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Related to absolute asymmetric synthesis, a stereospecific reaction at the solid/solid interface arising from
crystal chirality of the achiral or racemic substrates has not yet been reported. Here, we demonstrate the
asymmetric Strecker-type solid/solid reaction between the chiral crystal of a racemic cyanohydrin (kryp-
toracemate) and the achiral crystal of an ammonium salt to afford highly enantioenriched a-aminonitrile
in combination with amplification of chirality. rac-Cyanohydrin provides its chiral surface as a reactive site
and the reaction proceeds with dissociation of cyanohydrin; thus, an asymmetric Strecker-type reaction
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takes place at the interface of the substrate crystals. Strecker synthesis coupled with cyanohydrin synthesis
offers a credible abiotic synthesis mechanism of a-amino acids and a-hydroxy acids. For the first time,
stereochemical relationship has been found between the two chiral intermediates, aminonitrile and cya-

Open Access Article. Published on 17 November 2022. Downloaded on 6/24/2026 4:27:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/obc

Introduction

Overwhelming enantioenrichment of chiral bioorganic com-
pounds as exemplified by L-amino acids and p-sugars is a fun-
damental prerequisite of living organisms; the origin and
amplification of chirality are therefore key issues regarding
the origin of life. Louis Pasteur first reported the separation
of the enantiomorphs of sodium ammonium tartrate."
Following on from the association between the optical activity
and molecular chirality, plausible theories for the origin of
chirality have been proposed as a mechanism of prebiotic
evolution of biological homochirality.>™** Among the the-
ories, chiral crystallization of achiral compounds, including
racemates, is one of the topics associated with absolute asym-
metric synthesis.’® Stereospecific reactions utilizing chiral
crystals as both substrate and source of chirality have been
demonstrated.>'®"® Regarding chiral crystals of racemic
compounds, [2 + 2] cycloaddition and enantiomer-specific
racemization under photoirradiation have been shown to
proceed stereospecifically.>%**

Enantiotopic crystal faces can also provide a reactive surface,
affording enantioenriched compounds.”*>®> In addition, a
chiral crystal acts as a heterogeneous chiral trigger for the asym-
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nohydrin, which are in equilibrium in the synthesis mechanism.

metric autocatalysis (the Soai reaction).****” However, to our

knowledge, a stereospecific solid/solid reaction at the interface
resulting solely from the crystal chirality remains unsolved.***°

In the current research, we report on an asymmetric
Strecker-type solid/solid reaction between the chiral crystal of
racemic cyanohydrin and achiral crystal of amine as its
ammonium salt to afford, in co-operation with the amplifica-
tion of enantiomeric excess (ee),>** highly enantioenriched
aminonitrile with the corresponding absolute configuration.
The source of asymmetry is only the chiral arrangement of the
racemic substrate under solvent-free conditions.** This result
therefore expands the concept of stereoselective reaction®
towards the solid/solid interface.

On the other hand, Strecker amino acid synthesis,*® includ-
ing cyanohydrin synthesis, has been considered as a mecha-

R ! R H,0*
Py ——— DA-a-Hydroxy acid
Y  HOTTCN i HO” TN
HCN
+ N
Stereochemical
XNH,
H_—, g : i
: H ——  DA-a-Amino acid
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Fig. 1 Concept of the current work. The stereochemical relationship
found between cyanohydrin and aminonitrile in the asymmetric
Strecker-type reaction; the suggested synthesis mechanism of a-amino
acids and a-hydroxy acids.

This journal is © The Royal Society of Chemistry 2023
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nism for prebiotic synthesis of a-amino acids and a-hydroxy
acids, both of which are biologically important classes of
compounds.’”® They have also been identified in meteor-
ites.*’ The chiral intermediates in the mechanism are
a-aminonitrile and o-cyanohydrin, synthesized by cyanide
addition reactions to achiral imine and aldehyde, respectively.
Because aminonitrile and cyanohydrin are in equilibrium
through the achiral intermediates, a stereochemical relation-
ship between cyanohydrin and aminonitrile has not been con-
sidered. The asymmetric Strecker-type reaction described here,
in which cyanohydrin in racemic form is utilized as a chiral
substrate, would have implications for the origin and induc-
tion of enantioenriched a-amino acids (Fig. 1).

Results and discussion

We previously reported on a spontaneous absolute asymmetric
Strecker-type reaction based on the conglomerate formation of
a-aminonitriles.***? In this case, the ee of aminonitriles can be
significantly enhanced from ca. 0.05% ee to near enantiopure
state only by the thermally operated cycles of partial dissolution
and recrystallization in its suspension. Because p- and r-
a-amino acids can act as a chiral trigger for the amplification of
their own p- and r-intermediate aminonitriles, respectively, the
process, including hydrolysis, represents the self-replication of
chiral a-amino acids.** In addition, the enantiotopic single-
crystal face of achiral imine® and isotopically chiral amine
arising from 2H/'H substitution** are responsible for the
enantioselective synthesis of aminonitriles. Therefore, further
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research on the asymmetric Strecker-type reaction using a chiral
crystal of racemic cyanohydrin would expand the focus on the
origin and induction of enantioenriched a-amino acids (Fig. 1).

We found that 4-methylmandelonitrile (1) forms the chiral
crystal of racemic compounds, ie., kryptoracemate.*’ rac-
Cyanohydrin 1 can be synthesized by the reaction between
p-tolualdehyde and sodium cyanide in the presence of acetic
acid in water (Fig. 2a). The addition of a drop of liquid nitro-
gen to the resulting mixture induced the crystallization of rac-1
to afford, under stirred conditions,” powder-like crystals with
solid-state chirality (Fig. 2b and ESI, Table S1%). The precipi-
tate 1 had either a plus or minus Cotton effect at approxi-
mately 235 nm in the solid-state circular dichroism (CD)
spectra. The sequence of cyanide addition and crystallization
was repeatedly conducted, six times, to afford the powder-like
crystal [CD(+)235kg,]-1 three times and its enantiomorphic [CD
(=)235kg:]-1 three times (ESI, Table S1t). Thus, the enantio-
enriched chiral powder-like crystal 1 formed spontaneously,
without the use of any chiral materials.

X-ray single-crystal structure analysis shows the formation
of racemic compound 1 (Fig. 2¢), which belongs to the chiral
space group (P2,2,2;) (ESIT). Therefore, equal numbers of (S)-
and (R)-1 included in the unit cell and the enantiomers were
connected to each other through intermolecular hydrogen
bonds between the cyano (CN) and hydroxy (OH) groups
(Fig. 2d). Racemic cyanohydrin 1 is chirally arranged having
right-handed P-helicity in one crystal and left-handed
M-helicity in its enantiomorph. Absolute handedness could be
determined as [CD(+)235gg,]-1 with M-helicity and [CD(-)
235¢g;J-1 with P-helicity (ESI, Fig. S11). It should be noted that

@ (b) 5
CH, = [CD +)235,5,]-1 ‘ CH, = o
o
NaCN, AcOH, H,0 g
Spontaneous E
then formation 5
i, -5
o Lig. N, (a drop) HO CN HO > CN .
e [CD( )235kg]-1 rac-1 (P2,2,2,) — [CD(+)235¢g,]-1
— [CD(-)235¢g,]-1
. [CD(-)235¢g,]
200 250 300

P-rac-1: CD(-)235yg,

Wavelength (nm)

M-rac-1: CD(+)235yg,

Fig. 2 Spontaneous formation of the chiral crystal of racemic 4-methylmandelonitrile (1). (a) Crystallization of P/M-enriched powder-like crystal of
rac-1in combination with the cyanide addition to p-tolualdehyde in the presence of water, under stirred conditions. (b) Solid-state CD spectra of P-
and M-rac-1 with KBr matrix. (c) Image of the single crystal of rac-1. (d) Helical molecular arrangement of rac-1 in single-crystal structures. Light

blue lines indicate the hydrogen bonds between cyano (CN) and hydroxy
cules, respectively.

This journal is © The Royal Society of Chemistry 2023
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any detectable enrichment between (S)- and (R)-1 in the crystal
was not observed (Fig. 2c) by the analysis using high perform-
ance liquid chromatography (HPLC) on a chiral stationary
phase.

Next, we examined the Strecker-type reaction®® between 1
and achiral amine to achieve the formation of a-aminonitrile.
We selected benzhydrylamine (2) as substrate because the
enantiomeric imbalance of the resulting aminonitrile 3 can be
amplified to near enantiopure state.*> Because dissolution or
melt of rac-1 causes the disappearance of the chirality, it
seemed ideal to perform the reaction without using solvents.
When an equimolar amount of 2 (mp. 11-13 °C) was added to
the solid of rac-1, the Strecker-type reaction readily proceeded
to afford 3 as a solid product, quantitatively. However, the reac-
tion progressed via a glassy, seemingly homogeneous state, in
which amine 2 acted as solvent. Because enantioenrichment of
the resulting product 3 was below the level of detection, solid
product 3 was submitted to the thermally operated amplifica-
tion cycle. Although enantioenriched 3 was obtained with an
ee above the detection level, stereochemical relationships
between P/M-crystal chirality of rac-1 and the resulting b/
L-molecular handedness of 3 were not observed.

Therefore, the solid/solid reaction was examined using an
ammonium salt of benzhydrylamine (2) (Fig. 3). After examin-
ation of several salts (ESI, Tables S2 and S3f), the acetate
(2-:CH3CO,H), which belongs to achiral space group Fdd2
(ESIt), was selected as a suitable reactant (Fig. 3a and b).
Ammonium acetate 2-CH3CO,H and an equimolar amount of
rac-1 were mixed, using an agate mortar and pestle, to give a
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finely powdered reaction mixture. The powder X-ray diffraction
pattern of the latter seems to be the sum of each of the sub-
strates, in comparison with the simulated patterns obtained
from the single-crystal X-ray data of rac-1 and 2-CH;CO,H (ESI,
Fig. S21). The mixture was stored in a sealed screw-cap vial,
without stirring, and the reaction progress over time was moni-
tored by 'H NMR analysis of a sample of the mixture. The con-
version was measured from the ratio of the integrated
a-protons of both substrate 1 and product 3. The powder form
of the solid mixture was maintained throughout the reaction.
After 20-25 days, >80% of 1 was converted to 3.

It is conceivable that the dissociation of a part of 1 into
aldehyde and HCN, following formation of imine 4 and HCN
addition, occurred continuously at the solid/solid interface to
afford 3 (Fig. 3c). No unexpected compounds arising from side
reactions were detected. The released water and/or acetic acid
might promote further reaction, as observed in the sigmoidal
reaction profile (Fig. 3d). The X-ray powder diffraction pattern
of a solid product is essentially the same as the simulated
pattern of conglomerate 3 (space group: P2,) (Fig. 3e).>® The ee
of 3 was amplified to ensure that the stereoselectivity origi-
nated from the crystal chirality of rac-1 (Fig. 3a). After the
removal of volatiles under vacuum, methanol was added to the
mixture, affording a suspension of 3. Unreacted 1 and
2-CH3;CO,H completely converted to form 3 upon the addition
of methanol. After stirring overnight, 1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU), which promotes the solution-phase race-
mization of 3, was added to this suspension. The latter was
submitted to the thermally operated asymmetric amplifica-
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HO™ "CN f of ee
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Fig. 3 Asymmetric solid/solid Strecker-type reaction. (a) Schematic outline of the solid/solid reaction between chiral M- and P-rac-cyanohydrin 1
and achiral crystal of benzhydryl ammonium acetate (2-CH3zCO,H) followed by the asymmetric amplification to afford highly enantioenriched L- and
p-aminonitrile 3, respectively. (b) Single-crystal X-ray structure of 2.CH3CO,H. (c) Assumed reaction pathway from cyanohydrin 1 to aminonitrile 3
by the reaction with the ammonium acetate 2-CH3zCO,H at the solid/solid interface. (d) Relationship between the reaction conversion and reaction
time at ambient temperature. (e) Powder X-ray diffraction patterns of reaction mixture compared with the simulated pattern obtained from the

single-crystal X-ray data of aminonitrile 3.
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tion.** In this cycle, nearly equimolar amounts of o- and -3
dissolve during heating to afford a reduced amount of sus-
pended 3 with amplified ee. Then, during cooling, the crystal
recovers with no decrease in ee under a solution-phase
racemization.

The stereochemical results of the asymmetric Strecker-type
solid/solid reaction and following asymmetric amplification
are summarized (Table 1, ESI, Table S41). When P-enriched
rac-1 ([CD(-)235kg,]-1) was reacted with 2-CH3;CO,H under
solid/solid conditions at room temperature, after the amplifi-
cation of ee by the thermal operation, p-aminonitrile 3 with
>99% ee was synthesized and collected in 49% yield by fil-
tration (Table 1, entry 1). In contrast, the reaction of
M-enriched rac-1 with 2-CH;CO,H gave the oppositely config-
ured t-3 with high enantioenrichment thanks to the amplifica-
tion of ee (entry 2). These stereochemical outcomes are repro-
ducible, as is evident in entries 3 and 4. When the solid/solid
reaction was performed at higher temperatures (35 and 40 °C),
it required a shorter reaction time (4 and 2 days, respectively),
affording the product 3. After the asymmetric amplification,
the same stereochemical relationships could be reproducibly
observed, i.e., - and 1-3 were synthesized by the reaction of P-
and Me-enriched rac-1, respectively (entries 5-8). When
20 mol% of the corresponding solid imine 4 was added to the
initial reaction mixture, the Strecker-type solid/solid reaction
proceeded to afford aminonitrile 3 with the same stereochemi-
cal relationship (entries 9 and 10). Therefore, the crystal chiral-
ity of rac-1 is responsible for the enantioselective synthesis of
aminonitrile 3 at the solid/solid interface. It should be noted

Table 1 Stereochemical relationship between rac-cyanohydrin 1 and
resulting aminonitrile 3 in the Strecker-type solid/solid reaction and fol-
lowing amplification of ee

Solid/solid reaction Aminonitrile 3

Entry® rac1® Temp/°C  Time/days ee‘/% (config.)  Yield/%
1 P(-) rt 20 >99 () 49
2 M(+) rt 20 92 (1) 53
3 P(-) rt 20 99 (p) 55
4 M(+) 1t 20 91 (1) 65
5 P(-) 35 4 97 () 44
6 P(-) 407 2 99 (p) 60
7 M(+) 35¢ 4 97 (L) 52
8 M(+) 407 2 92 (1) 58
9° P(-) 35 4 >99 () 54
10° M(+) 35 4 >99 (1) 58

“Unless otherwise noted, the molar ratio used was rac-1: 2-CH;CO,H =
1:1 (mmol). The powder state of the reaction mixture is maintained
throughout the reactions. ” Absolute handedness of the arrangement
of the racemate is indicated and the sign of the Cotton effect at
235 nm in solid-state CD spectra with KBr matrix is indicated in par-
entheses.  The ee value was determined by HPLC on a chiral stationary
phase. Values were obtained after 7-10 cycles of asymmetric amplifica-
tion. “ The yield indicates the amount of solid product 3 collected by
filtration after the amplification procedure. The amount of 3 in the fil-
trate is not included. °Imine 4, prepared from 2 and p-tolualdehyde,
was added to the solid/solid reaction. The molar ratio used was 4 : rac-
1:2:CH3CO,H = 0.2:1:1 (mmol). The remaining 4 after the solid/
solid reaction reacted with HCN to afford 3 at the amplification stage.

This journal is © The Royal Society of Chemistry 2023
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that stochastic stereochemical outcomes were obtained when a
suspension of racemic conglomerate 3, synthesized without
using any chiral materials, was subjected to thermal
operation.*?

The source of chirality of the present reaction is only the
helical molecular arrangement of racemic cyanohydrin 1,
whose chirality would be lost upon dissolution or melt; there-
fore, the asymmetry induced at the solid/solid interface of cya-
nohydrin 1 and ammonium salt 2-CH;CO,H. Degradation of
cyanohydrin to aldehyde and HCN is indispensable for the
progress of the present transformation. Hence, different from
the lattice-controlled stereospecific reactions, here chiral solid
substrate 1 provides its surface as a chiral reactive site, at
which formation of imine 4 followed by cyanide addition to
this 4 should occur in an enantioselective manner.>

Possible interactions inducing the enantioenrichment may
include the following: (i) enantioface-selective adsorption of
imine 4; (ii) asymmetric addition of chirally modified HCN
adsorbed on the chiral surface of 1; and (iii) chiral recognition
of the produced 3 by the crystal 1. The enantioselectivity of the
reaction at the solid/solid interface is below the detection level
but it is sufficient for amplification. Therefore, highly enantio-
enriched 3 with the corresponding absolute configuration to
that of rac-1 was obtained reproducibly.

Conclusions

In summary, we have demonstrated the stereospecific Strecker-
type reaction between the chiral P/M-crystal of racemic
4-methylmandelonitrile (1) and the achiral crystal of benzhy-
dryl ammonium acetate (2-CH3CO,H) at the solid/solid inter-
face. The stereoselectivity was induced solely by the crystal
chirality of racemic cyanohydrin 1 to afford highly enantio-
enriched aminonitrile 3 in combination with amplification of
ee. Chiral crystallization of racemic cyanohydrin acted as an
origin of chirality for the synthesis of highly enantioenriched
amino acids, which are hydrolyzed products of aminonitriles.
The described Strecker-type reaction, under solvent-free con-
ditions, expands the potential to address enantioenriched
a-amino acids from the perspectives of synthetic, systems and
prebiotic chemistry.
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