing that (i) each has a single RR'R""NH"---Cl~ short contact; (ii) each V33 is oriented close
to the short contact, with £(¥33---Cl---H) ranging from ca. 5° to 11°; (ii1) the sign of Cy is
calculated to be negative in all cases (the sign cannot be determined from the experimental 33Cl
NMR spectra, but is useful in structural interpretation), which is a result of the negative
quadrupole moment, meaning that if /33 > 0 then Cq < 0; and (iv) the magnitude of |Cq| would
normally be expected to increase with decreasing contact length in the order Ptz > Cpz > Pmz —
although Ptz has the shortest contact and largest |Cq|, a clear relationship is not discerned for

Cpz and Pmz due to variations in £(V3;---CI--H) (Fig. S11).
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The Ptz cocrystals with known structures are now considered. Ptz,F, Ptz,S, and Ptz,A
have large magnitudes of |Cp| and low values of ng. This indicates two short H---Cl~ contacts
(i.e., r(H---CI") < 2.2 A) with £(H---Cl---H) approaching 180°, with V33 oriented along or near
these vectors (Fig. S12).190-103 This is borne out by the DFT-D2* calculations, which predict two
short H---Cl~ contacts in each system (RR'R”"NH"---CI- and COOH---CI"), with the functional
groups sitting approximately on opposite sides of the chloride ion (as indicated by the H---CI~
---H angles, which range from ca. 153° to 156°), and 3°C1 EFG tensors of high axial symmetry
with V33 (that are positive in sign) oriented near the H---Cl~ contacts.1%*

Ptz,0 stands out in this series, with values of Cy = 5.07 MHz and ng = 0.20, akin to
those of the APIs with single short H---Cl™ contacts. Examination of the DFT-D2* structure
confirms the presence of R'R,NH™---Cl- and COOH:--CI" short contacts, but in an arrangement
such that the H---Cl--H angle is 99.8° (i.e., the moieties are not on opposite sides of the
chloride ion). In this instance, V3 is not oriented near the short contacts, but rather,
approximately perpendicular to the H---Cl~--H plane (Fig. S12). Furthermore, V', and V7,
which reside in the H---Cl~--H plane, are similar in magnitude and positive (V3 is negative,
unlike the previous systems), consistent with observations for many other systems.39428892,94,105,106

Finally, Cpz,F and Cpz,S feature moderate |Cq| values and larger nq values (the latter
indicate EFG tensors of non-axial symmetry, with ¥, as the distinct component) (Fig. S13). As
in the case of Ptz,0, the 3CI EFG tensors are oriented such that V33 (negative values) are
approximately perpendicular to the H:--Cl--H planes (¥, and V;, are positive and
approximately in the planes). Unlike Ptz,0, the RR'R"NH*:--Cl~ and COOH:--CI" contacts have

different lengths, with V5, aligned nearer to the longer RR'R”"NH*:--CI" contact.
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These insights lead to four simple relationships that can be used to make preliminary
predictions about the chloride ion environments in cocrystals without known crystal structures
and allow us to classify the systems described in this work into 1 of 3 possible geometric
arrangements (Table 6). Ptz,G and PtzMo have large values of Cq (> 8.8 MHz) and small ng
values (< 0.16), suggesting Cl~ ion environments similar to those of Ptz,F, Ptz,S, and Ptz,A,
with two short contacts (RR'R"NH*---Cl~ and COOH---CI") sitting on opposite sides of the
chloride ion with an 2(H---Cl---H) approaching 180°. CpzT has an intermediate value of Cq
(4.41 MHz) and small ng value (0.04), similar to Ptz,O, which features two short contacts
(RR'R"NH*---Cl~ and COOH: --CI") with moieties not on opposite sides of the chloride ion and
V33 orientated ca. 90° to the plane of these contacts. PtzMi and PtzMo are interesting cases,
since both have a 1:1 ratio of API:coformer, possibly suggesting dimeric structures.7-10°
However, the quadrupolar parameters of PtzMo are similar to those of Ptz,F, Ptz,S, Ptz,G and
Ptz,A, suggesting an analogous “near-linear” H---Cl---H configuration, whereas for PtzMi, its
distinct values of Cq = 4.42 MHz and ng = 0.62 suggests an arrangement of contacts similar to
Cpz,F and Cpz,S (i.e., £(H---Cl™+--H) of ca. 90° - 100°, with longer RR'R"NH"---Cl~ and
shorter COOH--CI™ contacts. In the case of PtzMo, we propose four possible arrangements
based on crystal structures of pure malonic acid and several concomitant solid forms (ina 1:1
stoichiometric ratio) found in the literature (Scheme S2).11%-113 Of these, we consider
arrangement B the most plausible, as it would likely result in the densest crystal packing.

Without geometry-optimized structures and corresponding 3*Cl EFG tensors that can be
obtained from DFT calculations, we are currently limited to these simple structural
interpretations. However, these experimental data, along with the combined experimental and

calculated NMR data from well-characterized systems and high-quality PXRD data for Rietveld

21


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ce00426h

Open Access Article. Published on 29 April 2025. Downloaded on 5/2/2025 1:37:44 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrysttEngComm Page 22 of 38

View Article Online
DOI: 10.1039/D5CE00426H

refinement, may inform future NMRX solutions of these structures and others. This will be
pursued using the data herein along with our separate and continuing efforts on 3Cl SSNMR-
based NMRX methods, including quadrupolar-guided NMR crystallography crystal structure

prediction (QNMRX-CSP) methods.3414451.92

4. Conclusions

This study has demonstrated: (i) the rapid and quantitative mechanochemical synthesis of
eleven ionic HCI cocrystals featuring two cationic APIs, a number of neutral, pharmaceutically
acceptable coformers, and chloride ions; (ii) the advantages of mechanochemical methods,
including their optimization for efficiency and application for discovering novel cocrystals; (iii)
the value of 3CI SSNMR spectroscopy for the analysis of known Ptz cocrystals and elucidation
of novel Ptz and Cpz cocrystal structures; and (iv) the use of plane-wave DFT calculations of
33C1 EFG tensors to investigate their relationships to the complex hydrogen bonding networks of
the chloride ions.

This combination of mechanochemical synthesis and subsequent characterization has
extended our knowledge in terms of what is possible for synthesizing cocrystals of this largely
unexplored class of ionic HCI API cocrystals, which may allow us to rationally choose
coformers that will lead to an increased number of novel pharmaceutical cocrystals, and perhaps
even achieve novel forms of promazine HCI cocrystals, which have been unsuccessful to date —
at this point, we are unclear why this is the case for Pmz, since the only difference between the
molecular structures of Cpz and Pmz is a covalently-bound chlorine atom in the former. To

determine and refine crystal structures for novel cocrystals using SSNMR of quadrupolar
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nuclides, we have two promising options going forward: (i) our new QNMRX-CSP protocol and

(i1)) NMR-guided Rietveld refinement.3%-31,114-116
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Table 1. Mechanochemical parameters for the preparation of previously reported Ptz
pharmaceutical cocrystals.
Cocrystal Original Milling Time Optimized Milling Time Acetonitrile Added

(minutes) at 27 Hz ¢ (minutes) at 30 Hz ? for Optimized

Milling (uL) ®
Ptz,F 90 30 20
Ptz,S n/a 5 15
Ptz,0 180 5 15
Ptz,A 90 10 10

@ Reported by Borodi et al., unspecified amount of solvent, see Ref. 10.
b Reported in this work.

Table 2. Mechanochemical parameters for the preparation of novel Ptz and Cpz pharmaceutical
cocrystals.

Cocrystal Milling Time Milling Time Acetonitrile
(minutes) at 30 Hz (minutes) at 35 Hz ¢ (uL) ®
PtzMo 30 15 20
PtzMi 10 5 10
Ptz,G 360 180 5
Cpz,S 30 15 15
CpzT 30 15 10
Cpz,F 30 15 10

@ Ball milling at a rate of 35 Hz was carried out using an MMS500 Vario, further optimizations were not attempted.
b Small amounts of acetonitrile were added to aid in liquid assisted grinding (LAG), the same amount of acetonitrile
was used for syntheses at both milling rates of 30 and 35 Hz.

Table 3. Synthetic parameters for novel Cpz pharmaceutical cocrystals formed via slow
evaporation.

Cocrystal massof  mol of mass of mol of  Acetonitrile time for suitable
API API coformer coformer added crystals
(mg)  (mmol) (mg) (mmol) (mL) (days)
Cpz,F 61 0.17 12 0.10 2 5
Cpz,S 62 0.17 11 0.09 2 5
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Table 4. List of H---Cl- contacts and calculated 3*Cl SSNMR parameters for APIs and cocrystals, as
determined from X-ray diffraction derived crystal structures.

H---Cl X--Cl  X-H-Cl X-Cl -X;

Material - Contact Type ¢ distance *  distance©  angle ¢ angle ¢ Co’ o’
(A) (A) ©) () (MHz)
APIs with a single H---Cl short contact

Ptz RR'R"NH*--Cl 1.964 2.969 173.8 n/a -5.88 0.21

Cpz RR'R"NH*---Cl 2.035 3.024 169.9 n/a -4.91 0.20

Pmz RR'R"NH*--Cl 2.001 2.994 171.0 n/a -4.79 0.38

Cocrystals with two H---CI' short contacts (Type 1)

Ptz,F ROOH:--Cl" 2.033 2.975 169.2 154.1 -9.90 0.08
RR'R"NH*--Cl 2.055 3.045 174.1

Ptz,S RR'R"NH*--Cl 2.053 3.046 175.1 152.0 -9.47 0.11
ROOH:--Cl" 2.068 3.006 168.9

Ptz,A RR'R"NH*--Cl 2.039 3.034 177.5 156.8 -9.00 0.19
ROOH:---Cl 2.087 3.027 169.9

Cocrystals with two H---Cl" short contacts (Type 2)

Ptz,0 ROOH:--Cl" 2.029 2.975 168.6 99.8 5.19 0.13
RR'R"NH*---Cl 2.065 3.050 169.6

Cpz,F ROOH:--Cl" 2.068 3.002 166.8 101.4 5.03 0.52
RR'R"NH*---Cl 2.093 3.069 167.3

Cpz:S ROOH:--Cl 2.051 2.990 167.6 102.1 5.24 0.53
RR'R"NH*---Cl 2.094 3.075 169.5

4 Indicates the functional group involved in the H-+-Cl” bond (i.e., ROOH---CI" signifies a carboxylic
acid and RR'R"NH---CI" signifies a charged tertiary amine contact).

b The shortest H-+-Cl~ hydrogen bonds (< 2.6 A), as determined via energy minimization and geometry
optimization with DFT plane wave calculations.

¢ The distance between the chloride ion and the hydrogen-bond donor atom (X =N, O).

4 Angle between the hydrogen-bond donor atom (X =N, O), the hydrogen atom, and the chloride ion.
¢ Angle between the first short contact atom (X), the chloride ion, and the second short contact atom
(X2).

/DFT calculations yield the sign of the quadrupolar coupling constant, Cq, which is unobtainable from
33C1 SSNMR experiments. It is noted that since Q(33Cl) = —-8.165 fm?, positive and negative values of
C, correspond to negative and positive EFGs, respectively. Definitions of Cy and ng are given in Table
5.
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Table 5. 3C1 EFG and chemical shift tensor parameters obtained from experimental measurements and
DFT calculations on DFT-D2* geometry-optimized structures.?*

Material Co* 1o Biso? (O K? ac<(®) Be(® v<(®)
(MHz) (ppm) (ppm)
Ptz Exp 6.49(4) 0.25(2) 66(9) n/a¢ n/a ¢ n/a¢ n/a¢ n/a¢
DFT —5.88 0.21 52 17 0.07 28 12 62
Cpzt Exp 5.66(5) 0.23(3) 41(2) n/a? n/a‘ n/a? n/a? n/a?
DFT 491 0.20 34 73 0.01 13 19 189
Pmz Exp 5.115) 02302 60(6) 72(30) n/a’ 152(20)  0(45) 0(45)
DFT —-4.79 0.38 55 101 0.16 214 13 189
Ptz,Fi Exp 9.42(7)  0.092) 14(2) 184(40) 03(2) 90(10)  4(8) 27(20)
DFT -9.90 0.08 44 118 0.48 45 14 130
Ptz,S Exp 9.41(5)  0.092) 44(1) 90(20) 0.55(20)  45(15)  10(10)  30(30)/
DFT -9.47 0.11 34 116 0.55 38 14 132
Ptz,Of  Exp 507(5) 02002  39(2) 85(10) n/ad 65(12)  80(5) 15(7)
DFT 5.19 0.13 36 78 -0.25 69 87 172
Ptz,A}  Exp 8.9(1) 0.15(2) 42(2) 100(20) ~0.7(3) 60(5)  10(10) 60(10)
DFT -9.00 0.19 36 118 0.58 55 10 102
PtzMo Exp 8.64(5) 0.20(2) 10(10) n/a¢ n/a¢ n/a ¢ n/a‘ n/a¢
PtzMit  Exp 4.4(1) 0.62(4) 70(2) 150(20) ~0.5(4)  85(15)  75(20) 20(10)
Ptz,G Exp 8.8(1) 0.12(2) 31(8) 100(20) 0.7(3) nad  25(10) n/ad
CpzSt  Exp 495(5)  0.57(4) 38(2) 150(30) ~0.6(3)  90(15)  90(10) 0(10)
DFT 5.24 0.53 30 89 -0.11 129 88 182
CpzFt  Exp 5135 05102 42(2) 100(20) ~0.7(4)  90(20)  90(20) 0(10)
DFT 5.03 0.52 36 89 -0.10 137 87 180
CpzT+ Exp 450(8)  0.10(2) 27(1) 65(15) 0.8(2)  85(25)  90(15) 0(10)

£35C1 SSNMR spectra were also acquired under MAS conditions for these samples.

@ The principal components of the EFG tensors are defined such that | V33| > |V2,| > |V11|. The quadrupolar coupling
constant and asymmetry parameter are given by Cq = eQV33/h, and 77 = (V11 — V22)/ V33, respectively. The sign of Cq
cannot be determined from the experimental 33Cl spectra.

b The principal components of the chemical shift tensors are defined using the frequency-ordered convention, with 8;;
> 8y, > 833. The isotropic chemical shift, span, and skew are given by 8;5, = (811 + 022 + 833)/3, Q = 8;; — 833, and

K = 3(822 — di50)/Q, respectively.

¢The Euler angles a, 3, and y define the relative orientation of the EFG and chemical shift tensors using the ZY'Z"
convention for rotation. The experimental angles derived from ssNake (which uses the ZX'Z"" convention) are adjusted
to match the calculated values extracted by EFGShield. See ref. 90.

4This parameter is not reported since it has little to no effect on the appearance of simulated powder patterns.
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Table 6. Comparison of hydrogen bond arrangements to 33Cl EFG parameters.

Hydrogen Bonding Systems Number Range of C,  Range of  Respective  Direction of
Arrangement of Short Values nq Values Signs of Vi3
H---Cl V33 and CQ
Contacts
@l Ptz, 1 ~45-60  ~0.0-0.4 +/— Along/near
R Cpz, the hydrogen
Hi_ o Pmz bond
Cl

\ / 0 Ptz,F, 2 ~85-100 ~0.0-02 +/— Along/near
ON--_y.__° P'S Ptz,S. the hydrogen

/ -Cl---H---0" R
R Ptz,A, bond

Ptz,G¥, (Type 1)
PtzMo*

\ / Q -
®N. /U\ Ptz,0, 2 ~4.0-6.0 ~0.1-0.7 —/+ Perpendicular
(=S _.-O" 'R (CpzsS, to the

H.__© __H
o Cpz,F, H---Cl---H
CpzT, plane
PtzMit (Type 2)

tThese materials do not have a known crystal structure.
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The data supporting this article have been included as part of the ESI. Crystallographic data have
been deposited at the CCDC under 2425375 and 2425376.
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