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ABSTRACT: Complete chiral amplification of the solid phase
arises when mixtures of self-sorting enantiopure crystals undergo
cycles of crystal growth and dissolution under solution-phase
racemizing conditions. However, despite extensive studies and
widespread use, the mechanism underlying such crystallization-
induced deracemization remains insufficiently understood, hinder-
ing its optimization and broader application. Here, we
experimentally dissect the individual contributions of crystal
growth and dissolution and use a mass-balance to expose crystal
dynamics. Regardless of the racemization rate, we always find a
dissymmetry between the growth and the dissolution of the enantiomer populations. These experiments suggest that a fundamental
difference between the mechanisms of crystal growth and dissolution enables a ratchet effect that drives chiral amplification. These
insights advance our understanding of chiral crystallization mechanisms and provide guidance for optimizing crystallization-induced
deracemizations, particularly by separately optimizing growth and dissolution steps to maximize the chiral amplification and
deracemization efficiency.

■ INTRODUCTION
Chirality is a hallmark of life and a key challenge in
chemistry.1,2 Isolating molecules of a desired chiral config-
uration is crucial for applications in pharmaceuticals, agro-
chemicals, and materials.3−7 The crystallization of racemic
conglomerates,8,9 where chiral molecules self-sort into
enantiopure crystals, offers an intrinsically stereoselective
strategy to separate or deracemize mixtures of enantiomers
into a desired configuration.10−13

Deracemization of the solid phase occurs when enantiopure
crystals undergo cycles of crystal growth and dissolution while
racemizing in solution (Figure 1a).14−19 The cycles of crystal
growth and dissolution that drive deracemization may be
implemented through temperature or solvent cycles or
continuous attrition (Figure 1b).20−31 An initial enantioenrich-
ment directs the deracemization process to the enantiomer of
choice.
Although crystallization-induced deracemization has already

been demonstrated for an array of bioactive chiral
molecules,23,28,32−36 the underlying mechanisms still pose
questions of both fundamental and practical importance.
Known is that each complete cycle of crystal growth and
dissolution enantiomerically enriches the solid phase, and
many theoretical models have been proposed.37−50 Unknown,
however, is what occurs during the individual segments of
crystal growth or dissolution, as this question has not yet been
studied experimentally, beyond a demonstration of chiral

amplification during growth.48 During crystal growth, the
majority enantiomer has a higher growth rate, and
racemization converts the minority into the majority to
equalize supersaturation. It was recently hypothesized that
the interplay between racemization and crystallization rate
drives chiral amplification, as the inherently faster rate of
dissolution compared to growth prevents racemization to fully
neutralize the enantioenrichment obtained during growth.47

Population balance modeling for an idealized system has
shown deracemization through this mechanism.50 Yet unclear,
however, is how this mechanism can explain the deracemiza-
tion for systems where racemization is very fast or
instantaneous. Moreover, so far, no results have been reported
to experimentally show the individual effects of crystal growth
and dissolution for unequal and competing populations of
crystals.
This work aims to experimentally and systematically dissect

the contributions of dissolution and growth and identify how
these separately enrich, erode, or preserve the solid-phase
enantiomeric excess (Figure 1c). Using previously developed

Received: July 17, 2025
Revised: September 19, 2025
Accepted: September 22, 2025

Articlepubs.acs.org/JACS

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/jacs.5c12199

J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

A
M

O
L

F 
on

 O
ct

ob
er

 8
, 2

02
5 

at
 1

5:
02

:4
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sjoerd+W.+van+Dongen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Maeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bernard+Kaptein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pascal+Cardinael"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrian+Flood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Coquerel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerard+Coquerel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Willem+L.+Noorduin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c12199&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12199?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12199?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12199?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12199?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c12199?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c12199?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


racemizable conglomerates paclobutrazol precursor 1 and tert-
leucine precursor 2 (Scheme 1),23,48,51−54 we experimentally
reveal the fundamental dissymmetry between asymmetric
crystal growth and dissolution. This dissymmetry even exists
when racemization kinetics are non-limiting and therefore is
not caused by an interplay of crystallization and racemization
rate alone, but likely results from a fundamental irreversibility
between the mechanisms of crystal growth and dissolution.
Through a full cycle of asymmetric dissolution and growth, this

dissymmetry enables a ratchet-like effect that ultimately drives
chiral amplification. This study challenges common tenets of
crystallization-induced deracemization, shows that dissolution
is antagonistic to chiral amplification, and exploits these
insights to optimize deracemization processes.

■ RESULTS
To experimentally deconvolute cyclic dissolution and growth,
we determined the evolution of the solid-phase enantiomeric
excess (ee) after individual dissolution (heating) and growth
(cooling) segments of a temperature cycle (Figure 2). Low
initial solid loading and high solubility differences between the
low and high temperatures of the cycle were used to increase
the sensitivity to subtle effects in asymmetric crystallization.48

We prepared a slurry of conglomerate 1 at 40 °C in
MeOH:water (60:40) with an initial ∼25% ee in (R)-1 in
the solid phase and started liquid-phase racemization by adding
0.1% w/v NaOH.23,51,52 We cycled between 40 and 55 °C and
analyzed the solid-phase ee via chiral HPLC after heating-
induced dissolution (1.5 °C/min) and after subsequent
cooling-induced growth (0.5 °C/min), both after 10 min
isothermal hold to fully reach equilibrium. Experiments were
repeated for slurries with initial 50% and 90% ee in (R)-1 in the
solid phase.
Figure 2c shows the solid-phase ee values after dissolution

and growth, starting with different degrees of initial solid-phase
enantiomeric enrichment. As expected, the solid-phase ee
increases over each full cycle, confirming the net chiral
amplification of the system. However, the extent of chiral
amplification varies; cycles with low (∼25%) and high (∼90%)
initial ee values show lower enrichment than cycles with
medium (∼50%) initial ee, which is consistent with the
sigmoidal characteristic of crystallization-induced deracemiza-
tion kinetics.
The variation within the cycles is profound. For low and

medium initial ee, Figure 2c shows an increase in solid-phase ee
after dissolution, as expected. For high initial ee, however,
dissolution is shown to decrease solid-phase ee, which is in
contrast to the common view that dissolution always enriches
solid-phase ee. This surprising decrease in solid-phase ee during
dissolution is not affected by the heating rate or the duration of
the isothermal hold and enhanced if the relative amount of
dissolved solid is increased (see Supporting Information).
Growth also allows for both enrichment and erosion: For low
initial ee, the solid-phase ee decreases during growth, whereas
for medium and high initial ee the solid-phase ee increases
during growth. This experimental evidence for erosion during
dissolution and enrichment during growth confirms that the
major enantiomer may dissolve faster and grow faster than the
minor enantiomer.47,50

Motivated by these results, we investigated how asymmetric
crystallization causes the major enantiomer to dissolve and
grow faster than the minor enantiomer. We therefore
disentangled the deracemization process into completely
isolated dissolution and growth steps (Figure 3a). Since
crystals are only partly altered during dissolution and growth,
we constructed a full mass balance, detailing exactly how much
of each enantiomer is grown or dissolved. For this, we used
conglomerate 2 (Scheme 1), which racemizes in the presence
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and exhibits
clean racemization kinetics without side-reactions.48,53,54

Since net chiral amplification is strongest at medium initial
ee and boundary effects are minimized, we prepared initial

Figure 1. Crystallization-induced deracemization. (a) Crystal
dissolution (red) and growth (blue) are coupled to racemization in
solution to completely deracemize the solid phase of a slurry with an
initial solid enantiomeric excess (ee). (b) Cyclic growth and
dissolution through temperature cycles. (c) Every cycle increases
the solid-phase ee (squares), but the individual contributions of
dissolution and growth to chiral amplification are unknown.

Scheme 1. Racemizable Conglomerates 1 and 2 (* indicates
chiral center)
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solids with 50% ee in (R)-2. The initial solids were preground
to ensure a uniform initial crystal size distribution and
morphology.
For dissolution, while at 20 °C, a racemizing undersaturated

solution of (R,S)-2 in MeOH (10 μL/mL DBU) was added to
the preground initial solid. The resulting slurry was shaken in
the presence of soft PTFE spheres to homogenize while
minimizing attrition and secondary nucleation effects.29 After
90 min post-dissolution equilibration at 20 °C, the solid-phase
ee was analyzed. Simultaneously, liquid-phase samples were
taken to track enantiomer concentrations. For growth, while at
30 °C, a racemizing saturated solution of (R,S)-2 in MeOH
was added to a new aliquot of preground initial solid, which
was slowly cooled back to 20 °C (0.11 °C/min) to avoid
nucleation. Solid and liquid phases were sampled after 30 min

post-growth equilibration at 20 °C, when crystallization had
completed as confirmed via mass-balance. Since both
dissolution and growth experiments ended at room temper-
ature (20 °C), undesired crystallization during sampling was
negligible.
Figure 3b shows the absolute solid-phase ee after

independent dissolution and growth from identical preground
initial solids. At first glance, the experiment seems to confirm
the common view that solid-phase ee increases during
dissolution and decreases during growth. However, these
absolute changes in solid-phase ee can be deceiving. For
instance, dissolving more majority than minority enantiomer
can still cause an increase in solid-phase ee, but it effectively
erodes the overall system ee through racemization. Exploiting
our mass-balance, we therefore plot the initial mass and

Figure 2. Deconvoluted temperature cycles for slurries with low, medium, and high initial ee values in (R)-1. (a) Solid-phase ee is determined by
sampling before dissolution (black cross), after dissolution (red diamond), and after subsequent growth (blue circle). (b) Temperature profile with
sampling moments indicated. (c) Solid-phase ee increases for every cycle (gray dashed line), although individual contributions of dissolution and
growth vary (solid lines). Lines are a guide to the eye.

Figure 3. Dissymmetry between dissolution (red) and growth (blue) drives ratcheted chiral amplification. (a) Solid and liquid are analyzed after
separate dissolution and growth starting from the same preground initial solid of 50% ee in (R)-2. (b) Absolute solid-phase ee increases after
dissolution and decreases after growth. (c) Mass-balance constructed from liquid-phase concentrations shows the mass of grown and dissolved
enantiomers (mΔ). (d) Positive ee of the dissolved and grown material (eeΔ) shows that the major enantiomer dissolves and grows faster than the
minor enantiomer. Enrichment during growth outweighs erosion during dissolution (ΔeeΔ > 0), a dissymmetry that enables ratcheted chiral
amplification. Data are provided in the Supporting Information.
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calculate the change in mass (mΔ) for both enantiomer
populations using their initial and final liquid-phase concen-
trations (Figure 3c, mΔ indicated using arrows).
Figure 3c shows that both enantiomers decrease in total

solid mass during dissolution and increase in solid mass during
growth but does not show how the initial imbalance between
the enantiomer populations translates to asymmetric crystal-
lization kinetics. To reveal this, we determined the ee of the
portion of the crystals that is cumulatively removed from the
crystals during dissolution and is cumulatively added to the
crystals during growth (Figure 3d, eeΔ = (mΔ

R − mΔ
S)/(mΔ

R +
mΔ

S)).
To interpret eeΔ, we realize that when eeΔ = 0, growth and

dissolution are racemic (i.e., equal amounts of R and S are
grown onto or dissolved from the initial solid, as under
nonracemizing conditions) and no net amplification occurs
over a full cycle. When eeΔ = ee0 = 50%, growth or dissolution
rates are proportional to the initial mass ratio of the
enantiomers. Since the determined values of eeΔ are positive
for both dissolution and growth (Figure 3d), the major
enantiomer consistently dissolves and grows faster than the
minor enantiomer. Despite the use of identical initial solids,
however, Figure 3d also shows that the value of eeΔ differs for
dissolution and growth and shows that the asymmetry is
actually stronger during growth: eeΔ = 17% for growth, while
eeΔ = 14% for dissolution. This difference experimentally
shows that liquid-phase racemization during growth enhances
chiral amplification, while racemization during dissolution is
counterproductive, as the major enantiomer molecules are
effectively racemized. Nevertheless, over a full cycle growth-
driven amplification outweighs dissolution-induced erosion.
These results thus experimentally reveal how chiral dissolution
and growth are dissymmetric processes, enabling a ratchet
effect that drives net chiral amplification over a full cycle.
The origin of this dissymmetry could be the coupled kinetics

of racemization and crystallization, when crystals dissolve faster
than they grow,47,50 but may also stem directly from
fundamental differences between the mechanisms of crystal
growth and dissolution. We therefore systematically varied the
racemization rate to investigate how the observed effects
depend on the interplay between rates of dissolution, growth,
and racemization. Since the racemization rate of 2 is linearly
dependent on the catalyst concentration ([DBU]),55 we
repeated the previous experiment at various concentrations
of DBU and plot the results (Figure 4).
Without racemization, we observe the expected racemic

growth and dissolution (eeΔ = 0). With racemization, we
observe a continuously increasing eeΔ for both growth and
dissolution, with the eeΔ for growth always above that for
dissolution. The larger the difference between the eeΔ for
dissolution and growth (ΔeeΔ), the stronger the ratchet effect,
resulting in a higher chiral amplification efficiency. As expected
from previous reports,27,38,40,55,56 increasing the racemization
rate will thus generally increase deracemization kinetics by
increasing ΔeeΔ.
Figure 4 shows that increasing the racemization rate

increases eeΔ, until the racemization rate approaches a plateau.
This effect has previously been reported for chiral crystal
growth48 and thus also holds for dissolution. In this plateau,
crystal growth and dissolution kinetics are much slower than
the racemization kinetics. Hence, akin to Michaelis−Menten
kinetics in biochemistry, racemization has become non-
limiting. The fact that Figure 4 shows that eeΔ for growth is

systematically higher than eeΔ for dissolution implies that
amplification of the major enantiomer during growth always
outweighs its erosion during dissolution: Net chiral amplifica-
tion always occurs. This independence of racemization rate
implies that the observed dissymmetry between chiral growth
and dissolution is not merely caused by the kinetic interplay of
racemization and crystallization but, at its core, rooted in a
fundamental difference between the mechanisms of crystal
growth and dissolution. This would explain why the
dissymmetry that drives deracemization persists, even when
racemization kinetics are no longer limiting.
The plateau in Figure 4 has practical consequences: there is

a limit to the beneficial effects that can be gained by increasing
the racemization kinetics. We realize, however, that increasing
the racemization rate is not the only way to increase the
efficiency of chiral amplification. Counterintuitively, chiral
amplification efficiency can be increased further by switching
racemization off entirely during dissolution. Without race-
mization, eeΔ becomes 0 during dissolution, while the original
eeΔ during growth is retained, thereby maximizing ΔeeΔ. To
explore this idea, we extended a basic model previously
introduced for asymmetric crystal growth,48 by including a
contribution for asymmetric dissolution. In short, we used the
values of eeΔ in Figure 4 to express asymmetric crystallization
through empirical amplification factors for growth and
dissolution (see Supporting Information for details). Although
this qualitative model ignores many complexities of the
deracemization process, it indeed predicts that switching off
racemization during dissolution markedly increases the
deracemization efficiency (Figure 5a). Moreover, the model
visualizes that switching off racemization during growth would
lead to a complete loss of the initial solid-phase enantiomeric
excess. These predictions thus suggest that individually
optimizing growth and dissolution can maximize chiral
amplification efficiency.
Repetitively switching on and off racemization is thus highly

desirable but often hardly possible or practical. However,
switching off racemization once, e.g., by quenching the catalyst,
is generally feasible. Since deracemization kinetics slow
significantly near the end, it may be beneficial to switch off
racemization before a final dissolution step. To experimentally
demonstrate this idea, we used conglomerate 1, because
racemization catalyst NaOH can be quenched by the addition
of HCl. Starting with a solid phase of 40−45% ee in (R)-1 and

Figure 4. Dissolution (red) and growth (blue) are dissymmetric at
every racemization rate (∝ [DBU]). Chiral amplification efficiency (∝
ΔeeΔ, solid black arrow) increases with the racemization rate. Chiral
amplification efficiency can be maximized by switching off
racemization during dissolution, such that eeΔ = 0 (dashed gray
arrow). Lines are a guide to the eye.
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0.1% w/v NaOH, we performed three cycles to reach 75% ee in
the solid. We then switched off racemization by adding 1.1
equiv of 6 M HCl before performing a final dissolution step.
After re-adding the racemization catalyst (0.2% w/v NaOH) a
virtually enantiopure solid phase was obtained after growth
(99% ee in (R)-1, Figure 5b). In contrast, the experiment
wherein we kept racemization switched on required four more
cycles to reach a similar solid-phase ee (97%). Hence, even
switching off racemization only once already yields a higher
enantiopurity within fewer cycles and decreases the time to
deracemization by about 25% (Figure 5b).

■ DISCUSSION, SUMMARY, AND OUTLOOK
Our findings bring surprising new insights to the fundamental
mechanistic understanding of crystallization-induced deracem-
izations.
First, our results impact the debate on the mechanistic role

of crystal size. Crystal-size effects and size-dependent solubility
have been often proposed as central driving forces for chiral
amplification,39,41,44,49,57 although these mechanisms have
received criticism from other theorists.47,58 Here, we
minimized the effect of crystal-size effects by using constant
and homogeneous seeds. Nonetheless, we do observe the
dissymmetric growth and dissolution that drive chiral
amplification. Our results suggest that chiral amplification is
not a result of crystal size effects alone, although such effects
can surely modulate the degree of amplification.
Second, for the first time, we experimentally reveal the

individually different contributions of crystal growth and
dissolution and show that their dissymmetry causes a
ratcheting effect that drives chiral amplification. Paradoxically,
although dissolution may increase and growth may decrease
the absolute solid-phase ee, a full mass balance shows that
growth amplifies and dissolution erodes the enantiomeric
enrichment of the entire system. These experimental results
emphasize the proposed role of crystallization dynamics47,48,50

and contrast with previous views rooted in equilibrium
thermodynamics.45,59 As such, our study demonstrates how
experimentally deconvoluting the effects of crystal growth and
dissolution for populations of crystals under racemizing
conditions may not only help to validate assumptions on the
mechanism,37,39,41−47,49,50 but also bring new mechanistic
insights in asymmetric crystallization.

Third, we zoom in on the source of the dissymmetry
between growth and dissolution that enables ratcheted chiral
amplification. Although the interplay between rates of
racemization and crystallization indeed modulates the degree
of chiral amplification when racemization is relatively slower
during dissolution than during growth,47,50 we experimentally
find that chiral amplification also occurs when racemization is
very fast and non-limiting. This finding suggests that it is the
fundamental difference between the mechanisms of growth
and dissolution, not just their interplay with the rate of
racemization, that is the core driver of crystallization-induced
chiral amplification. Such a mechanistic dissymmetry could
also explain deracemization in achiral systems (e.g., NaClO3
and (H2NCH2CH2NH2)·H2SO4), where racemization is
instantaneous.17,18

The mechanistic differences between crystal growth and
dissolution are manifold. Beyond modes of attachment and
detachment of molecules at crystal surfaces,60−63 important
factors to consider are stereoselective incorporation of clusters
and oriented attachment,37,40,64−66 ripening and agglomeration
mechanisms,39,67,68 and a form of stereoselective secondary
nucleation.69−71 Also population-level effects such as stochas-
ticity (e.g., chiral flipping and growth rate dispersion) and non-
ideal solution behavior of enantiomers may cause asymmetric
crystallization.44,70,72 The predominant dissymmetry may
depend on the crystallization conditions (e.g., supersaturation
and attrition) and crystallization characteristics of the species
(e.g., morphology, surface tension, and binding strength), and
several of these mechanisms may be at play simultaneously. In
this study, primary and secondary nucleation were aimed to be
minimal, and crystallization proceeded at low supersaturation.
Growth and dissolution of crystals always occur, even without
attrition or explicit fluctuations in temperature or concen-
tration,42 and the effects demonstrated here will be prevalent
for all chiral crystals under racemizing conditions. Under-
standing growth and dissolution processes on the surface of a
single crystal and translating those across interacting
populations of many crystals will be key in unraveling the
whole mechanism of chiral amplification through asymmetric
crystallization.
Our results hold important practical lessons for designing

and performing crystallization-induced deracemizations: (1)
optimize dissolution and growth separately for maximum
efficiency; (2) minimize racemization during dissolution and
dissolve as fast as possible; and (3) maximize racemization
during growth. The implementation of the cycles ideally
should optimize the amount of cycled material per unit time.73

An effective approach would be to push the system away from
equilibrium, thereby achieving simultaneous and continuous
growth/dissolution cycles, as in the case of grinding and spatial
temperature cycling.22,74,75 Moreover, we confirm a potential
trap:50 Racemization reactions that proceed at different rates
during growth and dissolution, e.g. due to strong temperature
dependence of its reaction kinetics, can hinder chiral
amplification and may even lead to solid-phase racemization
rather than deracemization (i.e., when ΔeeΔ < 0).
These insights can also aid in comparing and choosing

different deracemization strategies. Solvent cycling,29,30 for
instance, follows many of these practical lessons: The
dissolution rate is maximized through instant re-addition of
solvent; racemization is maximized during growth through
slow evaporation; both growth and dissolution occur at equal
temperatures and thus experience equal racemization rates.

Figure 5. Increased deracemization efficiency through on/off
switching of racemization. (a) Compared to a regular cycle (black),
racemizing only during growth accelerates deracemization (blue),
while racemizing only during dissolution causes racemization of the
solid phase (red). (b) One-time switching off of racemization before
the final dissolution step (purple triangles; racemization is on during
final growth step) in the temperature cycling of 1 increases
deracemization efficiency compared to regular cycles (black squares).
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To maximize chiral amplification, however, it will be
required to sequentially switch on and off racemization. We
therefore foresee the development of mechanical or chemical
on/off switches, racemization based on electrochemistry and
photochemistry, and exploiting gradients in experimental
reactors. Also, flow chemistry or immobilized (bio)catalysts
could be utilized in a separate racemization loop that is
activated or deactivated on demand.28,76,77 A ratchet effect may
then also be exploited to deracemize thermodynamically stable
racemic compounds.13,78−80
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