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Without using chiral sources, the Strecker reaction of achiral hydrogen cyanide, p-tolualdehyde and benz-
hydrylamine gave enantioenriched - or p-N-benzhydryl-a-(p-tolyl)glycine nitriles with up to >99% ee
in a mixed solvent of water and methanol. Therefore, total spontaneous resolution of a-aminonitriles
could occur through a prebiotic mechanism of a-amino acid synthesis. Moreover, it was demonstrated
that the repetition of partial dissolution and crystallization of a suspended conglomerate of aminonitrile
under solution-phase racemization could generate the enantiomeric imbalance to afford, in combination
with the amplification of chirality, an enantioenriched product in every case. Among the 73 experiments
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that were carried out, - and L-enriched isomers occurred 36 and 37 times, respectively. This stochastic
behavior, under achiral or racemic starting conditions, meets the requirements of the spontaneous absol-
ute asymmetric Strecker synthesis. The implications of the present results for the origin of chirality of
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Introduction

One of the major interests in science is the origin and amplifi-
cation of biological homochirality before the emergence of
life;"* that is, the occurrence of an overwhelming predomi-
nance of r-amino acids and p-sugars in nature compared with
their mirror image molecules. Significant enantiomeric enrich-
ment of biological organic compounds is a signature of life,
and can therefore be considered as one of the keys to under-
standing the origin of life.>* A main focus of research
addresses the question of how the enantiomeric imbalance of
the initial chiral compound arose from an achiral or racemic
starting environment in the prebiotic world.

Several theories on the origins of chirality have been
examined.”'® Among them, spontaneous absolute asymmetric
synthesis'” has been linked to the generation of enantiomeri-
cally enriched compounds. In the homogeneous reaction,
asymmetric autocatalysis of 5-pyrimidyl alkanol (Soai
reaction)'® 2 gave the product in nearly enantiomerically pure
form without the use of any chiral sources.* * In the hetero-
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geneous reaction, chiral crystallization including total spon-
taneous resolution®® and stereospecific solid-state reaction
have been considered as candidates.'**>’

Asymmetric amplifications, which can enhance an initially
induced low enantiomeric excess (ee) to extremely high ee, are
essential for the formation of homochirality of organic com-
pounds.”®*? Solid-state ee could be generated and amplified
by Viedma ripening®?*® of a suspended solid under solution-
phase racemization, which is a safe method to access enantio-
enriched chiral organic compounds.** In the homogeneous
reactions, positive nonlinear effects in asymmetric catalyses®”
have been observed, including asymmetric autocatalysis.*®*”
Thus, self-disproportionation of enantiomers is a fundamental
phenomenon to improve the enantiopurity of chiral
compounds.*®

Our research focus includes Strecker-type synthesis
because this has been considered a possible prebiotic mecha-
nism for a-amino acid synthesis since the seminal report on
electric discharge experiments conducted under plausible pre-
biotic conditions.*** The linkage between the origin of chiral-
ity and the formation of prebiotic amino acids may constitute
a novel approach that can be used to explain the biological
homochirality seen in r-amino acids. Based on this concept,
we have reported the spontaneous formation and amplifica-
tion of enantioenriched a-aminonitriles forming conglomer-
ates in methanol, in which the enantiomerically enriched
product could be obtained 43 times out of a total of 160 experi-
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Fig. 1 The concept of the present work.

ments.”® The solid-state ee of a-aminonitriles could be
enhanced significantly’**° by Viedma ripening>*°**
modified method, i.e., temperature cycle.**

As shown in Fig. 1, the purpose of the present research was
to examine (1) the absolute asymmetric Strecker synthesis**
(total spontaneous resolution) under aqueous conditions
because water is a fundamental solvent in the synthesis of ter-
restrial prebiotic compounds and (2) deracemization of a near
racemic conglomerate of a-aminonitrile*> by the temperature
cycle to generate and amplify the solid-state chirality. These
approaches would improve the frequency of the spontaneous
generation of enantioenriched aminonitrile.

Here, we demonstrate that the Strecker reaction of three
achiral reagents, hydrogen cyanide (HCN),* amine and alde-
hyde, in a mixed aqueous medium, gives enantioenriched
a-aminonitrile with high ee without using any chiral sources.
In addition, a previously reported amplification cycle by temp-
erature control*® could be used to induce the enantiomeric
imbalances in the solid state to provide highly enantiomeri-
cally enriched aminonitriles, in which stochastic behavior was
observed for the formation frequency of r- and p-enriched
compounds.

and its

Results and discussion

Generation of enantioenriched a-aminonitrile as a result of
the Strecker reaction in a mixed aqueous medium

The Strecker reaction between HCN, benzhydrylamine (1), and
p-tolualdehyde (2) was performed in a 1:1 mixture of water
and methanol in the presence of 1,8-diazabicyclo[5.4.0Jundec-
7-ene (DBU) (Fig. 2).*® The precipitation of imine 3*' was
observed from the homogeneous reaction mixture, and then
the Strecker reaction proceeded gradually to afford
a-aminonitrile 4 as a solid. Imine 3 disappeared from the solid
phase over three days to give enantioenriched aminonitrile 4.
As shown in Table 1, t-product 4 was isolated as a solid in
65% yield with 99% ee (entry 1). In contrast, oppositely config-
ured p-solid 4 was obtained in 55% yield with 53% ee (entry 2).

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Spontaneous formation of enantioenriched L- and p-a-amino-
nitrile 4 from the Strecker reaction of three achiral substrates in water—
methanol.

Table 1 The absolute handedness and the ee value of p-tolylglycine
nitrile 4 obtained from the Strecker reaction in the mixed solvent of
water and methanol?

Solid a-aminonitrile 4

Entry ee”/% (config.) Yield/%
14 99 (1) 65

2 53 (p) 55

3 1.0 (1) 62

4 99 (1) 57

5 99 (p) 68

6 65 (1) 60

7 84 (n) 65

8 4.9 (n) 42

9-23 (Table S17)

“The reaction was performed in a solution of 1 M DBU in water/metha-
nol (1:1, v/v). The molar ratio used was HCN:1:2 = 1.5:0.5:0.5
(mmol). ” The ee value of the solid product, which was determined by
high-performance liquid chromatography (HPLC) with a chiral station-
ary phase. “ The isolated yield of the crystalline product by filtration,
which was calculated from the theoretical yield based on the molar
amount of subjected 1 (the same molar amount as 2). The product in
the filtrate was not included. ¢ Compound p-4 was isolated in 6% yield
with 12% ee from the filtrate.

It should be noted that aminonitrile 4 can be hydrolyzed
under acidic conditions without a decrease in enantiopurity to
give a-(p-tolyl)glycine with the absolute configuration corres-
ponding to that of 4.%°

Among the 23 experiments (Table 1, entries 1-23) that were
performed, crystallization of 4 occurred in every reaction and
the distribution of the absolute handedness was approximately
stochastic; ie., p-4 occurred 11 times and the opposite
L-isomer was isolated 12 times. Given that the reaction was
initiated by mixing achiral reagents, the present observation
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constitutes one of the conditions necessary for spontaneous
absolute asymmetric synthesis. Therefore, in combination
with the hydrolysis, enantioenriched o-amino acids were
obtained through a prebiotic mechanism.

Although the absolute ee values are widely distributed
between 1.0 and 99% ee, a higher frequency of formation of 4
with high ee is observed compared with the previous
method.?® The critical difference with respect to the present
reactions is the precipitation of intermediate imine 3. It is con-
sidered that solid 3 suppresses the formation of 4 in the reac-
tion equilibrium between 3 and 4, leading to the gradual for-
mation of solid 4 based on the crystallinities of these com-
pounds. After the formation of the primary nuclei of p- or
L-aminonitrile 4, in principle with high ee, efficient dynamic
resolution including amplification by the ripening may
proceed to give enantioenriched 4.

The composition and ee of the suspended solid were
assessed by analyzing the samples of the suspended solids
(Table S27t). After 24 h, more than 95% of the solid was found
to be imine 3. The molar ratio of 3/4 was 38 : 62 and the ee of 4
was 96% after two days, and finally the solid was composed
almost entirely of 4 after three days. The final product 4 was
isolated with 99% ee by filtration without a decrease in the
initially observed 96% ee. Therefore, highly enantioselective
reactive crystallization occurred in conjunction with the
Strecker reaction.

Frequent generation of enantioenriched p-tolylglycine nitrile 4
by repeated temperature cycles

The Strecker reaction was then conducted in methanol alone.
Under these conditions, the three-component reaction pro-
ceeded and the spontaneous crystallization of 4 occurred
within 1-12 h. Without DBU, the solubility of 4 decreased;
thus, 4 precipitated out of every reaction mixture. Even if the
initial solid-state ee was below the detectable level, highly
efficient absolute asymmetric synthesis can be achieved if
solid 4 can be enantioenriched by some method.

As noted, we have reported a significant amplification of
the solid-state ee by thermally controlled repetition of partial
dissolution and crystallization.*® In our simulation, almost the
same amount of 1- and p-conglomerates 4 (racemate) was dis-
solved in the heating step; that is, the enantiomeric imbalance
was concentrated in the residual solid 4. Subsequently, 4 was
recrystallized at the gradual cooling step to keep the amplified
(concentrated) ee of the residual 4, as rapid racemization
occurred in the solution phase containing DBU. We postulate
that this temperature cycle enhances the enantiomeric im-
balance, even though the initial imbalance arises from a small
fluctuation of the relative amount of enantiomorphs.

The suspension of near-racemic conglomerate 4 obtained
from methanol was subjected to the cycles after the addition
of DBU (Fig. 3A). As shown in Fig. 3B, generation and amplifi-
cation of solid ee were monitored. In one reaction, an initial
generation of r-enrichment (12% ee) was observed after three
thermal cycles; the ee of 1-4 was subsequently amplified to
26% ee and to 71% ee after the fourth and fifth cycles, respect-
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Fig. 3 Spontaneous generation and amplification of ee in the Strecker
reaction in methanol. (a) Schematic outline. (b) Generation and amplifi-
cation of ee by the temperature cycles (see also Table S37).

ively (Table 2, entry 1 and Fig. 3B). On the other hand, p-4 was
obtained in 40% yield with 96% ee after five cycles through the
enhancement of the initially observed 2.1% ee in the second
cycle (entry 2 and Fig. 3B). Both 1- and p-a-aminonitriles 4
were obtained with 10 and 3.1% ee values, respectively, after
the amplification (entries 3 and 4). Thus, sufficient ee was gen-

Table 2 The absolute handedness and ee of aminonitrile 4 obtained
from the Strecker reaction in MeOH followed by temperature cycles?

Solid a-aminonitrile 4

Temperature

Entry ee”/% (config.) Yield“/% cycle/times
14 71 (1) 38 5

24 96 (p) 40 5

3 10 (1) 46 4

4 3.1 (p) 46 9

5° 97 (1) 69 11

6° 93 (p) 65 11

7/ 88 (L) 65 8

8/ 91 (1) 66 8

9f 99 (1) 68 12

10/ 99 (p) 67 12

11-25 (Table S47)

“The molar ratio used was HCN:1:2 = 1.65: 0.45: 0.45 (mmol). * The
ee was determined by using HPLC with a chiral stationary phase. ¢ The
isolated yield of the crystalline product by filtration (see also Table 1
footnote ¢). ¢ Generation and amplification of ee were monitored as
shown in Fig. 3B. ®After the precipitation of 4, the suspension was
stirred for 13 h and concentrated in vacuo. The solid was then comple-
tely dissolved in CHCI; and was separated in portions. After the
removal of the solvent, a thermal cycle was applied to the suspension
of the resulting solid 4 in 1 M DBU methanol solution, independently.
T After the precipitation of 4, the suspension was stirred for 15 h, then
divided into portions, and then subjected to the procedure given in
footnote e. The temperature cycle was then conducted independently.

This journal is © The Royal Society of Chemistry 2019
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erated during the cycles, which can be enhanced to high ee.
The precipitation of imine 3 was not observed under these
conditions.

N-Benzhydryl-a-aminonitriles, formed from the corres-
ponding aldehyde, have a racemization mechanism in only
methanol®” that can proceed without bases such as DBU.
Thus, another interesting issue is whether spontaneously pre-
cipitated solid 4 from methanol has an amplifiable solid-state
ee. In our previous work, ca. 0.05% ee could be successfully
amplified to >99.5% ee.*®

Near-racemic solid 4, obtained from the same reaction, was
separated into two portions and these were both subjected to
the cycles independently (Table 2, entries 5 and 6). If there was
amplifiable ee in the solid, the direction of the r/p-handedness
should be the same after the amplification of each separated
sample, we considered. As a result, - and p-enantiomorphs 4
were obtained from independent cycles. Again, solid 4 was
divided into four portions and subsequent amplification gave
-4 in three experimental runs (entries 7-9) and p-4 once
(entry 10). Therefore, enough enantioenrichment, which can
be amplified by the present method was not generated in the
initial precipitation because of a much longer racemization
half-life (¢,/,) in the solution phase®” and rapid crystallization.
It should be noted that nearly enantiomerically pure amino-
nitrile 4 can be synthesized by applying a sufficient number of
temperature cycles, as shown in entries 9 and 10.

To check the distribution of the sense of asymmetry, the
sequence of reactions was repeated (Table 2, entries 11-25).
Among 25 experiments, p-4 occurred 12 times and r-4 formed
13 times, demonstrating that the absolute handedness seems
to be stochastic. In addition, in the absence of chiral sources,
an enantioenriched solid product was always obtained by this
method. Therefore, repetition of temperature cycles can lead
not only to asymmetric amplification but also to spontaneous
generation of enantiomeric imbalances; in other words, the
process can amplify a stochastic fluctuation of ee in the
racemic conglomerate 4.

Finally, the generation of chirality was then examined start-
ing from solid 4 prepared by the homogeneous Strecker reac-
tion (see Scheme in Table 3). It may be conceivable that 4
formed from the homogeneous reaction without the addition
of any chiral sources is more racemic than that formed
through spontaneous crystallization. Additionally, aminoni-
trile 4 does not racemize in aprotic solvents such as toluene,
ether and CHCI;. Thus, crystallization from these aprotic sol-
vents may give more racemic conglomerates than those
obtained through solution-phase racemization. Generation of
solid-state chirality was examined starting from the assumed
more racemic conglomerate 4 than that obtained from the
heterogeneous Strecker reaction.

The Strecker reaction of imine 3 was performed in homo-
geneous toluene solution in the presence of a catalytic amount
of DBU.*® After the completion of the reaction and removal of
DBU, 4 was concentrated to form near racemic solid 4, which
was suspended in 1 M DBU in methanol and subjected to the
temperature cycles.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Emergence of enantiomeric imbalances of aminonitrile 4 syn-

thesized by the repetition of heating—cooling of rac-4 obtained from a
homogeneous solution without the addition of a chiral material

HCN + imine 3
Homoge_neous DBU, Toluene
reaction

then washed with H3O*
and evaporation

DBU, MeOH L-Solid 4
= (Highee) 2\
Generation and Stochastic
rac-4 amplification of solid ee formation
D-_Solid 4_J
DBU,MeoH  (Highee)
Solid a-aminonitrile 4
Temperature
Entry ee?/% (config.) Yield?/% cycle/times
1 90 (p) 49 5
2 79 (L) 36 5
3¢ 81 (p) 55 11
4° 90 (L) 58 14
5%e 51 (p) 52 9
6%¢ 75 (p) 49 9
7%¢ 65 (1) 49 14
8 >99.5 (L) 46 11
9-25 (Table S5t)

“The ee was determined by using HPLC with a chiral stationary phase.
bThe isolated yield of the crystalline product by filtration. ““ The
Strecker reaction was performed in the same reaction vessel. After the
removal of DBU, the solution was separated in portions and the
solvent was removed. The suspension of resulting 4 was subjected to
temperature cycles, independently. °Before temperature cycle, the
homogeneous Strecker reaction was performed in mixed toluene/
methanol solvent (1: 1, v/v) without DBU.

As shown in Table 3, p-4 was formed with 90% ee after five
cycles (entry 1). In contrast, 1-4 was isolated in 36% yield with
79% ee (entry 2). Therefore, starting from the racemic con-
glomerate of aminonitrile 4 obtained from the homogeneous
Strecker reaction, the present method induced an ee and give
enantioenriched 1- or p-4. As shown in entries 3 and 4, when 4
obtained from the same reaction was divided into two por-
tions, the composition of the resulting 4 became r- and p-4
with 81 and 90% ee, respectively. Again, when near rac-4 was
divided into three portions (entries 5-7), p-4 occurred twice
and 1-4 once. It was possible to enhance the solid-state ee to
near enantiopure by applying a sufficient number of cycles
(entry 8).

To examine the distribution of the sense of chirality,
additional experiments were conducted (Table 3, entries 9-25).
Among 25 experiments, p-4 occurred 13 times and -4 was
obtained 12 times. Therefore, the observed stochastic out-
comes of the molecular handedness suggest that these con-
ditions enable absolute asymmetric synthesis.

The distributions of absolute configuration and ee of 4
obtained from each method are summarized as histograms in
Fig. 4. The absolute configurations seemed to be approxi-
mately stochastic under each of the three conditions; namely,
the Strecker reaction in the mixed solvent of water and metha-

Org. Biomol. Chem., 2019, 17, 1238-1244 | 1241
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Fig. 4 Histogram summarizing the absolute configuration and enantiomeric excess of aminonitrile 4 (A) by the reaction in the mixed solvent of
water and methanol, (B) starting from rac-4 obtained from the heterogeneous reaction in methanol, (C) starting from rac-4 obtained from the

homogeneous reaction in toluene and (D) as the total of (A)—(C).

nol (Fig. 4A), heterogeneous reaction (Fig. 4B), and homo-
geneous reaction (Fig. 4C). The overall experimental results are
summarized in Fig. 4D. Among 73 experiments, enantio-
enriched product 4 could be obtained in every case; enantio-
mer p-4 occurred in 36 experiments and 1-4 in 37 experiments.
Thus, the sequence of the reaction seems to proceed without
the intervention of external chiral effects. Absolute asymmetric
synthesis was thereby realized by the simple control of the
temperature of the reaction mixture. Although the distribution
of ee values of solid aminonitriles 4 were varied between three
methods (Fig. 3A-C), it should be noted that the value can be
increased to >99.5% ee by applying further temperature cycles.

Conclusions

We have demonstrated that the absolute asymmetric Strecker
amino acid synthesis can be conducted under aqueous con-
ditions starting from achiral conditions to afford enantio-
enriched aminonitriles in the solid state. Even though the
reactions started from near-racemic aminonitriles prepared
from heterogeneous and homogeneous conditions, the
present method induced an initial asymmetry that was
enhanced significantly during subsequent amplification. By
simple thermal control of the reaction suspension, highly
enantioenriched chiral intermediates of a-amino acids with
either 1- or p-configurations could be generated in every case.
The observed stochastic behaviour for the formation of L- or
p-molecular handedness indicates that the process constitutes

1242 | Org. Biomol Chem., 2019, 17, 1238-1244

one of the conditions necessary for spontaneous absolute
asymmetric synthesis. The present results increase the
efficiency of the Strecker reactions as a prebiotic mechanism
of amino acid synthesis to expand to the asymmetric synthesis
of a-amino acids that is compatible with a prebiotic
environment.

Experimental

p-Tolualdehyde, benzhydrylamine, DBU, and methanol from
commercial sources were used after distillation. Commercial
distilled water was directly used for the reaction. Hydrogen
cyanide (CAUTION!) was prepared from H,SO, and NaCN in
water and isolated by distillation (dried over CaCl,).

Absolute asymmetric Strecker reaction (Table 1, entry 1)

To a solution of amine 1 (0.5 mmol, 87 pL), aldehyde 2
(0.5 mmol, 59 pL), and DBU (0.4 mL) in methanol (1 mL) and
water (1 mL) was added HCN (1.5 mmol, 60 pL) at room temp-
erature. After gentle stirring for 3 days, the resulting solid was
collected by filtration and passed through silica gel using a
mixture of ether/hexane (1:3, v/v) as an eluent to afford -4
(0.33 mmol, 102 mg, 65% yield) with 99% ee. After dilution
with ether, the filtrate was washed with 1 M aqueous HCI,
dried over Na,SO,, and concentrated in vacuo. The residue
was purified by silica gel column chromatography using
ether/hexane (1:3, v/v) as an eluent to afford p-4 (9.5 mg,
0.03 mmol, 6% yield) with 12% ee.

This journal is © The Royal Society of Chemistry 2019
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Strecker reaction in methanol followed by temperature cycles
(Table 2, entry 1)

To a solution of amine 1 (0.45 mmol, 78 pL) and aldehyde 2
(0.45 mmol, 53 pL) in methanol (1 mL) was added HCN
(1.65 mmol, 65 pL) at room temperature with stirring. After the
precipitation of 4, DBU (0.2 mL) was added. The suspension
was heated at 45-55 °C to dissolve ca. 90% of the solid, and
then cooled slowly to room temperature over a period of ca.
1 h. Partial dissolution by heating and recrystallization by
cooling (temperature cycle) were conducted five times. After
the filtration of the mixture, the solid was washed with a small
amount of methanol to afford 1-4 (55 mg, 0.171 mmol, 38%
yield) with 71% ee.

Strecker reaction in homogeneous solution followed by
temperature cycles (Table 3, entry 1)

To a solution of imine 3 (2.74 g, 9.6 mmol) and DBU
(0.072 mL, 0.48 mmol) in toluene (30 mL) was added HCN
(1.2 mL, 30.5 mmol) at room temperature. After stirring over-
night, the reaction was quenched with 1 M aqueous HCI
(15 mL) and the mixture was extracted three times with ether.
The organic phase was purified by silica gel column chromato-
graphy using ether/hexane (1:3, v/v) as an eluent to afford 3
(9.4 mmol, 98% yield), which was dissolved in CHCl; and a
part of the solution was moved to a vial and concentrated
in vacuo to afford solid 4 (173 mg, 0.55 mmol), which was sus-
pended in methanol (1 mL). DBU (0.2 mL) and HCN (36 puL)
were then added and temperature cycles were applied five
times as described above. After the filtration of the reaction
mixture, the resulting solid was washed with a small amount
of methanol to afford p-4 (84.2 mg, 0.27 mmol, 49% yield)
with 90% ee.
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