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Abstract 

The problems of the time manner and place of the beginning of life, both 

terrestrial and extraterrestrial , have become increasingly concerned by scien-

tists for the past decade.. This thesis have concerned itself with a study of .  

the origin and evolutionary steps of life. Four aspects; Chemical Evolution, 

Biological Markers or Molecular Fossils, Chemical Taxonomy, and Possible Extra-

terrestrial Life are discussed. . . 

The first portion of this thesis attempts to examine the historical 

record, trying to usemodern analytical techniques to study from the present time 

backward into history. The second portion describes a comprehensive study of 

a new biological marker, 7- and 8-methyiheptadecane. The structure of this 

branched C 18  hydrocarbon has been confirmed by instrumental analysis as well 

as organic synthesis. Biosynthesis and geological significance have also been 

studied. The third portion of this thesis is concerned with the comparative 

biochemistry. The evolutionary step from microorganisms to higher plants and 

animals could be recognized by the variation in chemical compositions. The 

fourth portion of this thesis contains the experimental results of examination 

of extraterrestrial samples, and the possibility of extraterrestrial life is 

discussed. 	 . 	 . 
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Abstract 

The problems of the time, manner and place of the beginning of itfe, both 

terrestrial and extraterrestrial,have become increasingly concerned by scien-

tists for the past decade.. This thesis have concerned itselfwith a study of 

the origin and evolutionary steps of life. Four aspects; Chemical Evolution, 

Biological Markers or Molecular Fossils, Chemical Taxonomy, and Possible Extra-

terrestrial Life are discussed. 

The first portion of this thesis attempts to examine the historical 

record, trying to use modern analytical techniques to study from the present time 

backward into history; The second portion describes a comprehensive study of 

a new biological marker, 7- and 8-methylheptadecane. The structure of this 

branched C18  hydrocarbon has been confirmed by instrumental analysis as well 

as organic synthesis 	Biosynthesis and geological significance have also been 

studied. The third portion of this thesis is concerned with the comparative 

biochemistry. The evolutionary step from microorganisms to higher plants and 

animals could be recognized by the variation in chemical compositions. The 

fourth portion of this thesis contains the experimental results of examination 

ofextraterrestrial samples, and the possibility of extraterrestrial life is 

discussed. 
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CHAPTER 1 	INTRODUCTION 

What is life? This question has been discussed by scientists for 

more than a century. If we view living and non-living matter, a line 

drawn between them would be arbitrary. Life.in this view is associated 

with the complex metabolic apparatus of the cell enzyme, membranes, meta-

bolic cycles, etc., and the point at which such a system becomes "alive" 

is undefinable. Most biologists, however, agree that living matter is 

uniquely defined by its genetic properties. According to this view, the 

feáturé that above all others distinguishes living matter is its mode of 

duplication. Living organisms select appropriate materials from their 

environment and transform them into accurate replicas of themselves. 

Theself-replication of living systems extends to the occasional accidental 

variants which appear from time to time in populations. These mutants 

copy themselves when they replicate rather than copy the parental type from 

which they originated. Thus, for an organism to be called living, it must 

be capable of both replication and mutation; such an organism should evolve 

into higher forms 	In order to study how life first started and how it 

evolved iritohigher forms, four aspects merit some consideration and dis- 

cussion in this introductory chapter. They are 	Chemical Evolution and 

• the Origin of Life, Biological Markers or Molecular Fossils, Chemical 

Taxonomy, and Extraterrestrial Life 

1. Chemical Evolution and the Origin of Life 

Life may be regarded as a step in the evolutiorary history of our 

planet 	Organisms survive due to a process that transmits information 



2 

from generation to generation. Non-living mixtures of chemicals do not 

currently give rise to life, but it is necessary to postulate that sutha 

step must have occurred at some time in the past. The common taxononiic 

pattern of living organisms is in contrast with the extreme diversity of 

living organisms; this paradox is, however, in accord with the viewpoint 

that these organisms have evolved in numerous directions from a single 

origin. 

Chemical evolution of b.iopolymers probably started after the earth 

had been formed from its primordial atmosphere. Probably the earth was 

condensed from a dust cloud 4.5-4.8 billion years ago. 1  As a result of 

chemical evolution, the first living organism was formed. The evidence 

indicates that the appearance of life on earth occurred at least 3200 

million years ago. Barghoorn and Schopf25  have reported the presence of 

blUe-green algae fossils in a 3.2 x 10 year old sediment. Thus it leaves 

only about one and a half billion years for the period of chemical evolution. 

There seems to be little •doubt that the primitive atmosphere on. earth 

was a reducing one in which hydrogen was the predominant element 
6,7 

 It 

is impossible to answer by direct observation the questions. that arise 

about how our present atmosphere evolved. However, evidence a,ailable from 

a number of sources indicates that hydrogen gradually escaped from the earth 

and gave way to the oxygen atmosphere of today 
8 
 When the earth was forming, 

most of its carbon, nitrogen, oxygen and sulfur was probably in a thermo-

dynamically stable form of methane, ammonia, water and hydroqen sulfide 6-8 

The carbon that made its appearance on the primitive earth was not in the 

oxidized state, e g carbon dioxide, but on the contrary it was in the 

8 
reduced form, the simplest form of hydrocarbon, methane  
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The energy sources available for the synthesis of organic compounds 

underprimitive earth conditions were ultraviolet llghtfrom the sun, 

electric.discharges, radiation, heat and shock wave. Among these, pro-

bably sunlight was the principal source of energy. Solar radiation is

14 
emItted in the wave length range from 10 6  cm,radio wave to lO 	cm 

gamma ray, 8  Agreat deal of this radiation, especially in the ultraviolet 

region is shielded tOday by the ozone layer  in the upper regions of the 

atmosphere. 

About one. hun.dred years ago Charles Darwin first described the chemical 

evolution theory which could be initiated with an energy source and primitive 

chemical compounds. In a letter.wr.itten on,February 1,1871 he stated: 

"It is often said that all the conditions for the first 
production of a living organism are now present, which could 
ever have been.present. BUt if (and ohl what a big if!) we 
could conceive in some warm little pond, with all sorts of 
ammonia and phosphoricacid salts, lIght, heat., electricity, 
etc., present, that a proteine compound was chemically formed 
ready.to undergo still more complex changes, at the present 
day such matter would be instantly devoured or absorbed, which 
would hot have been the case before living creatures were 
formed.' 1  8 

Oparin9  and Haldane 0  presupposed a long period of chemical evolution 

before the appearance of life. The accumulation of organic matteron the 

primitive earth and the generation of duplicating molecules must have been 

two factors of prime importance in chemical evolution. The evolutionary 

process might be considered to have taken place in three stages inorganic, 

organIc and biological. . . 	. 	. 

There have been many studies of the effects of ultraviolet light and 

11 12 
electric.discharges on various cornpounds. 	The greatest amount of 
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work in the field of prebiological synthesis concerns the origin and 

formation of amino acids. This may be due to the fact that amino acids 

are readily formed under these conditions. Amino acids have been syn-

thesized under simulated primitive earth conditions by the action of 

ultra-violet light, electric discharge, heat and ionizing radiation. 12  

It is reported that 14 of the 20 amino acids found in proteins have been 

synthesized by abiogënic means. 8 ' 11 " 2 . in one of the first experiments 

done, simulating the synthesis of organic matter on the primitive earth, 

Miller13  exposed a mixture of methane, ammonia, water and hydrogen to 

an electric discharge from tesla coils for about a week, resulting in 

the formation of some organic compounds. Among these were the amino 

acids, glyciné, alani.ne , aspartic acid and glutamic acid. More recently 

purines,' 4  short-chain peptides,' 5  and porphyrins 16  were also synthesized .  

under simulated primitive-earth conditions. It is hoped that such experi-

ments might lead ultimately to the structures and reactions which are 

essential to the formation of a living organism. 

2. Biological Markers or MolecularFossils 

Another method of approaching the origin of life was also demonstrated 

by Darwin. In order to gain an understanding of the evolutionary history 

of the earth he studied the fossil record, in which morphologically recog-

nizable entities could be placed in a chronological order which could trace 

this evolutionary path from earliest times 	Organic geochemists are a10 

examining a fossil record, not at the morphological level , but rather 

at the molecular level 	The architecture of the molecular aggregates 
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which the living organism left in the rock can be recognized as character-

istic of the organism itself. The characteristics of these molecular 

aggregates should be different from compounds synthesized abiologically. 

This method has been used to provide evidence in support of the proposed 

existence of life forms in Precambrian sediments older than three billion 

years. 

As living organisms evolved, the hard parts, bones, shells, teeth, 

leaves etc. were leftbehind as fossils. These can be recognized from 

their morphology, their substance has decayed and changed to stable 

molecular forms. Nevertheless, these may be characteristic chemicals 

by which means evolution can be traced farther back in time beyond the 

limits imposed by the oldest known fossils. These fossils are on a 

molecular level and are thus called "molecular fossils".' 7  

Some molecular fossils can be classed as biological markers if they, 

possess all the following characteristics: a chaacteristic structural 

skeleton, reasonable stability to degradation over long periods of geo-

logical time, structural specificity derived from known biological sequences, 

and a low probability of formation by any non-biological means. 

Treibs 182°  carried out a series of experiments in the period of 1934-

• 1945. He found some pigments in petroleum whose molecular characteristics 

could be related to present day animal and plant pigments 	His findings 

introduced the chemical viewpoint of a biogenic origin for petroleum 

/ 	. 	. 	 . 
Another type of chemical substance can also be considered as a bio-

logical marker, if it existed as an optically active form. For instance, 
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amino acids may be synthesized in many abiological ways. However, an 

amino acid may be considered as a biological marker only when the L-forrn 

is predominant. 

Various compounds of presumed biological origin have been isolated 

from petroleum224 , ancient sedimehts 2528 , and meteorites 29930 . Among 

• these classes of organic compounds the hydrocarbons have probably received 

the mostattention. Meinschéin 31  studied the solvent .extracts of soil of 

environments varying from swampy regions to arid regions. They were found 

• to contain more odd than even carbon numbered normal paraffins. Bray 32  

reported that the ratio ofodd over even carbon numbered n-paraffins 

significant in Recent sediments is approximately 2.4 to 5.5.. However,. 

• 

	

	 the value decreases for older sediments, and it is close to 1.0 in 

petroleum. 

The i soprenoi d hydrocarbons wi th the regul ar head-tai 1 -head-tai 1 

linkage have been sought in Precambrian sediments and petroleum. 24 ' 33 ' 34  

These compounds can be derived from known biological precursors such as 

phytol , farnesol, bactoprenols H[CH 2C(CH 3 )CHCH2 9 11 0H, solanesol 

H[CH2C(CH 3 )CHCH2]90H, dolichol H[CH 2C(CH 3 )CHCH2 ]200R,: etc. 35  While 

they have a certain probability of formation by non-biological means, they 

generally have been taken to be the residue of life forms 

• 	 •. 	Chemical. Taxonomy 	 . • 	. 	 . 

What was the impact of Darwin's evolutionary ideas on taxonomy? It 

is commonly stated, or implied, that these were revolutionary. Biologists 

talk of "affinities", the Darwinian biologist substitutes "evolutionary 
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relationship". The pre-Darwinian might have drawn a diagram of the 

Scala Naturae; the Darwinian draws a "Family tree". 

What Darwin attempted to show was that the evolutionary process 

"explained" the previously mysterious "natural groups". In other words, 

the possibility of making a generally agreed upon natural classification 

of organisms depends upon the process ofevolUtion. This is emphatically 

not the same thing as saying that any and every natural classification 

must be phylogenetic. The relationship between the actual course of 

evolution and the patterns of organic variation, for which it is the aim 

of taxonomy to provide a map, is in itself a fascinating and complex 

study. 	 - 

• 	Natural classifications, constructed by the sum total of resemblances 

or differences in an indefinite number of characters, were made by taxon-

omists long before evolution was ever talked about. Such classifications 

can be made of any group of objects, whether living or not, which exhibit 

significant character correlations. 

Chemical criteria can be used as confirmatory evidence to classify 

• 	 living organisms which were previously identified solely on the basis 	of 

• 

	

	morphological characteristics 	Chemistry may have more to contribute 	than 

any morphological analysis, not only because of the relative evanescence 

of most plant tissues in geological deposits, but also because the bio-

chemistry of evolutionary processes may be. deduced from the presence of 

compounds from known diagenetic pathways 	Chemical taxoniomy, properly 
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applied, may be more useful than such subjective morphology. 	Many 

chemical compounds are so common that they have small taxonomic value, 

but others, notably the so-called secondary metabolites, are often re-

stricted to certain taxa and may help to distinguish one group of plants, 

for example, from another. Often the variation in chemical composition 

can sharpen distinctions in determining taxa, and may also discose 

hitherto ususpectéd relationships. In recent years the development of 

new analytical .tchniques, such as gas chromatography, ultraviolet, infrared, 

nuclear magnetic resonance, and mass spectrometry, made these chemical 

taxonomy studies feasible. With the help of such methods, individual 

compounds from a complicated mixture can be identified unambiguously in 

a short period of time. 

Eykman 36  reported in 1888 upon his work on alkaloids, and notes their 

frequency in certain families. A few years later von Romburah 37  published 

quite extensive •work on the occurrence in plants of acetone, methyl sal-

icylate, and HCN. In a long series of papers published between 1917 and 

1945, McNair3842  attempted to apply comparative chemistry generally to 

taxonomy. Fats and oils and their taxonomic significance were to prove of 

continuing interest to him, and in a paper 39  appearing in 1929 he considered 

more than 300 oils, fats, andwaxes occurring in 83 families, in relation 

to climate and taxon!omy. He divided the oil into drying, semi-drying, and 

non-drying, and noted other characteristics such as iodine numbers, sapon-

ificatioñ values, and specific gravities. In 1935 he turned his attention 

to alkaloids. 40 ' 41 	He remarked on the fact that each spedies of a qenus 

such as Aconitum may have a different member of a group of closely-related 



alkaloids; that any one alkaloid rarely occurs in more than one family 

but may occur in many members of one family. 

It is becoming increasingly •clear thatliving organisms have, chem-

ically speaking, a rather uniform basic pattern. Within this basic 

uniformity, however, we may recognize relatively minor differences that 

are detectable by modern analytical techniques. 

4. Extraterrestrial Life 

Meteorites have always been objects of great interest to mankind. Today 

this interest is due less to the spectacular manner of their arrival on 

earth than to their bearing on the ancient question of the origin of the 

solar system. The development of sience during the 19th and 20th centuries 

stimulated an increasingly intensive and comprehensive study of meteorites. 

it is not generally accepted that they consist of extraterrestial material 

and that they originate from some source within the solar system itself. 

They must have formed very early in the history of the solar system, long 

before any geological structure in the crust of the earth 3  

The meteorites can be álassified according to their macroscopic ap-

pearance into iron, stony-iron, chondrites, and achondrites. 43  Metallur-

gical and mineralogical characteristics, together with differences in the 

fine strUcture of the chemical composition, give criteria for a sophisticated 

subclassification within each imajor group. Despite their wide variety of 

structures and compositions, meteorites and the returned lunar materials are 

the most primitive objects at present accessible for detailed study. They 

constitute a complex record of the early history of material in the solar 

system. 
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To study the possible occurrence of life forms or chethical evolution-

ary steps in extraterrestrial material, carbonaceous chondrites, a sub-

group of chondritic meteorites have been more intensively studied now 

than at any time since 1806 when the first recorded carbonaceous meteorite 

fell in Alais, France 44 . On the basis of chemical criteria, the carbon-

aceous chondrites are divided into three distinct types. 45  All three 

contain nearly the same proportions of nonvo.atile elements (Mg, Si, Fe, 

Al , etc.) but they differ markedly in their state of oxidation and content 

of volatiles (C, H,S, N, etc.) . Both of these increase in going from 

Type II to Type I. The origin of the carbonaceous chondrites is a sub-

ject of much controversy and no theory has yet been proposed which has 

gained universal acceptance. 43  

In 1961, Nagy et al. 
46 
 reported that the mass spectrometric analysis of 

hydrocarbons extracted from the Orgueil, a Type I carbonaceous chondrite, 

indicated that the hydrocarbons could be of biogenic origin. This conclusion 

was based on the resemblances of hydrocarbons in the Orgueil meteorite to 

the hydrocarbons found in sediments and to those produced by living organisms. 

Anders47  was especially critical of Nagyetal , offering ten specific 

criticisms which included pointing out the possibilities of contamination, 

abiotic synthesis, and also the fact that the data from the biogenic hydro-

carbons did not agree with each other and thus ccould not be used as proper 

standards frevaluating the meteorite data. More recently, Nooner and 

0ro48  reported that the hydrocarbons ranged from 0 1 to 25.8 ppm for Type I, 

8 3 to 150 ppm for Type II, and 8,2 to 415 ppm for Type III carbonaceous 

chondrites 	Isoprenoid hydrocarbons ranging from C 18  to C20  were observed 
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in practically all of the meteorites. Besides hydrocarbons, many groups 

49 50,51 
of organic compounds such as alcohols, 	fatty acids, 	phenolic cOm- 

52 ' 53  halogen-containing compound 9 ' 54 ' 55  amino acids, 52 ' 53 ' 56 ' 57  pounds,  

bases, 56 ' 58  and porphyrins 59  were also found in meteorites. 

This highly controversial subject is, at its simplest level, a 

question of whether those compounds observed in the meteorites are bio- 

genIc or abiogenic in origin. Every compound found in meteorites, wiun 

the possible exception of isoprenoid hydrocarbons, has been synthesized 

in some type of abiogenic process. The n-alkanes may definitely be pro- 

duced by Fischer-Tropsch synthesis 6°  but at present this cannot definitely 

be said forisàprenoid hydrocarbons. The origin of those organic compounds 

is still a question 	However, all those meteorites could be contaminated 

by terrestrial matter. For those samples which had a long previous ex-

posure on the earth before they were analyzed, contamination could occur 

during impact, wrapping, transferring, and storage 	Since all the analyses 

of meteorites are questionable, analysis of a recently fallen carbonaceous 

chondrite could solve part of the problem. This work will be discussed in 

part of Chapter. .9. 	. 

The ambiguity heightens when scientists are searching for extraterres- 

• • 	trial life on earth, by studying the immed.iatel' available sample-meteorites. 

The alternative way, perhaps a better way, to approach this problem is to 

search for extraterrestrial life on the Moon, Mars, and on other planets, or 

the return of samples to the earth for examination in our own laboratories 

It is generally agreed that this investment is the most important scientific 

objective of the space program 	This is necessary not only in order to 
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Justify the high priority given bio-organic observations on the planet, 

but also equally important to serve as a guide for exobiology itself. 

We would like to know whether life has originated elsewhere in the 

Universe, and we would like to prove whether an extraterrestrial form 

of life originated independently of life on the earth. We cannot assume 

if life is found somewhere else, that its origin was a separate event 

from that which gave rise to life on earth 	It is conceivable that life 

arose only once in the solar system or in the whole Universe and that 

it was subsequently distributed throughout all the the planets 	The 

one way we know of at the present time by which the answer to this question 

might be obtained is by comparing the chemical structure of the extra-

terrestrial life with that of life on the earth 

It is now assumed by some astronomers that a large number of stars 

are accompanied by families of planets. Therefore, it is desirable to 

examine the variety of environments which these planets might be expected 

to piovide, and compare this with the planetary ervironment which seems 

necessary to promote the development of life systems. Some planetary 

environmental factors for consideration are temperature, light, atmosphere 

and particle radiation 

The temperature range -30°C to 100°C is of the utmost significance to 

carbonaceous type life 	The earth lies near the center of a so-called 

bio-thermal band surrounding the Sun, while Mars lies near its outer edge 

and Venus near its inner edge 	This temperature range also determines 

the liquid water range which is of significance to the development of 

61-65 
biological 1ife  
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The primordial chemical environmerrt.of all planetary systems may be 

assumed to be similar. This assumption Is based on the conclusion that 

planets are formed along with stars in the condensations in dust clouds. 

Probably the early gaseous environment of most planets consists of hydrogen, 

methane, ammonia and water. The size of these gaseous' envelopes, which 

would be determined by the mass of the planet, would serve to screen the 

Planet's surface from radiation. 66 '67  The number of planets and satellItes 

in our solar system leads us to conclude that other similar stars are likely 

to be' accompanied at least by several planets. , The'distribution of the 

masses of our planets and satellites gives a basis for estimating the pro-

bability of a planet, of sufficient mass to hold 'an atmosphere, occurring 

in the biothermal band of a star similar to the sun. This probability 

would seem quite high considering our own solar system. 

• 	ClerlY, either on earth or elsewhere at some time in the past, 

simple chemical molecules began' to evolve gradually into complex self-

reproducing molecules, or units, capable of undergoing biological evolution. 

Regardless of which planetary origin theory Is accepted, it is generally,  

• assumed that a;primordial planet might have, contained only simple chemical 

molecules. If the life system has not formed in those planets it would be 

very desirable to lack for the small molecules and to determine what is 

the chemical evolutionary stage on the planets. 
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CMAPTER 2 EXPERIMENTAL 

The operations and processes descri'bed in this section are the general 

analytical experimental techniques used in this laboratory. The synthetic 

experiments and other techniques wilibe described in the other chapters. 

Since some portions of these procedures have been published e1sewhere 7  

emphasis will be placed on modifications and innovations designed to meet 

the demands of contamination-free, ultra-micro organic compound identifica-

tion and structure determination. 

The first group of samples studied consisted of algae, photosynthetic 

and nonphotosynthetic bacteria, their constituents of hydrocarbon and 

fatty acid were determined. Thesecond sample groupi consisting of petroleum, 

seep oils, rock samples and meteorites was examined according to the basic 

procedure reported by Eglinton etal. 8  

The analytical procedure used for living organisms is given in Figs. 1 

and 2. Ten grams of driedcells, or orqanisms,were treated with 150 ml 

of 3 1 benzene and methanol for 15 min. with stirring and sonicated for 

30 nun. Then the total sample and supernatant were transferred to a 

Soxhiet apparatus and extracted for 8 hr. with the same mixture of solvents. 

The extraction solvents were evaporated to leave a dark colored residue. 

The total extracted material was transferred to the top of an alumina 

column, (100 g, 30 cm) previously washed with n-heptane (100 ml); it was 

then eluted with three solvents to give four fractions. The first fraction, 

containing the total aliphatic hydrocarbons, was eluted from the column 

with 100 ml of n-heptane (n-heptane fraction) 	The second and third 

fractions were obtained by elutlon with 100 ml and 150 ml of benzene, 

respectively. The second fratton (benzene fraction 1) contained aromatic 
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and highly unsaturated hydrocarbons as well as nonpolar ketones 	Carot- 

enoids are the major components in the third fraction (benzene fraction II) 

The fourth fraction, obtained by elution with 150 ml of methanol, contained 

qlycerides, free acids, bases, amino acids, chiorophylls, and other organic 

compounds with polar functional groups 

The methanol fraction was used for fatty acid analyses 	An aliquot 

of the methanol fraction was saponified with sodium hydroxide, impurities 

were removed by extracting with three 10 ml portions of n-hexane 	Finally, 

the alkaline solution was acidified, and the fatty acids were extracted 

into three 10 ml portions of hexane 	After drying with MqS0 41  the acids 

were methylated by refluxinq the hexane solution with 1 ml of BF 3  in 

methanol 	The hexane layer was removed, and the methanol layer was ex- 

tracted with three 5 ml portions of hexane The combined nexane extract 

was concentrated with a rotary evaporator. The samples were then analyzed 

by.gas chromatography and mass spectrometry. All mass spectra were taken 

by a combination of an  Aerograph 204 gas chromatograph and an A. E. I MS-12 

mass spectrometer.  

The geological samples were treated according to the diagram in Fig. 3 & 4. 

Petroleum and seep oil samples were treated according to the same procedure 

except for the initial procedure which utilized column chromatography.  

After the outside surface of the rock was removed by a clean water-

cooled diamond saw, the larger rock segment was wrapped In aluminum foil 

and fragmented using a hammer. The chips were collected and washed in 

a flask containing a mixture of benzene and methanol 	A Mettler Electronics 

Ultrasonic Vibrator (ml. 5 - over 1000 peak watts at 28Kc) was used for 
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the washing process. The chips were dried in an oven and pulverized by 

a disc mill (Model 8701, type T250 Laboratory Disc Mill; Angstrom, Inc., 

Chicago, Ill.). The pulverized powder was less than 120 mesh ih size, The 

powder was extracted three times with 3:1 benzene/methanol using an ultra-, 

sonic vibrator. After centrifugation, the supernatant solution was renioved, 

yielding the "total extract". The total extract was fractionated by column 

chromatography and ahalyzed by gas chromatography and mass spectrometry. 

Distillationwas used to purify HCl.; however, hydrofluoric acid could 

not be distilled in a glass apparatus. Kwestroo and Visser's 
10 
 method was 

modified in this laboratory to purify HF. A closed Teflon box containing 

two Teflon beakers was made. One beaker contained crude HF and one con-

tained distilled water. After 4-5 days, the concentration equilibrium 

could be reached. 

Freshly prepared hydrogen fluoride and HC1 was added drop by drop to 

the rock residue and stirred with a Teflon-coated magnetic rod. The 

digestion:was considered complete when no further SiF 4  bubbles escaped from 

the solution. Separation and washing followed the digestion process. After 

the residue was dried at 110 0 C1 under 10" H20: vacuum, it was extracted with 

3:1 benzene/methanol, while the HF solution was extracted with benzene alone. 

Two extracts were then combined, yielding the "total bound organic content".. 

After the solvent was removed the residue was fractionated by column chroma-

tography and analyzed as for the initial free organic extract 

1 	Problem of Contamination 

During the last decade scientists from all over the world have employed 

the newest and most sensitive analytical techniques, such as ultraviolet, 

nuclear magnetic resonance, infrared, mass spectrometry and gas chromatography 

and 	electron spin renonance spectroscopy, to investigate the chemical 

composition and molecular structure of organic material from a wide variety 
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of natural origins. Contamination becomes a serious problem when research 

is directed to extraterrestrial material which usually contains only a 

micro-quantity of organic compounds. The question to be answered thus 

is whether or not these meteorites contain traces of life, proving the 

existence of extraterrestrial biological activity, or whether such staces 

are merely contamination by terrestrial matter. The samples may be con-

taminated not only in the laboratory, but also at the site of impact, by 

atmospheric penetration, by wrappiRg, transferring and storage. 

During the laboratory handling and analytical processes, contamination 

may also be introducedintó a sample. Solvents, chromatographic materials 

and equipment are the most obvious sources of contamination during analysis. 

In this laboratory a purified reagent grade of solvent was purchased and the 

purification was carried out before the solvent was used. The solvents were 

distilled by using a glass comumn of 40 theoreticalplates with a reflux 

ratio of 6:1. 250 ml of the distilled solvent was concentrated to 1 ml 

and then analysed by gas chromatography. Only those solvents containing 

less than 1 microgram Of detectable impurities in 250 ml were suitable for 

this work. The column chromatographic materials, silica gel (Baker Analyzed 

Reagent) and alumina (Alupharm Chemicals) were baked at 130°C for 24 hours 

• 

	

	and solvent-washed before use to eliminate contamination. To avoid con- 

tamination by equipment, all glassware was cleaned ultrasonically first with 

• 

	

	•organic s.olvent and then with distilled water. All critical analyses were 

carried out in a clean cabinet with a continuous stream of filtered air. 

A possible way to establish the indigenous nature of the biological 

compounds in extraterrestrial material is to determine whether the organic 

constituents differ from those of similar terrestrial materials 	Homo- 

geneous distribution of organic compounds in a sample stone from outside 

to inside and optical activity are the two commonly used methods  of proving 
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certain organic materials indigenous to extraterrestrial material. 

2. Extraction. 

Two types of extraction were used in the experimental procedure: 

Soxhiet-type extraction--an all-glass extractor was heated to 

moderate reflux temperatures by means of an electric heating mantle, 

with a power-stat controlled output. A Teflon covered magnetic 

stirrer was placed in the flask to prevent bumping. Eight hours of 

extraction time was usually used. 

Ultrasonic-type extraction--a Mettler Electronic Ultrasonic 

Vibrator (M 1.5--over 1000 peakWatts at 28 Kc) was used for the 

ext•ractioh. The sample and solvent were placed in a covered •flask or 

centrifuge tube which was placed halfway into the ultrasonicator water. 

Solvent to sample ratio was greater than 20:1 to prevent precipitation 

during sonication. Extractions were carried out at three half-hour 

intervals, using fresh solvent every time. 

These two methods gave approximately equal efficiency for pulverized 

rock and sediment. With dried organisms, the ultrasonic extraction yielded 

more extracted residue than Soxhlet extraction. Therefore, a combination 

of the two methods was used for the microorganism analyses. 

3. Chromatography 

The history of chemistry is characterized by the intensive investigation 

of increasingly specialized areas in the various chemical technologies 	Such 

efforts have resulted in the development of a number of useful analytical 

tools for the study and investigation of complex mixtures, such as absorp-

tion and partition chromatography. This technique was invented by Dr. A.J.P. 

Martin 	who is also responsible for liquid-liquid partition chromatography 
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and advances in paper chromatography. These powerful techniques were 

originally applied to the investigation of complex biochemical mixtures. 

The potentialities of the method became apparent to organic chemists 

almost immediately and intensive research on chromatography was carried 

out in laboratories throughout the world. In recent years the development 

of new techniques such as column, thin layer and gas chromatography has 

made the separation of complicated organic mixtures feasible. And the 

mass spectrometry which has served as a structural detector of gas chroma-

tography, has made the study of micro-quantity organic mixtures possible. 

Analytical methods used for this work are discussed individually as follows: 

Column Chromatography 

Separation of organic compounds by their differences in polarity by 

column chromatography is a well established procedure and a variety of 

adsorbents and solvents have been used for the purpose. The column was 

pre-washed with n-heptane before chromatography. Absorbent to sample 

ratios were generally higher than 50:1 and the column diameter was in the 

range of 1 cm to 3 cm. The ch.rQmtographic column was developed With 

n-heptane, benzene and methanol consecutively.  

Thin-Layer Chromatography 

In thin-layer chromatography an absorbent is applied to a supporting 

plate, usually glass, in a thin layer. Generally, a binding agent is used 

to adhere the adsorbent to the supporting glass 	The mixture of adsorbent 

and binder are applied as a thin slurry and the excess moisture is removed 

under varying temperature and time depending on the desired degree of 

activity. The desired activity and developing solvent are the main con-

trollers of good separation of organic compounds with different functional 

groups 
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Silver-nitrate TLC 12  is used to separate saturated compounds from 

unsaturated ones. Five to ten percent of AgNO 3  is added to silicacgel G 

(Applied Science Lab, Inc.), and a slurry made with distilled water before 

use. The plate is pre-developed with ethyl acetate and activated in the 

oven . The final development of the plate is with n-hexane/ether while 

saturated and unsaturated methyl esters are separated. 

C. Gas Chromatography 

In 1952 James and Martin 13  published their classic paper describing 

both the gas-liquid partition technique and a relatively simple apparatus 

for resolving aliphatic carboxylic acids. Since then, a new literature has 

developed which is devoted to this technique and now includes more than 

20,000 publications. The determination of the composition of the effluent 

gas stream can be carried out conveniently, and with high sensitivity, by 

any of a number of relatively simple detectors. Even with the simplest 

form of thermal conductivity cell , for example, it is possible to determine 

parts per million concentrations of impurities. This detection limit can 

be extended to the parts per, billion level with the more elegant flame 

ionization detector. 

In 1956 at the first symposium on gas chromatography held in London, 

Martin 14  predicted: "We should be able to work from the milligramme down 

to the microgranime scale. Of course, that will imply that we decrease the 

diameter of our column correspondingly. We shall have columns only two-

tenths of a millimeter in diameter, and these will carry, I believe, 

advantages of their own 

It was not long bofore this prediction was fulfilled 	Golay 15  first 

reported the use of capillary columns coated on the inside walls with 
7 

liquid phase 	The high resolution capillary column leads the way to 



separate and to identify the complicated mixtures in microquantities. 

Stainless steel, although relatively expensive, is often used in 

capillary columns, since it is stronger and more durable than glass and 

provides a nonpolar surface with excellent heat transfer properties. The 

stainless steel tubing 0.006, 0.010, and 0.020 inches in diameter were 

purchased from Handy and Harman Co., Norristown, Pa. The actual coating 

of the columns was accomplished in this laboratory. The capillary columns 

exhibited efficiencies between 150 to 500 theoretical plates per foot for 

0.01 in. I.D. column and 150 to 350 theoretical plates per foot for 

0.02 in. I.D. column. The columns made and used for this work were as 

follows: 

a. stainless steel tubing, 100, ft. , 0.01 in. inside diameter coated 

coated with Apiezon L (hydrocarbon grease); 

b.. stainless steel tubing, 100 ft., 0.01 in. inside diameter, coated 

with Polysev (7-ring polyphenylether); 

C. stainless steel tubing, 100 ft., 0.01 in. inside diameter, coated 

with OV-17 (phenyl-methylsilicone, 50% phenyl); 

stainless steel tubing, 100 ft., 0.01 in. inside diameter, coated 

with HI-EFF-4BP (Butane-1,4-diol Succinate); 

stainless steel tubing, 200 ft., 0.01 in. inside diameter, coated 

with 50% of Igepal CO-880 [nonylphenoxypôly(ethyleneoXy) ethanol] 

and 50% of silicone GE SF-96 (silicone rubber), 

f 	stainless steel tubing, 100 ft , 0.01 in inside diameter, coated 

with OV-1 (Dimethyl silicone); 

g. stainless steel tubing, 150 ft., 0.01 in. inside diameter, coated 

with GE SR-96 (silicone rubber); 

h 	stainless steel tubing, 750 ft , 0.02 in inside diameter, coated 

with 50% of Igepal C0-880 [nonylphenoxypoly(ethyleneoxy)ethanol] 

i 

	

	stainless steel, 25 ft , 0.25 in inside diameter, containing 

3% SE-30 and 60 to 80 mesh Gas-Chrom Q, 

3 	stainless steel, 25 ft , 0.125 in inside diameter containing 3% 

OV-1 and 60 to 80 mesh Gas-Chrom Q; 

29 
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The instruments used for this analytical work are listed as follows: 

An AerographA90 P-2 equipped with a thermal conductivity 

detector wasused for all preparative work. Helium was used as 

the carrier gas; flow rate was 35-55 mi/mm. 

An Aerograph 204 with a modified injection system was used for 

capillary analytical work. It had a hydrogen-flame ionization 

detector with helium as the carrier gas; flow rate was approximately 

2.5 mi/mm. for 0.01 in. inside diamete.r capillary column. 

:A Perkin-Elmer 900 equipped with a flame ionization detector was 

used for this work. 

A Barber-Coman 5000 equipped with a flame ionization detector 

was used. 

4. Combined Gas Chromatography-Mass Spectrometry. 

Mass spectrometry, long used in the petroleum industry and more recently 

in the chemical industry, is one of the finest single tools available for 

tha analysis of volatile chemical compounds. It is a rapid, precise method, 

uses sample sizes on the order of a few micrograms, and is often capable 

of identifying single components even if previously obtained standard mass 

Spectra are not available, for comparison purposes. 

The combination of a gas chromatograph with a mass spectrometer has 

proved to be an extremely useful tool for the rapid and positive identifica-

tion of chromatographic fractions 	Gas chromatographic data alone are often 

ambiguous, and the identification of sample components by this means can 

be obtained with assurance only by the expenditure of considerable time 

and effort 	Usually the samples are collected in a cold trap 	This system 

is time consuming and suffers from many disadvantages, particularly those 

which are associated with the collection, handling, and introduction of 

the sample into the mass spectrometer.  
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Ryhage 16 ' 17  and Biemann' 8  described combination gas chromatography-

mass spectrometers which employed  molecular separators coupled in series 

between the column and the inlet line of the mass spectrometer. With this 

technique, the sample-to-carrier gas ratio was increased at least 100 times, 

and good mass spectra were obtained from less than 1 microgram of material. 

Nevertheless, these molecular separators contributed too much sample loss 

when the carrier gas flow rate was only a few millimeters per minute. 

The system developed in this group (Fig. 5) connecting a T-joint to 

the outlet of the column and the GC effluent split into two fractions. 

Approximately50% of the effluent went to the flame ionization detector and 

another 50% went through a. 0.002 in. I.D. capillary restrictor before it 

went into the mass spectromeler. So far as is known at the present time, 

this method is the best one working for low carrier gas flow rate, high 

resolution capillary columns.. However, its use is restricted to capillary 

columns, because the effluent goes directly into the ion source without 

any enrichment. 

An AEI-MS-12 mass spectrometer was used for this system. Spectra 

were determined at an ionizing voltage of 70 eV and aniionizing current 

of 70 uA. The temperature of the ion source was generally set at 200°C. 

Each spectrum was scanned in three seconds 	The spectra were recorded 

on an oscillograph recorder.  

5 	Other Physical Mesaurements 

a 	IR spectra--infrared spectra were recorded on a Perkin-Elmer 257 

instrument using a thin film from the liquid 	Good IR spectra 

were obtained by using a micro-beam condenser and sodium chloride 

micro plates 
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Figure 5: Block Diagram of the Gas Chromatograph - Mass Spectrometer combination. 
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UV spectra - all spectra were measured on a Cary-14 spectrometer. 

NMR spectra 	all NMR spectra were recorded on a Varian A-60 

spectrometer, at 60 Mc, with CC] 4  as solvent and tetramethyl 

silane as internal standard. A 50 pg sample was measured on. 

the Varian spectrometer, at 100 Mc 	Multiphases were used and 

• 	the signals were recorded and averaged by a computer. 

Polarimeter - optical activity was measured on an ETL-NPL-. 

Automatic Polarimeter Type 143A, with sodium D line, 10 oh] load, 

and 90 my scale. 

Radioactivity - radioactivities were determined by a Tri-Carb 

liquid scintillation spectrometer. Toluene scintillation solution 

was used for all carbon 14 and tritium labeled compounds. The 

scintillation was prepared in this laboratory. 4.5 gr. of PPO 

and 1.0 gr. of dimethyl POPOP were transferred to 1 liter of tol- 

uene to make the scintillation concentration solution 	Toluene 

was addedto 50 ml of scintillation solution and 62.5 ml of 

colosolve #3 in order to make 1 liter of final solution. 
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CHAPTER 3. ORGANIC GEOCHEMISTRY 

Over the past hundred years organic geochemistry was concerned solely 

with the problem of petroleum formation. Even today petroleum geochemistry 

is centered around three aspects: first, the origin of petroleum hydro-

carbons, second, the migration of these hydrocarbons and third, their final 

accumulation in the reservoir rock. In this chapter there are three sections. 

The first section deals with sediments and their relation to the origin of 

life as well as the origin of petroleum. The second and third sections deal 

withthe chemical methods used to study the origin of life and the migration 

of petroleum, respectively. 

With the aid of new analytical techniques organic geochemists are no 

longerlimited to the study of petroleum. New areas have been opened inthe 

study ofchemical evolution, the origin of life and the possibility of 

extraterrestrial life. This last area will be discussed further in Chapter 

9. 

The association of organic matter with sediments has been studied for 

the past decade, particularly in ancient rocks 	Some firm correlations 

between the morphological evidence and the organic matter present in the 

same rock permit a systematic search for chemical evidence of early life 

in the ancient sedments. Several classes of organic compunds have been 

1 	 23 	 4 reportedin rocks, such as alkanes , fatty acids ' andporptiyrins 

These show promise as biological markers since they are evidently stable 

for long periods of time under geological conditions 
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Among the hydrocarbons, the presence of a series of structures which 

consists of C 5 H  8 
 isoprene units, has been cited as evidence for the bio-

logical origin of petroleum. 

Isoprenoid compounds ranging from C 14  (2,6,10-trimethylundecane) to 

c 1  (2,6,10,14-tetramethyiheptadecane) have been isolated from petroleum 

by Bendoraitis 5 ' 6 . Other authors 
7-11  have reported similar isoprenoid 

hydrocarbons from oil shales and ancient rocks. 

In the present work the higher molecular weight isoprenoid hydrocarbons 

have been studied. Small scale adaptations of established separation and 

identification procedures have revealed the presence of C 22  to C25  iso-

prenoid hydrocarbon's. 

1. Sediments 

The existence and composition of organic compounds of possible bio-

logical origin in Precambrian rocks provide clues for the understanding 

of biological evolution and the origin of life. It is known that, given 

sufficient time, all organic material in sediments tends to be reduced 

either to aromatic condensates resembling graphite, or to aliphatic hydro-

carbons. Elevated temperatures accelerate this process. 

Most biological compounds have low thermal stability, so that they 

will not be preserve.d through geological time. However, some of the 

biogenic compounds, e g , porphyrins, amino acids, fatty acids, ethers, 

ketones, are somewhat more stable so that diagenesis occurs slowly enough 

that some of the original 	material may be preserved 	Porphyrins 12 ' 3  

and amino acids 14  have been investigated by others, and recently, fatty 

• 	 acids in ancient sediments have been repo.rted by Van Hoeven etal 15 

A recent lake sediment, Florida Mud Lake (5000 years), the carbonaceous 

Soudan Shale from Minnesota (2 7 x lO years), and the oldest known 

sediment on earth, the Onverwacht (3.4 x 10 
9,
years) are examined in this 



section. 

A. 	Mud Lake, Florida 

The theory that algal oozes could give rise to oil shales is not a 

recent one?1' 16-18 EvidAnce for this theory rests on the finding that 

algae have less cellulose and a correspondingly greater proportion of 

lipids than most plant material. In addition, the contemporary alga 

Botryococcus is present in microscopic remains in some organic oozes. 19  

Since the algal boze precursor theory rests primarily on geological 

and paleobotanical evidence, we have sought to complement this evidence 

by making a study of the constutuents of various genera of algae at 

the molecular level and comparing them with the organic constituents 

isolated and identified in tha algal ooze from a Florida Lake. 

Bradley2°  has reported finding a lake in Florida that produces an 

organic ooze, predominantly algal in character, which he consider 	to 

represent the modern analogue of the precursors of rich oil shales, such 

as the Green River Shale. 	This organic ooze from Mud Lake, Florida, was 

analyzed for the aliphatic hydrocarbon content. A sample taken at a depth 

of 2 ft. below the mud-water interface showed a predominance of n-alkanes 

in the higher-molecular-weight region, n-C 20  to n-C 33 , particularly the 

n-C27 , n-C29  alkane, and n-C 31  alkane, in contrast to our findings from 

the algae and the photosynthetic bacteria. A capillary gas chromatogram 

of the aliphatic hydrocarbons from the Mud Lake sample is shown in Fig 

1. 

This laboratory21  as well as other research groups 2225  have found 

that the n-C 17  hydrocarbon is a major hydrocarbon constituent of both 

the green algae and the blue-green algae. The normal hydrocarbons of 

39 
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Figure 1: Gas chromatogram of total aliphatic hydrocarbons of Florida Mud Lake. 

A 100 ft. x 0.01 in. I.D. stainless steel column coated with Apiezon 

L was used. Helium flow rate 2.5 mi/mm. Temperature was programmed 

at 2 0 C/min from 90 0 C to 3000 C and was held isothermally at 3000C. 
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the rich oil shale from the Green River Formation exhibit a bimodal 

pattern with a maximum at n-C 17  and at n-C29 , and are further character-

ized by a predominance of odd-numbered hydrocarbons over the even-numbered 

hydrocarbons. The occurrence of the n-C 17  alkane in the Green Rier 

oil shale is consistent with the theory that algae, in part, give rise 

to the organic material of rich oil shale. Although the Florida Mud 

Lake ooze at the mud-water interface and below for about 6 inches consists 

wholly of minute fecal pellets that are made up exclusively of blue-green 

algae, there is no evidence for the presence of the n-C 17  alkane as a 

major constituent of the Mud Lake sediment. The total heptane extract from 

this sediment exhibits a normal alkane distribution characteristic of a 

26-28 
recent sediment. 	. The occurrence of higher molecular weight hydro- 

carbons in the Mud Lake sediment might indicate a contribution from 

higher plant material. Pollen and spores are found in the Mud Lake 

sediments. A preliminary analysis in thes laboratory indicates the 

presence of n-C23  and n-C25  hydrocarbons as the major constituents of 

Ponderosa pine pollen. Nilsson et al. 
29 

 have analyzed the constituents 

of pollen and have identified long-chain hydrocarbons, including the n-C 25 , 

n-C27  and n-C29  alkanes. It is possible that wind-blown pollen contributed 

significantly to the hydrocarbons of higher molecular weight in these 

sediments 

B. Soudan Shale 

The oldest carbonaceous Precambrian sediment known on the North 

American continent is the Soridan Shale of Northeastern Minnesota in the 

Lake Superior region. This shale has been studied extensively by Johns 

et al 	This study essentially follows their experimental method, so 

that the hydrocarbon distributions are similar to theirs. However, the 
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main purpose of this experiment was to look for evidence of early life, 

the very important biological markers 7- and 8-methyiheptadecane This 

study will be discussed further in Chapter 4 

Normal hydrocarbons (c13 -c21 ) and isoprenoid hydrocarbons (C 18 -C21 ) 

were identified in the hydrocarbon fraction 

C. Onverwacht 

A slightly metamorphosed sediment from the Onverwacht Series of the 

Swaziland System has been analyzed for aliphatic hydrocarbons and fatty 

acids The Onverwacht is stratigraphically the lowest and therefore the 

oldest exposed strata in a series of sediments some 20,000 meters thick 

Cloud 30  considers the Onverwacht to be 3.4 to 3.7 billion years old, and 

as such represents the oldest sedimentary rocks known on earth 

'The preliminary chamical analysis showed 45 2% Si, 0 68% Al , 0 24% 

Fe, 3.8%C, and less than 0.01% for N, S, Cl and P. 

The outer surfaces of the sample were broken off and'the remainder 

of the sample was thoroughly washed with solvent. The rock was pulverized 

to approximately 200 mesh with a disc mill Following the procedure des-

cribed in Chapter 2, four groups, free hydrocarbons, bound hydrocarbons, 

free fatty acids and bound fatty, acids were isolated. 	All fractions 

were analyzed by combined capillary gas chromatography and mass spectro-

metry. Free aliphatic hydrocarbons (Fig 2) represent 0.05 ppm wt /wt 

of the rock, while there were rto detectable bound hydrocarbons 	In 

• 

	

	contrast, there were three times more fatty •acids in the bound' 1  fraction 

as in the free fraction, representing 0.03 ppm and 0.01 ppm wt./wt. of 

the rock, respectively. The distribution of fatty acids with carbon number 

was identical in the bound and free fractions and is shown in Fig 3 
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Figure 2 Gas chromatogram of free hydrocarbons from Onverwacht 

An Aerograph Model 204 gas chromatograph equipped with a flame ionization 

-' 

	

	 detector was used, with a 100 ft. x0.0l in. I.D. stainless steel 

capillary column coated with Apiezon L. Helium pressure, 20 psi, no 

splitting, temperature programmed at 2 0C/minute, from 900  to 2500C. 
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Figure 3. The top figure s iows the gas chromatogram of the free fatty 

acids from Onverwacht. The bottom figure shows the gas chromatogram of 

bound fatty acids. All the conditions are identical to those in Fig. 1 

except that the temperature was programmed from 900  to 2500 C and held 

isothermally. 
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Isoprenoid hydrocarbons represent asigñificant proportion of the 

alkanes isolated from the sediments which have been examined here, in 

fact, they tend to increase proportionaly with the age of the source 

material. The isoprenoid hydrocarbons have awider range with increasing 

age. This could indicate that cracking and hydrogenation reacUons 

were taking place at the time of geological origin and that isoprenoid 

hydrocarbons were generated. If isoprenoids are assumed to be indigenous 

to the sediments at the tinie.oftheir deposition, that could strongly 

indicate that life had already started at that time. Contrary to the 

results of MacLeod 31  , the Onverwacht does not have the odd-over-even 

predominance exhibited in the n-alkai ies. It seems that only young 

sediments show a special odd-to-even preference. Other reports 2,32,33 

also agree that no alternations were observed in Precambrian rocks. 

The fact that fatty acids have been identified in the Onverwacht 

also favors a biological origin.. The abundance of n-C 141  n-C16  and 

n-C18  is at present fully compatible with a biological origin since 

acids with these carbon numbers are the most abundant in living organisms 

and several young sediments 

2 	Isoprenoid Hydrocarbons 

This is the first isolation and identification of saturated hydro-

carbons to C33 including isoprenoids to C2 5  in the Bell Creek Crude Oil 

which is reservoired in Lower Cretaceous age sediments (135 x 106  years old), 

Powder River County, Montana 

A. Eçperi mental 

An alumina column (3 ft x 0.5 in ) was prepared from 150 grams of 

activated neutral aluminum oxide and washed with 200 ml of n-heptane 
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Two grams of crude oil were mixed with 100 grams aluminum oxide and 

transferred to the top of the column, after which it was eluted with 

150 ml of n-heptane. The "total hydrocarbons" represented in this 

fraction show minimal ultravioletabsorption at 270 mu.  The alkanes were 

separated from alkenes by preparative thin layer chromatography on a 10% 

silver nitrate-silica gel plate using n-hexane as solvent. After the 

"total alkanes" were extracted from the silver nitrate-silica gel cut with 

dry isooctane, the normal alkanes were separated from the branched-cyclic 

alkanes with 5A molecular sieve (O'Connor etal., 1962). A 50:1 weight 

ratio of sieve to sample was used. The sieve and sample were placed in a. 

round-bottOmed flask and refluxed in dry isooctane for two days. After 

centrifUgation, the solutioncontaining the branched-cyclic fraction was 

removed, The sieve was thoroughly extracted with hot isooctane for 

several hours and the washings were added to the branched-cyclic fraction. 

The isooctane-washed sieve, which contained the normal paraffins, was 

treated with a mixture of 20% HF and benzene for one hour. After separation 

of the layers, thebenzene solution of n-alkanes was filtered, and the 

solvent was evaporated. 

All fractions were analyzed on an Aerograph Model 204 gas chromatograph 

equipped with a capillary column which was coated in this laboratory. The 

gas chromatograms of "total aliphatic hydrocarbons", "normal alkanes", and 

"branched-cyclic alkanes" are shown in Figs 4, 5 and 6 respectively 	Three 

different columns, 100 ft x 0.01  in Apiezon L, 100 ft x 0.01 in Polysey, 

and 150 ft x 0.01 in SF-96 were used for this analysis 	Coinjections of 

isoprenoid standards, c151  C17, C1 99  C20  and  C21 isoprenoid hydrocarbons, 

were made on all three columns. The locatins of these standards coincide 

with the peaks labeled on Fig. 3. 
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The isoprenoids were isolated from the branched-cyclic fraction by 

preparative gas-liquid chromatography on an Aerograph Model A-90-P. The 

branched-cyclic fraction was chromatographed on a temperature-programmed 

25 ft. x 1/4 in. 3% SE-30 column. Fractions were collected and rechromato-

graphed isothermally on a 25 ft. x 1/8 in. HI-EFF-4B (butane-i ,4-dioi-

succinate) column. 

The final fractions collected from the polyester butandiol column 

were used for gas chromatograph-mass spectrometric analysis. A 100 ft. 

x 0.01 in. Apiezon L capillary column was used in the last step. 

All mass spectra were taken using a combination of an Aerograph 204 

gas chromatograph and an A.E.I. MS-12 mass spectrometer. The gas chromato- 

graphic oven temperature was programmed from 900  to 300 0 C at 2 0C/min. with a 

helium flow rate of 2.5 mi/mm. The effluent from the capillary column was 

split into two parts, 1.5 mi/mm. going to the flame ionization detector 

and 1 ml/min. going through a 1 ft. x 0.002 in. heated stainless steel tube 

at 220 0 C directly into the ion source of the mass spectrometer. These 

spectra were determined at an ionizing voltage of 70 ev and an ionizing 

current of 50pA. The temperature of the ion source was 200 ° C. Each 

spectrum was scanned in three seconds. The spectra were recorded on an 

oscillograph recorder. 

B. Results 

•The n-alkanes representing 2.7 5t 0.2% of the Bell Creek Crude 

Oil range from C 10  to C 33  (Fig. 5). Identifications were made by mass 

spectral analyses and by coinjections with standard samples on three dif-

ferent gas chromatographic capillary columns; Apiezon L, Polysev, and SF-96. 
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Figure 4. Gas chromatogram of total aliphatic hydrocarbons of Bell Creek 

Crude Oil. A 100 ft. x 0.01 in I.D. stainless steel column coated with 

Apiezon L was used. Helium pressure; 20 psi; flow rate, 2.5 mi/mm. An 

Aerograph 204 apparatus equipped with a flame ionization detector was used. 

Temperature was programmed at 2 0 C/min. from 90 0 C to 300 0 C and was held 

isothermally at 3000C. 
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Figure 5 	Gas chroniatogram of normal hydrocarbon fraction of Bell Creek 

Crude Oil 	All conditions are the same as Fig 1 
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There was no significant predominance of odd over even carbon numbered 

n-paraffins. A similar observation was described by Bray (35). The most 

prevalent n-alkane was n-C 17 . This result coincided with our earlier 

report (21,36 ) (Han eta]., 1968a, 1968b) that photosynthetic 

microorganisms, such as blue-green algae, green algae, and photosynthetic 

bacteria, contained more n-heptadecane than any other compound in the total 

hydrocarbon fraction. 

Samples of C14  to C25  isoprenoid hydrocarbons were isolated from the 

branched-cyclic fraction (Fig. 6) and identified by their mass spectrometric 

fragmentation patterns. Figures 7-9 give the mass spectra of C 14  to C25  

isoprenoid alkanes isolated from this crude oil. For the C 22 -C25 iso-

prenoids we suggest the structures I, 2,6,10,14-tetramethyloctadecane, II, 

2,6,10,14-tetramethylnonadecane, III, 2,6,10,14,18-pentamethylnonadecane, 

and IV, 2,6,10,1418-pentamethy]eicosane respectively, based on their mass 

spectra. All of these compounds have regular head-to-tail condensations, 

having three methylene groups between two methyl branch sites. 

ll 3 4i 
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Figure 7. Mass spectra of C 14  to C17  isoprenoid hydrocarbons. They were 

taken as the components were eluted from a 100 ft. x 0.01 in. I.D. Apiezon 

L capillary gas chromatographic column. The compounds were ionized by 

electron impact at 70 ev, the ion source temperature at 200 ° C, and an 

ionizing current of 50A. Each peak was scanned within the range of 

10-600 mass units in 3 sec. on an A.E.I. MS-12 mass spectrometer. 

I.) 
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Figtre 8. Mass spectra of C 18  to C21  isoprenoid hydrocarbons. All conditions 

are the same as Fig. 4. 
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Figure 9. Mass spectra of C 22  to C25  isoprenoid hydrocarbons. AU 

conditions are the same as Figure 4. 
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The C22 isoprenoid, I, exhibits six major fragments, C8, C1 1  ,C13,C1 6 , 

C18 and C21 corresponding to fragment ions at m/e 113, 155, 183, 225, 253 

and 295. Structures II, III and IV indicates the major fragment ions in Fig. 9. 

In Fig. 9, the spectrum for the C2 3  isoprenoid, a doublet at m/e 98 and 99 

is observed; this phenomenon is described in our previous report (McCarthy 

et al., 1968) (37). When a fragment has a long straight chain the even peak C n H2n 

will be intensified. This phenomenon is also seen in Fig. 8, the fragmentation 

pattern of the C1 8  isoprenoid. The C23  isoprenoid (Fig. 9) does show the 

doublet at m/e 98 and 99, indicating the presence of a long straight chain. 

Thus, Fig. 9, the C23 isoprenoid, could not have the irregular structure, 

2,6,10,14,17-pentamethyloctadecane, because it cannot produce a doublet at 

m/e 98 and 99. A double peak appears neither in the C 24  nor C2 5  isoprenoid 

of Fig. 9, which eliminates the irregular structures; 2,6,10,14-tetramethy-

leicosane and 2,6,10,14-tetramethylheneicosane. The C 19  and C20  isoprenoids, 

pristane and phytane, do not show doublets at m/e 112, 113 or m/e 126 and 127. 

In Fig. 9, besides major fragments C 7 , C8, C12 , C13 , C17, C18  and C22  

for the C23  isoprenoid, significant fragments are also observed at C l , and 

C20, which requires the charge to remain on the primary carbon atom. The 

same effect is seen in the C24  isoprenoids, which have major C 16  and C21  

fragments. This phenomenon is observed in high molecular weight hydrocarbons. 

After bond cleavage adjacent to a methyl branch the charge normally stays on 

the secondary carbon. If the primary fragment is sufficiently large, the 

charge can sometimes remain on the primary carbon fragment. 
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An estimate has been made of the abundance of isoprenoid hydrocarbons 

based on gas chromatographic data. This is shown in Table 1 by percentage 

weight of the Bell 	Creek Crude Oil: 

Table 1. 	Isoprenoid content of the Bell Creek Crude Oil 

% (by wt.) % 	(by wt.) 

C14  0.11 	+0.02 C20  0.46 +0.04 

C15  0.20 + 0.02 C21  0.09 + 0.01 

0.30 + 0.03 	: C22 0.04 + 0.01 

C17  .05 +0.02 C23  0.06 +0.01 

C18  0.32 + 0.03 C2 4 0.03 + 0.01 

C19  0.68 4- 0.05 C2 5  0.05 + 0.01 

Identified isoprenoid alkanes constitute approximately 2.4% of the crude 

oil. 

C. 	Discussion 

In recent years many implications concerning the origin of petroleum were 

based on analytical data. The chemical evidence in favor of an organic origin 

of petroleum should not be regarded as a definite indication that all petroleum 

has on gi nated biologically. Muel 1 er 38  and Syl vester-Brad1ey 9  reported that 

hydrocarbons could be synthesized ablogenically both in the earth and in space. 

The analytical data on petroleum are sumarized as follows: 

1 	Hulnie40  and Mair41  have found that crude oils generally are optically active. 

This physical property Is believed to be confined to biologically derived 

compounds. Thus the optical activity ofpetroleum has been taken as evidence 

of the biogenic origin of oil. The optical activity of petroleum is priniartly 
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confined to the C1 4 -C18 and C27 -C30  carbon number ranges; This 

suggests that isoprenoids, sterols and triterpenoids could be the 

parent substances of such optically active compounds. 

Silverman 42  studied the 13c/12C  ratios in petroleum which are more 

similar to those of living organisms than to those of atmospheric CO2 

and carbonate rocks. 

Some compounds isolated from petroleum have structural similarities to 

organic substances isolated from living organisms. Metal porphyrin 

complexes and some of the isoprenoid hydrocarbons are probably the diagenic 

products of chlorophyll. 

The normal paraffinic hydrocarbons are the main constituents of petroleum. 

Some petroleum exhibits a detectable predominance of ri-alkanes with odd 

numbers of carbon atoms over those with an even number of carbon atoms. 

This is not only evidence for the biogenic origin of petroleum, but also 

suggests that the decarboxylation of fatty acids might be the mechanism 

by which the normal paraffins are generated. 

The aromatic hydrocarbons, branched-S and cyclo-alkanes are abundant in 

petroleum. Less branched structures are more common than highly branched 

ones. With increase in boiling range, the content of the cyclic and 

aromatic compounds inreases. Most of the cyclo paraffins are related to 

cyclopentanes and cycl o-hexanes. 

Porphyrin complexes and certain other compounds are unstable at tempera-

tures higher than 250 0C. This suggests the geochemical history of 

petroleum must have a relatively low temperature. 
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Olefins and other easily reduced compounds are found in very small 

amounts in petroleum. This could be interpretated as a formation of 

petroleum under a strongly reducing environment. 

Whitehead and Breger 3  noted that, with the exclusion of prophyrins, no 

individual compound containing more than one hetero-atom has been 

isolated from petroleum to date. 

The biological precursors of the C 19  and C20  isoprenoids, pristane 

and phytane, have been the subject of much interest. These two compounds 

are considered to be derived from the phytyl side chain of the chlorophyll 

molecule,a precursor originally proposed by Bendoraitis etal. (5). 

In the Bell Creek Crude Oil, norpristane, pristane and phytane together 

account for over 60% of the total isoprenoids. Bendoraitis etal. (6) 

suggested that the sesquiterpenoid 2,6,10-trimethyldodecane (farnesane) and 

its degradation product 2,6,10-trirnethylundecane also resulted from 

degradation of phytol in the source bed. However, another possibility should 

be considered. Since farnesol is the side chain of chlorophyll in some 

photosynthetic bacteria, for example Chlorobium (44) (Rapoport, 1961), it 

could be the precursor of farnesarie. By a sequence of abiological diagenetic 

processes such as dehydration and reduction, it is possible to envisage the 

conversion of farnesol to farnesane. Again, oxidation, decarboxylation and 

reduction could lead to the C 14  isoprenoid. 

The hypothetical reduction and oxidative cleavage of polyenes, such 

• as squalene and lycopene have been considered by McCarthy etal 5  and 

Bendoraitis etal 6  Fig 10 illustrates how C19  to C25  hydrocarbons might 

be derived from squalene by one bond cleavage 	The isoprenoids found 
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Fig. 10 Diagenetic pathway to "irregular" isoprenoid alkanes with 

squalene as precursor. 

in crude oil and sediments are all "regular" isoprenoids containing only 

head-to-tail linkages. For example, only the regular C25  isoprenoid, 

2,6,10,14,18-pentamethyleicosane has been found. The degradation products 

from squalene which contain four or five isoprenoids would be "irregular" 

isoprenOid alkanes. An "irregular isoprenoid" contains at least one head-

to-tail or tail-to-tail linkage. In other words, a regular isoprenoid has 

three methylene groups between two methyl branch sites, but the irregular 

isoprenoid contains at least one unit which has either two methylene groups 

or four methylene groups between two methyl branch sites. The irregular C25 

isoprenoid from squalene, 2,6,10,15,19-pentamethyleicosane is not present in 

any significant amount. Absence of the Cg isoprenoid, 2,6,10-trimethyl-

hexadecane, the C20  isoprenoid, 2,6,10,15-tetramethylhexadecane, the C 21  

isoprenoid, 2,6,10,15-tetramethylheptadecane, the C23  isoprenoid, 2,6,10,15- 

- tetramethylnonadecane, the C24  isoprenoid, 2,6,10,15-tetramethyleicosane, 

as well as the C25  isoprenoid, 2,6,10,15,19-pentamethyleicosane, indicates 

that squalene is not an important precursor of these isoprenoid hydrocarbons. 

45 
McCarthy eta1 	suggested that lycopene (Fig. 11) could be the re- 

cursor of the C21 isoprenoid. If lycopene is an important precursor of lower 

molecular weight isoprenoid hydrocarbons, we would also expect it to be an 

C25__1 
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important precursor of the C24  and C2 5  isoprenoid alkanes. Fig. 11 shows 

how C24  and C25 isoprenoids can be derived from lycopene by one bond 

cleavage. Thus we would expect the irregular C 24  isoprenoid, 2,6,10,14-

tetramethyleicosane, and the irregular C 25  isoprenoid, 2,6,10,14,19-

pentamethyleicosane, if lycopene were the precursor. However, the C 24  

and C25 isoprenoids identified in theBell Creek Crude Oil have the regular 

isoprenoid structures, i.e., 2,6,10,14,18-pentamethylnonadecane and 2,6,10, 

14,18-pentamethyleicosane. No significant amounts of irregular C 24  and C25  

isoprenoid hydrocarbons were observed. Thus, it appears that the common, na-

turally occurring isoprenoid hydrocarbons, squalene and lycopene, did not 

play an important role in the diagenetic pathway to isoprenoid alkanes 

isolated from this crude oil. Many other precursors (such as regular 

isoprenyl alcohols) are, however, available in living organisms. Regular 

head-tail-head-tail oligoterpenyl alcohols are rather common in nature. 

Solanesol was isolated by Rowland etal. (46,47) from tobacco leaves 

where it was found partly as fatty acid esters. The structure of solanesol 

was confirmed by Fukawa et al. (48). Burgos and his co-workers (49) have 

CH3  

H 	( CH2-C=CH-CH2--)-j1--OH 

n=9 solanesol 	 n=ll bactoprenol 

n=6-9 betulaprenols 	 n=20 dolichol 

discovered dolichol in pig liver and Lindgren (50) has isolated a series 

of C30-C45 terpenols, betulaprenols from birch wood. Thorne and his co- 

workers (51) gave the name bactoprenol to the most abun4ant lipid formed 
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by three species of Lactobacillus from mevalonic acid. The structure of 

this compound was confirmed as a C55 regular isoprenyl alcohol. A C 110  

isoprenoid substance has been identified as a metabolic product of 

Aspergillum fumigatus by Burgos et al. (52), while Hemming and his co-workers 

(53) detected a C50  isoprenoid alcohol in the spadix of Arum maculatum. 

All isoprenoid alcohols have regular head-tail structures from end to 

end. These alcohols may be converted into high molecular weight isoprenoid 

alkanes by geochemical processes just as the low molecular weight compounds 

might be generated from a four-isoprenyl-unit alcohol, phytol. It is 

suggested that the initial degradation process has to take place by 

attack at the alcohol end of farnesol, phytol, betulaprenols, solanesol, 

etc. This could then be followed by reducing and thermal cracking mechanisms 

to give the C14  to C25  isoprenoid hydrocarbons found in the Bell Creek 

Crude Oil. 

McCarthy (54,55) considered that the isoprenoid hydrocarbons might be 

formed from the polymerization of isoprene. The products could be expected 

to be present in hydrocarbon mixtures if they were derived by an abiogenic pro-

cess which did not proceed stereospecifically. 

Another abiogenic process could also be considered. Graphite could be 

reduced in geological time. In certain ways, to break its bonds the 

isoprenoid hydrocarbons would be expected 	Fig 12 shows that after the hydro- 

genation and cracking processes, pristane and phytane might be degradation 

products of a .graphitic lattice. Assuming this reaction route is followed 

over geological time, isoprenoid hydrocarbons containing any number of carbon 

atoms couldbe produced. However, the question will immediately arise, why 

are the three and four unit isoprenoid hydrocarbons predominant in the product 

mixture? This leaves the whole mechanism very doubtful. 
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CHAPTER 4. 	A NEW BIOLOGICAL MARKER, 7-AND 8-METHYLHEPTADECANE 

1. Introduction 

The lipids have probably received the most attention of all the biological 

markers, because they are more stable than any other organic compound. Among 

the lipids, the presence of isoprenoid hydrocarbons has been found and 

studied extensively during the past ten years. However, it was pointed out 

by McCarthy et al. 1  that the isoprenoid molecules could also possibly be 

polymerized from small isoprene units by an abiogenic process. At this stage 

the search for the new biological markers could give additional information 

about biological and abiological origin. 

The analysis of the héptane eluate, primarily by combined capillary gas 

chromatography and mass spectrometry, revealed the presence of a series of 

normal hydrocarbons, ranging in carbon number from n-C 15  to n-C20 , with the 

n-C17 hydrocarbon being the predominant member for each species. In addition, 

C1 8  branched alkanes occurred in all the blue-green algae, which have hereto-

fore not been found elsewhere. 

The structural identity of the C18  branched alkanes seemed to us of 

particular significance because they appeared to occur uniquely in blue-green 

algae and were absent from certain photosynthetic and non-photosynthetic 

bacteria. These hydrocarbons also were not found, in the green algae., more 

advanced than the blue-green algae but still relatively primitive 

2 	Physical Measurements 

In an early report 2  a tentative Nostoc branched C 18  alkarie structure, 

7,9-dimethylhexadecane was proposed based purely on mass spectral evidence 
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This chapter will conclusively identify the structure of the C. 8  hydrocarbon 

and show that our original proposal of a dimethyl hydrocarbon is in fact 

incorrect. 

The mass spectrum of the C 18  branched alkane isolated from Nostoc is 

shown in Figure 1. The unique feature of this spectrum is the occurrence of 

major "doublets" of peaks at C 89 C9  C11  and C12  fragment ions, corresponding 

to m/e 112, 113, m/e 126, 127, i/e.154, 155, and m/e 168 169; in each fragment 

the even peak is more intense than the odd peak. The feature in the mass 

spectral fragmentation patterns of other branched hydrocarbons will be discussed 

in more detail in Chapter 8. If 7,9-dimethyihexadecane was the structure of the 

Nostoc branched-C 18  hydrocarbon, then, the only anomalous feature of the mass 

spectra which might be inconsistent with that structure was the relative 

Intensity of the 154 and 168 peaks relative to 155 and 169. In keeping 

with this designation, the infrared spectrum of the C18 branched alkane from 

Nostoc showed no absorption corresponding to the presence of gem-dimethyl 

groups in the molecule (Fig. 2). This spectrum was obtained using a micro- 

beam condenser and a 50 pg sample of hydrocarbon. The nuclear magnetic resonance 

spectrum of the hydrocarbon was obtained with some difficulty on a 500 pg sample 

The integrated spectrum indicated a methyl to methylene proton ratio of 

approximately 1:2.5. Finally, the capillary GLC retention time (Fig. 3) 

indicated that the structure probably contained no more than one or two methyl 

groups. 

3. Synthesis Procedure 

With this spectral evidence we set about to confirm the structure of 

the hydrocarbon by synthesis. Our first synthesis was non-stereospecif'ic 
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Figure 1: Mass spectrum of the Nostoc branched-C 18  alkane obtained using the 

MS-12. The compound is ionized by electron impact at 70ev. 



o 
V) 

79 

OD 
C-) 

Iii - = 
0 
z - 

t) 

C-) 
0 - 
I- 
U) 
0 - z 

co 
(D-=- 

0 

(0 	- 

('J - 

00 = 

N- 

N- 
U) - 

0 
0 

0 

0 
LU 

cJ 

N 

0 
Li) 
(N 



80 

/ 

Figure 2: IR absorption bands are obtained with a Perkin-Elmer 257 Spectro-

photometer equipped with a micro cell and beam condensor. The compounds with 

or without gem-dimethyl groups showed different absorption bands. 
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Figure 3: Gas chromatographic separation of Nostochydrocarbon mixture using 

an Aerograph-204 instrument. A stainless steel tubing 100 ft. x 0.01 in., 

coated with Apiezon L. Helium pressure 20 psi; no split. Temperature was 

programmed at 2 0C/min. from 90 ° C to 3000C. 
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and produced both diastereoisorners in equimolar amounts. The synthetic outline 

is shown in Figure 4. Two aspects of this synthesis deserve some consideration. 

In the first place the conversion of 7,9-dimethyl-8-hexadecanol into the 

corresponding ketone produces two compounds, which have identical mass 

spectra (Fig. 5) and infrared spectra, and which can be separated by preparative 

gas chromatography. The confirmation of the fact that these two components 

were the diastereoisomers of the C 18  ketone was obtained by first isolating 

the individual components in turn and then converting each of them into an 

equimolar diastereoisomeric mixture again, by refluxing with 10% KOH in 

ethanol for two hours. The purity of one ketone is shown in Fig. 6, checked 

by gas chromatography. The gas chromatogramof epimerization products is shown 

in Fig. 7. Secondly, the final step of the synthesis, a Woiff-Kishner 

reduction, was carried out with some difficulty and gave a poor yield. However, 

there were two major C18  hydrocarbon components in the crude product which 

could be separated by capillary gas chromatography and which were identified 

as the two diastereoisomers of 7,9-dimethylhexadecane and two mass spectra 

are shown in Fig. 8. To my knowledge this represents the first separation of 

the long chain diastereoisomers of an acyclic hydrocarbon by capillary gas-

liquid chromatography (Fig 9) 	To determine which component corresponded 

to the erythro diastereoisomer (meso-like) and which to the threo diastereoi-

somer (dl-like) we synthesized the pure erythro diastereoisomer starting from 

cis-diniethylcyclohexanone. The synthetic outline is shown in Figure 10. 

Coinjection of this diastereoisomer with the mixture of diastereoisomers showed 

that the erythro isomer had the shorter retention time. 
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Figure 4. Non-stereospecific synthesis of 7,9-dimethyihexadecane. 

I 
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Figure 5: Mass Spectra of the synthetic meso- and d-7,9-dimethy1hexa-8-one 

obtained using the MS-12. The compounds are ionized by electron impact at 

70 ev. 
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Figure 6: Gas chromatographic separation of synthetic dl 7,9-dimethyl-8-

hexadecanone. A stainless steel tubing 100 ft. x 0.01 in. coated with 

Apiezon L. Aerograph model 204 gas chromatograph was equipped with a flame 

ionization dector. Helium pressure, 20 psi. No split. Temperature was 

programmed at 2 0 C/mm. from 90 0 C to 2500C. 
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Figure 7: Gas chromatographic -separation of epimerized products of dl 7,9-

dimethyl-8-hexadecanone. All conditions are the same as Figure 6. 
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Figure 8: Mass spectra of synthetic 7,9-dimethyihexadecane. All the 

conditions are the same as Figure 5. (A.) dl isomer. (B.) meso isomer. 
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Figure 9: Gas chromatographic separation of non-stereospecific synthesis 

product of 7,9-dimethyihexadecane. All conditions are the same as Figure 6. 
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Figure 10: Stereospecific synthesis of meso-7,9-dimethylhexadecarie. 
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The mass spectra of the mixture of diastereoisomers and of the pure 

erythro diastereoisomers were identical (Fig. 8). However, they differed signifi-

cantly enough from the mass spectrum of the C18 branched alkane from Nostoc 

in the relative intensities of the m/e 154, 155 and m/e 168, 169 peaks to 

induce doubt about its identity; the odd peaks were now more intense than the 

even peaks. Furthermore, the retention time of the C18 branched alkane from 

Nostoc was greater than the retention times of either of the diastereoisomer 

standards which had been synthesized. This last fact convinced us that the 

structure of the Nostôc C18 branched alkane was not 7,9-dimethyihexadecane. 

The only other feasible explanation was an equal mixture of the 7-methyl-

and 8-methyl heptadecanes, which could not be separated by capillary gas 

chromatography. Such a mixture would be expected to give an almost identical 

mass spectrum to that of the Nostoc C18 branched alkane and in addition 

should have retention times closer to that of this hydrocarbon. Therefore, 

one important question remained 	Were these two hydrocarbons inseparable by 

our capillary gas chromatography? Such a question cóuldonly be resolved 

by synthesis of the 7-methyl and 8-methyl heptadecanes 	The synthetic 

procedure used for these two compounds is given in Figure 11. Methyl 

heptadecanes were synthesized from methyl ketones and 1-bromoalkanes. Grignard 

reaction was applied to the synthesis of two tertiary alcohOls, .7-methyihep-

tadeca-7-ol and 8-methylheptadecan-8-ol. Their spectra were shown in Fig. 12, 

no molecular ion could be found. In each case after dehydration reactions 

7-methylheptadecene and 8-methylheptadecene and five alkene isomers were separated 

by capillary gas chromatography. The final products 7-methylheptane and 8-

inethyiheptane were obtained by hydrogenation of the alkenes 	Fig 13 shows 
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Figure 12: Mass spectra of synthetic 7-methyl-7-heptadecanol and 8-methyl-8-

heptadecanol. All the conditions are the same as Figure 5. 
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Figure 13 	Mass spectra of synthetic 7-methyiheptadecane and 8-methy1heptadecane 

All the coniitions are the same as Figure 5. 
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their mass spectral characteristics, the peaks, 126 and 154 in one spectrum and 

112 and 168 in the other, were now more intense than the odd ones. Neither 

the 7-methyl nor 8-methyiheptadecanes, nor the C 18  branched álkane from the 

Nostoc could be separated by capillary gas chromatography (Fig. 14). Fig. 15 

shows the gas chromatographic separation of all these dimethylhexadecane 

isomers and methyiheptadecane isomers 
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Figure 14: Gas chromatographic coinjection of 7- and 8-methyiheptadecane 

and branched-C18  from Nostoc is obtained with an Aerograph-204 instrument 
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Figure 15: Gas chromatographic separation of branched-C 18  hydrocarbon and 

synthetic dl and meso-7,9-dimethylhexadecane, 7-methyiheptadecane and 8-methyl - 

heptadecane. 
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EXPERIMENTAL SECTION 

2-Methyinonanal 4  

Nonanal 5  (6.8g) was added to a solution of t-butyl amine (18g) and 

p-toluenesulphonic acid (ca lOOmg)in petroleum ether (b.p. 400_600,  150m1), 

and the reaction mixture was boiled for 6 hrs. under a Dean-Stark water-separating 

reflux-head. The solution was decanted from a little brown oil and evaporated 

to a pale greenish-yellow oil which was fractionally distilled to yield 

nonanal t-.butylimine b.p. 82 0/lmm (3.8g). i/max 1660, 1201cm 1 . 

The t-butylimine (3 8g) in dry tetrahydrofuran (lOmi) was added to a 

Grignard reagent prepared from ethyl bromide (2.18g) and magnesium (0.460g) 

in dry tetrahydrofuran (30ml), and the reaction mixture was boiled under a 

reflux condenser for24 hrs, with exclusion of atmospheric moisture. Methyl 

bromide was added dropwise before aqueous hydrochloric acid (6N, 200ml) was 

added and the mixture boiled for a further 2 hrs, then cooled and extracted 

with ether (lOOml). The ether extract was washed with water (1 x lOOmi), and the 

aqueous wash re-extracted with ether (lOOmi). The combined ether extracts 

were dried (MgSO 4 ) and evaporated to a residual oil which was fractionally 

distilled to yield 2-methylnonanal, b.p. 52 0 /0.4mm (0.77g); homogenous by 

GLC analysis .(< 3% of morevolatile contaminant, apparently nonanal) v max 

2680, 1715cm. 

• 7,9-Dimethyl-8-hexadecanone 

2-methylnonanal (0.77g) was added to a Grignard solutiOn, obtained 

from 2-bromooctane (l.lOg) and magnesium turnings (0.140g) in dry 

tetrahydrofuran (lOml), and boiled gently for 6 hrs, then kept overnight at 
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room temperature. Saturated aqueous ammonium chloride solution (0.6m1) was 

added to the reaction mixture which was stirred for a further 10 mm., then 

filtered through a celite pad. The filter pad was washed with ether, and the 

filtrate and washings were evaporated to yield 7,9-dimethyl-8-hexadecanol 

as a yellowish oil. 

The hexadecanol was dissolved in acetone (50m1), the solution cooled 

to 00 , and titrated with Jones' reagent6  (2.8m1 required). The acetone 

solution was decanted from inorganic salts, which were washed with ether (5011)1 

and the supernatant and washings were evaporated to a small volume which was 

then partitioned between water (20nil) and ether (20m1). The aqueous phase 

was reextracted with ether (20m1) and the combined ether extracts were 

dried (MgSO4), evaporated and the residue fractionally distilled to yield 

7,9-dimethyl-8-hexadecanone, b.p. 120-125/0.3 mm. (0.50g). 

The 7,9-dimethyl-8-hexadecanone was separated into two equal peaks on 

25' x 0.25" 3% SE-30 column. 10mg of each of these two components were 

isolated by preparative gas chromatography, Aerograph Model A-90P. They 

had identical infrared spectra and mass spectra. /max=1374, 1707cm 

m/e=268 (molecular ion), 184 (C12H240)+ McLafferty rearranged fragment, 

170 (C11H220 	McLafferty rearranged fragment, 155 (C 11 H23), 141 (c10H21 ) ' , 

127 (c8H 19 ), 113 (c8H17) 

Epimerization of 7,9-dimethyl-8-hexadecanone 7  

5.5 grams of potassium hydroxide in lOOml ethanol was prepared in a 

250ml round-bottomed flask 	After 6mg of the first 7,9-dimethyl-8- 

hexadecanone (the one with shorter retention time on preparative GLC) 
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had been added, the stirred mixture was heated under reflux for two hours 

The solution was cooled to room temperature and was acidified with concentrated 

sulfuric acid. The potassium sulfate salt was filtered out and washed with 

lOml of ethanol. Most of the solvent was removed on a rotary evaporator. 

The crude product was taken up in 0.5m1 of ethanol and quantitatively 

transferred to the top of a bOg activated aluminum oxide column. The 

column was then successively eluted with 80mb each of n-heptane and diethyl 

ether. The ether eluate was evaporated to dryness and yielded 4 8 mg of 

ketones. These products were checked by GLC again and contained a 50:50 

mixture of the first and second ketones. Both show m/e 268 (molecular ion, 

184, 170 (McLafferty rearranged fragments), 155, 141, 127 and 113 on mass 

spectra; 

The second ketone (6mg) was treated in an identical manner and 

yielded 5.1mg of a 50:50 mixture of the first and second ketones. 

Wol ff-Ki shner Reduction of 7 ,9Ldi methyl 8-deñbne8 ' 

A mixture of erythro and threo ketones(6mg,)hydrazine hydrate(0.05ml ,) 

and freshly distilled diethylene glycoi(0.20m1)was placed in an 18cm x 0.8cm 

Pyrex tube. The tube was heated in an oil bath at 120 0 C for 2 1/2 hrs. After 

cooling, powdered KOH (0.2g) was added. The tube was cooled with liquid 

nitrogen and sealed under 5 mm. Hg.vacuum. The tube was put back into the 

oil bath, the temperature was slowly raised to 2100 C, and maintained at 2100 C 

for 2 1/2 hrs. After cooling to room temperature, the reaction mixture 

was poured into bOmb H 
2 
 0 and extracted with ether (2 x 5m1). After the 

solvent was removed, the alkanes were separated by column chromatography. 
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The n-heptane eluate from the aluminum oxide column yielded a mixture of 

two 7,9-dimethylhexadecanes, which were separated by GLC on a 100' x 0.01", 

Apiezon L column at a helium flow rate of 2.5m1 per minute, using an Aerograph 

Model 204 gas chromatograph equipped with a flame ionization detector. The 

mass spectra of. these two 7,9-dimethylhexadecanes were taken by combined 

gas-chromatographic-mass spectrometric anal'sis 10 ' 11  , which was performed 

with an Aerograph 204 gas chromatograph combined directly with an A.E.I. MS-12 

mass spectrometer and the same capillary column and conditions as described 

above.. These two alkanes had identical spectra; m/e 254 (molecular ion), 

239 (M-15), 169 (c12H25), 155 (c11 H23 ), 126 (C9 H 18 ), 112 (c816 ). 

3 ,5-di methyl cyclohexan one. 

Commercial 2 ,5-di methyl cyci ohexariol (cis-by GLC) was oxi di zed with 

Jones' reagent to the ketone b.p. 68-70
0 /15mni. 

3,5-dimethylcyclohexanorie pyrrolidine enamine. (1-N-pyrrolidyl-3,5.-dimeth 

cycl ohexene. 

3,5-dimethylcyclohexanone (23g) was dissolved in benzene (300m1) 

containing pyrrolidine (20g) and the solution was boiled under a Dean-Stark 

distill-head for 4 hrs. and then evaporated, under water-pump vacuum, to a 

residual oil which was fractionally distilled to yield the enamine b p 1020/ 

1.5 mm 	(30 5g) 	Found C, 80 23, H, 11 90, N, 7 94% 	Calculated for 

C12 H21 N (179 30), C, 80 38, H, 11 81, N, 7 81% 

2-(2'-ketoheptyl)-3;5-dithethylcy1ohexanbne 12 .. 	 . . 

The enamine (17.9g) and trièthylamine (12g) were dissolved in dry 

chloroform (15m1) and hexanôyl chloride (13.5g), dissolved in dry chloroform 
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(100m1), was added dropwise, with stirring, over 40 mm. The reaction mixture 

was kept 1 hr. at 350  and then kept overnight at room temperature. Aqueous 

hydrochloric acid (6N, 120m1) was added and the reaction mixture was 

stirred vigorously and boiled for 5 hr,then poured into water (300ml), 

the chloroform layer extracted washed with water (3 x lOOmi). The individual 

aqueous washes were reextracted with chloroform (1 x lOOml) and the combined 

chloroform extracts were dried (MgSO 4 ), evaporated, and the residue fractionally 

distilled to yield the diketone, b.p. 114-117 0/0.9mm.. (11.3g) which crystallized 

onstoring at 00. 

3,5-diniethyldodecanoic acid 12  

The dione (8.2g) was heated to 110
0 , stirred, and a solution of potassium 

hydroxide (5.0g) in water (5m1), preheated to 110 0 , was added in one portion. 

After 4 mins. the solution was poured into water (120ml); the cold solution 

was acidified with conc. hydrochloric acid and extracted with ether (2 x 50m1). 

The combined ether extracts were dried (MgSO4 ) and evaporated to an oily 

residue which was taken up in diethylene glycol (40ml). Potassium hydroxide 

(2.1g) and hydrazine hydrate (15ml) were added to this solution and the 

mixture was boiled under reflux for 8 hrs. A hot solution of potassium 

hydroxide (9.0g) in diethylerie glycol was then added, the bath temperature 

• raised, and the excess hydrazine allowed to boil away until the solution 

temperature had reached 2000.  The solution was then boiled under reflux 

for 14 hrs. , after which it was cooled, diluted with water (800ml), acidified 

with concentrated hydrochloric acid and extracted with ether (2 x TOOml ) , then 

dried (MgSO 4 ), evaporated and the residue fractionally distilled to yield 

the acid, b.p. 134-135/0.8 mm(2.90g). Found C, 74.02; H, 12.48%. Calculated 

for C14H2802  (228.36), C, 73.67; H, 12.36%. 
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7,9-Dimethylhexadecane. 

3 5 5-Dimethyldodecanoic acid (2.90g) and hexanoic acid (5.75g) were 

dissolved in methanol (200ml) in which, sodium (l.Og) had been dissolved. 

The solution was electrblyzed 13  for 2 hrs., by which time the cell current 

had fallen from the initial value of 4 amp. to a steady value of 0.4 amp. 

Some waxy solid separated during the electrolysis. The solvent was distilled 

off at atmospheric pressure, through a 25 cm. Vigreux column until only a 

small volume of solution remained. This was taken up in ether (2 x 200m1), 

previously used to rinse the cell and electrodes, the volume again reduced to 

about lOOml . and the solution was then washed with aqueous sodium hydroxide 

(ca.1N, 50m1). The ethereal solution was dried (MgSO 4 ), evaporated and 

the residue fractionally distilled to yield the 7,9-dimethyihexadecane as 

a fraction b.p. 162
0 /15mm. (0.76g). GLC analysis revealed this to consist 

of a "single" major component contaminated with less than 5% of other, more 

volatile material. 

7-methyl heptadecane-7-ol 

1-bromodecane (log) in dry ethyl ether (15ml) was added dropwise 

to a lSOml three necked flask with magnesium (ig) in dry ether (15ml) 14 . 

The bromide solution was added over one hour after which the mixture was 

heated under reflux for two hours with exclusion of air. The reaction 

mixture was cooled to -8
0C in an ice and salt bath. A solution of 6g of 

freshly prepared 2-octanone in 15m1 of anhydrous ether was added dropwise 

to the reaction mixture, the temperature remaining between -8 ° C and 00 C. 

After all the ketone had been added, the solution was stirred for 5 mins. and 
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then poured onto 30g of cracked ice in a 250m1 beaker. The mixture was acidified 

with 10% sulfuric acid and the aqueous layer was separated and extracted with 

lOmi ether. The solvent was removed on a rotary evaporator to yield 7-methyl-

heptadecan-7-ol, (12g). Jmax=1145, 1374, 3380cm; m/e 252 (M-18), 255 (M-15) 

129 (cH 16OH), 185 (t12H240H)±. 

7-methyl héptadecene 

The 7-methylheptadecan-7-ol (69) in 50 ml of ri-hexane was added to 

50 ml 50% sulfuric acid. The mixture was stirred for 5 hrs. The organic 

layer was separated and the aqueous solution was washed with lOml n-hexane. 

The combined n-hexane solution was concentrated to yield 7-methyiheptadecane 

(5.5g) v'max890, 1650, 1374cm, rn/e 252 (molecular ion). 

7-methyl heptadecane 

A mixture of 7-methylheptadecene (2.75g), isopropyl alcohol (20ml), 

glacial acetic acid (2m1) andPt0 2  (5mg) were placed in a Brown Hydrogenator 15,16 

Hydrogen was generated from acetic acid and sodium borohydride. After the 

reaction solution was stirred for five hours, most of the solvent was removed 

on a rotary evaporator. The crude product was transferred to the top of an 

activated aluminum oxide (bOg) column. The column was then eluted with 100mb 

of n-heptane. Thén-heptane: fraction yielded 2.5g of 7-methylheptadecane. 

m/e 254 (molecular ion), 168 (C12H24 )1) 
 112 (C6 H16 ), /max=1374cm-1. 

8-methyl heptadecan-8-ol 

An identical procedure as with 7-methylheptadecan-7-ol was used. 

Starting material: lg magnesium, 8g 1-bromoheptane and 7g 2 7 undecanone. 

Final product: 8-nthylheptadecan-8-o1 (llg) v'max1145, 1374, 3380cm; 

m/e 252 (M-18), 255 (M-15), 143 (C 9 H 180H), 171 (C11H220H). 
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8-methyl heptadecene 

The 8-methylheptan-8-01 (6g) was dehydrated with 50% sulfuric acid 

(see procedure for 7-methyiheptadecene) yielding 8-methylheptadecene (5.5g). 

/max=890, 1650, 1374cm, m/e 254(molecular ion). 

8-methyl heptadecane 

The 8-methylheptadecene (2.75g) was hydrogenated in a Brown Hydrogenator 33 ' 34  

(same procedure was used as in 7-methyiheptadecane). Final product 8-methyl-

heptadecane (27g). /max=1374cm, m/e 254 (molecular ion); 154 (C 11 H22 ), 

126 (c9H18)+. 
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4. Final Identification and Physical Measurements 

The mass spectrum of a 50:50 mixture of these hydrocarbons corresponded 

exactly with the mass spectrum of the C 18  branched alkane from Nostoc. A 

comparison of these mass spectra is shown in Figure 16. Finally, a scrutiny 

of the NMR spectrum of the C 18  branched alkane from Nostoc showed that it 

corresponded more closely with the mixture of 7-methyl and 8methyl hepta-

decanes rather than with the NMR spectrum of the 7,9 dimethylhexadecane. 

Therefore, the structure of the C18  branched alkane isolated from the blue-

green alga, Nostoc, and from the other species, corresponds to an equal 

molar mixture of 7-methyl and 8-methyl heptadecane. 

The opti.cal activity was studied on an automatic polarimeter. 5mg of 

Nostocbranched-C 18  hydrocarbon was dissolved in 2.5 ml of hexane and measured 

with sodium D line. An optical rotation of +2.5 ± 0.5 was obtained. No 

further attempt has been made to designate the exact stereochemistry or absolute 

configuration at the asymmetric center. 

Finally, high resolution gas chromatography was carried out by using a .750 

ft., 0.02 inch inside diameter column coated with 50% Igepal Co-880 and 50%. 

GE SF-96. The total hydrocarbon fraction (2 ug) from Nostoc was injected at 

30 Psi of helium as carrier gas and oven temperature isothermally at.125 0 C. 

The branched C 18  hydrocarbon mixture was indeed separated into an equal amount 

of 7-methylheptadecane (Fig. 1.7, peak b) and 8-methyiheptadecane (Fig. 17, peak a). 

However, approximately 10% of peak C was also separated by this high resolution 

gas chromatography. Peak c was identified as 6-methylheptadecane by GC-MS. 
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Figure 16: Mass spectrum of a 50:50 mixture of synthetic 7- and 8-methyl-

heptadecane is obtained with an A.E.I. MS-12 mass spectrometer. 

P 



• 	 a) 

0 

Ul 

1F 

H 
0 
0 

H 
(n 
0 

NJ 
0 
0 

1- 



122 

Figure 17: Gas chromatographic separation of branched-C 18  hydrocarbons. A 

stainless steel tubin.g 750 ft. x 0.02 in. coated with 50% Igepal-00-880 and 

50% of GE SF-96. Aerograph model 204 gas chromatograph was equipped with a 

flame ionization detector. Helium pressure 30 psi, no split. Isothermal at 

125 0C. Peaks a, b, and c were identified as 8-methyheptadecane, 7-methyl-

heptadecane, and 6-methyiheptadecane, respectively by GC-MS. 
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Geological Significance 

In an organic geochemical context it is always interesting to look for 

the occurrence of biological markers in Precambrian sediments. Barghoorn 

and Tyler 7 '' 8  andmore recently Barghoorn and Schopf 1922 , reported the 

presence of spheroidal microfossils. They were interpreted as probably 

representing the remnants of unicellular blue-green algae-like and bacterium-

like organisms. The presumed photosynthetic nature of these primitive algae 

seems corroborated by carbon isotopic studies of organic matter in the 

early Precambrian rocks. The branched C 18  hydrocarbon becomes an extremely 

important biological marker to prove the occurrence of primitive algae in 

that age. Such a finding would elegantly complement the paleobotanical 

studies of these workers. 

Three different columns, 100 ft., x 0.01 in. I.D. .HI-EFF-4BP, and 150 ft. 

x 0.01 in. I.D. SF-96 were used for this analysis. Coinjection of authenticated 

branched C18  mixture to a total hydrocarbon fraction of Soudan Shale (2.7 

x lO years) was made on all three columns. The location of the standard 

coincided with the peak labeled ta' in Fig. 18. This implies that blue-greer 

algae were probably present at the time of the formation of the Soudan Shale. 

4-methylheptadecane 

The 7-methyl and 8-niethylheptadecane account for only 0.1% of the 

total hydrocarbons found in Chlorogloea fritschii. However, another branched 

hydrocarbon having a gas chromatographic retention time longer than 7 and 

8-methylheptadecane but shorter than the n-C18  hydrocarbon accounts for 

11 5% of the total hydrocarbons (Figure 19) 	The mass spectrum (Figure 20) 

suggests that it is not related to any of the common hydrocarbon structures, 

iso- and anteiso- forms, that have been characterized in biological sources 

and may have the structure 4-methyiheptadeane. 
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Figure 18: The top figure shows the gas chromatogram of total aliphatic 

hydrocarbons from extractable organic material of Soudan Shale. The bottom 

figure shows this fraction with coinjection of branched-C 18  hydrocarbon. 

All the conditions are described in the figure 6. 
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Figure 19: Gas Chromatographic separation of Chlorogloea fritschii 

hydrocarbon mixture is obtained with an Aerograph-204 instrument. 
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CHAPTER 5. BIOSYNTHESIS OF HYDROCARBONS 

1. Introduction 

The cuticular wax of higher plants invariably contains long chain paraffins 

C21  to C 35  in length, with C 27 , C29 , and C 31  usually predominating. 	These 

paraffins can be utilized by mic'oorganisms 2  and to a limited extent by animals 3  

Little is known about the biosynthesis of paraffins in spite of the widespread 

occurrence of paraffins in nature. 4 ' 5  In most plants one paraffin is pre-

dominant; for example, in Brassica oleracea (broccoli, cabbage) more than 90 

percent of the paraffin fraction is a C 29  alkane, and in Senecio odoris it is a 

6 
C31  alkane that predominates. 

The biosynthesis of hydrocarbons has been studied more than that of other 

waxy compounds. Nevertheless, with the exception of squalene which has been 

studied very extensively because of its connection with steroids 7 , our 

understanding of the biosynthesis of hydrocarbons is still scanty. 

Piek8  reported that acetate labeled with deuterium or 4C and carbon atoms 

of glucose were incorporated into beeswax paraffins as well as other compounds. 

Although paraffin synthesis also occurs in microorganisms, most of the studies 

were of paraffin synthesis in higher plants. 

Kolattukudy 9  proposed three condensation of fatty acids pathways to form 

C29  paraffin as follows: 
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Since C 16  and C18  acids are the most abundant acids in plants, it is 

reasonable to presume that n-nonacosane and n-untriacontane are formed by the 

condensation of these two acids respectively. 

If the labeling •pattern obtained in the C 29  ketone of Brassica oleracea 

can be. assumed to be the same as that in the C 29  paraffin, the double-4.) 

oxidation pathway (pathway ii) can be ruled out because if this pathway were 

followed the carboxyl carbon of the acetate would give rise to the carbonyl 

carbon of the ketone, but the methyl carbon of the acetate was shown to give 

rise to the carbonyl carbon 10 

According to the condensatioi pathway (pathway i), the n-C 15  acid might be 

expected to be incorporated  into the C29  paraffin at least as fast as the C1 
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acid, which should be the precursor of the C 15  acid. However, in Brassica 

oleracea9  the C16  acid was more readily incorporated into the C 29  paraffin 

than the C15  acid was. Furthermore, if pathway i were followed, the carboxyl 

carbon of the C 16  acid would be lost during the 	-oxidation process which

11  
precedes the condensation 	Thu the C 16  acid labeled with 14C only in the 

carboxyl carbon would not be expected to give rise to radioactive C 29  ketones 

or paraffins. The fact that palniitic acid-l- 14C was as efficient as uniformly 

labeled palmitic acid in providing radioactivity to the paraffin 9  showed that 

the carboxyl carbon of the C 16  acid is not lost. Furthermore, palmitic acid-16-

14 and palmitic acid-l- 14C were equal in their incorporation of 14 C Into the 

paraffin 11 . 

According to pathway iii, the product of denovo fatty acid synthesis, 

namely the C 16  acid, becomes the substrate for an elongation-decarboxylation 

enzyme complex. This complex successively adds C2  units until the chain 

length reaches the vicinity of C 30 ; then the fatty acid is decarboxylated and 

the C29  paraffin is released. Some decarboxylation must occur before C30  and 

after C30 , giving rise to other paraffins. The incorporation 9 ' 10  of specifically 

labeled acetate into C29  compounds of Brassica oleracea is in agreement with 

the elongation pathway. As predicted by the hypothesis and as indicated by the 

experimental evidence, the C 16  palmitic acid is incorporated as a unit into 

the p ara ffi n . 

When fatty acids increased in chain length from C 10  to C 141  there was a 

relatively small increase in incorporation into the C29  compounds, but further 

increase in chain.length of the precursor caused a, rather rapid increase in 
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9,11 Stearic acid was incorporated at least twice as fast as 

C16  acid into the paraffins. The longer fatty acids (C 16  and C18 ) presumably 

can become the substrate directly for the enzyme system that synthesizes paraffins, 

and therefore much more readily undergo conversion into paraffins. 

Distribution of aliphatic hydrocarbons in a variety of microorganisms were 

described in other chapters. Of all the species examined, the simplest mixture 

of hydrocarbons was found in the blue-green aigae, e.g., Nostoc, which has 

only four components in the hydrocarbon fraction of extracts of the algae. 

The major components of the hydrocarbons are n-heptadecane (n-C 17  hydrocarbon) 

and a 'branhed-chain C18  alkan&' which has since been shown 12  to be an 

equimolar mixture Of 7-methyl and 8-methylheptadecane. In addition to these 

hydrocarbons which constitute 99% of the hydrocarbon content of the algae, two 

minor components are also present, viz. n-pentadecane (n-C 15  hydrocarbon) and 

n-hexadecane (n-C 16  hydrocarbon). 

The occurrence of these hydrocarbons in the blue-green algae apparently 

at a critical stage of evolutionary diversification led us to examine their 

biological origins and possible metabolism in the living cell. In this chapter 

we report results of experiments in the biosynthesis and metabolism of methyl-

branched octadecane, n-heptadecane, and the minor constituent n-pentadecane of 

Nostoc. 

The unique occurrence of these hydrocarbOns, apparently confined to blue-

green•algae and appearing at a critical stage of evolutionary diversification, 

may be of considerable significance. It would be of interest to gain an 
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understanding of the biosynthetic pathway to these branched C 18  alkanes from 

Nostoc in these primitive organisms. One possible precursor, 7-heptadecane or 

the correspondihg acid, does not appear to occur in blue-green algae. An 

alternative source might. be  lactobacillic acid (11,12-methyleneoctadecanoic 

acid). 13 ' 14  It is formed by the: fixation of a C 1  unit derived from formate 

to cis-vaccenic acid.' 5  

2. Experimental 

Eight liters of Nostoc muscorum were grown in an inorganic medium for 4 

days at 25 0 , under a stream of air-CO2  (v/v 95:5) and with illumination 

(450 ft candles) from both sides. The culture (00 680 	0.8) was centrifuged 

and resuspended in a 3-1.flask with 1.51. of the same medium and the radioactive 

hydrocarbons or fatty acids were dispersed in the medium by sonication. 

The suspension was illuminated at 250  and under CO2  for 2 hrs. The cells 

were harvested by centrifugation (10,000g) in the dark, washed by resuspension 

in 100 ml of distilled water, and centrifuged again. About 1.8 g of radio-

active cells was collected each time after the water was removed by freeze 

drying. The analytical procedure was described in Chapter 2. 

The W 14
C fatty acids (obtained from New England Nuclear Corp.) were 

decarboxylated by photodecomposition of their acyl  iodides followed by zinc 

dust reduction of the alkyl halides as described by Barton, et al 
16

. 
	

In each 

case 0.1 mmol of the acid was used and the over-all yield as determined by the 

radioactivity retained in the product was 60%. The products were purified 

by chromatography on alumina. Uniform tritium-labeled methyl vaccenite was 

made in this laboratory by the Wilzbach gas exposure method. Methyl vacceriate 
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(10 mg) was deposited evenly on a 100-mi glass reaction tube. After evacuation 

to 0.1 mm, 7 Ci of tritium gas and 20 ml of oxygen gas at standard condition 

were introduced into the reaction tube. 

Methyl tritiostearate was formed by adding tritium to the double bond, 

and methyl tritiovaccenate was formed by tritium substitution reactions. 

Liquid scintillation counting indicated that 3.1 mCi of tritium was incorporated 

into the total product. After hydrolysis of methyl esters 300 pCi of methyl 

tritiovaccenic acid was isolated by thin layer chromatography on silica gel 

G containing 15% of silver nitrate. 19  

3. Biosynthesis of normal hydrocarbons 

Although the formation of hydrocarbons in living organisms by decarboxylation 

of fatty acids has been a subject of conjecture for some time, 6  little is 

known concerning the derivation of hydrocarbons in algae. Studies in the 

biogenesis of hydrocarbons in other microorganisms have shed light on their 

mode of formation but little positive evidence has been produced for the 

decarboxylation of fatty acids to yield hydrocarbons. Thus Oro, et al., 20  

examined the formation of hydrocarbons in Sarcina luteau by including a variety 

of 14C-labeled substrates (e.g., acetate, glucose, leucine, isoleucine,. bicar- 

14 	 14 	
i bonate, and both palmitic-l- C and -16- C acids) n the culture media. How-

ever, the length of incubation (48 hr) and the general nature of metabolites 

used led to the appearance of label in a wide variety of substances. 

In an effort to study the decarboxyiation offatty acids in isolation 

we have used exclusively w- 14C-labeled acids and comparatively short incubation 

periods (2 hrs). The low level of incorporation into hydrocarbons obtained 
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under these conditions can, however, bedetected and the mixture of products 

analyzed by the techniques of gas chromatography 4  and liquid scintillation 

counting. 

The results of an incubation of stearic-18- 14C acid in a culture of 

Nostoc is shown in Table I. An exclusive incorporation of radioactivity into 

n-heptadecane is observed indicating a direct decarboxylation of stearic acid. 

The n-heptane fraction containing the hydrocarbons accounts for 6.2% of the 

total radioactivity recovered; close to the remainder of the radioactivity 

(92.7%) is present in the methanol fraction which contains the starting material. 

When palmitic-16- 14C acid is substituted for the radioactive stearic acid, 

radio-activity was incorporated into n-heptadecane as well as into n-pentadecane 

(Table II) in the extracted hydrocarbons. The formation of n-heptadecane is 

likely to be a result of chain elongation to stearic acid prior to decarboxy-

lation. However, there appears to be appreciable incorporation (15%) into 

fractions of the extracts other than those containing the hydrocarbons and 

the fatty acids. This would indicate that the synthesis of other compounds from 

fragments such as acetyl-CoA would give rise to radioactivity in the benzene 

II fraction. Unlike the case of stearic-18-14.0 acid there was considerable 

breakdown of the palmitic-16- 14C acid during the period of incubation. 

As a means of studying the possible further metabolism of the normal 

14 
hydrocarbons, synthetic n-heptdecane-C and n-pentadecane- 14C were also 

14 
incubated with cultures of Nostoc. In contrast to the incubations of 

fatty acids, no appreciable metabolism of the radioactive hydrocarbons was 
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detected after the same period of incubation (Tables III and IV). The re- 

• covered radioactivity remains' essentially in the hydrocarbon fractions. 

Analysis of these showed the retention of radioactivity only in the peaks 

of the gas chromatogram corresponding to the starting materials. The small 

amounts of radioactivity present in other peaks of the chromatograms are due 

to tailing of the large quantities of the 
14 
 C hydrocarbons present in each 

chromatogram. This was shown by injection of a similar amount of starting 

material and observing a similar radioactive distribution of the peaks in 

each case. Within experimental error therefore, the results above may be 

regarded as evidence for the absence of metabolism of the hydrocarbons. 

However, the presence of trace amounts of hydrocarbon remaining outside the 

algal cells even after washing with water subsequent to harvesting them cannot 

be excluded. The results may, therefore, only indicate the failure of the 

hydrocarbons to enter the algal cells. 

4. Biosynthesis of 7- and 8-Methyiheptadecanes 

The first part of this work was a search for the presence of possible 

intermediates such as vaccenic acid in Nostoc. Holton, et al., 21  reported 

74% octadecenoic acid in the total acids of Nostoc muscorum. They reported 

it as 	acid., However, the double bond position isomers were not 
18 

-separated by their packed gas-liquid chromatographic column. 

- 	Our gas chromatographic pattern for the methyl esters is given in 

Figure 1. The components were identified by glpc coinjections of standard 

esters and their mass spectra. Methyl oleate and methyl vaccenate had identical. 

mass spectra but could be separated by a capillary column coated with Hi-Eff- 

4BP (polybutane-1 ,4-diol süccinate). The fatty acid mixture contained mainly 
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Fiçure 1 	Gas .chromatographatic separation of total fatty acids of Nostoc 

muscorum. A stainless steel column 100 ft. x 0.01 in. coated with HI-EFF-

4BP. Aerograph model 204 gas chromatograph was equipped with a flame ioniza-

tion detector. Helium pressure 16:psi no split. Temperature was. programmed 

from 100
0 C to 2000 C at a rate of 20C/min. 



146 

N O STOC 	MUSCORW 
2-C18 

FAT 1 

Hl-EFF-4BP 

lao' x 0.01" 

6 PSi He 

l00 0 2OOoC 

2°C/mm. 

3-C18 

2ACI6 L J I  cl  
XRL 686-4242 



147 

C 16  and C18  acids. The percentages of fatty acids are given in Table V. 

This is the first observation of vaccenic acid (cis- 1 -C18 ) in blue-

green algae. Bloch, et al. 
,22,23 

 considered that two different pathways exist 

for the synthesis of monounsaturated fatty acids. According to Bloch: 18  

"among the C18  monosaturated fatty acids, the anaerobic bacterial pathway 

is apparently capable of producing both the A and the A 	isomers, whereas 

the aerobic process invariably yields dthe A acid." In ourcase, A 	 is 

presumably produced by an aerobic process. Vaccenic acid. (cis-A-C 18 ) 

could be formed as a minor product from stearic acid by a oxidative mechanism. 

• Other possible precursors of the branched alkane such as acids with a 

methyl branch or cyclopropyl ring have not been found in Nostoc. 

The confirmation of the presence of vaccenic acid in Nostoc led us to 

investigate its possible role in the biosynthesis of the methylheptadecanes. 

When tritium-labeled vaccenic acid was incubated with Nostoc, about 10% 

(1.1 x 10 dpm) of the radioactivity was incorporated into the cell and 90% 

remained in the supernatant solution. In the 14C-labeled methionine experi-

ment 8% (3.6 x 106  dpm) of the radioactivity was.incorporated into the 

cell. The distribution of radioactivity in the various column chromatographic 

fractions of these experiments is given in Tables Yl and VII. 

When methionine-methyl- 14C was used, essentially all the radioactivity 

in the n-heptane fraction was incorporated in 7- and 8-methylheptadecanes 

As shown in Table VI this mixture contains 9.05 x 10 dpm or 99% of the 

radioactivity. However, only 80.1% of the radioactivity of the n-heptane frac-

tion was found in the branched C 18  when tritiated vaccenic acid was used as 
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TABLE V 

Fatty Acids Composition 	(%) 	of Total 	Lipids of Nostbc muscorum. 

Saturated Acids Mono-unsaturated Acids Polyunsaturated Acids 

n-C16 	23.4 
A:Cl6 	

29.8 2-C16  1.5 

n-C 18 	0.6 -C 8 	13.8 2A-C 18  18.3 

1 -C 	1.2 3A-C 18  8.6 
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a starting material. The incorporation of radioactivity into n-heptadecane 

is presumably a result of hydrogenation followed by decarboxylation. 

The data in Tables VI and VII also confirm the fact that the methionine 

methyl group is specifically 'added to the double bond of vaccenic acid. If a 

methylene group is inserted into the double bond, followed by decarboxylation 

and then ring opening, it could produce the 50:50 mixture of 7- and 8-

methylheptadecanes. 

By using methionine-nethyl- 14C and cis-vaccenic- 14C acid, Liu and Hofmann 24  

were able to demonstrate that lactobacillic acid (11,12-methyleneoctadecanoic 

acid) biosynthesis in Lactobacillus arabinosus, an anaerobic bacterium, involved 

the addition of a methylene group into the double bond of cis-vaccenic acid. 

In the methionine-methyl- 14C and formate- 14C experiments, their results showed 

most of the radioactivity of lactobacillic acid was on the cyciopropyl 

site. It is suggested that the 11,12-methyleneoctadécanoic acid could be the 

intermediate of the branched C 18  hydrocarbon. We are at present investigating 

this possibility. 
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CHAPTER 6. CHEMICAL TAXONOMIC STUDIES OF HYDROCARBONS. 

1. Introduction 

Living organisms can be classified chemically in accordance with the 

substances made by them. Such a chemical classification may be compared with 

or used as a supplement to morphological classification and may be of some 

importance in the development of the true natural system of angiosperm 

phyl ogency. 

According to Stanier1  the evolutionary step from the procaryotic 

cell (blue-green algae and bacteria) to the eucaryotic cell (green algae, 

fungi, protozoa, higher plants and animals) is recoghized by the appearance 

(or presence in some cases) of nuclear membrane, mitotic division, chromosome 

number, cytoplasmic streaming and mitochondria in the eucaryotic cell. Since 

lipids are important constituents of cytoplasmic and intracellular membranes, 

studies have been made to determine whether such evolutionary transitions 

are reflected at the molecular level. Very little work has been reported 

on evolUtionary development studies of lipids. Bloch 2  reported the absence 

of sterols in procaryotic cells. However, Reitz and Hamilton 3  recently 

isolated two sterols from blue-green algae. Their' results showed that very 

harsh methods had to be used to extract the sterols from the algae. This 

suggested that sterols might be bound very tightly within the procaryotic 

cells. Parker 4  also showed that the amount of polyunsaturated fatty acids 

containing two or more double bonds is very low in blue-green algae. In 

this chapter the chemical taxonomical approach was used to examine the 

hydrocarbons from different groups of microorganisms. 
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Samples and Methods 

Cultures of four species of blue-green algae, seven species of non-photo 

synthetic bacteria, and six species of green algae and photosynthetic bacteria 

were extracted, fractionated and analyzed by the methods previously described. 

All blue-green algae, green algae, and two of the photosynthetic bacteria, 

Rhodospirillum rubrum and Rhodopseudomonas spheroides, were grown in this 

laboratory, in an inorganic medium5  for four days at 25 0C, under a stream 

of air-CO2  (v/v 95:5) and with illumination (450 ft. candles) from both sides. 

The cultures (OD 680 0.8) were harvested and centrifuged in a continuous 

flow system. The wet cells were washed by resuspension in distilled water, 

and centrifuged again. About 0.4 gof dry cell per liter of medium was 

collected each time after the water was removed by freeze drying. 

Two nonphbtosynthetic bacteria, E. coli and Micrococcus lysodeikiticus, 

were purchased from Miles Laboratories Inc., Elkhart, Indiana. Three nonphoto-

synthetic bacteria, P. shermanii, Colstridium tetanomorphum, and Coistridium 

acidi-urici were supplied by Dr. H.A. Barker,, Dept. of Biochemistry, University 

of California, Berkeley. Two samples, Desulfovibrio Essex 6 and Desulfovibrio 

hildenborough, were cultured in sodium lactate medium6  by Dr. 3 R Postgate, 

University of Sussex, England. Rhodomicrobiuni vannielii was obtained from 

Dr. N.G. Carr, University of Liverpool, England; it was grown on a malate-

glutamate medium, anaerobically in the light. Sulfur bacteria, chlorobrium 

was grown In this laboratory under light without air. 

Identification of l-Heptadecate 

A mono-unsaturated C 17  hydrocarbon was found only in algae, both blue-

qreen and green algae, and was absent from other photosynthetic and non- 
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photosynthetic bacteria. The percentage, of this alkene in the total hydrocarbon 

fractions of Anacystis nidulans (blue-green) and Chlorella pyrenoidosa (green) 

(Fig. 1) was 2.95 and 81.5% respectively. This alkene may be of considerable 

significance in green algae, since it is the predominent component in the total 

hydrocarbon mixture. 

In order to determine the double bond position of Chiorella heptadecene, 

an oxidation reaction was carried out. After the product was purified and 

esterified, only one ester, methyl palmitate was determined by both gas 

chromatographic co-injection and mass spectrometry. Thus, only one possible 

structure can be drawn, the double bond is on the terminal carbon position. 

Mass spectra of terminal unsaturated alkenes are  studied and will be discussed 

in Chapter 8. This series of normal alkene-1 has general characteristics, 

M-28 fragments are outstanding. The experimental procedures were as follows: 

Heptadecene (5 mg) was isolated from the normal heptane fraction of 

Chiorella pyrenoidosa by using preparative gas chromatography. The alkene 

was treated with an excess of chromic acid in acetic acid for two hours. 

After the solvent was evaporated, the product was purified with column 

chromatography. The methyl ester was obtained according to the procedure 

described in Chapter 2. Both mass spectrOmetry and gas chromatography 

indicated the final product was a single compound, C 16  methyl ester. 

4. 	Results and discussion 	 . 	 . 

Normal paraffins are among the most stable of all biogenic organic 

compounds and are thought to be diagnostic of biologically produced organic 

matter which can be derived from the decarboxylation of fatty acids. The 
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Figure 1: Gas chromatorahic separation of total aliphatic hydrocarbons 

from chloreila. Stainless steel tubing 100 ft x 0.01 in. inside diameter, 

coated with polysev. Aerograph model 204 gas chromatograph equipped with 

a flame ionization detector. Helium pressure 20 psi, no split. Temperature 

programmed from 90
0 C-190 0 C at 20C/min. 
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normal heptadecane is the dominant compound in the hydrocarbon fraction 

of all the photosynthetic microorganisms, blue-green algae, green algae, 

and photosynthetic microorganisms, blue-green algae, green algae, and 

photosynthetic bacteria. But the predominance is not found in aerobic 

and anaerobic nonphotosynthetic bacteria. Johns et al. 7  reported that 

the n-C 17  alkane was a major peak in the total normal alkane fraction of 

the Soudan Shale (2.5 x 10 years). This may indicate that photosynthetic 

microorganisms are a major hydrocarbon source in the Soudan Shale. 

Normal alkanes of carbon number less than C 14  and more than C23  are 

rarely present to any appreciable extent in blue-green algae and green 

algae(Table I). However, the hydrocarbons from photosynthetic and non-

photosynthetic bacteria range in chain length from C 13  to C31  (Tables II 

and III). These hydrocarbon distributions are very different from the 

higher plants which contain normal hydrocarbons ranging from C 23  to C 5 . 8  

The difference between the normal hydrocarbon patterns of microorganisms 

and higher plants is striking, and there appears to be a future for 

taxonomic. correlation based on this approach. 

In the recent lake sediment, the Mud Lake of Florida (5000 years) 5 9  

n-C29  and n-C31  alkanes are the most important peaks in the total hydro-

carbon fraction. The Green River Formation (50 x 106  years) has two peak 

maxima in the normal alkane fraction 7 , one at n-C 17  and another one at 

n-C29  and n-C 31 . It appears that the high molecular weight odd numbered 

paraffins, n-C27 , C29  and n-C31  are contributed by higher plants. In the 

Green River Formation the higher plants and photosynthetic microorganisms 

appear to play equally important roles in hydrocarbon production. 
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TAILE III 

Photosynthetic Bacteria 

Rhodospirillum 	RhodopseUdo- 	Chiorobrium 	Rhodomicro- 
rubrum 	monas spheroides (sulfurbacteria) bium 
(25) 	 (25) 	 (31) 	vanniellii 

(28) 

n-C 15  0.01 0.87 1.5 0.03 

n-C 16  006 3.1 0.75 0.05 

Pristane 0.10 9.6 0.5 0.14 

-- -- -- -- 

n-C17  3.50 42.5 50.0 0.15 

Phytane .- 1.3 0.5 0.16 

n-C1 8  0.35 19.2 1.3 0.37 

n-C 19  0.45 18.8 1.3 0.45 

n-C20  0.32 0.38 1.0 0.46 

n-C21  0.24 -- 1.5 0.46 

n-C22  -- -- 3.0 0.62 

n-C23  -- -- 4.1 1.0 

n-C 4  -- -- 6.9 1.2 

n-C25  -- -- 10.8 0.92 

n-C26 
-- S 	

-- 13.1 0.50 

n-C27  -- -- 2.1 0.38 

n-C28  -- -- 0.5 0.15 

Squalene and 94.7 -- 
-- 92.5 

high M W 	cyclic 

hydrocarbons 
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If we disregardthe n-C 17  hydrocarbons, the amounts of odd-numbered 

homologues and the even-nurhbered ones in either algae or bacteria are about 

equal (Tables I, II, and III), in contrast to higher plants 8 ' 1°  . Since the 

alkanes can be assumed to be end products of the living organism metabolism,'' 

this may be significant in terms ofthe specificity of the enzyme systems which 

are involved in the formation of the alkanes from acetate units. It is probable 

that one route to the living organism hydrocarbons involves decarboxylation of 

the corresponding long-chain fatty acids. The decarboxylation of the fatty 

acids of chain length C10 -C34  which might give rise to the typical n-alkanes 

are dependent on the enzyme specificity of the organisms. 

The 50 50 mixture of 7- and 8-methylheptadecane 124  appeared to occur 

uniquely in the blue-green algae and was absent in other photosynthetic and 

nonphotosynthetic microorganisms. These methyl branched alkanes seemed to 

be of particular significance because the methyl branches are not the iso- and 

anteisostructures which have been found in many living organisms. This pair 

of hydrocarbons may be of considerable importance in taxonomic studies, not 

only because of the large amount found in the blue-green algae, but also 

because of its unique presence in such a primitive microorganism. 

The isoprenoid hydrocarbons are bsent in blue-green algae and green 

algae, but they are widely distributed in most of the photosynthetic and 

nonphotosynthetic bacteria. The highest content of pristane was found in 

P. shermanii, (46.5%) (Fig. 2), an anaerobic nonphotosynthetic bacteria. 

This implies the anaerobic nonphotosynthetic bacteria has the enzymatic 

system which produces the isoprenoid hydrocarbons although the chiorophylls 
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Figure 2: Gas chromatographic separation of total aliphatic hydrocarbons from 

P. shermanii. Stainless steel tubing 100 ft. x 0.01" in inside 

diameter, coated with Apiezon L. Perkin-Elmer model 900 gas 

chromatograph equipped with a flame ionization detector. Helium 

pressure, 20 psi, no split., Temperature programmed from 900  to 300° C 

at 2°C/mm. 
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are absent. This indicates the nonphotosynthetic anaerobic bacteria activity 

may play an important role in isoprenoid hydrogen diaqenesis. 

The existence of anaerobes has for years alerted scientists to the non-

essential character of oxygen-based respiration, but anaerobic primary-producing 

systems are few. The sulfuretum, the anaerobic microbial eco-system based on 

the sulfur bacberia, is one such system and paleochemical evidence, based 

on fractionation of the sulfur isotopes, has shown that sulfureta were active 

at least as far back as 2 x lO years ago. Basically, such a system requires 

only the intervention of sulfate-reducing bacteria and Thiorhodaceae; very 

reasonable arguments have been presented by Peck 15  and by Klein and Cronquist 16  

that representatives ofthese were the dominant life forms during the anaerobic 

phase of life on this plant. A number of biochemical characteristics they 

possess may justly be held to be primitive: hydrogenase, ferroxdoxin, a 

phosphoroclastic system of pyruvate metabolism, CO 2  fixation by a reductive 

carboxylic acid cycle, a capacity for nitrogen fixation, use of APS as an 

"energy-rich" intermediate. It is reasonable to propose that Thioriodaceae 

are models of the evolutionary precursors of green plant photosynthesis and 

relics of sulfur-based photosynthesis seem still to be detectable in green 

plants.' 7  Desulfovibrio similarly seems to be a model for the antecedants of 

cytochrome-base aerobic life, being the only obligate anaerobe with a cytochrome 

concerned in respiratory chain phosphorylation. Klein and Cronquist even place 

Desulfovibrio as an evolutionaryprecursor of photosynthetic bacteria. Thus, 

Desulfovibrio could be the precursor of Chiorobium, a photosynthetic sulfur 
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bacteria. Compare the total hydrocarbon constituents of Desulfovibrio (Fig. 3) 

and Chlorobium, (Fig. 4) both' of them have a hydrocarbon range from C 15  to C28  

and a single maxima at C 0  and C26  respectively. However, all the photosyn-

thetic microorganisms which include Chiorobium have a characteristic in common, 

the predominance of the n-C17  hydrocarbon. 

It has been suggested1821  that in the early period of Precambrian time 

no living Organisms existed on the earth except procaryotic cells, bacteria 

and blue-green algae. Probably after the blue-green algae began to decline, 

bacteria became more active. The isoprenoid hydrocarbons, higher molecular 

weight hydrocarbons, and those unresolved branched and cyclic hydrocarbons 

were produced by anaerobic nonphotosynthetic bacteria. 

Figure 5, the total hydrocarbons from Clostridium tetariomorphum H-i, 

shows the distribution of normal alkanes and more than a hundred resolved peaks 

I ' 

	

	 between n-C 16  and n-C26 . Mass spectra indicate these unresolved peaks are 

branched and cyclic hydrocarbons, which also existed in every Precambrian rock. 

As shown in Table III,, some of the photosynthetic bacteria, Rhodospirillum 

rubrum and Rodomicrobium vanniellii , contain approximately 92-95% b-ranched and 

cyclic hydrocarbons in the total hydrocarbon mixture. Those have a gas chroma-

tographic retention time n-C 27  and n-C 32 . One predominant peak exists on each 

gas chromatogram. The mass spectroscopic data indicates the major peak in both 

cases is squalene. Approximately 1% of the steranes and triterpanes can also 

be detected by GC-MS. The individual structures of these cyclic hydrocarbons are 

still under investigation. These high molecular weight branched and cyclic 
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Figure 3: Gas chromatographic separation of total aliphatic hydrocarbons from 

Chlorobium. All the conditions are the same as Fig. 2. 
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Figure 4: Gas chromatographic separation of total aliphatic hydrocarbons from 

Desulfovibrio Desulfuricans Essex 6. All the conditions are the 

same as fig. 2. 
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Figure 5. Gas chromatographic separation of total aliphic hydrocarbons of 

clostridium Tetanomorphun H-i. All the conditions are the same as 

Fig. 2. 
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compounds are not presentin any significant amount in any other procaryotic 

cells. 

The abundance of the steranes and triterpanes is a striking feature of 

the total hydrocarbon content of the Green River Shale, 7  but they are only 

present in the Nonesuch and Soudan Shales in very small amounts. 22 ' 23  It is 

probable that one route to the high molecular weight cyclic hydrocarbons in-

volves some reactions of the sterols. The sterols which may give rise to 

the typical steranes and triterpanes by geological processes are common con-

stitutents of eücaryotic cells. It is suggested that the initial reaction 

process has to take place by reaction of the functional groups of sterols. 

This could then be followed by reduction, isomerization, thermal cracking, 

as well as anaerobic bacterial activities during geological time to give high 

• molecular weight cyclic hydrocarbons in the Green River Shale. 

The use of chemical constitutents and so-called molecular characteristics 

as an aid to the classification ofliving organisms is not only a familiar 

concept now, but also a very useful tool. These characteristics have the 

advantage over morphological ones that they can be very exactly described in 

terms of definite chemical structures. The elucidation of the structures and 

configurations of secondary organic products can lead to an understanding not 

only of their biosyntheses, but of possible subsequent diagenetic changes as 

well 	Erdtman24  has pointed out that the most valuable substances taxonomically 

are not those which are involved in primary metabolic processes but rather 

those which are relatively stable secondary products. The hydrocarbons meet 

this requirement and also represent the most easily analyzed chemical substances 

in living organisms. The distribution of hydrocarbons ranging from C 10  to C35  

has been discussed previously in this report and the generalized results are 

shown in Table IV. 
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Hydrocarbon Constituents of Synchronized Algae 

SynchroriizeU algae, Chlorella pyrenoidosa, has been grown in this laboratory. 

A 26 hour light phase was folloWed by a 12, hour dark period. During the light 

period, the photosynthesis is taking place and the cell's volume is increasing 

eightfold in size. Then the cell stops growing but it divides into eight small 

new cells at the end of the dark period; It has been reported 9  that more than 

95% of the total hydrocarbon fraction of Chlorella pyrenoidosa is n.-heptadecene 

and n-heptadecane. The ratio of unsaturated to saturated compounds is 4:5. 

The hydrocarbons have been analyzed in each of the growing stages in order 

to understand more about physiological biosynthesis of algae. The ratio of 

n-heptadecene to n-heptadecane is 3:5 in the dark phase, (Table v) but when 

the light period begins it suddenly jumps to 7:5 and stays constant through 

this period. Another minor peak, n-heptadecadene appears in the first 16 hours 

of the light phase, but it was not found in si.gnificant amounts either in the 

stage one hour before the dark phase or during the dark period. 

It issuggested that strongly oxidizing conditions exist during the light 

phase while the cell's body is growing. Unsaturated hydrocarbons could be 

produced either by an oxidation-dehydration pathway or by a dehydrogenation 

procedure in that period. Other types of compounds found in synchronized 

algae, such as fatty acids and amino acids, are under investigation. 

Summary 

The chemical taxonomic features are summarized as follows: 

(a) The mixture of 7- and 8-methyl heptadecane is only present in blue-

green algae and absent in any other living organism so far examined. 



.TABLEV 

Synchronized Algae, Chiorella pyrenoidosa 

Time of Growing 	 L-C In-C 	ratio 
(hours) 	

17 	.17 

0 	 2.3 

8 	 8.0 

16 	 7.0 

25 	 7.3 

30. 	 3.5 
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The isoprenoid hydrocarbons, pristane and phytane are absent in 

algae and aerobic bacteria, but are generally present in the others. 

Squal,ene, steranes, and triterpanes are absent in algae and 

nonphotosynthetic bacteria but are present in most cases in photosynthetic 

bacteria and higher plants. 

In all cases, the odd over even carbon-numbered n-paraffins is 

approximately 1.0 in aerobic and anaerobic bacteria, while it is greater' 

than 10 in higher plants. The value is LU to 5.0 in algae when the pre-

dominant component n-C17  is excluded. 

The n-C 17  hydrocarbon is predominant in algae, the dominance is 

decreased in photosynthetic bacteria, The intensity is not outstanding in 

nonphotosynthetic bacteria and generally absent in higher plants. 

The n-C27 , n-C2'9  and n-C31  alkanes are the major constituents in 

higher plants, within the normal distribution range in bacteria, but they 

are absent in algae.. 
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CHAPTER 7 CHEMICAL TAXONOMIC STUDIES OF FATTY ACIDS 

Introduction 

Although lipids occur in all species of living organisms examined, a 

survey of the fatty acids composition has barely been started, and it is 

only seed fats which received a reasonably broad coverage. Even at the 

present time, data from other parts of the plant kingdom are fragmentary. 

As in the animal world, the lipids of aquatic species appear to have a 

different fatty acid make up from those of terrestrial species. It is con-

venient to start with an examination of the type and distribution of fatty 

acids 	in microorganism and then to proceed to those higher plants 	and animals. 

Fatty acid constituents and biosynthesis in microorganisms 

The distribution and biosynthesis of fatty acids in microorganisms have 

been studied for years. . It has been established that straight chain saturated 

fatty acids are synthesized from acetyl CoA. 1 ' 2  The acid is elongated by 

adding C2  units until the chain length reaches C 16  'or C 18  

Many laboratories 39  have shown that linoleic and linolenic acids make 

a significant contribution in  the total acid mixtures in photosynthetic 

plants and algae. But, they are not universal components of the microorganisms. 

Anacystis nidulans, a green algae, 0  does not have linolenic acid. The C 16  

'polyunsaturated acid and linoleic. acid are low as well. These data are similar 

to the photosynthetic bacteria which also do not have polyunsaturated fatty 

acids." 2  One degree of unsaturated fatty acids are the major components 

in photosynthetic bacteria. 

Blochl3Th suggested the biosynthetic route ,  to unsaturated fatty acids 

in microorganisms, which could be summarized as' follows: 	. 

a 	There are two separate pathways to synthesize monounsaturated fatty 
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acids. One of these produces oleic (i 9 -C 18 ) and palmitoleic ( 9 -c 16 ) acids 

by oxidative desaturation of stearic and palmitic acids respectively. It is 

the only or predominant pathway in yeast, blue-green algae, and in some aero-

bic bacteria. This process requires molecular oxygen and TPNH, and generates 

a double bond only at the ninth carbon position. 

b. Anaerobes, facultative aerobes, and some obligate aerobic bacteria 

lack the ability to de.saturate stearic and palmitic acids, either in the 

absence or presence of ox3pgen. In these, pathways, olefinic acids (i 1 -C 16 , 

and A ' 1 -C 18 ) are synthesized in the course of a. chain-lengthen-

ing process rather than by desaturation of the corresponding saturated acids. 

This nonoxidative pathway appears to be employed not only by the obligate 

anaerobes, but also by various aerobic representatives. The anaerobic bio-

synthetic routes to monounsaturated fatty acids in bacteria are postulated. 

The fatty acids which have been isolated from bacterial 'lipids are underlined. 

The unsaturated sites of these underlined acids are not only at the 

carbon, but also at the seventh and eleventh carbon. 

C2 	) C4 	C6, 
%3 	

\3 	\3 	5 	7 	9 
8 	lO A—C14.A—C14—C16——C18 

lO 16 



c. Multiply-unsaturated fatty acids are formed from oleic acid or 

palmitoleic acid by an oxidative mechanism. They are not synthesized or 

foundin microorganisms in which vaccenic acid (fl -C 18 ) is the principal 

C 18  unsaturated fatty acid,noris there evidence that they occur in.any 

bacteria lipids. 

The composition of fatty acids in microorganisms are highly dependent 

upon the growing conditions. Milner27  has reported that in Chiorella 

pyrenoidosa grown either in a greenhouse or outside, the amounts of C 15  and 

C 18  acids were inverted and the amount of C 16  saturated and unsaturated 

fatty acids decreased with increasing lipid content of the cell. Nichols 28  

has shown that the amount of linolenic acid in Chlorella vulgaris is much 

greater when it is grown on a mineral medium supplemented with amino acids, 

under light than when it is grown in an organic medium and in the dark. Hexa-

decatrienoic acid is essentially absent except on an inorganic medium under light. 

From the lipids of B. subtilis, Saito 16  and Kaneda 17  isolated 13-methyl-

tetradecanoic, 14-methylpentadecanoic, 15-methylhexadecanoic, and 14-methyl-

hexadecanoic acids. Some of these acids as well as 12-methyltetradecanoic 

acid have been identified in the membranes of B. megaterium, 8  streptomyces 

sp., 19  Sarcina species, 2  and St. Aureus. 21  

Iso- and anteiso-fatty acids are synthesized by condensation of short 

chain iso- or anteiso-acid coenzyme A esters with malonylcoenzyme A in the 

presence of TPNH. 2224  Or 
25 
 reported uniformly labeled L-isoleucine-14C 

was predominantly incorporated into the anteiso-branched chain acids in 

Sarcina lutea. Bennet 26  found that labeled a-butyric acid was incorporated 

mainly in anteisoheptadecanoic acid, and labeled isobutyrate gave rise to 

isotetradecanojc and isohexadecanoic acids. 
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Cyclopropane fatty acids were found by Hofmann etal. 29  and Law etal. 30  

The biosynthesis of lactobacillic acid and other cyclopropane fatty acid has 

been studied extensiveiy. 31 H33  By using either labeled cis-vaccenic acid or 

CH 3 - 14 C-methionine, it was shown that lactobacillic acid was formed by addition 

of a one-carbon unit to the double bond of cis-vaccenic acid. A similar path 

way existed in M. phle, the methiônine supplied the methyl side chain to 

oleic acid for the formation of tuberculostearic acid (lo-methyloctadecanoic 

acid). 34  Cason and Miller35  isolated 10-methylhexadec-9-enoic acid in addition 

to lO-methylhéxadecanoic acid from the lipids of M. tuberculosis. It is there-

fore feasible that the addition of the methyl group of methionine to the 

double bond of a monounsaturated precursor proceeds via an unsaturated inter- 

mediate. 

Most of the hydroxy acids isolated from microorganisms which are -hy-

droxy acids. In all -hydroxy acids the steric configuration of the asymmetric 

carbon belong to the D-series. Kaneshiro 36  characterized 3-hydroxydodecanoic 

acid and along with 2-hydroxy isomer from Azotobacter aqilis. Bishop 37  observed 

1.5° of 3_hydroxydodec-5-enoic acid in Lactobacilli, which could be explained 

as a precursor of cis-vaccenic acid. Polgar and Smith 38  found lO-hydroxyocta -

decanoic acid and aketo acid, lO-oxooctadecanoic acid from the lipids of 

human strains of M. tuberculosis. 

3. Fatty Acids in Higher Plants and Animals 

The lipids from different parts of the same plant, e.q., seeds, leaves, 

and roots, may have a different fatty acid composition as well as different 

types of fatty acids. In seeds, moreover, the lipids are largely triqlycerides, 
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whereas in the leaves triglycerides are replaced by galactolipids. In the 

brain of animals phosphoglycerides are the dominant compositions. In 

bacteria the lipids consist largely of waxes together with lesser amounts 

L of so-called acetone soluble "fats". 

Linolenic acid is usually a major or chief fatty acid constituent in 

leaf lipids. Crombie's 39  results show that the lipids of green as compared 

with those of non-green leaves contain much more linolenic but less linoleic 

and oleic acids, and generally confirm the high levels of linolenic acid in 

green leaves. Debuch 40  has isolated hexadeca-trans-3-enoic acid as well as 

hexadeca-cis-lO, cis-13-trienoic acid in the leaf lipids of Spinacea oleracea 

and of Antirrhinum majus. This.hexadecatrienoic acid was first reported by 

Heyes 41  in 1951 as a major constituent of tIe acetone-soluble lipids of 

Brassica napus leaves. 

The early work 42 ' 43  showed that when rats and other species of animals 

were fed diets from which: fat was excluded, growth and reproduction were 

impaired and survival was limited. A dermatitis, characterized by a scaliness 

of the tail and paws, soon developed. All these symptoms could be reversed 

by the addition of polyunsaturated fatty acids to the diet. These fatty 

acids are linoleic, linolenic,and arachidonic acid. These fatty acids are 

called essential fatty acids or vitamin F. Since polyunsaturated fatty acids 

are required by the animal, presumably animal is unable to synthesize them 

from other materials, and it must obtain these acids from the food. 

It is now recognized that many animal species require essential fatty 

acids for proper nutrition, e.g. rats, mice, guinea pigs, hamsters, docis, 
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calves, as well as human infant, etc. Apparently, however, either the young 

animal is able to store essential fatty acids for future use, or the require-

ment for these essential fatty acids is markedly decreased in older animals. 

Since it is practically impossible to produce an essential fatty acid-deficiency 

syndrome in the adult of any species, the possibility does exist, however, that 

the utilization of essential fatty acids may be impaired in certain disease 

conditions which could increase the requirement for the adult animal. 

Essential fatty acids occur naturally and in considerable quantity, 

but not exclusively, in vegetable and seed oils. Cottonseed oil, corn oil 

and soybean oil contain approximately 50% linoleic acid as the triglyceride; 

walnut oil, safflower oil, and wheat germ oil are considerably higher in 

linoleic acid content. The vegetable oil, olive oil , is rather low in linoleic 

•acid (10%). On the other hand, beef tallow and most of animal greases contain 

less than 10% of total polyunsaturated fatty acids, 40 to 60% of oleic acid, 

and the saturated fatty acids contents are rather higher. In general, green 

leaves have a much higher polyunsaturated fatty acid content of linolenic 

acid and arachidonic acid, but animal 'grease and animal tallow are richer in 

saturated fatty acids. 

4. Sample and Experimental 

The samples studied for fatty acids have been described in Chapter 6. 

Extraction, fractionation, separation, methylation, as well as gas chromato-

graphic and mass spectrometric methods used here, which could be found in 

Chapter 2. 

Two 100-ft. 0.01 inch inside diameter capillary columns coated with 

Apiezon L and HI-EFF-4BP, were used for separation, as well as coinjection 
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studies. Acids were converted to methyl esters before the final separation 

and identification. All components in Tables I, II, and III were identified 

by both fragmentation patterns of mass spectra and coinjections on two 

capillary columns. The unsaturated fatty acid methyl esters have a. longer 

retention time than the same carbon numbered saturated isomers in polyester 

column (HI-EFF-4BP), but they come out faster than saturated ones on Apiezon 

col umn. 

Authentic acids were purchased from Applied Science Lab., Aldrich 

Chemical Company, K. and K., and Cálbiochem. The cyclopropyl-C 17  (methylene-

9,10-hexadecenoic acid) and cyclopropyl-C 19  (methylene-ll ,12-octadecenoic 

acid) were synthesized 'in this laboratory. The following procedures are used 

for making these two cyclopropyl compounds. 

The general reaction for the preparation of cyclopropanes from olefins, 

diiodomethane, and zinc-copper couple was developed by Simmons and Smith, 44  

and was modified by LeGoff. 45  The granular zinc was Baker's 30-mesh reagent 

grade. This granular zinc (30 g) was added to a hot solution of 0.5 g of 

cupric acetate monohydrate in 50 ml of glacial acetic acid. The mixture was 

shaken for 3 minutes, keeping it hot during this period to prevent precipi-

tation of zinc acetate. After the acetic acid was decanted, the zinc-copper 

couple was washed with a 50-ml portion of glacial acetic acid, and then with 

three portions of ether. This zinc-copper couple.was used for the preparation 

of methyl ene-9 , lO-hexadecenoic acid and methyl ene-1 1 ,l2-octadecenoi c acid. 

The solvent, 50 ml of ether, was' added to 10 •g of zinc-copper couple, 

followed by 2 g of the diiodomethane. The stirred suspension was kept at 

gentle reflux. A mixture of 15.5 g (0.05 mole) of methyl vacenate and 2.4 

g of diiodomethane was added dropwise over a period of 20 mm. The reaction 

mixture was stirred overnight. The ether solution was then slowly decanted 
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from the unchanged couple into a separatory funnel containing a mixture of ice 

and 1 N HC1 . The ether solution was, separated, washed with ice-HC1 again, 

washed three times with water, and finally dried over potassium carbonate. 

After the solvent was removed by a rotary evaporator, 7.5 g '(45.8% yield) 

of the final product was obtained.. 

The same procedure was used to synthesize cyclopropyl-C 17  methyl ester. 

About 40% yield was obtained from this synthesis. 

5. Mass Spectrometric Identification 

Figs. 1 and 2 show part of the thss spectra which are taken by combined 

gas chromatographic-mass spectrometric analysis..: Fig. 1 shows the mass spectra 

of methyl myristate, methyl linolenate, and methyl oleate'. 

The, n-C 14  methyl ester represents the straight chain saturated ester. 

This type of esters has a base peak at m/e= 74 in spectra. It is produced by 

McLafferty rearrangement involving the y-hydrogen migration to the carboxyl 

oxygen of the ester group with a concerted -cleavage. 46  This results in a 

neutral olefin molecule and a charged enol. 

CH900Ht 
I 	CHtc ' 

3 	 OH2  CH ,00H3. ~? 
I 	I 	1 	-CH -(OH ) OH +' 	C 

6H eH3 ( CH2 )9.  

rn7e=244 	 . 	 mve=74 
The next intense peak is m/e =87 in Fig. 1 n-C 14  spectrum, which is 

formed by simple '-cleavage of the chain. 	. 
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Some other intense peaks, m/e 101, 129, 143, 157, are also formed by simple 
I - 

cleavage and charges stay on the oxygen containing fragments. The fragment 

at m/e 143 which gives a relatively high intensity in the mass spectra of 

saturated long chain methyl esters, is originated through a single bond 

cleavage between the 7th and 8th carbon. Beynon 47  suggested a rearranged 

dicyclic structure for this cleavage. The M-31 peak which is formed by 

splitting out a imthoxyl group from the saturated long chain methyl ester. 

Ryhage et al. 48  used deuterium labeling experiments to study the M-43 

and M-29 fragmentation pathways. These two peaks originate through an ex- 

pulsion mechanism rather than by loss of the terminal propyl and ethyl groups. 

The expulsion of a and s carbon atoms gives rise to the M-29 peak, while the 

M-43 peak is formed by expulsion of a, 8, and y carbon atoms. 

Mass spectra showing the M-32, M-74, and M-116 peaks were observed for 

the methyl oleate (Fig. 1), methyl vaccenate, and other mono-unsaturated fatty 

acid methyl esters. The mass spectra of double bond positional isomers of' 

n,jnounsaturated esters are very much alike. The M-32 peak corresponds to the 

loss of methanol. The peak'at M-74 is produced by 0 cleavage with concerted 

rearrangement of a y-hydrogen atom to the carbonyl oxygen of the ester group. 46 ' 49  

This is the same way in which the basepeak of a saturated methyl ester is 

produced. The only difference is that the double bond supplies a it-orbital 

where the charge could stay on the non-oxygen contained fragment. The peak 

I - 

	

	
at M-116 arises from 5,6-carbon bond cleavage. Slightly different characteris- 

tic fragmentation patterns were found with the di- and trienoic fatty acid 

methyl esters. (Fig. 1). Molecular ions are the major indications for the 

I') 
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4' 
	 polyunsaturated esters. The mass spectrornetri c fragmentati on patterns of 

cyclopropyl -C 7  and cyclopropyl -C 19  acid methyl esters are found to be very 

similar to the corresponding nionounsaturated isomers (Fig. 2); Few studies 

have been done on this type of ester. 

The iso- and anteiso-acid methyl esters could be identified by their 

mass spectrometric fragmentation patterns. The bonds next to the methyl 

branched site would  be broken, so that the loss of methyl and isopropyl 

groups are found in the spectra of iso-isomers while anteiso-isorners will 

split out ethyl and isobutyl groups (Fig. 2, M-29, M-43). 

I 
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1 4 .  

Figure 1: Mass spectra of nethyl myristate, nethyl linolenate, and nthy1 

I ,-> 
	 oleate from Chiorobium and Chiorella. Obtained using a combination 

I .-' 
	 of an Aerograph 204 gas thromatograph and an A.E.I. MS-i2 mass 

spectroneter.. 

I 
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Figure 2: Mass spectra of nethyl esters of anteiso-C 15 , cyclopropyl-017 , and 

cyc1opropy1-C 1  acids frdm P. Shermanil and E. Coli. Obtained using 

a combination of an AeroqPaph 204 gas chromatograph and an A.E.I. 

MS-12 mass spectrometer. 

I S. 
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The best clue to the position of the methyl branch is obtained from 

the presence of ketene ion (m/e 195)50.  which is derived from the branched 

structure through the loss of a terminal alkyl and methanol (Fig. 2). The 

loss of water from the ketene ion gives, a peak m/e 177 (Fig. 2). Although 

both peaks are present as very low intensities, they are reliable since they 

are absent in the spectra of normal saturated and unsaturated fatty acids. 

The same two fragments, the ketene ion and the peak which loss of water from 

ketene, are also found in the spectra of iso acid methyl esters. Thus, these 

two ions could be used as important information to interpret the spectra of 

methyl branched fatty esters. 

6. Results and Discussion 	 - 

Fatty acid constituents of total lipid of algae are shown in Table I. 

All acids identified by gas chromatography and their mass spectra are even 

carbon numbered fatty acids range from C 12  to C18 . The algae contain an 

undetectable amount of branched-chain fatty acids, which confirms the report 

by Parker. 51 

The presence of polyunsaturated fatty acids are rather low in Anacystis 

nidulans (Fig. 3A), but their compositions are higher in the other three 

blue-green algae (Fig. 3B,C). The green algae, Chlorella pyrenoidosa, con-

tain more than 50% of 3-C 16  and 3-C18  (Fig. 3D). Since polyunsaturated 

fatty acids are formed under light by oxidation and dehydration mechanisms, 

so it is reasonable to assume green algae have a higher oxidative power 

than blue-green algae 	Trichodesmium, a blue-green algae, 51  contains 50% 

of n-C 10  acid; this acid is not found in those four species which have been 

examined. Algae with this high concentration of acids of low molecular 

weight are rare. 
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Tab1e 	I 

FATTY ACIDS COMPOSITION OF TOTAL LIPIDS OF ALGAE 

Bi ue-green Algae Green Al 'gae 

Anacystis Nostoc Phormidium Chlorogloea Chiorella 
nidulans muscorum loridum fritschii pyrenoidosa 

n-C 14  -- - 0.2 2.0 -- 

A-C 14  .8 -- 0.4 2.1 0.9 

n-C 1  12.5 23.4 35.8 45.7 18.9 

7 
.16 

A9 C 16  61.0 298 23.9 5.6 0.9 

C16-- -- -- -- -- 

2A-C 16  1.8 1.5 -- -.- 4.2 

3-C16  1.0 -- -- 19.7 

- 	 17 -- -- -- -- 

A-C 17  -- -- -- -- -- 

n-C 18  0.3 " 	 0.6 0.7 3.1 -- 

AC18 4.8 13.8 4.8 20.0 3.8 

A" -C 18  3.4 1.2 1.4 2.2 0.2 

2A-C 8  .0.1 18.3 21.5 10.5 6.8 

3A-C18 -- 8.6 8.4 4.9 	. . 	 45.5 

n - C19 -- -- -- -- -- 

A-C19  -- -- -- -- -- 
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Figure 3: Gas chromatographic'separation of total acid fractions using Aero-

graph-204 instrument. A stainless steel tubing 100 ft. x 0.01 in., 

• coated with HI-EFF-4BP. Helium pressure 20psi ; no split. Temperature 

was programmed at 2 0C/min. from 90 0 C to 2000 C. 

A. Total fatty acids from Anacystis Nidulans 
• 	

B. Total fatty acids. from Chlorogloea Fritschii 

Total fatty acids from Phormidium Loridum 

Total fatty acids from Chiorella Pyrenoidosa 
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Double-bond position isomers have been resolved by capillary column 

gas chromatography. This separation has not been done before. By the aid 

of this technique, oleic acid (A9 -octadecenoic acid) and vaccenic acid (A fl -

octadecenoic acid) are found in all of the algae. The ratio of these two 

acids is 1.4 to. 11.5 in favor of oleic acid; Oleic acid is formed either 

by desaturation of steric acid under oxygen or by chain lengthening process 

from.small unsaturated acids. Vaccenic acid has to be formed by the latter 

mechanism. Palmitoleic acid (g-hexadecenoic acid) is detected as the sole 

monounsaturated 016  acid in blue-green algae; however, both i.- and A.7 -hexa-

decenoic acid are found in green algae (Fig. 3). Palniitic acid is one of 

the major peaks in all the algae species, but saturated C 12 , C, and 018 

acids are the minors that confirm the other groups work. 5254  

Four species of photosynthetic bacteria have been analyzed. Table II 

shows their total fatty acid composition. In contrast to algae, saturated-

017 acid is detected in two cases--Rhodospirillum rubrum and Rhodomicrobium 

vanniellii. Palmitic acid is no more one of the most abundant components 

in the total fatty acid mixtures. Chiorobium, a sulfur anaerobic photosyn-

thetic bacteria, contains 27.6% of myristic acid (n-C 14 ) which is considerably 

higher in photosynthetic microorganisms. Two cyclopropyl acids, cyclopropyl-

C 17  (9, lO-methylenehexadecanoic acid) and cyclopropyl-C 19  (11,12-methylocta-

decanoic acid) are found in some of the photosynthetic bacteria. They are 

formed by the fixation of a methylene group derived from methionine to cis 

A-C 18  and A-C 16  acids. 333  Polyunsaturated acids are absent except chloro- 



Table II 

FATTY ACIDS COMPOSITION'OF TOTAL LIPIDS OF PHOTOSYNTHETIC BACTERIA 

Aerobic Bacteria 	 Anaerobic Bacteria 

Rhodopseudornonas 	Rhodospi ri 1 lurn 	 Chi orobi urn 	Rhodomi crobi urn 
spheroides 	rubrurn 	 (sulfur bacteria) . vannielii 
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n-C 14 	-- 

A-C14 	0.5 

n-C 16 	4.7. 

7 

I 	9- c 16 	3.8 

-- 

2A-C16 	-- 

3A-C 	-- 16 

n-C 17 	-- 

cyclopropi-C 17  

n-C 18 	0.3 

9 
A -C 18  

A'-C18 	87.4. 

2A-C18 	- 

3A-C18  

n-C 19 	-- 

cyclopropyl-C 19  --

A-C20  

• 	 • 	0.5 27.6 0.4 

-- 1.4 -- 

21.9 10.9 3.1 

32.1 	 • 31.2 0.7 

0.8 -- 

0.7 -- 0.2 

-- . 21.5 0.1 

0.5 2.1 1.3 

41.5 -- 92.4 

0.6 	 • -- 0.6 

-- -- 0.6 
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Fiure 4: Gas Chromatographic separation of total fatty acids. All the 

conditions are the same as Figure 3. 

Total fatty acids from Rhodospirillum Rubrum 

Total fatty acids from B. Chlorobium 

Total fatty acids from Rhodoniicrobium Vannielii 

Total fatty acids from Escherichia Coli 
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n-C 1 4 

Cyclopropyl-C17 7' 

lIc18 	
i 

&c16 	 I 
n1C16 	

( 

1 AH_ 

Cyclopropyl-C19 	n-c 2_C\ 

:8J I4 

IL 

C. RHODOMICROBIUM, D. ESCHERICHIA 
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n-C 1 6 

/ 

18 

CyclopopylC9 
c6  r l2 



205 

bium, which contains small amounts of 2-C 16  and 2-C14 	This evidence 

could indicate that the oxidation potential in bacteria is smaller than 

blue-green algae and much smaller than green algae. Monounsaturated fatty 

acids found in all four species are palmitoleic and vaccenic acids. Since 

oleic acid is absent in photosynthetic bacteria, one may consider both A9 -

C 15  and A-C 18  acids are formed by anaerobic chain-elongation mechanism. 

Rhodopseudomonas spheroides and Rhodomicrobiumvannielii contain 87.4 and 

92.4% of vaccenic acid respectively. Wood, Nichols, and James 55  have shown 

the major fatty acids of Rhodospirillum rubrum and four species of Rhodo-

pseudomonas which produced under both anaerobic light and aerobic dark 

conditions. The major components in all cases are the C 16  and C 18  carbon 

straight chain and mônoenoic fatty acids. Changing from light to dark 

growth usually causes a drop in the amount of saturated acid and an increase 

in C 16  monoene. Their results show that vaccenic acid in Rhodopseudomonas 

spheroides increased from 91% under light and anaerobic to 99% under dark 

aerobic growth. 

Escherichia coli is the only aerobic non-photosynthetic bacteria 

examined in this laboratory. (Table III), which contains even-numbered normal 

saturated fatty acid from C 12  to C 18  with palmitic acid predominant (Fig. 4D). 

The presence of cyclopropyl-C 17  and cyclopropyl-C 19  acids in E. coli from 

anaerobically grown, as reported by Bloch et al. 
56 
 are confirmed and extended 

to aerobic grown. The unsaturated acids found in E. coli are palmitoleic 

and vaccenic acids with small amount of 2A-C 18 ., 

Micrococcus lysodeikticus, P. shermanii, two species of Clostridiurn, 

and three strains of Desulfovibrio are studied for their fatty acid content. 
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Table III 

FATTY ACIDS COMPOSITION OF TOTAL LIPIDS OF NON-PHOTOSYNTHETIC 

BACTERIA 

Aerobic Anaerobic 
Bacteria Bacteria 

Saturated Escherj chi a Mi crococcus Cl ostridi urn Cl ostridi urn P. sherrnani I 
Acids .coli lysodeikticus acidiurici tetanornorphurn  

n-C12 0.8 -- 0.8 0.3 0.4 

io-Ci3 -- -- -- -- 0.2 

anteiso-C 1 3 -- -- -- -- 1.6 

n-C 13 -- -- -- -- -- 

iso-C14 -- -- -- -- 0.4 

anteiso-C14 -- -- -- -- 0.1 

fl-C14 4.8 12.6 54.5 85.0 0.2 

iso-C15 -- -- -- -- 3.3 

anteiso-C15 __ -- -- -- 84.5 

-- - -- 0.3 1.3 

iso-C16 -- -- -- -- 0.1 

anteiso-C16 -- -- -- -- 0.3 

n-C16 36.8 32.2 3.3 4.2 0.6 

iso-C17 -- -- -- -- 0.4 

anteiso-C17 -- -- -- -- 2.2 

n-C17 -- -- -- -- 2.6 

iso-C18 -- -- -- -- 0.2 

anteiso-C18 -- -- -- -- -- 

n-C18 2.4 10.5 0.2 0.2 0.2 

iso-C19 -- -- -- -- 0.1 

antèiso-C19 -- -- -- -- 0.1 

n-C19  -- -- -- -- 0.3 

• iso-C20 -- -- -- -- -- 

anteiso-C20 • 	 -- -- -- -- -- 

n-C?O -- -- -- -- 

Cyclopropane C17 22.9 	• -- -- - - 

Cyclopropane C19 4.2 -- -- -- -- 
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Table 	III 	((can't'd) 

Aerobic Anaerobic 

Bacteria Bacteria 

Unsaturated Escheri chi a 	Mi crococcus Cl ostri d'i urn Clostri di urn P. shermani i 
Acids coli 	lysOdeikticus acidiurici tetanomorphuni  

A-C14 --• 	1.9 5.1 0.8 -- 

2A-C14 14.2 -- -- -- 

k 	A7-C16 --. 	 3.9 0.3 1.7 -- 

A9 -C16 7.7 	1.3 34.3 4.5 -- 

Ai'-C16 -- 	
-- 0.3 0.4 -- 

-- 	 15.5 -- -- -- 

A"-C1.8 15.8 	5.8 -- -- -- 

21-C18 0.4 	1.0 -- -- -- 

Anaerobic Bacteria 

Desulfovibrio 	Strain Strain Yeast 
vulgaris 	"Essex 6" "Berre Sol" 

Saturated "Hilden- strain 
Acids borough "  

n-C12 -- 	 -- -- -- 

iso-C13 -- 	 -- -- -- 

anteiso-C 13  -- 	 -- -- -- 

n -C3 -- 	 -- -- -- 

n-C14 1.1 	 1.2 2.6 0.8 

isa-C15 29.2 	 7.4 12.5 -- 

anteiso-C15 2.2 	 0.8 0.9 -- 

fl-C15 -- 	 0.6 -- -- 

n-C1 6  14.6 	 41 41 19.4 

isO-C17 13.1 	 3.0 0.9 -- 

antelso-C17 1.2 	 0.1 0.2 -- 

n-C17 -- 	 06 -- -- 

n-C18 9.6 	 4.5 3.9 4.2 

iso-C1g -- 	 0.2 -- -- 

• 	 anteisoC1 9  -- 	 0.3 -- 	 • -- 

n-C19 	• 0.2 	 0.6 -- -- 

n-C20 -- 	 7.4 -- - 

n-C 	 • -- 	 1.0 --• --- 

Cyclopropane C17 -- 	 -- -- -- 

Cyclopropane C19 -- 	 -- -- -- 
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Table III (cont'd) 

Anaerobic Bacteria 

Desul fovibri o 	Strain 	 Strain 	Yeast 
vulgaris 	"Essex 6" 	"Berre So]" 

Unsaturated 	strain "Hilden- 
Acids 	borough"  

2A-C4 	 - 

A 7 -G 16 	 0.3 	 1.2 	 -- 	 -- 

1.0 	 7.6 	 .6 	 57.6 

• 	A-C16 	 -- 	 -- 	 -- 

1.6 	 6.4 	 0.9 	16.6 

A 	-C18 	 2.1 	•• 	• 	• 1.2 	 6.6 	 0.8 

2A-C18 	 -- 	 -- 	 -- 	 -- 
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These groups of microorganisms are anaerobic non-photosynthetic bacteria. 

In two species of Clostridium which contain more than 50% of myristic acid 

in the total acids fractions, but other anaerobes are richer in palmitic 

acid. Normal C17  saturated acid is present in some of the anaerobic bac-

teria. Cyclopropyl-C 17  and cyclopropyl-C 19  acids are not found in these 

species. Unsaturated fatty acids are absent in P. shermanii (Fig. 53) but 

present in other species in small amounts. A small peak in Clostridium 

next to t-C 16  acid but it has a longer retention time than A 9 -C 16  on gas 

chromatOgraphy (Fig. 5C & D). Its mass spectrum is identical to A 7 -C 16  

and c\9 -C 16  methyl esters. Since there is no authorized sample on hand, it 

is tentatively identified as A-C 16  acid, which could be the first finding 

of this isomer existing in living organism. •A series of iso- and anteiso- 

L 

	

	fatty acids are detected by gas chromatography and mass spectrometry. These 

iso- and anteiso-acids present in all three strains of Desulfovibrio are all 

odd carbon numbered acid (Fig. 6A, B & C). The ratio of iso- to anteiso-

compounds is greater thn TO in favor of iso-acids. P. shermanii contains 

a small amount of even-numbered iso- and anteiso-acids also. In contrast 

to Desulfovibrio, P. shermanii has much more anteiso- than iso-acids for 

the odd-numbered branched acids. However, the ratio of iso- to anteiso-

acid is greater than one for even-numbered acids in P. shermanii. In an 

anaerobic bacteria, if iso- to anteiso- acids ratio is greater than one for 

the odd acids, then the ratio has to be smaller than one for the even-numbered 

isomers, or vice versa. By examining other groups' reports, 57-61 
 the fact 

is true indeed. 

Yeast contains normal fatty acids from C 14  to C 18  and palmitoleic, 

oleic, and viccenic acid. More comprehensive studies of the fatty acid 

constituent in yeast are being carried on by Peters in this laboratory. 
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Figure 5: Gas chromatographic separation of total fatty acid fractions. 

Stainless steel columns 100 ft. x 0.01 in., coated with Apiezon 

L and HI-EFF-4BP Were used. Other conditions are the same as 

Figure 3. 

Total fatty acids from Microceccus Lysodeikticus 

Total fatty acids from P. Shermanii 

Total fatty acids from Clostri di urn Tetanomorphum 

Total fatty acids from Cl ostridi urn Acidi, Urici 

hW\• 
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Figure 6: Gas chromatographi c separati on of total fatty acid fractions. 

Stainless steel columns 100 ft. x 0.01 in. , coated with Apiezon 

L and HI-EFF-4BP were used. Other conditions are the same as 

Figure 3. 

Total fatty acids from Desulfovibrio Vulgaris, Hildenborough 

Total fatty acids from Desülfovibrio Desulfuricans, Berre Sol 

Total fatty acids from Desulforibro Desulfuri cans, Essex 6 

Total fatty acids from Yeast 

14 
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7. Summary 

The morphology and physiology of living organisms are largely determined 

by genetic factors which presumably act through enzyme systems controlling 

it 

	

	 chemical syntheses. Morphology, on which classification is normally based, 

is likely to depend on genetic constitution in a more complex way than that 

aspect of physiology which is concerned with the biosynthesis of relatively 

simple secondary constituents such as hydrocarbons and fatty acids. Each 

stage of such a synthesis requires an enzyme system which is genetically 

controlled and which can be modified or lost as the result of genetic mutation. 

Examination of the results of such mutations in terms of alterations of the 

structures of secondary products could therefore give information on evolu-

tionary sequences, and to this extent it could be very useful aid to chemical 

taxonomy.. The distribution of hydrocarbons have been discussed in Chapter 6. 

The taxonomy of fatty acids discussed previously in this chapter are genera-, 

lized in Table IV. 

The chemical taxonomic features are summarized as follows: 

(a) Palmitic acid is generallypresent as a major component in all 

living organisms and it is found to be the most abundant saturated acid in 

all living organisms except several bacteria. 

• 	
(b) Saturated and unsaturated C 16  and C 18  usually accounts for more 

than 90% of the fatty acids 'in algae and higher plants and animals,, but less 

abundant in others. 

(c) The odd numbered acids' are only occasionally present in red and 

brown algae and bacteria but are absent in other living organisms. 
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Branched acids other than iso-and anteiso-acids, are present in 

anaerobes, however, they have not been found in any other organisms. 

Iso- and anteiso-acids have only been detected in some of the 

fungus and anaerobic non-photosynthetic bacteria, they have not been seen 

in the others. 

Cyclopropyl acids are isolated in some of the photosynthetic and 

non-photosynthetic bacteria and absent in any other living organisms so far 

examined. 

Monounsaturated C 16  and C 18  are usually found in all living 

organisms. L-C 18  is present to be the most abundant component in acid 

mixture in many occasions. In algae and higher living organisms mono-unsa-

turated C18  is present as 1 9 -C18  acid with or without the presence of a small 

amount of A-C18  acid, however, photosynthetic bacteria produce Ex -isomers. 

Polyunsaturated acids are the predominant constituents in green 

algae and higher plants, which have been detected in small amounts in blue-

green algae. These acids are ranging from absent to trace in photosynthetic 

and non-photosynthetic bacteria. 
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CHAPTER 8 	APPLICATION OF MASS SPECTROMETRY TO ORGANIC GEOCHEMISTRY 

1. Introduction 

The necessity of being able to unambiguously characterize the structures 

of organic compounds, isolated in microgram quantities from Precambrian 

sediments 0 	and meteorites ,(4-6)  has been of utmost importance in the 

search for molecular fossils at the earliest periods of geologic time. Two 

techniques in particular, mass spectrometry and gas chromatography, (and rilore 

recently combined gas chroniatography and mass spectrometry) have played a 

dominant role in the characterization of these compounds, and recent studies 

with Precambrian sediments 	and with meteorites(89)  have repeatedly uti- 

lized both of these analytical techniques. 

The fully saturated isoprenoid hydrocarbons have recejved special con- 

• 	sideration because it has been generally felt that the architecture of these 

molecules represented an unequivbcal marker of biological origin. 0,11) 

Other schools of thought have challenged this fundamental premise and have 

sought to characterize these compounds in mixtures of known abiogenic origin. 

In this connection a recent report by Anders and his co_workers2)  seemed to 

us of particular significance, on account of his finding a series of isoprenoid 

structures, ranging in carbon number from C9  to C14 , in a deuterium-carbon 

monoxide Fischer-Tropsch reaction. Another report by Schenck, Engelhardt and 

Goring0 	established the presenceof a unique 2,6-dimethyl series in an 

Italian bituminous shale, also ranging in carbon number from C 9  to C 14  and of 

presumed biological origin 	This latter series was identical with the fully 

deuterated series characterized by Anders etal. , except for the structural 

2.24 
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designation of the C 14  compound. Our interest was drawn towards both of these 

reports, not only because they constituted one of the few examples where the 

lower molecular-weight isoprenoid hydrocarbons had been identified in either 

biogenic or abiogenic samples, but also because their published mass spectra 

showed a distinct similarity to the mass spectrometric fragmentation patterns 

of commercially available standards, which were structurally isomeric but non-

isoprenoid in form. It therefore became imperative to study the fragmentation 

patterns of these isomers in greater detail and to establish criteria which 

might distinguish between them. 

In certain cases ambiguities may arise in the structural interpretation 

of the saturted aliphatic hydrocarbons isolated from geochemical sources, 

and publications, both from this laboratory' 	and other laboratories' 

have emphasized the dangers inherent in designating a specific structure to a 

given compound on the basis of mass spectrometry alone. The availability of 

synthetic standards has generally, resolved many of these uncertainties. This 

approach has proved extremely fruitful but at times it has turned out to be a 

time-absorbing operationwhen the hydrocarbon standards cannot be readily ob-

tamed. For this reason also, as well as for the reason stated above, we 

have explored some apparently anomalous features in the mass spectrometric 

fragmentation patterns with the view of exploiting them for diagnostic proposes. 

2. Methyl -alkanes 

The mass spectra of the C 9  isomeric hydrocarbons, 2,6-dimethylheptane 

and 2-methyloctane, the C 10  isomeric hydrocarbons, 2,6-dimethyloctane and 

3-methylnonane, and the C 11  hydrocarbons, 4-methyldecane, isomeric with the 
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2,6-dimethylnonane structure reported by both Anders etai.(12)  and Gohrin 

et aic' 3  are shown in Figures 1, 2 and 3 respectively. The similarities in 

the mass spectra of these isomeric hydrocarbons are quite evident, both 

isomers showing intense ions at m/e 113 and subsequently ions of increasing 

intensity from m/e 99 to m/e 43, for each 14 mass unit decrease. An analo-

gous pattern is observed for the C 10  isomeric hydrocarbons, where again m/e 

113 peak is a dominant fragmentation mode, and likewise for the C 11  hydro- 

carbons, 4-methyldecane, whose mass spectrum shows resemblanceto the published 

spectra of 2 , 6di methy 1 nonane J 13 ) This evidence indicates that the moving of 
a methyl group from the 2-position to the end of the hydrocarbon chain causes 

very minor differences in the. mass spectra of the two compounds. An identical 

effect had been previously observed by us(14)  with the C19  isoprenoid isomers, 

pristane and 2,6,10-trimethylhexadecane. This kind of relationship allows one 

to predict that the mass 'spectra of 2,6,10-trimethylundecane (I) and 2,6-di-

methyldodecane (II) should be very similar: 

The only mass spectral áomparison that is available in the literature** 

would seem, in its gross features, to justify such a prediction 

The structural identity of each of these isomers is easily determined 

using infrared spectroscopy, NMR spectroscopy or gas-liquid chromatographic 

**(Fully deuterated 	(I) is rep9rtd by Anders et al.(12 	(II) 	has 	been 
-- described by Gdhring et al. 13 ). 
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Figure 1. Mass spectra of 2-methyloctane and 2,6-dimethyiheptane. Spectra 

were taken using an A.E.I. MS-12 mass spectrometer. The spectra were determined 

at ionizing voltage 70 ev, and ionizing current 501A The volatile compounds 

were put in with a glass inlet system which was operated at room temperature, 

with the probe pre-cooled in liquid nitrogen. The temperature of ion source 

was 200°C. Each compound was scanned in 30 seconds. The spectra were recorded 

by an oscillograph recorder. 
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Fioure 2. Mass spectra of 3-methylnonane and 2,6-dimethyloctane. All the 

conditions are the same as Figure 1 .• 

I 
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Figure 3. Mass spectrum of 4.-methyldecane. All the conditions are the same 

as Figure 1. 

II 



  

CD 
w 

Lt\ 
(\1 

232 

  

0 
0 

  

  

0 
L) 

  



233 

retention thés. This approach, however, is dependent on each constituent 

being present in sizeable amounts for the spectroscopic procedures, and on 

the availability of hydrocarbon standards forGLC retention times. Since 

neither of these prerequisites are fulfilled in many organic geochemical 

studies we determined to re-examine the mass spectrometric fragmentation 

patterns of these isomers in the hope of distinguishing between them. 

The difference between the mass spectra of 2-methyloctane and 2,6-di-

methylheptane lies in the relatively high intensity of the nile  84 peak, for 

2-methyloctane, giving the appearance of a pair of peaks at We 84 and m/e 

85. This pair is not as marked in the mass spectrum of 2,6-dimethylheptane. 

The m/e 85 peak presumably corresponds to the fragmentation shown, with the 

primary fragment retaining the charge. 

J . 43 

85 

An analogous effect appears to be present in the mass spectra of 3-methyl-

nonane and 4-methyldecane where a pair of peaks occur at m/e 112 and ni/e 113. 

For these last two compounds the C 8  fragment intensity is high because the 

charge now resides on a secondary carbon atom. In neither the mass spectrum 

of 2,6-dimethyloctane nor the 2,6-dimethylnonane mass spectrum of Gohring 

(13) does the m/e 112 peak exhibit a comparable intensity. The 

occurrence of such pairs in the fragmentation patterns of branched hydrocarbons 
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had previously been observed by Biemann, 	who reports that some fragments 

have "a tendency to lose a hydrogen atom giving rise to a doublet of peaks.' 

In the mass spectrum of 5-methylpentadecane(III) the preferred fragment at 

m/e 169 will lose a hydrogen giving rise to a peak at m/e 168 whose intensity 

is greater than that of the corresponding odd peak. 

I 169 

(III) 

This effect is also observed with 7-n-propyltridecane (IV) (A.P.I. #591) 

where the preferred fragmentations at m/e 183 and m/e 141 give rise to peaks 

at m/e 182 and m/e 140 of equal, if not greater, intensity. 

141 

v) 
83 

The occurrence of this effect in the mass spectra of several acyclic 

hydrocarbons containing a single alkyl branch prompted us to search for 

the same effect in the dialkyl hydrocarbon series. We had already noticed 

its absence in the C9  and C10  2,6-dimethyl hydrocarbons, but a study of 

the mass spectra of a 2,5-dimethyl hydrocarbon series (A.PI. #1942-

1948), ranging from C 10  to C16  in carbon number, provided further insights 

into the occürrenceof this pair.of peaks. Table I illustrates the 

increasing intensity of the even peak relative to the odd peak for the 

4T 

fragmentation, (43 + 14n), shown below. 
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CH3 	
43 + 14n 

' 	

- CH3  

CH3 	

n=2 	8 99 

We have also observed an identical effect in the mass spectra of the 2,6- 

dimethyl series published by Gohring etaL(13) 

Two generalizations may be drawn from this comparative study. In 

the first pjace the occurrence of a pair of peaks appears to be dominant 

in the fragmentations giving rise to ions which contain no other branches. 

In the second place the even peak Will generally be more intense than the 

odd peak when the fragment ion contains seven or more carbons in the chain. 

Both these effects can be seen in the mass spectra of the 2,5-dimethyl series. 

An alternative fragmentation to the (43 + 14n) peak is the m/e 99 peak, shown 

above, cOntaining one methyl branch. This fragmentation mode does not exhibit 

a marked doublet of peaks (Tabl.e I) in which the ratio of the even to odd 

intensities increases with increasing n. 

To substantiate these generalizations we proceeded further to examine 

other branched hydrocarbons in the mass spectral tables of the American 

Petroleum Institute. A thorough survey of the mass spectra of these branched 

hydrocarbons fully vindicated our preliminary conclusions. The ions resulting 

from fragmentations at the branch positions in the chain are shown in Table II 
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A.P.I. # 

2018 

2019 

704 

491 

592 

1469 

1470 

578 

1320 

983 

59.3 

1032 

1257 

1472 

1474 

864 

579 

1256 
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TABLE II 

BrancheFd Alkane Mass Spectra, 

Compound Even Inten- Odd Inten- Base Peak 
(nile) si (m/e) sity 

5-n-butylnonane 126 42.8 127 18.8 43 
5,8-diethyldodecane 	. 98 31.27 99 21.45 71 

4,9-di-n-propyldódecane 98 50.4 99 24.9 71 

7-methyltridecane 112 29.4 113 14.3 57 

7-n-propyltridecane 140. 23.1 141 12.9 . 	 57 
182 9.18 183 11.7 

7-n-hexyltridecane 182 29.1 183 23.9 57 

8-n-hexylpentadecane 196 26.20 197 23.31 71 
210 12.31 211 12.62 

5-n-butylhexadecane 126 . 	 . 	 21.91 127 12.68 71 
224 15.94 225 20.72 

6,11-di-n-pentyl- 154 24.0 155 11.1 57 
hexadecane 

9-n-hexylheptadecane 210 18.49 211 15.89 71 
238 11.80 239 14.46 

9-n-octylheptadecane 238 19.30 239 20.91 71 

4-n-propylheptadecane 98 19.5 99 9.84 57 
238 9.40 239 13.8 

5 q 14-din-butyl 126 23.3 127 13.8 71 
octadecane - 

7-n-hexyleicosane 182 12.56 183 11.01 71 
280 8.29 281 11.31 

3-methyleicosane 154 16.15 155 10.75 71 
168 13.76 169 10.56 

9-n-octyleicosane 	. 238 12.87 239 13.51 71 

11-n-pentylheneicosane 224 22.7 225 	. 19.9 43 
294 . 	 7.86 295. 12.3 

11-n-decylheneicosane 294 18.7 . 	 295 24.2 57 

11-(3-pentyl)- 294 4.30 295 4.57 71 
heneicosane 
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TABLE 	II (cONT.) 

A.P.I.# Compound Even Inten- Odd Inten- Base Peak 
(m/e) sity (m/e) sity 

861 5-n -butyl docosane. 126 24,7 127 10.7 43 

308 11.2 309 18.2 

706 7-n-butyldocosane 154 14.1 155 8.13 57 

280 4.30, 281 5.42 

862 9-n-buthydocosane 182 15.6 183 10.9 43 
252 8.83 253 9.06 
308 7.11 309 13.0 

863 11-n-butyldocosane 210 12.9 211 10.5 43 
224 11.6 226 10.0 
208 7.29 309 13.6 

865 7-n-hexyldocosane 182 19.1 183 12.9 43 

308 15.8 309 12.5 

866 9-n-octy1docosane 238 11.1 239 10.4 43 

308 13.3 .309 17.1 

867 11-n-decy1docosane 294 10.1 295 11.6 43 

308 17.7 309 21.3 

1259 11-n-decyltetracosane 294 6.87 295 8.17 71 
336 8.92 337 12.65 

1475 9-n-octyltetracosane 238 15.43 239 15.38 71 
336 14.57 337 22.36 

1355 13-n-undecylpenta- 336 16.79 337 23.17 71 

cosane 

1476 13-n-dodecylhexa- 350 7.67 351 10.72 71 

cosane 364 13.15 365 19.25 

1322 9-n-octylhexacosane 238 13.28 239 12.91 71 
364 8.89 365 14.63 

1357 1120-di-n-decy1. 294 35.70 295 26.34 85 

tricontane 
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In every case a pair of peaks occurs, and in most of them the even peak 

is more intense than the odd peak. It is emphasized that such a plot is 

compiled from a sizeable number of branched hydrocarbons of widely differing 

structures, where the only restriction has been the non-branched character 

of the fragment ion. The even peak is seen to be particularly dominant when 

the fragment ion contaihs 7,8 or 9: carbon atoms. Thus the even peaks of the 

branched hydrocarbons 4-n-propylheptadecane (#593), 7-methyltridecane (#704) 

and 5-butylnonane (#2018) are more than twice the intensity of the correspond-

ing odd peaks. These three hydrocarbons have major fragment ions at m/e 99 

(C7 ), m/e 113 (C 8 ) and m/e 127 (C9 ) respectively. When the fragment ion 

contains more, than nine carbon atoms the ratio of the intensities appears to 

decrease in magnitude, and when the fragment ion contains 18 or more carbon 

atoms the odd peak will be generally more intense than the even peak. (See for 

example 9-n-butyldocosane (#862), 7-n-hexyleicosane (#1257) and ll-n-decyldo-

cosane (#867), though the C22  fragment in 7-n-hexyldocosane (865) is an 

exception). Thus,even peaks are of the same order of intensity as the odd 

ions containing from 7 to 17 carbon atoms (Table II). 

The generalizations that we have made do appear to have some additional 

restrictions. The occurrence of a pair of peaks is never observed in a 

dialkyl substituent when both substituents are located on the same carbon 

atom. Thus 5-ethyl , 5-propylundecane (#1543) and 5-methyl 5-ethylundecane 

(#1544) give rise to ions that show no tendency to lose a hydrogen atom. 

Further examples of this type of compound serve to confirm this observation 

(#1544 to #1553). The iso-.alkane series (2-methyl alkanes) shows anamalous 

behavior. In general iso-alkanes have two charaóteristic fragmentations, 
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an (M-15) ion and an (M-43) ion; the latter ion does display a tendency to 

lose a hydrogen atom for the lower molecular weight members of the series. 

this is illustrated in Table III. The limited examples that are available 

for the anteiso-series (3-methyl alkanes) suggests a similar anomalous be-

havior here also (see for example'#1472). In contrast to these limitations 

the vicinal dimethyl hydrocarbons seem to show an enhanced tendency to lose 

a hydrogen. Thus 2,3-dimethylheptane (#337) and 3,4-dimethyiheptane (#342) 

have very intense m/e 84 and m/e 70 ions, relative to m/e 85 and m/e 71. 

to m/e 85 and m/e 71. 

#337, 2,3-dimethylheptane 	 m/e 84 = 28.1; m/e 85 = 24.2 

#342, 3,4-dimethylheptane 	 We 70 = 46.1; m/e 71 = 29.7 

#480, 2,3-dimethyloctane 	 m/e 98 = 28.4; m/e 99 = 7.72 

The applicability of these observations to organic geochemical studies 

is extensive. A closer look at the mass spectra of several isoprenoid 

hydrocarbons reveals the occurrence of the effect in this series also. Thus 

the mass spectrum of 2,6,10-trimethyihexadecane can be distinguished from 

that of pristane, 2,6,10- 14tetramethylpentadecane, on the basis of the 

relative intensities of the m/e 112 and the m/e 113 ions. 01)  One would 

predict that m/e 112 peak should be more intense than the m/e 113 peak for 

• • the 2 1 6,10-trimethyl isomer, and this is in fact observed. A similar pre 

diction would be made for the C 18  isoprenoid hydrocarbon 2,6,10-trimethyl-

pentadecane. 

)L Ec99 
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TABLE III 

Iso-Alkane Mass Soectra 

A.P.I.# Compound Even Inten- Odd Inten- Base Peak 
(m/e) sity (m/e) sity 

15 2-methylhexane 56 20.1 57 26.0 43 

40 2-methyiheptane 70 17.1 71 12.8 43 

245 2-methyloctane 84 13.5 85 16.7 43 

479 2-methylnonane 98 12.2 99 8.86 43 

840 2-methyldecane 112 9.72 113 9.67 43 

982 2-methylpentadecane 182 4.67 183 13.7 43 

• 983 2-methyiheptadecane 210 3.80 211 12.7 43 

TABLE IV 

• 	Mass Spectra of C18  Isoprenoid Hydrocarbons 

Ref. Source Even Inten- Odd Inten- Base Peak 
(m/e) sity (m/e) sity 

21 Moonie Oil 98 140 99 130 113 

22 Green River 98 	. 140 99 100 	• 113 

2 Soudan 98 109 99 110 113 

2 Antrim 98 117 99 123 113 

23 East Texas 	• 98 9.22 	• 99 8.40 57 

24 D'Arcy Oil 98 12 99 13 57 

25 Standard 98 88 .99 88.5 	• 113 
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Here again one would anticipate that the m/e 98 ion should be an intense 

peak, as intense, if not more intense, than the m/e 99 ion; this prediction 

is borne out, as can be seen in Table IV. The C 18  isoprenoid hydrocarbons 

were isolated from different geological samples. This is all the more 

surprising since all except one of the C 18  isoprenoid hydrocarbons in Table 

IV are not 100% pure, being isolated from complex hydrocarbon mixtures. There 

is a danger in attributing too much significance to the lower molecular weight 

ions inthe mass spectra of isoprenoid hydrocarbons since they may arise from 

a degeneracy of fragmentation modes or, alternatively, by further decomposition 

of larger hydrocarbon fragments (type A2  c.f. Biemann.(l8) 

The value of these observations has perhaps been most strikingly demon-

strated in assigning a specific structure to a C 18  branched hydrocarbon 

isolated from the blue-green alga, Nostoc. The mass spectrum of this hydro-

carbon is shown in Figure 4. It exhibits four major fragments, C 8 , C99  C 11  

and C 12 , corresponding to fragment ions at m/e 112, 113, m/e 126, 127, m/e 

154, 155 and m/é 168, 169. The even ion is always more, intense than the odd 

ion. One structure consistent with such a mass spectrum would be 7,9-dimethyl-

hexadecane, a structure we had tentatively proposed in a previous report.' 

-,.-Cl21 	)L-C9  

C8 -4 	'C 11-4-1  

In the light of our previous discussion and from the generalizations 

that we subsequently derived one would anticipate the occurrence of a doublet 

(41 



Figure 4: Mass spectrum of branched-C 18  hydrocarbon from Nostoc. 
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of peaks for the C8  and C9  fragment ions, and this is, in fact, observed. 

It is somewhat surprising to find the same effect for, the C 11  and C 2  frag- 

ment ions, since these ions contained a methyl branch, and in such structures 

the loss of a hydrogen atom to produce an even ion is generally not as dominant 

as the mass spectrum of Figure 4 would suggest. Synthesis of the pure diastereo-

isomers of 7,9-dimethylhexadecane followed by capillary coinjection techniques 

confirmed our suspicion that the C 18  branched hydrocarbon isolated from the 

blue-green alga, Nostoc, did not have this structure. The only other feasible 

explanation was that the Nostoc C18  branched hydrocarbon consisted of an 

equal mixture of 7-methyl and 8-niethylheptadecanes, which we could not separate 

by capillary gas-liquid chromatography. Such a mixture would beexpected to 

give rise to doublets of peaks at C 8  and £12.  for the 7-methyl compounds, 

and C9  and C11 , for the 8-methyl compound, in which the even ion is more 

intense than the odd ion in every case. Synthesis of these two methyihep-

tadecanes fully vindicated our prediction. 0  

This chapter constitutes an empirical correlation that is of consider-

able diagnostic value in the structural characterization of branched hydro-

carbons from their mass spectral fragmentation patterns. Little work has 

been reported which provides a deeper insight into the fragmentation mechanism 

of this hydrogen transfer,(20) which is to be expected from a consideration 

of the favourable energetics. A possible mechanism is shown below in which 

hydrogen transfer from a secondary position takes place to form a cis 1,2-

dialkylcyclohexane ion and an alkane. The metastable peaks correspond to the 

loss of R-CH 3  groups and the formation of CnH 2n ions is observed. 
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+ 

+ R-CH3 

This situation might be expected to prevail when the charge carrying 

fragment has a sufficiently long unbranched chain to allow it--provided the 

alkane formed is not methane c.f. (M-15) ion in the iso-alkane series. 

In addition, this mechanism lends itself to a specific prediction when 

suitable deuteràted materials are available. We are at present investigating 

this aspect of the fragmentation mechanism. 

3. 1-Alkene (double bond on the terminal carbon) 

l-Heptadecene was isolated from Chlorella pyrenoidosa, and the structure 

was proved by the oxidative degradation reaction. When the mass spectrum of 

1-heptadecene was examined carefully, a high intensity peak, M-28 could be 

observed which was higher than the proceeding fragment. Fig. 4 shows the mass 

spectrum of Chlorella l-heptadecene. The M-28 peak corresponded to the loss 

of an ethylene molecule; it was not found in any of the mass spectra of satu-

rated hydrocarbons. Little work had been done elsewhere. 26  A search through 

the olefinic spectra in the A.P.I. Tables shows (Table v) that this is indeed 

the case. 

The first possibility is vinyl bond cleavage and a hydrogen atom is picked 

up by the vinyl group. Thus it forms an M-28 fragment and an ethylene molecule. 

Usually, an allylic cleavage of an olefinic hydrocarbon is thermodynamically 
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favored but the vinyl cleavage is the least expected. I would like to propose 

a possible vinyl bond cleavage route, a four center mechanism as follows: 

R - CH2  - CH2  - CH = CH2 	
70 ev 	

H2CCH : Cl2t 	
+ R - CH = CH2  

After electron bombardment in the ion source, the charged particle is 

favored to stay in a P-orbital, the double bond position. In order to cleave the 

vinyl bond, the charge cannot migrate to the other part of the molecule. A 

charged ethylene molecule and a new olefinic hydrocarbon should be formed. 

However, that is not the case. 

The other reasonable possibility is to form a charged cyclic fragment and 

split out an ethylene molecule. A six-center mechanism is proposed as follows: 

H 
CH 	CH3 	 CH2 	CH2  2 	

70 eV +CH2 CH2 	 LI 
Q.% 

/CH2 - 11 
C 	(C11H2 	jCH2 	

CH 
(CH2) 	 1 ,.CH2 	(CH2 ) 

This mechanism involves a head-to-tail six-member ring transition state 

and then splits out two carbons from the eail end 	This mechanism is 

particularly reasonable not only because it has a six-member transition state, 

but also because the charge stays on the tertiary carbon atom of the fragment 

product. 
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TabléV has been examined very .  carefully. An M-28 peak has a relatively 

high intensity for the low mass molecules, but its intensity drops down and then 

rises again when the molecular wei'ght of the olefin is increasing. A curve, 

M-42 to M-28 ratio against the carbon number of the molecule is shown in Fig. IV. 

The curve increases so rapidly fromC 5  to C8  and it has a maxima at C or £ 9 . 

The curve decreases slowly and has a tendency to keep constant at the higher 

molecular end. This curve suggests the head-to-tail ring intermediate could be 

involved because this curve coincides to the AH of ring formation. At medium 

range, C8  to C10 , the ring is very strained making this mechanism less favored. 

n-Pentene has a much higher intensity of M-28 fragment than expected, 

because. it forms a different product as follows: 

I-I 
CH2  

C  H4 (j
.11 

	

	I 	 +CH 	 H 
CH2 	

C H 	
C H 

CH2  

A charged propene and an ethylene should be produced 	The charge rests on 

the P-orbital of propene, which is more stable than it is on the tertiary,  

carbon of the cyclic fragment. A deuterated compound is suggested to prove 

this mechanism. 

4. Summary 

The general characteristics of mass spectrometric fragmentation patterns 

of aliphatic hydrocarbons have been reported elsewhere 26  . The important 

features are summarized as follows. 
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a. Normal Alkane 	 - 

It does show a small molecular ion. 

The total carbon number can be calculated as Intensity of Molecular Ion 

(Cn II2 n+2 )/l•O 8  x Intensity of Molecular Ion + 1 (CnH2n+3). 

iii.The highest mass peak in each carbon number region is CnH 2n+l. 

iv. Generally the carbon fragment groups range from CnH2n_2  to CH2n+4. 

The mass difference between two adjacent maximas is 14. 

V. The distribution curve has a maxima around C 4  Or C5  fragments, and then 

it rapidly decreases to the high mass region. 

vi. The M-15 fragment is either absent or very small in the spectrum since 

the single cleavage of the terminal methyl group is not a favorable 

process. 

b. Normal Alkene (mono olefin). 

The fragmentation pattern is similar to that of the n-alkane, but its 

molecular ion has a higher intensity than the saturated one. 

If the double bond is on the perminal position and the molecule contains 

more than 13 carbons, there is an outstanding M-28 peak. 

iii.Thè highest mass peak in each fragmentation group is CnH2n_l  in the low 

mass region, but CnH2n+l  in the high mass region. 

c. Branched Alkane. 

The relative intensity of the molecular ion is lower. 

The low of the methyl peak, M-15 is usually higher than the molecular ion. 

iii.Carbon-carbon bond breaking always takes place at a quarternary orter- 

tiary carbon center; after splitting the charge tends to stay at tertiary 

or secondary carbon atoms. 
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iv. If there are more than two alkyl groups bonded with one carbon atom, 

the loss of the small group is more favored than the splitting out 

of a large alkyl group. 

V. 	After bond cleavage adjacent to a methyl branch the charge normally 

stays on the secondary.carbon. If the primary fragment is sufficiently 

large, the charge can sometimes remain on the primary carbon fragment. 

vi. The fragmentation of a saturated aliphatic hydrocarbon would cause a 

hydrogen transfer giving rise to a CnH2n peak whose intensity is 

greater than that of the corresponding CnH2n + 1. peak, when this 

fragment has a long straight chain tail. The even peak will be more 

intense than the odd peak when the fragment ion contains seven or 

more carbons in the chain. This phenomenon is not observed in a 

dialkyl substituted hydrocarbon when both substituents are located 

on the same carbon atom. 
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CHAPTER 9 POSSIBLE EXTRATERRSTRIAL LIFE 

1. Meteori tes 

An intensely bright fireball was observed over northern Mexico in the 

early morning of February 8, 1969 (01 :O9CST). The spectacular phenomenon was 

centered around the city of Parral in the South-Central part of the State of 

Chihuahua, the blue.white bolide having approached the area from south-south-

west. The bolide broke into many pieces in the air near the small village 

of Pueblito de Allende, 35 Km. east of Parral. A piece of stone weighinq 

about 15 kg fell within four meters of a house in that village. The total 

mass of the meteorite on entry into the atmosphere was estimated to be seve-

ral tons. 

Dr. E A King of NASA Manned Spacéflight Center in Houston left im-

mediately for the scene and returned with approximately 6.8 kg on Feb. 12. 

B.R. Simoneit, Space Science Laboratory, University of California, Berkeley 

arrived in Parral on Feb 15 and spent two days investigating the fall and 

collecting samples for research. Two pieces were brought back, one broken 

piece and another one which was used for research. That piece was approxi-

matély egg-shaped, weight 2.5 kg total with a fusion crust over its entire 

surface. A portion of 250 gramswas obtained from Mr. Simoneit and used 

for organic..analysis. The carbon content of the sample used in these studies 

was 0.35 +0.02%. King and his colleagues have published a report, 1  which 

shows it contained carbon to an extent of approximately 0 3% 

Clark et al 
2  reported the results of a comprehensive inorganic analysis 

Visual inspection immediately suggested that this meteorite is a carbonaceous 
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chondrite, specifically a Wiik Type 111 3 --it is closely similar to others 

of this type such as 

logical examination 2  

teristic of the carb 

Type III meteorites. 

iron-rich olivine in 

Grosnaja, Kaba, Lance, and 

confirmed this similarity. 

naceous chondrites, and it 

The conjection of irori-po 

matrix is also distinctive 

Mokoia. Chemical and mirieralo-

It has a Si/Mg ratio charac-

falls within the range of other 

r olivine in chondrules with 

for these meteorites. Yet 

the carbon content is low for a carbonaceous chondrite, lower in fact than 

in a number of chondrites whose Si/Mg ratio places them in the ordinary 

bronzite and hypersthene classes. 

Organic analysis 4  was performed on the Allende meterorite here in Berkeley 

between March 1 and March 10, 1969. A 10 gram portion was used for a pyrolysis 

experiment. The surface of a 240 gram portion upon which the analysis was to be 

performed was first removed to a depth of about 1/4 inch, including all of the 

fusion crust as well as an approximately equivalent thickness of the fresh 

break which represented one surface. This operation, and all succeeding 

operations, was carried out in a clean cabinet through which a filtered air 

stream was continuously passing. The chips and center piece were analyzed 

separately,according to the flow sheet in Chapter 2. 

A. Total Aliphatic Hydrocarbons 

The extractable organic compounds were separated into three fractions. 

All three fractions were examined chromatographically (Fig. 1,2,3) using a 

100 ft. long and 0.01 inch inside diameter capillary column coated with 

Apiezon L stationary phase. The individual peaks were identified by their 

mass spectra. Combined gas chromatography-mass spectrometry was used for 
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Figure 1: Gas chromatogram of total aliphatic hydrocarbons from extractable 

organic material. Aerograph Model 204 gas chromatograph equipped 

with a flame ionization detector. About 1/10 of the n-heptane 

eluate was injected in each case. 

0.5 ppm of hydrocarbons were detected in outside sample. 

0.001 ppm of hydrocarbons were detected in interior sample. 
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Figure 2: Gas chromatogrm of total benzene fraction from extractable organic 

materi al. 

0.2 ppm of organic compounds were found in outside sample. 

0.002 ppm of organic compounds were found in interior sample. 



260 

PUEBLITO de ALLENDE 
METEORITE 	 -228 

A. BENZENE FRACTION 
0 
	

40 Grs. OUTSIDE SAMPLE 

APIEZON L CLMN. I0O'xO.OI" I.D. 

90 0 - 30 00  C. 26C/MIN. 

25MI/MIN. He 

PHENYLALKANE 
AMINE 

C15  H3 1  COOCH3 

M.W.236 

MW. — 	 tbtwtI.w. 

	

264 	23 250 

B. 200 G. INSIDE SAMPLE 

300°C 	250°C 	200°C. 	150°C. 
ALb5-qI 



261 

Figure 3: Gas chromatogram of total fatty acids (methyl esters) from extractable 

organic material. 

0.1 ppm of fatty acids were detected in outside sample. 

0.001 ppm of fatty acids were detected in interior sample. 
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the structural investigation. Fig. IA represents the chromatographic analysis 

of the total aliphatic hydrocarbons of the surface chips and the Fig. lB 

chromatogram represents the analysis of the interior of the sample. Normal 

hydrocarbons from C 12  to about C29  can be observed 	Hydrocarbons of lower 

molecular weight do not appear in the chromatograms since these hydrocarbons 

would be volatilized by the evaporation to nearly dryness of the initial 

extracts and n-heptane eluates. Isoprenoid hydrocarbons from C 15  to C21  

except C17  are showing in Fig. 1. The surface chips contained 0.5 ppm of 

extractable hydrocarbons, while the interior sample only contained 0.001 ppm 

Table 1 is taken from 0r6 and Nooner's report5  which shows the iso-

prenoid and other aliphatic hydrocarbon contents in various meteorites. The 

Allende meteorite contained only 0.001 ppm of hydrocarbons in the interior 

sample which is more than three orders of magnitude lower than other Wiik 

Type III meteorites 	This fact might be due to the short period of time of 

exposure in the field. The concentration gradient from outside to inside of 

the sample also  suggests that at least the major part of the hydrocarbons 

are a result of terrestrial contamination. Since there is no odd over even 

predominance, and the C 271  C29 , and C 1  peaks are not the major peaks, the 

contamination may come from the air or petroleum and not from plants or 

sediments 

B. Benzene Fraction 

This fraction could contain conjugated alkenes, aromatic hydrocarbons, 

ketones, ethers, and other less polarized organic compounds. Fig. 2 shows 

the different type of organic compounds detected by GC. M.S. in this fraction. 
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The outside contains 0.2 ppm of organic compounds but the inside of the sample 

only contains 0.002 ppm. Again, the interior part is two orders of magnitude 

less than the outside chips. 

Fatty Acids 

As shown in Fig. 3, the Allende meteorite gives a chromatographic pattern 

in the C 12  - C20  carbon number range with palmitic acid and oleic acid predo-

minant. This pattern is similar to the fatty acid distributions of terrestrial 

living organisms. 

It is quite clear that the organic material found in the surface layer 

of this meteorite is of biological origin and can hardly be other than 

terrestrial contamination acquired even in the short period of time available 

to the meteorite, namely, between its fall on February 8, 1969, and its 

collection on February 15 1  1969. The speed with which this contamination was 

acquired and the diversity of the material contained in that contamination 

makes doubtful any interpretation of such organic materials as have been 

found in meteorites of unknown, )r atleast considerably longer, terrestrial 

history. 68  The presence of the mono-unsaturated C 18  fatty acid in the 

Pueblito de Allende meteorite is additional confirmation of recent contamina-

tion. Such unsaturation has not been found in the Precambrian rocks. 9 ' 1°  

Bound Organic Compounds 

The residue from the Allende meteorite, after extraction, was digested 

with amixture of 1:1 HF:HC1, filtered off, washed with water, dried and 

repulverized. Extraction of the powdered residue with benzene and methanol 

as before afforded on extract containing organic compounds originally bound 
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to the inorganic matrix. This extract was separated and analyzed for aliphatic 

hydrocarbons, fatty acids, as well as benzene fraction. There was no detectable 

amount of organic material in the three fractions as shown by gas chromatography. 

A limit of o 1 part per billion (ppb) of possible indigenous organic matter can 

be detected by this method. 

Other results in this group 9 ". 0  have demonstrated that there are more 

bound fatty acids than the free ones found in the rock, i f the aci ds have 

been there for a long period of time 	Thus with very little doubt, the 

Allende meteorite is contaminated by terrestrial environment. 

Exobiologists have studied the evidence for extraterrestrial life through 

• for more than one century now. At this stage, we can conclude that the major 

part of organic compounds found in the meteorites are the result of terrestrial 

contaminations. 

Now with the aid of NASA's program, scientists can start to make a giant 

leap--to study the extraterrestrial life on the moon, Mars or other planets, 

or bring the sample back to Earth for study in laboratories. 

The first extraterrestrial exploration was accomplished on July 20, 1969, 

when. Neil Armstrong made "a small step for a man but a giant leap for mankind." 

2. The Moon 

Man's eternal quest for the new and the unknown has led him to the 

highest mountains and the deepest ocean trenches, the most impenetrable 

jungles and the most forbidding deserts. Last year the bold attempt was 

successful. The journey to the moon will be remembered as long as the human 

race endures. It opened a new age of exploration, where man may travel 
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throughout the solar system, even the Universe, in flights, that could lead 

not merely to new worlds, new substances, new conceptions about the nature 

of matter and of life itself, but this exploration might discover extrater-

restrial life, or might contact new intelligent beings as well. 

A. Search for the early stages of chemical evolution of the Moon. 

The search for organic compounds on the lunar surface is an important 

step in theunderstanding of the early stages of chemical evolution leading 

to the origin of life. In other words, the samples from the moon may give 

us some clues as to prebiotic organic. synthesis in the solar system. The 

solar-wind flux of hydrogen, carbon, nitrogen and oxygen might be expected 

to result in the formation, of organic compounds in the shallow surface layer 

of the exposed particles in the lunar fines and surface rocks. 

The Apollo XI lunar material represents the first possibility of 

examining extraterrestrial material which has not been contaminated by 

terrestrial environment. An igneous origin has been reported 	by the pre- 

liminary examination team for the surface rocks of the Sea of Tranquility. 

The fines consist chiefly of a variety of glasses, plagioclase, clinopyroxene, 

ilmenite, and olivine. Very rare spherules. and rounded fragmnts of Ni-Fe 

up to 1 millimeter in size were observed. The glass, which constitutes about 

half of the material, is of three types: (a) botryfragments; 
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Isoprenoids and other Aliphatic Hydrocarbons in Meteorites 
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Meteorite 	 Sample  

Bruderheim (1) 
Chainpur (2) 
Indarch 	(3) 

it 	(3) 
Kainsaz 	(4) 
Karoondà (2) 
Average 

Canyon Diablo (5) outside 
II 	 (5) inside 

Odessa 	(6) outside 
(6) inside 

Ave rage 

Alais 	(4) 
Ivuna 	(7) 
Orgueil 	(8) 

(8) 
(8) 

II 	(8) 
I' 	(9) 

(10) 
(9) outside 

'I 	 (9) inside 
(9) 

'I 	(9) II  

I' 	(9) II  

Average 

Al 	Rais 	(7) 
Bells 	(7) 
Boriskino 	(7) 

I' 	(4) 
Cold Bokkeveld(7) 

it 	• 	 (3) 
Mighel 	(7) 

It 	(4) 
Murray 	(11) 

(4) 
Nogoya (7) 
Renazzo(12) 

(13) 
Santa Cruz 	(2) 

(2) 
Average 

Isoprenoi ds 
(ID.p.m.) 

0.02 
0.13 
0 .00 
0.00 
0.12 
0.11 
0.06 

1.33 
0.22 
1.18 
0.44 
0.79 

0.33 
2.42 
0.72 
0.00 
0.08 
0.04 
0.38 
0.45 
0.00 
0.00 
0.02 
0.04 

• 	0.12 
0.35 

11.04 
2.45 
18.46 
13.66 
6.79 
3.95 

24.18 
4.97 
4.61 
3.67 
9.78 
0.15 
0.24 
35.44 
4.25 
9.6 

Group 

• Non-carbon-
aceous chon-
drites 

•Graphiti C 

nodules from 
I ron 
meteori tes 

Wiik Type I 
carbonaceous 
chondrites 

Wiik Type Ii 
carbonaceous 
chondri tes 

Totai* aliphatic 
hydrocarbons 
(p.p.m.) 

0.8 
2.8 
0.1 
1.1 
2.7 
3.2 
1.8 

14.3 
2.8 
15.5 
3.0 
8.9 

5.9 
22.6 
9.0 
7.8 
4.2 

10.0 
25.0 
4.6 
2.5 
0.1 
0.3 
2.4 
1.0 
7.3 

49.5 
12.2 
72.8 
38.0 
46.0 
15.5 

127.7 
27.8 
35.8 
38.8 
92.4 
8.3 
8.9 

150.0 
24.1 
50.0 
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Table I 	(Cont'd) 

Total* aliphatic 
Isoprenoids hydrocarbons 

Group Meteorite Sample (p.p.m.) (p.p.m.) 

Wiik Type 	III Felix 	(14) 3.15 128.0 
carbonaceous Grosnajat(4) 3.04 415.0 
chondrites Kaba (4) 0.36 11.9 

Lance 	(13) 14.14 163.0 
Mokola 	(2) •replicate 7.75 29.3 

1 	(2) replicate 6.69 33.3 
(4) 371 158 

(10) 6.40 32.3 
Ornans 	(4) 0.00 8.3 
Vigarano (14) 16.63 223.0 

(10) 30.17 138.5 
Warrenton (4) 0.14 8.2 
.Averaget 8.1 72.0 
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pale or colorless, or more rarely brown, yellow, or orange, angular 

fragments ranging in index of refraction from about 1.5 to about 1.6; and 

spheroidal, ellipsoidal, dumb-bell shaped, and tear-drop-shaped bodies, 

most smaller than 0.2 millimeter, which range in color from red to brown to 

1115 	15 
green to yellow - . Reed 	has noted that a proportion of the glass spheres 

appeared to contain vesicles as well as some optically dense inclusions. The 

inclusions within the glassy objects could be gasbubbles. 

Solvent Extraction--Extractable Organic Compounds. 

A 19.8 gram sample of lunar fines was placed in a centrifuge tube and 

extracted with 10 ml 3:1 benzene:methanol for 30 minutes; an ultrasonic vibra-

tor was used for this extraction. After the residue was removed, the solution 

was evaporated in five steps. At every step, approximately one microliter of 

solution was subjected to the gas chromatography-mass spectrometry system. In 

the final injection, which contained one third of the total extract, however, no 

response was observed on the recorder except for the solvent peak. The limit 

of detection has been shown to be 5 x 10 	grams when a standard compound was 

analyzed by the system. Thus, the individual concentrations of extractable 

organic compounds were less than one part per billion. 

Demineralization experiment--bound orqanic compounds. 

The residue from solvent extraction was used for the demineralization 

experiment. Dissolution of the lunar sample was accomplished by slowly 

adding 20% hydrogen fluoride (250 ml) to a Teflon beaker which contained the 

dried residue. After two hours the digestion seemed to be complete, and the 

acid was removed with a centrifuge. The solid was washed three times with 
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water to remove acid and fluoro-compounds. The resulting residue, weighing 

12 grams, was mostly white floculent, with approximately less than one percent 

of heavy black particles. Both the acid and the residue were extracted with 

benzene. Bénzené was removed stepwise from the combined extraction. For the 

final step, approximately one third of the extract was subjected to capillary 

gas chromatography. The bound organic compounds were not detected. 

The preliminary results 11  obtained for the Apollo 11 rocks and fines 

paint to an origin from high-temperature melts subsequently exposed on the 

surface under high vacuum for some millions of years. The presence of bio-

genic products is therefore extremel.y improbable, and the predominant sources 

of carbon are likely to be the solar wind and meteorite impact. 

(iii) 	Pyrolysis--G.C.-M.S. 

Pyrolysis of the lunar fines (12 mg) and demineralized residue (15 mg) 

was performed in a quartz, stopped-flow tube attached to a 3" x 1/8" silica 

gel trap which was connected to G.C.-M.S. system. The gas chromatographic 

column was a stainless steel capillary column 100 ft. x 0.01 in., Apiezon L; 

° the temperature was programmed from 10 to 300C. The sample was preheated 

° at 150C for 15 minutes to remove absorbed material before the valve of the 

pyrolyzer tube was closed. After it was heated at 500°C for 30 minutes, the 

valve of the pyrolyzer was opened and (20 psi) of helium gas swept all the 

volatile compounds to the silica gel-liquid nitrocien trap 	Multiple mass 

scans were obtained of the volatile compounds released by heating of the 

silica gel trap. Fig. 4 shows only two major products which represent methane 

and benzene. However, methane was the only product for the pyrolysis of the 

demineralized sample. 
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Figure 4: Gas chromatographic separation of pyrolysis-G.C.-M.S. analysis of 

lunar dust from the Sea of Tranquillity. 12 nigs of sample was 

used at 500 0 C pyrolysis temperature for 30 mins. A stainless steel 

tubing 100 ft. x 0.01- in. coated with Apiezon L. Helium pressure, 

20 psi. Temperature programmed at 2 0C a minute from -10 0 C to 3000C. 
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(iv) HF treatment--bound gas analysis. 

The optical data169  showed that the glass spheres contained vesicles 

as well as some optically dense inclusions. The inclusions could be trapped 

in the lunar fines. Hydrogen fluoride was used to dissolve the dust and 

gases could be liberated. The schematic of the apparatus used is shown in 

Fig. 5. The system was made of glass with Westef stopcocks and Cajon trap 

disconnectors. In order to check the recovery efficiency of the system a 

silica gel blank was run. The whole system was alternately purged with helium 

three times and pumped down before the flask was doped with 1 ml of CO. The 

flask was valved off and stirred, during the stepwise addition of 150 ml HF. 

The traps' were under vacuum and the respective temperatures of the coolants. 

After purging all the .volatiles from the flask into the dry ice-acetone trap 

with helium, the flask again was isolated. By a series of heating and 

freezing cycles, the volatiles were transferred to the liquid helium trap 

and valved off. The helium trap pressure was measured and the contents 

analyzed by high resolution mass spectrometry, (A.E.I. MS-9). The 17.8 grams 

of lunar fines were degassed at 150°C for 15 minutes in the same system under 

a helium atmosphere.' The same procedure was followed as described for the blank 

run. 

The recovery efficiency of this system was found to be 50%.  A total of 

66 ppm carbon was recovered as CO from the liquid helium trap 	The presence 

p 	 of methane, neon and argon was also indicated. 

It appears that the largest chemical component form of the carbon which 

is present in the lunar fines is carbon monoxide. This could be the result 

of the oxidation of any reduced carbon by the heat of meteorite impact  or 
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other source of energy available to the lunar surface, using mineral oxides 

as the oxidizing agent. During the meteorite impact, the lunar surface 

temperature could be higher than 1200°C, and this oxidation reaction would be 

proceeded. Most of the carbon monoxide would have escaped the lunar gravi-

tational force, thus accounting for less than 0.02% of total carbon in any 

of the samples yet analyzed. 

(v) Possible biogenic compound on the Moon. 

From the radio waves measurement, the density of gases on the moon is 

at least one trillion (10 
12 
 ) times less than on the surface of the Earth. 

The absence of atmosphere implies total dryness, since it is inconceivable 

that water couldexist in the liquid state in so high a vacuum. We must, 

therefore, accept the fact that the lunar. surface is a desert and that there 

are no seasons in the climatic sense. The measurements on, the Apollo 11 

samples have shown that in the regions of the moon where the sun reaches the 

zenith, the surface temperature is as high as 130°C. This value falls as 

the sun declines towards the horizon and at sunset reaches 60°C. During 

the long lunar night, which lasts for the equivalent of two earth weeks, 

very considerable cooling of the surface occurs, in the absence of any pro-

tecting atmosphere, and the ground temperature drops to -80°C and even to 

as low as -150°C. For this surface condition, extraterrestrial life could 

never exist, and the process of chemical evolution would be unable to operate. 

At a depth of roughly 50 meters below the lunar surface, comfortable 

temperatures, by our standards, can be expected--temperatures which remain 

constant through the lunar day and night. At similar depths, several 

astronomers and geologists have suggested, there should be subsurface water 
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which is prevented from escaping to the surface by an overlying layer of 

ice, in exact analogy to the permafrost of the terrestrial arctic and antarctic 

regions. If there is a region below the surface of the Moon which has warm 

J 	temperatures, liquid water, and the possibility of primitive organic matter, 

then it seems prématüre to exclude the possibility of life on the Moon. However, 

indigenous lifeseems highly unlikely because there is no energy source besides 

the radiation energy and chemicals locked in the subsurface materials and the 

organic matter. This energy is limited at best. If life •once arose at such 

lunar depths, it would occur only in a brief period of time. 

3 	Mars 

Mars is the only planet in the solar system other than the Moon whose 

surface features have been photographed and measured by Mariner 6 and 7 under 

telescopic observation 	Observers have long suspected that the expansion and 

contraction of the dark areas of Mars indicate vegetation of some sort. The 

dark areas expand at a rate of 15Km per day in the Martian spring following 

the melting of the ice cap. Many studies of Mars support the hypothesis 

that some sort of vegetation is present. 20  If this proves to be correct it 

will be of the utmost interest to determine whether or not this life is based 

on nucleic acids and proteins. 

Life as we know it depends on the availability of water and carbon 

dioxide among other things, and only recently these have probably 	been 

p 	 conclusively identified by infrared spectroscopy in the Mariner 6 and 7 

P experiments Mars has an atmosphere, but it is much more tenuous than that 

of the earth, and of different composition. Thepressure of the atmosphere 

at the Martian surface is believed to be 25 + 15 millibars At the equator, 
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the temperature may vary from 30°C to -80°C between noon and midnight. It 

is obvious, therefore, that organisms exposed at the surface of Mars would be 

frozen. Some anaerobic bacteria can withstand treatment of this sort,but it 

is also well known that remarkable degrees of resistance to cOld have been 

found among quite complicated animals. 

Mars might easily support life forms and the flexibility of organisms 

we know may be far greater than is generally believed. If Mars has no life 

of its own, the colonization of Mars by terrestrial organisms could be at-

tempted. 

Speculation concerning the existence of extraterrestrial life has always 

intrigued a small segment of the scientific community. However, only during 

the last few years has this type of speculation taken practical meaning.. 

Within, a few years Viking mission will obtain scientific data about Mars, 

with particular emphasis on providing, information relevant to life on the 

'planet. 

4. The Universe 

A fundamental process affecting the prevalence of life in our universe 

is the formation of planetary systems. The evolution of biological life 

following a period of chemical evolution requires a suitable and stable 

physical environment which may exist on some planets. It may therefore be 

expected that the prevalence of life in our universe would be directly pro-

portional to the number of existing planetary systems, whether there are 

few or many, depends on how they are created. 

Theories of planet formation may be classed as collision formation 

theories and natural formation theories. Theories of the former type 

generally imply that planet formation is an extremely rare occurrence and 



therefore the developnnt of biological life must be a rare phenomenon. 

However, the natural formation theories imply the existence of large numbers 

of planetary systems and, therefore, frequently occurring environments suitable 

for chemical and biological evolution. 
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CHAPTER 10 	CONCLUSION 

The present work might be divided into two main parts dealing with 

1) 	the living organisms, 2) 	the non-living systems such as sediments, petro- 

leum, meteorites, and the lunar samples 	The former part contains Chapters 

4-7 while the latter one is illustrated in Chapters 3, 8 and 9 	The living 

organisms were studied on the basis of chemical taxonomy and comparative 

biochemistry while the non-living'systems were evaluated by their molecular 

fossils and biological markers 	However, these two parts are closely related, 

one could not study the one without having the knowledge of the other. 	In 

order to learn the nature of the organic compounds that might have existed 

in microorganisms billions of years ago, we also need to know more exactly 

the nature of the material we are starting with today, so that we can make 

p some estimates of what to expect as we go back in time 	This leads to a 

comparative examination of organic structures that can be found in today's 

microorganisms 	This same type of knowledge is also essential 	for examining 

extraterrestrial materials. 	There is only one way we know, at the present 

time, 	which 	extraterrestrial 	forms of life originated independently of 

life on the Earth 	That is by comparing the skeletons of organic compounds 

of the extraterrestrial 	life with that of life on the Earth 	This suggests 

that the life as we know it carries a trade-mark of some kind, one that is 

revealed by chemical taxonomic analysis that says in effect "made on Earth' 

Micropaleontologic evidence may help us to decide the evolutionary steps 

of microorganisms, which knowledge is essential for comparative biochemistry 

studies. 
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This thesis also could be divided another way--all the chapters preceding 

I , 
	 Chapter 9 are the chemical studies of terrestrial life and their diagenetic 

products in sediments 	Chapter 9 discusses the search for extraterrestrial 

life 	This work is only a beginning, and we are looking forward to see some 

constructive development in the.near future. 

Modern 	analytical techniques have been applied to these studies. 

The conbination of gas chromatography and mass spectrometry especially has 

made possible the detailed study of the individual components of complex 

organic mixtures regardless of theirorigin. Synthetic work has been carried 

out by means of structural conformational studies as well as synthesizing 

compounds of authentic structure. The biosynthetic pathway of normal and 

branched hydrocarbons in the blue-green algae has been studied by using carbon 

and hydrogen isotopes as tracers 	The study has also revealed much of the 

biological order which prevails at the molecular level, and as a consequence s  

useful criteria of biogenicity have been developed on the basis of the results 

obtained throughout this investigation. 

The methyl-branched alkanes seemed to be of particular significance in 

blue-green algae because the methyll branches arenot iso- and anteiso-structures. 

They appear to occur uniquely in blue-green algae and are absent from photo-

synthetic and non-photosynthetic bacteria 	These hydrocarbons have not been 

found in the green algae, which are morphologically more advanced than blue-green 

I, , 
	 algae but are still relatively primitive 	The branched C18  compound was 

elucidated by organic synthetic work to be 1 1 7- and 8-methylheptadcane 	It 

was finally separated by 750 ft of high resolution capillary column, which 
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showed that 10% of 6-methyiheptadecane is also present in the mixture. This 
0  

branched hydrocarbon was proved to be optically active; the activity +2.5 

+ 0.5 was obtained. The gas chromatographic evidence shows that the branched 

C 18  was present in Soudan Shale. ThusBarghoorn's.morphological microfossil 

evidence was confirmed. The biosynthetic pathway to this 50:50 mixture of 7-

and 8-methyiheptane was proved to be the methyl group insertion to cis-vaccenic 

acid, followed by decarboxylation reaction. 

The question now arises as to the diagenetic fate of terrestrial and 

extraterrestrial organic matter which once has been synthesized on a prebiotic 

earth or on the planets. Its occurrence can be inferred by the presence of 

kerogen, i.e.,carbon in ancient sediments and extraterrestrial materials, 

as old as 3-5 billion years. The elucidation of the diagenetic history of 

this material may reveal important details concerning the origin of life on 

earth and perhaps elsewhere in the universe. 

Over the past three decades, much has been learned of a quantitative 

nature offossil,  organic matter present in various terrestrial and extra-

terrestrial rock materials. These studies have evolved far beyond the esti-

mation of total organic carbon and nitrogen to the isolation and measurement 

of specific kinds of organic matter, for example, amino acids, carbohydrates, 

heterocyclic compounds and lipids. 

In the early organic geochemical studies, the presence of sugars, amino 

acids, and bases of purines and pyrimidines in hydrolysis liquors of ancient 

rocks were used as indications that intact polysaccharides, polypeptides, 
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nucleic acids, and other biogenic polymers could survive diagenesis. The 

present consensus, however, is that during diagenes new polymers, or conden-

sates, are synthesized from breakdown products of former biochemical macro-

molecules. Namely, the bulk of the fossil organic matter has acquired its 

molecular framework in the course of diagenesis, whereas biogenic màcroniole-

cules, such as proteins or nucleic acids, are eliminated rather radically in 

the early stages of diaqenesis. 

The research on hydrocarbon and fatty acids constituents, of sediments 

has attained a sufficient level of sophistication that it is possible to 

state whether or not those compounds are the result of biological activity. 

Whether the existence of organic compounds in the Onverwacht, the oldest 

sediment known as earth, upon which these experiments have been performed 

can or cannot be regarded as evidence of biological activity is still 

questionable. Since the rock is porous enough to let water pass through, after 

several billion years, it is not surprising if one would find organic compounds 

in the parts per millionrange. 

The finding of C22  to C25  isoprenoids in ancient sediments proved that 

the precursors of isoprenoid hydrocarbons are the alcohols, such as farnesol, 

phytol, betulaprenols, solanesol, etc , but not the hydrocarbons, squalene 

and lycopene 	The initial degradation process had to take place by attack 

at the alcohol end, followed by reduction and thermal cracking mechanisms 

to give isoprenoid hydrocarbons found everywhere in terrestri& materials. 

In mass spectrometry, branched alkanes are identified by their molecular 

ion and by their characteristic cleavage at branched positions. Another 



characteristic fragment, the even mass numbered peak due to the hydrogen 

atom transfer, can be used as important information to interpret a mass 

1 	
spectrum. The fragmentation of.a saturated aliphatic hydrocarbon would 

cause a hydrogen transfer giving rise to a CnIl2n + 1 peak, when this fragment 

has a long straight chain tail. The even peak will be more intense than the 

odd peak when the fragment ion contains seven or more carbons in the chain. 

The mass spectrum of olefinic hydrocarbon for example shows a relatively 

high M-28 ion; this might indicate that an ethylene molecule is split out 

from its long tail end. 

The identities of methyl branched fatty acids can be easily deduced 

mass spectrometrically from the presence of fragments corresponding to the 

formation of a ketone ion, derived from the branched structure through the 

loss of a terminal alkyl and methanol and the loss of water from the ketene ion. 

I 

	

	 The n-C17  hydrocarbon is predominant in algae. Its dominance is 

decreased in photosynthetic bacteria, and it is not outstanding in other 

living organisms. The isoprenoid hydrocarbons are generally absent in algae, 

but they are generally present everywhere else in terrestrial living and 

non-living materials. 

The nature, distribution, quantity and concentration gradient of the 

organic compounds found in Allende meteorite indicates that those molecules 

are terrestrial contaminations. Thus it suggests we cannot study extrater-

restrial life without ambiguity through meteorites. 

The study of lunar surface samples neither shows signs of extraterres- 

trial life nor indicates that chemical evolution has progressed on the surface 
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of the moon. This is a good beginning toward the search for extraterrestrial 

life, and this search will never be stopped as long as the human race endures. 

We did not find extraterrestrial life on the moon; we might not find it on 

Mars or Venus. However, some time, someday, as our exploration goes on, 

we not only might find a single cell somewhere in the universe, but also 

find another being as well. 

I should like to end this thesis by referring to MacGowan and Ordway's 

words: 

"Man was created on, evolved on, and today has become master of a tiny 
speck of dust adrift in a vast sea of blazing suns. As he matured, 
he patiently studied the myriad manifestations of nature and sought 
to .organize what he observed into a comprehensive unified synthesis 
of his newly won knowledge. This, he hoped, would illuminate the path 
toward•s certain universal, fundamentals he felt. confident are as 
valid to worlds infinitely far removed, as they are to his home planet, 
Earth."l 	 . 

1. R.A. MacGowan and F.I. Ordway, "Intelligence in the Universe," Prentice-
Hall, Englewood Cliffs, N.J. p. ix. (1966). 
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