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In drug development, multicomponent pharmaceutical materials have become useful tools for improving the properties and

DOI: 10.1039/x0xx00000x

efficacy of a drug. In addition to the active drug, inclusion of a second component in the solid can provide stabilization or

increase solubility of the pharmaceutical. Resveratrol, an antioxidant with many potential pharmacological effects, is limited

by low aqueous solubility. Cocrystallization with 4-aminopyridine, an FDA approved medication used in the treatment of

multiple sclerosis, was utilized and two ionic cocrystal phases were obtained. The two phases differ by stoichiometry, water

inclusion, and proton transfer site on resveratrol. Reversible interconversion between both phases was achieved

mechanochemically, a rare occurrence among multicomponent solids. This system demonstrates the first ionic crystalline

forms of resveratrol, significantly enhanced solubility, and a rare example of a cocrystal system exhibiting different

deprotonation sites at molecular locations with identical functional groups. The presence of anionic resveratrol in the solid

could enhance its antioxidant efficacy compared to neutral resveratrol or other antioxidants. Furthermore, resveratrol has

been previously reported to improve clinical markers in a mice model of multiple sclerosis, indicating this combination could

offer a unique dual-therapeutic treatment.

1. Introduction

Crystalline forms of pharmaceuticals are advantageous because
they offer high purity, stability, and often straightforward
quality control;%?2 however, several factors, including
hygroscopicity or polymorphism, can raise challenges in the
development and marketing of crystalline-form drugs.
Polymorphism refers to the ability of compounds to crystallize
in more than one structural arrangement.3 Control over
polymorphism remains a critical aspect of drug development
and materials science, requiring major investments of both time
and money. This investment is necessary for pharmaceuticals
because polymorphs often exhibit different properties,
including solubility, stability, or tabletability, which necessitates
extensive polymorph screening before marketing a drug.*”
Polymorphism is controlled primarily through tuning
crystallization parameters such as solvent, temperature, time,
or pressure.”2® Mechanochemistry, a method that uses
physical impact to induce chemical changes, has also been used
to control polymorphism.! For example, mechanochemical
milling was recently applied to ritonavir, an antiviral medication
that was recalled after isolation of form Il prevented production
of the more bioavailable form I. Specifically, extended milling of
form Il afforded form | when all prior experiments aimed at
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preparing form | or converting form Il to form |
unsuccessful.12 In other cases, conversion of one polymorph to
another has been achieved through manipulation of
temperature, pressure, identity, solvent amount,
crystallization method, and even the material used for milling
vessels.’3 Methods that enable polymorphs to not only be
converted from one to another, but be reversibly
interconverted, would be especially useful in cases where one
form exhibits superior properties, but is challenging to obtain,
or when multiple forms show distinct and useful properties.*

In addition to pharmaceutical solids that contain only the
drug molecule, pharmaceutical salts, cocrystals, and ionic
cocrystals (i.e., multicomponent solids) have also been
developed to tune the physiochemical properties of drugs.1* In
such multicomponent solids, polymorphism is possible;
however, additional types of polymorphism also arise including
stoichiometric or solvatomorphic, which are polymorphs with
variation in the stoichiometries of the molecular components or
included solvents, respectively.’> Although cocrystallization

were

solvent

using solution methods remains most common,
mechanochemistry offers a way to screen for many different
phases in a relatively rapid timeframe. Typically, two

compounds are ground or milled together, with or without a
small amount of solvent, then analyzed via powder X-ray
diffraction (PXRD) for presence of a new phase.
Mechanochemistry is not only a green method of screening for
new phases but can also allow for faster analysis of the
coformers or conditions that afford a new phase, when
compared to crystal growth from solution.16-18

Resveratrol (3,4’,5-trihydroxy-trans-stilbene, RSV, Scheme
1) is a naturally occurring polyphenol found in many different
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foods, including peanuts and grapes. It is a known antioxidant,
bears three hydroxyl groups, and has many other benefits
including anti-inflammatory, cardioprotective, and
neuroprotective properties.’®23 However, it is poorly soluble in
water, which limits its use as a medication or supplement. 4-
Aminopyridine (4AP, Scheme 1) is a small-molecule drug
approved by the U.S. FDA for the treatment of multiple sclerosis
(MS). 4AP has been shown to improve walking function in
patients with the disease and is generally well tolerated.?* The
most significant side effect of 4AP is seizures, which may occur
if drug concentration builds up in the blood plasma. One
common way this happens is through kidney damage, which
prevents proper excretion of 4AP from the blood.?425
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Scheme 1 Components of multicomponent solids (RSV and 4AP) highlighting
mechanochemical synthesis of and interconversion between phase 1 and phase 2.

RSV is known to help restore the integrity of the blood-brain
barrier, which may help mitigate progression of MS.26-28
Furthermore, RSV, like other antioxidants, could help prevent
kidney damage, avoiding buildup of 4AP in the blood.?®
Therefore, we explored cocrystallization as a method to prepare
new solid materials of these two biologically-active compounds.
We expected intermolecular hydrogen-bond formation to be
the primary driver for self-assembly.

During cocrystallization and form screening, we discovered
two phases that exhibit different stoichiometries, water
inclusion, and site of proton transfer. Based on literature
precedent, the first deprotonation of RSV is expected at the 4'-
phenol (see Scheme 1). Here, we demonstrate two unique
crystalline phases of RSV wherein deprotonation occurs at
different phenol sites (4’ and 3). Furthermore, we developed a
method to reversibly interconvert between the two obtained
phases using mechanochemistry. Reversible interconversion of
multicomponent pharmaceutical solids has been observed in a
few cases; however, interconversion between phases with
differing stoichiometry, water inclusion, and deprotonation site
are rare. Both phases also exhibit a remarkable increase in
aqueous solubility when compared to RSV, and electrostatic
potential, intermolecular interaction potential, and lattice
energy calculations offer insight into the structural stability of
the two phases. The deprotonation of RSV is known to impact
its antioxidant activity,3° and this work describes the first two

2| J. Name., 2012, 00, 1-3

solid forms of RSV in an ionic (deprotonated) state,whigh;is
relevant to antioxidants/nutraceuticals Rarketéd i the2661d
phase.

2. Experimental
2.1 Materials

Resveratrol (RSV) was purchased from Oakwood Chemical
(Columbia, SC, USA). 4-Aminopyridine (4AP) was purchased
from Acros Organics (Fair Lawn, NJ, USA). Ethyl acetate and
hexanes were purchased from Fisher Scientific (Fair Lawn, NJ,
USA). All chemicals were used as received.

2.2 Initial preparation of new phases

The 1:1 ionic cocrystal phase (RSV-4AP, phase 1) was initially
produced via a slurry method by adding RSV and 4AP in a 1:1
molar ratio to a small amount of ethyl acetate or chloroform
and stirring overnight. The solvent was subsequently
evaporated, and the solid was analyzed via PXRD. Nearly
quantitative formation of phase 1 was observed in all slurry
experiments.

The 1:2 hydrate phase (RSV-2(4AP)-H,O, phase 2) was
initially produced via a slurry method by adding RSV and 4AP in
a 1:3 molar ratio to a small amount of chloroform and stirring
overnight. The solvent was subsequently evaporated, and the
solid was analyzed via PXRD. Near quantitative formation of
phase 2 was observed in all slurry experiments.

2.3 Liquid-assisted grinding (LAG) experiments

LAG experiments were performed using a FlackTek SpeedMixer
300-100 SE purchased from FlackTek manufacturing. Stainless
steel milling jars and milling balls were acquired from Form-
Tech Scientific. Prior to milling, the jars were placed in a custom
holder acquired from FlackTek. Milling was performed in five-
minute increments followed by a 30 second rest period before
continuing.

Phase 1 was prepared by placing equimolar amounts of RSV
(70.8 mg, 0.31 mmol) and 4AP (29.2 mg, 0.31 mmol) along with
30 pL ethyl acetate and one 10 mm stainless steel grinding ball
in a 15 mL stainless steel milling jar. The mixture was then milled
at 1500 rpm for 10 minutes. The product was allowed to air dry
for a few hours, then PXRD was performed.

Phase 2 was prepared by placing 44.8 mg RSV (0.2 mmol),
55.3 mg 4AP (0.6 mmol), 30 pL H,0, and one 10 mm stainless
steel grinding ball in a 15 mL stainless steel milling jar. The
mixture was then milled at 1500 rpm for 10 minutes. The
product was allowed to air dry for a few hours, then PXRD was
performed. Phase 2 was also prepared by milling RSV and 4AP
ina 1:2.5 or 1:2 molar ratio with the same procedure.

2.4 Interconversion experiments using LAG

Interconversion experiments were performed in 15 mL stainless
steel milling jars with one 10 mm stainless steel grinding ball.
First, phase 1 was produced by placing 70.8 mg (0.31 mmol)
RSV, 29.2 mg (0.31 mmol) 4AP, and 30 pL ethyl acetate in a
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milling jar, which was then milled at 1500 rpm for 10 minutes.
PXRD confirmed formation of phase 1. To convert phase 1 into
phase 2, 100 mg of phase 1 was placed in a milling jar, followed
by addition of 58.4 mg (0.62 mmol) 4AP and 30 pL H,0. The
components were then milled at 1500 rpm for 10 minutes,
which afforded phase 2 as evidenced by PXRD. To convert phase
2 into phase 1, 100 mg of phase 2 was placed in a milling jar,
followed by 89.4 mg (0.39 mmol) RSV and 30 pL ethyl acetate.
The components were then milled at 1500 rpm for 10 minutes,
which yielded phase 1 as evidenced by PXRD.

These conversions were able to be repeated twice, in
sequence, to afford the appropriate phases, i.e., phase 1 was
produced, then converted into phase 2, then converted back
into phase 1, then converted into phase 2 a second time, then
converted back into phase 1.

2.5 Role of stoichiometry and solvent on interconversion in LAG
experiments

To determine if stoichiometry was the primary condition for
conversion, 100 mg of phase 1 was placed in a milling jar,
followed by addition of 58.4 mg 4AP. The components were
then milled at 1500 rpm for 10 minutes and analyzed via PXRD.
Similarly, 100 mg of phase 2 was placed in a milling jar, followed
by addition of 89.4 mg RSV. The components were then milled
at 1500 rpm for 10 minutes and analyzed via PXRD.

To determine if solvent was the primary condition for
conversion, 100 mg of phase 1 was placed in a milling jar,
followed by 30 pL H;0. The components were then milled at
1500 rpm for 10 minutes and analyzed via PXRD. Similarly, 100
mg of phase 2 was placed in a milling jar, followed by addition
of 30 pL ethyl acetate. The components were then milled at
1500 rpm for 10 minutes and analyzed via PXRD.

2.6 Preparation of single crystals

When crystallizing either phase, methanol, ethanol, and water
were avoided because deprotonated RSV reacts with these
solvents, degrading in solution.

Crystals of phase 1 were grown by dissolving 60.5 mg RSV
(0.27 mmol) and 25.0 mg 4AP (0.27 mmol) in 3 mL ethyl acetate.
Slow evaporation of the solution yielded crystals suitable for X-
ray diffraction.

Crystals of phase 1 were also grown by using the products
obtained from interconversion experiments with a 1:1 molar
ratio. Approximately 10 mg of the product was dissolved in 2 mL
ethyl acetate in a small vial, then surrounding the vial with
hexanes inside of a larger vial. After several days of allowing the
vapors to diffuse, crystals suitable for X-ray diffraction grew on
the inside wall of the small vial.

Crystals of phase 2 were grown by dissolving approximately
5 mg of the product from LAG (1:3 ratio RSV:4AP) in 3 mL ethyl
acetate in a small vial, then surrounding the vial with hexanes
inside of a larger vial. After several days of allowing the vapors
to diffuse, crystals suitable for X-ray diffraction grew on the
inside wall of the small vial. Crystals of phase 2 were also grown
by dissolving 10.5 mg of the product from LAG (1:2.5 ratio
RSV:4AP) in 2 mL ethyl acetate in a small vial, then vapor

This journal is © The Royal Society of Chemistry 20xx
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diffusing against hexanes. After several days of vapgy diffusion,
crystals suitable for X-ray diffraction grew@h!théiRsIaEBRHIPof
the vial.

2.7 Stability testing

The stability of phase 1 and phase 2 were each assessed in three
different environments (I-lll, below) under ambient or
accelerated conditions. Ambient temperature and humidity
were measured as 20 °C and 30%, respectively.

1) A small portion of solid was placed in a vial open to ambient
temperature and humidity and allowed to sit for one week.

I1) A small portion of solid was placed in a vial open to ambient
atmosphere and was heated at 50 °C under ambient humidity
for one week.

111) A small portion of solid was placed in a small vial, which was
placed inside a larger vial filled with water. The larger vial was
heated to 50 °C, then capped. The solids were allowed to sit for
one week at elevated temperature and humidity.

After one week, each sample was analyzed via PXRD to
determine relative stability under each condition.

2.8 Single-crystal X-ray diffraction (SCXRD)

X-ray data was collected using a Rigaku XtaLAB Synergy-i Kappa
diffractometer equipped with a Photonlet-i X-ray source
operated at 50 W (50kV, 1 mA) to generate Cu Ka radiation (A =
1.54178 A) and a HyPix-6000HE HPC detector. Full details are
included in Section 2, ESI.

2.9 Powder X-ray diffraction (PXRD)

PXRD patterns were collected using a Rigaku Miniflex 6G
benchtop powder diffractometer in Bragg-Brentano geometry.
An X-ray diffraction pattern was obtained by scanning a 20
range of 3-60°, step size = 0.02°, and scan time of 5°/minute.
The X-ray source was Cu Ka radiation (A =1.5418 A) with an
anode voltage of 40 kV and a current of 15 mA. Diffraction
intensities were recorded on a position sensitive detector
(D/teX Ultra).

2.10 Fourier transform infrared (FTIR) spectroscopy

FTIR data were collected using an Agilent Carey 630 FTIR
Spectrometer equipped with an ATR sampling module.

2.11 Nuclear magnetic resonance (NMR) spectroscopy

IH NMR data were collected using a Bruker AVII+ 300 MHz
spectrometer. Single crystals were dissolved in DMSO-dg for
data collection.

2.12 Differential scanning calorimetry (DSC)

DSC data was collected using a TA Instruments DSC250. A RCS
90 refrigerated cooling system was equipped, using a nitrogen
atmosphere (50 mL/min). Samples were run in aluminum pans
with hermetic lids, at a heating rate of 10 °C/min.

J. Name., 2013, 00, 1-3 | 3
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2.13 Thermogravimetric analysis (TGA)

TGA data was collected using a TA Instruments TGA Q50.
Samples were run in a platinum pan, with a heating rate of
10°C/min. A nitrogen atmosphere was used with gas flow set at
40 mL/min.

2.14 Solubility testing

Solubility studies were conducted in pH 1.2 buffer via the shake-
flask method.3! Excess solid of either phase was suspended in 2
mL of buffer and stirred at 25 °C for one day. The solution was
then allowed to sit for one hour before filtering through a
Fisherbrand 13 mm PTFE, non-sterile, 0.2 um pore size syringe
filter. The filtrate was diluted and analyzed via UV-Vis
spectroscopy.

2.15 UV-Vis spectroscopy

UV-Vis data was collected on an Agilent 8453 UV-Vis
spectrophotometer.

2.16 Calculations

The pK, values were calculated using the plugins for structure
property prediction and calculation, Playground 1.6.2, from
ChemAXxon.32 The electrostatic potential maps were generated
in Spartan’24, version 1.3.1.33 Calculations were performed
using DFT method, using the B3LYP basis set and 6-311++G**
level of theory. Calculations were conducted with geometry-
optimized molecules as well as molecules modeled in their
crystalline geometry without additional geometry optimization.
Lattice energies and intermolecular potentials were calculated
using DREIDING Il forcefield,343% with Evjen electrostatic
correction3” and a limiting radius of 30 A, using the VisualHabit38
implementation in Mercury v. 2025.3.3.3%

3. Results and discussion
3.1 Preparation of pharmaceutical solids and structural features

Electrostatic potential calculations for 4AP and RSV were
performed using geometry-optimized molecules to assess
cocrystallization likelihood. For 4AP, the geometry-optimized
structure shows that the amine groups exhibit the highest
potential (221 and 212 kJ/mol), while the pyridyl nitrogen
corresponds to the minima on the surface (-211 kJ/mol, Fig. 1a).
For RSV, the geometry-optimized structure shows that the 4'-
phenol exhibits the highest potential (270 kJ/mol), while the 3-
and 5-phenol groups minimize to the syn-anti geometry and
exhibit lower and equal potentials (254 kJ/mol, Fig. 1b). The
oxygen atoms of RSV correspond to the minima on the surface
(ranging from -124 to -135 kJ/mol). Notably, the pyridine of 4AP
exhibits a more negative potential than the oxygen atoms of
RSV, and all three phenols of RSV exhibit a more positive
potential than the amine groups of 4AP, indicating
cocrystallization between the two species via hydrogen bonding
is favorable.

4| J. Name., 2012, 00, 1-3
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Fig. 1 Electrostatic potential maps of (a) 4AP and (b) RSV with corresponding skeletal
structures of the geometry-optimized structure. (c) Additional conformations RSV can
adopt.

A molecular cocrystal typically contains at least two
components in a stoichiometric ratio and the components are
neutral. On the other hand, an ionic cocrystal contains at least
three components: a cation, an anion, and a neutral molecule
or ionic coformer.*%4! A 1:1 ionic cocrystal of RSV-4AP (phase 1)
was initially produced using a slurry method in ethyl acetate,
and LAG using ethyl acetate afforded the same phase (Fig. S1-
S2). Dissolution of the powder obtained from the slurry in ethyl
acetate followed by slow evaporation yielded crystals suitable
for characterization via SCXRD (Table S1). Phase 1 is an ionic
cocrystal and the components crystallized in the space group P1
. The asymmetric unit includes four unique components, a
neutral RSV molecule, a RSV~ anion, and two 4AP molecules that
share the remaining proton part of the time (see
crystallographic modeling details in ESI). PXRD demonstrated
bulk phase purity (Fig. S3), FTIR spectroscopy supported
formation of a new phase (Fig. $S10), and *H NMR spectroscopy
confirmed a 1:1 ratio of the components (Fig. S11). The FTIR
spectrum of phase 1 included signals for the key functional
groups in both molecular components (i.e., N-H, C=N, C-O, and
multiple aromatic stretches), all of which are shifted in 1
compared to the individual components (Table S2).

In phase 1, the RSV~ anion transfers a proton from the 4'-
phenol to the pyridyl nitrogen of 4AP, in agreement with the
electrostatic potential predictions. The two unique RSV
components exhibit distinct conformations. In the neutral RSV
molecule, the two rings lie nearly coplanar (twisted by 11°), and
the benzenediol exhibits the syn-anti conformation, analogous

This journal is © The Royal Society of Chemistry 20xx
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to the geometry-optimized structure (Fig. 1b). On the other
hand, the rings of the RSV~ anion are twisted from coplanarity
by 37°, and the benzenediol exhibits the anti-anti conformation
(Fig. 1c). One key component of the self-assembled solid is the
formation of four-component hydrogen-bonded rings. The rings
include one 4AP molecule, two RSV~ anions, and one neutral
RSV molecule (Fig. 2). The rings are connected along the c axis
via the neutral RSV molecule, which donates one hydrogen
bond to the four-membered ring from its anti, 3-phenol group
and donates one hydrogen bond from its 4’-phenol group to an
RSV~ anion (4'-position) in an adjacent ring (Fig. S13). Similar
phenol---phenolate hydrogen bonds have been observed in
solids containing phenols and other nutraceuticals.*?*? The rings
are also connected along the ac plane via a pair of two
crystallographically unique 4AP molecules that engage in a
single hydrogen bond between the protonated and neutral
pyridine. Overall, the crystalline solid contains hydrogen bonds
along all three dimensions.

Fig. 2 X-ray crystal structure of phase 1 highlighting extensive hydrogen bonding
between components. The disorder has been omitted for clarity.

Given the three hydrogen-bond-donor sites of RSV, we
performed several additional slurry experiments to screen for
other possible material phases. A new phase was identified
from a slurry in chloroform using a 1:3 ratio of RSV:4AP (Fig. S1).
However, we were unable to obtain single crystals from the
slurry material using a variety of techniques. Thus, we instead
turned to LAG and milled a 1:3 molar ratio of RSV:4AP in the
presence of water, which afforded the new phase (Fig. S2).
Vapor diffusion of this LAG product produced crystals suitable
for SCXRD. This phase is a 1:2 monohydrate phase of
RSV-2(4AP)-H,0 (phase 2, Table S1).

In initial screening experiments, grinding a 1:3 ratio of
RSV:4AP in the presence of water produced phase 2, but PXRD
also showed presence of excess 4AP (Fig. S2). LAG was
subsequently attempted using 1:2 and 1:2.5 molar ratios
(RSV:4AP) in the presence of water to produce phase 2. Milling
in both 1:2 and 1:2.5 molar ratios afforded phase 2, and PXRD
showed a decreased presence of peaks corresponding to 4AP
alone (Fig. S2). Solution-based crystallization of phase 2 was
achieved using the 1:2.5 milling product but was not successful
using the 1:2 milling product, indicating a slight excess of 4AP is
needed for phase 2 to crystallize well from solution.

The components of phase 2 crystallized in the Sohncke
space group P2; as an ionic cocrystal hydrate. The asymmetric
unit is comprised of one RSV~ anion, one 4AP* cation, one
neutral 4AP molecule, and one water molecule. PXRD
demonstrated phase purity of the bulk material (Fig. S3), FTIR
spectroscopy indicated formation of a new phase (Fig. $10), and

This journal is © The Royal Society of Chemistry 20xx
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1H NMR spectroscopy confirmed the 1:2 ratio of RSV,and-4AR
(Fig. $12). The FTIR spectrum of phase 2GheNidéd 3igRAK For
functional groups in both molecular components, analogous to
phase 1 (i.e., N-H, C=N, C-O, and multiple aromatic stretches),
which are all shifted in the ionic cocrystal hydrate (Table S2).

In phase 2, the RSV~ anion is deprotonated at the 3-position,
and the rings are twisted from coplanarity by 19°. Notably, the
3-phenol exhibits a lower potential on the electrostatic
potential map when compared to the 4’-phenol (Fig. 1b). The
4AP* cation is protonated at the pyridyl nitrogen. The included
water molecule is a key component for the extended hydrogen-
bonded assembly within phase 2. The water molecule serves as
a donor for two hydrogen bonds, one to the phenolate at the 3-
position of one RSV~ anion and a second to the 5-phenol of an
adjacent RSV~ anion. The deprotonated 3-position of the RSV~
anion accepts two additional hydrogen bonds from the 5- and
4'-phenol groups of two RSV~ anions to afford a sheet that
extends in the bc plane (Fig. 3a). The water molecule also serves
as the acceptor for two hydrogen bonds from the amine groups
of a 4AP* cation and a neutral 4AP molecule. Similar to phase 1,
the two unique 4AP components engage in a single hydrogen
bond between the protonated and neutral pyridine groups,
connecting the water molecules into a hydrogen-bonded chain,
which extends along the ¢ axis (Fig. 3b). The 4AP chains are
connected to the RSV sheet along the a axis via the water
molecule, as well as a hydrogen bond between the amine of a
4AP* cation and 4'-phenol of an RSV~ anion (Fig. S14). Phase 2
also includes hydrogen bonds in all three dimensions.

Fig. 3 X-ray crystal structure of phase 2 showing (a) hydrogen bonding involving RSV~
anions with water and (b) extensive hydrogen bonding initiating at the water molecule.

3.2 Effect of RSV protonation state on antioxidant behavior

In phase 1, RSV is deprotonated at the 4'-position, while in
phase 2, deprotonation occurs at the 3-position. Several studies
have reported the bond dissociation enthalpies of RSV and
concluded the 4'-hydroxyl group has the lowest bond
dissociation enthalpy, proton dissociation enthalpy, and proton
affinity, indicating that it will be the first site to undergo

J. Name., 2013, 00, 1-3 | 5
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deprotonation in solution.** The electrostatic potential
calculations above also agree that the 4’-phenol has the highest
potential.

The pKj values for RSV have been measured experimentally
and calculated using theory. In one case, the aqueous pK, values
for RSV were measured as: pKa1 = 8.8, pKaz = 9.8, and pKas
11.4,%> while another study reported similar values of: pKa
9.16, pKax = 9.77, and pKas = 10.55.%¢ In both cases, pKai
corresponds to the 4'-hydroxyl group, while pKs; and pKas
correspond to the 3- and 5-hydroxyl groups (i.e., benzenediol
side, Scheme 1). Using either set of values above, the pK,
difference (ApK.) between protonated 4AP (pK, = 8.95)32 and
RSV is approximately O (ApK, = 0.15 or -0.21), which favors a
neutral cocrystal.#”#® Using Cruz-Cabeza’s equation,*® the
probability of salt formation between this molecular pair is 25-
30%. A search of the Cambridge Structural Database for
multicomponent solids including RSV revealed all published
solids (where SCXRD is deposited) include RSV in its neutral
state.*® Phase 1 and phase 2 represent the first ionic crystalline
forms of RSV.

The measured and calculated pK, values for RSV all agree
that the 4’-hydroxyl group is most acidic, with one notable
exception. As previously reported>® and verified here, the pK,
calculator within MarvinSketch predicts the pK, of the 3-
hydroxy position of RSV to be most acidic (pKa1 = 8.49) and the
4'-hydroxy slightly less acidic (pKaz = 9.13).32 The site of
deprotonation observed within phase 1 agrees with most
literature; however, phase 2 is deprotonated at the 3-position,
in agreement with the previous report and pK, calculator. In
phase 2, the presence of water and crystal packing forces in the
structure likely supports the formation of this less stable anion
in the crystalline phase.>=>3

As related to pK, values, the antioxidant activity of RSV
continues to be a highly investigated topic, and in solution, the
activity is known to depend on pH. For example, Konopko and
Litwinienko showed that at pH 6, RSV exhibited a significantly
longer induction time (i.e., suppression of lipid oxidation rate)
in micelles and liposomes. This was attributed to the formation
of both a 4'-radical and 4'-radical-3-anion of RSV, which,
through radical rearrangement, enabled formation of RSV
dimers with recovered radical-trapping functionality in solution.
30 Interestingly, Zupanci¢ et al. demonstrated the antioxidant
behavior of RSV was hindered at higher pH due to rapid (within
minutes) degradation at pH > 9. RSV degradation at alkaline pH
is associated with deprotonation, where the phenolate makes
RSV more susceptible to oxidation, resulting in formation of a
phenoxy radical.>® The increase in degradation rate between pH
9 and 10 may occur because at pH 9, primarily only one phenol
of RSV will be deprotonated, whereas at pH 10, two phenols will
be deprotonated.

3.3 Thermal characterization of the pharmaceutical solids

To investigate the thermal stability of both phases, differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) were conducted. In the DSC thermogram, phase 1 shows
one endothermic peak at 178 °C, corresponding to the melting

6 | J. Name., 2012, 00, 1-3

point (Fig. S15). Phase 2 exhibits two endothermicsignalsinthe
DSC thermogram, corresponding to loss BPWAtEBP§3B4C ¥d
melting at 169 °C (Fig. S15). The melting point of both phase 1
and phase 2 lie above the melting point of 4AP (159 °C)°> but
below the melting point of RSV (267 °C).>6

TGA demonstrated that phase 1 and phase 2 exhibit similar
broad, stepwise mass loss profiles. Phase 1 exhibits onset points
at ca. 153 °C and ca. 245 °C (Fig. S16). Phase 2 exhibits loss of
water at ca. 89 °C, and onsets at ca. 153 °C and ca. 235 °C. The
first onset point in both phases occurs at a slightly higher
temperature than the decomposition onset of 4AP (Fig. S16,
Table S3). Overall, the thermal properties of the two phases are
quite similar, except for the loss of water, which occurs only in
the hydrated ionic cocrystal.

Some cocrystal and salt hydrates have been shown to
convert to their anhydrous counterparts through heating. The
structures of phase 1 and phase 2 are significantly different and
removal of water from 2 would require significant structural
reorganization to yield 1. Heating phase 2 at 100 °C under either
ambient or inert atmosphere to drive off water afforded
degradation, rather than conversion into phase 1.

3.4 Stability of drug phases under ambient and accelerated
conditions

The relative stability of both phases and the individual
components was assessed under ambient and accelerated (50
°C/ambient humidity or 50 °C/100% humidity) conditions over
a period of one week (Fig. S6-S9). After one week at ambient
conditions, phase 1 exhibits partial conversion into the physical
mixture, as evidenced by the peak at 24.3° in the PXRD pattern
(Fig. S6). At elevated temperature, phase 1 exhibits peak
broadening in the PXRD pattern, indicating a slight loss of
crystallinity, though the material is largely unaffected.
However, at elevated temperature and humidity, phase 1
turned slightly brown, indicative of RSV degradation. The PXRD
pattern also confirms degradation, evidenced by a loss in peak
intensity and slight broadening (Fig. S6). However, over all
conditions, phase 1 remains the major crystalline species. These
results illustrate that phase 1 is largely stable, except under hot
and humid conditions, where water vapor likely reacts with the
phenolate of RSV-, leading to partial degradation. Phase 2
exhibits similar trends, with partial amorphization occurring
under room temperature and humidity over a one-week period.
At elevated temperature and ambient humidity, however,
conversion of phase 2 into phase 1 is observed. The gentler
heating drives water out of the crystal while allowing the
structure to rearrange, rather than degrade as observed during
the more intense heating at 100 °C. The product was also brown
after heating, indicating partial degradation of the phase as
water leaves the crystal structure. In addition, heating under
high humidity led to significant browning (degradation) of the
product, associated with the phenolate of RSV~ reacting with
water vapor from the humid atmosphere. This degradation is
corroborated with peak broadening and loss of intensity in the
PXRD pattern, though phase integrity is maintained (Fig. S7).

This journal is © The Royal Society of Chemistry 20xx
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The difference in discoloration (browning) between phase 1
and phase 2 at elevated temperature and high humidity is likely
due to presence of water in the crystal structure of phase 2. The
included water can likely react with the phenolate of RSV~ more
readily than atmospheric water. These results indicate phase 1
is the more stable solid phase.

As individual solids, both molecular components
demonstrate minimal degradation. 4AP exhibited minimal
degradation via loss of peak intensity after one week at elevated
temperature, and RSV only showed decreased peak intensity
after heating at elevated humidity (Fig. S8-S9). RSV exhibited
browning under elevated temperature conditions, similar to its
behavior in the ionic cocrystals. The components by themselves
are reasonably stable due to the absence of proton transfer in
these solids.

3.5 Solubility of drug phases

RSV exhibits incredibly low aqueous solubility (0.06 mg/mL)
over the pH range of 1.2 — 6.8,%” contributing to its limited use
as a supplement or medication. The aqueous solubility of 4AP,
however, is quite high (>50 mg/mL),>® motivating its use as a co-
former with RSV.

The shake-flask method was used to determine the aqueous
solubility of phase 1 and phase 2 at pH 1.2.31 This pH was chosen
because of the limitations with RSV stability,>* and this
environment is similar to the fasting state of the stomach. At pH
1.2, both ionic cocrystal phases showed a dramatic increase in
solubility when compared to RSV (Table S4). Specifically, phase
1 exhibited a solubility of 3.7 £ 0.05 mg/mL, corresponding to a
60-fold enhancement when compared to RSV. Phase 2
exhibited a solubility of 6.7 £ 0.95 mg/mL, corresponding to
over a 100-fold enhancement when compared to RSV. While
the solubility of both ionic cocrystal phases is significantly lower
than that of 4AP, the increase in RSV solubility is
unprecedented, with other cocrystals exhibiting only minimal
increases in solubility, up to approximately 5x higher.5°-%5 The
two ionic cocrystal phases reported here are the only two
examples of RSV cocrystals reaching solubility values in the
mg/mL range.

3.6 Structural influence on the properties of the drug phases

Both ionic cocrystals are sustained by numerous neutral and
charge-assisted hydrogen bonds. The hydrogen bond lengths in
the solids are similar and range from 2.49 - 3.05 A in phase 1
and 2.52 - 3.01 A in phase 2 (distances are between heavy
atoms), with the ionic interactions generally being shorter. The
hydrogen-bond angles lie in the range of 149° - 178°. To further
investigate the formation of the phenolate at different sites of
RSV, the presence or absence of water in the structure, and
physiochemical properties of the two phases, the lattice
energies, intermolecular potentials, and additional electrostatic
potentials were calculated.

The electrostatic potential maps of the geometry-optimized
structures of 4AP and RSV supported cocrystallization and
hydrogen-bond formation at the phenol and pyridine groups, as
well as and proton transfer occurrence at these sites.

This journal is © The Royal Society of Chemistry 20xx
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Alternatively, when the electrostatic potentials werg, calculated
with the molecules in their crystalline-5§¥atd Og@éMatriey0tRe
impact of the anionic/cationic nature was observed. For the
4AP* cation, the pyridinium becomes the site of highest
potential when the cations from both phase 1 and phase 2 are
used, and the potential on the amine groups increases
significantly due to the electron deficiency, which is clearly
delocalized through the ring (Fig. S18). In phase 1, two unique
RSV molecules are present, one neutral and one anion. The
neutral RSV exhibits similar potential values to the geometry-
optimized RSV. However, the anti, 3-hydroxy group exhibits the
highest potential, rather than the 4'-hydroxy. For the RSV~
anions within phase 1 and phase 2, the phenolate groups
become the minima on the surfaces due to the anion.
Moreover, when compared to the fully protonated RSV, the
potential of the remaining two phenol groups on the RSV~
anions decrease significantly and the previously electron-rich
aromatic system becomes localized near the phenolate (Fig.
S19). Upon formation of the phenolate, the remaining phenols
of each RSV become weaker hydrogen-bond donor sites at the
hydrogen, but stronger hydrogen-bond acceptors at the
oxygen. Once the pyridinium is formed, the amine groups of
4AP become stronger hydrogen-bond donor sites. In phase 1,
the amines form hydrogen bonds with the phenol oxygens
(strong acceptors) and in phase 2 the amines form hydrogen
bonds with water and a phenol oxygen.

Examination of the intermolecular forces through
intermolecular potential calculations in Mercury demonstrate
the significance of electrostatics and hydrogen bonds in
stabilizing both structures. The total interaction energy includes
components of electrostatic, van der Waals, and hydrogen bond
energies. For both phases, the hydrogen bonds between
aminopyridine cations are one of the two most energetically
significant interactions in the electrostatic and hydrogen bond
components.

For phase 1, the other most significant contributions to the
hydrogen bond energies include the hydrogen bond dimers
between two RSV~ anions (anti, 3-phenol group to 4’-phenolate)
and O-H---O bonds between neutral phenol groups or neutral
phenol to phenolate groups (Fig. S20, Table S5). The hydrogen
bonds involving the amine groups as donors contribute less
significantly, and the smallest overall contributor is the
interaction between the anti, 3-phenol group on a neutral RSV
to the 4’-phenolate of the RSV~ anion.

Within phase 2, the hydrogen bonds involving the water
molecule represent four of the five most stabilizing hydrogen
bond energies in the structure (Fig. S21, Table S6). The
substantial hydrogen bonding involving water likely contributes
to the formation of the less stable 3-phenolate anion of RSV.
The hydrogen bonds involving the amine groups as donors
contribute less significantly. The structure includes only one
RSV~ anion, and the O-H:--O hydrogen bonds between neutral
phenol and phenolate moieties are electrostatically
destabilizing and offer smaller hydrogen bond contribution.
Notably, the smallest overall contributor to the hydrogen bond
energy is the interaction between the syn, 5-phenol group and
the 3-phenolate. The electrostatic potential (using the
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crystalline-state geometry) of the 5-phenol site decreases
significantly upon formation of the adjacent phenolate,
supporting the lack of structural stabilization that occurs with
bonding at this position.

The overall lattice energies of the two phases were also
calculated using Mercury. Phase 1 exhibits more stabilizing
electrostatic, van der Waals, and hydrogen bond interactions
compared to phase 2, resulting in phase 1 exhibiting a larger
lattice energy (-207 kJ/mol) relative to phase 2 (-168 kJ/mol).
Differences in the electrostatic and van der Waals contributions
play the most significant role in the energetic differences (Table
S7). The lower lattice energy of phase 2 is supported by the
higher solubility and lower melting point values relative to
phase 1.

3.7 Mechanochemical interconversion between drug phases

During attempts to grow single crystals of phase 2 using the
product obtained from 1:3 milling experiments, several samples
afforded crystals of phase 1 with excess 4AP. Given this result,
we explored the idea that interconversion between these two
phases may be possible and chose to use mechanochemistry for
the experiments. Due to differences in stoichiometry and water
inclusion between phase 1 and 2, the stoichiometry of the
components and solvent used in LAG were investigated as
factors that could influence the milling product.

Initially, phase 1 was formed via LAG as described above.
4AP was then added to the product to raise the stoichiometry
to 1:3, and the mixture was milled again with 30 pL water, which
afforded the hydrate, phase 2. To convert phase 2 back into
phase 1, RSV and 30 pL ethyl acetate were added to the product
to adjust the ratio to 1:1 RSV:4AP, and the material was
subjected to milling, which yielded phase 1. This process was
repeated once more in succession, and each product was
characterized using ex-situ PXRD. We successfully achieved two
full interconversion cycles, i.e. 1to 2 to 1 to 2 to 1 (Fig. 4). Each
product obtained from the interconversion milling experiments
was also able to be crystallized in solution via vapor diffusion.

@ 1 s
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Conversion 1 (phase 2)

2
g AN N )\ ~ Conversion 2 (phase 1)
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Fig. 4 (a) PXRD patterns highlighting reversible interconversion between phase 1
View Article Online

and phase 2 and (b) schematic of interconversion pﬁsﬁs?m%%/f%afmégag

solvents. The yellow transparent box highlights signals used in identifying phase 1
(two peaks) and phase 2 (four peaks of descending height). The calculated
patterns for phase 1 and phase 2 are shifted by -0.5° 206 to account for
temperature difference between SCXRD and PXRD measurements.

3.8 Factors that influence polymorph conversion or interconversion

In single-component solids, several examples of converting one
polymorph into another have been reported. Specifically,
pressure,®®%7 heat,13%8 and solvent choice,®®7! used either in
solution-based crystallization or as an additive in grinding, have
all been used to convert one polymorph into another. The
addition of a small amount of impurity or additive can also play
a role in conversion.’%’2 The same experimental conditions
above can also influence polymorphism in multicomponent
solids.”380 Conversion, and especially interconversion, in
multicomponent systems is rarer than for single-component
systems due to the added complexity of a second species
present in the solid phase. In theory, a conversion experiment
could instead afford destruction of the multicomponent phase
with acquisition of the individual components, rather than
conversion to a second multicomponent phase.

Mechanochemical methods have been used to achieve
interconversion, and one mechanism has been attributed to
grinding increasing solvent contact and enhancing surface
solvation effects.”’®81 With mechanochemistry, the amount of
added solvent can play a large role,”’82 and the milling assembly
materials can also enable polymorph interconversion.83 The
hardness of milling balls or jar materials affects the amount of
energy input into the system, which influences phase
conversion.

One condition specific to multicomponent systems is the
stoichiometry of the components. In solids that exhibit
differences in stoichiometry or solvent inclusion, the phase
transformation can be achieved through addition of the
differing reagent or solvent.®879.8485 For example, Cinci¢, Friscié,
and coworkers showed interconversion between three
halogen-bonded cocrystals with different stoichiometries.8¢
Recently, Deka, Thakuria, and coworkers demonstrated a
system based on trans-aconitic acid and nicotinamide, where
one phase is a different stoichiometry than the other two, and
also exists as a salt instead of a cocrystal.8” Conversion from a
1:1 salt hydrate to a 1:2 cocrystal hydrate required the addition
of one equivalent nicotinamide and isopropanol, where
conversion backwards required addition of one equivalent
trans-aconitic acid and water.

To determine if a change in solvent and stoichiometry are
both required for conversion between phases 1 and 2,
additional interconversion experiments were conducted. Only
one of the two inputs was varied at a time. Neither LAG of phase
1 in the presence of water nor LAG of phase 2 in the presence
of ethyl acetate enabled conversion to the other phase, and the
original phase was retained (Fig. S4-S5). Neat milling of phase 1
in the presence of additional 4AP and neat milling of phase 2 in
the presence of additional RSV also afforded the original
phases, with additional signals in the PXRD patterns

This journal is © The Royal Society of Chemistry 20xx
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corresponding to the added reagent (Fig. S4-S5). Thus,
interconversion between phases mechanochemically is
dependent on both the stoichiometry of the components, as
well as the LAG solvent.

In other systems where conversion or interconversion
between two ionic forms is observed, both phases exhibit
deprotonation at the same site,”®#* with one exception. Marti-
Rujas and coworkers demonstrated a system of 5-sulfosalicylic
acid and 4,4'-diaminodiphenylmethane  with  three
polymorphs.88 In two polymorphs, deprotonation occurs at
both the sulfonic acid and carboxylic acid groups, whereas the
third polymorph only exhibits deprotonation at the more acidic
sulfonic acid group. Notably, the deprotonation differences are
between different functional groups (sulfonic vs carboxylic
acid). In the work described here, interconversion of phase 1
and phase 2 is achieved by addition of differing reagents and
solvent. However, unlike other systems, phase 1 and phase 2
exhibit deprotonation at different sites within RSV and the
functional groups (hydroxyl) are identical.

3.9 Outlook and future investigations

Several antioxidants are currently used as excipients in
pharmaceuticals and food products as a mean to extend shelf
life, especially in pharmaceuticals susceptible to oxidative
degradation.® For pharmaceuticals with secondary or tertiary
amines, nitrosamine formation is also a major concern, and
antioxidants have been shown to be effective in inhibiting
nitrosamine formation.?® RSV has been previously reported to
stabilize insulin®® and may offer a superior solid form of 4AP.
The presence of RSV- in the solid may offer increased
antioxidant efficacy compared to neutral RSV or other
antioxidants alone, which may help ameliorate kidney
dysfunction and prevent increased blood plasma levels of 4AP.
Although full efficacy studies are currently lacking,
administration of RSV to mice with MS has been shown to
improve clinical parameters, inflammatory markers, markers
for oxidative stress, and demyelination in experimental
studies.??7

4, Conclusions

In conclusion, two ionic cocrystals of RSV and 4AP were
produced, with different stoichiometries, water inclusion, and
site of proton transfer. Electrostatic potential calculations
support formation of hydrogen bonds between the
components. Anhydrous phase 1 exhibits a higher lattice
energy, higher melting point, and lower solubility, compared to
hydrate phase 2. Moreover, phase 1 was more stable than
phase 2 under accelerated aging conditions. The two phases can
be interconverted using mechanochemical methods via
addition of one reagent and an appropriate solvent to the
reaction mixture. All interconversion products were able to be
crystallized from solution, allowing for selective production of
one phase. The deprotonation of RSV in these two solid phases
is novel, as is the use of mechanochemistry to control the state
of deprotonation among two identical functional groups. RSV

This journal is © The Royal Society of Chemistry 20xx
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has been previously used in the stabilization,, of Qther
pharmaceuticals®! and is currently markéted18s @38 (p EHERY,
The two phases described here may exhibit different
antioxidant potential in the solid phase, given the reported
difference in reactivities of the phenol sites.**%8 Both ionic
solids exhibit significant improvement in aqueous solubility
compared to RSV alone, reaching the mg/mL level. Although
further testing is required, the combination of a multiple
sclerosis drug with an ionic RSV could offer unique drug-
antioxidant properties.
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