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ABSTRACT

In recent years a renaissance in chiral
crystallization technologies has enabled the
complete deracemization of chiral compounds.
Attrition-enhanced deracemization (Viedma ripening) and temperature cycling induced deracemization
(TCID) technologies have been developed by which the solid phase of racemic mixtures can be
transformed into the desired pure enantiomer in a sustainable manner. No additional chiral auxiliaries
are needed and by recycling of the racemizing mother liquor complete conversion can be achieved. In
this paper the requirements for these new technologies will be discussed and an overview of the
applications will be presented, with emphasis on pharmaceutically interesting compounds.

INTRODUCTION
Chiral separation of racemates by crystallization remains one of the preferred
technologies for the preparation of enantiopure pharmaceutical intermediates.
This Pasteurian resolution of racemates – either by diastereomeric salt
crystallization or by preferential crystallization – for more than 150 years has
been the state-of-the-art for separating enantiomers by crystallization (1).
Intrinsically, resolution via diastereomeric salt formation can only be applied
if acidic or basic functional groups are present in the racemate and 1-2
equivalents of a chiral resolving agent are required based on the preferred
enantiomer. In addition, the yield of a resolution is intrinsically limited to
maximum 50%, unless the unwanted enantiomer can be racemized. Elegant
combinations of resolution with in situ racemization, so-called crystallization
induced diastereomeric transformation (CIDT), have been described and
reviewed (2, 3).

KEYWORDS: Deracemization,
attrition-enhanced
deracemization, Viedma
ripening, temperature cycleinduced deracemization, TCID,
Peer Reviewed.

Improved
attrition
using
ultrasound
significantly reduced the deracemization
time from several weeks to a single day and
in addition resulted in a stochastic chiral
outcome (9). Also, by starting with a low
enantiomer excess of 1 or by addition of chiral
tailor-made additives the deracemization
time could be reduced significantly, with the
advantage that the selectivity can be directed
into the preferred enantiomer. Schematically
this attrition-enhanced deracemization, which
is now coined as Viedma ripening or Viedma
deracemization, is represented in Scheme 1.

On the other hand, direct resolution of enantiomers by crystallization is limited
to conglomerates – racemates in which both enantiomers crystallize separately.
This only hold for 5-10% of all crystalline racemates (4). In addition, these socalled preferential crystallizations or entrainment resolutions are intrinsically
metastable, yields in general are limited to 10-20% based on the racemate and
combination with (in situ) racemization are rarely applied (5, 6).
In recent years new technologies have been discovered that have led to
a renaissance in chiral crystallization technology, enabling the complete
deracemization of racemic mixtures (conglomerates). In this paper an overview
of these new deracemization technologies is presented, with emphasis on
commercial application.
VIEDMA RIPENING
A counterintuitive break-through experiment was described in 2005 by
Cristobal Viedma using sodium chlorate (NaClO3), a frequently used
intrinsically achiral compound that crystallizes in the chiral space group P213
as a racemic mixture of two enantiomorphic solid phases , i.e. crystallizes as
a conglomerate. Abrasive grinding by stirring with glass beads of a racemic
suspension of NaClO3 crystals in water resulted in the full conversion into
crystals with single handedness (7). Soon after InnoSyn, in collaboration with
Symeres, the Radboud University Nijmegen and Imperial College London,
followed by other groups applied this new method for the deracemization of a
racemic mixture of intrinsically chiral organic molecules (8). When a racemic
conglomerate suspension of N-(2-methylbenzylidene)phenylglycinamide 1
was vigorously stirred with a magnetic stirring bar in the presence of 2.5 mmdiameter glass beads slow but complete deracemization of the solid phase
was observed after several weeks.
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Figure 1. a) Schematic representation
of a Viedma ripening process for N-(2methylbenzylidene)phenylglycinamide 1 and b)
evolution of the enantiomeric excess (ee) in time
starting with an initial ee of 3, 5 and 10% (adapted
from reference 8 with permission from the
American Chemical Society).
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For chiral compounds the requirements for a
Viedma ripening are:
1. The chiral compound must be a
conglomerate (5-10% chance), and
2. The compound should racemize in the
solution phase.
Because
conglomerate
behaviour
is
still hard to predict and seems to be
random, in general screening of a series
of derivatives is required to increase the
5-10% chance of conglomerate behaviour
and identify a suited derivative. Analysis
of conglomerate behaviour can be done
by comparison of the racemate and
enantiomerically
pure
compound
by
(double) solubility measurements, solid
phase IR or NMR spectroscopy, differential
scanning calorimetry (DSC), or preferably
by X-ray powder diffraction (XRPD). A
first indication can also be obtained by
second harmonic generation (SHG) on
the racemate only (10). An additional
advantage of making derivatives is that the
compound can be modified in such a way
that it is prone to racemization in solution.
As an example, a family of Schiff bases of
amino acid derivatives can be screened
for conglomerate behaviour, and these
will racemize more readily than the parent
compound. The
N-2-methylbenzylidene
derivative 1 of phenylglycinamide, a building
block for the semi-synthetic antibiotics
Ampicillin, Cefalexin and Cefaclor, has been
identified in this way as conglomerate and
used in Viedma ripening (Figure 1) (8).
Solution phase racemization of compound
1 proceeds readily under basic conditions,
i.e. using 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU). Other racemization options, such as
thermal racemization (11), pericyclic reaction
(12), enzymatic racemization (13), redox
chemistry (14) and (de)hydrogenation driven
racemization (15,16) have also been applied
in Viedma ripening of other compounds.
In practice, finding suited racemization
conditions is a bigger challenge then finding
conglomerate behaviour.
Whereas initially Viedma ripening processes
on lab scale took several weeks for
completion, by further optimization full
deracemization can now be reached within a
day and sometimes within several hours by
the use of ultrasound or industrial bead mills.

For example, the Viedma ripening of naproxen methyl ester 2 and of
2-chlorophenylglycine derivative 3, a chiral building block of the cardiovascular
drug Clopidogrel (PlavixTM), was scaled up to 0.5 – 1 liter using a Netzsch Minicer
beadmill filled with 0.4-mm-diameter yttrium-stabilized ZrO2 bead. By starting
with a slightly enantiomerically enriched mixture Viedma ripening can be directed
to the preferred enantiomer and moreover will reduce the deracemization time
by skipping the slow initial phase of the exponential growth process (see also
Figure 1b). Deracemization times of less than one hour were possible in this way
(Figure 2) (17,18). Instead of ultrasound or bead milling, attrition by high pressure
homogenization can be applied (19).

Figure 2. Viedma ripening by bead milling of N-benzylidene-2chlorophenylglycinamide with an initial ee of 6%: Netzsch Minicer beadmill and ee
evolution (reproduced with permission from NETZSCH-Feinmahltechnik GmbH,
Germany and adapted from reference 18 with permission from the American
Chemical Society).

TEMPERATURE CYCLE-INDUCED DERACEMIZATION
As an alternative for the attrition used in Viedma ripening processes,
deracemization of conglomerate slurries can also be achieved by repetitive
temperature oscillations and racemization in the solution phase. This technology
is known as Temperature Cycle-Induced Deracemization (TCID) (20,21). Identical
to Viedma ripening TCID in general results in the exponential increase of the
enantiomeric excess (ee) of the solid phase in time (i.e. with the number of
temperature cycles). In practice a temperature difference of 5 – 10 °C per cycle
is applied to the slurry, but the process can be further optimized by fine-tuning
of the cooling and heating rate or by applying damped temperature cycles (22).
As an example, the paclobutrazol precursor compound 4 has been deracemized
by TCID in methanol/water mixtures using NaOH as racemizing agent (Figure
3) (20). Optimization of the heating-cooling cycles resulted in a solid phase ee >
98% after 32 hours (55 cycles) starting with a 7 wt% suspension of racemic 4. As
in Viedma ripening, the time, i.e. number of cycles, needed in TCID for complete
deracemization can be significantly reduced by starting with a low initial ee.
Temperature cycling usually has been applied in time, but also by a temperature
gradient resulting from cycling of the suspension over different vessels. A
combination of both has also been described, as well as TCID under continuous
flow conditions (16,23). The advantage of TCID over Viedma ripening is that the
process can be performed in standard multi-purpose equipment connected to a
programmed thermostat and that the crystal size in general is larger, making the
final filtration of the enantiopure product more easy.
Both for Viedma ripening and TCID the saturated racemic filtrate, including the
racemization catalyst, can be recycled and reused in the next deracemization
step, thus allowing for full conversion of the racemate into the pure enantiomer.
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