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ABSTRACT

It has been recently observed that coupling Viedma ripening with a seeded in-situ metastable
racemic crystal to conglomerate transformation leads to accelerated and complete
deracemization: crystal transformation-enhanced deracemization. By means of a simple kinetic
model, we show that the mechanistic pathway of this new process depends profoundly on the
interplay between the crystal transformation and racemization processes, which in turn influence

the nucleation process of the counter enantiomer. If the nucleation of the counter enantiomer is



suppressed (e.g. by sufficiently fast racemization, low amount of racemic compound or gradual
feed, low relative solubility between racemic compound and conglomerate), deracemization
proceeds via a second order asymmetric transformation (SOAT) and is limited primarily by the
dissolution rate of the racemic crystals and the growth rate of the preferred enantiomer crystals.
Breakage and agglomeration accelerate the process, but contrary to conventional Viedma
ripening, they are not essential ingredients to explain the observed enantiomeric enrichment. If
the nucleation process of the counter enantiomer is not sufficiently suppressed, deracemization is
initially controlled by the dissolution rate of the racemic crystals, but Viedma ripening is
subsequently required to convert the conglomerate crystals of the counter enantiomer formed by
nucleation, resulting in slower deracemization kinetics. In both cases, the combined process
leads to faster deracemization kinetics compared to conventional Viedma ripening, while it
autocorrects for the main disadvantage of SOAT, i.e. the accidental nucleation of the counter
enantiomer. In addition, crystal transformation-enhanced deracemization extends the range of
applicability of solid-state deracemization processes to compounds that form metastable racemic

crystals.

1. INTRODUCTION

Attrition-enhanced deracemization (Viedma ripening) is an isothermal re-crystallization process
that allows the complete conversion of a racemic suspension of conglomerate crystals to an
enantiopure solid phase by contact with an attrition source, e.g. stirring in the presence of
grinding media '. Compared to other crystallization methods applied for chiral resolution, it
offers significant advantages, i.e. superior yield, no need for heating/cooling or extensive

knowledge of solid-liquid equilibria *’. Viedma ripening was first demonstrated for sodium



chlorate, an intrinsically achiral compound that crystallizes as conglomerate crystals, but has

since then been modified to work also for intrinsically chiral compounds e.g. amino acids *’ and

8-10

pharmaceuticals * that crystallize as conglomerate crystals by incorporating a fast racemization

11,12,

reaction. The outcome of the deracemization process depends on the initial conditions " ~: mass

1,13-15

or crystal size distribution (CSD) imbalance between the enantiomers , presence of chiral
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impurities ° or additives or circularly polarized light *°. In addition, the total time to
enantiopurity varies drastically for different compounds, sometimes leading to very long
processing times. A different approach for complete deracemization is preferential crystallization
with in-situ racemization, termed as second order asymmetric transformation (SOAT) **. In
this process, seeding of the preferred enantiomer in a supersaturated racemic solution allows for
selective nucleation/growth of only that enantiomer **. The main disadvantage of this process is
that primary nucleation of the counter enantiomer can occur . The application of in-situ
grinding in SOAT processes has been shown to suppress the nucleation of the counter

enantiomer up to a certain extend ***’, while it can also function as a “safety catch” for SOAT

leading to complete deracemization through Viedma ripening **.

Vital prerequisites for both Viedma ripening of chiral compounds and SOAT are solution phase

*. However, most chiral compounds, when

racemization and conglomerate crystallization
crystallized from a racemic solution, form racemic compounds * (i.e. individual crystals contain
both enantiomers in equal amounts), although for some compounds both crystal forms can
appear depending on the crystallization conditions. Recently, it was shown that the combination
of a solvent-mediated metastable racemic crystal transformation to conglomerate coupled with
Viedma ripening can still lead to full deracemization, despite the presence of the racemic

30,31

compound: crystal transformation-enhanced deracemization . Remarkably, the rate of



deracemization is also considerably faster when the transformation is included. Solvent-mediated
crystal transformations proceed via the simultaneous dissolution of the metastable phase and the
nucleation/growth of the stable phase **, in this case the dissolution of the metastable racemic
compound and the growth and nucleation of the stable racemic conglomerate. The relative rates

334 Since an

between these processes ultimately define the kinetics of the transformation
essential prerequisite for the nucleation and growth is the existence of supersaturation, the
process has distinct characteristics from Viedma ripening, the latter being a near-equilibrium
process taking place at low supersaturation where nucleation is no longer possible **. It is
currently unclear whether the mechanisms thought to be crucial in Viedma ripening (breakage,
agglomeration) are also essential for the crystal transformation-enhanced deracemization process
and so is the influence of the crystal transformation kinetics on the deracemization process.
Additionally, the crystal transformation-enhanced deracemization process offers significant
advantages compared to conventional Viedma ripening as it extends the applicability of solid-
state deracemization processes to compounds that form racemic crystals and undergo similar
transformations. Furthermore, once the process is optimized, it could lower the total

deracemization time, which in turn may allow for less intense grinding and a more practical and

scalable (continuous) deracemization process.

The autocatalytic enantiomeric excess amplification occurring in the conventional Viedma

36-40

ripening process has been modelled using kinetic rate equations , agent-based models *',

Monte Carlo simulations *****, dispersive kinetic models ** and population balance models “**.
Almost all models take into account racemization, size-dependent solubility, attrition and

enantioselective agglomeration to explain the experimentally observed results. Most reports

conclude that the latter mechanism is essential to explain the exponential enantiomeric excess



increase. One of the simplest models for Viedma ripening, first postulated by Uwaha *°, and
extended for chiral compounds by Noorduin and McBride * is the cluster model, which assumes
the existence of small subcritical clusters that retain chirality and incorporate to larger crystals of
the same chirality. Despite its simplicity, the (modified) cluster model has, over the years, been
used to explain several intriguing experimental findings in deracemization studies such as
deracemization due to temperature cycling *°, persistent reverse enantiomeric excess in solution
>! linear deracemization kinetics in the presence of chiral additives '* and chiral resolution in a

coupled batch grinding process ».

The aim of this study is to elucidate the general mechanisms through which deracemization
occurs when a seeded solvent-mediated racemic crystal transformation to conglomerate takes
place under grinding/racemization conditions. In particular, we focus on the effect of the crystal
transformation and on the influence of the various mechanisms thought to be active in Viedma
ripening, namely: breakage, agglomeration and racemization. To this end, we develop a kinetic
model, based on the cluster model, to account for both Viedma ripening and the crystal
transformation-enhanced deracemization. We show that the model can qualitatively reproduce
the recent experimental observations. The new process is then compared with Viedma ripening,
leading to important mechanistic insights. Finally, we underline the crucial role of nucleation on
the deracemization mechanism and kinetics of new process and we show that a careful control of
the crystal transformation process can lead to fast deracemization rate. The results presented here
offer more understanding into the mechanism and optimization of the new crystal

transformation-enhanced deracemization process.

2. MODEL DESCRIPTION



In order to simulate and compare the evolution of the enantiomeric excess € using conventional
Viedma ripening and the crystal transformation-enhanced deracemization process, we adapt the
simple cluster model postulated by Uwaha, McBride and Noorduin ****. The model is extended

to include a solvent-mediated racemic crystal transformation to conglomerate.

We consider a partially resolved solid mixture consisting of a population of racemic compound
crystals together with crystals of a single enantiomer, which is brought in contact with a solvent
at a constant temperature 7 and pressure p. We assume that in the given suspension at
temperature 7T, the racemic compound and the racemic conglomerate are monotropically related
(or enantiotropically related with 7 being far from the transition temperature) and that the

racemic compound is metastable with respect to the conglomerate. The batch system is perfectly

mixed and grinding of the crystals maintains a very small crystal size.

The actual crystal size distributions (CSD) for each enantiomer of the conglomerate crystals are
simplified by considering only two arbitrary groups of sizes: large crystals and small chiral
clusters®. The large crystals in the initially present CSD correspond to the conglomerate seeds,
typically of a single chirality, since they are used to control the deracemization outcome. The
small chiral clusters correspond to the fragments formed by ablation of large conglomerate
crystals or by nucleation due to the supersaturation generated by the dissolution of the metastable

racemic crystals.

In the deracemization process model, the mass of each chiral species per suspension volume (mg

mL™") in the metastable racemic crystals, large conglomerate crystals, small chiral clusters and
the solution phases, as functions of time (h), are denoted as CR(t), CP(t), CS(t) and C['(t),

respectively with i=1,2 indicating enantiomers D and L, respectively. Since the racemic crystals



by definition contain equal amounts of molecules of both chiralities, it follows that at any given
time: CR(t) = CE(t). The system is described by the following set of coupled differential
equations considering: growth/dissolution of the metastable racemic crystals with rate GF,
nucleation of clusters with rate J;, growth/dissolution of clusters and crystals with rates G; and
GE, respectively, breakage of large crystals with rate B;, agglomeration of clusters with each
other and with crystals of the same chirality with rate A;, and solution phase racemization with

rate 7;.

dcf(t) _ q
ac Ui ©) (1)
M =GP (t) — Bi(t) + A;(t) )
dt
S
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Equation 5 describes the mass conservation in the system. A schematic representation of all the
underlying rate processes and mass transfer considered in the deracemization process model for
Viedma ripening and the coupled transformation/Viedma ripening process is provided in Figure
1. We note that since all variables in the model equations 1-5 are total masses in the system, the

size and number change of crystals/clusters cannot be explicitly described using this model. In



addition, concentration and time units were arbitrarily chosen to be mg mL" and h, respectively,
but the choice of any other units for concentration and time would not change the qualitative
character of the model. The units of the rates (mg mL" h') and rate constants described

henceforth depend on the concentration and time units chosen.

The deracemization process model presented here has the ingredients to describe both
conventional Viedma ripening, and Viedma ripening coupled with a solvent-mediated racemic
crystal transformation to racemic conglomerate (new process). Simply by setting G (t), J;(t)
and CF(t) to zero and starting with the desired initial mass of conglomerate crystals, the model
reduces to the simple cluster model that has been previously postulated by Uwaha, McBride and
Noorduin to describe Viedma ripening ***. As Viedma ripening is a near-equilibrium process,

nucleation can be considered negligible for the case in which no crystal transformation takes

place (J;(t) = 0) .
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Figure 1. Rate processes and mass transfer involved in a Viedma ripening process (i=1,2 for D
and L enantiomers, respectively). For the (optional) combination of Viedma ripening with a
metastable racemic crystal transformation the additional processes in the dashed box also occur,

together with nucleation at a rate J; (dashed arrows).

Growth and dissolution

The growth and dissolution rates (mg mL" h') of large conglomerate crystals and small clusters
GE and G7, respectively are considered linear and proportional to the difference in
concentrations of D or L enantiomers in solution and the equilibrium concentration (solubility) in

a solution with crystals or clusters, qu and C, esq , respectively:
GE(t) = a(C/(t) — CB)CE(D) (6)

G3(6) = a(C/() - C5,)CE () (7)

Where «a is the growth/dissolution rate constant (mL mg"' h™") for the conglomerate. In Equations

lig _

6-7, when the driving force is positive: (C; Cfés) > 0, growth occurs, while the case of

(Ci”q - Cfés ) < 0, corresponds to the dissolution of mass. It is noted that since enantiomers have
identical thermodynamic properties, C,fq and Cesq have the same values for both D and L.
Similarly to previous models '****'*?, due to the Gibbs-Thomson effect, the cluster solubility C5,
> qu is considered to be slightly higher than that of the large crystals, leading to slightly faster
dissolution kinetics for the clusters in comparison with an equal mass of large crystals. In all
simulations, C5, was assumed to be 10% higher than €2, (Co,= 2 mg mL", while C5,= 2.2 mg

mL™"), following the study of Hein et al. who observed =10% solubility increase when grinding a
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slurry of large crystals of a chiral organic compound '*. Following Meyerhoffer’s double
solubility rule >, the solubility of the racemic conglomerate is assumed to be twice that of the

pure enantiomers.

The growth/dissolution rate (mg mL™" h™") of the racemic crystals is considered proportional to
the difference in the concentration between the racemic part of the solution phase and the

(metastable) equilibrium concentration in a solution with racemic crystals, CeRq:

GR(t) = a'| (1- &) z ¢ty — c& | cF o) ®)

Where ' is the growth/dissolution rate constant (mL mg™ h™') for the racemic crystals, C2, is the
(metastable) equilibrium concentration of D and L enantiomers together in the solution phase in

contact with racemic crystals and ¢; is the liquid phase enantiomeric excess defined as:

e - ¢
i=1%{

©)

Unless stated otherwise, the (metastable) solubility of the racemic crystals is considered in all
simulations to be slightly higher than double that of the pure enantiomer clusters (quz 4.7 mg

mL™") so that the clusters are more stable than the racemic compound *.

Breakage and agglomeration

The crystal breakage rate (mg mL™" h™) is assumed to be proportional to the concentration C? of

large enantiomer crystals:

11



Bi(t) = BCP(t) (10)

Where £ is the breakage rate constant (h™'). For simplicity, no breakage or size effects are

assumed to occur for the racemic crystals, which are only consumed by dissolution.

Agglomeration is considered to be second order and to occur only in an enantioselective manner
among chiral clusters (self-agglomeration) and between chiral crystals and clusters. The

contribution of both terms in the agglomeration rate (mg mL™" h") is described by Equation 11:

A(t) = yCP(OCS () +V/CE (1)? (1

Where y and V' are the agglomeration rate constants (mL mg™' h™).

Nucleation

In modelling the combined crystal transformation - deracemization process, nucleation cannot be
neglected, because the dissolution of the racemic compound will eventually result in the buildup
of significant supersaturation and eventually in the nucleation of conglomerate crystals of both
chiralities. Conglomerate crystals of the counter enantiomer are not present initially, therefore
primary nucleation is required for their formation, while for the preferred enantiomer secondary
nucleation and crystal growth will be dominant in reducing the supersaturation. In this study,
secondary nucleation of the major enantiomer is assumed to be driven mainly by attrition and
thus no additional expression for secondary nucleation was used. The primary nucleation rate can
be described by a Becker-Déring type of model using the simplified expression, valid for
supersaturated solutions of sparingly soluble substances: J, = k,(C — C*)", where k,, is the

nucleation rate constant, C is the solution concentration, C* is the solubility and n is the

12



nucleation order *. A similar expression has been adapted by Uwaha * to describe nucleation in
chiral symmetry breaking crystallization processes assuming n = 2. Such expressions have also
been used in the literature to describe nucleation of the stable polymorph during modelling of
solvent-mediated polymorph transformations *°. Here, we assume a similar expression for the

nucleation rate (mg mL™" h™") of chiral clusters:
: 2
Ji@®) = v(c(@) - c§) (12)

Where v is the nucleation rate constant (mL mg"' h™). In Equation 12, if the concentration of

either enantiomer is lower than the solubility (C ,3"‘{ — ng < 0), for instance in an undersaturated
solution, the nucleation rate is set to zero in the model. It is mentioned that, no nucleation of the
metastable racemic crystals is assumed to occur, as the solution is (under)saturated with respect

to the racemic compound.
Racemization

Similarly to previous models, we assume a first order solution-phase racemization reaction, with
rate (mg mL™"' h"), r;, where the racemization rate constant (h™), p, is equal for the forward and

backward reaction:
r () = p(C(®) — € (2)) (13)

r() = p(G () - ¢ () (14)

The expressions for the rate processes (Equations 6-14) are substituted to the set of coupled

differential Equations 1-4, which are solved numerically using the built-in ODE45 solver in

13



MATLAB® for given sets of the seven rate constant parameters (a’, a, 8, ¥, V', v and p) and
initial values for the concentrations. The temporal evolution of the solid-phase enantiomeric

excess & (t) can then be described by:

(cP@ +c5m) - (cE@ + c5)|
RO+ CE O + G @]

(15)

Es () =

In Equation 15, the variables CR(t) and CR(t) are also part of the numerator but they cancel
each other out. It is noted that the rate expressions used here are simplified and it is thus difficult

to ascribe a physical meaning to the rate constants, which mostly have a relative meaning.

3. RESULTS AND DISCUSSION

3.1 Viedma ripening with a simultaneous racemic crystal transformation

Engwerda et al. experimentally studied the effect of a transformation of a racemic compound to a
conglomerate on the deracemization of a Schiff base of phenylglycine amide **. They compared
two series of experiments: a) conventional Viedma ripening starting with 60 mg mL™" of D and
40 mg mL"' of L of Schiff base and b) Viedma ripening coupled with crystal transformation
using 80 mg mL"' DL and 20 mg mL" D of Schiff base. Both deracemization experiments were
conducted at the same conditions: 10 mL of acetonitrile using DBU as racemization catalyst
while stirring in the presence of glass beads. At their experimental conditions the racemic DL
Schiff base of phenylgycine amide converts to the conglomerate crystal form. Figure 2 (right)
shows their experimental results for the evolution of the D enantiomer mass fraction in the solid

phase. It was found that both experiments led to enantiopurity in favor of the enantiomer initially

14



in excess. In addition, deracemization kinetics were approximately 10 times faster when the

crystal transformation was included.

Using the extended cluster model described in the previous Section, we performed simulations
for the two deracemization experiments as conducted by Engwerda et al.: a) conventional
Viedma ripening (no crystal transformation takes place) and b) deracemization using a
simultaneous racemic crystal transformation to conglomerate coupled with Viedma ripening in
the presence of seeds of a single chirality. For both simulations, the values of the rate constants
(@=a=2mLmg'h",f=1h",y=02mL mg"'h',v' =001 mLmg'h', p=100h") are kept
the same and the initial concentrations of the enantiomers in the clusters and in the liquid phase
are set to zero (C5(0) =C;(0) = Cll)iq(O) = CLliq(O) = 0). For Viedma ripening, as no racemic
compound is involved, we set CE(t) = CR(t) = 0 and the simulation is started only with large
conglomerate crystals (C5(0) = 60 mg mL" and CZ(0) = 40 mg mL") giving an initial solid
phase enantiomeric excess £(0) = 20%. Furthermore, as nucleation is assumed not to occur in
Viedma ripening, the value of v is set to zero. For the combined case of Viedma ripening and
crystal transformation, the simulation is started with: 80 mg mL" of racemic compound (CZ(0)
= CR(0) = 40 mg mL") and C5(0) = 20 mg mL"' giving again £,(0)=20%, while CZ(0) = 0 and

v=0.01.

Figure 2 (left) presents the model results for the two cases, in terms of the evolution of the
enantiomeric purity, i.e. the fraction of the preferred enantiomer (in this case D) in the solid
phase. For Viedma ripening (red curve), the enantiomeric purity reaches 100% with sigmoidal
kinetics, similarly to previous modelling and experimental works >*. When Viedma ripening is

coupled with crystal transformation (black curve), enantiomeric purity also reaches 100%.
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Additionally, deracemization proceeds much faster (by a factor of 10 approximately), when
Viedma ripening is coupled with the crystal transformation. Figure 2 also presents a comparison
of our model results with the experimental results of Engwerda et al. (Figure 2, right). Similarly
to the experimental findings, the model results show significantly faster increase in enantiomeric
purity for the case of the combined crystal transformation and Viedma ripening, while the
obtained modeling curves bear a strong qualitative similarity to the experimental ones with
regard to the kinetics of deracemization. This convinced us that, despite its simplicity, the

extended model qualitatively describes the process.
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Figure 2. Left: Simulated evolution of the preferred enantiomer (D) solid phase fraction
including crystal transformation (black curve) and conventional Viedma ripening without
transformation (red curve) at the same conditions. For Viedma ripening (red curve) v=0 and
CR(t)= CR(t)=0. Right: Experimental evolution of the preferred enantiomer (D) solid phase
fraction with transformation (black squares) and conventional Viedma ripening without
transformation (red squares), reproduced by permission from Engwerda et al., Chem. Commun.,

52, 12049 (2016). Copyright 2016 Royal Society of Chemistry.
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In order to obtain more insight into the differences between the two processes, the total solid

phase composition and the supersaturation ratio profile for the two enantiomers (defined here as:

S;(t) = Ciliq t)/ qu) using the same model parameters as previously are plotted in Figure 3 for

both processes.

In the case of Viedma ripening without crystal transformation (Figure 3, top right), the system
initially contains conglomerate crystals of both chiralities (60% D and 40% L) and an initial
enantiomeric excess (&(0)=20%) in favor of the D enantiomer. Mass from both crystal
populations is initially depleted due to partial dissolution and breakage, while the latter process
also gives rise to a mass concentration in clusters of both enantiomers. For the D enantiomer, the
rate of cluster agglomeration is higher than the L enantiomer A; > A,. Consequently, the L
enantiomer has a slightly higher fraction of its mass distributed in clusters and therefore
experiences a faster net dissolution rate (clusters are assumed to have a 10% higher solubility
than the crystals) giving rise to a slightly higher concentration of the L enantiomer in the liquid
phase that pertains throughout the deracemization process (Figure 3, bottom right). The excess L
mass in the liquid phase is continuously converted to their antipode by the fast racemization
reaction providing D mass for the growth of the D enantiomer crystals, which leads to further
breakage and agglomeration of the D enantiomer sustaining the A; > A, condition. Ultimately,
all the molecules in the solid phase convert to a single chirality in an autocatalytic fashion. As
pointed out also in previous studies, breakage and agglomeration are required to obtain an
increase in & (parameters y or v' and 8 must be non-zero in the model). Additionally, in the
conventional Viedma ripening, a slight supersaturation towards the large crystals pertains only

due to the solubility difference (10%) assumed to exist between the crystals and clusters, thus the

17



conventional Viedma ripening process is carried out at near-equilibrium conditions (S;= 1.01 in

Figure 3 bottom right).

In the case of the coupled crystal transformation and Viedma ripening, in Figure 3 (top left), the
system initially contains metastable racemic crystals (80%) and seed crystals of the D
enantiomer (20%), again giving &,(0)=20% in favor of the D enantiomer. In Figure 3 (top left)
initially, the mass of the racemic crystals and conglomerate D seed crystals is decreasing due to
dissolution, leading to an increase in the solution concentration for both enantiomers (Figure 3,
bottom left). As the D enantiomer is initially depleted from both the racemic crystals and the
seeds, it reaches saturation first. Due to the higher solubility of the racemic compound, a steady
mass flux from the racemic crystals to the liquid phase is maintained for both enantiomers,
eventually leading to a supersaturated liquid phase with respect to both enantiomers.
Supersaturation of the D enantiomer is consumed by growth of the D seeds and D clusters
formed by grinding, but since no seeds of the L enantiomer are present, supersaturation builds-up
for this enantiomer (Figure 3 bottom left). In this simulation, even though S; reaches a relatively
high value (S, 4, = 1.18) only a very small amount of mass in L clusters nucleates. The
nucleation of the L enantiomer is greatly suppressed here, as a consequence of the concurrent fast
racemization, converting part of the excess L molecules to their antipode, which depletes the
supersaturation before it results in the nucleation of counter enantiomer mass. Eventually, once
the racemic compound is fully dissolved and the supersaturation depletes, the remaining mass in
the clusters of the L enantiomer in the solid phase slowly undergo preferential re-dissolution,

driving the system to a single chirality.
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We suggest that, since nucleation of the counter enantiomer is prevented to a large extent,
deracemization essentially proceeds via similar mechanisms as a SOAT process **, leading to
different kinetics compared to Viedma ripening: in the crystal transformation-enhanced
deracemization process there is no need for the whole counter enantiomer conglomerate mass to
(gradually) pass from the solution phase through breakage and dissolution and convert to the
preferred enantiomer, which leads to a faster process. Generally, in SOAT processes,

supersaturation is often generated by cooling *’ or evaporation >’

, while in this process the rate
of supersaturation generation depends on the dissolution of the racemic compound, which
increases the concentration of both enantiomers in the liquid phase. In a typical SOAT process,
&, remains constant at 100%, and the preferred enantiomer mass increases due to preferential

crystallization. However, in crystal transformation-enhanced deracemization &; increases during

the process as the racemic compound crystals dissolve and the preferred enantiomer crystallizes.
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Figure 3. Upper Row: Time evolution of solid phase composition during deracemization
including crystal transformation (left) and conventional Viedma ripening without transformation
(right). Bottom row: Evolution of supersaturation ratio S; for the two enantiomers during
deracemization including crystal transformation (left) and conventional Viedma ripening without

transformation (right).

3.2 Crystal transformation without agglomeration and/or breakage

In computational models of conventional Viedma ripening, the absence of grinding and/or
cluster agglomeration does not lead to any increase in the enantiomeric excess ‘*’. However, we

find that solid state deracemization can also be attained if a crystal transformation rather than
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grinding and cluster agglomeration is included (Figure 4). The latter processes may not be
needed to explain the observed increase in the enantiomeric excess if a crystal transformation is
included. In Figure 4, we present simulation results for two different values of the racemization
rate constant: p = 10 h™' and p = 100 h™', using the same parameters and initial conditions as in
the previous section (a'=a=2mL mg'h',f=1h",y=02mL mg'h',v=v"=0.01 mL mg"
h™), but setting either breakage (8=0) or agglomeration (y=v'=0) or both processes (f=y=v'=0)

to zero.

In Figure 4 (top left), the evolution of &5 is presented, varying p, including breakage and
agglomeration. In both cases, a relatively fast increase in & up to 100% is observed. However,
for the simulation with p=10 h™', the rate of enantiomeric enrichment slows down significantly
after reaching a (high in this case) critical value of the enantiomeric excess (&5 = 90%). Further
analysis of these simulations shows that nucleation of the counter enantiomer eventually occurs
around the time of attainment of the critical & value, leading to slower deracemization kinetics.
At a lower racemization rate, the excess of the counter enantiomer molecules in the liquid phase
are not converted to their antipode fast enough, thereby leading to higher supersaturation for the
counter enantiomer and higher probability for nucleation. Nonetheless, homochirality is finally

achieved through Viedma ripening.

In the absence of breakage (8=0) but in the presence of agglomeration (y=0.2 mL mg' h’

" h"), Figure 4 (bottom left), & increases again up to 100% for the

and v'=0.01 mL mg
simulation with p=100 h"'. However, when p=10 h™, a plateau value in & is attained. In the

absence of breakage and for low racemization rate, seed crystals remain large, but clusters are

still formed in the nucleation process for both enantiomers. The mass of clusters formed is higher
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for the minor enantiomer as it is not consumed by agglomeration to larger crystals. Eventually,
crystals of the minor enantiomer form due to cluster self-agglomeration. Once the cluster mass
for each enantiomer depletes either by dissolution or agglomeration, the system attains
equilibrium containing only large crystals of both enantiomers and &; no longer increases. Note,
that complete deracemization is still possible, provided that the nucleation process is suppressed
(e.g. for high values of p) and is then driven mainly by the dissolution of the racemic crystals
and growth of the seeds. However, we note that in real systems, breakage is expected to have a
positive influence on the deracemization rate even if no nucleation occurs, due to the increased

dissolution rate of the metastable crystals (an effect not accounted for in this model).

In the absence of agglomeration (y=v'=0) but in the presence of breakage (8=1 h™), Figure 4
(bottom right), for p=100 h', an increase in & is again attained up to 100%. However, the
increase is less pronounced than the case with agglomeration (Figure 4, top left). The reason is
that in the absence of agglomeration, a higher fraction of the preferred enantiomer mass is
present in clusters compared to the case with agglomeration. This in turn leads to a slightly
higher concentration of the preferred enantiomer in the solution phase, which slightly decreases
the driving force for the dissolution of the racemic compound crystals. Since in the beginning of
the process, dissolution of the racemic crystals drives deracemization, the kinetics of
deracemization are slower when agglomeration is excluded. For the simulation at p=100 h', a
plateau value of & is attained, similarly to the case without breakage. In the presence of intense
breakage without agglomeration, all the seed mass of the preferred enantiomer eventually is
transferred to clusters (all seeds break down to clusters), while clusters of the counter enantiomer
also nucleate. Once the racemic compound dissolves completely and supersaturation depletes for

both enantiomers, the system containing only clusters (no size difference between the
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enantiomers) of both enantiomers reaches equilibrium and &5 does not increase further. Again,
complete deracemization is possible if the nucleation of the counter enantiomer is suppressed by
sufficiently fast racemization and it mainly depends on the dissolution rate of the racemic

crystals and growth of the seeds.

Interestingly, in the absence of both breakage and agglomeration (B=y=v'=0), Figure 4 (top
right) complete deracemization is achieved regardless of the @ values tested. Additionally, the
rate of deracemization is similar to the case where breakage and agglomeration are included
(Figure 4, top left). When both breakage and agglomeration are excluded, the seeds of the
preferred enantiomer maintain a large size, while the counter enantiomer is formed exclusively
as clusters in the nucleation process. Consequently, after the complete dissolution of the racemic
crystals and the depletion of the supersaturation, the system will contain a size imbalance
between the enantiomers °'. As a result, the clusters of the counter enantiomer dissolve and the
large crystals of the preferred enantiomer grow leading to a single chirality. In real systems, the
clusters would of course grow to a larger size, but the conclusions still hold if it is assumed that
the clusters cannot outgrow the seed crystals in size and that the overall crystal size remains
small (< 10 pm). It is noted, that a similar effect is found also for § #0, but for such low values
of S that prevent the complete breakage of the large seeds, allowing for some large crystals of

the preferred enantiomer to survive during the deracemization process.
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Figure 4. Simulated evolution of the enantiomeric excess &g during deracemization including

crystal transformation with breakage and agglomeration (top left), without breakage, =0,

(bottom left), without agglomeration, y=v'=0 (bottom right) and without both breakage and

agglomeration, f=y=v'=0, (top right) with the same remaining parameters.

3.2 Crystal transformation without racemization

In Viedma ripening experiments, usually the racemization catalyst is added after some time of
grinding the conglomerate crystals in the solvent. As deracemization does not proceed in the
absence of solution phase racemization, this initial time does not influence the process

significantly. However, in the combined Viedma ripening-crystal transformation process, the



transformation progresses even without racemization. In order to investigate the influence of the
racemization reaction, we carry out a simulation in which the racemization rate is zero (p=0),
keeping the remaining parameters the same (¢'=a=2mL mg' h',=1h",y=02mL mg"' h
",2v =v' =0.01 mL mg"' h"). The results of this simulation are shown in Figure 5, where the

temporal evolution of the composition of all phases is presented.
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Figure 5. Simulated evolution of the mass fractions of all phases (%) starting from a mixture of

metastable racemic crystals (80%) and seed crystals of the D enantiomer (20%) in the absence of

racemization.

In Figure 5, initially (O h <t < 0.15 h) mass from both crystal populations (racemic crystals and
seeds) partially dissolves, as the solution is undersaturated with respect to both enantiomers,
leading to an increase in the solution-phase molecules for both chiralities. Since the preferred

enantiomer (D in this case) is initially depleted from both the seeds and racemic crystals, it
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reaches saturation first (¢ = 0.01 h), as there is no racemization reaction to convert the excess
molecules. As a result, the seed crystals of the preferred enantiomer start to grow (¢ > 0.3 h)
depleting molecules of the same chirality from the solution phase. Since a net transfer of
molecules of both chiralities in equal amounts is maintained by the continuous dissolution of the
racemic crystals, growth of the D seeds is also maintained. As a result, an excess of the
molecules of the unwanted enantiomer (L in this case) finally prevails (peak excess at t = 0.75 h),
because there are no crystals of that enantiomer present yet to consume these molecules by
growth. Eventually, the unwanted enantiomer concentration reaches to a point where nucleation
of clusters mass of the same enantiomer starts to occur (# > 0.75 h). This mass of clusters reaches
a maximum at around ¢ = 2 h, after which the solution phase is depleted to such extend that
nucleation is no longer possible and only net growth occurs. During the following period (2 h < ¢
< 4 h) mass from clusters of the unwanted enantiomer agglomerates to give same chirality
crystals. Finally, at t = 20 h, all of the racemic compound has dissolved and the system contains a
racemic liquid phase (4%) and a solid phase of conglomerate crystals of both chiralities (96%).
The &g is slightly increased from 20% to 20.8% due to the partial dissolution of the initially
scalemic mixture. As expected, in the absence of solution-phase racemization, no deracemization

occurs.

3.3 Effect of the transformation time prior to deracemization

In the experimental study of Engwerda et al., it was found that varying the racemic crystal
transformation time under grinding conditions prior to the addition of the racemization catalyst
(often referred to as homogenization time, t;,) had a strong influence on the total deracemization

time (Figure 6, right) *°. More specifically, it was found that when t, was kept short,
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deracemization kinetics were faster. In order to find out whether our model can reproduce the
experimental observations, we run simulations at the same conditions as previously, where we
disable the racemization (by setting p=0) for the times shown in Figure 6 and reported in Table
2. The mass fractions at these times just before racemization is switched on (p=100 h™) are also
shown in Table 2. These simulations are analogous to experiments in which some
transformation/grinding time (t;) is allowed prior to the addition of the racemization catalyst.

The evolution of &, for these simulations after t;, is presented in Figure 6.

Table 1. Values of the D and L enantiomer mass fractions for all phases at t; before

racemization is switched on.

Homogenization D and L mass fractions in the various phases (%)

time

(h) DL cryst. Dcryst. Dclust. Lecryst. Lclust. Dligq. Lligq.

0.3 69.46 19.50 3.50 0.00 0.01 227 526

0.5 65.00 20.86 4.38 0.00 0.15 226 735

0.75 59.18 23.34 4.83 0.00 3.03 225 737

1 53.07 26.27 497 0.24 10.24 223 298

2 28.31 38.77 4.92 12.25 11.26 215 234

4 3.33 5147 4.83 31.53 4.75 203 206

20 0.00 53.18 481 33.26 472 201 202

It appears that deracemization is the fastest when the initial transformation/grinding times are
kept short (t,= 0.3-0.75 h). At such short times, no significant mass of clusters of the counter

enantiomer have nucleated yet (Table 2), even though supersaturation for nucleation of the
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counter enantiomer exists. The initiation of racemization at this point results in the conversion of
counter enantiomer molecules to the preferred enantiomer, diminishing the supersaturation for
the counter enantiomer thus leading to substantially reduced nucleation for that enantiomer. As a
result, only a few counter enantiomer conglomerate crystal mass has to be converted in the
deracemization process and the kinetics are faster, directed mainly by the dissolution rate of the
remaining racemic crystal phase and the growth rate of the conglomerate seeds. If the conditions
are such that nucleation of the counter enantiomer is almost completely prevented (t,< 0.3 h),
deracemization essentially proceeds only via SOAT and Viedma ripening does not play a major
role in the evolution of &, as shown in previous section. When homogenization times are
intermediate (t,=1-2 h), racemic crystals still exist, but significant mass of counter enantiomer
conglomerate phase has also nucleated (Table 2). The deracemization profile for these
simulations is fast initially, corresponding to the fast dissolution of the remaining racemic
crystals and growth of the preferred enantiomer. However, once the racemic crystal phase is
completely dissolved, the remaining counter enantiomer conglomerate phase has to be converted
to the preferred chirality via the Viedma ripening mechanisms leading to slower deracemization
kinetics. Finally, when the homogenization times are long (t,=20 h) all the racemic crystals
phase has converted to conglomerate (Table 2) before initiation of racemization and thus
deracemization is slower as it proceeds only via conventional Viedma ripening. Figure 7,
presents the fraction of the counter enantiomer mass that converts to the preferred enantiomer via
the Viedma ripening or SOAT mechanisms as a function of the homogenization time. For short
values of t; deracemization proceeds mainly by SOAT, while for longer t, the contribution of
Viedma ripening mechanisms to deracemization become increasingly important. For ¢,=1 h,

almost half of the counter enantiomer converts directly to the preferred enantiomer via SOAT,
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while the other half first nucleates as conglomerate crystals and is later converted to the preferred
enantiomer through Viedma ripening. Intriguingly, when no homogenization time is allowed
(t,=0), although deracemization proceeds purely by SOAT, the kinetics are slightly slower than
when t,=0.3 h (not shown here), similarly to the experimental study. In this case, at the very
early stages of the process, when the solution is undersaturated with respect to both enantiomers,
the preferred enantiomer builds up a higher concentration in the liquid phase, since it dissolves
from both the seeds and the racemic crystals. If the racemization catalyst is present from the
beginning, conversion of the preferred enantiomer molecules occurs for a limited amount of time
resulting in a decrease in the deracemization kinetics. The results of the model are again in

qualitative agreement with the experiments of Engwerda and coworkers * (Figure 6, right).
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Figure 6. Left: Simulated evolution of the enantiomeric excess & during Viedma ripening
coupled with transformation varying the homogenization time t; at same conditions (a'= a = 2
mL mg' h', f=1h",y=02mL mg' h',v =7 =0.01 mL mg' h' and p=100 h"). Right:
Experimental results of the evolution of the preferred enantiomer (D) solid phase fraction with
transformation varying the homogenization time (min), reproduced by permission from
Engwerda et al., Chem. Commun., 52, 12049 (2016). Copyright 2016 Royal Society of

Chemistry. In both graphs, the homogenization time is not included in the deracemization time.
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Figure 7. Fraction of the counter enantiomer that converts to the preferred enantiomer via

Viedma ripening or SOAT processes as a function of the homogenization time tj,.
3.4 Effect of the (metastable) solubility of the racemic compound

So far in all simulations, we have treated the relative solubility of the racemic compound with
respect to the racemic conglomerate (double that of the pure enantiomers) as a constant
(R = qu /Zquz 477/4 = 1.175). However, by carrying out deracemization experiments with
transformation at different conditions (e.g. temperature), the relative solubilities of the two
phases for a given compound will change, influencing the value of R. In the extreme case, where
the two phases are enantiotropically related, a transition temperature exists, where R=1 and the
two phases can co-exist in stable thermodynamic equilibrium. In cases where the racemic
compound is a solvate (e.g. DL-glutamic acid monohydrate *'), the solubility difference with the

racemic conglomerate could be very high in a different solvent, where the solvated compound
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would be highly unstable, leading to extreme values for R . In these cases, dissolution of the
racemic compound solvate would also decrease the solvent fraction influencing further the
relative solubility during the deracemization process °'. In view of practical applications, it is
interesting to have an estimate on the influence of the value of R on the deracemization process
when a transformation is included, as this could lead to an optimization strategy for e.g. the

temperature of the experiment or the feed rate for the racemic compound.

Figure 8, shows simulation results (¢4(0) = 1%, a’'=a=2mL mg' h',f=1h",y=02mL mg
'h',v =v' =001 mL mg" h" and p=100 h"") varying C%, at constant C5,=2 mg mL", which
gives values of R between 1.15 and 12. As shown in Figure 8 (top left), increasing R has a strong
influence on the dissolution kinetics for the racemic crystals, as the driving force for dissolution,
increases significantly (Equation 8). The deracemization profiles for the same simulations are
also presented in Figure 8 (top right). For values of C(fq close to 2Cqu (R values of 1.15 - 1.5), the
total deracemization time is relatively short and the kinetic profiles are almost identical to the
dissolution kinetics of the racemic crystal phase: deracemization is predominantly controlled by
the dissolution of the racemic crystal phase and the subsequent growth of the preferred
enantiomer phase. As R increases (3-12) deracemization is faster initially, corresponding to the
faster dissolution of the racemic crystals. However, right after the complete dissolution of the
racemic crystals, a critical value of & is attained and deracemization slows down, exhibiting
similar trend to the one observed during Viedma ripening experiments and simulations. For these
simulations, despite the initial rapid &; increase, the total deracemization time is longer than

those with R values of 1.2-1.5.
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The dissolution rate of the racemic crystals influences the rate of supersaturation generation for
the counter enantiomer and the nucleation process, as seen in Figure 8 (bottom left). For low
values of R (1.15-1.5), supersaturation for the counter enantiomer remains limited, leading to the
formation of less clusters for that enantiomer. On the contrary, at higher R values (3-12),
supersaturation is rapidly generated, leading to the nucleation of a significant mass of clusters.
The time when supersaturation is depleted for each value of R, matches approximately the time
when the critical value of & is attained and the deracemization slows. In our simulations,
increasing R generally leads to faster initial deracemization. However, the fastest complete
deracemization is obtained for R=1.3, as shown in Figure 8 (bottom right), which shows that
there is an optimal value of CX, with respect to 2C,7;, above which further increase in C£; will
cause the opposite effect (decrease in the deracemization time), due to excessive nucleation of

the counter enantiomer.
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function or R (bottom right).

5. CONCLUSIONS

In this study, we extend the cluster model typically used to describe Viedma ripening, to cover

the very recently reported cases **”'

in which a racemic crystal transformation takes place
concurrently with deracemization. Even though here we focus on racemic crystal

transformations, the presented model should also be applicable to other types of accelerated
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deracemizations involving in-situ gradual feed (e.g. reaction-induced conglomerate precipitation
or achiral crystal to conglomerate transformation etc.), after minor modifications. The model is
able to qualitatively reproduce recent experimental observations and reveals that combining
Viedma ripening with a racemic to conglomerate crystal transformation can lead to complete
deracemization, but depending on the crystal transformation process there are two ways this
could happen: a) nucleation of the counter enantiomer is prevented by the in-situ racemization,
thus deracemization is driven mainly by the dissolution of the racemic crystals and growth of the
conglomerate seeds (SOAT), or b) nucleation of the counter enantiomer occurs and Viedma
ripening is required to convert the counter enantiomer conglomerate crystals. In the former case,
mechanisms active in Viedma ripening (breakage, agglomeration), although they may speed-up
the process, are not required to explain the observed deracemization. In the latter case, the
evolution of the enantiomeric excess is initially controlled by the dissolution rate of the
metastable racemic crystals, but once the counter enantiomer nucleates, deracemization proceeds
via Viedma ripening leading to slower kinetics. Nucleation of the counter enantiomer may be
prevented by controlling the rate of supersaturation generation for the counter enantiomer,
directed primarily by the dissolution of the racemic crystals. Best results will be attained for: a)
fast racemization kinetics, b) low initial amounts (or gradual feed) of the racemic compound and
¢) carrying out the deracemization at conditions (e.g. temperature, solvent) where the relative
solubility between the racemic crystals and racemic conglomerate is not too high. Finally, the
combination of Viedma ripening with a racemic crystal transformation can be employed to
improve both Viedma ripening and SOAT processes. For Viedma ripening, a higher

deracemization rate is attained as the dissolution of the metastable racemic crystals leads
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deracemization initially. For SOAT processes, Viedma ripening serves to correct for the

accidental nucleation of the counter enantiomer **.
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SYMBOLS
ck mass concentration of D/L enantiomers in racemic crystals [mg mL™"]
cf mass concentration of D/L enantiomers in big crystals [mg mL™']
Cis mass concentration of D/L enantiomers in small clusters [mg mL™]

Cl.liq mass concentration of D/L enantiomers in the solution phase [mg mL"]

B
Ceq equilibrium mass concentration of D or L enantiomer in the solution phase in contact
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with crystals [mg mL™"]

Cs, ,
eq with clusters [mg mL™"]

CR equilibrium mass concentration of both D and L enantiomer in the solution phase in
eq contact with racemic crystals [mg mL™"]

GR growth/dissolution rate of the racemic crystals [mg mL" h']

GE growth/dissolution rate of large crystals [mg mL™"' h']
GS growth/dissolution rate of clusters [mg mL™" h']
J; nucleation rate of clusters [mg mL™" h™']

B; breakage rate of large crystals [mg mL™"' h™']

A; agglomeration rate of clusters with themselves and with large crystals [mg mL"' h™']
T racemization rate [mg mL™" h™']

o rate constant for growth/dissolution of the racemic crystals [mL mg" h™']

a rate constant for growth/dissolution of crystals and clusters [mL mg™" h™']

Vv rate constant for the nucleation of clusters [mL mg™" h™']

B rate constant for breakage of large crystals [h']

v rate constant for the cluster self-agglomeration [mL mg"' h™']

y rate constant for the agglomeration of clusters to crystals [mL mg” h']

p rate constant for the solution-phase racemization reaction [h™]

t Time [h]

homogenization time, i.e. grinding/transformation time prior to the addition of the

th racemization catalyst [h]

S supersaturation ratio for D/L enantiomers (with respect to large crystals)

& liquid phase enantiomeric excess [%]

& solid phase enantiomeric excess [%]

R relative solubility of the racemic compound with respect to racemic conglomerate
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Coupling Viedma Ripening with Racemic Crystal Transformations: Mechanism of

Deracemization

Christos Xiouras, Joop H. Ter Horst, Tom Van Gerven and Georgios D. Stefanidis

\ Growth/Dissolution
d‘l“"a -

o G
“ace“‘:“om\avo D > : W<—
w? + Nucleation [ ] }

Agglomeration
- Racemization

* Growth/Dissolution

A «—— g _—»
Metastable racemic crystals L —> 9

\'By

s|easAid a1esawojSuo)

In this work, we develop a kinetic model to study the mechanisms through which deracemization
occurs when a seeded solvent-mediated racemic crystal transformation to conglomerate takes
place under grinding-racemization conditions. The model explains recent experimental
observations and shows that the new process leads to fast and complete deracemization through a

combination of second order asymmetric transformation (SOAT) and Viedma ripening.
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