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Direct resolution by crystallization of racemic mixtures,
induced by seeding or by adding tailor-made additives,
constitutes an attractive alternative to separation using
diastereomeric salts.[1–4] Unfortunately, the yield in a single
resolution step is low and the overall yield limited to 50% of
each enantiomer. Combination of a direct resolution with
racemization in the solution permits a total enantiomeric
transformation.[5–14] Complete resolution in a single operation
would be of great practical use but examples have been
limited. Recently, Viedma has demonstrated the total reso-
lution of an intrinsically achiral molecule, NaClO3, by means
of abrasive grinding.[15,16]

Inspired by Viedma,[15] proof of principle was given with a
solid phase of a chiral amino acid derivative in contact with a
solution in which racemization occurs; this evolved smoothly
to a single chiral solid end state on abrasive grinding.[17] This
was demonstrated for the conglomerate N-(2-methylbenzyli-
dene)-phenylglycine amide (1) (Scheme 1). Starting the
process with a mixture slightly enriched in one enantiomer
in the solid phase, the solid phase is completely converted into
the major enantiomer through the solution-phase racemiza-
tion reaction. Within a few weeks either solid enantiomer can
be obtained quantitatively with ee> 99.9%.

Monte Carlo simulations led to a model that showed that
two processes are responsible for the deracemization: con-
tinuous attrition of crystals and Ostwald ripening, which leads
to growth of large crystals at the cost of smaller ones.[18–20]

Here we explore the parameters of this deracemization

process as derived from theory by varying the experimental
conditions. The insight obtained also allows definition of
suitable conditions to increase the deracemization rate
drastically.

The Monte Carlo simulation model is expressed in terms
of the experimental parameters. In the model three param-
eters are crucial. First, the rate at which molecules racemize in
solution is described by the racemization efficiency c. Second,
the continuous ablation of crystals is determined by an
attrition probability z, and, third, the growth of larger crystals
at the cost of smaller proceeds according to the Ostwald
ripening probability k. The simulation results confirmed the
experimentally observed exponential behavior typical for
asymmetric autocatalysis of the time evolution of the
enantiomeric excess ee in the solid state according to
Equation (1)[20] for not too small values of the initial
enantiomeric excess ee(0).[21]

eeðtÞ ¼ eeð0Þ expðktÞ ð1Þ

The deracemization rate constant k (see Supporting
Information) can be expressed in terms of the three param-
eters [Eq. (2)], where the proportionality parameter n0 is an
event frequency and bsolid the amount of solid material.[22]

k ¼ n0

bsolid
ckz ð2Þ

The racemization efficiency via the solution, c, depends
on the amount of the racemization catalyst, brc. Assuming a
linear relationship we can write c = ac,solvbrc, where the
proportionality constant ac,solv depends on the solvent used.
The Ostwald ripening probability k is determined by the

Scheme 1. Equilibria involved in the attrition-enhanced crystallization/
dissolution for compound 1.
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solute exchange frequency between the solution and the
crystallites, which in turn depends on the surface free energy
of the crystallites in the solution. Nielsen and SAhnel have
shown that a logarithmic relation exists between the surface
free energy and the solubility.[23] Using this relation, k can be
shown to be proportional to the solubility bsolute, according to
k= aOstbsolute (see Supporting Information). The attrition
probability z is not further specified in experimental terms,
as this depends on complicated parameters like the stirring
speed, the grinding agents used and the crystal hardness.[24]

Combination of all the relations leads to Equation (3) for the
deracemization rate constant k :

k ¼ n0

bsolid
ac,solv brc aOst bsolute z ð3Þ

Using this equation we have studied the dependencies of
the deracemization rate experimentally (see Experimental
Section). Deracemization experiments were performed for
various molalities brc of the base DBU (1,5-diazabicyclo-
[5.4.0]undec-5-ene) using MeCN as a solvent (Figure 1a).[25]

Fitting Equation (1) to the data shows that the rate constant k
increases linearly with increasing brc (Figure 1b).

Figure 2 shows the dependence of the deracemization rate
on the amount of solid material, bsolid, in MeCN with all other

parameters fixed. As expected, k is inversely proportional to
bsolid.

To study the effect of the solvent, toluene was used as a
low solubility solvent (0.4 wt%) and tetrahydrofuran (THF)
as a good solvent (6.8 wt%), as compared to acetonitrile
(MeCN) (2.2 wt%, all at 25 8C). In toluene, after 30 days the
enantiomeric excess in the solid phase was merely 10%
(Figure 3). As expected, for the solvents with a higher
solubility, MeCN and THF, the deracemization is faster and
complete chiral purity is reached after 21–24 days.

The measured solubilities bsolute, the solvent dependent
racemization parameters ac,solv, the amount of solid material
bsolid, and the normalized deracemization rate constant ktheo,
calculated using Equation (3), are given in Table 1; z is kept

constant. The decreasing trend in the experimental rate
constants for the three solvents is also found for the
theoretical values. These results show that for practical
applications the efficiency increases on use of a good solvent
but that the solution racemization rate must be considered as
well. On comparison of MeCN and THF, the latter has the
higher solubility but the former has a higher racemization rate
constant (Supporting Information) resulting in the highest
deracemization rate in MeCN.

All experiments described thus far were performed at
constant stirring rates and amounts of glass beads. This results
in an approximately constant crystal size distribution (CSD)

Figure 1. a) Evolution of the solid-phase ee in MeCN for different
amounts of DBU: 0.42 (!), 0.25 (~), 0.13 (*) and 0.04 molkg�1 (&)
(lines are guide to the eye). b) Rate constant k obtained from the data
in (a) according to Equation (1).

Figure 2. The deracemization constant k as a function of the amount
of solid, bsolid

�1, in MeCN (35 g) with 0.13 molkg�1 DBU, 10 g of glass
beads and stirring at 1250 rpm.

Figure 3. Evolution of lnee in the solid phase for the deracemization
experiments in THF (&), MeCN (*), and toluene (~).

Table 1: Comparison of the theoretical deracemization rate ktheo and the
experimentally observed deracemization rate kexp.

bsolute bsolid brc ac,solv
[a,b] ktheo

[a,c] kexp
[a,d]

MeCN 0.088 0.387 0.0573 1.00 1.00 1.00
THF 0.287 0.390 0.0409 0.23 0.53 0.77
Toluene 0.018 0.204 0.0177 0.31 0.04 0.16

[a] Normalized for MeCN. [b] The solution racemization rates were
determined in saturated solutions for the three different solvents without
any solid present (Supporting Information). [c] Calculated using Equa-
tion (3). [d] Determined from the data in Figure 3.
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during the process. The computer simulations, however,
predict that the deracemization process can be enhanced by
applying intense attrition conditions leading to a CSD of
smaller crystals.[20] Therefore, the influence of the attrition on
the deracemization time was explored by varying the amount
of glass beads. As expected, the deracemization time
decreases for increasing amounts of glass beads as the crystals
are ground to smaller sizes (Figure 4).[26] The shape of the
curve shows that the relation between the amount of glass
beads and k in Equation (3) is rather complicated. Note that
even in the absence of glass beads, the magnetic stirrer will
cause attrition of crystals. To intensify the grinding evenmore,
we repeated the experiment with 15 g glass beads (see
Figure 4), now using a thermostated standard ultrasonic
bath instead of magnetic stirring. These experiments led to
an approximately five times higher rate with k= 3.9 d�1,
reducing the deracemization time to a single day (Figure 4).
As predicted from Equation (1) a further decrease in the
deracemization time can be realized by starting with a solid
state that is already enriched, instead of beginning with
almost racemic material.[27]

These results offer a detailed understanding of the
processes involved in attrition-enhanced Ostwald ripening
leading to an enantiomerically pure solid phase. Attrition-
enhanced Ostwald ripening is a valuable new technique to
achieve single step conversion rapidly with virtually 100%
yield of the solid phase.[28]

Experimental Section
Solution-solid mixtures of 1 (4 g) were magnetically stirred
(1250 rpm) at ambient temperature in a given solvent (36 g) in the
presence of 2.5 mm glass beads (10 g). After establishing solution–
solid equilibrium (24 h), solution-phase racemization was initiated by
adding 200 mg DBU (ca. 0.04 molkg�1). Samples of the solid were
collected over time and the enantiomeric purity was measured using
two independent chiral HPLC methods.[17]
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Figure 4. a) Evolution of ee as a function of the amount of glass beads
in grams: 2.5 (&), 5.0 (*), 7.5 (~), 10.0 (&), 15.0 (*), 20.0 g (~), for a
constant amount of DBU (0.25 molkg�1), 4 g of 1 in MeCN (35 g), and
stirring at 1250 rpm (left). Additionally the deracemization was per-
formed under these conditions with 15.0 g glass beads using an
ultrasonic bath (!). b) Rate constant k as a function of the amount of
glass beads obtained from the results in (a) according to Equation (1)
for a constant amount of DBU (0.25 molkg�1) in MeCN. The lines are
a guide to the eye.
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