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- . ORGANIC GEOCHEMICAL STUDIES. I. MOLECULAR CRITERIA
FOR HYDROCARBON GENESIS®

Eugene D, McCarthy and Melvin Calvin

Laboratory of Chemical Biodynamics and Space Sciences Laboratory

University of California, Berkeley, California
September 22, 1967

‘Introduction

In recent years the search for 1ife-forms gt the eérliest perieds
of geblogidalitime has been continued not only at the morphologlcal
level but also at the molecular 1evéi. This has been possible as a
result of thé incregse in our biochemical knowledge and with the ad-
vent of analytical techniques that are capable of describing the in- |

timate molecular arcﬁiteéture of inéividual molecules in acute detail;
The fundamental premises upon which this ofganic geochemical approach

.'rest‘afe the following: that certain molecules, possessing.a character-
istic structural skeleton, show a reasonable stability to degradatioﬁ

 over long periods of geological time; that their structural specificity
can be understood in terms of known biosynthetic sequences; and that

L . their formation by any non-biologicd means is of negligible probability.

In this manuscript it is proposed to critically re-examine these pre-

mises and to establish criteria whereby one can differentiate molecules

% The work described here was sponsored, in part, by the National
Aeronautics and Space Administration, Grant No. NsG 101-61, and,
in part, by the U,S. Atomic Energy Commission,
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derived from biological gystems from those that ﬁave their origin in
non-biological processes, The.importance of establshiné such critgria P
lies in the siénificance these criteria have in determin;ng whether
life exists, or has existed, on other planets, Within the very near
future it may be possible to provide an initial answer to this ques-
tion when the first lunmar samples are returned to the earth for
analysis,

Almost all classes of organic'éompounds which have been recognised
as the constituents of living organisms have been looked for in sedi-
mentary depdsits of the geological env&ronment. Such classes of com-
pounds are the nucleic acids, the proteins, the amino acids, the
-organic pigments, the carbohydrates aﬁd the lipids. All these ful-
fill the structural specificity requirement stated above, but only
" the lipids and, to a lesser extent, the class of organic pigments
known as porphyfins, survive ffom the earliest periods of geoiogicél

time to be reiated td their original form today. All organic compouﬁds
-in the geological environment are unstable with respect to teﬁperature.
’The rates of thermal degradation processes will be dependent, there~
fore, on the nature ‘of the organic compound and upon the geothermal
temperathres to which it ha§-been subjected. Siﬁce some geothermal
temperatures are often quite low and may not have exceeded 30°C,l
organic compounds may survive long period.of time in the geological we

environment, In some cases thermal degradation will take place very

- slowly., Conway and Libby2 measured the rates of very slow reactions
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under various conditions, The 8pec1fic reaction which they chose to
étudy was the decarboxylation of the amino acid, alanine, The rates
were measurelusing radioactive labelling and low-level counting tech-

niques at room temperature, The half-life for decarboxylation was

- found to be about 109 years; at higher temperatﬁres (420-430°K)

the half-life was. only 100 years. This experiment suggested that

amino acids derived from the hydrolysis of proteiﬁs could be stable

over millions of yearé under lower temperature conditions, In keep-
ing with this prediction Abelson3 had identified a series of amind

acidg}including alanine, in a Trilobite fossil, whose age is believed

to be 450 million years.,

Other classes of organic compounds might be expected to survive

these relatively mild thermal conditions of geological environment,

The stable tetrapyrrole portion of the porphyrin molequlé has been

identified in sediments of Precambrian age.4 On the other hand, the

- carotenoid grouP of organic pigments are easily destroyed at tempera-

tures about 200°C,l in keeping with the almost total absence of these

' compounds in sediments greater than 20,000 years old.

0f all the classes of organic cbmpounds.the lipids have been most
generally looked for in the geological environment. Among the lipids
vthe presence of é series pf hydrocarbons, who§e>structures are based
oﬁ the C5H8 isoPrene ﬁnit, ﬁas been,invokéd as'evidence for 1ife—fdrﬁs
in Precaﬁbrian times, In particular, two specificvhydrocarbbns, phy- -

tane, thought to be derived from the phytel side chain of the chloro-
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phyil mblecules, the green pigment of plants, and pristane, derived from
phytol and also present in marine organisms, have been sought in Precam- .

brian sediments._

PHYTANE- _ ' PRISTANE

Their architectural skeletbn,vwhich shows a‘ﬁethyi branch every four
carbbns, is stable over long periodé of'time; Hyd;ocarbons which can
be related to the steroid and triterpenoid class of orgaﬁic compounds -
have also been found in ancient sediments. Examples from this class

5 LK .
are cholestane” and gammacerane whose structures are shown:

/

' CHOLESTANE |  GAMMACERANE
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‘The séturated hydrocarbons are more stable than the pofphyrinsl and
woﬁld.be exbected fo survive in the geologiéal énvironment through
periods of time greaté: than the presenfly-accefted>age bf the earth
(4.5 # iOg years, approximately). The proliferétion'of isoprenoid

- hydrocarbons in Precambrian sedimgnts, which have been consistently

7-11 is therefore not surpris—'

reported by different fesearch groﬁps,
ing. Simple calcuiations fof the degradation of hydrocarbons by thermal
éracking mechanisms (éssuming E 60 kcals/mole,12 a reaction velocity
constant_(secﬁl)ﬁ 1.0 at ébout 700°C12 and the aPsence of a catalyst)
indicate that hydrocarbons should be sEable fore more than 1022 years,
at room temperature, and for 1012 years at 100°C. The presence of
‘catalysts in the géblogical environment will presumably accelerate the
rates of these procésses.

The characferistic architecture of the isoprenoid hyérocérbon
molecule until fecently has been generaily acceéted.as an’unequivocal;
marker of biqlogicél orﬁgin; It Qas'thought that no abiogenic syn-

;theéié could produce tﬁe.unique étfuctural_features of the iséprenoidi
molecule, As.a resuit, the idea arose that the isoprenoid hydrocar-
bons migﬁt be used to designaté the period in geological history When
the transition from chemicai evoiutionary development to biological
evolutionary develépment was Brought about, The absencé of isoprenold

' b.hydfocarbons in the ofganic extract from a Precambrian sediment might
 serve as a ériterion by which‘the_period of chemical evolqtionarf devel-
opment might'be recognised;-That suéh.a_traﬁsition-éhould exist and |

that evolution should be continuous, not only in the domain of living
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6rganisms, was a concept that Darwin had clearly reéégnised himself.,
: Iﬁadequate éhemical knowledge at that time about the nature of mole- ' ~
cules and thelr interactions prevented further developmént of these
ideas.

The expectations that such a transition might be recognised at
the molecular level of e;olutionary dévelopment has not been realised
'for seve;al practical feasons. Mdst important among these is the
paucity of.Preéaﬁbrian sediments known that might form a chronologi—
cal sequence from the earliest periods of the earth's history to
the advent of the Cambrian (600 millibn years). Moreover, only a
few of these sediments have been studied from the organic geochemical
standpoint, A more fundamental reason why th}s transition may not
“have been recognised, however, now arises with the develépment of
a non—-biogenic stereospecific polymefisation.of the isoprene mole-
cule to prdduce éolymefs that are identical with the isoprenoid poly;',
mers_synthegi;ed in the living systeml The -characteristic structure
of the isoprenoid moiécule may not be as speéific as once was thought.
In attempting to recognise tﬁis transition in evolutioﬁary histor&,
therefore, it is necessary to establish -eriteria which will dis-
tinguish betweén fhose.organic compounds--and particularly the hydro-
~carbons-~that are derived from abiogenic sources and those that are
dgtived from livinngisteﬁs. Only when this ‘has been achieved can A

an empirical approach toward the recognition of this transition poirit

be carried out with any reliability.
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Blosynthesis of the Isoprenoid Structure

The biosynthetic pathway of the isoprenoid hydrocarbons has been

13,14)‘ It

fully elucidated (for a general review, see R. B, Clayton
has been established that in the biological system isopentenyl pyro-

phosphate plays an important role., This five-carbon fragment whose

structure is shown is the precursor to all the intermediates involved
v ﬁHZ .
CH3-C~CH2-Cl0 @D

* in the isoprénoid pathWay;‘ Polymerisation of fhis five-carbon unit
takes place by nucleophilic attack aﬁ the 5-position of isdpentenyi
pyroﬁhOSphate and subsequent displaée;ent of the perphésphéte group
to gilve allo;carbon fragmeqt, or monoterpenoid compound. This displace-
ment involves a head to tail linkage and has been shown to take place
in a stereospecific manner.15 This‘biological’mechanism iS‘repeateq
in further polymerisation reactions. However, the head to tall mechan-
‘ism is. replaced by a tail to tail one at two places:

1) The €35 compound farﬁesyl py£0phoséhate, reacts with another

m&lecule.of farnesyl pyrophosphate to give the hydrocarbon

squalene:

2) 1In the biosynthetic pathway to the carotenoids, C4g éerpene

oid compdunds, an analogous tail to tailllinkage is formed between .

two CpQ compounds., - | )

These géneral features_chérécterise the isoppenoid pathwéy in

biological systems.
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Certain;other'aSpects of themstereospecifiq'character of the bio-
o , o u | 5 16
synthetic pathway should;tementioned here, The work of Lindgren has

shown that homologous aliphatic C39-C45 terpenols are found in the wood

extractives of birch (betula verrucosa Erh.), The alcohols have the ~
general formula

H- (CHp-C(CH4)=CH~CHy ) n~OH

where n is -Q7,8,9. About 60% ofbtheif double bonds have the cis confi-
‘guration, .This finding shows that C3p terpenoid and C40 terpcnoid struc-
tures have been isolated from living organisms containing both the

téilu to tail linkage and the head to tail linkage. Higher terpenoid
compouﬁds have'beén isolated from pig liver, which is a rich source

of dolichol. The alcohol has fifteen or sixteen of its eighteen inter--

. iy . . . . 17
nal isoprene units in the cis configuration,

CH 3 : CH 3 ?H 3
CH3~$=CH—CH2—(CHZ—&=CH—CH2)18—CH2—CH—CH2—CH20H

DOLICHOL

Isoprenyl alcohols, whose structures have been characterised as undeca-
isoprenol-l and dodecaisoprenyl-2, have been ischted from §ilk/work feces.
The presence of solanesol in the same source was also confirmed, which

has the following structure: . e
H—(—CH2—$=CHeCH2—)n—OH
: '

SOLANESOL - (n = 9)

This compound had been characterised earlier by other workers19 who had
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isolated this compound from flue-cured tobacco. Its structure was

confirmed by Erickson et a1, %

and by Kofler 25;33,21 as a C4s5-
isopreﬁoid compotnd, Mevalonic acid, which is known to be a precur- ;
sor of iSOpentényl pyrophosphate in the bibsyntﬁesis of cholesterdl,
is also an intefmediaté in the biosynthesis of ubiqﬁinone, Vitamin K
and the tocopherola, all of which contaiﬂ;isoprenoid side chain.zz

- The biosynthetic pathway to rubber and gutta; which is also a
polyisoprenoid and is produced by a small number of tropical species,.
"has been discussed by Bonner.23 Both rubber and gutta are polymeric
- substances derived.from isoprene in yhich the isoprene units are
linked togefher through 1,4 Jinkages. Rubber contains fromvSOO to
5000 isoprene units, while gutta contains about 100 units. It is
of interest to note fhat the double bonds of the individual isoprene
molecules are iﬁ the cis configuration for rubber and in the trans

configuration for gutta, No high polymers have been found which con-

tain both the cis and trans geometry,
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, an~Biggenic Synthesis of the Polyisoprenoid Structure

»Thefbiological polymerisation mechanism involves a steredspccific

* 1,4 linkage of tlie individual isoﬁrene molecules and it is this fea-

ture that has been hiterto assumed a unique aspect of the biosynthetié'

‘pathway. Recent studies on the non—biologicai'polymerisation of small

molecules, such as propylene and butadiene, have indicated that these
reactions proceed with considerable_stereospecificity.
Natta was the first to show that the polymerisation of conjugated

diolefins can proceed in a stereospecific manner. He demonstrated

_that butadiene, isoprene and 1,3 pentadiene were Conyerted to poly-

~ mers containing 99% of linear 1,4 trans'structures by means of a hghly

stereospecific catalyst Al(Et)3-VCl3 (molar ratio 2:1) inheptéﬁe.24

.The presence of even small amounts of impurities impairs the stereo-

specificity of_the reaction, The infrared specﬁrum of the polymér
resembles that of natural rubber. X-ray diffraction studiés show
the linearity of the polymers and a pe;iodicity of 4,82 ] élong

the maip axis.'The uée\of TiClj produces a stéreosPecific 1,4 cis

linked polymer. The exact mimicking of the stereospecific features

of the biosynthetic pathWay in the terpenoid series would seem to dis-

- pel the notion that the head to tail linkage is unique to biological

systems. Natta's work has shown that not only the 1,4 trans con-
figuration of the biopolymer, gutta, but also the 1,4 cis configura-

tion of the natural rubber can be reprodﬁced by non-biological methods.

These findings call into serious question the validity of the isopre- -

noid compounds as 'biological markers'. Certainly the structure of the .

&
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isoprenoid hydrocarbons taken in isolation can no longer be considered’
to be unambiguously derived from a biological precursor. The presence
of the isoprenoid hydrocarbons in crude oils and sediments must be

viewed against the background of the other components present.

Non-Biogenic Polymerisation‘Pfocesses and Chemical

Evolution

‘One empirical approach which has endeavoured to reconstruct the

' evolﬁtionary development of the first living organisms attempts to

‘'simulate in the labbratory the types of chemical reactions that could

have taken place in the primitive atmosphere and given rise to the simple'

| organic molecules that constitute living organisms today. This approach

has met with considerable success, By analogy with the atmospheres of
other planets, the atmosphere of the pfimitivc earth is considered to
be essentially reducing, consisting of hydrogen, methane, ammonia and
water, Most of the fundamental building units of ;iving systems ipclud—

ing the amino acids, the sugars, the purines and the pyrimidines, have

. all been synthesised in varying amounts by the 'primordial atmosphere'

experiments where energy, such as ionizing radiation in the form of
particulate.or gamma iadiatibn, acts én this mixture of gases,
Conspicuoﬁsly absent among the simple ﬁolecules synthesised by
‘these reactions is the iSQprenemqlecule. Any chemiéal evolutionary
theory which would seek to account for the synthesis of~the polyiso-

prenoid compounds in the primitive atmosphere by invoking polymerisation

reactions of the Natta type, 'ufiiiéiﬁé:W“'reduced metal catalysts, must,
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’at theléut§et, provide a féasible expefimental route to the isoprene>
molecule, No suCh'patﬁway has been proposed which has been justified
6ﬁ an experimcnpalibasis.

Our interest was first directed toward a possible synthetic route
‘to isoprene in the.primordial atﬁOSphere by consideration éf a well-
‘establishéd commercial process which has been used iﬁ industry for
many years, Isoprene is produced in-significant quantities as a side-
.product in the thermal cracking of a mixture of propane and etﬁane.25

: ‘ ;
These two hydrpcarbons are fed into a pyrolysis furnace in various
~amounts and undergo thermal cracking at temperafures approaching 1100°K;

In the primitive atmosphere the startiﬁg materials for this pyrolysis

_reaction, ethane and propane, could be generated from methane in the

presence of an external energy source. At 1000°K these reactions proceed

 endogonically with a change in free energy amounting to-~17 and ~32

kcals/mole, respectively. In addition to isoprene, sizeable quantities

" of ethylene, propylene and butadiene are produced in this thermal crack-
ing process; In a typical feed, the relative amounts of these molecules
produced are shown in the following table:

Starting Materials: 507 ethane, 50% propane

Rel. Amount (%)

Ethylene : 30
Propylene ‘ 6 - 8
Butadiene ' 2 b

. Isoprene 0.2
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| Théré is no reason to suppose. that subsequent polymerisation pro-
cesses in thé primitive étmosphere should be confined exciusively to iso~
ﬁrene. Indeed, one would expgct_that polymerisation précesses involving
‘isoprene should proceed more slowly than polymerisation processés involv-
ing the other three molecules, Uniike the molecule of ethylene, the
propylene molecule is structurally asymmetriec. The resultiﬁg polymer
of propylene can be produced in various steric configurations. Under
carefully specified conditions, étereospecific polymers may result;’the
so-called "isotactic" and "syndiotacticf polyﬁers. Sﬁereospecific poly-
merisations of butadiene may aiéo give ;ise to ordered configurations:
th;eo-di«isbtactic, erythro—di~isotactic and di—syndiotactic.26 Natta
has also shown that a cis 14 polybutadiene can be synthesised whose

© the _
steric purity exceeds the steric purity of/97 to 98% C%F cis units found
in natural fubber. | |
:One may»reasonably question the relevance of such polymerisation

 reactions to the kinds 6f reactions that took placé.in the primitive
atmosphere. All these polymerisations require specific catalysts to
produce polymers of a giﬁen steric configuration; The likelihood of
these partiéular catalysts being avallable on the primitive eafth is .
somevhat remote, On the other hand, the overall simplicity of the
vpolymerisation‘reaction, taking place in the presence of metais in their
reduced oxidation states and'using only isoprene as a starting material,

gives credence to the hypothesis'that stereospecific polymerisation reac-

tions similar to those developed by Natta might have taken place in the
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ﬁrimitivevatmésphérég and.that the characteristic 1,4 trans, head to
tail liﬁkage of the polyisoprenoid‘compoun§§ may notfbé copfined.solely.
to tid biosynthetic.mecﬁaﬁiSmsl |

Accepting»for'the presenﬁ this hyﬁothesis, one has still to explain
‘why only the polymerisétipn ﬁeéhanisms gi&ing rise to polyisoprenoid com-
:pounds survived ﬁo begome an»iﬁtegral part of the biclogical system,
.Thefe ié no bbvious reason why the polyisoprenoid compéunds should be
'iéféiné&_;in eﬁolutionary development in preference to the analogous
‘polymers based on propylene or butadiene, Many of fﬁe polyisoprenoid
compounds belong to the general class of biological components known

as the lipidé; the lipids themselves form an important part of the mem-

'vbradggng living cells. The rolé of lipids in the transition from chemi-‘
cal evbigﬁién to biolégical evblutibn may haﬁe been especially signifi—
cant, Oparin27 has suggested that an.essentiél step in the transition
between these two evolutionary stages might be the formation of mem-
branes_around dropléts of organic substances produced in the primitive
atmosphere, It may bevthat there is séme important structural feature;
asvyet unrecognised and‘confined only to the polyisoprenoid compounds,
that makes these polymers the best structﬁral constituents of cell mem-

'branes.vAs a fesult, only the polyisoprenoid compounds would have sur-
vived the transition into biological evolutién. This is a speculative
hypothesis fr which there is no experimental foundation at pr?sent.

The Fischer—bepsch reaction has been considered by protagonists

of the abngehic theory for hydrocarbon formation  to be a significant
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p:dcess‘in the formation of petroleum. (The Fischér-Tropsch‘reaction

is a catalytiC‘reaction involving carbon monoxide énd hydrageﬁ at tem- .
peratures between 200°C and 300°C and at atmospheric or.higher éressuress)
Friedel and Shérkey28 were thevfirsﬁ t; demonstrate that .a similarity
exists between low molecular weight alkane isomers (up to 08) in crude

0il and those characterised in the Fischér—Tropsch reaction product,

Tﬁs hypothesis has recently been extended by Hayatsu and Anders to
éccount for the formation of hydrocarbons in the eazly solér system.

- These authors suggested that such a similarity may have some'bearing:on

- the origin of the vdlatiie hydrocarbons of petroleum, Hayétsu and Aﬁders,
using a mixture of carb@n monoxide and deuterium to eliminate the contam-
ination.dangef,'pfovided ﬁass épectrometric eyidencé for the presence of
a series of deuterated isoprepoid hydrocarbons, ranging in carbon number
from Cg to Clé{ One member of this series, CyjDy,, had a structure identi-

cal ‘to the C,,Hy, hydrocarbon, 2,6 dimethylnonane, which these workers had

11
identified in the Murray meteorite, Ambiguities can arise in the struc-
tural characterisation of isoprenoid hydrocarbons where the evidence is
. | 30 s .

based on mass spectrometry alone, “However, if the identification of a
homologous series of isoprenoid hydrocarbons 1s confirmed in the Fischer-
Tropsch reaction product this series would be identical with that reported

TH PR . \ , 31
by Gohring, Schenck and Engelhardt in an Italian Cretaceous shale, In
effect this would provide an abjogenic route to the lower molecular weight
) isoprenoidlhydroéarbons that can be vindicated on an experimental basis.
One of the weaknesses of the Fischer-Tropsch theory as a possible

" inorganic. origin of petroleum is that it has not been able to account for

the higher molecular weight isoprenoid hydrocarbons (ClS—CZl), includ-~
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 of the organic extract is much less clear cut, In view of the recent
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ing pristane andfphytane, which are found ubiqudtously in crude oils

. and shale extracts as -the major components of the 'branch-cyclic’ ' o

hydrocatbon fractions. Furthermore, the presence of steranes, triter-

demoﬁstrated in the Fischer-Tropsch product, whereas these classes of

organiec compounds‘have been identified in both Precambrian and more

: 4,5 -6 y
recent sediments,” and also in crude oils, The Fischer-Tropsch reaction

' _‘product therefore exhibits only a partial resemblance to the hydrocarbon

constituents of crude oils; it does, however, show a closer resemblance

"to hydrocarbon extracts from meteorites. .As a possible route to the

polyisopreﬁoid.hydrocarbOns in chemical evélutionary development this

process would seem to be subject to the same limitationé'in accounting -

for the isoprenoid distribution in crude oils.

 Criteria for Biogenic Origpgin

The experimentai eyidence points overwhelmingly to a biogenic

originvfof'almost all the organic extracts of crude oil and shales., It

' : 32-34
is when we come to analyse such extracts from meteorites, from

-Thuchelite samples,35 and from hydrothermal deposits36 that the origin

polymeiisation studies of Natta which“have brought into question the

validity of isobrenoidiﬁydrocarbons as 'biological markers' it is impér- v
tant to searéh fo; criteria which will provide an uhambiguqus‘answer to

these uncertainties aﬁd which will'reéonfirm.thé fundamental premise

upon which the organic geochemical approach rests., This is more than
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just an academic exercise for it is these samé uncertainties ahouf the
origin of the organic extracts that may vcry well arise when the lunar

samples are returﬁed to earth for énalysis° It is therefore iméeracive
that theée uncertainties be resolved.,

Among the.many apprdaches that have been adopted in endeavouring
to find criteria thch‘will determinevwhether‘organic material.has an
"abiogenic or biogenic origin, one particular apprpach, which has not
been utilised to any significant extent,.apﬁears to be most promising.
This approach involves the dgtérmihapion of the ﬁrecise steréochemistry,
and particularly the abéolute configuration of the optical centres, of
‘the indiQiduai consﬁitﬁents of these organic extracts.,

| Optical activity measurements in the past héve,in general jbeen
confined to 5 complex mixture of extracted organic materiél. Nagy 25_31337
observed optical'éctivity in the organic extract from the Orgueil meteor-
ite, and on the basis of this and other evidence invokea a bioclogical
orfgin for the organic material.‘ Subsequent work on carbonaceous chon-
'driteé by Urey38 and Nagy39 provided additional‘evidence for the pre~
sence of optically acti&e material in such sources. Hayatsu40 has con-
sistently criticised the exﬁerimental fouudation.upon which this evidence
rests, Even if the experimental foundation were Qerified,_however, it is
doubtful what the significance of optical activity in a complex mixtﬁre
would be uniess it was.poséible to relate the oriéin of the 0p£ical}
activity tb‘a specific component within the mixtuge, and to correlate )
this optical rotation, in magnitude and direction, with a known biologicai.

‘compound.’ Furthermore, the spontaneous formation of optically active sub-
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stanceé'from.an inactive material, without.intgrférence from a direct-
ing, asymmetric agency, has bgen demonStrated on an expefimeutai Eﬁsis.
Havinga4l showed that methyl—efhyl—allyl—anilinium ibdidc @ay crystallise
'.spontaneously into either anantiomer under certain experimental conditions.
‘In general, if a nucleus of one type of enantiomeric crystals should begin
to form by spontaneous, statistical fluctuations, an autocatalytic
' crystallisation process may set in,since such a nucleus tends to grow
by the addition 6f enantiomeric mqlecules of similar configuration.
This observation suggests a mechanism for the formation of the first
optically acti?e substance and indicatés that optical activity may not
" be a unique property of the bioiogﬁal systeﬁa

In any experimental approach it is necessary to carry out as many
measurements as possible on an individual cdmpound to designate an un-
ambiguous structure, No attempt has been made in this laboratory, how—-
ever, to determine the stereochemistry of the isoprenoid hydrocarbons
isolated from the crude oils and shales, nor, in general, have such
determinations been made by other research workers in organic geochem-
istry. There are very good reaéons for this.. Until just recently it
>haS'been felt generally that the very specific sgructural architecture
of the 'biological markers' was in itself adequate evidence for a biolo~
gical origin. YWith the isoprenoid hydrocarbons, for instance, the
characteristic methyl branch at every fourth carbon atom is so specific
that it has generally been accepted to be indicative of a biogenié origin,

Further, it has been very difficult to isolate the individual components
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in sufficient quantity and purity from the very complex organic mixtures
to obtain a reliable optical measurement., Finally, with the isoprenoid
hydrocarbons in particular, the optical rotations are so small that much

larger quantities of the compound than normal (20 - 50 mg),as opposed

“to the optical measurements carried out by Hills and Whitehead42 on

milligram amounts, are required. Such quantities of individual compounds

are impossible to obtain from most organic chemical samples. For these

reasons, reports of optical measurements having been carried out in
. R 42,43
organic geochemistry are scarce,

Despite this experimental difficulty it is important to correlate

the stefeochemistfy of the geological samples with that of the biologi-

‘cal precursor from which they are thought to be derived. It might be

possible to separate diastereoisomeric forms of a particular isoprenoid
hydrocarbon using capillary gas chromatography; preliminary attempts
to bring about this separation have s§ far not been successful in this
laboratory. Pristane can exist in two forms, as shown below, and
pristéne isclated from marine soﬁrces is thought to have thg meso-
configuration,
| D M&“O:Ql’_’.“l Cstiy
o,
H-Cg-CHy - D-6
(CHg) 4 | |
H-—T‘]_o—cu:} D-10
CHy |

l

Cstliy
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(‘:Sull. | o T

CHy
%7c6-cu3 __ D-6
(CHy) 3

CH3-C10-H . L-10

CH2

Cstyg

- The separation of the diastereoisomers of pristane in very small amounts

| by capillary gas-liquid chromatography would provide a major breakthrough

in experimental techniques in3orgaﬁic geochemistry. More significantly,

it would enable one to establish a criterion whereby one could recog- ' ’

nise organic compounds derived from abiological sources from those

-~

derived from biological sources, since, a priori, one would not expect

a Cj;g saturated isoprenoid hydrocarbon, having exclusively the meso-

configuration, to be produced in an abiogenic synthesis.

Another criterion for biogenic origin stems from a consideration

the

of the biosynthetic pathway to the polyisoprenoid compounds in/living

. system, This pathway is dominated by the occurrence of the head to

tail linkage in the polymerisation of isoprentenyl pyrophosphate., The -

- characteristic tail to tail linkage seems to take place exclusively at

' ClS to give Czg compounds such as squalene, the precursor of the steranes

and triterpanes, and at C20 to give C4p compounds such as lycopene, It

. " :
.- may be that the non-branched foyr-carbon unit in this tail to tail

linkage is the criterion for which we are looking in assigning a biolo-
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gical origin to compounds isolated from’crude.oils and sediments, In
this cdnnection-we‘havé héae several attempts to identifx suéh a 4-
carﬁon unitrin our organic geochemical stﬁdies.’ The occurrence of a
Co1 saturated isopfénoid hydrocarbon 2,6,10,l4—tetramethyiheptadecane;
in a series_of sediments suggesfs thgt a C40 isoprenoid hydrocarbon
such as lycopene, coﬁtaining a tail to tail linkage, might be a precur-

sor.,z'.4 It does not demand such a precursor, however, and higher head

~-to tail polyisoprenoids, such as solanesol and dolichol, might be also

postulated as precursors. The experimental evidence also seems to indi-
cate that the C3g isoprenoid hydrocarbon, squalene, does not play a

significant role as precursor to the isoprenoid hydrocarbons, At pre-

“sent we have been unable to identify this 4-carbon structural unit in

the organic extrécts from sediments.,

When isoprene is polymerised abiogenically, one might predict, a
Eriofi, that the reaction should not proceed stereoépegifically, and
that thrée compounds should be formed ~— the head to tail liﬁkagg (h-t),

the tail to tail linkage (t-t) and the head to head linkage (h-h). This

is illustrated below:

. ' | /[ \)\/(h—t)
isoprene . o ~ .
. v
' . /\ ' (t-t)

2N (h-h)
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When we éonsider the addition of another molecule of'isoprene to
produce a C15 compound, and a further molecule to give a Cyy compound, ‘ '@'u
Itheﬁ éeveral produéts should result whose structural skeletons are shown
_in'Figure I. These compounds might be expected to be preéent in hydro- B
carbon mixtures if they were derived by an abiogenic process which did
not proceed stefeospecifically. Thus, the presence of such structures
. in organic'e#trécts might be used as a criterion for abiogenic origin.

The copolymerisation of the simple olefines and diolefines --

ethylene, propylene, butadiene and iséprene-—- which are produced in

the thermal cracking of ethane and proﬁane --- can lead to polymeric
prdducts whicﬁ have methyl groups lécated.at.irregulér intervals along

the linear polymer chain, If the non-biogenic polymerisation of iso-
prene with reduced metal catalyéts is invoked to explain the occurrence
of polyisoprenbid compounds-it ié to be expected that copolymerisation
reactions would have occurred simultaneously,The polymeric products of
these copolymerisation reactions migﬁt serve as a criterion, therefore,

of abidgenic origin, The structure §f the products that are to be expect-~
ved from such reactions might be predicted from what is already knownvabOQt
_copolymerisation reactions. Ethylene is by far the most reactiVévof the
simple olefines and will be the major constitueht of the resulting pro-
duct. The nature of the transition metal compound has been shown to

have major control over the monomer composition of ethylene-propylene W
copolymers’prepafed Qith Ziegler-Natta catalysts.l'5 ‘Two examples

are given below:
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Ethylene (rj)-Propylene(rsy)

with Al(Et)3'

| r1/7y
Transition Metal s
Ticl, - 38.7

velg o 1040

(r = reactivity ratio)

Such éolymerisation products would be virtually straight chéin in char-
acter.with the occasional methyl branch. There is a tendeﬁéy to termig—
ate with‘propylene, thus producing iso:hydrocarbon homologies.46 |
Pyroﬁhoric meﬁal_catalys;s can also bring about copolymerisation reac-
tion.47. One such catalyst, pyrophoric iron, might have been ﬁresent in

the reducing environment on the primitive earth, These catalysts also

‘have the effect of reducing the reactivity of ethylene relative to

propylene by an order of magnitude; on reduced cobalt catalysts they
; - y 47 :
appear to react at the same rates,
- Other criteria for biogenic origin such as the odd to even distri-
bution of normal alkanes are only reliable for most recent sediments.
The identification of other 'biological markers', other than saturated.

isoprenoid hydrocarbons, within a given organic extract is a reliable

" eriterion in complementing the evidence for biological origin. - Except

for the porphyrins, however, and the steranes and triterpanes, other
classes of 'biological markers' do not survive into the most critical
region of interest, the Precambrian, which imposes a severe limilation

on this approach. The finding of homologous series in crude oils and
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sediments, while not in themselves necessarily indicative of biological
origin, does augment the evidence for the isoprenoid hydrocarbons, when

identified in the same extracts, However, these are nowhere nearly as

B

ubiquitous in orgaﬁic>geochemical samples as the_iSOpfenoid hydrocarbons: ‘ .
A further péint, which .is often not sufficiently emphasised in establish-
ing criteria for biogenic origin, 1s the relative amounts in which these
isoprenoid hydrocafbons are found. In almost all cases théy constitute
the major components of the 'branéh-éyclic' hydrocarbon fraction, an
observation whichargues strongly for a biogenic origin.

Another criterion for biogenic origin is the carbon isotope ratios
of thé organic extract. This approach is based on the fact tﬁat photo~
- synthetic organiéms discriminate against carbon—lein-preference for
carbon—lZ.So’51 Although not definitive in some cases such measurements
on organic extracts have already cast some doubt on certaﬂiprOposals for
an abiogenic origin of the hydfocarbons from hydrothermal deposits,
Further insights into this problem might also be obtained from a &evelop~ .
ment of the carbon isotope approach. Nobody has s&udied the carbon iso-
tope ratios of an indiyidual molecule. There are some experimental problems -
~ involved in this approach Which caﬁ be overcome, however, This represents

a new field of study which_cauld provide valuable information in ascer-

taining the origin of hydrocarbons. | ' V : ﬁ,'
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Conclusion

‘The prdblem of the origin of the iséprendid hydrocarbons remains
inconclﬁsive.-The evidence still indicates that isoprenoid hydrocarbons
are, in most cases, derived from biological sources, even in the Pre-
cambrian samples, It is in this geological time period, however, that
we are looking with renewed interest for the transition between chemi-
cal evolution and the advent 6f biological systems., Natta has already

demonstrated an experimental, non-biogenic route to the isoprenoid

- compounds. The possibility of non-biogenic isoprenoid hydrocarbons

3

is a very real one, and criteria must be established which will dis-

‘tinguish between those derived from an abiogenic origin and those

derived from blological systems.
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: -
POLYMERISATION OF ISOPRENE .
. (;\(
PHYTANE
H-T-H-T-H-T
‘ H-T-H~T-7-T
o FARNESANE ‘
2,6-DIMETHYLOCTANE AAA AN /\/W
,*\/A\/kv/ H-T-H-T /////’ H-T-T-T~T~H
. H-T ANANANN
Ao ~ AV HoT=T-T T T—W-H-HoT
T-T AN ANNANAANAN/
ISOPRENE /Y\/\/ T-T-H-H \ T-T-H=H=-T-T
H-H ANANA/ '
"HeM-H-T © T=T=-T~H-H-H
H-H-H=-T~-H-T
H-H-T-T-H-H
H-T-H-H-H-T
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