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Abstract: Viedma ripening is a process that combines
abrasive grinding of a slurry of crystals with solution-
phase racemization, resulting in solid-phase deracemiza-
tion. One of the major disadvantages of Viedma ripening
is that the desired compound needs to crystallize as a rac-
emic conglomerate, accounting for only 5-10% of all
chiral molecules. Herein, we show that use of a chiral ad-
ditive causes deracemization under conditions, in which
the compound normally crystallizes as a racemic com-
pound. Although this concerns a single example, it is envi-
sioned that through this new approach the scope of
Viedma ripening can be significantly expanded.

- /

Deracemization of chiral small molecules by using Viedma rip-
ening has attracted much attention during the past decade.!"
This method, which combines abrasive grinding of a slurry of
crystals with solution-phase racemization, results in complete
solid-phase deracemization (Figure 1b). The Viedma ripening
process is operating when the compound crystallizes as a race-
mic conglomerate meaning that the enantiomers crystallize in
separate crystals. Viedma was the first to demonstrate this
method for the achiral inorganic salt sodium chlorate, which
crystallizes in a chiral fashion.” We and others have demon-
strated that Viedma ripening can also be applied to intrinsically
chiral organic molecules, such as amino acid derivatives,”
metal-organic complexes,” and isoindolinones.” Although the
outcome of a Viedma ripening experiment is in principle sto-
chastic, it has been demonstrated that enantiopure additives
(small amounts of a chiral compound that closely resembles
the target compound) can be used to direct the outcome to-
wards formation of a specific enantiomer.””

The requirement of formation of racemic conglomerates re-
mains an inherent drawback for Viedma ripening. Because only
5-10% of all chiral molecules crystallize as conglomerate crys-
tals, Viedma ripening is not suitable for the 90-95% of chiral
compounds that crystallize as a racemic compound. One solu-
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Figure 1. Conceptual approaches for deracemization of racemic conglomer-
ates by a) total spontaneous resolution; b) Viedma ripening; c) this paper:
deracemization of a suspension of a racemic compound by using chiral addi-
tives. In this scheme, the formation of enantiopure crystals is always repre-
sented by blue (S)-crystals.
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tion to overcome this challenge is to modify the crystallization
behavior of solids in such a way that conglomerate formation
occurs. Examples include salt formation and screening multiple
counterions for conglomerate formation.” Alternatively, when
deracemization of a certain class of neutral molecules is re-
quired, the problem can be solved by engaging in a library
synthesis of derivatives to identify compounds that display
conglomerate behavior.®’ However, both approaches are cer-
tainly not generally applicable; for example, many compounds
cannot form salts. Therefore, it would be beneficial to find ap-
proaches to apply attrition enhanced deracemization to race-
mic compounds without using any chemical modification.
Herein, we show that this can be achieved by using tailor-
made chiral additives.

The concept of using additives in crystallization was applied
long before Viedma ripening had been developed. Extensive
studies were conducted by the group of Lahav, who focused
on the resolution of conglomerates by using additives.” They
used enantiopure tailor-made additives that selectively bind to
surfaces of crystals of the same chirality. This resulted in crys-
tallization from solution of only the opposite enantiomer. The
outcome of these additive-induced resolution experiments is
therefore generally described by the Lahav rule of reversal;
using a chiral additive results in preferential crystallization of
the opposite chirality.”'™ This rule also holds when using addi-
tives in directing Viedma ripening processes.®™ Note that in
all these cases, additives were used to direct the outcome of
the deracemization of a compound that crystallized as a race-
mic conglomerate.

When a compound crystallizes as a racemic compound, sev-
eral methods for enantioenrichment have been reported.
Klussman et al. showed that starting from nonracemic but also

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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not enantiopure conditions, the eutectic composition of a
compound can be used to create a very high solution enantio-
meric excess (ee).'”? When the eutectic composition is unfavor-
able, crystal engineering (by co-crystal formation) can be used
to increase the ee.™ In addition, a few examples exist, in
which a single enantiomer of a racemic compound could be
crystallized from a saturated solution by using a chiral additive.
The HCI salt of histidine crystallizes as a racemic dihydrate
below 45°C and as a conglomerate monohydrate above this
temperature. Using chiral polymeric additives, a single enantio-
mer could be crystallized under conditions, in which normally
the racemic compound would be stable." A similar approach
has been used for the resolution of calcium tartrate hydrate."

In contrast to these examples, our experiments will start
from a racemic suspension of crystals, seeded with just a few
conglomerate crystals. In addition, the aim is not to separate
the enantiomers, but completely deracemize the solid phase. It
should be noted that both examples from the literature are
unsuited for this additive-driven deracemization, because
either racemization is very difficult (calcium tartrate), or the ad-
ditive racemizes at similar conditions as the target molecule
(histidine).

We now show that additives can be used to block the
growth of the racemic compound of 1,1-binaphthyl (com-
pound 1), favoring the growth of a single enantiomer
(Figure 2).

Because racemization of 1 happens spontaneously at the
elevated temperatures that were used, deracemization could
be achieved. In addition, the obtained handedness of the
product could be directed by the chirality of the additive.

Binaphthyl (1, Figure 3) is an example of an atropisomer, a
non-planar molecule that displays chirality through the hin-

Figure 2. Chiral molecule that normally crystallizes as a racemic compound
can, in the presence of a chiral additive (green blue, closely resembling one
of the enantiomers), favor the preferential crystallization of a single enantio-
mer by blocking the growth of the other crystal structures.
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Figure 3. Both binaphthyl (1) and BINOL (2) are examples of atropisomers
having an axis of chirality with hindered, temperature-dependent rotation
around the chiral axis.

dered rotation around a single bond."® Binaphthyl crystallizes
as a racemic compound at room temperature, but converts
into a conglomerate at temperatures above 85°C."7'"¥ |t race-
mizes readily at such temperatures (t;,=14.5 min in DMF at
50°C), whereas racemization at room temperature is slow.l'”

Because binaphthyl (1) crystallizes as a racemic conglomer-
ate above 85°C, deracemization (by total spontaneous resolu-
tion) above this temperature can be achieved, as was shown
by the groups of Pincock™ and Kondepudi.”” Below this tem-
perature, we tested whether additives can be used to induce
deracemization. As an additive, we chose BINOL (2), because it
closely resembles binaphthyl (1), but does not racemize at
temperatures below 100°C.?" The additive in these experi-
ments was envisioned to operate through a kinetic pathway,
blocking the growth of the racemic compound and one of the
two conglomerate forms.

To study whether this additive could exert such an effect, a
series of Ostwald ripening experiments were performed. For
these experiments, nonane was selected as a solvent, because
binaphthyl was very soluble in more polar solvent, resulting in
a large loss of material during these experiments. In addition,
it was determined that the half-life of racemization in nonane
was appropriate for these experiments (t;,=2.3 min at 70°C,
see the Supporting Information). In these experiments, suspen-
sions of equal amounts of racemic and conglomerate 1 (with
or without additive) were gently stirred for two days. The solid
phase was then characterized by using X-ray powder diffrac-
tion (XRPD), chiral HPLC, and scanning electron microscopy
(SEM, Figure 4). Ostwald ripening without an additive at 90°C
gave only octahedral crystals, corresponding to the racemic
conglomerate. This indicates that the conglomerate is indeed
the most stable phase at this temperature. In the presence of
the enantiopure (S)-additive, similar size octahedrons were ob-
tained containing only the (S)-enantiomer implying that dera-
cemization had taken place during Ostwald ripening. In addi-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. SEM images of crystals resulting from Ostwald ripening experi-
ments of binaphthyl (1) in the presence and absence of 10% additive. The
flat plates correspond to the racemic compound, the octahedrons to the
conglomerate. In the presence of the racemic additive at 75°C, a featureless
material was obtained, which was shown by XRPD analysis to be the race-
mic compound.

tion, experiments were performed, in which both enantiomers
of the additive were added. In these cases, the growth of all
crystal forms (racemic conglomerate and racemic compound)
was expected to be hampered. Indeed, when a racemic addi-
tive was used, the average size of these crystals was much
smaller. Again, octahedrons of the racemic conglomerate were
obtained, but now no deracemization had taken place. At tem-
peratures of 80 and 75 °C, thin plates corresponding to the rac-
emic compound were obtained in the absence of any additive.
This proves that at these temperatures indeed the racemic
compound is the most stable phase. However, in the presence
of the enantiopure (S)-additive, again conglomerate octahe-
drons were obtained containing only the (S)-enantiomer.
Growth of both the (R)-enantiomer and the racemic compound
were hampered by the additive. When both enantiomers of
the additive were added, the growth of all crystal forms was
blocked. This resulted in a material with a featureless morphol-
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ogy, of which XRPD data showed that it corresponded to the
racemic compound.

These observations indicate that the additive does indeed
exhibit the intended kinetic effect on the binaphthyl crystals.
Therefore, some larger-scale deracemization experiments were
performed. In these experiments, glass beads were added to a
suspension of crystals to create a Viedma ripening experiment.
Because binaphthyl crystallizes as a racemic compound below
85°C, experiments at such low temperatures were unsuccess-
ful. Therefore, the additive approach was used to change the
crystallization behavior from a racemic compound to a con-
glomerate.

When using this additive, deracemization of binaphthyl
became possible under conditions, in which it is stable as a
racemic compound (in the absence of additives). When using
enantiopure additive 2 and a small amount of racemic con-
glomerate seed crystals, complete deracemization could be
achieved within 12 hours (Figure 5a).”? The resulting chirality
could be directed by the handedness of the additive. Use of
(R)-2 always resulted in (R)-1, whereas adding (S)-2 resulted in
(S)-1. This implies that the outcome of these experiments does
not follow Lahav's rule of reversal, which is a discrepancy that
we at this point cannot explain.

To further study the deracemization process, XRPD measure-
ments were performed on samples taken during the deracemi-
zation experiments. These measurements revealed that the de-
racemization of 1 took place at the same rate as the conver-
sion of the racemic compound into the conglomerate (Fig-
ure 5b). This gives some indication towards a possible mecha-
nism of deracemization. During the grinding experiments,
both the racemic compound and conglomerate dissolved re-
sulting in (R)- and (S)-enantiomers in solution. The additive
then hampered crystal growth as depicted in Figure 2. When
using (5)-2 as an additive, the growth of both the racemic and
conglomerate (R)-crystals were blocked (reverse rule of rever-
sal). However, the (S)-enantiomers in solution could still be in-
corporated into the existing (S)-crystals. Grinding ensured a
continuous increase in the number of these crystals. Because

20000
15000
10000

5000

160
2 Theta (degrees)

Figure 5. a) Deracemization curve of a grinding experiment of compound 1 at 80°C in the presence and absence of 10% enantiopure BINOL. b) The XRPD of
the solid phase of 1 during these deracemization experiments showed the conversion from a racemic compound to a conglomerate. The peak at 15.7 de-
grees corresponds to the {102} reflection of the conglomerate and the peak at 16.6 to the {11—1} reflection of the racemic compound.
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racemization took place in solution, the (R)-enantiomers could
be converted and consequently also be incorporated into the
(S)-crystals. The racemic compound thus served as a gradual
feed for the (S)-crystals in contrast to standard Viedma ripen-
ing, in which only the opposite enantiomers serve as feed.””
Both the concentration of the additive and the temperature
of the experiment are of great influence on the deracemization
rate (Figures 6 and 7). As was mentioned earlier, in the absence
of the additive, no deracemization could be achieved at tem-
peratures below 85 °C. When adding 2.5 mol% of the additive,
complete deracemization was achieved in around 40 h at a
temperature of 80°C. When increasing the additive concentra-
tion to 5%, the deracemization time could even be decreased
to around 15 hours. Because the solution was saturated with
5% additive, further increasing this concentration had no
effect at either temperature. When repeating the same experi-
ment at 75°C, with 2.5% additive, no deracemization was ob-
served. However, when increasing the additive concentration
to 5%, deracemization was achieved after 40 hours. These ex-

100
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Figure 6. Effect of the additive concentration on the deracemization of com-
pound 1 at 80°C.
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Figure 7. Deracemization of compound 1 in the presence of 5% additive (S)-
2 at 80 and 75°C.
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periments suggest that the deracemization becomes more dif-
ficult when the system is further from the peritectic (86°C),
that is, when the racemic conglomerate becomes increasingly
unstable. However, increased additive concentrations can be
used to increase the range at which this approach is viable.

The main advantage of this additive approach to effect dera-
cemization is that Viedma ripening is no longer restricted to
the 5-10% of chiral molecules that crystallize as a racemic con-
glomerate. When a compound is stable as a racemic com-
pound, deracemization can still be achieved by using appropri-
ate chiral additives. In the present case, an appropriate addi-
tive was found by selecting a structurally closely related mole-
cule that cannot be racemized under the conditions used.
These additives cannot only be applied to peritectic systems,
in which conglomerate and racemic compound are the stable
phase at different temperatures, but potentially also for com-
pounds for which the racemic compound is always the stable
phase (as long as the energetic difference between both
phases is not too large). Therefore, this kinetic approach ex-
pands the scope of attrition enhanced deracemization.
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