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Abstract: Organocatalysis is a powerful approach to
extend and (enantio-) selectively modify molecular struc-
tures. Adapting this concept to the Early Earth scenario
offers a promising solution to explain their evolution into
a complex homochiral world. Herein, we present a class of
imidazolidine-4-thione organocatalysts, easily accessible
from simple molecules available on an Early Earth under
highly plausible prebiotic reaction conditions. These imi-
dazolidine-4-thiones are readily formed from mixtures of
aldehydes or ketones in presence of ammonia, cyanides
and hydrogen sulfide in high selectivity and distinct pref-
erence for individual compounds of the resulting catalyst
library. These organocatalysts enable the enantioselective
a-alkylation of aldehydes under prebiotic conditions and
show activities that correlate with the selectivity of their
formation. Furthermore, the crystallization of single cata-
lysts as conglomerates opens the pathway for symmetry
breaking.

/

\_

One of the fundamental questions of the origin of life is how
the complex organic structures of our biosystem with a diversi-
ty of functionalities have emerged from a simple prebiotic
feedstock. Numerous pathways have been reported explaining
the possible formation of sugars,” amino acids,” nucleobas-
es®™ and RNA/DNA nucleosides,” however, the emergence of a
distinct property of living matter remains unsolved, namely
symmetry breaking leading to homochirality.
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Besides addressing this mystery on its own with circular po-
larized light in space™ or parity violation,® prebiotic organoca-
talysis might have played a key role in the simultaneous gener-
ation of molecular complexity at the very beginning of funda-
mental processes leading to (bio-)molecules. Prebiotic organo-
catalysis not only provides the ability of inducing enantioselec-
tivity but also enables the formation of larger molecules with a
broad variety of functionalities. In contrast to metal-based cat-
alysis, it further tolerates the presence of water, ubiquitous on
the Early Earth. In this context, amino acids” and short pep-
tides®™ were extensively studied. Most of these transformations
are limited to specific organic transformations and are thus not
able to create the molecular diversity we find today. Proline
shows the highest catalytic activity and can be applied in
aldol-type condensations™ as well as Mannich" and Michael™"
reactions, but its existence in meteorites or experiments mim-
icking prebiotic scenarios is scarcely detected.'”? So far, an
enormously important reaction, the a-alkylation of aldehydes,
has not been feasible under prebiotic conditions at all. This
carbon-carbon bond-forming transformation would elongate
small carbonyl compounds, that can be traced back to extra-
terrestrial material or obtained in presence of electric dischar-
ges,”™ " not only broadening the pool of prebiotic accessible
molecular structures but also increasing the insolubility in
water, much needed for compartmentalization by micelle or
lipid layer formation. Proven extremely challenging for many
years,' in modern chemistry the intermolecular a-alkylation is
dominated by photoredox organocatalysis. This includes trans-
formations using transition metal-based photocatalysts"” and
metal-free dyes."® Melchiorre’s group elegantly demonstrated
the photoactivity of enamines when excited directly or in col-
ored electron-donor-acceptor complexes without the addition
of external chromophores."”

In the course of our studies in prebiotic chemistry, we dis-
covered a straightforward access to a class of organocatalysts,
that enables the intermolecular a-alkylation of aldehydes
under plausible conditions on the Early Earth (reducing condi-
tions, water, volcanic activity). (Scheme 1).

Based on the structures of established organocatalysts, we
considered cyclic secondary amines with modular incorpora-
tion of sterically demanding residues to be promising prebiotic
analogues. By a retrosynthetic analysis of potential structures,
we identified imidazolidine-4-thiones 1, which are intermedi-
ates in the formation of activated a-aminothioamides, as orga-
nocatalysts. To build up a fundament for subsequent catalytic

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. Identified prebiotic pathway to form organocatalysts, enabling
the modification of their own building blocks to increase the molecular di-
versity. The imidazolidine-4-thione organocatalysts are formed from carbonyl
compounds in presence of ammonia, cyanide and hydrogen sulfide (upper
pathway), facilitating the prebiotically plausible a-alkylation of aldehydes
(central pathway). 2,6-Dimethyl pyridine bases can be formed from the same
prebiotic feedstock under Fischer-Tropsch catalytic conditions (lower path-
way).

investigations, a library of structural variants was synthesized
(Scheme 2A).

Following a modified procedure by Paventi and Edward,
1m-1p were formed by reacting acetone with the respective
a-aminonitrile—itself derived from aldehydes or ketones by
Strecker type synthesis—in the presence of hydrogen sulfide.
The products precipitated already during reaction after a few
seconds. The reaction was performed in basic aqueous solu-
tion and thus all reaction components can be regarded as pre-
biotically plausible. So far, this transformation was claimed not
feasible when exchanging acetone with an aldehyde. Contrary
to this assumption, we were able to obtain imidazolidine-4-thi-
ones 1a-11l in yields of up to 76%, thus including aldehydes
as a class of prebiotically relevant molecules."” In this way, a
large number of derivatives could be easily accessed, and we
exemplarily synthesized a total number of 16 imidazolidine-4-
thiones. Since only aldehydes or ketones are needed as organ-
ic feedstock, this procedure demonstrates its potential and
relevance for the emerging of the first organocatalysts on the
Early Earth.

In some cases, analysis of the reaction mixture upon precipi-
tation revealed not only the expected, but also the reversed
reaction product as well as both symmetrically substituted
products in different ratios (Scheme 2b). This phenomenon
only occurred when the secondary aminonitrile, derived from
acetone, was used, indicating a lower stability and dynamics of
this aminonitrile. To further study the potential selectivity of
the imidazolidine-4-thione formation and account for the par-
allel existence of various aldehydes on the Early Earth, we used
reactant mixtures in the same procedure as described above
(Scheme 2¢). When only aldehydes were present, all possible
products were detected with no significant preference for cer-
tain compounds. However, as soon as acetone was added, it
was selectively incorporated into the imidazolidine-4-thione
skeleton. Here, the product of the secondary aminonitrile,
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Scheme 2. Overview of the synthetic approach towards the prebiotically
plausible imidazolidine-4-thione organocatalysts. a) Product yields and dia-
stereomeric ratios of the catalysts. b) Products arising from the primary reac-
tants and from the aminonitriles and aldehydes formed due to the dynamic
equilibria between them (R?, R H). ¢) Selectivity in the formation of imida-
zolidine-4-thione organocatalysts starting from reactant libraries.

formed from acetone, with the smallest possible aldehyde is
favored (Scheme 2c; Supporting Information Figure S7 and
S8). As opposite building block, acetone preferentially reacted
with the primary aminonitrile of the largest possible aldehyde.
Also, we observed a preference in the formation of the anti-
substituted diastereomers as soon as sterically more demand-
ing aldehydes were implemented. These features are of partic-
ular interest as they underline the dynamics of these systems
and the potential enrichment of single diastereomers, thus cul-
minating in a scenario of a first evolutionary selection on a mo-
lecular level on the Early Earth.

Considering the potential of the obtained imidazolidine-4-
thiones 1, we envisioned a prebiotically plausible catalytic
system for the a-alkylation of small aldehydes. Due to the

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Communication
Chemistry—A European Journal

doi.org/10.1002/chem.202001514

Chemistry
Europe

European Chemical
Societies Publishing

structural similarities of the synthesized imidazolidine-4-thiones
to the MacMillan catalysts, we started to investigate their cata-
lytic activity in an established o-alkylation procedure of the
latter. In these systems, larger aldehydes are treated with alkyl
halides possessing an electron-withdrawing group in the pres-
ence of a MacMillan catalyst 2, Ru(bpy);Cl, as photosensitizer
and 2,6-lutidine. Here, we focused on the a-cyanomethyla-
tion,"*? as the products would give access to prebiotically rele-
vant, more complex molecules by hydrolysis of the nitrile
group and further transformation of the aldehyde functionality.
The existence of 2-bromoacetonitrile is plausible under the
conditions on the Early Earth, formed in a photoinduced radi-
cal recombination of interstellar abundant bromine™ and
CH,CN.2? In addition, the sun is considered as an important
energy supplier in the resource-poor environment at that time,
whereby photoreactions have been highly probable. In our
photocatalytic setup, the 365 nm LED lamp accounts for the
high content of UV-A radiation (320-400 nm), while diminish-
ing the photodegradation of substrates. We also tested the
outer limits of UV-A radiation (340 and 405 nm), observing
higher yields at higher wavelengths (Supporting Information
Figure S4, Table S6). For the following system optimization, we
chose 365 nm to represent the center of the wavelength
range.

Indeed, initial screening of imidazolidine-4-thione 1p in the
a-alkylation reaction gave the a-cyanomethylated n-octanal in
81% yield, proving itself as potential prebiotic organocatalyst.
In the next steps we investigated these organocatalysts under
realistic reaction conditions on the Early Earth. Going from n-
octanal to the smaller, prebiotically plausible propanal™2" still
gave the desired product in 72% yield. Furthermore, the exis-
tence of Ru(bpy);Cl, as photosensitizer can be excluded. Sur-
prisingly, when this reaction was performed without any pho-
tosensitizer, we obtained the a-cyanomethylated propanal
with no effect on the reaction yields (Supporting Information
Table S1), thus overcoming the need for an additional reagent
as well as the limits of metal complexes. The a-cyanomethyla-
tion of propanal can further be performed in acetonitrile or
even in an excess of propanal without any additional solvent
(Supporting Information Table S2). Exchanging 2,6-lutidine for
other basic molecules turned out to be more challenging (Sup-
porting Information Table S3). Since different common bases
were tested without any success in acetonitrile or DMSO, our
focus shifted towards bases structurally related to 2,6-lutidine.
2,4,6-Trimethylpyridine (collidine) and quinolines, such as quin-
oline, isoquinoline and 2-methylquinoline, were detected in
the Murchison meteorite, and are suggested to be formed by
Fischer-Tropsch type catalysis of aldehydes and ammonia or
photochemically from benzene and naphthalene derivatives in
H,O/NH, ices, respectively.”? All these pathways are compati-
ble with the here presented synthesis of the imidazolidine-4-
thiones 1. Indeed, collidine and 2-methylquinoline were suita-
ble prebiotic substitutes for 2,6-lutidine (Supporting Informa-
tion Table S3). Here, the steric hindrance in close proximity to
the aromatic nitrogen atom seems to be decisive for product
formation. For pyridine, 3,5-lutidine, quinoline and isoquinoline
only a mixture of various side products under consumption of

Chem. Eur. J. 2020, 26, 10702 - 10706 www.chemeurj.org

10704

the aldehyde was obtained. Thereby, we can show that the a-
alkylation of aldehydes is feasible under prebiotic conditions
using solar radiation as primary energy source (Scheme 3).

Product formation was observed for all imidazolidine-4-
thione catalysts 1. Remarkably, the yields increased when per-
forming the reaction under our developed prebiotic conditions
in acetonitrile with collidine (B) compared to the established
procedure in DMSO with 2,6-lutidine (A). The chiral catalysts
1a, Tm, 1b, 1k gave moderate to good yields, whereas 1d as
well as the achiral catalyst 1p revealed outstanding per-
formance. Using 1p, the catalytic setup was further applied to
n-butanal, n-pentanal and n-hexanal, all detected in carbona-
ceous chondrites," providing the respective a-cyanomethylat-
ed aldehydes in yields between 71-82% (Supporting Informa-
tion Table S4). Moreover, when comparing the different diaste-
reomers of 1b and 1k, it turned out that the preferentially
formed anti-substituted isomer also shows higher catalytic ac-
tivity, an effect that increases with steric hindrance. When
using imidazolidine-4-thiones 1 instead of the MacMillan cata-
lyst 2, our setup is further able to tolerate oxygen, even with a
remarkable increase in reaction yields (Supporting Information
Table S5). This shows the robustness of the catalytic system
and further highlights its potential role on the Early Earth.

To gain a deeper insight into the different catalyst activities,
we compared the relative reaction rates of the respective catal-
ysis by reaction progress analysis using in situ '"H NMR kinetic
measurements (Figure 1; Supporting Information Figure S1, S5
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Scheme 3. Product yields and enantioselectivities of the a-cyanomethylation
of n-propanal for selected catalysts. A: Reaction performed in DMSO with
2,6-lutidine under aerobic conditions. B: Reaction performed in acetonitrile
with collidine under aerobic conditions. The enantiomeric excess (ee) was
determined by enantioselective GC measurements (heptakis(2,3-di-O-
methyl-6-O-TBDMS)-f3-cyclodextrin in PS 086 column, 7 m x 0.25 mm 1.D.;
film thickness 0.25 um) of the corresponding alcohol. The yield was deter-
mined from the crude mixture by 'H NMR analysis.
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and S6, Table S7 and S8). The results show that the achiral cat-
alyst 1p not only affords the highest yield but also performs
with an enhanced reaction rate. Further, a correlation was ob-
served between the formation ratio and the activity of the
studied imidazolidone-4-thiones. Catalysts with dimethyl resi-
dues were not only preferably formed but also show higher re-
action rates, which promotes product enrichment and under-
pins the importance of organocatalysts in product replication.

Further, we crystallized several imidazolidine-4-thiones (1b,
1h, 1m, 1p) out of their racemic solution and were pleased to
observe an enantiomerically pure crystal for 1b ((2R5S)-5-
ethyl-2-methylimidazolidine-4-thione) (Supporting Information
Figure S13, Table S9). In contrast to the formation of a racemic
compound, this conglomerate can lead to spontaneous resolu-
tion, a phenomenon which is comprehensively proposed as a
plausible hypothesis for the origin of molecular chirality.”® This
feature is rather rare as most of the organocatalysts studied so
far, including nearly all of the proteinogenic amino acids, crys-
tallize as racemic compounds.?¥

Giving a possible first hint for the enrichment of single enan-
tiomers on the Early Earth, we studied the enantioselectivity of
our organocatalytic a-alkylation. We separated the isomers of
the most active chiral catalyst 1d, the conglomerate 1b and
the sterically most demanding imidazolidine-4-thione 1k by
preparative chiral HPLC and compared their enantioselectivities
(Scheme 3; Supporting Information Figure S9, S10, S11 and
S$12). Small substituents as in 1d and 1b led to enantiomeric
excesses (ee) of up to 65%. Introduction of bulky isopropyl res-
idues, however, drastically reduced the ee. Thereby, the cata-
lysts showing the best selectivity are formed from the prebioti-
cally more abundant smaller aldehydes and ketones."® More-
over, the already observed superiority of the preferentially
formed diastereomer (anti-substituted) in terms of catalytic ac-
tivity is perceived even more strongly regarding its enantiose-
lectivity. Using the anti-substituted imidazolidine-4-thione 1b,
which represents the diastereomer crystallizing as conglomer-

1d

1m
n 1k anti
(]
1b anti
; k syn
[ | ] 1b syn
T T T T 1
60 80 100 120 140

time / min

Figure 1. Reaction monitoring of the a-cyanomethylation of n-propanal with
in situ '"H NMR kinetic measurements. The reaction was performed in DMSO
with 2,6-lutidine under aerobic conditions.
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ate, gave 3 with 65% ee compared to 17% ee in case of the
syn-substituted isomer.

In summary, we identified a class of prebiotic organocata-
lysts and demonstrated their possible importance for the
emergence of life by enabling the selective a-alkylation of al-
dehydes under prebiotic conditions. These imidazolidine-4-thi-
ones form readily out of an abundant prebiotic feedstock with
diastereomeric enrichments. The preferentially formed isomers
show superior catalytic performance with regard to activity
and enantioselectivity, implicating the possible occurrence of
an early form of selection on the primitive Earth. We also ob-
served the enantiomerically pure crystallization of single enan-
tiomers, thereby opening a plausible pathway for the origin of
symmetry breaking, leading to homochirality. In addition to
the access to substituted aldehydes shown in this work, which
seems necessary for compartmentalization to form cellular
structures, also the formation of the canonical amino acids is
plausible. Due to the similarity to established organocatalysts,
many prebiotic functionalizations through organocatalysis are
conceivable, making these catalysts promising candidates for
the ongoing endeavors to elucidate the origin of life.
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