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L. Introductilon

A fundamental change occurred about a quarter of a century  ¥/223
ago in the research on the origin of 1life: simple speculations
and philosophical considerations were replaced by experimental
and theoretical examination of the problem, This change was made
possible by advances in several branches of science and zctually
started with Oparin's book [1]. There is a simple answer to the
fundamental questicn: how di1d life arlse on Earth? - by chemical
evolution and regulztion., However formal this answer may be, it
states unequivocally that no "vital force" played a role in the
origin of life and that life evolved on Earth.

Figure 1 lllustrates schematically the evolution of matter
which led to the development of living systems. Making use of
potentlial energy sources, some compound needed for the support of
the functioning of the simplest living systems has heen developed
from the materials of the primeval atmosphers, hydrosphere and
lithosphere. Rzsearch during the last two c¢acades has considerably
broadened our knowledge about the prebiotie formation of materials
which are important for life; but it 13 only now that we begin to
have an ldea about the organizational processes which lead to a
combination of compounds and reactions that made possible the
development of self-reproducing homeostatic systems, separated from
their environment by semipermzable membrane. The phenomena of
chemical regulation obviosuly played a role during the phase of
chemical evolution but they became decisive during the organizational

* Numbers in the margin indicate pagination in the foreign text.

]
= 3Zased on a lecture prezented at the April 6 session of Coordination
Chemis“ry Working Committee.



Sketch of the origin of life (modified Calvin diagram)
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processes and although they were luss obvious, they also play

a determining role in the bilologleal evolution.

We must fimlan answer to two questions concerning the role /224
of the transition-metal ions in the chemical evolution:

1. What could have been the role of the transition-metal
complexes in the formation of the vitally important compounds
before the appearance of life?

2. In what phase of chemlcal evolutlon did the transition-
metal complexes become indispensable in the course of the formation
of preblotic systems and of their development toward the living
stage?

There is justification, in view of the frequency of the trans-
ition-metal ions on Earth, to pose the first question. It is pos-
sible that the reactions of the various complexes have played an
important role in the formatlion of materials needed for the chemism
of primifive living systems. Justification for the second question
1ls based on general experience, which reveals that translition-metal
ions are found in all living systems from unlcellular organisms to
man - no life 1is possible without them. Therefore, 1t can be stated
without exaggeration that the answer to the second question is de-
cisively important LJor solving the problem of the origin of life.

In order to answer the first question, we must first of all
clarify the nature and amount of fransition-metal complexes in
the "archetypal soup". Before the second gquestion can be answered,
the role of transition-metal complexes in the varlous organisms
must first be analyzed.

2, The Potentlal Role of Transitimn-metal Complexes in the Primeval/225

Formation of the Vitally Important Compounds

2.1. Transition-metal Ions in the "Archetypal Soup"

The source of the transition-metal lon content of the primeval
nydrosphere was obviously the primeval lithosphere. The composition



of Earth, the terrestrial crust and today's seawater 1s given in
Table 1. Geolopical events probably have not caused major changes
in the overall composition of the crust, although it is quite
probable that certain transitlon metals were present 3 to 4 pil-
ion years ago in their elementary form. Moreover, it 1s probable
that the various transition-metal carbides have been common com-
ponents of the primeval lithosphere., However, we must assume that

TABLE 1: FREQUENCY OF THE TRANSITION METALS

' Earth % | Frequency
Element () Earth's Crust Seawater
i } rpnt) | [mgh)
1

T o5 1 4 0,001
y ! ; 15 0,002
Cr 9,26 1 009005
M 0,22 950 0,00
O S 1 50 000 0,01
f.:_(.l I} 25 (001
Ni 24 ] 7 0,002
_Cu e : b1 0,003
7in E 70 0,01
Mo .- 1.5 0,01

a)data source refercnce (3)
there have been considerable differences between the primeval and
the current composition of seawater. At the start of the chemical
evolution, the atmosphere completely differed as compared with
today's atmosphere. No oxygen was present; H2, N2, CO2 and CHq
were the main components., The reducing character of the primeval
atmosphere 1s supported by the fact that in the protominerals
uranium and iron are present in their lower oxidation state, and
2ll model calculations are in agreement with thls. No oxygen
could be found in the gaseous inclusions of protominerals. Under
the influence of various energy sources (visible and UV radiation,
electric arcing, heat, etc.), varilous reactive compounds are
formed from the above-mentioned compounds of the primeval atmos-
phere, They served as the source of materials for the subseguent
chemical evolution. From the viewpoint of complex-forming pro-
perties, the following compounds seem to be most important: HCN,
(CN)B’ NH3 and acetylene. Some of the other components of the
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primeval atmosphere, hydrochloric acid and hydrogen sulfide
reached the atmosphere as a result of gas release and vulcanice
action., The most probable ligands of the primeval atmosphere are
shown in Table 2.

TABLE 2: PREBIQTIC LIGANDS /226
Preblotic ligands: f#?;ﬁgmggyCN'.th-@ y B

=

- Secondary ligands: amino aclds, carbonle acids, peptildes,
heterocyclic and macrocyclic compounds, etc;

=

T

Differentlation between the primary and secondary ligands is
rather arbitrary; the primary designation 1s meant simply to in-
dicate that the ligand in question hus been present during the
initilal phase of the chemical evolution while we consider as
secondary ligands those molecules which have been formed in the
course of chemical evolution and contain functional groups suitable
to form complexes.

The exceptionally low iron content of today's seawater may
be attributed to the low solubility of Fe(III) hydroxide and to
the absence of complex-forming ligands. However, four billion
years ago the oxldation state of iron was certainly lower and
numerous complex~forming ligands have been avallable. From the
viewpoint of dissoclving action, the cyanlde appears to be the most
important of the primary preblotic ligands, because 1t could have
been formed easily under prebiotic conditions, 1t is easily solu-
ble in water and the cyano complexes of the transition-metal ions
are exceptionally stable., Therefore, we may obtain information
about the transition-metal content of the "archetypal soup™" from
experiments, in which primeval minerals are subjected to extraction
with dilute cyanide solutions [4]. The results of some such exper-
iments are presented in Table 3.

The data referring to amphibolite and migmatite indicate that
iron and copper could have heen present in a slight but sti1ll sig-



TABLE 3: EXTRACTION OF TRANSITION METALS FROM MINERALS
WITH DILUTE CYANIDE SOLUTION®

Rock (ore)
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&, g of the comminuted rock was shaken with 0,014 M potassium
cyanide solution. The equilibrium has been established in

36 hours.

b The ore was together with the parent rock,

nificant concentration In the primeval ocean, even 1f the hydrosphere
did not come in contact with ores rich in transition metals. Compar-
ison of the data of Tables 1 and 3 indicates that 1% 1ls probable that
the transition-metal content of the primeval and today's seawater

differed from each other by several orders of magnitude,

The exper-

iments carried out with wehrlite and molybdenite are of speclal
interest because they indlcate that at certain locations the conecen-
tration of the transition-metal complexes could have been quite high.

The possibility of the formation of cyano complexes has been
mentioned also by Orgel [5] and according to Urey, cyano complexes
might have played a role in the formation of gold seams [6].

In view of the probable presence of additlonal potential 1i-
gands in the "archetypal soup", it is probable that mixed ligand

complexes of the transitlon-metal ions have been present,

From this

point of view, the following two atomic, iscelectric ligands: CN™,

je .
co, Cc7, Ny NOT are especially important. In spite of the identical
electron structure of these ligands, there are substantial differ-

ences in their reactivity and complex-forming properties.

These

differences are due in part to differences in their electric charges
and in part to different donor properties of the constltuent atoms

and the w electron system. Furthermore, it 1s important that the

/227



electron acceptor properties of the empty w reducing paths differ
also, It is worth mentioning that iron, which is obviously the
first one of the transition-metal ions to be c¢onsidered to play a
decisive role in the chemical evolution, forms mixed-ligand com-
plexes in all combinations of the lsoelectric ligands:

The Fe(CN)SCO3_ is formed from aquapentacyano ferrate (II)
and carbon menoxide [71;

The Fe(N)BNg" is formed by the following reactions [8-10];

Fe (ON)gNO*™+ NHg + OH™, Fe(CH)g>" + 2 H,y0:

3 2

The formation of Fe(CN)scg' or of 1ts protonated form, is
indicated by the spectral shift which appears when we bubble acety-
lene through a soclution of aquapentacyanoferrate complex [11]. We
should consider the coordination of these ligands when the state
of oxidation of the central ion is low and the ligand makes counter-
coordination possible. Under the reducing prebiotic conditions,
the metal ions occur mostly *n thelr lower valence state and some
of the ligands of Table 2 have definite 7 acceptor properties. We
must admit that those exotic transition-metal complexes that we can
prepare today only by special laboratory technlques probably have
been common molecular species on Earth four billiou years ago.

Finally, a remark is in order concerning the occurrence of
sulfido complexes. The sulfides of the transition metals are quite
stable and theilr solubility 1s very low. Therefore, the sulfildo
complexes could have been present in the "archetypal soup"” only in
the form of mixed-ligand complexes. The cyanide ion is the only
one to form stable complexes with the transition-metal ions which
are not transformed with sulfide lons completely into the corres- /228
ponding sulflide but form sulfido-cyano mixed-ligand complexes. o
The formation of the sulfido-cyario mixed-ligand complex is indi-
cated by the rapid color change which accompanies the addition of
the sulfide to the aquapentacyans ferrate (II) solution [11l]. No
reaction takes place when we add the sulflde to the hexacyano-

ferrate (II), or rather, a reaction is observed only after extended
7
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heating or irradiation. If the sulflde ores are brought in contact
with the cyanide solutlion, as in the above-mentioned molybdenite
experiment, the transition-metal iones enter the solution obviously
as sulfldo-~cyanc mixed-ligand complexes.

2.2. The Effect of the Complex Formatlon on the Reactivity of the
Ligands

The coordination of a ligand to a metal lon may increase or
decrease the reactivity of that ligand [12]., Both effects could
have a prebiotic importance., Increase of reactivity may enhance
the formation of a vitally Important compound or of its precursor.
Decrease of the reactivity would stabilize these compounds, thereby
assisting the enrichment of important substances, In connection
with the effect on the reactivity of the ligands, several fac.owrs
must be taken into zccount. The most important ones are listed
below:

1. electrostatic effect;

2. electronlc effect;

3. steric effect.

These effects are correlated wilith each other and the reactivity
oceurs as their result.

The coordination may change the electric charge of the
reactants, wnich naturally could affect considerably the sign and
the magnitude of the electrostatic interaction prevailing between
them. This effect manifests itself in the entropy of activation.

Naturally, the coordination causes changes in the electron
distribution of the ligand, which is reflected in the behavior of
the atoms of the ligand with respect to nucleophille or electro-
philic reactants. This effect manifests itself primarily in the
enthalpy of aectlvation.

The defined spatial structure of the coordination sphere
may lead to specific interactions between the coordinated ligands,
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and may render certain reactlon paths pogsible between the ligands
and external reactants, This effect could affect considerably both
the enthalpy of activation and the entropy. The steric lactor may
play an especially important role in the formation of macrocyelic
compounds generated arcund the central metal ion.

In some cases, extraordinary effects of the coordination on
the reactivity may be observed. Hor example, the reactlon of
alkali cyanides with alkyl halides yields alkyl nitriles; on the
other hand, if we use silver cyanlde or other complex cyanides in-
stead of the alkali salt, the corresponding isonitriles are formed. /229
This differential behavior is obviously due to the fact that in
the complex the cyanide 1s bound to the metal ion through the car-
con atom:
NAYON™ + RX T ReCN + Na'x"
AgCN + RX ~ R-NC + AgX

However, certain experimental results indlcate that a small
fraction of the ceoordinated cyanides 1s bound through the nitrogen
atom [13-14]. (In multinuclear cyano complexes both the carbon
and the nitrogen atom institue the bond). The cyanide 18 an effec-
tive catalyst of the benzoin condensation [15]. fTransition and
second-type metal lons inhibit the catalytic effect of the eyanilde
but by using sensitive methods to demonstratr the presence of ben-
zoin, 1t 1s possible to prove a certain effect, even in the case
of eyano complexes [16]. (The results of calculations exclude the
possibility that the then observed catalytic effect 1s due to the
cyanide dissociated from the complex). The first step of the cataly=-
tic reaction consists in the formation of cyan hydrine which may
take place with the free cyanide or with cyanide bouna at the nitro-
gen end.

One of the most important results of the prebiotic syntheses
is the formation of adenline from hydrogen cyanide. Considering
that the adenine is the formal pentamer of hydrogen cyanlide, this
is not really surprising. Coordination of the cyano groups may
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be advantageous also from the viewpolnt of the lieterocyclic com=
pounds. The effect of coordination may either increase or de-
erease the reactivity of the cyanide lon, In oth:r words, the
enthalpy of activation may be elther higher or lower than in the
case of the reaction of the free cyanide. Even 1f the reactivity
1s decreased, 1t might be possible to enhance the reaction by
complex formation in view of the increase of the entropy of acti-
vation, Depending on the composition and the structure of the
cyano complex, the heterocyclic framework may be formed completely
or partially within the coordination sphere by Internal rearrange-
ment. Unfortunately, we do not possess sufficlent knowledge on the
reactions of the cyano complexes to evaluate the effect of coordin-
ation in case of such processes., It seems probable that the more
cyano groups are present in the coordinatlion sphere, the more
incereased the entropy of aciivation. The fact that a fraction of
the cyano groups is bound through the nitrogen and may facilitate
the heterocyclic evolution, The hexacyano ferrate (II) and octo-
cyano molybdate (IV) appear teo he the most important complexes from
the viewpoint of the prebiotic synthesis of heterccycllic compounds.

Decrease of the rate of the hydrolysis of the cyanide ion
due to ordination may result in the accumulation of the cyanide
ion. In the absence of metal lons, the hydrogen cyanide concen~
tration during various preblotle syntheses exhiblts maxlmum as a
function of time. It appears important to study the effect of metal
ions on the various preblotic synthesis pathways in general, and
the role of the cyanide ion in particular,

The effect of coordination manifests itselfl differently in /230
the reactions of amino acids. The adjacent carboxyl and amino
groups play a role in the complex formation. If the ligand is an
o w amino acid, the complex formation renders possible the selec-
tive recaction of the w amino group. This principle was used for
the preparation of ornithine [17] and arginine [18] from citrulline:
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In the case of glycine, the formation of the Cu(II) complex
inhibits the reactlons of both functional groups. However, the
CH2 group 1s activated and, with alaehydes, the well-known Knoevenagel
reactlion takes place. In the reaction with formaldehyde serine [19],
and with acetaldehyde treonine [20] is formed:
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It 15 not quilte clear whether this type of reaction has any
preblotic meaning; still, these experiences indicate that the com-
plex formation may have influented in various wayr the reactions
of preblotically important molecules.

2.3. Catalytic Effects /231

Under prebictic conditions we may have to consider homo-
geneous or heterogeneoug catalysls, The catalytic effects of var-

1l
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ious metals, in particular of iron and nickel appear to he quite
probable. Reactions of such nature, as for example, the Fischer-~
Tropsch syntheses, possibly play a role in the formation of hydrow
carbons, carbonic aclds and even - as we will discuss in Chapter
2.4 - of heterocyclic compounds [21]. The catalytic effect of
platinum metals is even more marked; however, in view of their
rarity, 1t appears improbable Lhat these effects should be taken
Into consideration under prebiotic ccnditions.

It is posslible that metal lons and various metal complexes
have been adsorbed on various primeval rocks. We have no experw
ience concerning their catalytic effect.

The third group of catalysts consists of semlconducting metal
oxldes. We ar~ aware of one case concerning their catalytic effect,
with obviou. paublotic importance., It has been observed recently
that In the presence of zinc oxide catalyst, upon exposure to UV
radiation, the adenosine diphosphate is phosphorylated [22].

Phenomena of homogeneous catalysis may occur in the atmos-
phere and in the hydrosphere, The various volatlile metal carbonyls
may have played a role in gas-phase prebilotic reactions. In the
liguid phase, the cyano complexes appear to be the most important
compounds from the viewpoint of catalytic. action. Ameong the eyano
complexes, the pentabyano cobaltate (II) has been studies to the
greatest extent as the catalyst of various process [23]. The
pentacyane cobaltate (II) reacts easily with mclecular hydrogen,
forming a hydrido complex

2Co(CN)]  H, - ZHCH(CN)

which reacts readily with various unsaturated compounds. In the
evolvement of the catalytic effect, the empty coordination place
of the cobalt (II) complex plays an important role. Our knowledge
about the catalytle effect of the coordinatively saturated cyano
complexes is limited. The blnucleate NiE(CN)G- complex reduces
butadiene to butene [24], which means that this complex catalyzes



the reductlon o butadiene with borohydride or another reducing
agent which is capable of reducing the Ni(cn)ﬁ'. Recently, we ob-
served that the hexacyano ferrate (II) catalyzes the reduction of
p-nltroaniline with borohydride [11]. There is hardly and doubt
that in this reaction an iron complex with a coordinatlion number
lower than two plays a role. Of course, the borohydride reactions
do not have any preblotlie importance. However, from the preblotic
point of view, 1t seems to bLe promising &nd necessary to study the
catalytic ef'fect of the various low-oxidation-level iron and nickel
complexes.,

2.4, Survey of the Experimental Results /232
2,4,1, TFormation of the Amino Acids

Bahadur [25] observed the formation of various amino acids
as a result of the irradlation of an aqueous solution containing
paraformaldehyde, iron (III), chloride and potassium nitrate with
sunl.ght. He found, surprisingly, that the potassium nitrate
concentratlon affects not only the amount but also the kind of
amino acids which are formed (Table 4),

TABLE 4: INFLUENCE OF THE POTASSIUM NITRATE CONCENTRATION
OF THE REACTION MIXTURE ON THE FORMATION OF AMINO
ACIDS, ACCORDING TO BAHADUR

% of KNO3 Amine Aclds Formed
1l asparagine, serine, proline
0.5 asparaglne, serine, proline, arginine,
ornithene
0.25 asparagine, serine, proline, arginine,
glycine, valine, histidine, asparaginic
acid

Only traces of & few amino acids could be found in the absence
of iron (III) chloride. Lately, a2 number of metal ions were found
to be effective from the viewpoint of the photosynthesis of amino
acids [267. According to Bahadur, Ranganayaki and Santamaria [27],
the synthesis of the amino acids takes place even i1If the nitrogen

13
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content of the atmosphere is the only source of nitrogen, and the
aqueous paraformaldehyde solution 1is Ilrradiated in the presence of
colloidal molyhdenum oxide. Should subsequent experimental studies
confirm these results, they could be extremely important.

Oro, Kimbal, Fritz and Master [29] observed the formation of
various amino acids upon heating an agueous solution of formalde-
hyde and hydroxylamine. In an acid medium the yleld reached 14%.
The influence of various metal salts was also studlied. With the
exception of the molybdate and the vanadate, the various salts did

not prove to he effective, and the iron chloride actually decreased -

albeit slightly -~ the yield. However, the amount of the formed
emino acids increassed exponentially with the incerease of the molyb~
denum concentration,

Ventilla and Egami have repeated these experiments [29].
They used a formaldehyde co:ncentration of 0,25M, a hydroxylamine
concentration of 0.05M and each of the following lons: Cu(II)
Mn(II), Mo(VI), Fe(III) and Zn(II), had a concentration of 10'5M.
They found that peptides were also formed in addition to the for-

matlon of amino acids, but in the absence of suitadble control tests,

it 1s not possible to evaluate the effect of the metal ions.

Recently we proved the formation of glycine during the acid
hydrolysis of the Hacua(CN)uC?Np complex [30], This ccmplex may

te prepared by adding dropwise to the strongly chllled and stirred,/233

concentrated potassium cyanide solution, a concentrated copper (II)
sulfate sclution until the copper:cyanide ratio reaches the 1:3
level. The black precipitate is filtered off, washed with water,
ethanol and f'inally with ether and dried over 9205. Upon boiling
with hydrochloric acid, 1 mole of coordinated cyanogen yields 0.13
mole of glyeine., The hydrolysis of free cyanogen may be described
by the following equations:

C,N -+ 1,0 =~ HINCO LGN,
CuNy 11,0 - (GO0, 3 2N,
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These results indicate Lthat a portion of the coordinated cyanogen

hydrolyzes according to the following stoichiometric relation:

N FOILO - HLNGILCO0N H NGO |+ N1,

In case of alkaline hydrolysis, the formation of alanine may be
observed,

Glyecine 1s also the maln product of the photolysis of the
dilute (lO—EMH solution of hexacyano ferrate (II) and octacynao
molybdate (IV) in the presence of formaldehyde but many other
amino acids ars formed in lesser amounts [311., The yield ¢f all
amino acids calculated on the basis c. the complex, expressed as
glycine, reaches 25%. This 1s higher than the yleld of any <f the
preblotic amino acids published up to now, and indicates that the
study of this aspect of the reactions of met:l complexes may be
fruitful. The reactions of mixed-~ligand complexes containing both
the cyanide lon and cyanogen appear to be especially promising.

2.4.2. Formation of Peptides

Tne formation of peptides from amino acids in agueous solu-
tion 1s not favored thermodynamically. The thermodynamic barrier
may be removed in three ways:

1. By removing the water formed during condensation; l.e.,
by operating under water-free or nearly water-free conditions;

2. by using suitable connected reactions which supply the
required free energy;

3. by using an external energy source.

The esters of amino acids in organiec solvents (such as ethanol,
methanol or chloroform) yeild oligopeptides in the presence of var-
ious metal salts [32]. Brach, Louembe and Spaci [33] also observed

the formation of octapeptides in the soclution of glycine methyl
ester in ethancl in the presence of Cu 012. In agquecus solution
they noted no reaction. For this reason, this otherwise interesting

15
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result does not seem to be lmportant from the prebiotic viewpeint.

Calvin [2] has dlscovered that HCN, cyanimide and several ”ggﬂ

other similar compounds promote the formation of oligopeptides

from amino acids in a dilute aqueous solution, In these systems

the indirect hydrolysis of the energy-rich compounds supplies the

free energy needed to form the peptide bond. Inasmuch as these
reactions require the presence of Iree or protonated carboxyl and
amino groups, and as they take place in fairly strongly acld med-

ium, it appears improbable that the transition-metal ions would
promote the formation of peptldes in these systems.

Bahadur used the third possibility [26]. He found that many
peptldes are formed from amino acids in the presence of sugars
and various transition-metal ions in the course of photochemical
reactions. However, the yield is so low (he does not give numerw-
ical values, indlcating simply the intensity of the spots of amino
acids 1id=ntifled by means of paper chromatography), that even if
these results were to be confirmed, they would not supply a valuable
support for the prebiotic synthesis of peptides.

2.0,3, Pormation of Nucleic Bases

Hayatsu [34] was the first to observe the formation of
nucleic bases In a Filshcer - Tropsch type synthesls, using a mix~
ture of CO, H, and NH. Yand and Oro [21] studied these processes
in great detail, using paper chromatography UV and IR spectra, for
the identificatlon of the products. By uvsing industrial Fe - NL
alloy catalyst and a gas mixture with the composition of CO:HE:NH3=
1:2:0.44 at 650°C, under a pressure of three atmospheres, they
noted the formation of the following compounds (the yield refers to

NH3):
Compound Yield %
carbamide AT
biuret 0.178
melamine 1,230
guanyl carbamide 0.353
adenine (L3507
guanine 0.138
cytosine dfw
cyanuric acid OEEG




In the photolysis of octabyano molybdate (IV) in the presence of
formaldehyde, adenine and several not yet ldentified imidazole-
type compounds are formed [31]., In 0.0l to 0.1 molar solutions
with respect to the complex, the reactlion takes place within a

few hours and the yleld of the adenlne, as calculated for the com-
plex, amounts to 5 to 10%. It was not found possible to find other
nuclelc bases by chromatographic methods, In the photolysis of

the hexacyano ferrate (II) complex under 1ldentical conditions no
adenine is formed,

2.4,4, Formation of Porphyrins

The importance of metal ions in the blochemical reactions of /235

tetrapyrole plgments 1ls obvious. Furthermore, the experiments in-
dicate unequivocally that complex formation plays an important role
in the formation of these macrocyeclle compounds from pyrrole and
formaldehyde., Hodgson and Baker [35] studied the effect of various
metal lons and comminuted ores on the formation of porphyrin from
pryyole and formaldehyde. In thelr experiments they used a metal-
lon conceritration of 0.05 and a paraformaldehyde concentration of
0.03 M. The solutions were refluxed for 42 to 125 hours. From the
metal ions, N1 (II), with a yield of 8 micrograms, was found to be
the most efficient. Addltion of sandsto..e, slate or carbonates to
the reaction mixture raised the yield to 100 micrograms. Unfortun-
ately, the short publication does not contain much fundamental in-
fermatilon, rendering evaluation of the results difficult. For this
reason we have repeated the experiments [30]. In our experiments
the concentration ratios agreed with the given data. 1In every
case, the volume of the reaction mixture was 100 ml, In addition
to the effect of the various metal sulfates, we also studled the
effect of Ni(CN)q" and Fe(CN)g. The results are summarized in
Table 5.

In agreement with the experience of Hodgson and Baker, the
data indicate that the nickel jion promotes the formatlion of porphyrin
bu% in contradiction with their findings, we found that sandstone
reduces the yileld. In view of the Tact that during the early stages
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TABLE 5: EPFFECT OF CERTAIN METAL IONS ON THE YIELD
OF PREBIOTIC PORPHYRIN BYNTHESIS

ture

Added salt Yleld
- ‘ — LN & T
: | .
Feka) I I VA a)reaction time 64 hours
NSO ‘ oo 153 .
(s, T T 122 ;5“ b)0.3 grams sandstone in
}IS!’M b sandstone : 0206 | d 18 , )
NN N, ¢ 0G- Lo 1. an 100 m/1 reaction mix-
D01y
1

K Fe(N), TR [ i

of chemical evolution the transitlon-metal ions were present probably
in the form of c¢yano complexes, it is noteworthy that the hexacyano
ferrate (II) increases the yleld consilderably.

3. The Potential BEole of Trangition-metal Complexes in the Organ-~ /236
izatiognal Phase of Chemlcal Evolution

3.1l. Qcecurrence and BiochemicalFuhctions of Transition-metal Ions
in Present-day Living Orpganisms

Althouth 1t is not unequiveocally accepted that the chemlsm
of the simplest living organisms ~ in the current meaning of the
term -~ and of the precursor "probionts" were substantlally ldentical,
an examination of the role of transition-metal ions 1in present-day
organisms is a logical starting point for discovering the role played
by the metal ions during the transitional period of chemical evolu-

tion,

The concentration of transitlon-metal ions in living organ-
isms varies extraordinarily; thls may be attributed in part to
properties of the various species and in part to individual pecullar-
ities of the different monocellular organisms, plants and animals,
and to the distribution frequency of the various microelements in
thelr envirormment., For thils reason, the data presented in Table 6
should be considered only as averages. The current composition of
the organiasms i1s cbviously the result of long-range chemlcal and
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TABLE 6:Transition metal ion concentration in different compoundsn'b
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biochemical evolution. This sounds like a cliche but it diminishes
the value of statements, such as "The chemical composition ol living
organisms reflects to a certain extent the composition ol the en-~
vironment in which they evolved" [38]; or (in view of the faet that
1ife evolved first in the sea or salt-water lakes) "The composition
of the oceans left an ineradlcable trace in the chemistry of all cells
and organisms" [39]. Analysis of the data indicates that the enrich-
ment factor (which is the quotient of the concentration in the ter-
restrial crust and in the organism of the given element) is quite
uniform for different organisms; however, frequent and occasionally
extreme deviations from the general behavior are encountered [40-43].
According to Banin and Navrot [40], the logarithm of the enrichment
factor as a function of the ion potential (IP = the quotient of the /237
positive charge of the ion and its radius) yields a curve, which at
IP = 5 exhibits a minimum, regardless of the type of the living
organism. Moreover, seawater exhibits a substantially identlcal be-
havior. However, 1t must be taken Into consideration that three
billion years ago the transition-metal ion had a lower oxidaticn
state, and accordingly a lower ion potential. Without doubt, the
considerations of Banin and Navrot rest on logical foundations and

19



by themselves they invalidate one of the assumptions of the so-called
controlled panspermia thecry [38]. According tec that theory "the
occurrence of elements which are extremely rare in living organisms
on the Earth may indicate the extraterrestrizl origin of life'.

Crieck and Orgel stated incorrectly that the occurrence of molybdenum
in living organisms with respect to other elements 1s abnormal.

The similarity in the distribution of transition-metal ions
without regard to the type of the living organism may be due to the
fact that compounds with very similar complex-forming properties
participate in the metabolism of the varlous organisms. Strong de-
viation from the general behavior may be attributed either to the
presence of agents wlth specific complex-forming properties or to
the great enrichment of a specific metal ion in the environment or
to both of these factors. In the so-called accumulating organisms
these deviatlons may indeed by extraordinary. For example, whille
the nickel content of plants ranges from 1 to 3C ppm, with respect
to dry matter, in nybanthus floribundas, an amount not less than
8000 ppm was found [U44]. It follows from the complex-forming pro-
perties of most blochemlcally important compounds that the presence
of transition-metal lons In the organism does not necessarily mean
that they play a vital role in the chemism of a glven organism. Even
in the case of accumulating plants and animals, it is not cevtain
that the enriched ions are essential from the viewpoint of vital
processes., Rather, i1t may be that these organisms developed a
speclfic blochemical system which eliminates the toxic effect of
large concentrations of the transition metal lons.

In the living organisms, the ftransitlon-metal ions act as
components of enzymes and of electron and oxygen carriers. There
is no sharp boundary bctween the enzymes and the carriers; the
latter usually represent a portion of the enzyme systems. The metal
ions must be incorporated into certain organic molecules to enable
them to exert their function. In the course of the chemical evolu-
tlon some speciflc molecules were develcped, enabling the transpor-
tation of metal ions to the place of enzgyme synthesis. This is
especially important in the case of Fe(III) because of its great
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tendency toward hydrolysis. However, it is obvious that in this
case Lhils fransport mechanilsm hLas evolved during a2 later perlod of
the evolution when the redox potential reached the required value.
It 1& well known that a large part of the enzymes contain loosely
or strongly bound metal ions, Without doubt, iron is the most im-
portant trar zition-metal ion from this viewpoint and it appears
Justified to state that "any form of 1life is extremely improbable

in the absence of iron" [45]. Copper, zinc, manganese and molybdenum

2lso appear to be indispensable for most of the enzymes. The dis-
tinetive role of iron in each phase of chemlical and biochemical
evolution is due to the extraordinarily varled chemical actions and
wide distribution of the iron compeounds,

3.2, Evolution of the Enzymes
—

According to Calvin, the enzymes evolved in the course of
autocatalytic processes [2]. For example, when it became necessary
to decompose hydrogen peroxide, tha Fe3+/Fe2+ redox system may
have served as catalyst. However, thls system has a low efflciency.
On the other hand, the iron ions promote the formation of the tetra-~
pyrrole ring. Formatlon of porphyrin from pyrrole end formaldehyde
requires a six-equivalent oxidation. This oxidatlon is promocted by
hydrogen peroxide and by iron ions. The formed lron-porphyrin com-
plex 1s a much more effective catalyst of the decomposition of hy-
drogen peroxide than the iron aqua-ions, The catalytlic action
increased even more when the complex 1is Incorporated into a suitable
albumin molecule. This 1s an excellent example, but this principle
cannot be considered as beling generally valid for the development of
enzymes., The iron complexes in the form of both heme and non-heme

albumins are the most often encountered bilocatalysts., It is a logical,

albeit moot, assumption that the blocatalysts of today's anaercbic
bacteria are closely related to those of the probionts, It may be
suspected in particular of certain types of ferredoxines that either
they or their precursors have been the first redox catalysts of 1liv-
ing organisms [U46]. The redox potentlal of the various ferredoxine-
type systems variles from -U450 to +350 mV, thereby making possible

21




the catalysis of varicus redox reactions. This agrees with the assum-
ption of Baltscheffsky [47], according to which the biologlcal elec-
tron transport started from a value close to the potential of the
hydrogen electrode and when molecular oxygen became available, it
reached the value of the oxygen electrode, However, it is doubtful
that the ferredoxine precursor was ldentical with or even closely
related to the previously proposed ferredoxine model compounds. The
appearance of the enzymes presupposes an albumin synthesls lnvolving
a well developed control system interacting with DNA (RNA). For this
reason, we belleve that the prototypes of enzymes may be found among
the highfmblecular-weight compounds containing transition-metal lons,
which may be formed also under preblotic conditions., The polymeri~
zatlon of hydrogen cyanide may be considered as the most probable
process, leading to the preblotic formation of the polymer., Ve

found [48] that in the presence of the cyano complexes of transition
metals, the polymer absorbs selectively the various trarsition-metal
ions and the formed substances are the catalysts of varicus redox
processes, such as the auto-oxidation of ascorbic acid. The eflfect
of pentacyano cobaltate (II) on the polymerization is especially in-
teresting. Even when the amount of the cobalt (II) present 1s low
(less than 0,2% of the eyanide concentration), the reaction is greatly

hindered in view of the fact that the hexacyano cobaltate (III) has /239

absolutely no effect on the polymerilzation process, the effect of the
cobalt (II) complex is probably due to the nature of free radicals,

4, Conclusions

In approaching the extremely involved and complex problem of
the origin of 1life, consideration of the coordination chemistry
appeared rnot only as a possibility but as a necessity. The first
model experiments appear to be promising because it was found possible
to increase considerably the efficiency of preblotic-type syntheses
by means of transition-metal complexes., It 1s especially significant
that in some instances variocus types of vitally important substances
(nuecleic bases, amino acids) are formed simultaneously. There is
ground to hope that systematic studies in this field will clarify
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the role of transition-metal complexes in the orgenizatorial phase
of chemical evolution. It is obvious that researchers working in
the flelds nf the chemistry of cyano and carbonyl complexes, and of
the catalytlic effect of transition-metal complexes are best sulted
to study these aspects of the attractive and Interesting problem

of the origin of life.
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