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1. INTRODUCTION

The origin of life on Earth was preceded by a period of
grandiose length, variously estimated at 1000-2500 million
years, during which the compounds necessary for biologi-
cal activity were formed. During this gigantic time
interval, conditions were gradually created under which
more and more complex compounds could be gradually
formed from the simplest starting materials present on
the Earth; these compounds included protein precursors,
nucleic acids, lipids, etc., followed by more complex sys-
tems of these molecules directly leading to the appearance
of life.

As recently as 10-15 years ago, the main stages of this
gigantic pathway remained entirely obscure. At present
our knowledge of conditions existing on the Earth in its
primary evolutionary period has been greatly extended.
This has led to attempts to set up models for the synthesis
of various biochemically important compounds on the basis
of starting materials that could exist on the primary Earth.
The number of papers on this subject has now increased to
the point where it has become necessary to summarise and
analyse this problem, which is of great general scientific
interest. The present review is intended to meet this need.

2. POSSIBLE CONDITIONS FOR PRIMARY SYNTHESES
ON EARTH

It is now generally accepted that the Earth's primary
atmosphere contained mainly H,, CH,, NH,;, and water
vapour 2,  In the upper layers of the atmosphere photo-
dissociation of water molecules could have been caused by
short-wave solar radiation and this probably led to the for-
mation of a certain amount of oxygen and carbon monoxide,
but undoubtedly the atmosphere retained its reductive charac-
ter. The loss of hydrogen from the atmosphere by diffusion
into cosmic space might have been considerable even at that
time; if the present concentration of molecular hydrogen
in the atmosphere is ~ 107® atm at the Earth's surface, the
pressure in the primary atmosphere considered here may be
taken as ~ 1.5 X 10-% atm, 3 although at the very beginning
of the Earth's formation it was considerably higher. The
giant planets (Jupiter, Saturn, and those more remote) con-
tain tremendous amounts of H,, CH,, and NH,, even at the
present time, Meteorites and comets formed an important

source of primary materials on the Earth. It is estimated
that in the first 2000 million years of the Earth's existence
comets alone contributed up to 10'2 tons of these com-
pounds, or frozen radicals such as CN, CH,, NH, NH,, etc.*
Reduced materials also predominate in the composition of
meteorites; various hydrocarbons have been observad in
stony meteorites (chondrites).

These compounds might have accumulated in the primary
hydrosphere of the Earth, and surface rock decomposition
products as well as products separated from the internal
layers might also have been taken up; these products
include H,, CH,, NH,, CO, and H,S,*® also NH,Cl, and later
Ca(NO,;),;® Miller and Urey?® discuss equilibrium between
CaCO, and NH;. Activation of these molecules by various
forms of energy led to the formation of more complex com-
pounds.

Solar radiation was undoubtedly the most powerful energy
source; the total energy from this source reaching the
Earth's surface is 1.2 X 102 kcal per year. The solar
radiation of photochemical importance was mainly the ultra-
violet (below 400 mym); relative to the Earth it amounted
to ~ 10% kcal per year, and this reached the surface in the
prebiological period of the Earth's existence!; according
to Sagan’, the flux of ultraviolet radiation in the 2400-
2900 A region that reached the Earth's surface amounted to
~10%*erg cm~2s™!.  Effective cleavage of CH, occurs at
A < 1450 A, of H,0 at x < 1850A of NH, at A < 2250 A,
and of CO at A < 1545 A.%® Water molecules adsorbed
on zinc oxide or silicates are decomposed by radiation of
wavelength in the region 2300 A, but when gaseous ammonia
is adsorbed on active alummwm oxide, the photodisso-
ciation threshold of NH, shifts to 2700 A.® The formation
of formaldehyde has been noted?:!° when a mixture of
NH, + CH, + H,0 is exposed to ultraviolet radiation in the
1450~1900 A region, and also when a mixture of CH, and
H,0 is irradiated. The presence of formaldehyde has also
been demonstrated!! in an irradiated mixture of CO + H,0.
The photoionisation of gases and vapours by ultraviolet
radiation has been reviewed by Vilesov 2,

Electrical discharges in the atmosphere formed the next
important energy source, but they were less important than
ultraviolet radiation. It is estimated® that electrical dis-
charges accounted for ~ 1.2 X 10!5 kcal over the whole
Earth's surface.  According to Miller and Urey?, ultra-
violet radiation of wavelength A < 2500 A amounted to
660 cal cm~2 per year, whereas the energy from electrical
discharges was only 4 cal cm~2 per year. However, it
must be borne in mind that the action of electrical dis-
charges was localised in relatively small spaces, but the
action of ultraviolet light was uniformly spread in the
atmosphere; moreover it is possible that under primary
Earth conditions thunderstorm activity was more intense.
When a discharge occurs in a mixture of CH, + NH, + H,O
the compounds formed include aldehydes and HCN;3,!4
when H,S is added thiourea and ammonium thiocyanate are
also formed 4,

The action of cosmic rays and charged particles emitted
by the Sun might have beenof great importance. At present,
most ionising particles of this kind are held by the Earth's
magnetic field and deflected to form a radiation belt. The
role of this factor is therefore estimated?® at three orders
lower than that of electrical discharges, but this might have
been different in the early period of the Earth's develop-
ment. According to Uffen!®, the formation of radiation
belts as aresult of movements in the Earth's crust occurred
2500 million years ago. Up to that time corpuscular
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radiation %! reached the Earth's surface and led to the
activation of simple compounds. Calvin and coworkers?!®
detected formaldehyde in aqueous solutions of CO, that
had been irradiated in a cyclotron with a stream of helium
particles, but the real significance of this reaction is
insufficiently based on geochemical data. Subsequently,
Calvin and coworkers %2 subjected a mixture of methane,
ammonia, and water to the action of fast electrons (5 MeV)
and showed that under these conditions HCN, urea, and
other products are formed.

The action of all the types of radiation mentioned is
based on the breaking of C~C, C~H, H-O, and other bonds
and on the formation of a number of radicals: OH, H, CH,,
CN, NH, etc.

In contrast, the action of heat — the most substantial
non-ionising factor — consists in the activation of mole-
cules of primary compounds by exciting their vibrational
levels. Thermal solar radiation is undoubtedly the most
significant here; as already mentioned, this amounts to
102 kcal per year over the whole of the Earth's surface;
about half this quantity is reflected. Heat flux from the
interior to the surface is another factor in the Earth's heat
balance; this is largely of radiogenic origin (disintegra-
tion of ¥K, 235U, etc.) and amounts to ~ 10'7-10'8 kcal per
year?, The temperature of the Earth's surface was, at
any rate, less than 100°,22 However, in the same way as
the density of electrical discharges in the path of lightning
was much greater than the average values given above, so
also the distribution of temperature on the Earth's surface
was heterogeneous with sharp maxima at the points where
volcanoes and geysers erupted. Volcanic eruptions pro-
duced large amounts of incandescent gases such as H,S and
SO,; moreover, the liberation of NH,C1 and other ammon-
ium compounds by volcanoes and fumaroles must be taken
into account®.

In general, it may be assumed that in the first period of
the Earth's existence as a planet H,, CH,, NH,, CO, H,S,
CH,0, HCN, and NH,Cl and other compounds were present;
these compounds themselves had no biochemical significance
but they were the starting materials for the formation of com-
pounds that entered into the composition of livingorganisms.
In this period the main sources of energy were various ionis-
ing radiations, primarily short ultraviolet radiation, and, to
a lesser extent, electrical discharges and heavy ionising
particles; the role of these particles must be considered
of greater significance than previously. Of the non-ionising

types of energy, the actionof heat must be taken into accourit.

Therefore, after 2000-2500 million years, when the
reductive atmosphere gave place to an oxidative atmos-
phere, a layer of oxygen retained ultraviolet radiation; the
radiation belts that arose at this time deflected the main
mass of ionising particles from the Earth, and volcanic and
thunderstorm activity began to die down. In this relatively
quiet background the formation and development of life
became possible. However, it can easily be seen that in
the very first period of the Earth's existence the compounds
present and the radiation conditions excluded the possibility
of life, but were favourable to the chemical evolution of
substances needed for the formation of various compounds
that enter into the composition of living organisms.

We shall now consider possible paths in the formation
of the main classes of biochemically important compounds
from the starting compounds mentioned above, bearing in
mind the sequence of energy sources.

516

3. AMINO-ACIDS

The formation of amino-acids has attracted much atten-
tion, because of the great significance of these compounds
in the subsequent synthesis of polypeptides and proteins, and
because of the relative ease with which a number of amino-
-acids can be prepared from simple starting materials.

Groth 23,24 found that glycine and alanine were formed
when ultraviolet rays in the region of 1470 and 1295
(resonance lines of xenon lamp) acted on a mixture of
CH, + NH,; + H,0 for 24 h, and when methane was replaced
by ethane, a-aminobutyricacid was alsoformed. Terenin?8
used a hydrogen lamp with a spectrum in the region
2 > 1300 A, which is closer to the short-wave radiation
spectrum of the Sun. He irradiated a mixture of CH, +
+ NH, + CO in contact with liquid water and found alanine
in the reaction products. Later, Dodonova and Sidorova?®,
working in Terenin's laboratory, irradiated the same mix-
ture with ultraviolet rays in the 1800~1450 A region and
found that glycine, alanine, a@-aminobutyric acid, valine,
and leucine (or norleucine) were formed. When H,S or
CS, was added to the gas mixture, no sulphur-containing
amino-acids were found?*. When methane was replaced
by ethane 1° the composition of the amino-acids formed
remained unchanged.

Pavlovskaya and Pasynskii? irradiated aqueous solu-
tions containing 2.5% of CH,0 and 1-1.5% of NH,NO, or
NH,C1 with ultraviolet light from a PRK-2 lamp (2.7 X
X 10% erg cm=2 min-! at 40-45° for 20 h) and found that the
following amino-acids were formed: serine, glycine, glu-
tamic acid, alanine, valine, and also basic amino-acids;
phenylalanine was found in small amounts in mixtures con-
taining NH,Cl at 40° and NH,NO, at +1°.  The reaction
mixtures were analysed on columns and on paper, and a
microphotometer was used to measure the chromatograms.
Inthe presence of adsorbents (bentonite, kaolinite, limonite,
and optical quartz) 2, the same amino-acids were found
with the exception of basic amino-acids in some systems;
moreover, the formation of isoleucine or phenylalanine
(which have close R; values) was also confirmed. In sub-
sequent work ?® irradiation was carried out with a BUV-15
bactericidal lamp giving 80% of its radiation at 2537 A;
1.5 litres of solution at 40° was irradiated for 20-40 h.
The formation of amino-acids observed previously was
confirmed and threonine was also found; phenylalanine and
valine were not detected in these experiments. In some
experiments formaldehyde was replaced by acetaldehyde
and the resulting reaction mixtures showed the presence of
arginine and tyrosine in addition to the acids previously
mentioned; the presence of tyrosine confirms the forma-
tion of aromatic amino-acids. With the concentrations
of starting materials mentioned above, the amino-acid
content of the mixture after irradiation varied from 104
to 5 X 10-3 M, the lower figure referring to alanine. Thus,
irradiation of a solution of simple starting materials leads
to the formation of a number of important amino-acids.

Deschreider *® showed that irradiation with ultraviolet
rays of wavelength 2537 A produced alanine, glycine, and
aspartic acid, but the mixtures he used were too complex,
maleic and succinic acid being used as starting materials.
The work of Cultrera and Ferrari® suffers from the same
disadvantage: they used dibasic acids, keto-acids, and
hydroxycarboxylic acids as starting materials together with
various nitrogenous compounds and their irradiation pro-
ducts included glycine, alanine, serine, and dicarboxylic
amino-acids. Rid 3 demonstrated the formation of glycine,
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but his irradiation mixture contained hydroxy-amines and
CO,. The work described in these three papers is there-
fore not fully justified by geochemical considerations.

As early as 1913 Loeb 32 observed the formation of gly-
cine when electrical discharged acted on a mixture of CO,
NH,, and H,0, and also on 5-10% solutions of formamide.
However, the most detailed work in this field is due to
Miller 1%,33,3¢  who found that glycine, alanine, aminodi-
carboxylic acids, aminobutyric acid, and sarcosine were
formed in a continuously circulating mixture of CH, + NH; +
+ H, + H,0 subjected to spark and silent discharges for a
week; the amino-acid concentration in the mixture was
equivalent to 5 X 10-5-5X 10-3 M. It was shown that
aldehydes (up to 10-3 M) and HCN (up to 4 X 10-2 M) are
formed as intermediates; the kinetics of NH, loss, inter-
mediate formation of HCN and aldehydes, and amino-acid
accumulation were studied (Fig.1).

Miller's results were confirmed by Pavlovskaya and
Pasynskii 26, but they eliminated the excess of hydrogen in
Miller's mixtures and replaced it by CO; this replacement
was dictated by thermodynamic calculations. It was
shown 26,34 that the irradiated solutions were sterile. With
the spark discharge through the mixture for 100 h the for-
mation of the same amino-acids was observed and HCN
was found in the solution after the discharge.

The formation of the amino-acids appears to have been
through a cyanhydrin stage by a mechanism closely related
to that of the Strecker synthesis 3°, Strecker developed a
method for preparing alanine from acetaldehyde by the fol-
lowing reaction:

HCN 2H,;0
RCHO+NH; — RCH (NH;) OH —— RCH (NHj;) CN —— RCH (NHj,) COOH .

This method was later used for the synthesis of various
amino-acids (glycine, valine, phenylalanine, glutamic acid,
etc.), but it was found most convenient for alanine, glycine,
and serine. Blicherer % introduced an interesting modifi-
cation in which an aminonitrile is heated with ammonium
carbonate and the 5-hydantoin formed is hydrolysed:

R—CH——C0
(NH,);CO, Htor OH"
RCH (NH;) CN ————s l ———— RCH (NH,) COOH.
N NH
Nco”
moles
8
7k
7
5 2
5o
ok
Fys
oy )
7
0

1 1 L 1 1 1T
25 50 75 100 125 150 h
Fig.1l. Concentration of ammonia, hydrogen
cyanide, aldehydes, and amino-acids during
passage of a spark discharge through a mix-
ture methane, ammonia, water, and hydrogen 13,
1) NH;z (X 100); 2) amino-acids (x 10%);

3) HCN (x10%); 4) aldehydes (x 10°%).

Unfortunately, most other methods of synthesising amino-
-acids (with malonic ester, from keto-acids, etc.) are too
complicated for the setting up of geochemical analogies.
Here the Strecker synthesis has the undoubted advantage
that it permits the assumption that any process that leads
to the formation of aldehydes and HCN could have promoted
the accumulation of a-amino-acids in the primary Earth's
hydrosphere.

Abelson ¥ who studied the action of a spark discharge on
a mixture of various gases, found that NH,; cannot be
replaced by N,; he also studied the effect of adding CO,
and CO. He found that glycine, alanine, and sarcosine
were formed. His results have been confirmed on mixtures
corresponding in composition to those of Miller.  That it
was impossible to make do with CO, + N, has also been
shown by Heyns and coworkers!4; addition of H,S to a
reductive gas mixture yielded no sulphur-containing amino-
-acids. Frank3% studied the action of a spark discharge
on Miller's gas mixture, and also on a mixture in which
CH, + H, was replaced by methanol and isooctane, but he
could not extend the number of amino-acids formed. It
appears that when an electrical discharge acts on hydro-
carbon chains only small radicals are eliminated (CH;
type), as in the degradation of CH, and CH,OH:

CH,— CH; 4 H' (98.2 kecal),

CH,OH — CH; + HO" (78.3 keal),

HC HC\ -
HC /CH—- (CHy)y — CHy — H,C /CH-— (CHyg)s—CH; + CHg ,

H,C> . Hy .
O CH— (CHg); —CH; —— H‘2>CH—CH,—CH=CH,+CH3 .

Ord *® made a detailed study of the action of a spark dis-
charge (spark length 1.5-3 cm) on conc. NH,OH (15M) at 30°
for 5-7 h in an atmosphere of CH, and C,H,. ‘C-Hydro-
carbons were used in some experiments and this enabled
autoradiography to be used in the analysis of the two-
-dinrensional chromatograms; the ultraviolet absorption
of eluates of the spots was also measured. Glycine, alan-
ine, aspartic acid, and isoleucine were found in the liquid
phase; also, Or$ refers to the production of valine ana
leucine in other experiments in which C,- and C,-hydro-
carbons were used. "He also obtained the amides, aspara-
gine, and glycinamide, which probably played a part in the
synthesis of polypeptides (see below); this is an entirely
new result.

Using a spark discharge on a gaseous mixture of NH, +
+ CH, + H, for 100-200 h, Grossenbacher *° analysed the
products on an automatic amino-acid analyser and found
the following amino-acids: 2 moles of aspartic acid, 4 of
threonine, 14 of serine, 16 of glycine, 14 of alanine, 4 of
lysine, 2 of leucine, 2 of isoleucine, and 1 of glutamic acid;
he also found some peptides (see below).

Dose and Rajewsky* subjected a gaseous mixture of
CH, + NH,; + H, + CO, + N, + H,O to the action of ionising
radiation (X-rays in dose of 3.5 X 10 roentgen) and found
that acid and neutral amino-acids were formed. Later,
Dose and Ettre *? found that lysine and asparagine were
formed, but they irradiated more complex compounds
(cadaverine and alanine bicarbonates).

When a solution of ammonium acetate was irradiated
with B-rays from a linear accelerator (2 MeV), glycine
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and aspartic acid 4 were obtained; glycine and alanine %
were formed by the y-irradiation (®°°Co, 5 X% 108 r) of solid
ammonium carbonate.

Palm and Calvin!® found glycine, alanine, and aspartic
acid in a mixture of CH; + NH; + H, + H,O which they irra-
diated with a beam of fast electrons (5 MeV with a dose of
10%° ergs).

Bakhadur 45,48 irradiated a mixture of paraformalde-
hyde, potassium nitrate, iron(Il) chloride, and water under
a 500-1000 W electric lamp and reported a large number
of amino-acids in the product;, however, his papers do not
give sufficient grounds for his assumptions about the com-
position of the products and the mechanism of their forma-
tion. This remark also applies to the author's suggestion
that it is possible to synthesise amino-acids by illuminat-
ing a mixture of paraformaldehyde, colloidal molybdenum
oxide, and water, nitrogen being obtained by atmospheric
fixation.

Finally, the formation of amino-acids by heating initial
solutions has been studied in detail by Oré and coworkers 47,48,
In the first paper it was shown that anumber of amino-acids
(glycine, alanine, serine, aspartic acid, and threonine) can
be obtained simply by heating aqueous mixtures of form-
aldehyde and hydroxylamine to 80—-100° for 40 to 60 h, but
the reaction had an appreciable velocity even at the lower
temperature. The reaction mechanism here is also close
to that of Strecker's syntheses, since formaldoxime and
HCN are among the first reaction products of formalde-
hyde and hydroxylamine; the stationary concentration
of these intermediates was ~6 X 1073 M in the reaction
HCHO + NH, — CH,NOH — HCN; the amino-acid (mainly
glycine) concentration reached 17.7 X 1073 M. In the work
described in the second paper *, an aqueous solution of
HCN + NH,OH was heated for 25 days at 75° and glycine,

alanine, and aspartic acid were found amongst the products.

These results have been confirmed by Lowe ef al.4, who
heated a 1.5 M aqueous solution of NH; and HCN at 90°
for 18 h; these workers also showed that considerable
amounts of amino-acids are present in the form of peptides
and other amino-acid derivatives, which are separated
after the reaction products have been hydrolysed. Analysis
in an automatic analyser showed the presence of leucine,
isoleucine, serine, threonine, and glutamic acid (mostly
serine) in addition to glycine, alanine, and aspartic acid. If
the products had been hydrolysed in the work already men-
tioned here, a greater range of amino-acids might have
been found.

Fox and coworkers ®® also heated the starting materials
to obtain amino-acids but in their experiments the tem-
perature was higher (140-200°) and the starting materials
were too complex (salts of malonic acid); in our opinion
this limits the value of their work.

4. POLYPEPTIDES

Lower peptides could be formed at the same time as
amino-acids, but high-molecular peptides were probably
formed in the later stages of evolution.

By the action of ultraviolet light on an aqueous solution
of NH,Cl in which FeS, was suspended, and through which
methane was passed, EllenbogenS! observed the formation
of a peptide which on hydrolysis gave phenylalanine, meth-
ionine, and valine. Bakhadur 2 and coworkers irradiated
a solution of leucine and glutamic acid in the presence of
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sucrose with a 1000 W lamp and found that leucyl-leucine,
leucyl-glutamic acid, and some other dipeptides were
formed. However, both these reports lack confirmation.

Polyglycine has been obtained %3 by the action of a spark
discharge on crystalline glycine at 13°, and on a 10%
aqueous solution of glycine at 0°. Oré * has found that in
addition to the production of amino-acids in a discharge,
two compounds were obtained, the colour reactions and
chromatographic behaviour of which indicate that they are
low-molecular peptides formed with the participation of
amides (see below), but the compounds were not identified.
Grossenbacher ¥, who made the most detailed examination
of peptides formed in a spark discharge, found that the
peptides he separated consisted of glycine and alanine
(5:1), and also of glycine and isoleucine.

It is doubtful if peptides were actually formed in the
work reported and, if they were formed, the amounts must
have been insignificant. No doubt this is because pep-
tides are readily degraded in a spark discharge or when
they are irradiated. It is therefore natural that the forma-
tion of peptides and polypeptides should have been mainly
observed when heat or catalysts were used. @ Fox and co-
workers 5¢ studied the conditions for the thermal condensa-
tion of mixtures of various amino-acids.  Linear poly-
peptides with a molecular weight up to 8600 were obtained
by heating various amino-acid mixtures in the absence of
water to 140-200° for several hours; the following mix-
tures were used: glutamic acid and glycine 55, aspartic and
glutamic acids %¢ (also in the presence of phosphoric acid %),
lysine and alanine 5%, glutamic acid and phenylalanine 5%, and
also a mixture containing an excess of aspartic and glu-
tamic acids with 16 other amino-acids 3. This work has
been summarised by Fox5t It was shown by colour tests,
infrared absorption spectra, solubility, electrophoretic
mobility, and enzymic hydrolysis that the polypeptides
obtained (Fox terms them “proteinoids”) were not dis-
tinguishable from, for example, proteins of the caesin
type. The preparation of poly-a-amino-acids has also
been reported®-62  but it has not been made clear how the
results obtained are related to geochemical conditions.

The polypeptides prepared by Akabori®® are of great
interest; he suggested that the aminoacetonitrile formed
from formaldehyde, ammonia, and HCN undergoes poly-
condensation on clay:

CH,O0+NH;+HCN - Hy;N—CH;—CN+H;0.
Experiments were done on kaolinite for 5 h at 130°. Side-
-chains could be introduced into the polyglycine obtained
by reaction with aldehydes or unsaturated hydrocarbons;
the molecular weight of the polyglycine was about 15 000.
Unfortunately, these experiments were not further developed.

Ord % obtained polyglycine by heating glycinamide to
100° and also by heating glycine in 2 N NH,OH solutions 5;
copolymers of eight different amino-acids were also ob-
tained by heating the acids mixed with glycine in concen-
trated ammonia. The infrared and X-ray spectra of the
products were examined, and they gave a positive biuret
reaction. As has been pointed out already*, consider-
able amounts of peptides have been obtained by heating
an aqueous solution of HCN and NH,OH.

5. PURINE AND PYRIMIDINE BASES.
AND NUCLEOTIDES

NUCLEOSIDES

Apart from proteins, nucleic acids are the most impor-
tant compounds of biological significance; for this reason,
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a number of attempts have been made to synthesise nitro-
genous bases, and also nucleosides and nucleotides. The
main work in this field is due to Ord and Ponnamperuma.

On the action of ultraviolet light there is only a short
report % on the formation of adenine by irradiation of an
aqueous 10~* M solution of HCN.

A more detailed study has been made ¢” of the action of a
beam of electrons (4.5 MeV, 7 X 108 rad) on a CH, + NH, +
+H,0 mixture. In this irradiation the intermediate is
HCN; according to Oré's scheme (see below) condensation
of HCN leads to the formation of adenine. This purine base
may be obtained because it is the most stable to radiation.

The majority of purine and pyrimidine bases were,
however, obtained by Oré and coworkers -7 by heating
aqueous solutions of HCN of various concentrations in
aqueous ammonia to 70-90° for several days; in some
experiments temperatures lower than 70° were also used.
Adenine was obtained in this way®® and its presence was
demonstrated by eight different methods; Fig.2 compares
the ultraviolet and visible spectra of the picrates of the
compounds separated with the spectra of a standard pre-
paration of adenine. Fig. 3 shows Ord's mechanism for the
formation of adenine, which is the product of condensation
of five HCN molecules. It was shown that 4-aminoimida-
zole-5-carboxamide (I) and 4-aminoimidazole-5-carbox-
amidine (II)% were formed as intermediates; the com-
pounds were separated and identified by various methods:

O
H,N/C\ H,N/cj
H,l N
® @

Guanine was obtained from (I) by condensing it with
guanidine in aqueous solution in closed vessels at 100-130°,
and condensation with urea gave xanthine. = Hypoxanthine
(Fig. 4) was obtained from (I) by condensing it with form-
amidine and subsequently eliminating NH,. The formation
of adenine and hypoxanthine was also demonstrated when
HCN + NH,OH were heated at 90° for 18 h. #

Or67,™ also obtained pyrimidine bases (uracil and
cytosine) by condensing other nitriles (aminopropionitrile
or acrylonitrile) with urea at 135° in aqueous ammoniacal
solutions. Uracil was also obtained by heating together
malonic acid and urea in phosphoric acid solution at 100—
140° for 1-2 h. 72

B
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Fig.2. Ultraviolet and visible absorption spectrum
of picrate of standard adenine (1) and picrate of
adenine obtained ®® from hydrogen cyanide (2).
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Fig.4. Proposed mechanism for the synthesis of purines on the

primary Earth ™.

The next important step was made by Ponnamperuma
and coworkers™, who showed that ultraviolet irradiation
of an aqueous solution of adenine and ribose (2537 A, 1 h,
dose 108 r, 40°) in the presence of phosphoric acid (or
better ethyl metaphosphate) caused them to condense to
give the nucleoside adenosine, although the yield was very
low (0.01%); the quantum yield of the process was 10-5, It
was also found that the nucleoside phosphates or nucleo-
tides (adenylic acid, ADP, and even ATP) were obtained in
0.05-0.08% yield in the presence of ethyl metaphosphate;
irradiation of a mixture of AMP and ethyl metaphosphate
gave ATP in 0.3% yield 65,74,

Schramm and coworkers 7® have drawn attention to the
catalytic part played by polyphosphates in the adenine-
ribose condensation, but in Ponnamperuma's work in addi-
tion to its catalytic action the phosphate is directly included
in the nucleoside, thanks to activation by ultraviolet rays.
Because of the high stability of adenine to radiation, the
accumulation of ATP and other adenine nucleotides takes
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preference over the formation of nucleotides with other
nitrogen bases. Since ATP is an energy-rich compound,
which is characteristic of allforms of living organisms right
down to the simplest, it is likely that organisms would have
available pre-formed ATP and some other nucleotides at
their origin.

6. CARBOHYDRATES

The formation of carbohydrates was in itself of great
importance, since these compounds form an important bio-
chemical class; moreover, ribose and deoxyribose were
required for the formation of the nucleosides and nucleo-
tides mentioned above.

As has been pointed out, formaldehyde was one of the
main primary starting materials. Since the classical syn-
thesis of Butlerov, it has been shown that formaldehyde
could be condensed to form carbohydrates, and this subject
has been repeatedly reviewed in the literature. Recently "8,
it has been shown that when formaldehyde is condensed in
a basic medium, up to 30 monosaccharides are formed,
mainly pentoses and hexoses, which are the most stable
simple carbohydrates; ribose was among the products.
The intermediates included glycollic aldehyde, glyceralde-
hyde, and dioxyacetone 77,78, Or67 obtained 2-deoxy-
ribose and 2-deoxyxylose in ~ 5% yield by condensing
acetaldehyde and glyceraldehyde in aqueous systems in the
presence of bivalent metal (Ca?*, Mg?") oxides at tempera-
tures from 0° to 50°.

Ponnamperuma ™ has reported the formation of ribose
and deoxyribose among other products when a 3 X 10™* M
aqueous solution of formaldehyde was subjected to ultra-
violet irradiation.

7. ALDEHYDES AND ORGANIC ACIDS

The formation of the lower aldehydes, formaldehyde and
acetaldehyde, was of great practical importance for the
production of amino-acids and carbohydrates and their oxi-
dation led to the formation of a number of organic acids;
as mentioned above, the preparation of amides of organic
acids was an important intermediate step in the formation
of nucleic acid fragments.

When ultraviolet rays act on gases of a reductive atmos-
phere, lower aldehydes and organic acids are among the
primary compounds formed. Thus the action of rays of
wavelength 1850 and 2537 A ona mixture of C,H, + NH; + H,0
gave formic, acetic, and propionic acids?¢; with rays of
wavelength 1295 A acting on a mixture of CO + H, or CH,,
formaldehyde and glyoxal were obtained!!; formaldehyde
was obtained by the action of rays of wavelength 1450 A
on a mixture of CO, CH,, or C,H, with water vapour. The
following mechanism has been proposed!® for the formation
of formaldehyde in hydrocarbon-water mixtures:

2H,0 — 2H+20H — Hy0+H;+0,
CH,~ CHy+H,
CHy+0, — CH;0+4+O0H.

Losanitsch® observed the formation of aldehydes when
electrical discharges acted on CO, + CH,. Various organic
acids were obtained in Miller's experiments !33¢  including
formic, acetic, propionic, lactic, and glycollic; formic
acid was the most abundant (23 mmoles). We found that

520

formic, acetic, and traces of propionic acid are formed by
the action of discharges on a mixture of CH,, + H,0.%
Frank found only formic acid in the acid fraction of a mix-
ture of isooctane and water that had been subjected to
discharges %, he explains this by the fact that only CH,
radicals are eliminated in the degradation of linear hydro-
carbons (cf. p.517).

Frank obtained organic acids in higher yield by the
action of discharges on the mixtures CH, + H, + NH,,
CH,OH + NH,, and isooctane + NH,, all in the presence of
water vapour. Since the intermediate compound in these
mixtures is HCN, its addition to the terminal double bond
of an unsaturated hydrocarbon probably leads to the forma-
tion of a nitrile, oxidation of which gives fatty acids (in
Frank's work these were obtained in the non-volatile fatty
acid fraction):

H H
’C>CH—CH.—CH=CH,+HCN - aC>CH—CH,—CHg—CH,—CN .
HoC H,C

The formation of formaldehyde, formic acid, and some
other acids was also observed !8,4%;4* when various ionising
radiations acted on aqueous solutions of CO, and NH, and
Na bicarbonates.

Or6 found ¥ that formic acid, acetic acid, glycollic acid,
and lactic acid were formed by heating a 0.25 M solution of
CH,O and NH,OH.HCl to 100°; the acids were separated
and identified by column chromatography. Lowe and co-
workers ¥ also mention the formation of fatty acids.

8. AMINES AND AMIDES

In addition to amino~acids and organic acids, the forma-
tion of amines and amides has been mentioned in a number
of papers. Formamide has been obtained® by the action
of short-wave ultraviolet radiation (1850 A) on a mixture of
NH, + CO, and urea has been obtained by the action of rays
of wavelength 1800-1450 A on a mixture of the same com-
position (also with the addition of CH, +H,0).?® Hydra-
zine and hexamethylenetetramine have been obtained!® by
the action of rays of wavelength 1450 A on a mixture of
CH, (or C,H,) + NH, + H,0; hexamethylenetetramine was
also formed by 1850 A radiation acting on a mixture of
CH,O + NH,; + H,0.3 When a mixture of formaldehyde and
ammonium salts was irradiated?® a fraction containing
methylamine, ethanolamine, isopropylamine, urea, and
hexamethylenetetramine was separated.

Miller !3 obtained urea and N-methylurea (total amount
2 X 1073 moles) by the action of electrical discharges on a
mixture of CH, + NH, + H, + H,0; methylamine and ethyl-
amine were obtained by the action of a corona discharge on
the same mixture 2. Thiourea and thioacetamide have
been obtained!* by the action of a discharge on a mixture
of CH, + NH, + H,S + H,0, and urea has been obtained 83
from a mixture of N, + H, + CO.

Oro obtained aliphatic amines, asparagine, and glycin-
amide by the action of a spark discharge (7 h, 15-~30 kV) on
a mixture of CH, + C,H; + H,0 over conc. NH,OH. The two
amides are significant not only because they are the direct
precursors of amino-acids, but also because of their par-
ticipation in the formation of polypeptides (see above). By
heating conc. HCN and NH,OH to 70° Oré and Kimball
obtained ®® glycinamide, formamide, and formamidine.
According to these workers 4, the hydroxylamine used in
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their reactions might have been formed by the recombina-
tion of NH, and OH radicals contained in materials from
comets.

A considerable amount of urea was obtained!® by the
action of a beam of electrons (5 MeV) on a mixture of
CH, + NH, + H, + HO. Heyns and coworkers?* noted the
formation of a number of guanidine compounds when a dis-
charge was passed through a mixture of CH, + NH, + H,0,
but they added a certain amount of oxygen to the mixture
on the assumption that this is formed in the photodissocia-
tion of water. There are no other references to the for-
mation of guanidine compounds.

9. IMIDAZOLE COMPOUNDS

Imidazole compounds form an important group, being
intermediates in the formation of nucleic bases (see above),
which are also closely connected with the formation of his-
tidine and histamine. 4-Aminoimidazole-5-carboxamide
and the corresponding amidine have been formed % by heat-
ing a mixture of HCN + NH,OH. The formation of imida-
zole, 4-hydroxymethylimidazole, and 4-methylimidazole
has been shown to occur #® in a mixture of CH,0 + NH,NO,
exposed to ultraviolet light (2537 A); when a mixture of
CH,CHO + NH,NO, was irradiated, in addition to the fore-
going compounds 2-methylimidazole, 4,5-dimethylimida-
zole, and an unidentified compound, probably an alkyl-
imidazole, were also obtained; however, the presence of
histidine could not be demonstrated in the irradiated solu-
tions.

10. PORPHYRINS

The formation of tetrapyrrole compounds was of great
importance for the subsequent development of catalase
activity? and for the formation of the main compound that
absorbs visible light in the process of photosynthesis.
Chichibabin 85 obtained pyrrole by heating acetylene and
NH, in the presence of sesquioxides. Szutka and coworkers
found that tetraphenylporphyrin was formed by the action of
y-rays (**Co, 5x 10% r h=!, 10 h)®® or ultraviolet rays
(3000 A, 5 x 10'*¢ quanta-seconds on irradiated surface)?87,88
on a mixture of pyrrole and benzaldehyde in the presence
of zinc acetate. Rothemund® synthesised porphyrin by
heating a mixture of pyrrole and formaldehyde in methanol
and pyridine in sealed ampoules. Krasnovskii and Umrik-
hina® obtained porphyrin by heating (8-10 h, 100°) pyrrole
and formaldehyde in methanol containing 10% of water; the
reaction was accelerated by water, oxygen, and some cata-
lysts.

11. GENERAL REMARKS

It is now known with sufficient certainty that a large
number of diverse compounds of biochemical importance
could have been formed by the action of various kinds of
energy (ultraviolet, electrical discharge, ionising, and
thermal) on the simplest compounds (CH,, NH,, HCN,
CH,0, etc.) that could exist under primary Earth con-
ditions, although these simple compounds were them-
selves rather antibiogenic. Of necessity, this review has
been restricted to those compounds of biochemical impor-
tance (amino-acids, purines, pyrimidines, organic acids,

etc.), which can be obtained experimentally direct from
primary non-biological substances, since the number of
secondary biochemically important compounds which can
be obtained in this way is very great and could only be
touched on here.

In all the reactions for the formation of biochemically
important compounds from simple primary substances, a
prerequisite for a yield of the products was their rapid
removal from the reaction zone, to avoid destruction of the
compounds formed. Favourable conditions were created at
the points of contact of two different reaction zones, for
example, at a water surface absorbing the products of ultra-
violet radiation from the atmosphere, and also at zones due
to a cold atmosphere, electrical discharges, or volcanic
eruptions. In all cases the accumulation of products in the
ocean was of great importance!; at sufficient depth the
absorbed compounds were protected from ultraviolet and
ionising radiations and so preserved from further degrada-
tion.  The quantity of organic compounds that could have
settled from the primary atmosphere in 1000 million years
is ~1 kg ecm~?; according to Urey? and Sagan? this would
give a concentration of ~ 1% at the end of the time interval.

The work covered in this review shows that extraordi-
narily diverse biochemically important compounds could
have been formed in the early stages of the Earth's develop-
ment, but many problemshave, of course, been left unsolved.
Only half the amino-acid components of proteins have been
obtained experimentally. Either suitable abiogenic methods
of synthesis have not been found for the other amino-acids,
or they were formed as secondary products, or even by
biosynthesis in living cells. It is possible that the primary
polypeptides or protein-like compounds did not contain a
full complement of amino-acids, but they may nevertheless
have had catalytically active groupings. For example,
the active centres of the present-day enzymes, phosphoglu-
comutase, trypsin, and chymotrypsin contain the amino-acid
sequence aspartic acid-serine—alanine (Asp-Ser—Ala), a
sequence that might have occurred in primary polypeptides.
However, many amino-acids such as histidine and cysteine
that have not been obtained experimentally from primary
materials play an important part in the active centres of
enzymes. Elucidation of the possibility of their abiogenic
synthesis would be of great interest.

In general, the problem of preparing polypeptides of
fairly high molecular weight on suitable catalysts without
the use of organic solvents, high temperatures, or complex
organic amino-acid derivatives has received little attention;
an interesting attempt at such a polymerisation® under the
geochemical conditions of the primary Earth was not suffi-
ciently developed.

Closely linked to the polycondensation of amino-acids on
catalysts is the important problem of the origin of the opti-
cal activity of natural amino-acids. Up to now the absolute
asymmetric synthesis of L-amino-acids by means of circu-
larly polarised light has not been achieved; in all the work
dealt with in this review the amino-acids were obtained as
racemates, and all known methods of making optically active
compounds are based on the use of existing optically disym-
metry (compounds, crystals, adsorbents, etc.)?’. Stereo-
specific polymers with spatially arranged side groups can
be prepared on catalysts having no optical activity; in our
opinion 2, the elucidation of this is of the greatest impor-
tance. It is possible that optical asymmetry developed not
by the initial formation of optically active monomers and
their conversion into optically active polymers, but by the
reverse process, high-molecular-weight asymmetric cata-
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lysts might have been formed by stereospecific polymerisa-
tion and then the secondary optical symmetry of low-mole-
cular compounds might have developed on the basis of the
polymers. The appearance of optically asymmetric and
catalytically active polypeptides was important for accele-
rating the reaction and was therefore secured by evolution.
The conditions for the formation of such polypeptides are
still unknown and their experimental preparation would be
a significant achievement.

A great achievement of recent years, apart from the
preparation of amino-acids, has been the abiogenic syn-
thesis of purine and pyrimidine bases, some nucleosides
and mononucleotides, and also ATP (Or6; Ponnamperuma
and coworkers). The preparation of such complex com-
pounds is, of course, of great interest not only in connec-
tion with the conditions for the formation of such important
compounds as nucleic acids, but also because it raises the
whole question of the length of the biological stage in the
Earth's evolution. Since such important compounds as
nucleotides and ATP, which were previously considered
to be products of the biological stage of evolution, have
now been obtained by abiogenic synthesis under relatively
simple conditions, the chemical stage of evolution can be
reduced to 1000-1500 million years, and the origin of life
can be extended into the depths of time; according to
Sagan's estimate?, life might have originated 4000 million
years ago. This would explain the discovery of fossil algae
in rocks 2700 million years old, or the appearance of signs
of an oxidative atmosphere on the Earth 3400 million years
ago’.

It is well known that ATP passes through all the evolu-
tion of living things from the simplest organism to man;
if ATP were entirely a product of biological evolution,
uncountable generations would have been required for the
formation of ATP precursors. Recent experiments have
shown that this assumption is unnecessary and that pri-
mary living organisms could have obtained ATP in a pre-
pared form from the surrounding medium’3. The abiological
formation of ATP was considered by Blum ®3, but experi-
mental confirmation of this possibility was only obtained
recently. If ATP was present its participation in the syn-
thesis of polypeptides or polynucleotides may be assumed.
The important problem of the conversion of nucleotides
into polynucleotides, similar to the simplest nucleic acids,
has still not been solved experimentally under the geo-
chemical conditions of the primary Earth. It is possible
that in the presence of nucleoside diphosphates and tri-
phosphates further condensation could occur by the Korn-
berg-Ochoa mechanism, the low specificity of the catalysts
present and the slowness of the process being compensated
for by geological periods of time.

The formation of simple carbohydrates, including such
important compounds as glucose, ribose, and deoxyribose
has been demonstrated experimentally beyond doubt 7°,7°. In
contrast, the important problem of the formation of higher
fatty acids has not been solved experimentally; these
formed the main basis for lipoprotein membranes and
films. The interaction of higher hydrocarbons with HCN
in a discharge may have been important here (p. 520), or
the fatty acids may have originated at a stage when the
Earth's oxidative atmosphere had been formed. The for-
mation of porphyrins undoubtedly occurred in the later
stages of chemical evolution, or even at the initial stage in
the evolution of primary living organisms 3.

The mechanism and kinetics of none of the syntheses
mentioned here have been studied; up to now attention has
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been directed to the qualitative composition and the yields
of the unusually diverse products of these syntheses.

Available results show that polypeptides and polynucleo-
tides could have arisen independently of each other under
the conditions of the primary Earth. Polynucleotides could
have been formed by mutual union; these would, of course,
be very different from existing specific nucleoproteins but
they would have the important property of forming coacer-
vate layers due to the mutual saturation of polar groups
and reduction in solubility. = Although coacervates may be
formed by low-molecular compounds (e.g. phenol-water)
of limited solubility, typical coacervates are formed from
compounds of high-molecular-weight, in particular from
proteins and polysaccharides, two proteins with very dif-

. ferent isoelectric points, mixtures of proteins and nucleic

acids, etc. Oparin and coworkers®? have obtained coa-
cervates from polypeptides and polynucleotides. Thus

at the state of formation of polynucleotides, or evenearlier,
the formation of complex molecules inevitably gave rise to
more or less complex systems.

Within such systems of molecules (coacervate drops,
etc.) new molecular interactions occurred that do not occur
in dilute homogeneous solutions. In particular, the inclu-
sionof catalysts in these systems led to differences in con-
centration between the drop and the medium and automati-
cally converted them into chemically open macrosystems
constantly exchanging matter with the surroundings.

Open systems, the stability of which was dynamically
maintained by chemical reactions in the medium must have
been of great evolutionary importance. These processes
have been experimentally examined in simple equilibrium
coacervates °> and also in stabilised suspensions of enzymes,
the stability of which resulted from the dynamic balance of
surface precipitation forces of the stabilised surface layer
and its enzymic hydrolysis from inside the drop®. In
more ideal types of enzyme coacervates, the stabilising
membrane was a product of synthetic reactions in the drops,
and their stability resulted from the dynamic balance of
chemical synthetic and degradation reactions in the drops;
this made the behaviour of these systems similar to that of
the simplest living organisms.

At the limit of the origin of primary living organisms,
macromolecules were hardly characterised by a rigid
definite specificity in their composition, but probably dif-
fered significantly from existing types of these molecules;
for example, protein-like compounds might not have had a
full complement of amino-acids, and nucleic compounds
might have contained only relatively simple nucleotides.
Division of the coacervate drops occurred with a very low
specificity for transmitting “genetic information”, and the
development of nucleic acid and nucleoprotein molecules
that ensured a higher level of specificity for this transmis-
sion might have been the result of long evolution®.  The
idea that life originated at the moment when there was
asynthesis ° coded by nucleic acids, of specific protein-like
compounds is, in our opinion, erroneous; this interpreta-
tion disregards a tremendous initial period in the evolution
of living organisms. It is difficult to imagine how the
existing mechanism for the biosynthesis of proteins with
matrix, information, and soluble nucleic acids, necessarily
involving ATP and a number of amino-acids, could be built
up to any extent before the origin of life, as Buchanan®
suggests. All these multi-stage controlling processes
could only have been built up in morphologically specialised
open chemical systems exchanging matter with their sur-
roundings. At a definite stage in the development of such
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systems, the system as a whole and not just one component

(either protein or nucleic acid) might have been repro-
duced. It is probably at this stage that the first living
beings arosef.
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POLYMERIC BORON COMPOUNDS

V.A.Zamyatina and N.I. Bekasova

In the three years since the publication of our earlier
review of the scientific literature on polymeric compounds
containing boron?!, the number of papers published in this
field has considerably increased, as well as their penetra-
tion of the subject. Investigators no longer restrict them-
selves to reporting the production of a polymer, but now
describe its properties, give the results of investigations
which confirm its structure, and, in particular cases, draw
conclusions regarding the features of behaviour which re-
flect the specific chemical nature of boron.

However, as a whole, the chemistry of polymeric boron
compounds still lags far behind the monomeric chemistry
of boron in time spent on it and in the vigour of its develop-
ment. It is as though it were passing through an induction
period of hidden development, which is necessary for the
assimilation of the huge amount of original material made
available by the monomer chemistry and for the working
out of the basic methods for the production of the polymers.

In this review we follow the order of presentation of
material used in our previous review.

Only a few polymers are known in which the main chain
contains B-B bonds. Thus Kuchen and Brinkmann?2 re-
acted metallic sodium with phenylboron dichloride and ob-
tained the linear polymer of composition [(C¢H;)B], having
molecular weight 820, corresponding to » = 9-10. The
product is a yellow amorphous powder which is slowly oxi-
dised in air and darkens above 200°, and it was considered
to be the phenyl derivative of the previously described
linear polyboron hydride [BH]y.® A polymer of analogous
structure was obtained by the pyrolysis of tricyclohexyl-
boron, with elimination of cyclohexene and cyclohexane:

*B(CeHuls "= (BCyHu), + ¥ CyHio+ x CyHus.

In their investigation of the chemical reactions of di-
boron tetrachloride, Holliday and coworkers obtained a
solid polymeric boron subchloride [BCl], from it by pyroly-
sis®, and reacted it with epoxyethane to obtain tetrakis-

- (2-chloroethoxy)diboron B,(OCH,CH,Cl), whichdecomposes
on heating to give the polymer (BOCH,CH,Cl),.¢

According to a British patent?, tetraethoxydiboron
B,(OCH,CH,), is also converted into a polymer on heating
at 100°,

The pyrolysis of decaborane gives hydrogen and a con-
densation product ByH,,, which can evolve further hydro-
gen and is converted into a non-volatile solid boron hy-
dride 8,

New polymers containing B-C bonds in the main chain
have been described. These are most simply prepared
by hydroboration of unsaturated compounds; thus by the
action of diborane on triallylboron Mikhailov and Pozdnev?
obtained a solid polymer which they consider contains both
cyclic (I) and acyclic (II) units:

CH,CH,CH,
—(CHp),—B B
CH,CH,CH,
o (In

—CH,CH,CH,—B—
—BCH,CH,CHj -
|



