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Abstract. Theories about the origin of biomolecular
homochirality, which seems to be a prerequisite for the
creation of life, are discussed. First, possible terrestrial
and extraterrestrial sources of organic molecules are

outlined. Then, mechanisms for the formation of enan-
tiomerically enriched compounds and for the amplifica-
tion of their chirality are described.
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Introduction

Ever since Pasteur discovered that certain molecules can
occur in two enantiomeric forms [1], chirality and opti-
cal activity have been considered as a principal criterion
for life. Essential organic molecules associated with life
(e.g., amino acids, nucleic acids, and sugars) are chiral
and, with rare exceptions, occur in only one of the two
possible enantiomeric forms. Amino acids are usually
L-configurated and sugars (such as ribose or 2-deoxy-
ribose) occur almost exclusively in their D-forms (fig. 1).
This homochirality can be observed on the macroscopic
scale, for example, in the helical chirality of snail shells,
the helical winding of plants [2], or in such curious
observations as the chewing mode of cows (having an
enantiomeric excess of 10%) [3]. The reasons behind
these observations are still puzzling, because hard evi-
dence in these fields is difficult to obtain. Nevertheless,
the problem can be approached by several methods
[4-9], one of which is to investigate remnants that stem
from the times when this homochirality evolved. An-
other approach is to simulate the conditions that might
have prevailed during those times, and a final method is
to treat this problem by purely theoretical means [10].
Consequently, this topic is of interest to scientists from
a wide variety of disciplines. The large number of publi-

cations available may be due to the expectation that a
solution to this problem could provide hints about the
origin of life itself and, consequently, the origin of
humankind. That at least enantiomerically enriched, if
not (essentially) enantiomerically pure, organic com-
pounds were necessary for the creation of proto-
metabolic life is now widely accepted. Nevertheless,
Cairns-Smith [11] suggested that mineral clays might
have been the carrier of genetic information before
polynucleotide replication took over; consequently,
these clays would have been the first kind of proto-
metabolic life present on Earth. However, this theory is
not generally accepted, since there is practically no
experimental evidence to support it.

When considering the history of Earth, the time scale
starts 4.5 billion years (4.5 Gyrs) ago with the forma-
tion of the Earth. In the beginning, the Earth was too
hot for the evolution of life or even for the persistence
of organic molecules. The heat, evaporating all volatile
material and sterilizing the surface, was produced by a
heavy-impact bombardment and would have stopped
all attempts of nature to evolve life. One of these
impacts (a Mars-sized body) led to the formation of the
terrestrial moon, and craters from this bombardment
period can still be observed on the lunar surface. This
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Figure 1. Enantiopure building blocks that are essential for life. A snail with the preferred right-handed shell.

bombardment abated about 4 Gyrs ago and the forma-
tion or accumulation of larger amounts of organic
molecules became possible. The oldest microfossils that
seem to prove the existence of life are as much as 3.5
Gyrs old [12, 13]. However, from isotope distributions
(which are known to differ in living organisms) comes
the conclusion that biological carbon fixation might
have occurred 3.85 Gyrs ago [14]. Calculations based on
the similarity of protein sequences in different organ-
isms show that the last common ancestor lived about
3.2-3.8 Gyrs ago, which is of the same order of magni-
tude [15]. This leaves just a very small window of
100-300 million years (Myrs), in which life could have
evolved [16]. In the opinion of some scientists, this
period is much too short for the evolution of life; they
suggest an extraterrestrial evolution of life and assume
the delivery of sperm to Earth via the atmosphere [17].
This panspermia theory, published by its most famous
protagonist Arrhenius [18], obviously just shifts the
problem from Earth to space and seems to give rise to
more problems than it solves; therefore, it is usually
neglected.

This review is divided into three parts in which the
origin of organic molecules, mechanisms for the forma-
tion of enantiomerically enriched compounds, and
mechanisms for the amplification of enantiomeric ex-
cesses are discussed.

The origin of organic molecules

Before life could evolve, simple organic compounds
such as amino acids, sugars, purines, and pyrimidines
were needed. These simple organic compounds formed
polymers and subsequently might have progressed to
the generation of more complex structures and even to
the creation of protometabolic organisms. The origin of
these organic compounds on early Earth is still not clear
and a number of theories have been proposed [§8, 19—
22]. A very important contribution was made by Stan-

ley Miller (Miller-Urey experiment), who succeeded in
synthesizing organic compounds from gaseous precur-
sors under conditions that might have existed on early
Earth [23, 24]. Oparin, Urey, and others have proposed
that at that time, the Earth was surrounded by a reduc-
ing atmosphere consisting of methane, ammonia, water,
and hydrogen [20, 25]. Miller passed spark discharges
through mixtures of these gases and, after several days,
observed a red precipitate, in which he found carboxylic
acids, amino acids, hydroxy acids, and other simple
organic compounds in a total yield of about 15% (table
1). Similar results were obtained when mixtures of
methane, nitrogen, water, and traces of ammonia were
treated in the same way [26, 27].

Inspired by these findings, many experiments have been
performed to simulate the conditions that might have
been present in the primordial broth. A further mile-
stone was set by Ord [28], who synthesized adenine
starting from an aqueous solution of ammonium cya-
nide at 100 °C (scheme 1). Taking the complexicity of
the molecule and its synthesis into account, the achieved
yield of 0.5% is excellent.

Table 1. Yields (based on carbon) of products following passage
of a spark discharge through a mixture of CH,, NH;, H,O, and
H, (total yield: 15.2% [22]).

Compound Yield Compound Yield
(7o) (7o)
Formic acid 4.0 o-Hydroxybutyric acid 0.34
Glycine 2.1 Succinic acid 0.27
Glycolic acid 1.9 Sarcosine 0.25
Alanine 1.7 Iminoacetic-propionic acid  0.13
Lactic acid 1.6 N-Methylalanine 0.07
o-Alanine 0.76 Glutamic acid 0.051
Propionic acid  0.66 N-Methyl urea 0.051
Acetic acid 0.51 Urea 0.034
Iminodiacetic ~ 0.37 Aspartic acid 0.024
acid
o-Amino-n- 0.34 o-Aminoisobutyric acid 0.007

butyric acid
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Scheme 1. Proposed mechanism for the promordial synthesis of adenine starting from hydrogen cyanide [20, 28].

Further experiments showed that other compounds that
are essential in contemporary organisms can be produced
under similar conditions [20]. The preparation of cy-
tosine, for example, is possible starting from cyanoace-
tylene (propynenitrile) and urea (accessible by sparking
experiments and by oligomerization of hydrogen cyanide,
respectively) [29]. Under special desiccating conditions
(‘evaporating-pond’ or ‘drying-lagoon’ conditions), a
yield of up to 50% is possible (scheme 2) [30].
Nevertheless, some organic compounds that appear to be
essential for the evolution of life could not be synthesized
under similar conditions. A formose reaction (oligomer-
ization of formaldehyde) led to the formation of ribose,
though with very low yields and together with a huge
number of other sugars [31]. Therefore, this does not
seem to be a suitable source for ribose. Eschenmoser and
colleagues created a primordial-type preparation of ri-
bose 2.4-phosphate starting from glycolaldehyde
monophosphate and formaldehyde [32]. On the other
hand, the existence of phosphate—obviously essential
for metabolism—in the primordial broth is not very
likely since it was most probably precipitated as calcium
phosphate [33].

Although the Miller-Urey experiment is still seen as a
breakthrough in prebiotic chemistry, that the conditions
used by Miller were actually present on early Earth is
currently doubted. Recent results suggest that the atmo-
sphere at that time was composed of oxidative mixtures
of gases containing large amounts of nitrogen, carbon
dioxide, and water [34, 35]. Spark discharges passed
through gas mixtures with these compositions rarely led
to any organic compound [20, 36, 37]. It is generally
accepted that the atmosphere was formed by volcanic
outgassing. (An atmosphere formed together with the
Earth would have vanished during the heavy-impact
bombardment period.) A controversy arose, because it

was not clear what composed the interior of the Earth.
About 30 years ago, the assumption was that the Earth
did not then have an iron core; the metallic iron included
in the mantle would have led to reductive volcanic
exhaustions. Now it is assumed that the iron core was
already present during the formation of the Earth. This
would have led to the exhaustion of oxidative gases
[35, 38].

As a consequence of this dilemma, several additional
theories on the formation of organic molecules have been
proposed. Wachtershduser claims that simple molecules
might have formed on iron-sulfur surfaces [39, 40]. He
showed experimentally that iron(I) sulfide acts as a
reducing agent for carbon monoxide (or carbon dioxide)
leading to the formation of thiocarboxylic acids and
pyrites (scheme 3) [41]. Addition of a nitrogen source
(e.g., NH;) led to the formation of amino acid derivatives
like glycine, alanine, and glutamic acid [42, 43]. The
starting materials and reaction conditions (100 °C, 1 bar
CO) needed for these reactions might have been present
in the vicinity of hydrothermal vents on the oceans beds.
Whether this ‘vent theory’” will be able to explain the
formation of more complex molecules remains to be
established.

A major advantage of this mechanism is that it can
explain the formation of activated thiocarboxylic acids,
which are easily converted to carboxylic acids, amides, or
other carboxylic acid derivatives. Therefore, a polymer-
ization to peptides is possible without further activation
[44]. The approach or the linkage of organic compounds
to the positively charged iron sulfide surface might be
favored when phosphate is attached to these compounds.
This is a possible explanation for the outstanding role of
phosphate in living organisms [45].

The necessity for an appropriate monomer activation
for the preparation of biopolymers inspired de Duve [5,
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46, 47] to propose a scenario of a thioester world which
preceded organisms receiving their energy from
oligophosphates (ATP). This theory is additionally sup-
ported by the recent finding of thiol-binding sites in
several aminoacyl-tRNA synthetases. These sites might,
therefore, have originated from ancestral forms that
were involved in non-coded thioester-dependent peptide
synthesis [48, 49].

Much work has been done on the preparation of more
complex molecules (e.g., oligopeptides and nucleosides)
under primordial reaction conditions [50]. In this con-
text, reactions catalyzed by clay surfaces (among others,
illite and montmorillonite) are worthy of note, even
though activated monomeric compounds are sometimes
needed as starting materials—species that would have
hardly been present at that time [51-55].

Especially remarkable is the synthesis of pantetheine
under reaction conditions that were most probably
available in the primordial broth. The starting materials
(panthoyl lactone, f-alanine, and cysteamine) are as-
sumed to have been present at that time (scheme 4) [56].
Why coenzyme A (in which ADP is linked to pante-
theine via the terminal hydroxy function) has such
complexicity when a very simple thiol would also be
sufficient for the activation of carboxylic acids has
never been totally understood. The availability of pan-
tetheine at the beginning of life might be the reason.
In addition to the formation of organic molecules on
Earth, there has been and still is a considerable delivery
of organic compounds from space [57]. Most of this
material is brought in with interplanetary dust particles,
and a smaller fraction is delivered via comets and mete-
orites [58—60]. Carbonaceous chondrites (carbon-rich
meteorites) have been intensely investigated during the
last decades [61], especially the meteorite that fell on
Australia in 1969 (called the Murchison meteorite) [62,

cyanoacetylene

H=C=C=C=EN ) Nco 72 H 1H,0
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Table 2. Distribution of organic compounds in the Murchison
meteorite [22].

Substance class Content Substance class ~ Content

Polar >100 ppm Carboxamides >10 ppm
hydrocarbons

Monocarboxylic >100 ppm Hydroxy acids >10 ppm
acids

Sulfonic acids >100 ppm Amino acids >10 ppm

Aliphatic >10 ppm  Volatile hydro- >1 ppm
hydrocarbons carbons

Aromatic >10 ppm  Amines >1 ppm
hydrocarbons

Aldehydes and >10 ppm  Phosphonic acids >1 ppm
ketones

Alcohols >10 ppm  N-heterocycles >1 ppm

Dicarboxylic acids >10 ppm  Purines and >1 ppm

pyrimidines

63]. This meteorite contains about 2% carbon, consist-
ing mostly of macromolecular carbon (70-80%), a
smaller fraction of carbonate minerals (2—-10%) and
10-20% of low-molecular-weight organic compounds
[22]. A plethora of amino («, f, y, ) [64—68], hydroxy
[69], phosphonic, and sulfonic acids [70], as well as
further organic compounds [21] like purines and pyrim-
idines ( <7 ppm) [71], has been found in this and other
meteorites (table 2, fig. 2). Determination of the isotopic
distributions seems to prove that these organic com-
pounds are not of terrestrial origin [72—74]. The similar
isotopic distribution in z-amino and o«-hydroxy acids
suggests their formation in a Strecker-type reaction
starting from hydrogen cyanide, ammonia, and car-
bonyl compounds (all of which are well-known inter-
stellar molecules) [22, 73].

Even today, about 300 tons of organic compounds are
delivered from space each year [75], but at the time
when life evolved (3.9 Gyrs ago), the input flux was

-CO, NH, 0O
H,0 Z C‘\\N N)E hydrolysis HN |
—_— —_ ——
HN NH,
N N
/; \g/ H ' H
(\CQ‘N )k cytosine uracil
OH HoN NH,
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Scheme 2. Prebiotic synthesis of cytosine and uracil [20].
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Scheme 3. Formation of simple organic molecules on iron sulfide surfaces (in the presence of catalytic nickel sites) as proposed by

Wiichtershduser [43].

much higher, estimated to have been about 50,000 tons
per year [76, 77], which means that one biomass (6 x
10'* kg is the estimated total mass of organic carbon in
the biosphere [78, 79]) was delivered within 10 Myrs
[38]. Obviously, organic matter was present in sufficient
quantity and, at least in ‘drying lagoons’ [56] where the
primordial broth was concentrated, the concentration
might have been high enough for the evolution of
primitive life.

Mechanisms for the formation of enantiomerically en-
riched compounds

Several possible mechanisms for the formation of enan-
tiomerically enriched organic compounds have been

proposed [80-92]. They can be divided into determinis-
tic and chance mechanisms, whereby the deterministic
mechanisms can be subdivided into universal and re-
gional processes.

Universal deterministic mechanisms

In 1957, Lee and Yang [93] proposed a parity violation
in the weak nuclear force, which was verified by the
experimental discovery of intrinsic dissymmetric f-de-
cay electrons by Wu et al. [94]. With the unification of
the weak nuclear force and the electromagnetic forces in
the late 1960s came the conclusion that not only these
electrons but, in fact, all atoms and molecules are
non-symmetric. This means that a pair of enantiomers
should indeed behave like diastereoisomers and, conse-
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Scheme 4. Synthesis of pantetheine under potentially promordial reaction conditions.

quently, have different energies. This has been calcu-
lated for some compounds (fig. 3), including amino
acids and carbohydrates [95, 96], but the energy dif-
ferences turn out to be very small; as yet experimental
demonstration of these energy differences has not
been possible [88, 97-99].

Almost immediately after the finding of Lee and
Yang, Vester et al. [100] proposed a mechanism for
an enantioselective reaction originating by the parity-
violating effect (Vester-Ulbricht hypothesis). Accord-
ing to this, the Ilongitudinally polarized f-decay
electrons would, when decelerated in matter, lead to
circularly polarized ‘bremsstrahlung’ photons (break
radiation) which might initiate an enantioselective re-
action. Although many experiments have been per-
formed in this direction, most did not support the
hypothesis or were not confirmed by other groups [83,
84, 101]. Just two experiments should be mentioned
here. The incomplete crystallization of a racemic solu-
tion of ammonium sodium tartrate in the presence of
f-emitting potassium phosphate (containing the 3P
isotope) led to the preferred crystallization of the L-
configurated crystals. The enantiomeric excess was
very small (0.235%), but was shown to be significant
[102]. Thiemann and Darge [103] investigated poly-
merizations of N-carboxyanhydrides (NCAs) of care-
fully racemized amino acids and observed optical
rotations in the resulting polymers ranging from
—0.00025° to —0.00084° favoring the polymerization
of L- over D-amino acid NCAs.

Regional deterministic mechanisms

In addition, deterministic mechanisms for the formation
of enantiomerically enriched compounds have been pro-
posed in which the sense of chirality is dependent on the
reaction conditions. Bonner et al. [104, 105] found that
amino acids are enantioselectively adsorbed on chiral,
enantiopure quartz crystals. D-Alanine is bound selec-
tively to d-quartz with an ee of up to 20%. The results
of several groups claiming a selective adsorption of
amino acids on the surfaces of achiral (!) clays were not
confirmed by other groups [104, 105].

The implications of chiral fields and forces on chemical
reactions and the difference between ‘true and false’
chirality were theoretically treated and summarized by
Barron and colleagues [92, 106] although early contri-
butions had already been published by Pierre Curie in
the 19th century [107]. Circularly polarized light, in
particular, was recognized to be a ‘truly’ chiral field and
can be used to induce enantioselectivity in various types
of reactions. Kuhn and Knopf [108] investigated the
first enantioselective photolytic reactions using circu-
larly polarized light in 1930. Since then, circularly po-
larized light has repeatedly been wused for the
enantioselective photolysis of chiral compounds. One
enantiomer is occasionally found to be destroyed (pho-
tolyzed) faster than the other. When the irradiation is
stopped before the degradation is complete, the residue
is enantiomerically enriched. Especially noteworthy in
this context is the work of Kagan and colleagues who,
after 99% photodestruction of racemic camphor, found
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Figure 2. A selection of organic compounds isolated from the Murchison meteorite.
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yet the highest value achieved by asymmetric photolysis after 59 and 75% photolysis, respectively (scheme 5)

[109]. Bonner and coworkers studied the photolysis of [110].
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Similar mechanisms may be responsible for the observa-
tion of enantiomeric excesses in the amino acids isolated
from the Murchison meteorite [62]. The preferential
configuration of these amino acids has been under in-
vestigation since the early 1970s; nevertheless, the first
report of enantiomeric excesses [111] led to a controver-
sial discussion [112, 113] since it could not be clarified
whether this finding was due to terrestrial contamina-
tions. Recent work by Cronin and coworkers has been
performed taking strict precautions to prevent misinter-
pretation [114—-116]. To avoid enantiomeric enrichment
by the analytic methods and to exclude terrestrial con-
tamination, the authors focused on «-branched amino
acids that have never been reported in the geosphere
(fig. 4). Additionally, one of the amino acids investi-
gated (1) bears two stereogenic centers; therefore, enan-
tiomeric enrichment as an analytical artifact (e.g., by
the aqueous processing) is highly unlikely. The analyses
were carried out carefully and gave enantiomeric ex-
cesses of up to 10% for the amino acids 1-3. «-
Aminobutyric acid and norvaline gave no significant ee
values.

Even with the above results, the origin of these findings
was still elusive! A recent contribution of Bailey et al.
[117] has provided new insight into this topic. They
reported the observation of circularly polarized infrared
light, the source of which is a cloud of dust in the Orion
constellation. This cloud, a region of high-mass star
formation, quite similar to the region where the solar
system was formed, contains many organic molecules.
The authors suspect that this polarization may be
caused by light scattering on non-spherical grains which
are aligned by a magnetic field, but other mechanisms
are also possible. According to calculations, the pres-
ence of circularly polarized infrared light implies the

v,

H H
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existence of the correspondingly polarized ultraviolet
radiation. Unfortunately, the dust cloud responsible for
the polarization obscures ultraviolet radiation and pre-
vents its direct observation.

A simple calculation reveals that 6 x 107 million tons of
amino acids (present in a 60 ppm concentration in the
carbonaceous chondrites, which are 3% of all meteor-
ites) have reached the Earth during its history, of which
6 x 10° million tons arrived during a period when the
conditions on Earth would have allowed the persistence
of the amino acids [118]. Therefore, during the develop-
ment of life, the Earth was possibly covered with matter
(dust, meteorites, or comets) stemming from regions
that were exposed to circularly polarized irradiation.
The thus resulting enantiomeric excess might have
tipped the balance toward homochirality in living mat-
ter. The global enantiomeric excess on Earth—due to
racemization and dilution—was certainly less than that
in the meteorites. Bailey et al. [117] estimate that it
might have been in the range of 5x 10~3% to 1077,
possibly with locally higher ee values in the vicinity of
meteorite impacts. These enantiomeric excesses are
larger by orders of magnitude than those explainable by
the parity violation (10~'"%) or by stochastic effects
(see below). Nevertheless, depending on the polarization
of radiation, regions in the universe might exist where
molecules with the opposite chirality are more
abundant.

New insights into the amounts of enantiomerically en-
riched material delivered from space and its degree of
enrichment are expected from projected missions to
comets, such as the ROSETTA mission planned for
2003 by the European Space Agency in collaboration
with NASA [119, 120].

X

H,N~ ~CO,H
) 10°

6.5-10""* J-mol™

as a specific conformer in water
the L-enantiomer has lower energy

Figure 3. Parity-violating energy differences in organic molecules [88].



52 J. Podlech

Origins of biomolecular homochirality

)\/’\{fz 213 nm -CPL (_u\/'gl\Hz
- H
CO,H 0.1M HCI CO,H
2.0 % ee for the 59 % conversion
)\/I\ﬂ*z 213 nm ~-CPL HM’Z
:
CO,H 0.1M HCI CO,H

2.5 % ee for the 75 % conversion

Scheme 5. Asymmetric photolysis of amino acids by circularly polarized light.

Chance mechanisms

In general, chance does not play any role in chemistry
since chemists deal with ensembles of molecules or
atoms usually exceeding numbers of 10?°. Neverthe-
less, when the number of events is dramatically re-
duced to less than, let us say 10, statistical
fluctuations become important. It might be assumed
that some of the crucial steps in the evolution of life
are not very likely and, in fact, happened just a few
times in a given period. If one of these evolutionary
steps occurred in an enantiomorphous surrounding
(e.g., on a quartz block), this might have led to an
enantioselective reaction resulting in enantiomerically
enriched compounds. If these compounds were spread
over the Earth and initiated further diastereoselective
reactions, this might explain the bias in optical enrich-
ment, which, after amplification of chirality (see be-
low), resulted in the homochirality observed in nature.
Frank [121] has treated this problem mechanistically
and pointed out that ‘if the production of living
molecules is an infrequent process, compared with the
rate of multiplication of living molecules, the whole
Earth is likely to be extensively populated with the
progeny of the first before another appears.’” Natu-
rally, these reflections are rather speculative since
chance mechanisms that happened several billion
years ago are impossible to reproduce.

Kondepudi and coworkers investigated the sponta-
neous deracemization during crystallization of sodium
chlorate (NaClO;) from stirred solutions [122, 123]
and settled the theoretical foundations for this and
similar processes [124]. Sodium chlorate, although in
solution obviously achiral, forms chiral crystals. From
unstirred solutions, both enantiomorphous crystals are
usually formed in a 1:1 ratio. When supersaturated
solutions of NaClO, are stirred during crystallization,

in all performed experiments, predominantly one
enantiomorph is formed (835 crystals are collected in
an arbitrarily chosen, typical experiment, all of which
show identical enantiomorphism). Obviously, the first
formed crystal is crushed to smaller fragments which
serve as seed crystals for the further crystallization
process. Naturally, which of the two enantiomorphous
crystal types predominates in a specific experiment is
not foreseeable, although a recent preliminary publica-
tion describes an influence on this crystallization di-
rection by irradiation with (left- or right-) spinning
electrons. Nevertheless, these findings need further
confirmation [125].

Sodium chlorate crystals cannot be expected to have
been relevant for primordial processes, but similar sce-
narios might have occurred with quartz crystals: a sin-
gle crystal might have been smashed, e.g., during a
meteorite impact.

Other mechanisms, in which chance events (statistical
fluctuation) are combined with autocatalysis have also
been considered [121]. A huge number of, in part
rather complex, possible scenarios has been treated
theoretically [83, 84, 126]; a fairly simple mechanism
is depicted in figure 5 [4, 83]: two rapidly equilibrating
enantiomeric reactants are assumed to lead to a pair
of non-equilibrating enantiomeric products in a slow
reaction. When a statistical fluctuation favors the for-
mation of one enantiomer, this product would imme-
diately catalyze a rapid (autocatalytic) reproduction of
itself from its corresponding enantiomeric precursor.
Calculations show that this mechanism would lead to
the rapid formation of an enantiomerically enriched
product. Unfortunately, to date it has not been possi-
ble to prove one of these mechanisms by experimental
findings. However, similar mechanisms are important
for the amplification of chirality (see below).
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Amplification of enantiomerical excesses

The mechanisms that have been proposed for the for-
mation of enantiomerically enriched organic molecules
lead to enantiomeric excesses reaching from 10 ~17 (the-
oretically proposed energy difference caused by the par-
ity violation) to 20% (for the asymmetric photolysis of
camphor by circularly polarized light). It has been gen-
erally accepted that effective mechanisms are required
for the amplification of these enantiomeric excesses.
Some mechanisms that have been considered in this
context are summarized below [83, 84, 86].

Amplification during incomplete diastereoselective
reactions

Each incomplete reaction starting from non-racemic
material possibly leads to an increased enantiomeric
excess in the product. This is because the interaction of
a chiral molecule with the ( + )-enantiomer differs from
the interaction with the (— )-enantiomer which means
that the activation barriers for subsequent reactions are
different. In the remaining starting material the enan-
tiomeric excesses are thus higher or lower than those of
the reacted material. This has been treated theoretically
and much experimental work has been done in this
field. Horeau defined a principle for the dimerization
(or polymerization) of non-racemic mixtures of
monomers that can be used for the enhancement of
their enantiopurity to virtually 100% [127, 128].

This principle and similar ones have been tested for the
hydrolysis of peptides and for the polycondensation of
amino acids: an oligopeptide built of leucine moieties
adopts a helical conformation that is stable only when
the polymer is composed of enantiomerically pure
monomers [129, 130]. The stability decreases dramati-
cally when a higher percentage of the ‘wrong’ monomer
is incorporated. This stability can be determined by the
rate of hydrolysis under well-defined reaction condi-
tions. Some experiments showing that the rate of hy-
drolysis is essentially higher when DL-oligopeptide is

HoN

CO,H
1

(2S,3S): 7.6 % ee
(2S,3R): 10.4 % ee

N
CO,H

2

(2S). 8.4 % ee
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subjected to hydrolysis conditions as summarized in
scheme 6. Especially when longer DL-oligopeptide
strands are used in this reaction (n = 40), the reaction
rate is almost doubled (56% hydrolysis) compared with
the hydrolysis of peptidic material composed of enan-
tiomerically pure leucine moieties (30 and 35%) [131,
132].

Interestingly, a similar effect is observed when leucine is
subjected to polycondensation under desiccating condi-
tions. Partial polycondensation of leucine (activated as
NCA) with an enantiomeric excess of 31% leads to
polyleucine composed of leucine with 45% ee [133]. This
can be explained by a lower reaction barrier for the
attachment of the suitable enantiomer, because this
leads to oligopeptides of higher stability.

Similar observations have been made by Eschenmoser
and colleagues, who found that the rate of oligomeriza-
tion of homochiral p-RNA tetramers is reduced by
orders of magnitude if one of the monomers is replaced
by its corresponding enantiomer [134].

If one assumes that repetitive dry (polycondensation)
and wet (hydrolysis) periods occurred during the history
of early Earth, this might have led over thousands of
years to oligopeptide strands composed of essentially
enantiomerically pure amino acids.

The majority rule in polymerizations

If achiral or chiral, non-racemic moieties form enan-
tiomorphous aggregates, their chiral properties (i.e., the
chiroptical properties or the interaction with other
molecules) are not necessarily determined by the
monomers but by the chiral system itself. This has been
shown for crystals composed of achiral monomers (see
above), but it occasionally holds as well for polymers
built of (almost) racemic monomers.

Isocyanates (anhydrides of carbamic acids—the mono
amides of carbonic acid) polymerize to polyisocyanates.
If chiral, enantiopure monomers are used in this reac-
tion, the polymer forms a stable helix, whose helicity is
dependent on the configuration of the monomers. The

CO,H
3
(25): 2.8 % ee

Figure 4. Non-racemic amino acids from the Murchison meteorite and the corresponding enantiomeric excesses.



54 J. Podlech

Origins of biomolecular homochirality

(fast)

D-reactant — - L-reactant
—— (fast) (fast) -e———
(slow) (slow)

D-product \-/ — L-product

B /\

Figure 5. Spontaneous symmetry breaking by stereospecific autocatalysis [4] [adapted from ref. 83].

helicity can be determined by the circular dicroism of
the polymeric material (A,B in fig. 6) [135-137]. If
racemic isocyanates are used, one would assume that
the helicity is not predetermined and non-specific. Nev-
ertheless, if monomeric building blocks with a very
small enantiomeric excess are used, the helicity of the
polymer is dominated by the enantiomeric monomer
which is present in excess. With only 2% ee, the helicity
is about 30% of the maximum helicity (C), but with 8%
ee, the helicity is not distinguishable from the helicity of
the polymer composed of enantiopure material (D).
Obviously, in this case, the stability of the helix is high
enough (in contrast to peptides) to prevent a frequent
reversal of the helicity caused by the incorporation of
‘wrong’ enantiomers. This means that a slight excess of
one enantiomer governs the chirality of these polymers,
which might be responsible for the stereochemical out-
come in further diastereomeric reactions. One could, for
example, think of diastereoselective aggregation of
small chiral molecules in the groove of the polymer,
which might result in the further promotion of their
enantiopurity. This observation of Green et al. [135] is
called the majority rule: it might have had great effect
on the amplification of enantiopurity in organic com-
pounds, although whether this or similar polymers were
actually present in the primordial broth is not clear.

Amplification by stereoselective autocatalysis

Mechanistic models for spontaneous symmetry break-
ing as depicted in figure 5 are of course equally applica-
ble to the amplification of chirality. Early work in

this direction by various groups has not led to a
significant amplification of enantiomeric excess values
[84]. Recently, Soai and coworkers investigated the ad-
dition of dialkylzinc compounds to heteroaromatic
aldehydes leading to the corresponding secondary alco-
hols [138—141]. They found that in the presence of a
small amount of product (1%) with a slight enan-
tiomeric excess (6.4 and 0.28%), the reaction yielded the
alcohol with an enantiomeric excess of 92 and 87%
(scheme 7). However, not only the product can serve as
an autocatalyst, even amino acids can be used as cata-
lysts, and again, just a very small enantiomeric excess in
the utilized catalyst is necessary to obtain a product
with much higher optical purity. When, e.g., 20% of
valine with a 1% ee was used, the product was formed
with a 51% ee. Addition of 2% of leucine with a 2% ee
led to a product with 22% ee. The small bias necessary
for the autocatalytic process can be achieved not only
by addition of enantiomerically enriched chiral com-
pounds but also by the presence of enantiomorphous
crystal faces. Soai and colleagues showed that powdered
quartz [142] or sodium chlorate single crystals [143] can
be used as initiators in the above-mentioned reaction
leading to enantiomeric excesses of up to 98%. Similar
results were obtained when d- and /-quartz were used as
a 9:1 mixture. Some of these experiments are of interest
in the context of this review, since Bonner and col-
leagues showed that leucine with the required enan-
tiomeric excess value can be produced by photolysis
with circularly polarized light and, of course, quartz
was present on Earth at all times. The products in the
experiments performed by Soai and colleagues obvi-
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6N HCI

—_— partial hydrolysis

160 °C, 21 h

hydrolysis

n=16 n=40
D-polyleucine 45 % 30%
L-polyleucine 41 % 35 %
DL-leucine 55 % 56 %

Scheme 6. Partial hydrolysis of oligopeptides composed of enantiopure and racemic leucine.

\(\NL \(\NL‘
HaC.

11,

H5C

isocyanate

C 49% 51%

D 56% 44%

Figure 6. Polyisocyanates composed of enantiopure and non-racemic isocyanates [135].

ously have no biological relevance since the reaction
conditions  (utilization = of  highly  hygroscopic
organometallic compounds) are not very likely in the
prebiotic environment. Nevertheless, these are the first
experiments in which such high amplifications of chiral-
ity by stereoselective autocatalytic reactions were ob-
tained. One might think of other reactions with higher
biological relevance proceeding via similar mechanisms.

Conclusion

The evolution of life can be subdivided into three
stages: the appearance of organic molecules on Earth,
amplification of whatever enantiomeric excess was
present in these compounds, evolution of primordial
life. These events, divided into numerous subevents,
should have had several impacts on each other, making
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0 1 %/“i D
N 6.4 % ee
'\i X H _ > '\1 N OH
)\ P 2.4 eq. iPryZn /k P
N toluene, 0 °C N 929%ee
(1 % catalyst with 0.28 % ee yields product with 87 % ee)
0]
20 % L-valine (1 % ee)
[\i AN H . = y\i X OH
)\ P 2.4 eq. iPr,Zn )\ P
N toluene, 0 °C N™ 519%ee

(2 % L-leucine with 2 % ee yields product with ~22 % ee)

Scheme 7. Stereoselective autocatalysis in the addition of organozinc compounds to aromatic aldehydes by Soai and coworkers [138,

139].

each topic hard to understand without the other. The
times when these things happened have long passed and
thus these events are hard to investigate. Maybe a full
understanding of life and its evolution will never be
possible! But this will certainly not prevent scientists
from seeking further information that might explain the
beginnings and evolution of life. Although the evolution
of life might have been very unlikely, many limiting
conditions must have been met, and one thing is sure—
it worked.
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Glossary

The following terms are explained only as far as they are neces-
sary for understanding this review. Consequently, some of the
definitions are incomplete [144].

Autocatalysis: catalytic process in which the product acts as a
catalyst for its own formation.

Chiral: if an object is not superimposable with its mirror image it
is called chiral. This is usually achieved by stereogenic centers or
by helical components.

Circular dicroism: the phenomenon whereby circularly polarized
light is absorbed to different degrees by a substance, dependent on
the sign of the circular polarization of the beam.

Configuration: this term is used in the context of stereochemistry
to define the positions of all atoms in space without considering
any conformational flexibility.

Diastereoisomers: stereoisomers that are not related as mirror
images.

Enantiomeric excess: the excess of one enantiomer in a mixture of
enantiomers. It can be calculated by the following formula:

ee =100 x [(F* —F~)|/(F* 4+ F ) (gives the result in percent)

with F being the molar fraction of the respective enantiomer.
Enantiomers: two stereoisomers that are related as mirror images
are called enantiomers. This definition is usually sufficient, but
when parity violation effects are discussed it no longer holds (see
text). Here one has to consider that every atom is chiral, therefore
ensembles of atoms—molecules—behave like diastereoisomers. A
real enantiomer would be a mirror image composed of anti-parti-
cles. Since the energy differences due to the parity-violating effect
are very small, they are usually neglected.

Enantiomorphs: a pair of chiral objects that behave like non-super-
imposable mirror images of each other. This expression is used for
objects more complex than molecules—Ilike crystals or surfaces.
Homochirality: describes a sort of similarity, e.g., (roughly) all
amino acids present in nature have similar configurations. The
expression should not describe the enantiopurity of a specific
compound, although it is often used in this way.
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Racemate: an equimolar mixture of enantiomers.

Stereogenic center: a grouping of atoms consisting of a central
atom and distinguishable ligands, such that the interchange of any
two of the ligands leads to another stereoisomer.

Stereoisomers: isomers possessing identical connectivity of the
atoms but differing in the arrangement of their atoms in space,
without regard for conformational changes.

Stereoselectivity: the preferential formation of one stereoisomer
(enantioselectivity: preferential formation of one enantiomer).
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