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ABSTRACT: The highly enantioselective synthesis of p-anisoin was achieved via
the benzoin condensation of a prochiral p-anisaldehyde using achiral NHC
catalysts such as vitamin B1. In this reaction, p-anisoin crystallized as a
conglomerate, and the deracemization of racemic p-anisoin under basic conditions
was efficiently performed by Viedma ripening. Although the handedness of the
enantioselective crystallization could not be controlled by spontaneous
crystallization, it could be controlled by the coexistence of a catalytic amount of
optically active valine. It was clarified that this is due to the asymmetric
transformation of p-anisoin with enantiomeric valine in the mother liquor.

■ INTRODUCTION

Research on providing optically active materials with high
enantioselectivities without the use of an external asymmetric
source is related to the expression of the homochirality of
biomolecules.1−3 It is of interest in many academic fields. The
crystallization-induced dynamic optical resolution method
(CIDR), which utilizes the chirality of crystals, is an excellent
optical resolution method capable of generating a one-handed
enantiomer from a racemic mixture with a high optical purity
and simple filtration.4,5 Furthermore, a reaction that gives a
conglomerate-forming product in one pot from a prochiral
starting material combined with deracemization enables
asymmetric synthesis without the use of an external
asymmetric source (Figure 1).6−8 In this method, a racemic
mixture is generated in the reaction system, and one-handed
enantiomer crystals are preferentially crystallized with race-

mization. When one enantiomer crystallizes, the opposite
isomers are present in excess in the mother liquor. However,
since racemization proceeds sufficiently fast, the racemic
balance can always be maintained. Finally, the racemic mixture
converges into one-handed enantiomeric crystals. This
asymmetric amplification method includes gradually growing
crystals from a supersaturated solution (crystallization-induced
enantiomer transformation)9−11 or attrition-enhanced dera-
cemization (Viedma ripening), which is performed by
suspending and stirring the crystals with glass beads in a
small amount of solvent.12 In either method, the products must
crystallize as a conglomerate, and rapid racemization must
proceed under the conditions of crystal growth. It has been
reported that the racemization of the products can be carried
out directly via an achiral intermediate, such as an enolate
anion,13−15 using a reversible reaction such as the Michael
addition reaction16−18 or the Diels−Alder reaction.19,20

Various new reaction systems are actively under develop-
ment.21−23

We aimed to develop a new asymmetric reaction system that
fuses the benzoin condensation reaction, which uses N-
heterocyclic carbene (NHC) catalysts such as vitamin B1,
with deracemization via dynamic crystallization. The benzoin
condensation reaction is one of the fundamental reactions of
organic chemistry. It is a dimerization reaction that occurs by
the umpolung reaction of aromatic aldehydes catalyzed by
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Figure 1. Asymmetric synthesis from prochiral starting materials via
deracemization involving the dynamic enantioselective crystallization
of conglomerates.
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cyanide ions (Scheme 1, reaction 1).24,25 The reaction has
been developed for various substrates using NHC catalysts

modeled on vitamin B1 (Scheme 1, reaction 2).26−29 We
expected that benzoin derivatives could be asymmetrically
synthesized from prochiral aromatic aldehydes via deracemiza-
tion by dynamic crystallization because the substrates have an
enolizable acidic proton at the chiral center (Scheme 1,
reaction 3).
The benzoin or acyloin structure exists widely in natural

products and pharmaceuticals and is one of the most critical
groups used as synthetic intermediates; thus, many asymmetric
catalytic reactions have been developed for its synthesis.28,29

We studied a method of providing optically active benzoins
using only crystal chirality as a chirality source. To employ
deracemization with dynamic crystallization, benzoin deriva-
tives must crystallize as conglomerates. A search of the CCDC
database revealed that the crystal structure of p-anisoin 1 had
been analyzed 35 years ago, and its crystal space group was
P212121.

30 In this study, we reanalyzed the crystal structure of
p-anisoin 1 and then investigated deracemization by dynamic
crystallization from racemic p-anisoin 1, its one-pot asym-
metric synthesis from prochiral p-anisaldehyde, and the
addition of chiral amino acids to control the handedness for
enantiomeric crystallization.

■ RESULTS AND DISCUSSION
The single-crystal X-ray structure analysis of p-anisoin 1 was
re-examined to confirm the absence of polymorphism. Indeed,
the crystals obtained by recrystallization from either EtOH or a
mixture of CHCl3/hexane exhibited the same crystal structure,
and polymorphism was not observed.31 The crystal space
group is P212121, and the crystal parameters are almost the
same as those from the previously reported data. It was thus
expected that the conglomerate could be used for dynamic
crystallization.
Since the hydroxyl group has an intramolecular hydrogen

bond with the carbonyl group’s oxygen atom (distance for
OHOC of 2.168 Å), the twist angle of O1−C1−C2-O2 is
small, 16.26°. The molecule also has an intermolecular
hydrogen bond with the MeO group of the neighboring
molecule (distance for OH−OMe of 2.304 Å), which forms a
C2 spiral along the a-axis (Figure 2).
Next, we investigated the rate of racemization, which is vital

for obtaining high enantiomeric crystals via dynamic
crystallization. Since the molecule has an acidic proton at the

α-position of the carbonyl group, sufficiently fast racemization
can be expected under basic crystallization conditions.
The stability of the asymmetric center is also crucial for

isolation. 1 hardly racemizes at room temperature regardless of
the solvent, but racemization occurs slowly when it is heated to
60 °C in ethanol, with a half-life of 54.7 h (ΔG‡ = 28 kcal
mol−1) (Table 1, entry 4). The asymmetric center is fairly
stable under neutral conditions; however, in the presence of a
catalytic amount of base, racemization via the enolate anion
proceeds at a considerable rate even at room temperature
(Scheme 2). When the racemization rate was measured in
various solvents and bases, the use of NaOH in ethanol was
found to be the most suitable. A sufficient racemization rate
was also shown with DBU (Table 1 and Figure 3).
Based on these results, the dynamic optical resolution from

racemic 1 was examined. We used EtOH as the solvent and
conducted experiments using three types of bases. To a sealed
glass tube (⌀20 mm) were added 1 (272 mg, 1.0 mmol),
EtOH (0.5 mL), base (0.10 mmol), and glass beads (⌀2 mm,
20 pieces), and the mixture was suspended with stirring at 600
rpm using a cross-shaped stirring bar (15 mm) at 60 °C.
Crystals obtained by filtration at regular intervals were
subjected to HPLC (CHIRALPAK OD-H) to determine the
enantiomeric purity. Asymmetric amplification was observed
from the second day onward, and a sigmoid curve was drawn
that eventually converged to 94−99% ee crystals (Figure 4a).
Finally, crystals were recovered by filtration in 90−91% yields
using any of the bases (Table 2). The rate of asymmetric
amplification appears to be related to the racemization speed,
reaching the boundary fastest in seven days with NaOH but
even converging in 10 days with K2CO3. It was also suggested
that deracemization progressed via first-order kinetics in the
initial stage regardless of the nature of the base, as shown in
Figure 4b. Thus, we discovered one of the ideal environ-
mentally friendly asymmetric amplification systems.
This deracemization of 1 could be applied to a gram-scale

experiment. When p-anisoin 1 (2.2 g, 8.0 mmol) in EtOH (2.0

Scheme 1. Historical Benzoin Condensation and Our
Proposal for the Asymmetric Synthesis of Benzoin
Derivatives

Figure 2. Perspective view and packing diagram along the a-axis of p-
anisoin 1.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.1c00036
Cryst. Growth Des. 2021, 21, 2423−2428

2424

https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig2&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00036?rel=cite-as&ref=PDF&jav=VoR


mL) was suspended with stirring at 600 rpm at 60 °C in a
sealed glass tube in the presence of DBU (122 mg, 0.8 mmol)
and glass beads, crystals were recovered by filtration in a 90%
yield with a 99% ee.
In all experiments, which of the two enantiomers is

predominantly amplified is random, and it is not possible to
selectively obtain one enantiomer. Additional deracemizations
of 1 confirmed that the enantioselectivity in these deracemiza-
tions was random (Figure S1). However, handedness could be
controlled by starting the Viedma ripening from a low ee (5%
ee) using NaOH or DBU as a base. Deracemization was
immediately initiated, and the crystals with the same
handedness as the slightly excess stereoisomer were efficiently
obtained after four days.
Next, we examined the asymmetric synthesis of 1 by

continuously performing benzoin condensation from prochiral
p-anisaldehyde and chiral amplification by dynamic crystal-
lization in one pot. C1, C2, and C3, all achiral NHC catalysts,
were used as catalysts for benzoin condensation (Scheme 3).
C1 is vitamin B1, a vital substance in vivo, and is commercially
available.26−29 The commercially available thiazolium salt C2
and the imidazolium salt C3, which are commonly used as
catalysts for the benzoin condensation reaction, were also
examined.32,33

To a sealed glass tube were added p-anisaldehyde (272 mg,
2.0 mmol), EtOH (0.5 mL), C1 (60 mg, 0.2 mmol), an

aqueous sodium hydroxide solution (0.5 ml, 0.6 M), and glass
beads, and the mixture was stirred at room temperature for 24
h. A small amount of water was needed for its dissolution of
vitamin B1. After the condensation reaction was complete, the
solvent was evaporated under reduced pressure to remove the
water. To the crude racemic p-anisoin was added EtOH (0.5
mL), which was suspended with stirring at 600 rpm using a
cross-shaped stirring bar (15 mm) at 60 °C. A small amount of
the crystals obtained by filtration was subjected to HPLC
analysis every day to determine the enantiomeric purity.
Finally, crystals were filtered and washed with a small amount

Table 1. Thermodynamic Parameters for the Rate of Racemization of 1a

entry solvent base temperature (°C) τ1/2 (min) krac (s
−1) ΔG‡ (kcal mol−1)

1 toluene DBU 25 39.4 1.5 × 10−4 22.7
2 MeCN DBU 25 20.5 2.8 × 10−4 22.3
3 EtOH DBU 25 14.7 3.9 × 10−4 22.1
4 EtOH none 60 3.28 × 103 1.7 × 10−6 28.3
5 EtOH K2CO3 25 33 1.7 × 10−4 22.6
6 EtOH NaOH 25 9.9 5.8 × 10−4 21.7

aThe rate of racemization was measured under conditions of 1.0 × 10−2 mol L−1 1 in a solvent with base (10 mol %).

Scheme 2. Racemization Mechanism for 1 via an Enolate
Ion

Figure 3. Racemization of 1 under various conditions. Entry numbers
correspond to those in Table 1.

Figure 4. Time course of the deracemization of racemic 1 with
Viedma ripening using various bases at 60 °C shown as (a) ee (%) vs
time (days) and (b) ln(ee) vs time (days).

Table 2. Deracemization of 1 by Viedma Ripeninga

entry solvent base recovery (%)b ee (%)c

1 EtOH NaOH 90 99
2 EtOH DBU 91 99
3 EtOH K2CO3 91 94

aAll experiments were performed in the presence of crystals of 1 (273
mg, 1.0 mmol), 0.5 mL of solvent, and a catalytic amount of base (10
mol %) at 60 °C. bCrystals were recovered by filtration. cOne of the
two enantiomers predominantly amplified was random.
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of cold ethanol to give a 70% yield of p-anisoin with a 93% ee
(Table 3, entry 3, and Figure 5). When using DBU instead of
NaOH, the chemical yield of 1 was low, and solids were not
obtained for suspension (Table 3, entry 2).

In the case of the reaction using catalyst C2, we could use
EtOH as a solvent without water, and it was possible to carry
out the reaction and the asymmetric amplification at the same
time. In a sealed glass tube, p-anisaldehyde (272 mg, 2.0
mmol), EtOH (0.5 mL), C2 (0.2 mmol), powdered NaOH
(12 mg, 3.0 mmol), and glass beads were reacted At 60 °C.
Crystals of 1 immediately precipitated and were suspended
with stirring at the same temperature. The changing ee value of
the crystals was analyzed using the above method, and 1 was

finally obtained by filtration in a 75% yield with a 99% ee
(Table 3, entry 3, and Figure 5). In the reaction using C2 and
DBU, crystals were filtered and washed with a small amount of
cold ethanol to give a 50% yield of 1 with a 94% ee (Table 3,
entry 4, and Figure 5).
In the reaction using catalyst C3, it was also possible to carry

out the reaction simultaneously with the asymmetric
amplification. The use of NaOH as a base gave an 88% yield
of 1 in a 99% ee (Table 3, entry 5, and Figure 5). When using
DBU as a base, we could not obtain the crystalline 1 (Table 3,
entry 6).
As described above, the formation of racemic 1 by the

benzoin condensation of prochiral p-anisaldehyde was followed
by deracemization via Viedma ripening. It is plausible that
racemization is promoted through the enolate ion such as in
the case of the deracemization of anisoin shown in Table 2. On
the other hand, benzoin condensation is a well-established
reversible reaction, and it has also been suggested that
racemization possibly occurs through the reverse reaction.
Therefore, this reaction system is suitable for dynamic
crystallization using a conglomerate crystal.
It was possible to isolate a 99% ee of 1 by simple filtration

from the reaction mixture without using an external
asymmetric source. These crystals could be easily purified
into 100% ee by a recrystallization from chloroform/hexane. It
was possible to isolate 100% ee p-anisoin from prochiral p-
anisaldehyde simply by filtering the crystals twice.
Next, the control of the handedness of the chirality was

examined. In dynamic optical resolution by spontaneous
crystallization, it was impossible to predict which enantiomer
crystal would converge (Figure S1). In this case, it was possible
to control the handedness by starting from slightly enriched
crystals or adding enantiomer crystals as a seed; however, we
examined another approach to control the handedness of the
deracemization using optically active amino acids.
A catalytic amount of L- or D-valine crystals was added

during the Viedma ripening of racemic 1. In a sealed glass tube,
1 (272 mg, 1.0 mmol), EtOH (0.5 mL), DBU (15 mg, 0.10
mmol), glass beads, and L- or D-valine (12 mg, 0.1 mmol) were
suspended with stirring at 600 rpm using a cross-shaped
stirring bar at 60 °C. Deracemization began immediately and
reached an enantiomeric excess of 99% in just five days (Table
4, entries 1 and 2, and Figure S2). The configuration of the
obtained 1 matched that of the added valine. When L-valine
was used, (R)-1 was obtained, while the addition of D-valine
caused the handedness of the deracemization to converge to
(S)-1. The experiments were repeated five times each.
The same asymmetric control was observed when valine

coexisted in the benzoin condensation from p-anisaldehyde.
Deracemization proceeded efficiently and faster than that
without valine. (R)-Anisoin 1 was obtained in 68−70% yield
with a >99% ee by adding L-valine (Table 4, entry 3), while the
reaction in the presence of D-valine gave (S)-1 in all five
experiments (Table 4, entry 4).
To clarify this phenomenon, we first investigated the crystal

growth of 1 in the presence of optically active valine. However,
a clear difference was not observed in the growth rate between
(R)-1 and (S)-1 in the presence of L-valine, and both
enantiomer crystals were grown.34 Additionally, to investigate
the possibility of forming mixed crystals with optically active
valine, the crystals obtained from recrystallization in the
presence of valine were analyzed by NMR spectroscopy. It was
found that valine was not included in the crystals of 1.35

Scheme 3. One-Pot Asymmetric Synthesis of 1 By
Combining Benzoin Condensation Using Achiral NHC
Catalysts with Dynamic Crystallization

Table 3. Asymmetric Synthesis of p-Anisoin from p-
Anisaldehyde Involving Benzoin Condensation and Viedma
Ripeninga

entry catalyst solvent base yield (%)b ee (%)c

1d C1 EtOH/H2O NaOH 70 93
2 C1 EtOH/H2O DBU n.a.e

3 C2 EtOH NaOH 75 99
4 C2 EtOH DBU 50 94
5 C3 EtOH NaOH 88 99
6 C3 EtOH DBU n.a.e

aAll experiments were performed in the presence of p-anisaldehyde
(2.0 mmol), 0.5 mL of solvent, catalyst (10 mol %), and base (15 mol
%). The solution was suspended with stirring. bYield of crystallized 1
obtained by filtration. cOne of the two enantiomers predominantly
amplified was random. dAfter the reaction at rt for 24 h, the solvent
was removed under reduced pressure. Next, EtOH (0.5 mL) was
added and suspended with stirring at 60 °C. eCrystalline 1 was not
obtained.

Figure 5. Time course of the asymmetric synthesis of 1 involving
deracemization by Viedma ripening. Entry numbers correspond to
those in Table 3.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.1c00036
Cryst. Growth Des. 2021, 21, 2423−2428

2426

http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00036/suppl_file/cg1c00036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00036/suppl_file/cg1c00036_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?fig=fig5&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00036?rel=cite-as&ref=PDF&jav=VoR


Next, we studied the asymmetric transformation of 1 with
chiral valine.36−38 When racemic 1 and L-valine (0.1 equiv)
were dissolved in ethanol with DBU (0.5 equiv) and left to
stand at rt for 24 h, it was observed that the racemic
equilibrium moved to the enrichment of (R)-1 in a 5% ee.
Similarly, the addition of D-valine under the same conditions
led to an asymmetric transformation to (S)-1 in a 5% ee. These
results indicate that chiral valine resulted in an asymmetric
equilibration in the basic solution of racemic anisoin. This bias
caused the dynamic crystallization to converge on the excess
enantiomeric crystals.

■ CONCLUSION
Efficient deracemization from racemic p-anisoin was achieved
by Viedma ripening in 99% ee. The asymmetric synthesis from
prochiral p-anisaldehyde in one pot by benzoin condensation
using an NHC catalyst, such as vitamin B1, followed by
deracemization via Viedma ripening afforded a 99% ee of the
product without the use of any external chiral source. We
succeeded in controlling the handedness of the asymmetric
amplification by adding a catalytic amount of optically active
valine. These results provide not only the asymmetric
transformation of p-anisoin, which is important as an
intermediate for medical and agrochemical products, but also
essential information deeply related to the expression of the
homochirality of biomolecules on Earth.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036.

Experimental procedure, x-ray structure analysis, and
HPLC analysis (PDF)

Accession Codes
CCDC 2053909 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION

Corresponding Author
Masami Sakamoto − Department of Applied Chemistry and
Biotechnology, Graduate School of Engineering and
Molecular Chirality Research Center, Chiba University,
Chiba 263-8522, Japan; orcid.org/0000-0001-9489-
2641; Email: sakamotom@faculty.chiba-u.jp

Authors
Aoi Washio − Department of Applied Chemistry and
Biotechnology, Graduate School of Engineering, Chiba
University, Chiba 263-8522, Japan

Momoka Hosaka − Department of Applied Chemistry and
Biotechnology, Graduate School of Engineering, Chiba
University, Chiba 263-8522, Japan

Naohiro Uemura − Department of Applied Chemistry and
Biotechnology, Graduate School of Engineering, Chiba
University, Chiba 263-8522, Japan

Yasushi Yoshida − Department of Applied Chemistry and
Biotechnology, Graduate School of Engineering and
Molecular Chirality Research Center, Chiba University,
Chiba 263-8522, Japan; orcid.org/0000-0002-3498-
3696

Takashi Mino − Department of Applied Chemistry and
Biotechnology, Graduate School of Engineering and
Molecular Chirality Research Center, Chiba University,
Chiba 263-8522, Japan; orcid.org/0000-0003-1588-
1202

Yoshio Kasashima − Education Center, Faculty of Creative
Engineeing, Chiba Institute of Technology, Chiba 275-0023,
Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.1c00036

Author Contributions
The manuscript was written through contributions by all
authors.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This study was supported by a Grants-in-Aid for Scientific
Research from MEXT, Japan (no. 19H02708). N.U. acknowl-
edges financial support from Frontier Science Program of
Graduate School of Science and Engineering, Chiba University.

■ REFERENCES
(1) Bonner, W. A. Origins of Chiral Homogeneity in Nature. Top.
Stereochem. 1988, 18, 1−96.
(2) Addadi, L.; Lahav, M. Origin of Optical Activity in Nature;
Walker, D. C., Ed.; Elsevier: New York, NY, 1979; pp 179−192.
(3) Bada, J. L. Origin of homochirality. Nature 1995, 374, 594−595.
(4) Havinga, E. Spontaneous Formation of Optically Active
Substances. Biochim. Biophys. Acta 1954, 13, 171−174.
(5) Jacques, J.; Collet, A.; Wilen, S. H. Enantiomers, Racemates and
Resolution; Krieger Publishing Company: Malabar, FL, 1994.
(6) Tsogoeva, S. B.; Wei, S.; Freund, M.; Mauksch, M.
Deracemization with reversible Mannich type reaction. Angew.
Chem., Int. Ed. 2009, 48, 590−594.
(7) Flock, A. M.; Reucher, C. M. M.; Bolm, C. Enantioenrichment
by Iterative Retro-Aldol/Aldol Reaction Catalyzed by an Achiral or
Racemic Base. Chem. - Eur. J. 2010, 16, 3918−3921.

Table 4. Control of the Handedness of the Deracemization
of 1 in the presence of L- or D-Valine

entry material additive
time
(days)

configuration of
1 ee of 1

1a (±)-1 L-valine 5 Rb >99%
2a (±)-1 D-valine 5 Sb >99%
3c p-anisaldehyde L-valine 6 Rd >99%
4c p-anisaldehyde D-valine 6 Sd >99%

aIn a sealed glass tube (⌀20 mm), 1 (272 mg, 1.0 mmol), EtOH (0.5
mL), DBU (15 mg, 0.10 mmol), glass beads (⌀2 mm, 20 pieces), and
L- or D-valine (12 mg, 0.1 mmol) were suspended with stirring at 600
rpm using a cross-shaped stirring bar at 60 °C. bCrystals were
recovered in 89−91% yields in all five experiments. cIn a sealed glass
tube, p-anisaldehyde (272 mg, 2.0 mmol), EtOH (0.5 mL), C1 (60
mg, 0.2 mmol), a sodium hydroxide aqueous solution (0.5 mL, 0.6
M), and glass beads were combined, and the mixture was stirred at
room temperature for 24 h. After the solvent was evaporated under
reduced pressure, EtOH (0.5 mL) was added and suspended with
stirring at 600 rpm at 60 °C. dCrystals were recovered in 68−70%
yields in all five experiments.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.1c00036
Cryst. Growth Des. 2021, 21, 2423−2428

2427

https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.1c00036/suppl_file/cg1c00036_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2053909&id=doi:10.1021/acs.cgd.1c00036
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masami+Sakamoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9489-2641
http://orcid.org/0000-0001-9489-2641
mailto:sakamotom@faculty.chiba-u.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aoi+Washio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Momoka+Hosaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naohiro+Uemura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasushi+Yoshida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3498-3696
http://orcid.org/0000-0002-3498-3696
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Mino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1588-1202
http://orcid.org/0000-0003-1588-1202
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshio+Kasashima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.1c00036?ref=pdf
https://doi.org/10.1002/9780470147276.ch1
https://doi.org/10.1038/374594a0
https://doi.org/10.1016/0006-3002(54)90300-5
https://doi.org/10.1016/0006-3002(54)90300-5
https://doi.org/10.1002/anie.200803877
https://doi.org/10.1002/chem.200903497
https://doi.org/10.1002/chem.200903497
https://doi.org/10.1002/chem.200903497
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00036?rel=cite-as&ref=PDF&jav=VoR


(8) Hachiya, S.; Kasashima, Y.; Yagishita, F.; Mino, T.; Masu, H.;
Sakamoto, M. Asymmetric transformation by dynamic crystallization
of achiral succinimides. Chem. Commun. 2013, 49, 4776−4778.
(9) Coquerel, G. Chiral Discrimination in the Solid State:
Applications to Resolution and Deracemization. In Advances in
Organic Crystal Chemistry, Comprehensive Reviews 2015; Tamura, R.,
Miyata, M., Eds.; Springer Japan: Tokyo, Japan, 2015; pp 393−420.
(10) Kellogg, R. M. How to Use Pasteur’s Tweezers. In Advances in
Organic Crystal Chemistry, Comprehensive Reviews 2015; Tamura, R.,
Miyata, M., Eds.; Springer Tokyo: Tokyo, Japan, 2015; pp 421−443.
(11) Sakamoto, M.; Mino, T. Total Resolution of Racemates by
Dynamic Preferential Crystallization. In Advances in Organic Crystal
Chemistry, Comprehensive Reviews 2015; Tamura, R., Miyata, M., Eds.;
Springer Japan: Tokyo, Japan, 2015; pp 445−462.
(12) Viedma, C. Chiral Symmetry Breaking During Crystallization:
Complete Chiral Purity Induced by Nonlinear Autocatalysis and
Recycling. Phys. Rev. Lett. 2005, 94, 065504.
(13) Noorduin, W. L.; Izumi, T.; Millemaggi, A.; Leeman, M.;
Meekes, H.; Van Enckevort, W. J. P.; Kellogg, R. M.; Kaptein, B.;
Vlieg, E.; Blackmond, D. G. Emergence of a Single Solid Chiral State
from a Nearly Racemic Amino Acid Derivative. J. Am. Chem. Soc.
2008, 130, 1158−1159.
(14) Kawasaki, T.; Takamatsu, N.; Aiba, S.; Tokunaga, Y.
Spontaneous formation and amplification of an enantioenriched α-
amino nitrile: a chiral precursor for Strecker amino acid synthesis.
Chem. Commun. 2015, 51, 14377−14380.
(15) Noorduin, W. L.; Bode, A. A. C.; van der Meijden, M.; Meekes,
H.; van Etteger, A. F.; van Enckevort, W. J. P.; Christianen, P. C. M.;
Kaptein, B.; Kellogg, R. M.; Rasing, T.; Vlieg, E. Complete Chiral
Symmetry Breaking of an Amino Acid Derivative Directed by
Circularly Polarized Light. Nat. Chem. 2009, 1, 729−732.
(16) Steendam, R. R. E.; Verkade, J. M. M.; van Benthem, T. J. B.;
Meekes, H.; van Enckevort, W. J. P.; Raap, J.; Rutjes, F. P. J. T.; Vlieg,
E. Emergence of single-molecular chirality from achiral reactants. Nat.
Commun. 2014, 5, 5543−5550.
(17) Kaji, Y.; Uemura, N.; Kasashima, Y.; Ishikawa, H.; Yoshida, Y.;
Mino, T.; Sakamoto, M. Asymmetric Synthesis of an Amino Acid
Derivative from Achiral Aroyl Acrylamide by Reversible Michael
Addition and Preferential Crystallization. Chem. - Eur. J. 2016, 22,
16429−16432.
(18) Uemura, N.; Sano, K.; Matsumoto, A.; Yoshida, Y.; Mino, T.;
Sakamoto, M. Asymmetric Synthesis of Aspartic Acid Derivative from
Prochiral Maleic Acid and Pyridine under Achiral Conditions. Chem. -
Asian J. 2019, 14, 4150−4153.
(19) Uemura, N.; Toyoda, S.; Ishikawa, H.; Yoshida, Y.; Mino, T.;
Kasashima, Y.; Sakamoto, M. Asymmetric Diels-Alder Reaction
Involving Dynamic Enantioselective Crystallization. J. Org. Chem.
2018, 83, 9300−9304.
(20) Uemura, N.; Toyoda, S.; Shimizu, W.; Yoshida, Y.; Mino, T.;
Sakamoto, M. Absolute Asymmetric Synthesis Involving Chiral
Symmetry Breaking in Diels-Alder Reaction. Symmetry 2020, 12, 910.
(21) Sakamoto, M.; Shiratsuki, K.; Uemura, N.; Ishikawa, H.;
Yoshida, Y.; Kasashima, Y.; Mino, T. Asymmetric synthesis by using
natural sunlight under absolute achiral conditions. Chem. - Eur. J.
2017, 23, 1717−1721.
(22) Shimizu, W.; Uemura, N.; Yoshida, Y.; Mino, T.; Kasashima, Y.;
Sakamoto, M. Attrition-Enhanced Deracemization and Absolute
Asymmetric Synthesis of Flavanones from Prochiral Precursors.
Cryst. Growth Des. 2020, 20, 5676−5681.
(23) Sakamoto, M. Asymmetric Synthesis Involving Dynamic
Enantioselective Crystallization. In Advances in Organic Crystal
Chemistry, Comprehensive Reviews 2020; Sakamoto, M., Uekusa, N.,
Eds.; Springer Nature Singapore Pte Ltd.: Singapore, 2020; pp 433−
456.
(24) Wöhler, F.; Liebig, J. Ann. Pharm. 1832, 3, 249.
(25) Lapworth, A. J. Reactions involving the addition of hydrogen
cyanide to carbon compounds. J. Chem. Soc., Trans. 1903, 83, 995−
1005.
(26) Breslow, R. J. Am. Chem. Soc. 1957, 79, 1762.

(27) Stetter, H. Catalyzed Addition of Aldehydes to Activated
Double BondsA New Synthetic Approach. Angew. Chem., Int. Ed.
Engl. 1976, 15, 639−647.
(28) Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107,
5606−5655.
(29) Flanigan, D. M.; Romanov-Michailidis, F.; White, N. A.; Rovis,
T. Chem. Rev. 2015, 115, 9307−9387.
(30) Kashino, S.; Haisa, M.; Suryanarayana, I. Structure of p-anisoin,
C16H16O4. Acta Crystallogr. 1985, C41, 1066−1069.
(31) Crystal data for 1 were deposited as CCDC 2053909. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.
(32) Gehrke, S.; Hollóczki, O. N-Heterocyclic Carbene Organo-
catalysis: With or Without Carbenes? Chem. - Eur. J. 2020, 26,
10140−10151.
(33) Xu, L.-W.; Gao, Y.; Yin, J.-J.; Li, L.; Xia, C.-G. Efficient and
mild benzoin condensation reaction catalyzed by simple 1-N-alkyl-3-
methylimidazolium salts. Tetrahedron Lett. 2005, 46, 5317−5320.
(34) Addadi, L.; Berkovitch-Yellin, Z.; Domb, N.; Gati, E.; Lahav,
M.; Leiserowitz, L. Nature 1982, 296, 21−26.
(35) Baglai, I.; Leeman, M.; Wurst, K.; Kellogg, R. M.; Noorduin, W.
L. Enantiospecific Solid Solution Formation Triggers the Propagation
of Homochirality. Angew. Chem., Int. Ed. 2020, 59, 20885−20889.
(36) Boesten, W. H. J.; Seerden, J.-P. G.; de Lange, B.; Dielemans,
H. J. A.; Elsenberg, H. L. M.; Kaptein, B.; Moody, H. M.; Kellogg, R.
M.; Broxterman, Q. B. Asymmetric Strecker Synthesis of -Amino
Acids via a Crystallization-Induced Asymmetric Transformation Using
(R)-Phenylglycine Amide as Chiral Auxiliary. Org. Lett. 2001, 3,
1121−1124.
(37) Steendam, R. R. E.; Harmsen, B.; Meekes, H.; van Enckevort,
W. J. P.; Kaptein, B.; Kellogg, R. M.; Raap, J.; Rutjes, F. P. J. T.; Vlieg,
E. Controlling the Effect of Chiral Impurities on Viedma Ripening.
Cryst. Growth Des. 2013, 13, 4776−4780.
(38) Miyagawa, S.; Yoshimura, K.; Yamazaki, Y.; Takamatsu, N.;
Kuraishi, T.; Aiba, S.; Tokunaga, Y.; Kawasaki, T. Asymmetric
Strecker Reaction Arising from the Molecular Orientation of an
Achiral Imine at the Single-Crystal Face: Enantioenriched L-and D-
Amino Acids. Angew. Chem., Int. Ed. 2017, 56, 1055−1058.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.1c00036
Cryst. Growth Des. 2021, 21, 2423−2428

2428

https://doi.org/10.1039/c3cc41678j
https://doi.org/10.1039/c3cc41678j
https://doi.org/10.1103/PhysRevLett.94.065504
https://doi.org/10.1103/PhysRevLett.94.065504
https://doi.org/10.1103/PhysRevLett.94.065504
https://doi.org/10.1021/ja7106349
https://doi.org/10.1021/ja7106349
https://doi.org/10.1039/C5CC05848A
https://doi.org/10.1039/C5CC05848A
https://doi.org/10.1038/nchem.416
https://doi.org/10.1038/nchem.416
https://doi.org/10.1038/nchem.416
https://doi.org/10.1038/ncomms6543
https://doi.org/10.1002/chem.201604207
https://doi.org/10.1002/chem.201604207
https://doi.org/10.1002/chem.201604207
https://doi.org/10.1002/asia.201901324
https://doi.org/10.1002/asia.201901324
https://doi.org/10.1021/acs.joc.8b01273
https://doi.org/10.1021/acs.joc.8b01273
https://doi.org/10.3390/sym12060910
https://doi.org/10.3390/sym12060910
https://doi.org/10.1002/chem.201605583
https://doi.org/10.1002/chem.201605583
https://doi.org/10.1021/acs.cgd.0c00955
https://doi.org/10.1021/acs.cgd.0c00955
https://doi.org/10.1039/CT9038300995
https://doi.org/10.1039/CT9038300995
https://doi.org/10.1002/anie.197606391
https://doi.org/10.1002/anie.197606391
https://doi.org/10.1107/S0108270185006618
https://doi.org/10.1107/S0108270185006618
https://doi.org/10.1002/chem.202002656
https://doi.org/10.1002/chem.202002656
https://doi.org/10.1016/j.tetlet.2005.06.015
https://doi.org/10.1016/j.tetlet.2005.06.015
https://doi.org/10.1016/j.tetlet.2005.06.015
https://doi.org/10.1002/anie.202009719
https://doi.org/10.1002/anie.202009719
https://doi.org/10.1021/ol007042c
https://doi.org/10.1021/ol007042c
https://doi.org/10.1021/ol007042c
https://doi.org/10.1021/cg400927m
https://doi.org/10.1002/anie.201611128
https://doi.org/10.1002/anie.201611128
https://doi.org/10.1002/anie.201611128
https://doi.org/10.1002/anie.201611128
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.1c00036?rel=cite-as&ref=PDF&jav=VoR

