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ABSTRACT: The hydrophobic pL-amino acids alanine, valine, leucine, and

isoleucine have been cocrystallized with LiCl via solid-state and solution f
methods, and the e ect of preparation conditions and solvent choice on the
racemic versus conglomerate formation has been investigated. For the sake of .7.}1
comparison, enantiopure L-amino acids have also been reacted with LiCl in the

same experimental conditions. With pL-alanine only, a racemic ionic cocrystal £
of formula pc-alanine:LiCl-H,O is obtained, irrespective of the preparation

conditions, while the amino acids bpr-valine and bi-leucine undergo
spontaneous chiral resolution when MeOH is used in ball milling conditions, CONGLOMERATE or RACEMATE?
yielding monohydrated conglomerates, which at ambient conditions convert

over time into the racemic ionic cocrystals oL-Val-LiCl-H,O and pL-Leu-LiCl-1.5H,0; these racemic ionic cocrystals (ICCs) are
otherwise obtained in a single step if water is employed instead of MeOH, both in ball milling and solution conditions. pL-Isoleucine
behaves di erently, and product characterization is complicated by the presence of pL-alloisoleucine (pL-alle) in the commercial
starting material; solution crystallization in the presence of excess LiCl, however, unexpectedly results in the formation of the
alloisoleucine conglomerate p-alle-LiCl-H,O and L-alle-LiCI-H,O, together with unreacted pL-isoleucine. Solid-state syntheses of the
ionic cocrystals proceed in most cases via formation of intermediate metastable polymorphs; phase identi cation and structural
characterization for all ICCs have been conducted via single crystal and/or powder X-ray di raction.

I INTRODUCTION tems.”>*® The formation of molecular®’~*° and ionic®"~*°
Cocrystallization has developed into an extremely attractive cocrystals has been demonstrated to be a suitable method to
approach toward the formulation of new materials with active achieve chiral resolution of racemic mixtures. ngrygalh_za’qon
principles, providing a means to tune their physicochemical of the amino acids pL-histidine”" and pL-proline™ with lithium
properties in their solid state. As a result, cocrystals, both halides showed that the Li* cations invariably link selectively
molecular and ionic, nd applications among others, in the with amino acids of only one chirality, forming either
elds of pharmaceuticals,"~* agrochemicals,”~" high-energy conglomerates or racemic crystals constituted of homochiral
materials,®~*° and nutraceuticals."*~** lonic cocrystals (ICCs) chains, in both anhydrous and hydrated ICCs.*® It was initially
constitute a class of multicomponent crystalline solids assumed that the tetrahedral geometry around the cation was a
composed of neutral organic molecules and organic or prerequisite for the segregation, in individual chains or crystals,
inorganic salts in a de ned stoichiometric ratio."*™**  of molecules of the same handedness; cocrystallization of the
Pharmaceutical ICCs are of particular interest since the racemic RS-etiracetam with ZnCl,, selected because the zinc
addition of charged components to the active pharmaceutical cation commonly forms tetrahedral complexes,”® seemed to

ingredient (API) of interest in its crystal can help in modulating
the physicochemical and biological properties of the API (e.g.,
bioavailability, solubility, intrinsic dissolution rate, morphol-

strengthen this concept; however, ZnCl, cocrystallization with

ogy, stability toward humidity, thermal stability).?*2* Received:  February 24, 2021
A further area where cocrystallization is nding important Revised: _ April 24, 2021
applications is that of chiral resolution; i.., cocrystallization Published: April 30, 2021

can be used for the separation of racemic compounds into their
enantiomers. Chiral recognition and enantiomer distinction are
fundamental phenomena in chemical and biological sys-

© 2021 The Authors. Published b )
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W ACS Publications 3438 Cryst, Growth Des. 2021, 21, 3438—3448


http://pubs.acs.org/page/cgdefu/vi/index.html
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleksii+Shemchuk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enrico+Spoletti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dario+Braga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabrizia+Grepioni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.cgd.1c00216&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cgdefu/21/6?ref=pdf
https://pubs.acs.org/toc/cgdefu/21/6?ref=pdf
https://pubs.acs.org/toc/cgdefu/21/6?ref=pdf
https://pubs.acs.org/toc/cgdefu/21/6?ref=pdf
pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00216?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/crystal?ref=pdf
https://pubs.acs.org/crystal?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

Crystal Growth & Design

pubs.acs.org/crystal

Scheme 1. Four pL.-Amino Acids

in Their Zwitterionic Forms

Reacted with LiCl in the Solid State and in Solution, and the

E ect of the Solvent Used on Conglomerate (o-ICC + -ICC) and Racemic Compounds (pL-ICC) Formation®
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2Solvent used: H,O: blue arrows; MeOH: red arrows. *Commercial pL-isoleucine is a 1:1:1:1 solid solution of L-lle, o-lle, L-alle, and p-alle.

amino acids showed a less clear-cut preference,** as several
complexes were formed where the Zn®* cation is coordinated
by amino acids of opposite chirality.

We now expand our exploration of the role of lithium
chloride, as a coformer in the formation of ionic cocrystals,
with a selection of four hydrophobic amino acids both in their
enantiopure L- and racemic pL-forms. The cocrystallization
experiments were conducted both in the solid state and in
solution, and the e ect of preparation conditions on
conglomerate formation was investigated (see Experimental
Section). In the following, besides discussing preparation and
characterization of a whole new series of ionic cocrystals of the
four amino acids with LiCl, we also report, in the cases of the
amino acids pL-valine and pc-leucine, the intriguing observa-
tion of a solvent-dependent formation of metastable
conglomerates that transform over time into stable racemic
end products. We also show that cocrystallization of LiCl with
pL-alanine does not lead to chiral resolution, while
cocrystallization of LiCl with commercial bpt-isoleucine
(actually a solid solution of p- and L-isoleucine and of p- and
L-alloisoleucine) leads to a complex mixture of conglomerates.
Scheme 1 shows a summary of the cocrystallization outcome
for the reaction of pL-alanine (pL-Ala), pL-valine (pbL-Val), pL-
leucine (pL-Leu), and bi-isoleucine (or-lle), in their
zwitterionic form, with LiCl in the presence of water (blue
arrows) or methanol (red arrows). Detailed explanation of all
processes and compounds, together with the results of
cocrystallization of the enantiopure amino acids with LiCl,
are presented in the Results and Discussion.

l EXPERIMENTAL SECTION

Materials and Instrumentation. All reagents were purchased
from either Merck or TCl Chemicals and used without further
puri cation. It should be noted that the commercial sample of pL-
isoleucine also contains the pc-alloisoleucine diastereomeric pair: a
single crystal data collection on the starting material yielded the
known solid solution structure (vide infra) with an alle/lle
stoichiometric ratio of 1:1; a Rietveld re nement on the bulk reagent
as received was also in agreement with the 1:1 ratio. For all
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experiments, the highly hygroscopic salt LiCl was dried in the oven at
130 °C for 3 h prior to use.

Solution Synthesis. Single crystals of L-Ala-LiCI-H,O form I, pL-
Ala-LiCI-H,0 form Il, .-Val-LiCI-H,0O form Il, oL-Val-LiCI-H,0, and
L-lle-LiCI-H,O form IlI were obtained by slow evaporation at RT
from undersaturated aqueous solutions (2 mL) of equimolar
quantities of the corresponding amino acids and LiCl (0.5 mmol).
Single crystals of p-alle-LiClI-H,O (conglomerate) were grown at 40
°C from the undersaturated aqueous solutions (5—7 mL) of the
corresponding amino acids (0.2 mmol) and a 10-fold excess of LiCl
(2.0 mmol). Crystallization from MeOH solutions, tried with all the
amino acids discussed here, either yielded the same compounds
obtained from water or produced no single crystals.

Solid-State Synthesis. L-Ala-LiCI-H,O form I, pL-Ala-LiCI-H,O
form 1, .-Val-LiClI-H,O form 1, the conglomerate L-Val-LiCl-H,O + p-
Val-LiCI-H,O form |, vr-isoleucine-LiCI-H,O form |, and the
conglomerate p-Leu-LiCI-H,O + vr-Leu-.LiCI-H,O form | were
obtained by kneading equimolar quantities of the amino acids and
LiCI (0.5 mmol), in the presence of two drops (100 L) of methanol,
for 30 min in a Retsch MM200 ball miller, operated at a frequency of
25 Hz.

L-Ala-LiCI-H,O form II, pL-Ala-LiCl-H,O form I, L-Val-LiCI-H,O
form Il, pc-Val-LiCI-H,0O, r-Leu-LiCI-H,O form Il, pcr-Leu:LiCl-
1.5H,0, L-isoleucine:LiCI-H,O form 11, and the conglomerate L-alle-
LiCI-H,O + p-alle-LiCI-H,O were obtained by kneading the
equimolar quantities of the amino acids with LiCl (0.5 mmol), in
the presence of one drop (50 L) of water, for 30 min in a Retsch
MM200 ball miller, operated at a frequency of 25 Hz.

In all cases, 10 mL stainless steel vials were used, with one stainless
steel ball 7 mm in diameter.

Powder X-ray Di raction Measurements. Room temperature
powder X-ray di raction (PXRD) patterns were collected on a
PANalytical X'Pert Pro automated di ractometer equipped with an
X'Celerator detector in Bragg—Brentano geometry, using Cu K
radiation (= 1.5418 A) without a monochromator in the 2 range
between 3° and 40° (step size: 0.033°; time/step: 20 s; Soller slit:
0,04 rad; antiscatter slit: 1/2; divergence slit: 1/4; 40 mA x 40 kV).

For structure solution purposes, X-ray di raction patterns were
collected on a PANalytical X'Pert Pro automated di ractometer with
transmission geometry equipped with a focusing mirror and P1Xcel
detector, using Cu K radiation ( = 15418 A) without a
monochromator in the 2 range 3—60° (step size 0.0130°, time/
step 170.595 s, Soller slit: 0,04 rad; antiscatter slit: 1/2; divergence
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slit: 1/2; 40 kV x 40 mA). To improve the quality of the obtained
PXRD patterns, three repetitions were performed, and the scans were
merged. Data analyses were carried out using the PANalytical X'Pert
Highscore Plus program.

Structural Characterization from Powder Data. Powder
di raction data were analyzed with the software PANalytical X'Pert
HighScore Plus. Approximately 15 peaks were chosen in the 2 range
3—40°, and unit cell parameters were found using the DICVOL4
algorithm. Herein, the structure solution of L-Leu-LiCl-H,O form |
will be described as a case study. A similar approach was applied for
all the systems whose structure was solved from PXRD data, namely,
L-Val-LiCl-H,O form I and c-isoleucine-LiCl-H,O form I and form II.
The investigated ICC is characterized by an orthorhombic unit cell
with a volume of 1146.61 (1) A%  compatible with the presence of an
L-leucine molecule, a lithium chloride pair, and one water molecule in
the asymmetric unit. The structure was solved in the space group
P2,2,2; by simulated annealing, performed with EXPO2014** using
the L-leucine molecule in its zwitterionic form and one atom of Li, Cl,
and O. Ten runs for simulated annealing trials were set, and a cooling
rate (de ned as the ratio T,/T, ;) of 0.95 was used. The best solution
was chosen for Rietveld re nement, which was performed with the
software TOPAS 5.0.° The peak shape was modeled for size and
strain with the Gaussian and Lorentzian functions present in TOPAS
5. All the hydrogen atoms were xed in calculated positions.
Re nement converged with 2 = 4.38 and R wp = 7.9. Rietveld
re nements for all structures solved from powder data are collected in
the Supporting Information. Structural data for all compounds
investigated in this work are listed in Tables SI-1 to SI-4. It should
be noted here that a full structural characterization of the two ICCs L-
Leu-LiCI-H,0O form Il and pL-Leu-LiCl-1.5H,0 was only obtained by
a combination of PXRD and single crystal X-ray di raction data.

Single Crystal X-ray Di raction. Single crystal X-ray di raction
data for pr-Ala-LiCI-H,O form Il, L-Ala-LiCI-H,O form II, p.-Val-
LiCI-H,0O form II, .-Val-LiCI-H,O form Il, p-/L-alle-LiCI-H,0O, -
isoleucine-LiCI-H,O form Ill, pL-Leu-LiCl-1.5H,0, and L-Leu-LiCl:
H,O form Il were collected at room temperature with an Oxford
Di raction X'Calibur equipped with a graphite monochromator and a
CCD detector. Mo K radiation ( = 0.71073 A) was used. Unit cell
parameters for all compounds discussed herein are reported in Tables
SI-1 to SlI-4. The structures were solved by the intrinsic phasing
methods and re ned by least-squares methods against F? usin
SHELXT-2016" and SHELXL-2018" with the OLEX2 interface.”
Non-hydrogen atoms were re ned anisotropically. Hydrogen atoms
were added in calculated positions. The software Mercury 4.0*” was
used for graphic representations. PLATON"® was used for packing
coe cient calculations. Crystal data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
CCDC Nos. 2064133—2064144.

B resuLts anD Discussion

In order to investigate the possibility of spontaneous chiral
resolution, the racemic amino acids pL-alanine (pL-Ala), pL-
valine (pL-Val), pL-leucine (bL-Leu), and bt-isoleucine (bL-
Ile), listed in Scheme 1, were cocrystallized with LiCl via liquid
assisted grinding (LAG, in ball milling conditions) with MeOH
or water, and via solvent evaporation from undersaturated
solutions. In parallel, the same methods were applied for the
preparation of the corresponding ICCs starting from the
enantiopure amino acids L-alanine (L-Ala), L-valine (L-Val), L-
leucine (L-Leu), and c-isoleucine (L-1le), in order to compare
the cocrystallization outcomes with those obtained from the
racemic ones and identify possible isostructural conglomerates.

A rst general observation is that the di erent preparation
methods lead to di erent cocrystallization outcomes. The
racemic versus conglomerate nature of the LAG products in
the cases of pL-valine, pL-leucine, and pL-isoleucine appears to
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depend on whether MeOH or water is used in the ball milling
process. Crystallization from water yields di erent products
from those obtained in LAG conditions with MeOH. These
last products are, in most cases, metastable forms that convert,
with time and in the solid state, toward the more stable phase
obtained directly from water. A number of polymorphs is
observed; in all cases, the amino acids are in their zwitterionic
form, which enables them to bind to the lithium cation via the
carboxylate group, while the protonated nitrogen helps in
stabilizing the crystal via charge-assisted*® hydrogen bonding
interactions with the chloride anions.

A second general comment may be useful before moving on
to describe the individual cases. It will be shown that in all
cases discussed in the following intermediate solid phases will
be observed. These intermediate crystalline materials (whether
resulting from solid-state or solution preparation) will be
shown to convert on short or long term into nal forms, which
no longer change under ambient conditions. These inter-
mediate phases might indeed be thermodynamically metastable
forms (i.e.,, polymorphs) or represent di erent unstable
stoichiometries. In all cases, the conversion into the nal stable
forms is brought about by interaction with the atmosphere, i.e.,
with humidity present. We reckon that while it is useful to
know that formation of the end products passes via
intermediate transient phases, a detailed knowledge of the
role of di erent quantities of water on the speed of conversion,
considering that LiCl is extremely hygroscopic, is beyond the
scope of this study.>* >

L- and pc-Alanine. The rst investigated pair of amino
acids was L- and pL-alanine. Initially, the cocrystallization was
performed using a mechanochemical approach, i.e., ball milling
with MeOH; this process led to the formation of two
metastable ICCs (Scheme 2), which, on standing at ambient
conditions in an open container, in a matter of a few minutes
turned into stable, monohydrated ICCs (see Scheme 1); in the
case of vr-alanine, the metastable product was always
accompanied by a detectable amount of the stable phase

Scheme 2. Cocrystallization of L- and pL-Alanine with LiCl

L-alanine: LiCl DL-alanine: LiCl
1:1 11
H,0 MeOH H,0 MeOH
LAG, LAG LAG, LAG
solution solution
DL-Ala-LiCl-H,0
L-Ala-LiCl-H,0O form |2
form 12+ form Il racemate
time time
v \ 4
L-Ala-LiCl-H,0 DL-Ala-LiCl-H,0
form Il form Il
racemate

20ur hypothesis is that form 1, for both L- and bL-ICCs, is a
polymorphic modi cation of the stable form 1I. Red and blue arrows
indicate reactions occurring in the presence of MeOH and water,
respectively.
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(see Figure SI-7), even if the ball milling process was stopped
after a few minutes. LAG with water or cocrystallization from
water led directly to the stable forms. As the transformation
occurs in a very short time, our hypothesis is that the nal L-
and pL-ICCs are polymorphic modi cations of the metastable
ones: for this reason, they are written as monohydrates form 1,
while form 11 is used for the nal, stable forms (see Scheme 2).

In L-Ala:LiCl-H,O form I, the lithium cation is tetrahedrally
coordinated by three carboxylate groups of L-alanine and by
one water molecule (Figure 1a). Each carboxylate group

Figure 1. (2) L-Ala-LiCI-H,O form II: In nite chains extending along
the a-axis, with L-alanine zwitterions bridging adjacent lithium cations
via the carboxylate groups, and the water molecule directly
participating to the tetrahedral coordination (water oxygens in
blue). (b) pL-Ala:-LiCI-H,O form II: The chain, extending along the
a-axis, formed by alanine and water molecules bridging the lithium
cations. Di erent modes of coordination for the alanine and water
molecules in L-Ala-LiCl-H,0O form Il and pL-Ala:LiCI-H,O form Il can
be appreciated. H atoms not shown for clarity.

bridges adjacent lithium cations, resulting in the formation of
in nite chains extending along the crystallographic a-axis and
arranged in layers parallel to the ac-plane (Figure 2, left). The
chloride ions lie between the layers, at a hydrogen bonding
distance to the protonated amino groups and the water
molecules.

L-Ala-LiCI-H,0 form I

DL-Ala:-LiCI-H20 form lI

Figure 2. Comparison of the packing patterns in crystalline L-Ala-
LiCI-H,0O form 1l (left) and pL-Ala-LiCI-H,O form Il (right). Views
are down the crystallographic a-axes. Large green spheres represent
the chloride anions. L- and p-Alanine carbon atoms in the oL-Ala-LiCl-
H,O form |1 are represented by gray and orange spheres. H atoms are
not shown for clarity. The tetrahedral coordination around the lithium
cations is shown by polyhedral representations.
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Tetrahedral coordination around the lithium cations is also
observed in bpr-Ala-LiCI-H,O form II; while the water
molecules in r-Ala-LiCI-H,O act as terminal ligands, in the
racemic ICC they bridge two adjacent lithium cations, as can
be seen in Figure 1b. Each alanine and each water molecule
interact with two lithium cations, thus forming an in nite chain
extending along the crystallographic a-axis; a comparison with
the packing of L-Ala-LiCI-H,O is shown in Figure 2. All
attempts to grow single crystals of L-Ala-LiCl-H,O form | and
pL-Ala-LiCI-H,O form 1| failed, as the crystallization process
invariably yielded the corresponding forms II, regardless of
solvent, temperature, or stoichiometric ratio employed.

L- and pi-Valine. The cocrystallization of L- and pL-valine
with lithium chloride was initially performed via ball milling
with a few drops of methanol. The solid products were
analyzed using powder X-ray di raction. The corresponding
di raction patterns were superimposable (see Figure SI-11),
indicating that in the case of pL-valine chiral resolution had
taken place upon reaction with LiCl, with formation of
conglomerate 1ICCs (see Scheme 3). Di raction patterns for

Scheme 3. Cocrystallization of L- and pL-Valine with LiCl

L-valine : LiCl DL-valine : LiCl
1:1 1:1
H,0 MeOH H,0 MeOH
LAG, LAG LAG, LAG
solution solution
L-Val-LiCl-H,0 +
L-Val-LiCI-H,0 D-Val-LiCl-H,0
form | conglomerate
form |
time time
v A 4
L-Val-LiCl-H,0 DL-Val-LiCl-H,0
form Il racemate

the two crystalline powders were measured again after 24 h: in
both cases, a solid state transformation to a second phase had
taken place (Figures SI-12 and SI-13).

All attempts to obtain single crystals of L-Val-LiCl-H,O form
I via seeding, crystallization from di erent solvents, or varying
either temperature or stoichiometric ratios employed were
unsuccessful. Structural solution from powder data was then
attempted; this is usually performed starting from a good data
collection in transmission, with the solid sample in a sealed
capillary. In the case of L-Val-LiCl-H,O form I, however, this
was not possible, as complete transformation to form 1l took
place in a shorter time with respect to the time necessary for
the X-ray data collection. Consequently, the structure of L-Val:
LiCI-H,0O form I, which crystallizes in the orthorhombic space
group P2,2,2,, was determined from at-stage data (see Table
SI-2).

The ICCs -Val-LiCI-H,O form Il and racemate pL-Val-LiCl-
H,0O, i.e., the nal, stable forms obtained upon leaving at
ambient conditions for a few minutes the rst products of the
ball milling with MeOH, were recrystallized from water, and
single crystals suitable for X-ray structural characterization
could be grown. The two ICCs are quasi-isomorphous>*>*
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(see Table SI-2); they crystallize in the monoclinic P2, and
P2,/n space groups, respectively, and are characterized by the
presence of in nite chains analogous to those present in L-Ala-
LiCI-H,O form Il (see Figure 3 and Figure 4).

Figure 3. In nite cationic chains in crystalline L-Val-LiCl-H,O form |
(top, parallel to the c-axis direction), -Val-LiCI-H,O form Il (middle,
parallel to the b-axis direction), and bL-Val-LiCI-H,O form Il
(bottom, parallel to the b-axis direction). Note how in the racemate
ICC pL-Val-LiCl-H,O form Il the chains are homochiral (only one
enantiomer is shown here).

It is worth mentioning that oL-Val-LiCl-H,O not only forms
homochiral chains, but these chains (viewed down the b-axis in
Figure 3, right) are arranged in “enantiopure layers” parallel to
the bc-plane. The racemic ICC, therefore, can be seen as a
special “cocrystal” of L-Val-LiCl-H,O and p-Val-LiCI-H,O (see
also Figure 5). This is precisely the chiral preference observed

before in the ionic cocrystals of proline and histidine with
LiCl.*’

Figure 5. Layers formed by homochiral chains in r-Val-LiCI-H,O
form Il (left; cationic chains in gray) and pL-Val-LiCl-H,O (right;
cationic chains containing L-valine in gray and p-valine in orange).
Polyhedral representation of the coordination around the lithium
cations. H atoms are not shown for clarity.

A comparison between calculated and experimental PXRD
patterns (see Figures SI-14 and SI-15) shows that recrystalliza-
tion from aqueous solutions results in the direct formation of L-
Val-LiCI-H,O form Il and b.-Val-LiCI-H,O form Il. This
behavior was also observed if the two solids were crystallized
from MeOH.

Packing coe cients were estimated for all L-valine ICCs (see
Table SI-2); while the value for r-Val-LiCI-H,O form 1,
therefore also for the conglomerate, is 0.66, it increases to 0.69
for both L-Val-LiCl-H,O form Il and pL-Val-LiCl-H,O. This is
in keeping with the density rule,>®> which predicts lower
coe cients, i.e, less e cient packing, for metastable forms
with respect to stable ones.

.- and pL-Leucine. The cocrystallization results of L- and
pL-leucine with LiCl are summarized in Scheme 4.

The cocrystallization outcome of L- and pL-leucine with LiCl
appears to be similar to the one observed for valine: the PXRD
patterns of the ICCs obtained by mechanochemical cocrystal-
lization of enantiopure and racemic leucine with LiCl, in the
presence of MeOH, are perfectly superimposable (see Figure
SI-16), indicating that the ICC obtained with pL-leucine is a
conglomerate. Unfortunately, all the attempts to grow single

L-Val-LiCl-H,0 form |

L-Val-LiCl-H,0 form Il

DL-Val-LiCI-H,0

Figure 4. Comparison of crystal packing arrangements in crystalline L-Val-LiCI-H,O form | (left, view down the c-axis), .-Val-LiCI-H,O form Il
(middle, view down the b-axis), and pL-Val-LiCl-H,O (right, view down the b-axis); note how in the racemic ICC the homochiral chains are
organized in layers, parallel to the bc-plane (see also Figure 5). H atoms are not shown for clarity.

https://doi.org/10.1021/acs.cgd.1c00216
Cryst. Growth Des. 2021, 21, 3438—3448


http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00216/suppl_file/cg1c00216_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00216/suppl_file/cg1c00216_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00216/suppl_file/cg1c00216_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00216/suppl_file/cg1c00216_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00216/suppl_file/cg1c00216_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00216?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00216?rel=cite-as&ref=PDF&jav=VoR

Crystal Growth & Design

pubs.acs.org/crystal

Artlcle

Scheme 4. Cocrystallization of L- and pL-Leucine with LiCl

L-leucine : LiCl DL-leucine : LiCl
1:1 1:1
H,0 MeOH H,0 MeOH
LAG, LAG LAG, LAG
solution solution
L-Leu-LiCI-H,O +
L-Leu-LiCI-H,0 D-Leu-LiCI-H,0
conglomerate
form |
form |
time time
v \ 4
L-Leu-LiCI-H,0 DL-Leu-LiCl-1.5H,0
form Il racemate

crystals, including evaporation of the solvent at di erent
temperatures, varying the stoichiometric ratios, and seeding
with the mechanochemically obtained ICCs (both enantiopure
and conglomerate), were unsuccessful. In addition to this, both
the enantiopure and the conglomerate ICCs are not stable, and
convert to di erent solid forms if left standing at ambient
conditions in open vials for a few minutes. The conversion
could be slowed down, however, if the powder was kept in a
sealed container. The structure of the L-leucine ICC could thus
be solved from powder data, collected on a capillary lled with
the polycrystalline powder, which turned out to be L-Leu-LiCl:
H,O form | (see Figure 6).

Figure 6. In nite cationic chains in crystalline L-Leu-LiCI-H,O form I.

As mentioned above, enantiopure L-Leu-LiCl-H,O form |
and the conglomerate can rapidly convert to stable
compounds: this time the patterns of the ICCs obtained
from L-leucine and pvr-leucine were markedly di erent from
each other (see Figures SI-17 and SI-18).

All attempts to recrystallize these new products invariably
led to separation of the reagents, most likely due to their large
di erences in solubility. Single crystals of moderate quality,
however, could be grown as thin needles if an excess of LiCl
was employed, and the gross features of the corresponding
ICCs, ie., L-Leu-LiCI-H,O form Il and pL-LeuLiCl-1.5H,0,
could be obtained. This information was used in turn for
structural re nements with good quality powder data on the
same compounds (see Table SI-3).

The packing features of the enantiopure L-Leu-LiCI-H,O
form 11 (see Figure 7) are analogous to those observed for the
enantiopure 1CCs discussed L-Ala-LiCl-H,O form Il and L-Val-
LiCl-H,0O form Il discussed above.
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FEPEP

Figure 7. In nite cationic chains in crystalline L-Leu-LiCI-H,O Form
I1. H atoms are not shown for clarity.

The racemic end-product of the process, namely, pL-Leu-
LiClI-1.5H,0, shows a homochiral preference around Li* (see
Figure 8) as observed in pL-Val-LiCI-H,O, with formation of

e o & & o 8

o Ko Ve Ko e Ko X

‘$~‘*‘ 0""#\ 0/‘(‘\0% 0% ®
7:0 v/': o o 0 Dol

Figure 8. Homochiral chain in pr-Leu-LiCl-1.5H,0: a screw-axis
extending along the chain relates the amino acids on the top side of
the chain to those on the bottom side (see also Figure 3, bottom). H
atoms are not shown for clarity.

enantiopure layers. In pr-Leu-LiCl-1.5H,0, however, an
additional water, beside the Li* coordinated one, acts as a
bridge between amino groups and chloride anions in the
homochiral chains of (L-Leu-Li),"/(pb-Leu-Li),".

A comparison of the crystal packing arrangements of L-Leu-
LiCI-H,O form 1, L-Leu-LiCI-H,O form Il, and pL-Leu:LiCl:
1.5H,0 is shown in Figure 9. The structural similarity with the
arrangements in crystalline L-Val-LiCI-H,O form I, .-Val-LiCl-
H,O form Il, and pL-Val-LiCl-H,O in Figure 4 is evident.

L-Isoleucine. The cocrystallization of L-isoleucine with LiCl
via ball milling with methanol yielded the ICC L-iso-LiCI-H,O
form 1, which rapidly transformed into form Il (see Scheme 5
and Figure SI-19).

If kept in an open vial, slow decomposition to the starting
material was observed. However, if the solid was kept at
ambient conditions in a closed vial, a slow transformation could
be detected to a third form, although the transformation was
still not complete after 8 months. This third form, or form I1l,
could be obtained directly when the reaction between L-
isoleucine and LiCl was conducted in water solution, or via ball
milling in the presence of a drop of water; the solid state
transformation of form 11 into form 111 could be accelerated in
the presence of seeds of form I11, obtained via ball milling with
water. This behavior con rms the role of MeOH in the
nucleation and growth of the intermediate, metastable
polymorphs of the ICCs with LiCl.

All attempts to obtain single crystals of L-iso-LiCIl-H,O form
I or Il were unsuccessful, and their structures had to be
determined from powder data. In the case of L-isoleucine-LiCl-
H,O form 1, the transformation to form Il in capillary was so
rapid that at-stage PXRD data had to be used, while in the
case of form Il the sample could be placed in a capillary, and
transmission geometry could be used for data collection. Both
L-isoleucine-LiCI-H,O form | and form Il crystallize in the
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Figure 9. Crystal packing of L-Leu-LiCI-H,O form | (left), L-Leu-LiCI-H,O form Il (middle), and pr-Leu-LiCl-1.5H,0 (right) (views down the
crystallographic c-, b-, and b-axes, respectively). Light-blue spheres represent the water molecules not coordinated to the lithium cations. H atoms
are not shown for clarity.

Scheme 5. Cocrystallization of L-Isoleucine with LiCl The major di erence between all forms is in the
conformation of L-isoleucine, as shown in Figure 11.

L-isoleucine : LiCl

1:1
& { (g
| MeOH ‘
%
LAG ) d o
(%
L-lle-LiCI-H,0 r A g g
form |
H,O Figure 11. Conformation of L-lle (in its zwitterionic form) in r-lle-
LAG, time (fast) LiCI-H,O form I (left), form Il (middle), and form Il (right).
solution
L-lle-LiCI-H,0O . . —
P " 2 Single crystals of L-isoleucine:LiCl-H,O form Il could be
orm grown from water solutions; the ICC crystallizes in the

to forms | and 1. The conformation of L-isoleucine is the same
as the one observed for form | (see Figure 11), but the relative
L-lle-LiCI-H,0 arrangement of the cationic chains di ers from what was
observed either in form I or in form Il (see Figure 10). Packing

ltime (slow) orthorhombic system, with a double cell volume with respect

form I e ciency was estimated via PLATON*® and found to be

lowest in the case of form | (0.65), while the numbers are very

similar for forms Il and Il1, being 0.69 and 0.70, respectively

(see Table SI-4). This might explain the fast conversion of

monoclinic system, with extremely similar unit cells (see Table form | to form I1, but both this and the transformation to form
SI-4) and packing features (see Figure 10a,b). Il must be mediated by atmospheric water, as form Il is the

® ® [3
Uvb U‘v/\i U.v*
) Canl o
i : ° ¢ &‘(u
.
2 2

L-lle-LiClI-H,O form | L-lle-LiCI-H,0 form lI L-lle-LiCl-H,O form IlI

Figure 10. Relative arrangement of the in nite cationic chains in crystalline L-isoleucine-LiCl-H,O form | (), form 1l (b), and form Il (c) (views
down the crystallographic b-, b-, and a-axes, respectively). H atoms are not shown for clarity.
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only product obtained when water is intentionally used in the
reaction with LiCl.

pL-Isoleucine. For the sake of completeness, the formation
of ICC of LiCl and btr-isoleucine was also investigated,
although the commercially available starting material, as clearly
stated by Sigma-Aldrich, is a mixture of the four stereoisomers
listed in Scheme 6.

Scheme 6. Four Zwitterionic Stereoisomers Forming the
1:1:1:1 Solid Solution Present in the Commercial Product
pL-Isoleucine

X-ray powder pattern measurements on the commercial
form, as well as two single crystal data collections (one crystal
taken directly from the commercial sample, a second one
recrystallized from water solution), all showed that the four
stereoisomers were present in a 1:1:1:1 solid solution, as the
pattern is very superimposable to the one for the reported solid
solution structure®® (refcode XADVIH; see Figure SI-21).
Hereafter, the term “pL-lle/pL-alle(SS)” will be used to
indicate such a solid solution.

Not surprisingly, given the presence of four independent
chemical entities in the starting material, the behavior of the
solid solution upon reaction with LiCl is much more di cult
to rationalize with respect to those observed for pi-valine and
pL-leucine. Ball milling in the presence of either MeOH or
water yields the conglomerate p-alle:LiCl-H,O and L-alle-LiCl:
H,0O, together with residual products containing isoleucine
(see Figures SI-22 to SI-24). It should be mentioned that also
with pL-lle:pL-alle(SS) the mechanochemical reaction in the
presence of MeOH yields intermediate, metastable compounds
(see Figure SI-22), which could not be characterized, with the

rst one converting rapidly into the second product, which in
turn slowly converts to the stable, nal product, showing a
behavior similar to that of L-isoleucine.

Crystallization of bir-lle:pL-alle(SS) and LiCl from an
aqueous solution using a 1:1 stoichiometric ratio failed to
produce cocrystals, and the reagents precipitated separately.
Needle-shaped crystals of the alloisoleucine conglomerate p-
alle-LiCI-H,O and L-alle-LiCI-H,O, however, could be
obtained via evaporation at 40 °C of an aqueous solution
containing a 10-fold excess of LiCl with respect to bL-
isoleucine(SS) (see Scheme 7). In the same crystallization
batch a ording the alloisoleucine ICC conglomerate, large at
crystals of pL-isoleucine could also be found; as pL-isoleucine
and the solid solution isoleucine/alloisoleucine are known to
be isomorphous, we cannot exclude the presence of unreacted

3445

Scheme 7. Di erent Behavior Shown by pL-lle/pL-alle(SS)®
upon Reaction with LiCl in LAG and Solution Conditions®

@A 1:1:1:1 solid solution of the four stereoisomers in Scheme 6.
PRecrystallization from water leaves the reagent unchanged.
*Isomorphous with L-lle-LiCI-H,O form Ill; pt-isoleucine can be
found in all cases together with traces of unidenti ed material. Single
crystals of the stable product are obtained with excess LiCl.

alloisoleucine; still, is interesting to note that only
alloisoleucine forms an ionic cocrystal with LiCl, leading to a
possible new way to separate the sterecisomers.

The crystal structure of bp-alle-LiCI-H,0, from the
conglomerate, is shown in Figure 12. The alloisoleucine ICC
conglomerate is isomorphous with r-lle-LiCI-H,O form I1l
(see Table SI-4).

I CONCLUSIONS

The cocrystallization of the amino acids alanine, valine,
leucine, and isoleucine both as their enantiopure and racemic
forms with LiCl resulted in the formation of a series of novel
ionic cocrystals. The cocrystallization of both - and pL-amino
acids produced at least two di erent forms of ICCs (either
polymorphs or hydrates). Crystal structures have been
determined from either single crystal or powder X-ray
di raction or a combination of.

The idea pursued in this project was not only that of
expanding the family of ionic cocrystals of amino acids, a class
of compounds that is attracting a growing interest for the
potential pharmaceutical implications, but also that of
investigating experimental conditions that would favor
conglomerate formation, i.e., chiral separation. Cocrystalliza-
tion with LiCl was chosen as the strategy to follow since it had
proven to be e cacious in previous studies.>”*® In this paper,
we have provided further evidence that cocrystallization with
LiCl is a suitable technique for spontaneous chiral resolution
since the formation of conglomerates was achieved for all the
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Figure 12. (a) View down the crystallographic a-axis of crystalline p-alle-LiCI-H,O (from the conglomerate); compare this packing with the one
for isomorphous L-lle ICC form 11 in Figure 10c. (b) Superimposition of p-alle ICC (in orange) and L-lle ICC (in green).

investigated amino acids, with bpc-alanine being the only
exception. In addition to this, we have also discovered that the
solvent used in LAG and/or conventional crystallization also
plays an important role in determining the outcome in terms of
conglomerate versus racemate formation.

Indeed, the conglomerates with valine and leucine, L-Val-
LiCl-H,O/p-Val-LiCI-H,0 and r-Leu-LiCl-H,O/p-Leu:LiCl-
H,0, were obtained only via ball milling with methanol, while
water led in both cases directly to racemates, o.-Val-LiCI-H,O
and piL-Leu-LiCI-1.5H,0, respectively. The conglomerates L-
Val-LiCI-H,O/p-Val-LiCI-H,O and L-Leu-LiCl-H,0O/p-Leu:
LiCI-H,O, however, are unstable toward racemization and
convert over time to the same product obtained when water is
used directly.

pL-Isoleucine behaved di erently, being actually a 1:1:1:1
solid solution of p- and L-isoleucine and p- and L-alloisoleucine.
Cocrystallization in warm water solution with an excess of LiCl
resulted in the unexpected separation of pc-alloisoleucine from
pL-isoleucine, as single crystals of p- and L-alle-LiCl-H,O ICCs
were recovered, together with single crystals of unreacted oL-
isoleucine. Separation of alloisoleucine as an ICC conglom-
erate was observed also with LAG conditions; in the presence
of MeOH, in line with that observed for the previous amino
acids, intermediate solids were rst obtained which over time
transformed in the stable product. Since water is abundant,
because of the use of highly hygroscopic LiCl, we tend to favor
the hypothesis that the uncharacterized transient forms are
polymorphic modi cations, and not di erent solvates, of the

nal forms. We are planning to further explore the di erent
role of MeOH, and other polar solvents, both in solution and
in the solid state, in the chiral processes accompanying ionic
cocrystals formation.
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