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Abstract

The prob]ems of the time, manner and place of the,begihning of 1ife; both
terrestrial and extraterrestrial, have become 1ncrea§ingly éohcérned by scien-
tists for the pdst decade_‘ This thesfé have conéernedlitse1f'with a study of
the origin and evolutionary steps of 11f¢. Four aspects; Chemical Evolution,
Biological Markers or Molecular Fossils, Chemical Taxonomy, and Possible Extra-
terrestrial Life are discussed. o

The first portidn'of this thesis attempts to examine the histord cal

record, trying to use:modern_analyticé1 techniques to study from‘thé pkeéent time
backward into histofy( The seédnd pdrtidn'describés a comprehensive study of
a new biological marker, 7- and 8-methylheptadecane. The‘structure of this
branched C]8 hydrocarbon has been confirmed by instrumeﬁtal-analysis as well
as brganic synthesis. Biosynfhesis and geological sigﬁificance‘have also been
studied. nThé third:bortibn'of this thesis is édncerhed with the éomparative
biochemistry. The evoldtionafy step f}om micrdorganisms'to higher plants and
anima]s-cou]d be re;ogniZed byAthe variation in chemical,compositions. Thé
fourth portion Qf fhié thesis contains the exper%menta] results of examination
of.extraterfestria] sémﬁleQ, and the possibi]ity'of éxtraterrestria] 1ifeis

discussed.
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Abstract

The problems of the time, manner and place'of.the_beginning of life, both
terrestrial and extraterrestrial,.have betomé increasingly concerned by scien-
tists for the past decade,‘ Thﬁs thesis have concerned itself with a study of
the origin and evolutionary steps of life. Four aspects; Chemita]_Evo]ution,
Biological Markers or Molecular Fossils, Chemical Taxonomy, and Possible Extra-
terrestrial Life are discussed. i

The firSt portion of this thesis'attémpfs to examine the historical

record, tkyingvto use modern analytical teohniqUes to study from the present time

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

a new biological marker, 7- and 8-methy]heptade¢ane. The‘structure of this
branched.C]8 nydrocarbon has been confirmed by instrumental analysis és we11
as organic synthesis, Biosyntnesis and geo]ogica1-significance have also been
studied. ‘The thirq.oortion of this thesis is concerned with the oomparative
bijochemistry. The evolutionary step from microorganisms'to higher'plants and
animals ooU]d bé recognized byofhe variation in chemical compositions. Thé'
fourtn portion ofvthﬁs thesis contains the experfmenta] results of examination
of extraterreStria1‘samo1e§, and the possibi1ity.of éXtraterrestria] life is

discussed.



CHAPTER 1 INTRODUCTION

What is 1ife? This qye§tion.hés béen discussed by’scientists fgr
more than a éentury. If wé view 1iving and non?1iving matter, a line
drawn between them'wouldnbe.arbitrafy. Life in this view is associated
with the complex metabolic apparatus of the cell enzyme, membranes, meta-
- bolic Cyc1es, etc., and the point at which such.a‘system becomes "alive"
is undefinable. Most biologists, however, agree that 1iving matter is
Uhiaue1y'defined by 1tsugenetic properties. ,Acéofding to this view, the
feature that above all others distingufshes livfng mattekiis its mode‘of
* duplication. Living organisms select appropriate materials from their
environment and transform them into accurate replicas of themselves.
The‘se]f;repfication of Tiving systems extendsvto the‘occasioha1.accidental_
varianfs which appear from‘time-to time in populatﬁons. These-mutants
coby themselves when they replicate rathér than copy the pareﬁta] type from
which they originated.' Thus, for an 6rganism to be"ca11ed Tiving, it must
bebcapab]e of bofh replication andvhutation; such an dfganism.shou1d evo]?e.
into higher forms. In order to study how 1life first'started and how it
~evolved into higher forms, four aspects merit some conSiderafion and dis-
~ cussion fh this introductbry chapter. vThey'are: Chemical Evolution and
~ the Origin oerife, Biological Markers or Molecular Fossils, Chemfca]
Taxonomy,.and,Extraterrestrfal Life. - |

1._ Chemical Evolution and the Origin of Life

.Life'may be regarded as a step in the evb]utionary history of our

planet. Organisms survive due to a process that transmits information
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'reduced form, ‘the s1mp1est.form of hydrocarbon, methane.

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

" currently give rise to_]ife; but it is necessary'to postulate that suth a

step must have occurred at some time in the past. The common taxenomitc
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 b1opo1ymers probab]y started after the earth

‘had been formed from its pr1mord1a] atmosphere. Probab1y the earth was

condensed from a dust cloud 4 5-4.8 billion years ago. 1 As a result of
chemical evo]ut1on, the f1rst 11v1ng organ1sm was formed. The evidence
1nd1cates ‘that the appearance of 1ife on earth occurred at least 3200
million yeare ago. . Barghoorn and Schop*‘fz-5 have reported the presence of‘
blue-green algae fossils in a 3.2 X 109 year old sediment. dThus it leaves
only about one and a half bi11ion 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 e]ement.s’7 It
is impossib]e to answer by direct observation the questions. that arise

about how our present atmosphere evolved. However, evidence available from-

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

. “and gave way to the oxygen'atmosphere_ofAtoday.g When the earth was forming,

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

dynamica11y stable form of:methane, ammonia ‘water ‘and hydroqen sulfide 58

The carbon that ‘made 1ts appearance on the primitive earth was not in the

ox1d1zed state, e.g. carbon d1ox1de but on the contrary it was in the
8



The ehefgy sources available for the synthesis of orgahic.compbunds
i . | undef'p?imitive earth conditions were ultraviolet light from the sun,
| electric discharges, radiation, heat and shock wave. Among these, pro-
bably sunlight was the principal source of energy. Solar radiation is
‘emitted in thé wave length rahge from 106vcm, radio wave to 10'-14 cm
gamma ray,8 A‘gréat deal of this radiatibn; espec1a11y in the ultraviolet
‘ region is shielded tdday by the ozone Tayer in the upper regions of the
i atmosphere. '
~ About one hundred years ago Charles Darwin first described the chemical
evolution théory'which could be initiated with an energy source and primitive
chemicalléompoundé, In a letter wr1tten‘on,February 1, 1871 he stated:
.~ "It is often said that all -the conditions for the first
production .6f a 1iving organism are now present, which could
ever have been present. But if (and oh! what a big if!) we
could conceive in some warm little pond, with all sorts of
~ammonia and phosphoric acid salts, 1ight, 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
,wou1ddhot8have been the case before 1iving creatures were
formed." -

9 10

"7f_0pak1n and H&idane presupposed a long period-of‘chemica1 evoiution
before the aﬁpearénce°of life. The accumulation of organic matter on the
‘_:pkimjtive earth and the generation of dup11cat1ng'molecu1es must have been
two.f§¢tors of prime fmportance in chehica1 evolution. 'The evolutfonary

p?bbe;s-might_be considered to have taken place in three stages: inorganic,

organic and bio1ogi¢a1.'_'

There have been miny studies‘of the_éffécts'of‘d1trav101etb11ght and
. | < 11,12

i..eiéi:tric.disgharges on various compounds. The greatest amount of
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_work in the ffe1d of prebiological synthesis concerns fhe origin and
formation of amino acids. This may be due to the fact that amino acids
are readin formed under these conditions.‘ Amino acids have been syn- |
thesized Qnder simulated primitive earth'conditions by the action of
ultra- v1o1et light, e]ectr1c discharge, heat and 1on1z1ng rad1at1on 12

It is reported that 14 of the 20 amino ac1ds found in proteins have been
synthesized by ab1ogen1c means. 8,11 12. In one of the f1rst experiments -
done, simulating the synthesis of.ergan1c matter on the pr1m1t1ve earth,
Mi]]erJ3‘expo$ed avmixture of methahe, ammonia,'water and hydrogen te‘
an electric discharge from tes]a'coiis'for about‘avweek, resulting 1A

‘the formation of some orgenic compOundé;. Ameng'these were the amino
acids,}glycihe, alanine, aspartic acid ahd glutamic acid. MOre’recent]y
pur’ines,]4 short-chain p'ep’cides,]5 and perbhyrins]s 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 orgahism.A'

2. Bio]ogica]'Markers'Or MoleCulariFossiTs

' Anothervmethod of approaching the origih'of 1ife was also demohstnated
by Darw1n In order to gain an understanding of the evolutionary history
_ of the earth he stud1ed the fossil record, in wh1ch morpho]og1cal1y recog-
nizable ent1t1es “could be placed in a chrono1og1ca] order which could trace
~ this evo]ut1onary path from ear11est t1mes 0rgan1c geochem1sts are a]so
exam1n1ng a foss11 record not at the morpho]og1ca1 Tevel, but rather

at the mo]ecu]ar,]eve]. The architecture of the molecu]ar aggregates
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which the living organism left in the rock can be recognized as character-

jstic of the organism itself. The characteristics of these molecular

~aggregates should be different from compounds synthesized abiologically.

This méthod has been used to prdvide evidence in support of the broposed
existence of life forms in Precambrian sedimenﬁsvo1dér tﬁan three billion
years. |

As Tiving organisms'evb1ved,}the hardbparté; bones, shells, teeth,
leaves etc. were left behind as fossils. These can be recognized from
their morphd]ogy, their substance has decayed and changed to stable
molecular forms. 'Neverthe]ess, these méy be characterfstic chemicals
by ‘which means evolution can be traced farther back in time beyond the
11m1ts 1mposed by the o]dest known foss11s ’These fossils are on a
mo]ecu]ar 1eve1 and are thus cal]ed "mo]ecular fossils".

Some molecular fossils can be classed as biological markers if they

"possess a11 the following characteristics: a chafacteristic structural

'ske1eton reasonab]e stability to degradat1on over long periods of geo-

logical time, structura]vspec1f1c1ty-der1ved from known biological sequences,

and a low probabi]ity of formation by anybnon-biological means.

18-20

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

 1945.5 He~found some pigments in petroleum whose molecular characteristics

tou]d be re]ated to présent-day animal and plant pigments. His findings
1ntroduced the chem1ca1 v1ewpo1nt of a b1ogen1c or1gln for petro]eum
Another type of chem1ca1 substance can also be considered as a bio-

logical marker, if it existed as an opt1ca11y-act1ye form. For 1nstance
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3. Chem1ca1 Taxonomy

amino acids may be synthesized in many abiological ways. However, an

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

is predominant.. '
Vérious compounds of presumed biological origin have been isolated

2]'24, ancient sed1ments25 28,'and meteor1te529’3q. Among

from petroleum
these classes of organic compounds the hydrocarbons have probably received
the mostaattention. Meinschein®! studfed 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'horma1 paraffins. Bray32
reported that the rat1o of odd over even carbon numbered n-paraffins
s1gn1f1cant in Recent sed1ments is approx1mate1y 2.4 to 5. 5. However,
the va]ue decreases for older sed1ments, and it is close to 1.0 in
petro]eum. _ v

| The isoprenoid'hydrocarbohs-with the regular head?tail—headetai1

Tinkage have been sought in Precambr1an sediments- and petroleum. 24,33,34

These compounds can be derived from known b1o1og1ca1 precursors such as

phytol, farneso], bactoprenots H[CHZC(CH3)=CHCHZH11OH, solanesol

HLCH,C(CH;)=CHCH, 1g0H, doTichol H[CHZC(CH3)=CHCHZJZOOH,,*etc.35 uhile

they have a certain probability of formation by nonAbioTogica]vmeans, they -

_ genewally have been:taken to be the residuedof'life‘fbrms,

4

What was the 1mpact of Darw1n s evo1ut1onary 1deas on taxonomy? It

is common]y stated or 1mp11ed that these were revo]ut1onary Bto1og1sts

'vta1k of_”aff1n1t1es“, the Darwinian biologist substitutes "evolutionary



relationship". The pre-Darwinian might have drawn a diagram of the

study. -

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

| What Darwin attempted to show was that the evo]dtionary pkocess
"exp]r;n'nedvIl the previous]yvmysteribus "natural groups". In other words,
the possibi]ity of making a generally agreed upon natural cilassification
of organisms depends Upon the procéss of -evolution. This is emphatically
not the same thing as saying that any and every hatura] classification -
must be phyTogenetic. Thevre1ation§h1p between the actUé] course of
evolution and the patterns of organic Variafion,'for which it is the aim

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

 Natural c]assificatiOns, conStructed by the sum total of resemblances

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

omists 1bng before eyolution was ever ta]ked’abbut. Such classifications

can be made of any group of objects, whether‘11ving or nbt, which exhibit
significant character corre]ations.

Chemical criteria can be used as confirmatory evidence to c]aséify
living organisms which were previously identified‘soTe1y on the basis of
morphological characteristics, Chemistry may have more to contribute than
any mokpho1ogica1 analysis, not only because of the relative evanescence

of most plant tissues in geo]ogicé]zdeposits,_but also because the bio-

chemistry'of’evo]utionary.processés may be deduced from the presence of

tompOUnds from known diagenetic pgthways{ 'ChemicalitaxomOmy, prober]y



~to alkaloids.

applied, méy bé more useful thah.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‘cértain taxa and may help to distinguish one group of plants,
for example, fromranother. Often the variation in chemi cal composition
can ‘sharpen distinctions,in detérminﬁng taxa, and may also diSéﬂose
hitherto unsuspected relationships. In recent years the development of
new analytical techniqueé, such as gas chromatography, uitravibiet, infrared,
nuclear magnetic resonance, and mass spectrometry, made these chemical
taxonomy studies feasible. With the help of such methods, individual
6ompouhds from a complicated mixture can be identified unambiguously in

a short period of'time.‘

36 reported in 1888 upon his work on a1ka1oids,'and.notes their

Eykman
frequéncy in certain families. A few years later von Romburgh37 published

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

| jcytate, and HCN. 1In a long series of papers published between 1917 and

38-42

1945, McNair attempted to apply comparative chemistry generally to

taxonomy. Fats and oils and- their tagonomic significance were to prove of

continuing interest to him, and in a paper39 appearing in 1929 he considered
more than-300 oils, fats, and waxes occurring in 83 families, in relation

to ciimatévand taxbmomy. He diyided thE’oii intb drying, semi-dfying, and
noh-dfyihg,:and noted-other/charatteristics such as iodine numbers, sapon-
ification values, and specific graiities. In 1935 he turned his attention

40,41 e remarked on the fact that each speties of a genus !

vsuch-as'AconitUm may have a different member of a group of closely-related



a]ka]bids;~that any one alkaloid rerely occurs in more thén one family
but may-occur in many members of one family.

It'is‘bEComing increasingly clear that Tiving orgéhisms have, chem-
1ca11y'speaking,ba rather uniform basic pattern. wtthin this basic
uniformity’, howeuer; we may'heeognize relatively minor differences that

are detectable by modern analytical techniques.

, 4. Extraterrestr1a1 Life

Meteorites have a]ways been objects of great 1nterest to mankind. Today
this interest is due less to the spectacular manner of the1rvarr1va1 on
earth than to their bearing on the ancient question of the origin of the

solar system. The development of st¢ience during the 19th_and 20th centuries

~stimulated an 1ncreas1nq1y intensive and comprehensive study of meteorites.

It is not generally accepted that they consist of extraterrestrial material
and that they. or1q1nate 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 c1assified according to their macroscopic ap-

_pearance 1nto iron, stony-iron, chondr1tes, and achondr1tes 43 Metallur-

gical and m1nera1og1ca1 character1st1cs, together with differences in the

fine structure of the chemical compos1t10n, give criteria for a sophisticated

subclassification within each major group. Despite their wide variety of

structures and compositions, meteorites and the returned Tupar 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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Tb study the possible occurfence 6f 1ife forms br‘chemical evolution-
arytsteps in extraterrestrial material, carbonaceoﬁs chondrites, a'sub;
group bf'chondritic meteorites have been more intensively studied now:
thah_at any time since 1806 when the firét fecorded:carbpnaceous metebrite

44

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

45811 three

aceous chondrites-are‘divided,into thkee‘distfnc& types.
contain nearly the same proportions of nonvolatile elements (Mg, Si,'Fe,
M, 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 I1 to Type I. The origin of the cafbonacéoﬁs;chondrifes is a:subé

ject of much controversy and no theory has yetheeh proposed which has
43 e o '

gained -universal acceptance. >

| r'Ih 1961, Nagy g§;91346 reported that the mass épéctrbmetric aha1ysis-of
hydrbcérbohs'extracted from the Orgueil, aiTypeii cafbonaceOUS chondrité,
indicated thatfthe hydrocarbbns could be of biogenic origin. This conclusion
was based on the resembTances‘of hydrocarbons in the Orgueil meteorite to

the hydrocarbons found in sediment§ and to those produced by living organfsms.
Anders47 Qas espécia11y éritica]\of Nagy_gg_gl,,voffering’tén specific.
criticisms which included pointing out the possibilities of contamination, -
abiotic'synthe$1s,‘andvalso the fact that the’déta from the biogenic hydro-.
' cafboné did not agree foh‘eachlbfher'and‘thus cgould not be used as proper
“standards for eVa]uating thé'meteorite déta.v More_recent]y} Nooner and |
0r648 reported that'thé hydrocarboné ranged from_0;1vto 25;8 ppm for Typé I’,
8.3 fo 150_bpm for Type II,:and 8.2 to 415,ppm for Type 111 cafbonacéous

chohdrites; Isoprenoid hydrocarbons ranging from C18 to CZO were observed



of organ1c compounds ‘such as a]coho1s,4g'fatty'acids;

bases,

11

in pract1ca11y a]] of the meteorites. Besides hydrocarbons,'many groups

5

phenolic com-

52,53 49, 54 55 52,53,56,57

pounds,”“*“~ halogen-containing compounds,
56,58

amino acids,

and porphyrin559 were also found in meteorites
This h1gh1y controvers1a1 subject 15, at its s1mp1est level, a

quest1on of whether those compounds observed in the meteorites are bio-

gen1c or ab1ogen1c in origin. Every compound found in meteor1tes, w1th

the poss1b1e except1on of 1sopreno1d hydrocarbons, has been synthes1zed

in some type of abiogenic process. The n-alkanes may def1n1te1y be pro-

d‘uced.by”Ftséher-Tropsch“synthesis60 but at present this cannot definitely

be sa1d for 1sopreno1d hydrocarbons The origin of those organic compounds

is: st111 a quest1on However, a11 those meteorites could be contam1nated

by terrestr1a1 matter. For those samp]es which had a long previous ex-

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

during 1mpact wrapping, transferr1ng, and storage Since all the analyses

’of meteor1tes are questionable, analysis of a recent1y fallen carbonaceous
.chondrite could so1ve‘part of the problem. This work will be discussed in

'"part of Chapter 9.

- The amb1gu1ty he1ghtens when sc1ent1sts are search1ng for extraterres—

tr1a1 1ife on earth by studying the 1mmed1ate1y available samp]e -meteorites.

_ The a1ternat1ve way, perhaps a better way, to approach this problem is to
'search for extraterrestr1a1 11fe on the Moon’, Mars, and on other p1anets, orv'
"the return of samp]es to the earth for exam1nat1on in our own 1aborator1es |
e It is genena]]y agreed that th1s 1nvestment is the most 1mportant sc1ent1f1c

1 obJect1ve_of the'space program. Th1s is necessary not only in order to
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'justify the high priority given bio-organic observations on the planet,
but also equa]]y important. to serve as a gu1de for exobiology itself.

We wou]d Tike to know whether 11fe has or1g1nated eTsewhere in the
Universe, and we woqu Tike to prove whether an extraterrestrial form
of life originated independently“of 1ife on the earth. We,eannot'assume
if Tife'is found,somewhere else; that its origin was a separate event
from that which gave rise to h’f‘é on earth; It i'js‘ conceivable that life .
arose only once in the‘sOTar s&stem or in the whole UniVersé‘and that
it was subsequent]y d1str1buted throughout all the the pTanets The
one way we know of at the present time by which the answer to this question
m1ght'be obtained is by comparing the chem1ca1.structure of the extra- |
'terrestr1a1 11fe with that of 11fe on the earth | | -

It is now assumed by some astronomers that a large number of stars
- are accompan1ed by families of pTanets Therefore, it is des1rab1e to
- _examine the var1ety of environments wh1ch these planets m1ght be expected
- to puov1de, and.compare this with theiplanetary env1ronment wh1ch seems
'_neéQSSary to promote the deveTopment of Tife»systems. Some planetary
environmental factors for consideration are temperature, light; atmosphere
| and Dart1c1e rad1at1on | - | | .. o

The temperature range —30 C to 100°C 1s of the utmost significance to
{carbonaceous type life. The earth Ties near the center of a so- caTTed
".b1o therma] band surround1ng the Sun, wh1Te Mars lies near its outer edge
,'and Venus near'1ts inner edge Th1s temperature range a1$o determ1nes
the 11qu1d water range wh1ch 1s of s1gn1f1cance to the deve]opment of

b1o]og1ca1 11fe 6] 65
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The primordial chemical environment.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
66,67 1he 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 fer estimating the pro-

r/bablllty 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 consideringiour ‘own solar system,

Cle?rly, 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 1s 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 lopk for the small molecules and to determine what is

the chemical evolutionary stage on the planets
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CHAPTER 2 EXPERIMENTAL

The operations and prooesses described in this section are the general
analytical experimental techniques used in this 1aboratoryl_ The synthetic
experiments'and other teehnidues ui]l'be'described in the other chapters |
Since some port1ons of these procedures have been pub11shed e1sewhere] -7
emphasis will be p]aced on-modifications and innovations designed to meet
the demands of contamination- free, ultra-micro organic compound 1dent1f1ca-

tion and structure determ1nat1on

The first group of Samp]eS'studied"cons{Sted’of algae, photosynthetic

“and nonphotosynthetic'baCteria, their constituents of hydrocarbon and

fatty acid were determined. The - second samp1e groupseonsisting of petroleum,
‘seep'oi1s,drock'samp1es and meteorites was examined according to the'basic
procedure reported by Eglinton gt_gl;a"

The analytical"procedure used for TiVing organisms.is giVen‘in Figs. 1
and 2. Ten grams of drtedfce]?s,vor organisms, were treated with 150 m]
of 3:1 benzene and methano]-forlls min. wihh‘stirrfng and sonicated for
30 min;; Then the tota1 sample and supernatant were transferred to a

Sokh]et.apparatUS and extracted for 8 hr. with the same mixture of solvents.

'The'extraction solvents uere evaporated to leave a dark colored residue.

| The total'extracted materialﬂwas transferred to the topvof an alumina
column (100 g, 30 cm) previously washed with n-heptane (100 m1); it was

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

_ containing the tota] a]wphatic hydrocarbons was eluted from -the column -

w1th 100 m1 of n- heptane (n heptane fractlon) The second and third

vfract1ons were qbta1ned by e]ution with 100 m1 and ]SO ml oftbenzene,

~respectively. The second frattdon (benzene fraction [) contained aromatic
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_and highiy unsaturated hydrocarbons as weil as nonpoiar ketones . 9 Carot-

enoids are the maJor components in the third fraction (benzene fraction II);

‘ZThe fourth-fraction, obtained by eiution w1th 150 mi of methanol, contained -

qinerides, free acids ~bases, amino acids, ch]orophyiis;vand other organic

'compounds w1th po]ar functional groups.

| The methan01 fraction was used for: fatty ac1d analyses An”aiiquot’
of the methanoi fraction was. saponified w1th sodium hydroxide, 1mpur1ties
were removed by extracting with three 10 ml portions of n- hexane Finaliy,_,
the alkaline so]ution was’ ac1d1f1ed and'the fatty ac1ds were extracted
into three 10 ml portions of hexane After drying w1th MqSO4, the ac1ds
were methyiated by refiuxinq the hexane so]ution with 1 mi of BF3 in. . -
methanol, The hexane 1ayer was. removad and the methanoi 1ayer was ex-
tractedVWithvthree 5;m1 portions of hexane._ The combined nexane extract
was concentrated With a'rotary'evaporator. The samp]es were‘then ana]yzed'

by,gas'chromatography and mass spectrometry; ATl mass spectra were taken

by a combination of an Aerograph 204 gas chromatograph and an ALE.T. MS-12

v

mass spectrometer.

The geoiogicai samp]es were treated according to the diagram in Fig. 3 & 4.

'Petroieum and seep oil sampies ‘were treated according to the same procedure

v*except for the 1nit1a1 procedure which utiiized co]umn chromatoqraphy

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

cooied diamond saw,'the.iarger rock segment was wrapped in aluminum foil.

" and fragmented using a hammer. The chips were coi]ected and washed in-
2 flask,containing a mixture of benzene and methanol. A Mettler Electronics

‘Ultrasonic Vibrator (ml. § - over 1000 peak watts at 28Kc) was used for
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, residue

(for bound organic content analysis)
1. dry, 110°C, 10" vacuum 4 hrs.
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Fig.. 4
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the Washihg process. The chips were dried in an oven and pulverized by
a disc mill (Model 8701, type T250 Laboratory Disc Mill; Angstrom, Inc.,
Chicego, 111.). - The pulverized powder was less than 120 mesh ih siiei The

powder>wes extracted three times with 3:1 benzene/methanol using an ultra-

-sqnic vibrator. After centrifugation, theesupernatant solution was removed,

yielding the "total extract". The total extraet was fractionated by column
chromatography and'ahalyzed by gas,chromatogfaphy and mass epectrometry.

Distillation was used to purify HC1; hoWever, hydrofluoric acid could:
not-be’dist111ed‘in a glass apparatus. Kwestroo and Visser's 10 ethod was
modified in this Taberatory to purify HF. A closed Teflon box cbntaining
twb’Tef]dh'beakers'was made; One beaker'contained crude HF and one con-
tained disti]]edeater. After 4-5 days, the cohcentratioh equi]ibridm
could be reached. |

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

1thevrockvresidue and stirred with a Teflon-coated magnetic rod. The
: digestion: was c0nsidered complete when no further S1‘F4 bubbles escaped from
'ethe'solution;’ Separation and washing followed the digestion process. After
'the'residue was dried at 110°C 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-
. ‘Wtog?aphy and analyzed as for the_initial free organic extract.

1. Problem of Contamination

During the last decade seientists ?reﬁ alj‘ovek'the world_heVe_employed
thé newest'end most senSitive ana]ytice1 technidﬂes;fsuch as ultraviolet,
nuclear magnetic: resonance, infrared, mass spectrometry andvges3chromatography:
andyv ¢iec;Yoh spfn renonance spectroscopy, to investigate the chemical

composition and molecular structure of organic'material,from a wide variety
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of natura1.origins. -antamihation becomes a serious problem when research
is directed to extraterrestrial matefia] which usually contains-only a
'micro-qdantity of organic compounds. The question to be answered thus
is whether or not these meteofites contain traces of life, proving the
existence of extraterrestrial biological activity, or whether such sta;es
are meré]y contamfnation by térrestria1'matter The samples may be con-
taminated not only in the 1aboratory, but a]so at the site of 1mpact by
atmospher1c penetration, by wrapp1ng, transferrlng and storage

During the Taboratory hand]1ng and analytical processes, contémination
mayvalso‘be introduced into a sample. Solvents, chromatdgraphic materia]sv
and equiphent'ére the most obvious sources of contamination:duringvanalysié,
In this 1aboratory a purified reagent grade of'so1vent was purchased and the
Durificatioﬁ‘Was carried out before the solvent was used. The solvents Were '
:d1st111ed by using a g1ass comumn of 40 theoretical plates with a reflux
ratio of 6:1. 250 ml of the d1st111ed solvent was concentrated to 1 ml
" and then analysed by gas chromatOgraphy. Only those so]vents containing
less than 1 microgram Of dete¢tab1e impurfties'in 250 ml were suitab]e for
» thié Work. Thé column chromatographic matefié]s, silica gé1 (Baker Ané]yzéd
Réagént) and alumina (Alupharm Chemicals) were baked at 130°C fbf 24 hours
and solvent-washed before u§e to e]iminaté"conﬁamination. ‘To avoid con-
taminétion by equipment, all ?g1assware was c]eaned u]trasonical]y fi}st with'
;organ1c solvent and then with distilled water. Al1 éritica] analyses were
_carr1ed out in a clean cab1net with a cont1nuous stream of filtered air.
. A poss1b1e way to estab11sh the 1nd1genous nature of the biological -
compounds in extraterrestr1a1 mater1a1 is to determine whether the organ1§
const1tuents d1ffer from those of similar terrestr1a1 mater1als Homo-
: geneous d1str1but1on of organ1c compounds in a samp]e stone from outs1de

to inside and optical act1v1ty are the two common]y used methods of proving
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certain organic materials indigenous to extraterrestrial material.

2. Extfa¢tioh,'
Two types of extraction were used in the experimental procedure:

a) Soxhlet-type extraction--an é]}-g]ass extractor was'heated to

) moderate reflux temperatures_by means of an electric heating mantle,
with aipower-stat control]éd_outpuf. A Tef]on.covered magnetic
stirrer was placed in the fTask tolprevent'bumping. Eight hours of
extraction time was‘usually used.

b) vU]frasonic-type extraction--a Mettler Electronic Ultrasonic

Vibrator (M 1.5--over 1000 peak Watts at 28 Kc) was used for the
extraction} The sample and so1vent'were placed in a covered flask orv:
centrifuge tube which was placed halfway into the ulfrasoniéator water.
Solvent to sample. ratio was greater than 20:1 to preveht'preéipitatioh '

-~ during sonication. Extractions were carried out at three half-hour
1nteryals, usihg 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

bf.incréasing1y specia]iZEd aréas in the varibus chemical tethno]ogies. Such
efforts have resulted in the development of a number of - useful ana]ytiéé]

'tbo]s for the study aﬁd investigation of complex mixtures, SUCh_as.absorp-

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

Martin1j who is also responsible for liquid-liquid partition'chromatography
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and adVanCes in paper chromatography. ‘Thesévpowerfu1 techniques were

originally applied to the investigation of complex biochemical mixtures.

- The potentia]itieé of the method became apparent to organic chemists

almost {mmediate1y and intensive research on chromatography was carried
out in Taboratories.throughOut’the world. In recent years the development

of new techniques such.asfco1Umn, thin layer and gas chromatoéraphy has

'made the séparation of complicated organic mixtures feasible. And the

mass spectrometry which.has'serVed as a strUCtura1 detector}of_gas chroma-
tograbhy; has made the study of-micro-quantity organic mixturésvpossible. _
Ana]yfical methods used for this work are discussed individually as follows:
A. Co]umn Chromatography | |

| "Sépafation of organic compounds by their differences in polarity by
column éhromatography is a well established proceaure and a-variety of
adsorbents and solvents have been used for the purpose. The colum was
pre-washed:with n-heptane before chrdmatography. Absorbent to sample

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

‘vange of 1 cm to 3 cn. The chromatographic column was developed with

h-Heptane, benzene and methanol consecutively.
B. Thin—Layer Chromatogréphy

;n thin-layer chromatography‘an absorbent is applied td 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 df adsorbent

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

under varying temperature and time depending on the>desired degree of

aétivity, " 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 ~ is used to separate saturated compounds from

unsaturated ones. Five to ten percent of AgNO3 is added to silicacgel G

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

‘use. The plate is pre-deve]oped‘with'ethyl acetate and activated in the -

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

‘saturated and unsaturated methy1 esters are separated.

C. Gas Chromatography |
In 1952 James andrMaftin]3 pubTiShed their classic paper deécribing'

both the gas-liquid partition technique,and>a relatively simple abparatus

for resolving é1iphat1c'carbOXy11c acids. Since then, a ﬁew lTiterature has

developed which 15 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 s1mp1e detectors. Even with the éimpleSt
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 f1ame
jonization detector. |

In 1956 at the first symposfum on gas chromatography held in Londoh,

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

~to the m{crogrammé scale. Of course, that will imply thathé decrease the

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

vtenths'of a millimeter in diameter, and these W111vcarry, I believe,

_advantages of their dwn ..... u

It was not long bofore this predictionIWas fulfilled. GoTay15 first

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

' 1iquid-phasé.v The high resolution capi11aryj¢o1Umn leads the way to
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separate'and to'identify the complicated mixtures in microquantities.
Stain]eSS steel, although relatively expensive, is often used in
caplllary co]umns, since it is stronger and more durable than glass and
provides a nonpo1ar surface’ w1th exce]]ent heat transfer properties. The
stainless steel tub1ng 0, 006 0.010, and 0.020 inches in d1ameter were
purchased from Handy and Harman Co., Norr1stown Pa. The actual coat1ng
of the co1umns was accomplished in th1s 1aboratory " The cap]l]ary co]umne
exhibited eff1c1enc1es between 150 to 500 theoretical plates_per.foot for
0.01 in. L.D. colum and 150 to 350 theoretical plates per foot for
0.02 in, I.D. column. The columns nade 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); v
C. . sta1n1ess steel tubing, 100 ft., 0.01 in. 1ns1de diameter, coated'
with 0V-17 (phenyl -methylsilicone, 50% pheny])
d. stainless steel tubing, 100 ft., 0.01 in. inside diameter, coated
 with HI-EFF-48P (Butane-1,4-diol Succinate);
e, vstainless steel tubing, 200 ft., 0.01-1n; inside diameter, coated
with 50% of Igepal C0-880 [nony]phenoxypb]y(ethy1eneoxy) ethanol]
" and 50% of silicone GE SF-96 (si]icohe:rubber); |
: f. 'stainless steel tubing, 100 ft., 0.01 in. inside diameter, coated
with OV-1 (Dimethyl silicone); o '
: g.  stainless steel tub1ng, 150 ft., 0 01 in. inside diameter, coated
 with GE SR-96 (silicone rubber); _ | '
h. stainless stee] tubing,” 750 ft. , 0.02 in, 1n§ide diameter, coated
 with 50% of Igepa]'CO-880'[nony]phenoxypo]y(ethyleneBXy)ethano1]
i. ‘stainless steel, 25 ft., 0.25 in. inside diameter, conta1n1ng
3¢ SE-30 and 60 to 80 mesh Gas Chrom Q; '
j. stainless steel, 25 ft., 0,125;)n. inside diameter containing 3%
OV-1 and 60 to 80 mesh Gas-Chrom Q; |
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‘The instruments used for this analytical work are listed as fo1Jows:

a. An Aerograph A90 P-2 equipped with a thermal conductivity
detector was-used for. all prepafattve work. Helium was used as
~ the carrier gas; flow rate was 35-55 ml/min.
b. An Aerograph 204 with a modified injection system was used for
capillary ana]yt1ca1 work. It had a hydrogen-flame ionization
~ detector with helium as the carrier gas; flow rate was approximately
2,5 mI/min. for 0.01 in, inside diameter capillary colum. |
c. _A Perk1n Elmer 900 equ1pped with a flame ionization detector was
:used for this work.
d. A Barber- Co]man 5000 equipped with a flame ionization detector
.was used,

4. Combined Gas Chromatograohy:Mass'Spectrometry.

Mass’spectrometry, Tong used in the petroleum industry and more recently

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

tha analysis of volatf]e chemica] compounds. It is é:rapid' precise method,
uses samp]e s1zes on the order of a few m1crograms, and is often capab]e.
of 1dent1fy1ng single components even if previously obtained standard mass
spectra are.not available. for comparison purposes.

The combination of a gas chromatographiwith'a_mass spectrometer has
proved to be an eXtremely_useful tool for the rapid and positive 1dent1ftcé-'
tion of chrOmatograohic fractions. Gas chromatographic data alone are often
ambiguoUS,7and the identificetion of samp1e components'byvthis means can

be obta1ned w1th assurance on]y by the expend1ture of cons1derab]e t1me

'and effort~ Usua]]y ‘the samp]es are collected in a cold trap Th1s system

is t1me consum1ng and suffers from many d1sadvantages, part1cu1ar1y those -
wh1ch are assoc1ated w1th the collection, hand11ng, and 1ntrodUCt1on of

the-samp}e into the mass spectrometer;--



31

16,17

Ryhage and B1emann]8 described combination gas chromatography-

mass spectrometers which employed molecular separators coupled in series

between the column -and the inlet Tine of the mass spectrometer. With this

technique; the samp1e;to-carriervgas"ratio was'increased at least 100 times,
.end 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 tTow rate was on]& a few millimeters per minute,

: The system deve]ooed tn this group_(Fig.VS) connecting a Téjoint to
the.outlet‘of the column and the GC effjuent_sp]it into two fractions.
ApproX1mate1y”50% of the eft1uent went to the flame jonization detector and

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

| .Weht‘into the maSS'spectrometer. 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, becaose the eff]uent goses 'direct1y into the ion source without

" any enrichment.

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

were determined at an 1onizing vo]tage of 70 eV and aniionizing current

~of 70 uA. ~ The temperature of the ion source was genera11y set at 200 C.
'Each'spectrum was scanned_1n three_secondst The spectra were recorded

on an osdi1]ograph:recorder.'

5. Other Phys1ca1 Mesaurements

-"a;5=IR spectra--1nfrared spectra were recorded on a Perk1n Elmer 257
- instrument using a th1n Film from the 11qu1d Good IR spectra ’d
. were obta1ned by us1ng a m1cro -beam condenser and sod1um chloride f
micro p]ates '



32

Figure 5: Block Diagram of -the Gas Chrométograph - Mass Spectrometer combination.
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UV spectra - all spectra were measured on a Cany¥14 spectrometer.

NMR spéctra - all NMR spectra were~reéorded on a Varian A-60
lspectrometef,'at 60 Mc, with CC14,hs solvent and tetramethy]l
silane as intérnal standard. A 50 ug sample was measured on.
_ theAVarian spectrometer, at 100 Mc. Mu1t1bhases were used and
the signals were recorded and averaged by a cdmputer} |
Polarimeter - optical activity was measured on an ETL-NPL-
Automatic Polarimeter Type 143A, with sodiUva line, 10 ohl 1oéd,
and 90 mv scale.
Radioactivity - radioactivities were determined by a Tri-Carb
Tigquid scinti]]afion spectrometer. Toluene scintillation solution

was used for all carbon 14 and tritium labeled compounds. The
scihtillation was prepared in this Taboratory. 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 added ‘to 50 ml of scintillation solution and 62.5 ml of
colosolve #3 in order to make 1 liter of. final so1utiqn.
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CHAPTER 3. ORGANIC GEOCHEMISTRY

Over the past hundred years organic geochemistry was concerned so1e1y
wfth.thé probTem of petroleum formation. Even today petroleum geochemistry
is centered af0und three aspects: first, the origin of petroleum hydro-
carbons, second, the migration of‘these hydfocarbons and third, their final
accumulation in the réservoir rock. In this chapter there are three sections.
The first.section deals with sediments and their relation to the okigin of
1ife as well as the origin‘of petro1eum. The seéond and third sections deal
with-the chemical methodé used to study the origin of life and the migration
bf petroTeUm, respective1y. |

With the aid of new ana]ytica].téchniques organic geoéhemists are no
‘1onger'11m1ted to the study of petroleum. New areas have been opened in the
Study of chemical evolution,’fhe origin of life and the . possibility of
extrétérresfria] life. This last area will be dﬁscﬁssed further in Chapter
. | |

The association of organic matter with sediments has been studied for
the ﬁast decade, pakticu]ar]y in ancient focks.v Some firm correlations
betWeen thevmofpho1ogica1 evidence and fhe organic matter present in the
same rockvpermit a systematic search for chemical evidence of early Tife
in the anciéntvsedmehts. Several classes of drganic’compunds.have been
| reportéd'in'rocks, such a$:é1kanéé], fatty aci‘dsz’3 and'porphyrins4.
These show_promisé as bio1ogica] markers since they éfe eVid;nt1y stab]e,

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 C5H8 isoprene nnits, has been cited as evidence for the bio-
logical origin of petroleum.’ o

Isoprenoid1compounds-ranging from C14 (2,6,10-tr1methy]undeeané) to
CZ]'(2;6,10,14-tetramethy]heptadecane) have been jsolated from petroleum

by Bendora1t155’6 7-11

Other authors _have reported similar isoprenoid
hydrocarbons from oil shales and ancient rocks. |

In the present work the higher mo]ecu]ar we1ght isoprenoid hydrocarbons
have been studied. Small scale adaptations of established separat1on and
identification procedures have reVEaled'the presenCe of C22 to C25 iso-
prenoid hydrocarbons. |
1. Sediments

The existence and COmposttion of organtc‘compounds of possib1e'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, a]]lorganic material in sediments tends to be redoced
either to aromatic condensates resemb]tng graphite, or to a]iphatit hydro-
carBOns E]evated temperatures accelerate th1s process.

Most b1o]og1ca1 compounds have 1ow therma] stability, so that they
will not be preserved through geological t1me, However, some of the
biOgenic compounds, e.g. ,"porphyrins, aming acids, fatty acids, ethers ,
ketones, are somewhat more stab]e SO that d1agenes1s occurs slowly enough }
_that some of the or1g1na1 mater1a1 may be preserved Porphyrms]2 13
and‘am1no ac1ds]4 have been 1nvest1gated by others, and recently, fatty
acids in ancient sediments have been reported by Van Hoeven et a115
A recent lake sediment, F1or1da Mud Lake (5000 years),»the carbonaceous

9 years); and the oldest known

9

“Soudan Shale from MinneSota (2;7'x 10

sediment on earth, the Onverwacht (3.4 x 107 years) are examined in this
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section,

A.  Mud Lake, Florida

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

9-11,

recent one: 16-18 Evidance for thisAthéory festsjon the finding that

algae have less cellulose and-a correspondingly greater proportion of
1ipids than most plant material. In addition, the contemporary alga

' : . v . . . ey . L - 19
Botryococcus is present in microscopic remains in some organic oozes.

Since the algal ooze precursor theory'rests primarily on geological

and pa]eobotaniﬁa] evidence, we have séught to comp1ement.this evidence
by making a study of'the:constutuents of various genera of a1gae.a£ v
the molecular Tevel and cbmparing.thém with the drganic-cdnstifdénts
'isolated and identified in tha algal ooze from a Florida Lake.

| Brad]éyzo has reported finding a lake in Florida that produces an
orgahic ooze, predominaht]y algal in chéracter, which he consider to
fepresent the modern analogue of the Precursors of rich 0il shales, such
ésvtﬁe Green River'ShaIe. This orgahic ooze from Mud Lake,.Florida, was
analyzed for the a]iphatié hydrocarbOn:contént. A sample taken at a depth
of 2 ft. below the mud-water interface showéd a predominance of n-é}kanes
in the higher-mo1ecu]ér5weight region, ""CZO to n;C33, particu]ér]y the
, n-cé7, n<Cé§'a1kéﬁe; and ﬁ-C31 a1kane, 1n.contfasf to_ohr findingslfrom
the algae ahd the photosynfhetic bacteria.  A capi]iary gas chromatogrgm
‘df>the a]iphéfic hydroéafbons_ffom the Mud’Laké samp]e»is.shown in Fig.
c s : v
: _:;This 1abofatory2] a§ well as other research group522’25.have found
" that the n-C]7 hydrocarbon.is a major‘hydrbcafbon’constftuent of both

-~ the green é]gae and the b]de-green algae. The}normal hydrocarbons of
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Gas chromatogram of total aliphatic hydrocarbons of Florida Mud Lake.

, 'A 160 ft, x 0.01 in, I.D. stainless steel column coated with Apiézon

L was used. Helium flow kate'2,5 ml/min. Temperature was programmed
at 2°C/min from 90°C to 300°C and was held isothermally at 300°C.
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the rich oil shale from the Green River Formation exhibit a bimodal

pattern with a maximum af h-C17 and at neczg, and are further cheracter—
ized by_a predominance'of‘odd-numbered hydrocarbohs over the even-numbered
hydrocahbons; The occurrence of the n5C]7,a1kane_1n the Green River

0il Sha1e is consistent with the theory that algae, in part, give rise
fo‘the Qrganic matehia1_of rich of] shale. 'A1though the Florida Mud

Lake ooze at the mud-water interface and below for about 6 inches consists
wholly of minute fecal pellets that are m;dé up ekclusive]y of blue;green
algae, there is no.evidence for the presence of the n-C]7 a]kahe as a |
major constituent of the Mud Lake sediment. The tetal heptane extract from
this sediment exhibits a normal alkane distribution characteristi¢ of a

recent sediment.28-28,

The occurrence of ‘higher molecular weight hydro-
carbons in the Mud Lake sediment might indicate a contribution from

higher plant materia1; . Pollen and'Spores are found in the Mud Lake

sediments. A preliminary analysis ih'thes laboratory indicates the
presence of n-C,5 and n-C25 hydrocarbons as the major cdnstituents of
Ponderosa pine pollen. - Nilsson et al. 29 have ‘analyzed the constituents

~of pollen and have identified Tong-chain hydrocarbons, including the n-Cog »

n-C,, and n-Cyq alkanes. - It is possible that wind-blown poTTen contributed

significantly to the hydrocarbons of higher molecular weight in these

'sed1ments

"B. ‘Soudan Shale

The oldest carbonaceous Precambr1an sed1ment known on the North

”"Amer1can continent is the Soudan Shale of Northeastern M1nnesota in the
~ Lake Super1or reglon. Th1s shale has been stud1ed extensively by Johns

‘g§_§137'"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 th1s exper1ment was to Took for ev1dence of early 11fe

' the very 1mportant bwolog1ca1 markers 7- ahd 8 methy]heptadecane Th1s

' study w111 be d1scussed further in Chapter 4

, Norma1 hydrocarbons (013—02]) and 1sopreno1d hydrocarbons (C]S-C21)
weve identified in the hydrocarbon fract1on
C. Onverwacht | |

A slightly metamorphosed sed1ment from the Onverwacht Ser1es of the;

'Swaz11and System has been ana1yzed for a11phat1c hydrocarbons and fatty

ac1ds -~ The 0nverwacht is strat1graph1ca]1y the 1owest and therefore the -

oldest exposed strata in a series of sed1ments some 20,000 meters thick.

’ C]oud 0‘considers theVOnverwacht to be 3,4 to 3.7 bi1lion years o1d, and

astsuch represents the o1dest‘sedimentary rocks known on earth.

 The pre]1m1nary cham1ca1 analys1s showed 45 2% S1, 0.68% A] 0.24%

Fe, 3.8%C, and less than 0. 01% for N, S Cl and P.

‘The ‘outer surfaces of the samp]e were broken off and’the rema1nder

'of the samp]e was thorough]y washed with so]vent The rock was pulverized

dto approx1mate]y 200 mesh. w1th a disc m111 Fo]]ow1ng the procedure des—

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

'free fatty acids and bound fatty acids were 1so1ated A11 fract1ons
R were ana]yzed by comb1ned capillary gas. chromatography and mass spectro—‘
- metry Free a11phat1c hydrocarbons (Fig 2) represont 0. 05 ppm wt./wt.
of the rock wh11e there were no detectab]e bound hydrocarbons | In
- contrast, there were three times more fatty acids in the "bound" fract1on
| as in the free fractlon, representing'0.03 ppm and 0.01 ppm wt./wt, of
| thexrock, respectively; The distributjon 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 chrbmétogram df free hydrocarbons from Onyerwaéht;

An Aerograph Model 204 gas,chromatbgraph equipped with a flame 1§nization
.detector waé-ﬁéed, with_a 100}ft. x 0.01 in. I.D. stainless steel
capillary column coatéd with ApiezonvL. Hé}ium pressure, 20 psi, no :

sp11ttin9, temperature programmed at‘2°C/m1nUte, from 900 to 2500C.
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Figure 3. The top figure shows'ﬁhe gas chromatogram of the free fatty
acids from Onverwacht. The bottom figure shows the gas éhromatogram of
bound fatty acids. AlI1 the conditions are identical to those in Fig. 1
except tﬁat the tempéréture was prdgrammed from _900 to 250°C and held

isothermally.
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Isoprenoid hydrbéarbohs'represent"arsigﬁificant proportion of the
alkanes isolated from the sediméats which have been examined here, in
fact, they tend to increase prOportiona]y with the age of the source
material.‘ The isoprenoid hydrecarbons have a'wider range with increasing
age. ‘This could indicate thatiéraEking and hydrogenation reactions
were takingvplace at the time of geological origin and that isoprenoid
hydrocarbons were geherated. ’If 1soprenoids.are assumed'to be indigenous
to the sediments at the timevof-thefr depoSition,”tHat could strongly
indicate that 1ife had already started at that time. Contrary to the

31

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

predominance exhibited in the n-alkanes. It;seems that only young
sediments show a special odd}tb—eren»preferehce. Other r-eportsz’Bz’33
also'agree-fhat no alternations Werevobseryed in Precambrian rocks.

The fact that fatty{acies have beén‘ideqtified fn the Onverwacht
| also favors a biological origin.. ‘The abundah;e,of n-Cyg» N-Cyg and
n-C,g is at:present fully cemhatib]e.wfthfaibielogical origin since
acies’withuthese carbon numbers.are'the-MOst.abundant in Tiving organisms

‘and several young. sediments. .

2. Isoprenoid HgydroﬂcarbOns

| This is the f1rst 1so]at1on and 1dentif1cat1on of saturated hydro-
,carbons to C33 1nc1ud1ng 1sopreno1ds to Cyg in the Bell Creek Crude 0il,
wh1ch is reservo1red in Lower Cretaceous age sed1ments (135 X 106 years o]d),
'-Powder River County, Montana |

A, __per1menta1

An a]um1na co]umn (3 ft x 0. 5 in. ) was prepared from 150 grams of

act1vated neutra] a]um1num oxide and washed w1th 200 ml of n- heptane
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Two grams of crude oil were m1xed with 100 grams aluminum ox1de and

transferred to the top of. the co1umn, after whlch it was eluted w1th

'150 ml of n-heptane. The “tota1 hydrocarbons" represented in this

fraction show minimal ultraviolet-absorption at 270 mu. The alkanes were
separated from alkenes by preparative thin layer chromatography on a 10%
silver nitrate-SiIica ge1 plate osing n-hexane as solvent. After the
"total alkanes" were extracted from the sj]ver nitrate-silica gel cut with‘
dry isooctane, the normal alkanes here separated from the branched-cyclic
alkanes with 5A molecular sieve‘(O'Connor et al., 1962)34. A 50:1 weight
ratio ofvsiere.to sample was used. The sieve and sample were placed in a.
round-bottomed flask and refluxed in dry isooctane for two‘days.‘ After

centr1fugat1on, the solution conta1n1ng the branched- cyc11c 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-]ayers, the‘benzene solution of n-aikanes was filtered, and the

_solvent was evaporated.

A]] fractjons were analyzed on an Aerograph Mode] 204 gas chromatograph

equipped with a capillary co]umn-which was coated in this 1aboratory. The

'gas. chromatograms of "tota] a]wphat1c hydrocarbons“ “normal alkanes", and

\

~ "branched- cyc]1c alkanes" are shown in Figs. 4, 5 and 6 resnective]y. Three-

d1fferent co1umns, 100 ft. .x 0.01 1n.,Ap1ezon L, 100 ft. x 0.01 1nh Po]ysev,

. and ]50 ft. x 0. 01'in SF-96 were used for this. ana1ysis Co1nJect1ons of

isoprenoid standards , C15’ Ci7» C195 C20 and C21 1sopreno1d hydrocarbons,
were made on all three columns. The locations of these standards co1nc1de _;

with the peaks 1abe1ed"on Fig. 3.
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The isoprenoids were isolated from the branched-cyclic fraction by

v prebarative gas-]?qdid chromatogfaphy on an Aerograph.Modei A-90-P. The
brahchéd-cyclic fraction wa§ chromatographed on a temperature-programmed

25 ft. x 1/4 in.- 3% SE-30 column. Fractioné were collected and rechromato-
graphed 1sotherma]1y on a 25 ff. x 1/8 in. HI-EFF-48 (butane-1,4-diol-
succinafe) column. | | | |

The fina] fractions collected from the polyester bufandio] column
were used for gas chromatograpﬁ-mass specthmétrTc ané]ysis. A 100 ft.

x 0,01 in. Apiezon L capillary column was used in the Tast step.

A11 mass spéctra were taken using a combination of an Aerograph 204
gas chrdmatbgraph and an A.E.I. MS-12 méss spectrometer. The gas chromato-
graphic 0veh temperature was programmed from 900 to 300°C at 20C/min. with a
helium flow rate of 2.5 ml/min. The effluent from the ;apii]éry colum was
sp]if into two. parts, 1.5 ml/min. going to the flame jonization detector
_and 1 ml/min. going thfough'a 1 ft. x 0.002 in. heated stainless steel tube
ét 2200C diréctly into the ion Sburce 6f the mass spectrdmeter. These
spectra were determined at an ionizing voltage of 70 ev and an ionizing
current of 50uA. The temperature of the ion source was 200°C. Each
spectrﬁm was scanned in three seconds. The spectra wére recorded on an
osc11]og?aph recorder. | | |
~B. Results | | , |
The nQa1kanes‘repfe$enting 2.75i_0.2% of the Be]i'Creek Crude
041 range from Cig to Ca3 (Fig.IS), Identifications were made by mass
spectra1‘ana]yses and by éoinjections with standard samples on:three dif-

ferent'gas chromatographic capilTary columns; Apiezon L, Polysev, and SF-96.
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Figure_4. Gas chromatogram of total'a1iphatic hydrocarbohs of Bell Creek
Crude 0i1. A 100 ft. x‘Q.Ol in I.D. stainless steel column coated with
Apiezon L was used. Helium pressure; 20 psi; flow rate, 2.5 ml/min. An

v Aerogréph 204 apparatus equipped with a flame ionizatfon'detectok waé used.
Temperature was pkogramméd at 20C/min. from 90°C to 3000C and was held

isothermally at 3009C.
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There was no significant predbmihance of odd over even carbon numbered
n—paréffins; A similar dbservafibh was deséribed by Bray (35). The most
prévé]ent‘n-a]kané was'n-C]7.v This result coincided with ouf carlier
report (21, 36 ) (Han et al., 1968a, 1968b) that photosynthetic
micrdorganisms,_suéh'as blue-green aigae, éreén algae, and photosynthetic
bacteria, COntafned more n-heptadecane than any;othek compound in the total
hydrocarbon fraction. | |
Samples of 014 to 025 1§opfenoid hydrocarbons were isolated fromrthe

branched-cyc]ic fraction (Fig. 6) and identified by their mass spectrometric
fragmenfation,batterns. Figures 7-9 give the mass spectfa of Ciy to'C25
isoprenoid a1kaneé.iso1ated‘from this crude oil. For the Cp,-Cpp5 is0-
prenoids we suggest the strucfures I, 2,6,10,14-tetramethy1octadecéne, II,N
.2,6,10;14-tetramethy1nonadecéne, I1I, 2,6,]O,]4,18-pentamethy1nonadecane,
and IV,‘2,6,10,14,18—pentaméthy1eicosané respectively, based on their mass
spectfa; AT] of these cbmpodnds have fegular'head-to—ta11 COndensations,
havihg three methy]éne_groups-between two methy] branch sites.

’113<] 18347 253 61 -

' . N I. M.W.=310

vl -
P AN ~~  Cop Isoprenoid
i

I1. M.W.=324
Co3 Isoprencid

IT1.M.W.= 333
C24 Isoprenoid
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Figure 7. Mass spectra of-CT4 td C]7 isoprenoid hydrocarbohs. They were
.taken as the components were eluted from a 100 ft. x 0.01 in. I.D. Apiezon
L capi]lafy gas chromatographic column. The compounds were ionized by
electron impact at 70 ev, the ion source'temperature at 200°C, and an 
10n121ﬁgICUrrent_of SOuA. Each peak was scanned within the range of

]0-600 mass units in 3.sec. on an A.E.I. MS-12 mass spectrometer.
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Figure 8. Mass spectra of C18;fo C21visoprenoid hydrocarbons. A1l conditions’

are the same as Fig. 4.
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Figure 9. Mass spectra of C22 to C25 isoprenoid hydrocarbons. Al]

conditions are the same as Figure 4.
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The Cp2 1sopfenoid, I,'exhibits s{x major fragments, Cg, C]],C]3,C]6,
Cig and Cyq qorresponding to fragment ions at m/e 113, 155, 183, 225, 253
ahd 295. Structures II, III and-IV'indicates the major fragment ions in Fig. 9.
In Fig. 9, the spectrum for the'C23 isoprenoid, a doublet at m/e 98 and 99
is observed; this phenomenon ié described in our previous repbrt-(McCarthy
gj;gl,; 1968) (37); ‘When a fragmeﬁt has a long straight chain the even peak C,Hop
will be intensified. 'This.phenomenon is also seen in Fig. 8, the fragmentation
battern of the Cf8 isoprenoid. The‘623 isoprehoid (Fig. 9) does show the
doublet at m/e 98 and 99, 1ndicat1n§ the presence of a long straight chain.
Thus, Fig. 9,vthe‘623 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 C24-nor Co5 isoprenoid
of Fig. 9, which eliminates the irregular structures; 2,6,10,14-tetramethy-
1eicdsane and 2,6,10,T4-tetramethy1hene1cOsane. The C]9 and C20 isoprenoids,
pristane and phytahe, do not show doublets at m/e 112, 113 or m/e 126 and 127.
Ih Fig. 9, besides major fragments C7,,68;'C]2, C]3, C17» C]8 and C22

for the.C,, isoprenoid, significant fragments are also observed at Cig and

23
Cog, which rEquires the chérge to remain on the primary carbon atom. The
~same effect is seen in the C24.1sqprenoids,'which have major C16 and CZ]
fragménts."This phenomenon is observed in high molecular weight hydrocarbons.
Aftér bond c]eavage 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 nf isoprenoid hydrocarbons

based on gas chromatographic data.” This is shown in Table 1 by percentage
.wéight of the Bell Creek Crude 0i1: | R | |
_' Table 1. Isoprenoidfénntent of the Bell Creek Crude 0i1

% (by‘wt.) o o v : % (by wt.)

Cig 0.11%0.02 Gy - 0.46 +0.04
Crs 0.2040.02 Gy 0.09 + 0.01
Cg 0.30 +0.03 ~  Cp 0.04 + 0.01
¢y | 0.05 + 0.02 Gy ©0.06 + 0,01
Cyg 10.32 +0.03 Cog ©0.03+0.01
Clg 0.68 + 0.05 - Cos ~ 0,05 +0.01

Identified-iéopnenoid alkanes constitute approximately 2.4% of the crude
oil. | S |
. Discussion

In recent yéars many imp]icatfonS=concénning the origin of.petrOTeum 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

38 39

and Sylvester-Bradley reportéd that
hydrocarbons could be synthesized abiogenically both in the earth and in space.
The ané]ytica] data on petrd]eUm are summarized as follows:

40 and Mair4] have}found that crude o0ils generally are optically active.

1. Hulme
~ This physical property is believed to be confined to biologfca11y derived -
. compounds. Thus the 6ptica1 aCtivity of petroleum has been'taken'as-eyidence

of the biogenic origin of 0il. The optical activity of betro1eum is primarily
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confinéd‘to the Cy4-C1g .and Cy;-C3q carbon number ranges. This

éuggests that 1soprenoids,'stérols and triterpenoids cou]d'be the

parent substances of such optica]]y active compounds.

Si]verman42 studied the 13C/12C ratios 1in petroTéum which are more
SﬁMilar to those of Tiving organisms than to those of atmospheric 0O,

and cafbonate rocks. -

Some compounds isolated from petroTleum havé structural similarities to
organfc substances isolated from living organisms. Metal porphyrin
comp]exés and some of the 1soprenoid'hydrocarbons are'probab1y the diagenic
products of chlorophyll.

The normal péraffinit hydrocarbons are the méin constituents of petrd]eum.
Some petroleum exhibits a detectab1e.preddminance of n-alkanes with odd
numbers of carbon atoms over those with an even numEer of carbon atoms.
This is not only evidehcé for the.biogenic origin of petroleum, but also
_suggests that the deéarboxy]ation of fatty acids might be the mechanism
by which the normal paraffins are generated.

The arématic hydrocarbqns, branched- and cyc1p—a1kanes are abundént in
petroleum. Less brarched structures-are mOrevcommon than highly branched
6nes. :With increase in boiling range, the content of the éyc]ic and
aromatic compounds increases. Most of the cyclo paraffins are related to
cyclopentanes and cyc]d-hexanes. |

Porphyrin comp]exes.ahd certain other compounds are unstab]e at tempefa-
“tures higher than 2500C. This suggests the geochemical history .of

petroleum must have a relatively low temperature.
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8. 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.

43 noted that,; with the exclusion of prophyrins, no

9. . Whitehead and Breger
individual compound containing more than one hetero-atom has been

isolated from petroleum to date.

| vThevbiological precursors of’ﬂthe"C_]'9 and‘C20 1sopfénoids, 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 ch]ofophy11vb
mo1eCu1e,~a”precursor originally proposed by-Bendoraitié et al. (5).

Ih'the Bell Creek Cﬁude»011; horpristéne, pristane and phytahe together

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

" suggested that the sesquiterpenoid'2,6,10—trimethy1dodecané (farnesane) and

its degradation product 2,6,10—trimethy1undecané also resulted from
degradation of phytol in the source.bed. However, another possibility shoﬁ]d
be éonsjdéréd, Since férnesoTvis the side chaih of chlorophyll 1h'some |
photosyﬁthetic bacteria, for example Chlorobium (44) (Raboport, 1961), it

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

_prdcesses'such as dehydration and reduction, it is possible to envisage the
conversioh of farnesol to farhesané. Again, oxidation, decarboxylation and

v reduction could Tead to the Cqg isoprenoid.

The hypothetica1 reduction and oxidative cleavage of polyenes, such
as squalene and lycopene have been considered by McCarthy gE_glﬂS and

Bendoraitis g;_gl,6 Fig. 10 illustrates how C]9 to C25 hydrocarbons might

" be ‘derived from squalene by one bond cleavage. The isoprenoids found
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Fig. 10 Diagenetic pathway to_firregu1ar" isoprenoid a]kaneé with
sQualehe as preéursofg |

in crude oii and sediments are all “"regular" isoprenbids containing on1y‘
head-to-tail 11nkages. For-examp]e, only the regular 625 1sbprenoid,
2,6,10,14,18-péntamethy]eicosane has been found. - The degradation products
from squalene Which contain foﬁr or five isoprenoids would be'“irregu1ar“
1sopfen01d alkanes. An "irregular 1soprén91d“ éontains at least one head-
to-tail orvtaiT;to-tai1 linkage. . In other words, a regular isoprenoid. has
three methylene groups'betWeén two methyl branch sites, but thé irregular
1soprenoid contains at Teast one unit which has either two methylene groups

or four methylene groups between two methyl branch sites. The‘irregu1ar Cog

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

any significant amount. Absence of the Cyg isoprenoid, 2,6,10-trimethyl-
hexadecane; thevCZOvisoprenoid, 2,6,10,15-tetramethylhexadecane, the CZ]

isoprenoid, 2,6,10,15-tetramethy1heptadecahe; the C23 isoprenoid, 2,6,10,15~

_tetramethy]nonadecane, the C24 isoprenoid, 2,6,10,15-tetramethyleicosane,

‘as'w§11 as the C25 isoprenoid, 2,6,10,15,19-pentamethyleicosane, indicates

that squalene is not an important precursor of these isoprenoid hydrocarbons.
McCarthy g;_glfS Suggested that lycopene (Fig. 11) could be the pre-
cursor of the Cpy isoprenoid. If lycopene is an important precursor of lower

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

o5 €
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important precursor of the 624 and Cog isoprenoid alkanes. Fig. 11 shows
how Cp, and Cos isoprenoids can be derived from 1ytopene by one bond
' cleayage. 'Thus/we would éxpect the irregular C24 isoprenoid, 2,6,10?14f
tetramethy]eicosahe, and the irregular C25 1§6prenoid, 2,6,10,14,]9-
pentamethy1eicoSane, if lycopene wére the prchrébr; However,.the CZ@
and Co5 isoprenoids identified in thé'Be11 Creek Crude 011 havé the regular
féoprenoid'stfuctures, i.e., 2,6,10,14,18-pentamethylnonadecane and 2,6,10,
14,18-pentamethyleicosane. No signifiéant amounts of irregular 024 and Cog
isoprenoid hydrocarbons were observed. Thus, it appears that the common, na-
tura]]y occurring isoprenoid hydrbcarbons, squalene and lycopene, did not
play an important role in the diagenetic pathway to isoprenoid alkanes
1§olated from this crude oil. Many other precursors (such as fegu]ar
“isoprenyl a]coho]s) are, however, available in living organisms. Regular
| head;ta11-head—ta11 o1fgoterpeny1 alcohols are rather common in nature;

: So}aheso] was isolated by Rowland et al. (46,47) from tobacco leaves
whefe it was foﬁnd part1y as fatty atid esteré. The structure of solanesol

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

|
H —"—'(- CH2—C=CH-CH2—>n—0H

n=9 solaneso]l . ~ . n=11 bactoprenol |

n=6-9 betulaprenols . n=20. doTicho]
diséovered dolichol in pig liver andbLindgren’(SO) hés isolated a series

of C309-Cq5 terpenols, betulaprenols from birch wood. Thorne and his co-

workers - (51) gave‘thesnamé bactoprenol to the most abundant 1ﬁpid formed
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by three spécies of Lactobacillus from mevalonic acid. The structure of

" this compound was confirmed as a Cgg regular isoprenyl alcohol. A__CHO

isoprenoid SUbstghce 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.

A1l isoprenoid alcohols have regular head-tail structures from end to
end. These alcohols may bé converted into high mo]ecu]ar‘Weight isobrenoid
alkanes by gedchémica] procesées just as the low molecular weight compounds
might be generated from a four—isopreny1—unit alcohol, phytol. It is
suggested that the initial degradation process has to take place by
éttack at the a]cohd1 end of farnesol, phytol, betulaprenols, so]anéso],A
etc. ,Thié‘cou]d then be fo]]bwed.by redUcihg and thermal cracking mechanisms
to give the'C]4 to Cop isoprenoid hydrocérbonsif@uhd'in the Bell Creek
Crude Oilg

chCarfhy (54,55) considered that the isoprenoid hydrocarbons might be
fofméd from the polymerization of isoprene._ The products could be expected
to be present in hydrocarbon mixtureé‘if_they were derived by an abibgenic pro—.
céss whiéh did'not proceed éterébspécifica11y.

Another abiogenic process could a1sd be considered. Graphite could be
reduéed'in'géo]ogicaT'time."In cerfain ways, to break its bonds the
isbb}eno1d'hydrocarbons WOu1d be expected. Fig.A]Z shows that after the~hydrd—
genation and cracking procésses, pristane and phytane might be degradation
products 6f a.graphitié‘]attice. Assuming'this reaction route is fo11oWed>
over geological tﬁmé, isoprenoid hydrocarbons éontaining.any number'of carbon:
atomé cou1dbbe pfdduced, However, the qhéstion'wi]l jmmediately arise, why
are fhe'thkee and four unif.isoprenoid hydrocarbons predbminant in the product .

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

1. Introduct1on

The 1ipids have probably rece1ved the most attent1on of all the biological
markers , because they are more’ stab]e than any other organ1c compound. Among
the 1ipids, the presence qfvisbprehoid'hydrocarbons has been found and
studied eXtehéive]y'during,the past'ten'yans; H0wever,'1t was pointed out
by’McCarthy et al.! that the isoprenoid molecules could also bossib]y be

po]ymefized from small isoprene units by an abiogenic proceés. At‘this stage

_the search for the new biological markers could give additional information

about b1o1og1ca1 and ab1o1og1ca1 or1g1n

The ana]ys1s of the heptane eluate, pr1mar11y by comb1ned cap111ary gas
chromatography'and-mass spectrometry, revea]ed the presence of a series of
normal hydr0carbons,uranging7ﬁn,carbon-number from h-C]S to n'CZO’ Wfth the
n-Cy7 hydrocarhon being the predominant'member'for each species. In addition,
C18 branched- alkanes occufred 1n-a1]fthe.b1ue-greeh'a]gae, which have hereto—
fore not been. found elsewhere, | o |

The structural 1dent1ty of the C18 branched a]kanes seemed to us of

_part1cu1ar swgn1f1cance because they appeared to occur un1que1y in b]ue -green
- a]gae»and;were absent from_certa1n photosynthetjc and non-photosynthetic

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

advanced then the blue-green algae bdt'sti]] relatively primjtive;“

FZL_ Physical Measurements:

In an early report2 é tentative Nostoc branched Cig alkane structure,

7,9—dimethy1hexadecane,Was proposed basedlpufe1y on mass'speCtra1 evidenee.
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This chapter wi]ivconclusively identify the structuré of the C]8 hydrocarbon

and show that our @rigina1 proposa]‘of a dimethyl.hydvocarbon fs in fact
incorrect. | | |

| The mass spectrum of the C,g branched alkane isolated from Nostoc is

shown in Figure 1. The unique feature of this spectrum is the occurrence of
méjor "doub}ets“‘of péaks at C8,ﬁC9;.C11 and C12 frégment ions, corresponding
o m/e 112, 113, m/e 126; ]27;'m/e_154,_155, and h/e'168; 169; in each'fragment
the even peak is more intense'thﬁn“tﬁe'odd péak.' The feature in the mass
spéctra1 fragmentation pattefné of ofher branchéd'hydrOCarbons will be discussed
in more detail in Chapter 8. If 7,9-dimethylhexadecane was the structure of the
NQEEQE_braﬁched-C]g hydrocarbon, theﬁ‘the only anbma]bus'featuré of the mass
spectké which might be 1ncohsisteht with that Structufe was the relative
intensity:of the 154 and 168 peaks re]atiyefto.]SS and 169. In keeping

with this deéignation, the infrared ébectrum of the Cyg branched é]kanelfrom
ﬂ9§§gg_$hbwed no ébsorptioh corresponding to the presence of gem-dimethy]
groups-in‘tﬁé molecule (Fig. 2)3. This:spéctrum was obtained using a micro-
~beam condenser.and a 50 pg sample of hydrocarboﬁ. The nuclear maénefic resonance
spectrum of thé hydrocarbbnbwaé bbtaihed wfth some.difficqlty 0n.a‘500'pg sample.
.The'integratgd,Spectrum indicated a methy] to methylene proton ratio of -
'épproximate]y'1:2.5. Fina11y;'thé capillary GLC retenffon time (Fig. 3)
indicated that the‘structUre brobab]y]cohtained‘no more thénione‘or tWo methyl .

groups.

3. Synthesis Procedure
| With this spectral evidence we set,about'tovconfirmvthe structure of

- the hydrocarbon by synthesis. Our first'synthesis was non-stereospecifié
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Figure 1: Mass spectrum of the Nostoc b)ranchéd—c]8 alkane obtained using the

MS-12. The compound is ionized by electron impact at 70ev.
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Figure 2: IR absorption bands are obtained with a Perkin-Elmer 257 Spectro-
photometer equipped with é micro cell and beam condensor. The'compounds with

or without gem-diméthy] groups showed different absorption bands.
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Figure 3: ‘Gas chromatographic separation of Nostoc hydrocarbon mixture using
an Aerograph-204 instrument. A stainless steel tubihg 100 ft. x 0.01 in.,
coated with Apiezon L. Hel4um pressure 20 psi; no split. Temperature was

programmed at 2°C/min. from 90°C to 300°c.
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and produced both diastereoisomers in equimolar amounts. The synthetic outline
is shown 1in FigUYe 4., Two aspects of this synthésis deserve some consideration.

In the first place the conversion Of_7,9-dimethy1~8-hexadecano1 into the

" corresponding ketone produces two compounds, which have identical mass

spectra (Fig. 5) and infrared spéctra; and which can be separated by preparatiye..
gas chromatdgr&phy. The confirmafion of the fact that these two components

were the diastereoisomers of the C18 ketone was obtained by first 1$dlating

the 1ndjv1dua1 components in turn and then converting each of them into én
eduimoiar'diastereoisomeric mixture again, by-refluxing'with 10% KOH 1in

ethanoT for two hours. The.puritylof one kéfone is shown in Fig. 6, checked

by gas CHromatography. The gas chromatogram of epimerization products is shown
in Fig. 7. Secondly, the final step of the synthesis, a WOjff—Kishner
keduétion, was carried out with some difficulty and gave a poor yield. However,
there were two m_va\jovrC]8 hydrocarbon compqnents in the cfude product Which |
cou]d be éeparatedbby capillary gas chromatography and which wefe identified

as_the two diastereoisomers of 7,9-dimethylhexadecane and tWo mass spectra

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

the long chain diastereoisomers of an acyclic hydrocarbon by capillary gas-
Tiquid chromatography (Fig. 9). To determine which component corresponded

to the erythro diastereoisomér‘(meso-]ike) and which to the threo diastereoi-

~somer (d1-Tike) we synthesized the pure erythro diastereoisomer starting from

giifdimethy1cyc]ohexanone. The synthetic outline is shown in Figure 10.

Coinjection of this diastereoisomer with the mixture of‘diaStereqisomers showed

that the erythro isomer had the shorter retention time.



~ Figure 4. Non-stereospecific synthesié of 7v,9"—d1'methy1hexadecane.
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Figure 5: Masé Spectra of the synthetic meso- and d1-7,9-dimethylhexa-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 §eparat1on df synthetic dil 7,9—dimethy1—8-

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

Apiezon L. Aerograph model 204 gas chromatograph was equipped with a flame
jonization dector. Helium pressure, 20 psi.  No'sp11t. Temperature was

programmed at 29C/min. from 900C to 2509C;
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Figure 7: Gas chromatographic -separation of epimefized products of d1 7,9-

.‘dimethy]-s-hexadecanohe.' ATl Condjtions are the same as Figure 6. -
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Figure 8: Mass spectra of synthetic 7,9-dimethyThexadecane. Al1 the

conditions are the same as Figqre 5. (A.) d1 isomer. (B.) meso isomer.
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Figure 9: Gas chromatographic separation of non-stereospecific synthesis

product of 7,9-dimethy1hexadecané. A11 conditions are the same as Figure 6.
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Figure 10:

'Stereospecific synthesis of meso-7,9-dimethylhexadecane.
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The mass spectra of the mixture"of diastereoisomers and of the pure
erythro diastereoisomers were identical (Fig. 8). Houever,‘they:differed signifi-
cantly enough from the mass Spectrum of the'C18 branched alkane from ﬂg§§gg
"wn the reTat1ve 1ntens1t1es of the m/e 154, 155 and‘m/e 168, 169 peaks to
»1nduce doubt about its 1dent1ty, the odd peaks were now more 1ntense than the
even peaks Furthermore the retention time of the C]g branched alkane from
N9§§gg_was greater than the retention times of e1ther of the diastereoisomer
standards which had been synthes1zed. This last fact conv1nced us that the
'strUCturedOF the ﬂgéggc;c]g branched alkane was gg§;7,9-dimethy1hexadecane.

The'dn]y'other'feaéib1e_exp1anation‘was'an equal mixture of the 7-methyl-
and'8-methy1 heptadecahes;'which“cou1d'not be separatedzby capi]iary_gas
chromatography . Such a mixture would be expected'to give an almost identical
mass spectrum to that of the ﬂg§§95_018 branched a]kane and in addition
should have retent1on times closer to that of this hydrocarbon Therefore,
.one 1mportant quest1on rema1ned Were these two hydrocarbons inseparable by
our cap1]1ary gas chromatography? Such a question coqu”Only be resolved
by synthes1s of the 7- methy] and 8-methy1 heptadecanes The synthetic
procedure used for these two compounds 1s g1ven in F1gure‘11 Methyl -
heptadecanes were synthe51zed from methy] ketones and 1-bromoalkanes. Grignard
'1react1on was app]led to the synthes1s of two tertiary a]coho1s 7-methylhep-
tadeca 7 ol and 8- methy]heptadecan 8- o1 Their spectra were shown in Fig. 12,
no mo]ecular ion could be found In each case after dehydrat1on react1ons
7 methy!heptadecene and 8- methylheptadecene and five alkene isomers were separated
' by capw]]ary'gas chromatography The f1na1 products 7- methy1heptane and 8-

' methy]heptane were obta1ned by hydrogenat1on of the. aTkenes. Fig. 13 shows
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'F“igure H:.. Synthetic routes to the 7émethy1-heptadecéne and 8-methyl-heptadecane.



101

Ha (S ISOMERS)
NN 2J\/\/\/ i ‘
: B¢ ‘ R M/\/\/\I/\M
: 3. n,-o .

..lso% Hy, 80

4

/\/\/\/\/Y\/\/\ P /\/\/\/\/j./\/\/\

(p I SOMERS )

FIGURE 6

XBL 685-4202



102

~ Figure 12: Mass spectra of synthetic 7-methy]57-heptadecano1 and 8-methy]-8-.

heptadecanol. All the conditions are the same‘as'Figure'S.
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Figuré 13: Mass spectra of synthetic 7-methy]héptadecane and -8-methylheptadecane.

All thévconditTOns are the same as Figure 5.
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their mass spectral éharécteristics, the peaks, 126 and.154 in one spectrum and
112 and 168 fn the'other, were now‘mdré intense than the odd ones. Neither

the 7-methyl nor 8-methylheptadecénes, nor 1:he'C]8 branched,é]kahe from the
N9§§g£_cou1d be sepérated by cap111§fy_gas chromatography'(Fig. 14). Fig. 15
shoWs‘the'gas chromatographic separaffon of all tﬁese dimethy]hexadécane

isomers and methy]heptadecané isomers.
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Figure 14: Gas chromatographic ¢p1hjection of 7- and 8-methylheptadecane

and branched—C18 from Nostoc is obtained with an Aerograph-204 instrument.
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Figure 15: Gas chromatogféphic separation of b\r‘.anched-C]_8 hydrocarbon and
synthetic dl and meso-7,9-dimethylhexadecane, 7-methylheptadecane and 8—methy1—

heptadecahe.;
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EXPERIMENTAL SECTION

2-Methy1nonana14

“Nonanal® (6.8g) was added .to a solution of t-butyl amine (18g) and
p-to]uenesufphonﬁc acid (ca. 100mg) “in petroleum ether (b.p. 40°.60°, 150m1),
and the reaction mixture was boiled for 6 hrs. under a_Dean-Stark water-Separatfng
reflux-head. The solution was decanted from a little Erowﬁvofl and evaporated
to a pale gfeenish-ye]]ow 0il which was fractionally distilled to yield
“nonanal t-butylimine b.p. 820/Tmm (3.8g). ,vmax.lsso; 1201cm™ !,

| 'Théff-buty]iminé (3.8g) in dfy fetfahydrofuran'(10m1) wés added to a

Gfignard reagent prépaféd ffdm ethy].bromidé (2.i89) ahd'maghésium (0.460g)
in dry téirahjdrof&ran (30m1), and the reaction,mixtﬂre was boiled under a
reflux Condehser}for'24 hrs, Qith exclusion of'atmospheric moiétdre. Methy]
bromide was added dropwise before aqueous hydfoch]drfc-acid (6N, 200m1) was
added and the mixture boiled for é further 2 Hrs, then cooled and extréctéd
wifh ether (100m1). The ether extract was washed with water (l,x.100m1), and the
aqueoﬁs wash re-extracted with ether (100ml). The combined ether extracts
Were dried (MgSO4)'and evaporated to a residual oil which‘wés'fractiona11y
distilled to yield 2-methylnonanal, b.p. 52°/0.4mm (Q,77g);:homogehods by
GLC analysis (< 3% of more volatile contaminéht,'apparent1y ﬁonana]) v max

2680, 1715cm™".

-7;9-Dimethxj-84hexadecanone
2-methylnonanal (0.77g) was added to a Grighard solution, obtained
from 2-bromooctane (1.10g) and magnesium turnings (0.140g) in dry

tetrahydrofuran (10m1), and boiled gently for 6 hrs, then kept overnight at
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‘room temperature Saturated addeous ammonium chloride so]utibn (0. 6m1) was
added to the reaction mixture which was stirred for a further 10 min., then
' f11tered'through a ce11te pad., The f11ter pad was washed with ether, and the.
f11trate and wash1ngs were evaporated to y1e1d 7,9-dimethy1-8- hexadecano]
‘as a ye11ow1sh oil. v . |

The hexadecano] was dissoived in acetohe-(SOm]);dthe solution cooled
to 00, and titrated with Jones' reagent6’(2.8m1'reqpired)l The acetone
so]ution was decanted from inorganic sa]ts; which were washedeith ether (SOmT),
and the supernatant and washings were evaporated to a small volume which was
then.partitioned‘between water (20m1) and ether (20m1). The aqueous phase
was reextracted w1th ether (20m1) and the combined ether eXtracts were .
drled (MgS0g4) , evaporated and the res1due fract1ona11y d1st1]]ed to yield
7, 9 dimethyl- 8- hexadecanone b p. 120-125°/0.3 mm. (O 509) " '

The 7,9- d1methy1 -8- hexadecanone was separated 1nto two equa] peaks on
a 25' X 0.25" 3% SE-30 column. 10mg of each of these two components were
1so1ated by preparative gas chrdmatography, Aerograph Model A-90P. They
~ had 1dent1ca] 1nfrared spectra and mass spectra -/max-1374 1707cm 1,_
'm/e=268 (molecular 1on) 184 (C]2H240)+ McLafferty rearranged fraqment
170 (C]]HZZO) McLafferty rearranged fragment 155 (C11H23) 141 (C10H2] .
127 (Cghhyg) ", 113 (cgiin)’.

Ep1mer1zat1on of 7 9- d1metny1 -8- hexadecanone7

5.5 grams of potass1um hydrox1de 1n 100m1 ethanOT was prepared'in,a
~ 250m! round-bottomed flask. After 6mg of the first 7,9- d1methy1 -8

hexadecanone (the one with shorter retent1on t1me on preparat1ve GLC)
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had been added, the stirred hixture‘was heated under reflux for two houré.
The solution was cooled to room temperature and was acidified with concentrated
sQ1fQ?iq acid. The potassium suifate salt was‘fi1fefed out and washed with |
10ml of ethanoi. Most of the sb]véht was removed on a rotary evaporator.
The crudé'product was taken up in Q.5m1 of ethano]land quahtitétive]y
transferfed to'the top of a 100giéctivated aluminum ox{de column. The
column was then successively eluted Withv80m1 eéch of n;heptahe and diethyl
ether. The ether eluate was evaporated to dryness-and yielded 4.8 mg. of
ketones. These products‘were checked by-GLCvagain and contained a 50:50
mixture of the first and second ketones. Both show m/e 268 (molecular ion,
184, 170 (McLafferty reérrénged.fragments), 155,'14j,'127 and 113 on mass
spectra. L | o - |

The sécond ketone (6mg) was treated in an identica]'manner and
yie]ded’S.l;mg of a 50:50'mixtufe of the first and setdhd-ketones.

Wolff-Kishner Reduction of 7,9-dimethyl-8-decanone®*”.

A mixture of erythro and threo ketones(6mg,)hydrazinevhydrate(0.0Sm],)
and freshly distilled diethylene glycol(0.20m1)was placed in ah 18cm x 0.8cm
Pyrex tube. The tube was heated in an oil bath at 120°C for 2‘1/2.hrs; After
cooling, powdered KOH (0.2g) was added. The tube was cooled with 1iquid
nitrogen and sealed under 5 mm. Hg vacuum. The tube was put back into the
0i1 bath, thé»temperature was slowly raised to 210°C, and maintaihéd_at 21OOC
for 2‘]/2 hfs. After cooling to room temperature, the reaction mixture R

was poured into 10m H,0 and extracted with ether (2 x 5ml). After the

solvent wés’femoved, the alkanes were separated by co]umh chromatography.
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The n-heptane eluate from the a1ﬁmiﬁum oxide column yielded a mixture of -
two 7,9¢dimethy1héxadeCanes, which were Separated.by GLC on a 100" x 0.01",
Apiezon L column at a helium f]owvrate of 2.5ml per minute, using‘an Aerograph. :
Mode]'204 gas chromatograph equipped with a flame jonization detecfor. The
mass'speCtré of these two 7,9-dimethylhexadecanes were taken by combined
gas-chrohatographic-mass spectrometric ana1ysis]o’]], which was performed

with an Aerograph 204 gas chrométograph’combined'difectly'with an A.E.I, MS-12
mass spectrbmeter and the same capillary column and'cbnditibns as‘described
above. These two alkanes had 1dent1ta1 spectra~ m/ev254 (molecular ion),
239 (M-15), 169 (C,Has)", 155 (CqqHyq)T, 126 (Cgyg) ", 112 ()"

3,5- d1methy]cyc1ohexanone

Commerc1a1 2,5-dimethylcyclohexanol (cis-by GLC) was ox1d1zed with
Jones' reagent to the ketone b.p. 68-70° /]5mm

3,5-dimethylcyclohexanone pyrrolidine enamine. (1 -N- pyrro11dy1 -3,5- d1methy1-

Cyc]ohéxehé. _
3,5-dimethylcyclohexanone (23g) was dissolved in benzene (300ml)

containing pyrrolidine (20g) and the so]ution‘Was boiled under a Deén—Stark '
‘distill-head for 4 hrs. and' then evaporated, under water—pumpvvacuum, to a
residual oil which was fractionally distilled to yield the enamine blp} ]029/ :
1.5 min. (30.5g). Found C, 80.23; H, 11.90, N, 7.94%. Calculated for
C, H N (179.30), C, 80.38; H, 11.81; N, 7.81%. |
12

12y ,
2-(2'-ketohepty1)-3,5-dimethylcyclohexanone

The ehamine'(T7.9g) and triéthyiamine (12g) were dissolved in dry

chloroform (15mi) and hexanoyl chloride (13.5g), dissolved in dry chloroform
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(100m1), Was.added dropwise, with stirring,vover 40 min. The reaction mixture
was kept 1 hr. at 35° and then kept overhight’at room temperature. Aqueous
hydroch]o?ic acid (6N, 120@1) was added and the reaction mixture was. |
stirred vigorously and boiled for 5 hr, then poured into'wafer (300m1),

the chloroform layer extracﬁed washed withdwater (3 x 100m1). The individual
aqueous washes were reektracted wfth‘th]oroform (1 x 1QOm1) and the combined
chloroform extracts were dried (MgSO4)5 evaporated, and the residue fractionally
distilled to yield the diketone, b.p. 114-117070.9mm, (11.3g) which crystallized
on stor1ng at 0°, | '

3,5- d1methy1dodecano1c ac1d]2

The dione (8.29) was heated to ]]Oo, stirred, and‘a solution of potassium
hydroxide (5.0g) in water (5m1), preheated to 110%, was added in one portion.
| After 4 mins. the solution was poured into waterd(120m1);\the'co1d solution
was acidified with conc. hydroch]oric-acid and extracted with ether (2 x 50ml).
‘The combined ether extracts were dried (MgSO4) and evaporated to an oilyt'
residue which was taken up in d1ethy1ene glycol (40m1). Potassium hydroxide
| '(2.19) and hydraz1ne hydrate (]5m1) were added to this solution and the |
mixture was boiled under reflux for 8 hrs. A hot so]ution‘of‘potassium
hydroxide (9.0g) 16 diethylene glycol was then added, the bath temperature
raised, and the excess hydaazine'a]1OWed to boil away unt1] the solution
temperatuke had reached 2000. The solution was then boiled under fef]ux
for 14 hrs., affer which it'was coo1ed, di]uted with water (800m1), acjdified
- with concentrated hydrochloric acid and extraeted with ether (2 x 100m1), then
~dried (MgSO4),vevaporated and the reeidue fractionally disti]]ed to yield
‘the acid, b. p"T34f135°/0.8 mn (2.90g). Found C, 74.02; H, 12.48%. Calculated

for C14H2802 (228.36), €, 73.67; H, 12. 36%.
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7,9-Dimethylhexadecane.

[

3,5-Dinethyldodecanoic acid (2.90g) and hexanoic acid (5.75g) were
dissolved in methanol (ZOOhl) inAthch sodium (1.0g) had been dissolved.
The solution was é]éttrb]yied]3’fbr:Z_hrs., by which time the cell current
had fa11en,frpm the 1n1t1a1:Va]ue of 4 amp. to a steady vaTue of 0.4 amp.
Some.waxy sd]id separated during fhe electrolysis. The solvent was distilled
of f at atmdspheric pressure, through a 25 cm. Vigreux column until only a
small volume of solution remained. This was taken up ih'ether (2 x 200m1),
brevioué]y used to rinse thé cell and electrodes, the volume again reduced to
about 100ml. and the solution was then washed with aqueous sodium hydroxide
(Sg,]N, 50&1); The ethereal solution was dried (MgSO4), evaporated and
~ the residue fractioha11y diétilled to yie]d.the~7,9fd1methylhekadecane as
a fraction b.p. 162°/15mm. (0.76g). GLC énalyéis revealed this to consist
of a ”sihg]e“'majbr component contaminated with less than 5% of other, more
volatile material. - |

7-methylheptadecane-7-01

1-bromodecane (10g) in dry ethyl ether (15m1) was added dropwise
to a 150m1lthree'necked flask with magnesium (1g) fn dry ether (15m1)]4.
The bromidé so1ution was added over one hour after which the mixture was
vheated uhder reflux for'two_hours with exclusion of air. The reaétion
mixture was cooled fo _8%C in an ice and salt bath. A solution of 6g of
freshly prepared 2-octanone in 15m1bof anhydrous éther was added‘dropwise

to the reaction mixture, the temperature remaining betweén -89 énd 0°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 250ml beaker. The mixture was acidified

» . - .

' with 10% sulfuric acid and the aqueous layer waskseparated and extracted with
10ml ether. The solvent was removed on a rotary evaporator to yield 7-methyl-

.

¥ heptadecan-7-01, (12g). vmax=1145, 1374, 3380cm'];'m/e 252 (M-18), 255 (M-15);
129 (C8H160H) j85 (012H240H) .
7-methy1heptadecene

The 7- methy]heptadecan-7—o1 (6g) in 50 ml Of'n-hexane was added to
50 ml 50% sulfuric ac1d The mixtdre'was stirred for'S hrs. The organic
1ayer was separated and the aqueous solution was washed with 10mI n-hexane.
The comb1ned n- hexane solution was concentrated to yield 7- methy]heptadecane

1

(5.5q) /max=890, 1650, 1374cm ', m/e 252 (molecular ion).

‘7—methy1heptadecane

A mixture of 7-methylheptadecene (2.75g), isopropy] alcohoT (20m1);
glacial acetic acid (2m1) and .Pt0, (5mg) were placed in a BroWn Hydrogenator 15,16
Hydrogen was generated fron acetic acid and sodium borohydride. After the
reactionvsolution Was stirred fon-five hburs,.most of the solvent was removed
S on a rotary evaporator. The erude product was transferred to.the top of an
activated aluminum oxide (100g) column. The column was then eluted with 100ml
 of n-heptane;. Tne?n-heptane~fraction yie]ded 2.5g of 7-methylheptadecane.
m/e 254 (molecular ion),a168 (C]2H24)+, 112'(C6Hi6)+, Vhax=]374cm—1.

8-methylheptadecan-8-01

An.identica1 procedure as with 7-methylheptadecan-7-01 was used.
Starting.hateria1: 1g magnesium, 8g 1-bromoheptane and 7g 2-undecanone.
'VFinaK productf' 8-methylheptadecan-8-01 (119);‘¢hax=1]45,v1374; 3380cm'];

m/e 252 (M-18), 255 (M-15), 143 (CQH]SOH)+, 171 (C]]HZZOH)+.
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8-methylheptadecene

The 8-methylheptan-8-01 (Sg)AWés dehydrated with 50% sulfuric acid

- (see procedure for 7-methy]heptadécene) yielding 8-methylheptadecene (5.5g).

/max=890, 1650, 1374cm™', m/e 254 (molecular ion).

8- methy]hegﬁadecane

The 8-methylheptadecene (2. 759) was hydrogenated in a Brown Hydrogenator33’34

(same procedure was used as in 7-methy1heptadecane). ‘Final product 8-methyl- = -

heptacecane (2.7g). /max=]374cm'], m/e 254 (molecular ion), 154 (C]] 22)+,

wr
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4. Final Identification and .Physical Measurements

Thé mass spectrum of a 50:50 miXture of these hydrocarbons corresponded

_ exact1y'w1th the mass spectrum of the C,q branched alkane from Nostoc. A

comparison of these mass spéctra”is shown in Figure 16, Finally, a scrutiny
of the NMR speétrum of the Cig branched alkane from ﬂgézgg_showed that it
cofrespondéd‘mofe c]ose]y'w{th the mixture of 7-methyl and 8-methyl hepfa—
decanes rather than with the NMR spectrum of the 7,9 dimethylhexadecane.
Therefore, the structure of the Cig branched alkane isolated from the'blue-
green alga, ﬂggggg} and from the other species, cbrrespohds to an equal
molar mixture of 7-methyl and 8-methy1'heptadecane:

The optical activity was studied on an automatic polarimeter. 5mg of

Nostoc b*ra'n'ched-C]8 hydrocarbon was dissolved in 2.5 ml of hexane and meaéured

~with sodium D Tine. An optical rotation of +2.5 i'0;5_was obtained. No

further aftempt‘has been made to designate the'exact.stéreochémistry 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 aﬁd 50%
GE SF-96. The totai,hydfocarbon fraction (2 ug) from Nostoc was injected at
30 Psi of helium as carrigr gas and oven. temperature jsotherma11y'at,125°c.‘
The branched C]8 hydrocarbon_mixture was indeed.separatéd intq an equa1 amount
of 7-methy1heptadécane (Fig. 17, peak b) and 8-methy1heptadecahe (Fig. 17, peak a).
However, approximately 10% of peak C was also separated by this high resolution

gas chromatography. Peak ¢ was identified as 6-methy1heptadecane 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.
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Figure 17: Gas chromatographic separation of branched—(:]8 hydrocarbons. A
stainless steel tubing 750 ft. x 0.02 in. coated with 50% Igepal-C0-880 and ‘

50% of GE SF-96. Aerograph model 204 gas chromatograph was equipped with a

flame ionization detector. Helium pressure 30 psi, no sp]it.' Isothermal at

125%C.  Peaks a, b, and ¢ were identified as 8-methyheptadecane, 7-methyl-

heptadecane, and 6-methylheptadecane, respectively by GC-MS.
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5. Geological Significance

In an organic geochemical cohte*tlit is always interesting to ]odk for
the occurrence of bio]dgica] markefs'in Precambrian sedimenté. Barghoorn
and Tyler17’18 and more recently Barghoorn and Schoprg-zz; feported the |
presence of sbheroida] microfossi1é.”'They_were 1nterpretéd as probably

representing the remnants of unice]}u]ar blue-green algae-like and bacterium-

Tlike organﬁsms. The presumed phbtosynthetic nature of these primitive algae

seems corYoborated by carbon fsotopic studies of organic matter in the
eérTy Precambrian rocks. The branched C]é hydrocarbon becomes an extremely
important biological marker to prove the occurrence of primitive algae in
that age. Such»a finding would e1egant1y complement the paleobotanical
studieé of these workers. | o |

Three different colums, 100 ft., x 0.01 in. I.D. .HI-EFF-48P, and 150 ft.
x'0.01'in; i.D. SF-96 were used for this analysis. Coihjection of authenticated
branched C]é mixture to a total hydrocarbon fraction of Soudan Shale (2.7

X 109'yéafs) was made on all three columns. The location of the standard

" coincided witﬁ the peak 1&be]ed"a"1” Fig. 18. This 1mp1ies that blue-green

algae were probably present at the time of the fbrmation of the Soudan Shale.

6.  4-methylheptadecane

The 7-methyl and 8-methylheptadecane 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-C]8 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

bénd’may have the structure-4-methylheptadeane.

|
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Figure 18: The top figure shows the gas chromatogram of total aliphatic
hydrocarbons from extractabTe organic material of Soudan Shale. The bottom
figure shows this fraction W1th'coinjection of branched-C]8 hydrocarbon. |

A1l the conditions are described in the figure 6.
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Figure 19: Gas Chromatographic sepafation»of Chlorogloea fritschii

hydrocarbon mixture is obtained with an Aerograph-204 instrument.
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Figure 20: Mass spéctrum of Chlorogloea bran_ched-C]8 is obtained with an

A.E.I. MS-12 mass spectrometer.
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CHAPTER 5. BIOSYNTHESIS OF HYDROCARBONS

1. Introduction

The cut1cu1ar wax of higher p]ants 1nvar1ab1y conta1ns 1ong cha]n paraff1ns

1

C 0o C,e in 1ength with C C29, and C usua11y predominating. These

.21 35 27’

paraff1ns can be ut111zed by m1croorgan1sms2 and to a limited extent by anima1s3.
Little is known about the . b1osynthes1s of paraff1ns in spite of the w1despread
occurrence of paraffins in nature.4’5' In moSt plants one paraffin is pre- -

dom1nant for examp]e in Brassica oleracea (broccoli, cabbage) more than 90

percent of the paraffin fraction is a C29 alkane, and in Senecio odor1s it is a
C3] alkane that predom1nates 6

‘The b1osynthes1s of hydrocarbons has been studied more than that of other
waxy compounds. Neverthe1ess, with the exception of squa]ene wh1ch has been

studied very extensively because of its connection with steroids7, our

_understanding of the biosynthesis of hydrocarbons is stil] écanty.

Piék8 reported that acetate labeled with deuterium or 146 and carbon atoms
of gTucose were 1ncorporatéd ﬁnto beeswax paraffins as well as other compounds .
Although paraffin synthesis also occurs in microorganisms, most of the studies
were of paraffin syntnesis in higher plants. -

Ko]aftukudy9 proposed three condensation of fatty acids pathways to form

A0 0 - OH
. 200, L. Ao !
i, 2c,—c—0” - B
Cyg—¢C \ a2l L2y % Clg —=Cy47C-Cyy
’ 0 ' _ 0 . : l H
-‘ 170y Cy
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DR 7 U , . :
e Gt | 0 oM
| 0 gb C]S‘\x ﬁLox1dat1on -C o C *é C
VR : -—-;:—-—-—-—0- 14 14———>="14"7""14
X — T 2 Co, '
C15 \ “ '
-
Cg CHy-Cyy
, o elongation C, units
‘s DE NOVO sygthes1 decarboxylation.
iii. C2 ’ —Pcw ac1d . complex
« v . o

\'4 T
in chloroplasts _
' ' C,gparaffin

§fhce‘c16 and C18 ac1ds are the most - abundant ac1ds in plants, it is

'_'reasonable to presume that n-nonacosane and n-untriacontane are formed by the

condensation of these two acids respect1ve1y

If the 1abe]1ng pattern obtained in the C29 ketone of Brassica o]eracea

can be assumed to be the same as that in the 029 paraff1n, the double-w

ox1dat1on pathway (pathway 11) can be ruled out because 1f this ‘pathway were

~ followed the carboxyl carbon of the acetate wou]d give rise to the carbonyl

‘Acarbon of the ketone but the methy] carbon of the acetate was shown to give

10

According to the condensat1on pathway (pathway 1) the n-Cyg acid might be

expected to be incorporated into the C,g paraffin at least as fast as the C,¢ -
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acid, which should be the precursor of the 615 acid. However, in Brassica
o1eracea9 the C]6 acid was more readily incorporated into the 629 paraffin
than the C]5 acid was. Furthermore if pathway i were fo11owed the carboxyl
carbon of the C16 acid would be Tost ‘during the -oxidation process which

]4C only in the

precedes the condensat1on " Thus the C16 ac1d labeled with
carboxyl carbon would not be expected to give rise to rad1oact1ve C29 ketones

or paraff1ns. The fact that pa1m1t1c ac1d—1~]4C was as eff1c1ent as uniformly
labeled pa1mft1c acid in provfding radioactivity to the paraffing showed that
the carboxyl carbon of the'C16 acid is not lost. 'FUrthermore, palmitic acid-16-

14 14, 14

C and palmitic acid-1-'"C were equal in their incorporation of ' 'C into the

_paraff1n]1
According to pathWay iii, the product of de novo fatty acid synthesis,
namely the C]6 acid, becomes fhe substrate for an elongation-decarboxylation
enzyme cemp1ex This complex success1ve1y adds Cy units unt1] ‘the chain
length reaches the v1c1n1ty of C3O’ then the fatty acid is decarboxylated and
the C29 paraffin is released. Some decarboxylation must occur before C30 and

9,10

after C3O,fgiving rise to other paraffins. The incorporation”™’ = of specifically

Tabeled acetate into C295compounds of Brassica oleracea is in agreement with

the elongation pathway. As predicted by the hypothesis and as indicated by the

experimenfe1,eyidence, the'C16 palmitic acid is incorporated as a unit into

the paraffin. |
When'fattyiacids increased'in.;hain 1ength_from C]O to C]4,_there was é

relatively small increase in incorporation into the C29 combounds,'but furfher

increase in.chain.length of the precursor caused a rather rapid increase in
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1ncorporation.9’]] Stearic‘acid wes incorporated at least twice as fast as

C,, acid into the paraffins. The.Tonger'fatty acids (Cyg and Cq) presumably

“16

can become the substrate directly for the enzyme system that synthesizes paraff1ns

and therefore much more readily undergo conversion 1nto(paraff1ns. |
Distribution‘of a]iphatic hydrocarbons in_e variety of microorganisms were:

described in other chapters. Of all the species examined, the.simp1est mixture

of hydrocarbons was found in the blue-green algae, e. g s Nostoc, wh1ch has

only four components in the hydrocarbon fract1on of extracts of the algae.

The major components of the hydrocarbons are n-heptadecane (n-C]7 hydrocarbon)

12 to be an.

and a "branched chain C18 ‘alkane" which has since been shown
equ1mo1ar mixture of 7- methyl and 8- methy1heptadecane In addition to these
hydrocarbons'which_constitute 99% of the hydrocarbon content of the algae, two |
minor components are é]so present, viz. n-pentadecane ("n—C]5 hydrocarbon)’and
n-hexadecane (n-IFC]6 hydrocarbon). |

ThehoCCurrence of these hydrocarbons in the blue-green algae apparently
at a cr1t1ca1 stage of evo1ut1onary d1vers1f1cat1on led us to examine their
b1o1og1ca1 origins and poss1b1e metabolism in the Tiving cell. In this chapter
we report results of experiments in the b1osynthes1s and metabolism of methyl-
'branched octadecane,'n-heptadecane, and the minor‘constituent napentadecane of
‘Nostoc. | | A |

The unique occurrence of these hydrocarbons, apparently confined to blue-

green algae and appear1ng at a cr1t1ca1 stage of evo1ut1onary d1verswf1cat1on

may be of considerable significance. It would be of interest to ga1n an



137

understanding of the biosynthetiC'pathWay to_these branched C18 alkanes from
Nostoc in these primitive organiSms. One possible precursor, 7-heptadecane or
the corresponding acid, does not appear to occur in blue-green algae. An

alternative source might be lactobacillic acid (11,12~ nethyieneoctadecan01c

) 13,14

acid). It is formed by the. fixation of a C1 unit derived from formate

. 5
to cis-vaccenic acid. 1

2. Experimental

Eight liters of Nostoc muscorum were grown in an inorganic medium for 4

days at 25°, under a stream of air- CO (v/v 95:5) and with illumination

(450 ft candles) from both sides. The culture (OD 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 suspen51on was 1]1um1nated at 25o and under CO2 for 2 hrs. The ce]is

were harvested by centrifugation (10,000q) 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‘dL]4C fatty acids {obtained from New England Nuclear Corp.) were

- decarboxylated by photodecomposition of their acyl iodides followed by zinc

dust reduction of the aikyi halides as described by Barton, et al.1®  In each
case 0.1 mho] of the acid was used and the over-all yield as determined by the
radioactivity retained in the product was 60%. The prdducts were purified |

by chromatography on alumina. Uniformftritium-iabe]ed methyl vaccenife was

made in this laboratory by the Wilzbach gas exposure method. Methyl vaccenate -
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(10 mg) was depositedveven1y on a 100-ml glass reaction tube. After eQacuation
to 0.1 mm, 7 Cf of tritium gas énd 20 ml of 6xygeh gas at §tandard cdndition
were introduced into the reactioh_tube.: | |

Methyl tritiostearate was formed by adding tritium to>the double bond,
and methy]Itritiovaccenate was formed by trﬁtium substitutjon reactions.
Liquid scintillation counting'ihdicatéd that 3.1 mCi of.tritium was 1ﬁcorporated
into the tota]'product. After hydrofysis of methy]_estefs 300 uCi of methyl
tritiovaccenic acid was isolated by thin Tayer Chrdmatography on silica gel

19 '

G containing'15% of silver nitrate.

3. Biosynthesis of normal hydrocarbons

A]though the'fofmation of hydrocarbons in 1iving o?gahisms by .decarboxylation

- of fatty acids has been a subject of conjecture for some‘time,6 Tittle is

known concerhing the derivation of hydrocarbons in algae. Studies in the
biogenesis of hydrocarboné in'dther'microorganismS'have shed light on their

mode of formation but Tittle positive evidence has been pfoducéd for the

decarboxylation of fatty acids to yield hydrocarbons. Thus Oro, et a].,zo

examined the formation of hydrocarbons in Sarcina luteau by including a variety

14

of " "C-labeled substrates (e.g., acetate, g]ucose;,1eucine, isoleucine, bicar-

14 14

bonate, and both palmitic-1-""C and -16-"°C acids) in the culture media. How-

ever, the length of incubation (48 hr) and the genera1 nature of metabolites

used led to the appearance of label in a wide variety of substances.

In an effbft to study the decarboxylation of fatty acids in isd]ation

we have used exclusively w-]4C-1abe]ed acids andvcomparatively short incubation

- periods (2 hrs). The low level of incorporation into hydrocarbons obtained
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under bhese conditions can, however, be. detected and the mixture of prbducte
| analyzed by the techniques of gas chromatograohyqband liquid scintillation -
counting. | | | - |

The results of an 1ncubat10n of stear1c 18-14C acid in a culture of
Nostoc is shown in Table I An exc]us1ve 1ncorporation of radioactiyityvinto
n- heptadecane is observed 1nd1cat1ng a d1rect decarboxylation of stearic acid.
The n- heptane fraction conta1n1ng the hydrocarbons accounts for 6.2% of the
'total_rad1oact1y1ty recovered; close to the remainder of the radioactivity
(92.7%) 1s'present in the methanol fraction which contains the starting material.
When pa1m1t1c 16—]4C acid is SUbstitUted'for'the radioactive stearic acid,
radio- act1v1ty was. 1ncorporated into n- heptadecane as well as into n- pentadecane
(Table II) in the extracted hydrocarbons. The formation of n-heptadecane is
likely to be e”result of chain e]ongationvto stearic acid prior to decarboxy-
lation. However, there appeérs to be aopreciable incorporation (15%) into
fractions of the extrects other than,thoée'containing the hydrocarbons and
the fatty.acids, This would indicate that the synthesis of other compounds from
fregments'such ae acetyl-CoA would give.risé to radfoactivity in the benzene
‘Il fraction. Unlike the case of stearic-18-}4ciacid there was considerable

_breakdown of the pa1m1t1c 16-]4

C ac1d dur1ng the period of incubation.

As a means of studying the poss1b1e further metabolism of the normal
hydrocarbons, synthetic n—heptadecane-]4c and nfpentadeCane-]4C were a]so
~incubated with cu]tures of Nostoc ~In contrast to the incubationé of ]4Cv

fatty acids, no apprec1ab]e metab011sm of the rad1oact1ve hydrocarbons was
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detected after the samebperiod.ot_ineQbation (Tables III aﬁd'IV). The re-
covered radioactivity remains‘eSSeﬁtiéliy-in the hydrocarbon fractions.

- Analysis of these showed the fetentidnrof radioactivity only ih the peaks
of the gas:chrohétogram corresponding to the starting materials. The small
amounts ef radioaetivity present iﬁ7other peaks of the chromatograms are due

]40 hydrocarbons present in each

to tailing of the large quantities of the
'chromatograh; This was Shown by injection of_a'simiiar 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 cfvtréce amounts of hydrocarbon remaining outside the
a]gai cells eVeﬁ_after waShihg with water subsequent to harvesting them cannot

be exeiuded. The resﬂ]ts may , therefore, only indicate the failure of the

hydrocarbons to enter the algal cells.

4. Biosynthesis of 7- and 8-Methylheptadecanes ;

The first'paft_of this work was a search for the'bresence ot possible‘:
intermediates such as vacceﬁic acid in Nostoc. eHo]ton, et ai.,Z] reported
7;4% octadeCenOic acid in the total acids of Nostoc muscOrUm. They reported
it as Aig-Cig acid.L'HoweVer, the doub]e.bond position isomefs.were not.
separated by their backed gas—TiquidAchromatographic co]dmn.

Qur gasvchromatographic‘pattern fof the methyl esters is given in

Figure 1.;vThe_compohents,were identified by g]pc.coinjectiqns'of standard
v"esters and their_masélspectfa. Methyl o]eate and methy vaccenate had identical.
mass spectra but could be‘seperated by a capillary column coated with Hi-Eff-

4BP (polybutane-1,4-diol sUccinate). The fatty acid mixture contained mainly
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- Figure 1: Gas»chromatographatic2§éparation 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 f]ame_ioniza-
tion detector. Helium pressure 1élpsi no split. Température was. programmed

~from 100°C to 200°C at a rate of 2°C/min.



146

zA-c'8

3A-Cig

A9
A-Cg

9
A-cts

Al 2A-Cig

NOSTOC MUSCORUM

FATTY ACIDS

Hi-EFF-4BP
100" x 0.01"
“%6 1§ PSi He
100°- 200°C
2°C/min.

<y 1
Cis

XBL 686-4242



147

aeids. The percentegeéiof fatty acids are given in Table V.
11

C]6 and C18
This is the first observation bf vaccenic acid (cis-a

22 23

'C18) in blue-

cons1dered that two different pathways exist
18

green algae. Bloch, et al.
for the syntheéis df’monounsaturated fatty acids. According to Bloch:
"among the Cig monosaturated fatty acids, the anaerobic bacterial pathway

9 11

is apparent]y Capable of producihg“bdth the A” and the A’ isomers, whereas

the aerobic process 1nvar1ab]y yields the Ag acid." .In our case, A]] is

11

presumab1y produced by an aerobic procesa Vaccen1c ac1d (cis-a '~C

18)
"could be formed as avminor product from stearic acid by a oxidative mechanism.
- Other possibie phecursors of ‘the hrahched'a1kane»such as acids with a
methyl ‘branch or cyc1opropy1 r1ng lave not been found in Nostoc

The confirmation of the presence of vaccen1c ac1d in Nostoc led us to
investigate its possible role in the b1osynthes1s of the methy]heptadecanes.
When tritium-labeled vaccenic acid was incubated with Nosfdc, about 10%

.1 x 107'dpm).of the radioactivity was incorporated into the cell and 90%

]4C-1abe1ed mefhionine experi-

remained in the supernatant so]utfon. In the
ment 8% (3.6 x 106 dpm) of fhe radioactivity Was_incorporatedvinto the

ce]] The d1str1but1on of rad1oact1v1ty in the various column chromatograph1c
fract1ons of these experiments is g1ven in Tab]es VI and VII. |

A When meth1on1ne-methy]-14C was used, essentially a]] the radioaetivity

in the_n-heptane fraction,was‘incorpohated in:}- and 8-methylheptadecanes.
'_:As shown in Tab]e”VI this miXture contains 9.05 x 10° dpm or 99% of the

rad1oact1v1ty However only 80 1% of the radioactivity of the n- heptane frac-

tion was found in the branched C18 when tritiated vaccenic acid was used as

A
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;

. TABLE V

-~ Fatty Acids vComposition A(%)'of ’Tofa] L;pids ofl Nostoc muscorum.

| Saturated Acids | Mono-unsaturated Ac%’ds - Polyunsaturated Acids

' n-Cip  23.4 | Aj-le 29.8 20-C 1.5
n-Cg 0.6 sty 13.8 20-Cyg 18.3
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a starting material. The incorporation of radioactivityvinto n—heptadecané

is presumab]y ‘a resu]t of\hydrogenat1on followed by decarboxy]at1on

" The data in Tables VI and VII a]so confirm the fact that the meth1on1ne
methyl group is spec1f1ca1]y ‘added to the double bond of vaccen1c acid. If a
methylene group is 1nserted 1nto the double bond, followed by decarboxylation
and then ring open1ng, 1t could produce the 50:50 mixture of 7- and 8-
methy]heptadecanes.

14C and cis-vaccenic-14c acid, Liu and Hofmann24

By using methionine—méthyl-
were able to demonstrate that 1actobaci111c acid (11,12-methyleneoctadecanoic
ac1d) b1osynthes1s in Lactobac111us arabinosus, an anaerob1c bacter1um involved.
the addition of a methylene group into the double bond of cis-vaccenic acid.

In the methionine-methy1-14c and formate—14c exper1ments, their results showed
most of the radioactivity of lactobacillic acid was on the cyclopropyl
site. It 1s_suggestedfﬁhat the 11,12-methyleneoctadecanoic acid could be the

intermediate of the branched C]8 hydrotarbon. We are at present investigating

" this possibility.
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CHAPTER 6. CHEMICAL TAXONOMIC STUDIES OF HYDROCARBONS.

1. Introduction

Livihg’brganfsms pan'be~cTassified chemically in accordance with the
substances méde.bybthem. Such a chemical classification may be compared with
or used as a supp1ement to morphoTogical classification and may be of some
importance Th the development of the true hatura] system of angiosperm
phylogency. |

'According to Star‘n’er1 the~evo1utiohary step from the brocaryotic
cell (b]ue-green a]gae and'bacteria)'to the eucaryotic cell (green algae,
fungi,'protoioa; hfgher p]anté'and animals) is reéognized by the appeafancé-
(or presence in'some caSés) qf nuclear membrane, mitotic diviéion, chrofmosome
'humber, cytdp]asmic streaming and mitochondria in the eucaryotic ce11. Sinﬁe
1ipids are important constituehts,of cytob]asmic and intracellular membranes,
studies have been made to determine whether such evo1utiohary trahsitions
are reflected at the molecular level. Very little work has been‘feported
on evolutionary development Studies of lipids. B]och2 reported the absence

3 recently

of sterols 1n procaryotic cells. However, Reitz and Hamilton
isolated two sterols from bTue-gréen algae. Their results showed that very
hafsh methbds had to.be used -to extract the sterols from the algae. This
suggested that sterols might be bound very tightly within the procarydtic '
cells, Park_er4 a1so_showed‘that the amount of polyunsaturated fatty acids
containing two or more double bonds is very Tow in b]ue-gféen algae. In

this chapter the chemicé] taxonomiéa] approach was used to examine the

hydrocarbons from different groups of microorganisms.
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2. .Samples and Methods

Cultures of four species of bTue-green algae, seven species of non-photo
syﬁthetic bacteria, and sixvsbecfeS'of green algae and phétosynthetic bacteria
were ektracted, fractﬁonated‘andléhalyzed by the‘methods previously described.

© Al1 blue-green algae, green algae, and two of the photosynthetic bacteria,

Rhodospirillum rubrum and Rhodopsegdbmonas spherbides, were growh in this
laboratory, in an inorganic mediﬁms for foq? days at 25°C, under a stream

of Air;coz (v/v 95:5) ﬁnd'wifh i]}umination“(450 ft. candles) from both sides.
The cultures (0D 680 0.8) were harvested and centrifuged in a continuous
flow system. The wet cells were washed by'resusbehSion in distilled water,
and cehtrifuged.again; About 0.4 g-of dry cell pér'iiter’of me&ium was

. collected each time after the water was removed by freeze drying.

Two nonphotosynthetic bacteria, E. coli and Micrococcus lysodeikiticus,

were'purchased from Miles Laboratories Inc., Elkhart, Indiana. Threevnonphotoe

synthetic bacteria"P ‘sherménii, Co]stridium’tetanomorphum “and Co]stfidium

acidi-urici were supplied by Dr H.A. Barker Dept of Biochemistry, University

of Ca11forn1a, Berkeley. Two samples, Desu1f0v1br1o Essex 6 and Desulfovibrio

hildenborough, were culturedfih sodium lactate medium6 by Dr. J.R. Postgate,

- University of Sussex, Eng]and.-’Rhodomicrobiuh vannielii was obtained’from

Dr. N.G. Carr, University of Liverpool, EngTand; it was grown on a malate-
glutamate,medium,'anaerdbically in the Tight. “Sulfur bactekja, ch]ordbkium
was grown in'this laboratory Under'1ight without air.

3. Ident1f1cat1on of 1 Heptadecane

A mono- unsaturated C]7 hydrocarbon was found only 1n a]gae both blue-

green and green algae, and was absent from opher photqsynthet1c and rnon- -
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photosynthétic'bacterﬁa. The_pefcentage,bf this a]kene in the total hydrocarbon

fractions of Anacystis nidulans (blue-green) and Chlorella pyrencidosa (green)
(Fig.‘1) was 2.95 and 81.5% respectiye]y. This a}kene may be of cohsiderab]el
significéﬁce in green a]gae; since it is the predominent component in the tota]_
hydrocarbon mixture. N | i |

In order to-determine the double bond position of Chlorella heptadecene,
an oxidation reaction was carried out. After the product was purified and
eéterified,.ohlyvone‘esterg methyl palmitate was determined by both gas
chromatographic co-Tnjebtidn and mass spectrometry. Thus, oh1y oné'possible-
struéture can be drawn, therdouble bond is on the terminal carbon position.
Maés spectra of terminal unsaturated alkenes are studied and will be discussed
in Chapter 8. This series of normal alkene—]fhas general chakactefistics,b
M-28 fragments are oﬁtstanding. The experimental proéedurés were és follows:

Heptadecene (S'mg) was isolated from the normal heptane fraction of

Chlorella pyrenoidosa by using preparative gas chromatography. The alkene
.wa§ treated with an ekceséfof_chrdmic acid in acetic acid for two hours.

| After the solvent was evapofated,'the produtt was purified with column
chromatography.. The methyl ester was obfained according to the pkocedure
described in Chapter 2. Both mass spectrometry and gas chromatography
indicated tﬁé-fina] product was a sing1e compaund, C]6 methy] esfer;

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']: Gas chromatographic separatjoh of total a]iphatic hydrocarbons
from chlorella. 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. He]ium preséure 20 psi, no split. Temperature

programmed from 90°C-190°C at 2°C/min.
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'CHLORELLA  HYDROCARBONS

A-Ci7
POLYSEV 100’ X 0.01"
90°- 190°C
2°C/min.
75" hr.
25ml /min. He
n-Crz

n-Cis nCig nCg nCig :

"XBL670-6210
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normé] 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 gg_gl:7'reported that

fhe n-C]7 alkane was a major peak in the total'normal alkane fraction of
the Soudan Shale (2.5 x 10° years). This may indicate that-photoéynthetic
microorganisms are a major hydrocarbon source in the Soudan Shale.

Norma1 alkanes of carbon number less than C]4.and more than €,y are

'rareiy'present to any appréciable extent in b]ue-greeh;a1gae and green

algae(Table I). However, the hydrocarbons from photosyhtheticfand non-
photosynthet1c bacter1a range in chain 1ength from C]3 to C31 (Tables II
and III). These hydrocarbon d1str1but1ons are very d1fferent from the
higher,piants which conta1n normal hydrocarbons ranging from C23 to C35,8
Thé_difference betwéen the norma1.hydrocarbon patterns of microorganisms
and higher'p]ants is striking, and there appears to be a.future for
taxonomicvcorré1ation based on this approach.

In the recent lake sediment, the Mud Lake of Florida (5000 years),’

n-C29 and n~03] alkanes are the most 1mportant peaks in the total hydro-

carbon fraction. The Green River Formation (50 x 10° years) has two peak

maxima in the normal alkane fraction7, one at»n-C]7 and another one at

n-CLZ9 and'n;CB]. ‘It'appears that the high molecular weight odd numbered

paraffiné, n-C27, 629 and n-C31 are contributed by higher pTants. In the -
Green River Formation thé higher plants and photosynthetic microorganismé

appegr to play equally important roles in hydrocarbon production.
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Rhodospirillum
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TABLE III

Photosynthetic Bactéria

Rhodopseudo- Chlorobrium Rhodomicro-

high M.W. cyclic
hydrocarbons

vubrum monas spheroides (sulfurbacteria) bium
: (25) (31) vanniellii
| o 28
n-Cpg 0.01 . 0.87 1.5 0.03"
n-Cig | 0.06 IR 0.75  ~  0.05
Pristane 0.10 9.6 0.5 0.4
s'-cyy - - e -
n-Cyy 3.50 42.5 50.0 | 0.15
Phytane -- 1.3 0.5 0.16
n-Cig 0.3 19.2 1.3 0.37
n-Cqq 0.45 ~18.8 | 1.3 0.45
n-Copy 0.32 - 0.38 1.0 0.46
n-Cy, 0.24 = 18 0.46
nCypy - -- 3.0 0.62
Gy - - 1 10
-y . 69 1.2
n-Cyp - - | 10.8 0.92
n-Cos — - o131 0.50
n-C,, R -- -- 2. ~0.38
neCyy S - 0.5 0.
Squalene and 94.7 - o -- 92.5
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If we disregard the n;C]7‘hydhocarb0ns; the amounts of odd-numbered
homologues and the even-numbered ones in either algae or bacteria are about

8,10

equa1 (Tables I,‘II; and III), in confrast to'higher p]ents Since the

a]kanes.can be assumed to be end products of the 1living organism metaboh'sm,H

this may be significantlin.terms of the spéoificity of the enzyme systems which
are involved in the formdtidn of'the‘alkaneé from acetate units. It is probable~
that one route to the ]iving'organfsm;hydrocarbons involves decarboxylation\of

the cOhnesponding 1ong—chain fatty acids 'The'decarboxylation of the fatty

acids of chain length C]O 634 wh1ch might give rise to the typ1ca1 n- a]kanes o

. are dependent on the enzyme spec1f1c1ty of the organ1sms

12-14.

The 50:50 m1xture of 7- and 8- methy]heptadecane appeared to occur

uniquely in the blue-green algae and was absent»1n other photosynthetic and

nonphotosynthetic mieroorganisms. These methyl branched a]kenes seemed'to

be of particular signifioance'because the_methyT branches are not the_isoQ and
anteisostructures which have been fodnd'in many 1iving organisms. This peir'
of hydrocarbons may be of,considerahle importance in taxonomic studies, not

only because of the large amount found in the b]ue-green algae, but also

because of its unique presence in such a primitive microorganism

The 1sopreno1d hydrocarbons are absent in b]ue green a1gae and green -

’algae but they are widely distributed in most of the,photosynthet1c 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 isopnenoid hydrocarbons although the chlorophylls
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Gas chromatographic separation of total aliphatic hydrocarbons from

P. shermanii. Stainless stee1 tubing 100 ft. x 0.01" in inside

diameter, coated with Apiezon L. Perkin-Elmer model 900 gas
chromatograph eduipped with a flame ionization detector. Helium

pressure, 20 psi, no split. Temperature programmed from 90° to 300°¢C

at 2%C/min.
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P SHERMANII TOTAL HYDROCARBONS
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are absent. This'indicates the nonphotosynthetf;,anaerobfckbécteria activity

may play an important roTe in isoprenoid hydrogeh diagenesis. |
The existence of anaerobes has for years alerted scientists to the nbné'_

essential charécter of oxygeh-based reépiration, but anaerobic primary-producing

systems are few. The sulfuretum, the anaerobic micrébiai eco-system based on

the sulfur bacberia, is one such system and ba]eochemica1 evidence, based

on fractionation of the sulfur isotopes, has shown that sulfureta were active

at least as far back as 2 x 109 years ago. Basica]]y, such a system requires:

only the intervention of sulfate-reducing bacteria and Thiorhodaceae; very
‘ | | 15

reasonable arguments‘have been presented by Peck and by Klein and Cronquist]6 .
that representatives of these were the dominént life forms during the anaerobic

phase of life on this planet. A number of biochemical characteristics they

possess may'justly be held to berp?imitive: hydrogenase, ferroxdoxin, a

phosphoroclastic system of pyruvate metabolism, €0, 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 Thiorhodaceae

are models of the evo]utionafy precursors of green plant photosynthesis and

relics of sulfur-based photosynthesis seem still to be detectable in green

17

plants. Desulfovibrio similarly seems to be a model for the antecedants of

cytochrome-base aerobic 1ife, being the only obligate anaerobe with a cytochrome |

concerned in respiratory'chain phosphorylation. kKTein and Cronquist.even place

Desul fovibrio as an évo]utionaryfprecursor of photosynthetic bacteria. Thus,

‘Desu1fovibrio could be the precursor onChlorobium, alphotosynthetic sulfur
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bacteria. Compare the total hydrocarbon constituents of Desul fovibrio (Fig. 3)

and Chlorobium, (Fig. 4) both of them have a hydrocarbon range from C,. to C28
and a singTé maxima at Céd and C26‘respective1y. ‘HOWéver, all the photosyn-‘
thetic microorganisms which include Chlorobium have a characteristic 1nbcommon, :
the predominance of the n-é]7 hydrocarbon. | |

‘It has been suggeétedrg;Z] that in the ea;ly'period of Precambrian time
no Tiving organisms exiSfed oh'the earth except procaryotic &el]s, bacteria
and b1ue-gfeenvalgae. Probab]y.after the blue-green algae began to decline,
bacteria became more activé. Thé isoprenoid hydkocarbons, higher molecular

Wéight Hydrocarbons, and fhose unresolved branched and cyclic hydrocarbons

were produced by anaerobic nonphotosynthetic bacteria.

Figure 5, the total hydrocarbons from Clostridium tetanomorpﬁum H=1,
 shows the_distributionfof normal a1kanes.and more than a hundred resolved peaks
between n-C]é'and n-Czﬁ. Mass spectra indicate these unresolved peaks are
branched and cyc]ic hydrocarbons, which also existed 1n.every Precambkian rock;

As shown in %ab]e III;fsome of the photoéynthetic bacteria, Rhodospirillum

rubrum and Rodomicrobium vénnie]]ii, contain approximately 92-95% branched and

cyclic hydrocarbons in the total hydrocarbon mixture, Thosevhave a gas chroma-
tographic retention time n-C27 and n-C32. One predominant peak exists on each

gas chrdmatogram.' The mass spectroscopic data indicates the majorlpeakbin both -
cases is squalene. Approximate]y 1% of the Stekanes and trité@panes pan»a]so

be detected by GC-MS. The individual structures of these cyclic hydrocarbons are

still under 1nvestigétion.' These high molecular weight branched and cyclic
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L

Figure 3: Gas chromatographic sepafation of total a]iphatic‘hydrocarbons from -

Chlorobium. A1l the conditions are the same as Fig. 2.
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Figure 4: Gas chromatographic separation of total aliphatic hydrocarbons. from
Desu1fovibrib Desulfuricans Essex 6. All the conditions are the

same as fig. 2.
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Figure 5. Gas chromatograpﬁic separation'of total aliphic hydrocarbons of

clostridium Tetanomorphum H-1. A1l the conditions aré the same as

Fig. 2.
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compounds aré not préSent'in any significant amouht in any other procaryotic
cells., | | |

The abundance of the steranes and tritérpanes'is a striking feature of
_the tdtaT hydrocarbon content of the Green River Sha]e,7 but they are only

22,23 14 ys

present in the Nonesuch énd Soudan Shales in very small amounts.
probable that one route to the high moiecu1ar weight cyclic hydrocarbons in-
volves some reactions of the sterols.. The sterols which may givé rise to |
the typical steranes and triterpanes by geo]ogicﬁ] proéesses ére common con- =
stitutents of éUcanyétic“ce1ls. It is suggested that the initial reaction
process has to take place by reacfion of the funqtiona1 groups of sterols.
This could then be fo]]dwéd.by reduction, isomerization, thermal cracking, -

as Qe]] as'anaerbbié bacterial activities during‘geologica1 time to give high
molecular weight cyclic hydrocarbons in the Green Rivef Shale.

The use of chemical constitutents and so-called molecular characteristics
aé an aid to the c1assif1cationkof'1iving organisms is not only a familiar §
~ conqept now, but also a yery useful tool. These characteristics have the
advantage ovef'morphologica1 ones that they can be very exactly described in
térms of defihﬁte chemical structures. The elucidation of the Structures and
configurations of secondary organic products can lead to an.understanding not

bn]y Qf_their'ﬁiosyﬂtheses, but of possible subsequéht diageneti¢ changes as
' we]],.»Erdtmaﬁz4 Has pointéd dut that fhe most va]uabléiéubstanceé faxondmically
are not‘thdse which are involved in primary metaboTic pkocesses but rather |
those whichzare re1atfve]y stable secondary products, The hydrocarbohs meet
this fequirement and éTSo‘répresent the mo$t easi1y analyzed chemical sUbstance§.
in Jiving organisms. The distribution of hydrocarbons.rangihg ffom C]O to C35
has been discussed previously in this report and thé gehera]ized results are

shown in Table IV. -
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5. Hydrocarbon Constituents‘of Synchronized Algae

Synchronized algae, Chlorella pyrenoidosa, has been grown in thisblaboratory.

A 26 hour Tight phase was followed by @ 12 hour dark period. During.the light

period, the photosynthesis is taking place and the cell'svolume 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 r‘eported9 that more than

95% of the total Hydrocarboh‘fraction of Chlorella pyrenoidosa is n-heptadecene

' ahdbg;heptadecane. The ratio of unsaturated to saturated compounds is 4:5.

The hydrocarbons have been analyzed in each of the growingvstages in ordér
to understand more about physiological biosynthesis of a1gae. The ratio of
ﬁ;hepfadecene to n;heptadeCane is 3:5 fn fhe dark phase, (Table V) but when
the light period begins‘it‘sudden1y jumps to 7:5 and stays constant through
this period;' Another minor ﬁeak, n-heptadecadene appears in the first 16 hours

of the light phase, but it was not fouhd in significant amounts either in the

stage one hour before the dérk phése or during the dark period.

It 1s‘suggested 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-dehydratioh pathway or by a dehydrogenatioh

procedure in that period. Other types of compounds found in synchronized

algae, such as fatty acids and amino acids, are under investigation.

6. 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.



b
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" TABLE V

Synchronized A1gae, Chlorella pyrenoidosa

Time(ﬁguﬁggwing A-C]7/n—Q]? ratio
0 S 2.3
s 8.0
6 | 7.0
25 o | 7.3

30 ‘ . 3.5

178
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(b) The isoprenoid hydrocarbons, pristahe and phytane are absent in
algae and aerobic bacteria, but ére'genera11y present in the others.

(c) Squaléne,bsterahes,‘and triterpanes are absent in algae and
nonphotosynthetic baéteria but are present in most cases in photosynthetic
bacteria énd-higher plaﬁts. |

(d) 1In all cases, tHe odd over even carbonQnumbered n-paraffins is
approximately 1.0 in aerobic and anaerobic bacteria, whi]e_jt is greater:
than 10 in higher plants. The value is 1.0 to 5.0 in algae when the pre--
‘dominant component n-C]7 js excluded. .

(e) The n-Cy; hydrocarbon is predominant in aTgae, the dominance is
decreased in photosynthetic bacteria. The intensity is not outstanding in
nonphotosynthetic bacéeria and generally absent in higher plants.
| (f)  The h-c27,bn-C29 and n-C3] a]kénes are the major constituents in
higher p1ahts, 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

1. Introduction -

A]though lipids occur in all species of 11v1ng'organisms examined, a
survey of the fatty acids compositton has barely been started, and it is
only seed fats which received a reasohab]y bnoad coverage. Even at the
present time, data from'other parts of the p]ant kingdom are fnagmentary.
As 1n the animal world, the lipids of aquatic‘species‘appear to have a

different fatty acid make up from those of terrestria]‘species. It is con-

.yenientvto start with an examination of the type and'distrtbution of fatty

acids in microorganism and then to proceed to those higher plants and animals.

2, 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 synthesizéd from acetyl CoA. 1,2 The acid is elongated by

add1ng C2 units until the chain length ‘reaches C]6 or C18
Many 1aborator1es3;9 have shown that 11no1e1c and linolenic acids make

a significant contr1but1on “in the ‘total acid m1xtures in photosynthet1c

_p]ants and algae. But, they are not universal components of the m1croorganisms,'

Anacystis nidulans, a green a]gae,]0 does not have linolenic .acid. The C16

' ’po1yunsatUratedﬂacid 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 aeids are the major components
in photosynthetic bacteria.

13- ]? suggested the biosynthetic route to unsaturated fatty acids

B1och
in m1croorgan1sms which cou1d.be summarized as follows:

- a. There are two separate pathways to synthes1ze monounsaturated fatty
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acids. One of these produces oleic (A9 C18) and pa1m1to]e1c (A C16) acids
by oxidative desaturation ef stear1c‘and palmitic acids respectively. It is .
the only or predominantspathway tn‘yeast, blue-green algae, and in some aero-
bic bacteria. - This process requires'mo1ecu1af oxygen and TPNH, and generates
a double bond only at the ninth. éafbon position. | -

b. Anaerdbes, facuitative aerobes, and some obligate aerobic bacteria
lack the ability to desaturate stearic and palmitic acids, either in the

absence or pkesence of oxygen. .In these_pathways, olefinic acids (A7-C]6,

9 9 11
A 'C16’ A 'C]8’ and A

C]g) are synthesized in the course of a chain}lengthen-
ing process rather than by desaturat1on of the corresponding saturated acids.
This nonoxidative pathway appears to be employed not only by the obligate
anaerobes, but aiso by various aerobic representatives. The anaerobic bio-
synthetic routes to monounsaturated fatty actds’in bacteria are postulated.

The fatty acids which have been isolated from bacterial lipids are underlined.
The unsaturated sites ofﬁthesé underlined acids are not only at the . |
carbon, but also at the seventh and eleventh carbon. |

4—'~C6—-C8—~Co—-.11 ‘—E].ﬂ. >CJ§ .

N3

| 9

| ; 1
| 4",‘310 A“C12‘*A"C14"'A"‘316—*‘A“C18

A"Cm"A"Cﬂr" pc ""'A—Cm

' C2 3C
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- c. Multiply-unsaturated fatty acids are formed from oleic acid or
palmitoleic acid by an oxidative mechanism., They are not synthesized or
found in microorganisms in which vaccenic acid (AH -C18) is the principal -

C]S-unsaturated fatty acid, nor is there evidence that'they occur in .any

. bacteria Tipids.

The composition of fatty acids in microorganisms are highly dependént
upon the growing conditions. Mi]ner27uhas reported that in Chlorella

pyrenoidosa grown either in a greenhouse or outside, the amounts of C16 and

Cig acids were inverted and the amount of €, Saturated and unsaturated

fatty acids decreased with increasing lipid content of the cell. Nicho]s28 |

has shown that the amount of linolenic acid in Chlorella vulgaris is much

\

greatek when it is grown on a mineral medium supplemented with amino acids, -
under light than when it'is’gfown in an organic medium and in the dark. Hexa-

decatrienoic acid is essentially absent except -on aﬁ inorganic medium undar light.

16 17

From the 1lipids of B. subtilis, Saito = and Kaneda ' isolated 13-methy]§

tetfadecanoic, 14-methy1pentadecanoic, 15-methy1héxadecanoic, and 14-methyl-
hexadecanoic acids. Some of these acids as well as 12-methyltetradecanoic
acid have beenlidentified in the membranes of §,.megaterium,]8 streptomyces
sp.,]g Sarcfna species,zz and St, Aureus.Z]

Iso- and anteiéo»fatty acids are_synthesizéd by condensation of.short
chain iso; or anteiso-acid éoenzyme A esters with malonylcoenzyme A in the

22-24 . 1 25

presence of TPNH. Oro ‘reported uniformly labeled L-isoleucine-14C

was predominantly incorporated into the anteiso-branched chain acids in

- Sarcina luteq. vBennet26 found that labeled a-butyric acid was incorporéted

mainly 1in anteisoheptadecanofc‘acid, and labeled isobutyrate gave rise to

isotetradecanoic and isohexadecanoic acids.
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Cyclopropane fatty acids were found by Hofmann et 31.29 and Law et a1.30

The b1osynthes1s of ]actobac1111c ac1d and other cyc]opropane fatty acid has

31-33

been stud1ed extensively. ‘By us1ng either labeled cis-vaccenic acid or

14
3"

of a one-carbon unit to the doub1e‘bond»of cis-vaccenic acid. A similar path-

CH C-methionine, it was shown that Jactobacillic acid was formed by addition
way existed in M phle, “the meth1on1ne supplied the methyl side chain to

oleic acid for the formation of tuberculostear1c acid (10- methy]octadecano1c
acid). 34 ;Cason and Mi]]er35 1so]ated 10- methy1hexadec 9-enoic acid in addition

to 10- methy]hexadecano1c acid from the lipids of M. tubercu]os1s It is there-

fore feas1b1e that the add1t1on of the methyl group of methionine to the

double bond of a monounsaturated precursor proceeds via an unsaturated inter-

mediate.

Moet of the hydroxy acfds isolated from microorganisms which are'é-hy—
droxy acids. In:a11 g-hydroxy acids the steric conffguration of the asymmetric.
carbon belong to the D-series. Kaneshiro36 characterized 3-hydroxydodecanoic

37

acid and along with 2-hydroxy isomer from Azotobacter agilis. Bishop obserVed}'

1.5% of 35hydroXydodec-5-enoic acid in Lactobacilli, which could be explained

38 found 10-hydroxyoota-

as a precursor of cis-vaccenic acid. Polgar and Smith
decanoic acid and a keto acid, 10-oxooctadecanoic acid from the lipids of

human strains of M. tuberculosis.

3. Fatty Acids in H1gher P]ants and An1ma15

The lipids from different parts of the same plant, e.g., seeds, Jeaves,

.. and roots, may have a different fatty acid composition as well as different

types of fatty acids. In seeds, moreover, the 1ipids are largely triglycerides,z
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WheréaS‘in‘the'Jeaves triglycerides are replaced by galactolipids. In the

‘brain of énima1§ phosphog]ycérides are the dominant compositioné."In

bacteria the 1ipids consist largely of waxes fbgethef with lesser amounts
of so-called acetbné soluble "fatS“.. |

Linolenic acid is usua11y’a/major or chief fatty:aCid>constituént in
Teaf lipids. Crombie's39 Yesu]ts‘shdw that the ]ipids:of gfeen as compared
with those of non-green leaves contain much more linolenic but less linoleic
and oleic acids, énd géhera11y confirm the‘hﬁgh‘levels of'1ino1enic.acid in
greén 1eavé$. Debuch4o'hasviéo1ated Hexadeca—ér§g§;3-enoic acid‘as well as

hexadeca-cis-10, cis-=13-trienoic acid in the leaf lipids of Spinacea oleracea

and of Antirrhinum majus. ' This hexadecatrienoic acid was first reported by

Heyes4] in 1951 as a major constituent of the acetone-soluble lipids of

Brassica napus leaves,

42,43

The early work showed that when rats and other species of animals

~were fed diets from whichifat was exc}uded, growth and reproduction were

impaired and survival was limited. A dermatitis,’charactekized-by a scaliness
of the tail and paWs, soon developed. All these symptoms could be reversed"f
by the addition of pd]yunsaturated 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.po]yunsaturated fatty acids

are required by the animal, presumab1y animal is unable to synthesize them
from other materia]s; 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, dogs,
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calves, és well as human infant,‘éfc;' Apparently, however, either the young
animal is éb]e to storé essehtié]'fafty acids fortfuture use, or the require-
ment for theéé essentiailfdtty acids is markedly decreased in older animals.
A:'Sihce it is practica]]y'1mpossib1éjt9.prbduce an essential fatty acid-deficiency
syndrome in the adult of‘any specieé; the possibility does exist, however, that
the utilization of essential fatty acids may be impaired in certain diséase
éonditions wh{chvcould increase thé requirement for the adult animal.

:'Essent1a1 fatty acids occur naturally and in considerable quantity, -
- but not exclusively, in vegetable and seed oils. Cottonseed oil, corn oil
and soybeah 0il contain appkoximate]y 50% linoleic acid as ihe trig]yceride;
walnut oil, safflower oil, and wheat germ oil are'conéiderab]y higher in
. linoleic acid content. The vegetable o0il, olive oil, is rather low in linoleic
acid (10%). Oh the other‘ﬁand,vbeef tallow and most of animal greasés contain
less thahklo% of total po]yUnsatukated fatty acids, 40 to 60% of oleic acid,'
and the saturated fatty'écids chtentS'are rather higher. In gehera], green
leaves Héve a much‘higher po1yunsaturated'fatty acid content4of linolenic
acid and arachidonic acid, but animal grease and animal tallow ére richer in

saturated fatty acids.

4, Sample and_Experimenta] -

The sahp]es studied for fatty,aéids have been described in Chapter 6.
Extractioh,vfractionation, separation, methylation, as well as gas chromato-
graphic and mass spectfometfic methods used here, whféh could be fouhd in
Chapter 2,

Two 100-ft. 0;01 inch inside diameter capillary colums coated with

Apiezon L and HI-EFF-4BP, were used for separation, as well_as coinjection
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studies. Acids were converted tolmethyl esters before the final separation
and identification, hA]] componentsitn'Tables.I; IT, and III were identified
by both fragmentation patterns ofiméss.spectra and coinjections on two
capillary to1umhs. The unSaturated fatty acid methyl esters have a longer
retention time than the same ‘carbon numbered saturated 1somers in po]yester
column - (HI-EFF- 4BP) but they come out faster than saturated ones on Ap1ezon
column.
v Authentic acids were purchased from App11ed Science Lab., Aldrich
Chemical Company, K. and K., and Calbiochem. The cyclopropyl- C]7 (methy]ene-
9, ]O hexadecenoic acid) and cyclopropy] C19 (methy]ene 11,12-octadecenoic
ac1d) were syntheSIZed “in this 1aboratory The fo1TOW1nq procedures are used
for making these two cyclopropyl compounds.

Theigenera]'reaction for the-préporation of cyc1opropanes from o1efins,

diiodomethane, and zinc~copper coup]eIWas developed by Simmons and Smith,44

45

and was modified by LeGoff. 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 minotes, 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 methylene-9,10-hexadecenoic acid and methylene-11,12-octadecenoic 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 mih. The reaction

mixture was stirred overnight. The ether solution was then slowly decanted
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from the Unchanged coupie into a separétony funnel‘containing a mixture of ice
and 1 N HC]. The ether solution was separated, washed with ice-HC1 again, |
washed three times with water, and finally dried over potassidm carbonate.
After the 561vent waé removed by a rotary evaporator, 7.5 g '(45.8% yield)
of the finaT product was obtained.. |

l

The same hrocedure waé used td synthesize cycTopropy]-C]7 methyl ester,

About 40% yield was obtained from this synthesis.

5. Mass Spectrometric Identification
Figé.’i and 2 show -part of the mass spectra which are taken by combined -

gas chfomatographic-mass spéctromefric aha]ysis:} Fig. 1 shows the mass spéctra |
of methyl myristate, hEthyW‘lino]enéte, and methyl oleate.

'-1 The-‘n--(:]4 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
McLaffértyvfeafrangemént involving the y-hydrogen‘higration to the carboxyl
oxygen of the ester group with_a concerted B—c]eavage.46 This results in a

neutral olefin molecule and a charged enol.

,
5 ) D - C*iz OCH)’
| "‘CHB"(CHz)gCH +

.'(:F+ES((:F*EZ)E) k* f : | : 3 B - . d)}_i _

me=244 _m/e=74

The next intense peak is m/e =87 in Fig. 1 n-C]4 spectrum, which is

~formed by simple g-cleavage of the chain.
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Some other intense peaks, m/e 101, 129, 143, ]57, are also formed by simple
cleavage and charges stay on thé oxygen containing fragments. The fragment
at m/e 143 which give§ a réiativeiy high intensity in the mass spectra of
saturated long chain methyl esters, is originated fﬁrough a single bond

4 suggested a rearranged

cleavage between the 7th and 8th carbon., Beynon
dicyclic structure for this cleavage. The M-31 peak which is formed by
splitting out a methoxyl group from the saturated lTong chain methyl ester.

Ryhage 93_31348

used deuterium labeling experiments to study the M-43
and M-29 fragmentation pathways. These two peaks originate through anlex-
pulsion mechanism rather_than by Toss of the terminal propyl and ethyl groups.
The expulsion of a and'B carbon atoms givés rise to the M-29 peak, while the
M-43 peak is formed- by éxpulsion'of a, 8, and v 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 doub]e bond p051t1ona1 isomers of
nnnounséturated esters are very much alike. The M-32 peak corresponds to the
loss of methanol. The peak-at M-74 is produced By B cleavage with concerted
rearrangement of a y-hydrogen atom to the carbonyl oxygen of the ester gr‘oup.%’49
Thisris the same way in which the base.peak of a saturated methyl ester is
produced,. The only difference fs that the doubie bond supplies a n-orbital,
;where‘the chérge could stay on the non-oxygen contained fragment. - The peak
‘gt M-116 arises'f}om 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
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polyunsaturated esters; The mass spectroﬁetric fragmentation patterns of
cyc]opropy]-c]7 and cyc]opropy]-cig acid methy1 esters are found to be very
similar to the correspbnding monounsaturated isomers (Fig. 2). Few studies
have been done on this type of ester.

The iso- and anteiso-acid nethy1 esters could be identified by theif
- mass spectrometric fragmentation patterns. The bonds next to the méthy1
_ Branched site would be broken, so that the Toss of ﬁethy] and isopropy]
groups are fﬁund in the spectra of iso-isomers whiie anteiso-isomers will

split out ethyl and isobutyl groups (Fig. 2, M-29, M-43).




Figure 1:
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Mass spectra of methyl 'ﬁyﬁstate, methyl Tinglenate, and methy!l
oleate from Chlorobium and Chlorella. Obtained using a combination
of an Aerograph -204 gas chromatograph and an A.E.I. MS-12 mass
specfrorreter.. .
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Figure 2: Mass spectra of 'me_thyl esters qf anteiso-C]S, cyc]opropyT-CU, and
cyc]oprop_yl—clg acids fro‘n_j P. Shermanii and E. Coli. Obtained using
a combination of an Aerograph 204 gas chromatograph and an AE.I. -
MS-12 mass specfrometen - '
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The best ciue'tovthe posftion of‘the methyl branch is obtained from
the presence of ketene'ionA(m/e 195)50,which is derived from the branched
structure through the’]oss of a terminal alkyl and methanol (Fig. 2). The
loss of Qater from the ketene ion giyes,a’peak m/e 177 (Fig. 2). Although
both peaks afe present as very 10w»jhtensit1es, they ére 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 jons could be used as important information tovihterpret the spectra of
methyl branched fatty esters. |

6. Results and Discussion

Fatty acid constituents 6f total lipid of algae are showh in Tab]e I.
A11 acids identified by gas chromatography and their mass spectra éké even .
carbon numbered fatty acids range from C]2 to'C]8.l The algae contain én
undetectable amount of brénched-chain fatty acids, which confirms the report
by Parker.s] |

The presence of polyunsaturated fatty acids are rather 1ow'jn 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 34-Cig and 3s-Cygq (Fig. 3D). Since polyunsaturated

- fatty acids are formed underA1ight 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 a1gae,5]'contains 50%

of nQC]O‘acid; this acid is not found in those four species which have been

examined. Algae with this high concentration of acids of lTow molecular

-weight are rare.
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FATTY ACIDS COMPOSITION OF TOTAL LIPIDS OF ALGAE

Blue-green Algae

Green Algae

Anacystis  Nostoc

Phovrmidium

Chlorogloea Chlorella |

nidulans muscorum  loridum fritschii pyrenoidosa
-- -- 0.2 2.0 . -
2.8 -- - 0.4 2.1 | S 0.9
12.5 -23.4 35,8 45.7 18.9
- s - — 0.5
61.0 29.8 23.9 5.6 0.9
1.8 1.5 -- -- 4.2
1.0 - -- -- -- 19.7
0.3 /0.6 - 0.7 3.1 -
4.8 13.8 4.8 20.0 ' 3.8
3.4 1.2 1.4 2.2 0.2
S 18.3 21.5 10.5 6.8
8.4

4.9 - 45.5
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Gas'chfomatographiéﬁSepafation of . fota] acid fractions USihg Pero-

.graph-204 instrument. A sta1n1ess steel tub1ng 100 ft. X 0.01 in.
. coated with HI-EFF-4BP. Helium pressure 20psi; no sp11t Temperature

was programmed at 2°C/m1n from 90 C to 200°C.

vB.
C.
D. Total fatty ac1ds from Ch]ore11a Pyrenowdosa

Total fatty ac1ds from Anacyst1s N1du1ans

Total fatty ac1ds from Chlorogloea Fr1tsch11f

Total fatty ac1ds from Phorm1d1um Lor1dum :
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Double-bond position isomers have been resolved by capiliary column
gas chromatography. This separation has not been done before. By the aid
' 1
octadecenoic acid) are found in all of the algae. The ratio of these two

écids is 1.4 to 11.5 in févor of o]éit acid. Oleic acid is formed either

‘by desaturation of steric acid under oxygen or by chain lengthening process

from.small unsaturated acids. VacCehic acid has to be formed by the latter
mechanism. Palmitoleic écfd'Q?—hekadecenoic acid) is detected as the sole
mohounsétgkéted C]6 acid jn blue-green algae; hbwever, both Ag— and A?-hexa-
dééehoic'acidbare fouﬁd in green algae (Fig. 3). Palmitic acid is one of
the major peaks in all'the a]gae'spécies;tbut saturated C]Z’:C14’ and Cqgq
acids are the minors that confirm the other gr‘oup's_work.sz'54 '

Four species of photoSynthetic bacteria have been analyzed. Table II

shows their total fatty'acid composition. In contrast to'algae, Satufated—

C]7 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. Chlorobium, a sulfur anaerobic photosyn-

‘thetic bacteria, contains 27.6% of myriétic acid (n—C]4) which is considerably

higher»in photosynthetic microorganisms. Two cyclopropyl acids, cyclopropyl-
Cyy (9, ]O-methyTenehexade;anoic acid) and cyclopropyl-Cqg (]1;12—methy10cta—'
decanoic acid) are found in some of the photosynthetic bacteria. They are
formed by the fixation of a methylene group derived from methibnine to cis -

31-33

A—C]8 and A-C]6'acids. Po]yunsaturated'acids.are absent except chloro-
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FATTY ACIDS COMPOSITION ' OF TOTAL.LIPIDS QF PHOTOSYNTHETIC BACTERIA

Aerobic Bacteria

Rhodospirillum

+ Anaerobic Bacteria

Chlorobium

" Rhodopseudomonas _ Rhodomi crobi um
'spheroides rubrum {suTfur bacteria) vannielii
h-c]A‘ -- 0.5 27.6 0.4
2-Cyy 0.5 -- 1.4 -
Cn-Cye 4.7 21.9 10.9 3.1
) I 3.8 32.1 31,2 0.7
) 20-Cy -- -- 0.8 -
CooEhs - - -
n-C5 -- 0.7 -- 0.2
cyc]opropyﬂ-c17 -- - 21.5 Q.I
'n-cig 0.3 | 0.5 2.1 1.3
.A9-C]8 -- -- -- --
e, 87.4 41.5 - 92.4
o 2a-Cyy - - - -
3A—C]8 -- -- - --
‘ s 'n—Cw. L - —— -
>, ’cyc1bpr0py]-c]9 ;- 0.6 - 0.6
- - - 0.6

A-Cog
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i

Fidure 4:  Gas Chromatographicvseparation of total fatty acids. Al1l the
conditions are the same as Figure 3. |
A. Total fatty acids from Rhodospirillum Rubrum
B. Total fatty acids from B. Chlorobium
C. Total fatty acids from Rhodomicrobium Vannielii
fD. Total fatty acids from Escherichia Coli
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bium, which contains small amounts of ZA'C]s and 2A—C14 This evidence
could indicate that the oxidation'potent1a1 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 Ag_

' 1
C16 and A ‘ |
thdopseudomonas spheroides and Rhodomi crobium vannielii contain 87.4 and

92.4% of vaccenic acid respective1y; 'WOod, Nichols, and James55 have shown

‘C]8 acids are formed by anaerob1c chain-e]ongation mechanism.

the major fatty acids of Rhodospirillum rubrum and four species of Rhodo-

pseudomohas’Which produced under both anaerobic 1ight‘and aefobic dark
cohditidhs. 'The_major\components‘1n'a11 cases are the C16 and C]8.carbon
straight chain and monoenoic fatfy acids. Changing from light to dark

growth usually causes a drop in the amount of saturated acid and an 1'nlcrea.sefi

in C]6 monoene, Their results show that vaccenic acid in Rhodopseudomonas

. spheroides increased from 9]%.under 1ight and anaerobic to 99% -under dark

aerobic growth.

1

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]2 to C]8 with palmitic acid predominant (Fig. 4D).
The presence of ch1opropy]—c]7'and_cyc1opropy1—c]9'acids in E. coli from v
anaerobica]iyvgrown, as reported by Bloch 23_91:56 are confirmed and exfended
to aerobic grown. The Qnsaturated acids found in E. coli are palmitoleic
| and vaccenic acids with small amount of ZA'C18“ |

Micrococcus lysodeikticus, P. shermanii, two species of Clostridium,

~and three strains of Desulfovibrio are studied for their fatty acid content.



Table III

FATTY ACIDS COMPOSITION OF TOTAL LIPIDS OF NON—PHOTOSYNTHETIC

Saturated
Acids
n-Ci2
is0-C13
anteiso-Cy3

n-C13

is0-C1q
anteiso-C14
n-Clg
iso-C15
anteiéo-C15
n-C15
iso-Cyg
anteiso-Cig
n-C16
is0-Cy7

anteiso-C17

n-C17
iso-C18

fanteiso—C1g

n-C18

is0-Cyg
,anteiSOQC]g

H-C] 9

.1s0-C20

anteiso-C2p
n-Co.
n-C21
Cyt]opropane Cy7

Cyclopropane Clg -

Aerobic:

Bacteria

Escherichia

coli

BACTERIA

Micrococcus

Anaerobic

Bacteria

Clostridium Clostridium
acidiurici tetanomorphum
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P.shermanii

0.8

- 22.9
4.2

lysodeikticus

0.8 0.3

0.4
0.2
1.6
0.4
0.1
0.2
3.3
84.5
1.3
0.1
0.3
0.6
0.4
2.2
2.6
0.2
0.2
0.1
0.1
0.3
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Table 1II (cont'd)
' ‘ Anaerobic

e bactert”

Unsaturated Escherichia Micrococcus Clostridium  Clostridium  P.shermanii

__Acids coli - lysodeikticus acidiurici tetanomorphum

1-Cqy E R I B 5.1 0.8 -

2n-C14 : : A 14.2 - -- .

e .. 39 03 1.7 .-

29-Crg 77 w3 3.3 4.5 -

AMCig — S 0.3 0.4 --
- 09-C1g - - 15.5 - - S

al1-C1g 15.8 . 5.8 -— - -

2i-C1g . 0.4 1.0 - L -

Anaerobic Bacteria

Desulfovibrio Strain " Strain Yeast

» v ~ vulgaris "Essex 6" "Berre Sol"
Saturated “strain "Hilden- o
Acids : borough" '
n-Ciz = - R - -- — -
150-C13 e . B | v B N
antéiso-c13 { == S  ’ -- | : - -
n-C13 ’ -- - ' - ' --
n-C14 | 1.1 1.2 26 0.8
iso-C15 29.2 7.4 12.5 —
anteiso-C15 2.2 0.8 0.9 | -
n-C1s - 0.6 - .
n-Cig 14,6+ 41 4 19.4
is0-Cy7 13.1 3.0 0.9 --
“anteiso-Cq7 1.2 0.1 0.2 -
n-C]7 ' - 0.6 - -
n-C1g 9.6 4.5 3.9 4.2
is0-C1g - ' -- ., 0.2 - -
anteiso-C19’ ,> - ( 0.3 - -
n-Clg | 0.2 0.6 - -
- n-Co 7 R ' 7.4 -- --
n-C21 : -- 1.0 -- -
Cyclopropane Cy7: . -- - -

t
1
i
1
]
]

Cyclopropane C19 e
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Unsaturated

Acids

A-Cyy
20-Cyg

7
v g
1&9-515
ati-cyg
29-Crg

A "C] 8

2a-Cyg
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Table TIT (cont'd)

Anaerobic Bacteria

Desulfovibrio =~  Strain Strain’ Yeast

vulgaris ' "Essex 6" "Berre Sol"

strain "Hilden- ‘

- borough" . -

0.3 1.2 — .
1.0 o 7.6 ’ 6 - 57.6
1.6 6.4 0.9 16.6
2.1 1.2 6.6 0.8
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- isomers, or vice versa. By examining other groups' reports,
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These groups 6f microorganisms are anaerobic non-photosynthetic bacteria.
In two species of Clostridium whiéh contain more than 50% of myristiévatid
iﬁ the totaT acids fractidhs, but other anaerobes are richer in pa1mitic
acid. Normal C]7 saturated.acid is present in some of the anaerobjc,bac—
teria. Cyc1bpropy]-C17 and'cyc1oprbpy1-c19 acids are not found in these
species. Unsaturated fétty_acids are absent in P. shermanii (Fig. 5B) but
present in other species in 5ma11 amoﬁnts. A small peak in Clostridium
next to A9-C]6 acid but it has a Tonger retention time than Ag'C]G on gas
chromatography (Fig. 5C & D). Its mass spectrun is identical to a/-C,g
and AQ-C]ﬁ methyl esters, Since there is no authbrized éamp1e on hand, it

is tentatively identified as Ml

'C16 acid, which could be the first finding
of this isomer existing in 1iVing organism. -A series of iso- and anteiso-
fatty acids”are detected by gas chromatography and mass spectrometry; These

iso- and anteiso—acids présént in all three strains of Desulfovibrio are all

odd carbon numbered acids (Fig. 6A, B & C). The ratio of iso- to anteiso-
compounds is greater than 10 in favor of iso-acids. P. shermanii contains

a small amount of even-numbered iso- and anteiso-acids also. In contrast

to DeSu]foVibrio, E3 shermanii has much mdre‘anteiso— than 1so—écids for
the odd-numbered branched’acids. However, the ratio of iso- to anteiso-
acid is greater than one fdr even-numbered acids in P. shermanii. In an
anéerqbic'bacteria, i% iso- to anﬁeiso— acidé fatio is gfeater than one for
the odd acids, then the ratio has té_be smaller than one for the even-numbered
57-61 the fact
is true indeed.

Yeast contains normal fatty acids from C]4 fo C18 and pa1m1td1eic,

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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Gas chromatographic.sepafaﬁion of total fatty acid fractions.

B.
C.
D

Figure 3.
_

Total fatty
Total fatty

Total fatty
. Total fatty

acids
acids
acids
acids

Stainless steel columns 100 ft. x 0.01 in., coated with Apiezon
'L and HI-EFF-4BP were uséd. Other conditions are the same as

from Microceccus Lysodeikticus
from P. Shermanii -
from Clostridium Tetanomorphum
from Clostridium Acidi. Urici



b

(:!

211

A MICROCOCCUS LYSODEIKTICUS
HI~EFF-4BP COLUMN

) 1n-Cie

285Gy

B.

P. SHERMANII
Hi-EFF- 48P
COLUMN

¢. CLOSTRIDIUM TETANOMORPHUM
APIEZON L COLUMN

n-Cyg

) a-cie

2-cie
n=Cig

'7—c|"S A]CM
] L

CLOSTRIDIUM
ACIDIURICH
HI-EFF-4BP
COLUMN

XBL 703-5064



x

h\g

Figure 6:

212 -

Gas chromatographic separation of total fatty acid fractions.
Stainless steel colums 100 ft. x 0.01 in., coated with Apiezon

L and HI-EFF-4BP were used. "Other conditions are the same as

Figure 3.

‘A. Tota1 fatty aCids from Desu]fOVibrio Vulgaris, Hi]denborough\ '

Total fatty acids from:DeSUIfovibrio Desulfuricans, Berre Sol

B
- €. Total fatty acids from Desulforibro Desulfuricans, Essex 6
D

Total fatty acids from Yeast
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:/"Cls

@G5

\9.
Cie

7.
~Cis

A

DESULFOVIBRIO
VULGARIS,
HILDENBOROUGH
APIEZON L COLUMN

B. DESULFOVIBRIO
DESULFURICANS
BERRE -SOL
HI~EFF-4BP

COLUMN

e

\
. AlCg

Cig |

L

C. DESULFOVIBRIO
DESULFURICANS
ESSEX 6

APIEZON L COLUMN

}'Cns

D. YEAST
HI-EFF-4BP COLUMN

K-Cg

"i¢8

XBL. 703-5062
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v
7. Summary

" " The morphology and physiology of living organisms are largely detérmined

* by genetic factors which presumably act through enzyme systems controlling

ll chemical syntheses., Morphd]ogy,'on which classification is normally based,,

is'11ke1y to depehd'on genetic_constitution in a more complex way than that
aspect of physio1ogy which is concéfned with the biosynthesis of relatively
simple secondary constituehts such as_hydrocafbons and fatty acids. Each
stage of such a synthesis requires ahvenzyme system which is genetically
controlled and.which can be modi fied 6r lost as the result of genetic mutation.
Examination.of the results of such mutations in terms of alterations of thé
gtruchres'df_sécondany produétS»c6u1d thefefore"give ihfbrmation on evolu-
fionary.sequences, and to this extent it could be very uﬁefu] aid to chemical
taxonomy-‘ The deffibUtibn of hydroéahbons have been discussed 1n'Chaptér 6.
The taxonomy of fatty aéids discussed previously’in this chapter are genera-.
lized in Table IV, -

The chemical taxonohic features are summarized as follows:

v(a) Palmitic acid is'genera11y presént as a major component in all
Tiving organisms and it is found to be the most abundant saturated acid in
all living organisms except Qevera1 bacteria.
usually acbounté for more

(b) Saturated and unsaturated C,. and C

| 16 18 ‘
than 90% of the fatty acids in algae and higher plants and animals, but less
abundant in others. |

(c) The odd numbered acids are‘on1y occasionally present in red and

brown algae and bacteria but are absent in other living okganisms.
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(d) Branched aciﬁs‘other than iso-and anteiso-acids, ére present in
anaerobes, hdwever, tﬁey‘have not been found in any other organisms.

(e) Iso- and ahteiso—acids have only been detected in some of the
fungus and anaerobic non-photosynthetic bacteria, they have not been seen
in the others, _ | | o

~ (f) Cyclopropyl acids are iso]atéd in some of the photosynthetic and
non-photosynthetic bacteria and absentbin.any other 11ving'organisms sovfar
examined, | |

(g) Monounsaturated Ci6 and Cig are usually found in all living
organisms. A-C]S is present to be the most abgndant component in acid

mixture in many occasions. In algae and higher living organisms mono-unsa-

turated»_C]8 is present as Ag"C18 acid with or without the presence of a small

amount of A]]-C]g acid,:however, photosynthetic bacteria produce Alléisomers.

(h) Po]yunSaturétéd acids are the predominant constituents in green
a]gae 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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In this connection a re@ent report by Anders and his co-workers
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CHAPTER 8  APPLICATION OFiMASS'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

§ediménts(];3) and meteorites,(4'6)fhas been of utmost importance in the

‘search for molecular fossils at the earliest periods of geo]ogic time. Two

techniques 'in particular, mass spectrometry and gas chromatography, (and more

recently combined gas chromatography and mass spectrometry) have played a ’

dominant ro1e‘in the characterization of these compounds , and recent studies

(7) ahd with meteorites(s’g)

with Precambrian Sediments have repeatedly uti-
1ized both of ‘these analytica] techniques. | | |

 The fully saturated igoprehoid hydrocarbons have recejved special con-
sideration because it has been‘genera11y felt thaf the architecture of these
ho]ébu]es represented an unequivocal marker of biological origih.(]o’]])
ther schools of thought haVé cha]]énged this fundamental premise and have
sought to characterize thése compounds‘in mixtures of known abiogenic drigin.
J (12) seemed to
us of particular significance, Qn account of his finding a series of isoprenoid

structures, ranging in carbon number from C9 to C]4, in a deuterium-carbon

monoxi de Fischer-Tropsch reaction. Another report by Schenck, Enge]hakdt and

Goring(]3) established the presence-of a unique'2,6;dimethy1 serieé in an

Italian bituminous shale, also ranging in carbon_numbe? from C9 to C14 and of
presumed biological origin. This latter series was identical with the fully

déuterated series characterized by Anders et al., except‘for the structural
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designation of the C]4ICompound Qur interest was drawn towards both of these

reports, not only because they const1tuted one of the few examples where the

Tower mo]ecu]ar—we1ght 1sopreno1d hydrocarbons had been identified in e1ther

\

biogenic or abiogenic samp]es, 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-

1soprenoid in form. It therefore became imperative to study the fragmentation

patterns of these isomers in greater detail and to estab]iSh criteria which
might distinguish between them.

In certain cases ambiguities may arise'in the structural interpretation
of the'saturAted aliphatic hydrocarbons isolated from geochemical sources,a

(7,11) and other 1aboratories(4’9)

and pub]ications"both from this laboratory
have emphas1zed the dangers inherent in des1qnat1ng a specific structure to a
given compound on the ba51s of mass spectrometry alone. The ava1]ab111ty of
synthetic standards has_genera11y.reso]ved many of these uncertainties. This
approach has proved ektremeTy fruitful but at times it has tnrned out to be a’
time-absorbing Operationfwhenbthe,hydrocarbon standards cannot be readily ob-:
tained. For this reason a1so, 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 exp]oiting them for diagnostic proposes.

2. Methyl-alkanes B ‘ _ - o

~The massvspectra of'thevc9 isomeric hydrocarbons, 2 ,6-dimethylheptane
and 2-methyloctane, the C]O isomeric hydrocarbons, 2,6—dtmethy]0ctane and

3-methy]nonane, and the C,,"hydrocarbons, 4-methyldecane, isomeric with the

1
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(12)

2,6-d1méthy1nonahe strucﬁUre reported by both Anders et al. “and Gohring

et glf]3) are shown in Figures 1,.2 and 3 respectively. The similarities in

A

~ the mass spectra of these isomeric hydrocarbons are quite evident, both C9

isomers showing intense ions at m/e 113 and subsequently ions of increasing

ﬁhtensity from m/év99 to m/e 43, fof'each 14 mass unit decrease. An analo-

| gous pattern.is observed for'the C]O isomeric hydrocérbons, where again m/e

113 peak is a dominant fkagméntation mode, and likewise for the_C1] hydro-

~carbons, 4-methy1decane; whose mass spectfum shows}yesemb]ance to the published

,sbectra_of 2;6—d1methy1nbnane.(]3) 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 spectfa of the two compounds. An identical |

(14) wifh the C

effect had been previous1y observed by us isoprenoid isomers,

19
pristane and 2,6,10-trimethylhexadecane. This kind of relationship allows one
to predict that the masslspectra ofv2,6,10ftrimethy1undecané (I) and 2,6-d1_

methyldodecane (II) should be very similar:

I | ; I
The‘on1y masé-spectra] comparison that is available in the Titerature**

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

**(Fyully deuterated (I) is rep?rt?d by Anders gE_a].(]ZZ (II) has been
described by G8hring et al.(13), : T
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Figure 1. Mass spectra of 2-methyldctane and 2,6-dimethylheptane. Spectra

were taken us%hg an A.E.L. MS-12 mass spectrometer. The spectra wére determined
at ionizing voltage 70 ev, énd<ionizing-current‘50uA; The_vo]atj]e compounds
were put fn with a g]ass inlet system which was operated at room temperature,
with the probe pre;coo1ed jn Tiquid‘nitfogen. The temperature.of ion SOUFCé

was 200°C, Each combound was scanned in 30 seconds. The spectra wefe recorded.

by an oscillograph recorder. -



€

228

43

 2-METHYLOCTANE

NN

Tz M

;128 |

0

- S0

43 5 6-DIMETHYLHEPTANE

100

3
| {

] .ll...l. 0

s M

100

XBL 6711-6250



o

229

_vFigure 2. Mass spectra of 3-methylnonane and 2,6-dimethyloctane. All the

conditions are the same'as Figure 1.:



+

230

57 o -
| 3-METHYLNONANE
L
3
. ll'[ A lAlli o ) MR
50 | 100 150
57 '
 2,6-DIMETHYLOCTANE

hll lll .| l ¥ l!' .T T T T M|I'42 |
50 150

XBL 6711-6251



23]

Figure 3. Mass spectrum of 4-methyldecane. A1l the conditions are the same

as Figure 1,
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retention times. This approach, howevér, is dependent on each constituent

being present”in,sizeab]e,amounts for the spectroscopic procedures, and on

the availability of hydrocarbon standards for GLC retention times. Since

neither of these.prerequisités are fulfilled in many organic geochemical

studies we determined to.re-examine the mass spectrometric fragmentation
patterns of these isomers in the hopé.of distinguishing between them.

The difference betwéen the mass spectra of 2-methyloctane and 2,6-di-
methylheptane lies in the feiative1y high intensity of the m/e,84 peak, for
Z;methy1octane;'giving the appearance of a pair of peaké at m/e 84 and m/e
85. This'pair is not as marked in the mass spectrum of 2,6-dimethy1heptané.
The m/e 85 peék presumabiy borresponds to the frégmentation éhown, with the '

primary fragment retaining the charge.

—= 43

é

85 t—md

An ana]ogous effect appears to be present in the mass spetira of 3-methyl-
nonane and 4-methy1detane where a pair of peaks occur at m/e 112 and m/e 113.
For these 1ast‘two'compounds the C8 fragment intensity is high because the
charge now»resides on’a secondary carbon atom. In neither the mass spectrum
of 2,6-dimethyioctane nor the 2,6-dimethylnonane mass spectrum of Gghring

et 1.(]3) does the m/e 112 peak exhibit a cdmparab]e intensity. The

occurrence of such pairs in the fragmentation patterns of branched hydrocarbons
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- had previously been observed by Biemann,(]s)'who reports that some fragments

have "a tendency to lose a hydrogen atom giving rise to a doublet of peaks."
In the mass spectrum 6f 5-methy]pentadecane(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.

l' ‘¥]69 _' : o | v -
,//\\\v/’Aﬁ\T/"\\\///\\\,/’\\\V//*\\~,/’\\\ (I11)
. - l - ) ] h - '

This effect is also observed with 7-n-propyltridecane (1v) (A.P.1. #591)

“where the preferred fragmentations at m/e4183’and m/e'141 give rise to peaks

atvm/e 182 and m/e-]40 of equal, if not greater; inténsity. |

14] t————
. t

The occurrence'of thiS-effect in the mass spectra of several aéyc]ic

hydrocarbons containing;a sing]e alkyl branch prompted us to search for

“the same effect in the dialkyl hydrocarbon series. MWe had already noticed
its absence in the Cg and C]O 2,6-dimethyl hydrocarbons, but a study of

~ the mass spectra of a 2,5-dimethyl hydrocarbon series (A.P.I. #1942~

1948), ranging from C]O to C16 in carbon number, provided further insights
into the oc;urrence of this pair of peaks. Table I illustrates the
increasing'intenéity of the even peak relative to the odd peak for the.

fragmentatibn, (43 + 14n), shown below.
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We have also observed an 1dentica1 éfféct in the mass spectra of the 2,6-
d1methy1 series pub]1shed by Gohr1ng et al. (13)
- Two genera11zat1ons may be drawn from this comparative study. In

the f1rst place ‘the occurrence of a pa1r of peaks appears to be dominant

in the fragmentations giving risefto‘tons 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 cbntains seVen or more carbons in the chain.
Both these'effects can be seen in the mass spectra of the 2,5-d1methyl series.
An’alternative.fraghentation to the (43 + 14n) peak is the m/e 99 peak, shown
_above, containing one methyl brénch.}"This fragmentatibn mode doeé not exhibit
a marked doublet of peaks (Table 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 maés spectral tables of the American
Petroleum Institute. A thorough surtey‘of the mass Spectra of these branched
hydrocarbons fully vindicated our pre]imiﬁary conc]ustdns. The ions resulting

from fragmentations at the branch positions in the chain are shown in Table II.



A.P.I.

2018

- 2019

704

491
592
1469

1470

578

1032
1257
1472

1476
864

579

. 1256

TABLE 11

o Branched A]kéne Mass Spectra,

Compound

5-n-butylnonane
5,8-diethyldodecane

4,9-di-n-propyldodecane

7-methy]tridecane
7-n-propy1tf1decane
7-n-hexyltridecane

8-n-HExy1péntadecane

5-n-butylhexadecane

6,11-di-n-penty] -

hexadecane

9-n-hexylheptadecane

9-n-octylheptadecane
4-n-propyTheptadecane
5,14-di-n-butyl-
~octadecane
7-n-hexyleicosane

3-methyleicosane

9-n-octy1e1cosane

’1]-n-pénty1hene1cosane

11-n-decy1hene1cosané

11-(3-pentyl)-
~ heneicosane

- 238

Even

(oo

126
98

98
112

140 -
182 -

182

196
210

126
224

154
210
238
238

98

126

182
280
154
168

238

224

294
294

294

0dd

Inten- ! Inten=
sity (m/e) sity
- 42.8 127 18.8
31.27 99 21.45
50.4 99 24.9
29.4 M3 14.3
23.1 141 12.9
9.18 183 1.7
29.1 183 23.9
26.20 . 197 23.31
12.31 21 12.62
S 21.91 127 12.68
015,94 225 20.72
24.0 155 1.1
18.49 211 15.89
11.80 239 14.46
19.30 239 20.91
19.5 99 9.84
9,40 239 13.8
23.3 127 13.8
12.56 183 11.01
8.29 281 11.31
16.15 155 10.75
13,76 169 10.56
12.87 239 13.51
22.7 225 19.9
7.86 295 12.3
18.7 295 24.2
4,30 295 4.57

237

Base Peak

43
71

71
57
57

=

57
71

57
71

71
57

71
71
71
71
43
57
A



S

706

862

- 863

865

866

867

1259

1475

1355

1476
1322

1357

Comgound

5—n-buty]docosané.
7-n-butyldocosane

9-n-buthydocosane

11-nebuty1docosane

~ 7-n-hexyldocosane

9;n-octy1dOCOsane

_ T]-n-deCy1docosane

11-n-decyltetracosane
9-n-octyltetracosane
13-n-undecylpenta-

cosane

13-n-dodecylhexa-
cosane

9-n-octylhexacosane

11,20-di-n-decy1- .
" tricontane

TABLE II (CONT.)

Even -

(m/e):

126
308

154
280

182 .
252
308

210
224
208

182

308

238
308

294

308

294
336

238
336

336
350
364

238
364

294

Odd

Inten-‘ Inten-
sity  (me) = sity
24.7 127 10.7
11.2 309 18.2
141 155 8.13
4,30, 28] 5.42
15.6 183 10.9
8.83 253 9.06
7.11 309 13.0
12.9 211 10.5
11.6 226 10.0
7.29 309 13.6
19.1 183 12.9
15.8 309 12.5
1.1 239 10.4
13.3 309 17.1
10.1 295 11.6
17.7 309 21.3
6.87 295 8.17
8.92 337 12.65
15.43 239 15.38
14.57 - 337 22.36
16,79 337 23.17
7.67 351 10.72
13.15 365 - 19.25
13.28 - 239 12.91
8.89 365 14.63
35.70 295 26.34

238

Base Peak
43
57

43 .
43

43
43

43

71

71

71

71

71

85
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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'Sizeab1é numberAdf branched hydrocarbons of widely differihg
structurés,’wheré the 6n1y restriction has been the non-branched character
of the fragmeﬁt‘ion. The even peak is seen to be particu]arly dominant when
the fragment ion contains 7,8 or 9:carbon atoms. Thus the even peaké of the
branched Hydrocarbons 4-h-propy1heptadecane (#593); 7-methyltridecane (#704)
and 5-butylnonane (#2018) are morevthan twice fhe intensity of the correspond-
ing odd peaks. These three'hydrocarbons have major fragmeht ions at m/e 99
(C7), m/e 113 (Cg) and m/e 127 (Cg) respectively. When the fragment ion
contains more_fhan nine carbon atoms fhe ratio of the 1ntensities appears to -
decrease in magnitude,'and’when‘the fragment ion contains 18 or more carbon
atoms the odd'péak wj11 be génera]]y more inténse than the even peak. (See for
example 9-n-buty]docbsahe (#862) , 7-n-hexyleicosane (#1257) and 1i—n—decy1do—
cosane (#867), though the C,, fragment in 7-n-héxy1docosane'(§865) is an
exéeption). Thus, even peaks are of the same order of intensity as the odd
ions conﬁaining 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-ethy1, 5-propylundecane (#1543) and 5-methy1 5-ethylundecane

(#1544) give rise to ions that show ng_téndency'to Tose a hydrogen atom.

Further examples of this type of compound serve to confirm this observétion

(#1544 to #1553). The iso-alkane series (2-methyl alkanes) shows anamalous

behavior. In general iso-alkanes have two characteristic fragmentations,
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an (M-15) ion and an (M-43) fon; the latter ion does display a tendéhcy td
lose a hydrogen atom for the lower mqlecuTar weight members of the series.
This is illustrated in Table III, The limited examples that are available
for the anteiso-sékfes (3-methy1Aalkane$) suggests a.simi]ér.ahoma1ouévbe-
havior here also (see for example”#1472).‘ In contra;t‘tb these limitations.
the vicinal dimethy] hyd?ocarbons seem to show an enhanced tendency to lose

a hydrogen, Thus 2,3-d1methylheptane (#337) and 3,4-dimethylheptane (#342)

have very intense m/e 84 ahd m/e 70_1ons, 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
4342, 3,4-dimethyTheptane " m/e 70 = 46.1; m/e 71 = 29.7
#480, 2,3-dimethyloctane  m/e 98 =28.4; m/e 99 = 7.72

The applicabi]ity of these observations to organic geochemical studies
isbextensive A closer look at‘the mass spectra of several isoprenoid
hydrocarbons reveals the occurrence of the effect in th1s series also. Thus

the mass spectrum of 2,6,10- tr1methy]hexadecane can be d1st1ngu1shed from

14

that of pristane, 2,6,10-" "tetramethylpentadecane, on the basis of the

(11)

relative intensities of the m/e 112 and the m/e 113 ions. One would

predict fhat m/e 112 peak should be more intense than the m/e 113 peak for

. the 2;6}10-trimethy1'1somer, and this is 1n‘fact'observed. A similar pre-

diction would be made for the C]8 isoprenoid hydrocarbon 2,6,10-trimethy1-

‘pentadecane,
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- TABLE TIII

Iso-Alkane Mass Spectra

Compound

241

Y
25

Standard

98

88.5

AP.I.4 Even Inten-  0dd Inten-  Base Peak
(m/e) sity (m/e) sity I
15 2-methylhexane 56 20.1 57 26.0 43
40 2-methyTheptane 70 1717 12.8 43
245 2-methyloctane 84 13.5 85 16.7 43
- 479 2-methyInonane 98 12.2 | 99 8.86 43
840 2-methyldecane 112 9.72 113 9.67 43
982 2—methy1pentadécane 182 4.67 183 13.7 43
983 - 2-methylheptadecane 210 3.80 211 12.7 43 .
TABLE IV
‘Mass Spectra of Cg Isoprenoid Hydrocarbons
Réf. Source -Even Inten- 0dd - Inten- Base Peak
E R (m/e) Cgity (m/e) sity T
21 Moonie 0il o 140 99 130 113
22 Green River 98 140 99 100 113
 Soudan 98 109 99 110 113
2 Antrim 98 117 99 123 113
23 East Texas 98 9.22 . 99 8.40 57
D'Arcy 091 98 12 99 13 57
| 88 99 13
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of larger hydrocarbon fragments (type A2 c.f. Biemann.
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Here again one would anticipate that the m/e 98 fon should be an intense

peak, as intense, if th more‘infense, than the nVé 99 jon; this prediction

is borné out, as can be seen in Table IV. The C]g 150prénoid hydrocarbons
were isolated from different geological samples. * This is all the more
surprising since all except.oné of the C]8 1soprenoid_hydrocarbons in Table

IV are not 100% pure, being isolated from comp]ex hydrocarbon mixtures. _There

is a danger in attributing too much'éignificance to the Tower molecular weight

" jons in.the mass spectra of isoprenoid hydrocarbons since they may arise from

a degeneraéy of fragmentation modes or, a]ternatively, by further'decomposition
(18)

'Thé value of'these observations has perhaps been most strikingly demon-
strated in assigning a specific structure to a C]8 branched hydrocarbon
isolated from the blue-green aTga, Nostoc. The mass spectrum of this hydro-
carbon.isbshown'ﬁn Figure 4, It exhibits four major fraéments, C8, C9, C]]
and Cy,, corresponding to fragment ions at m/e 112, 113, m/e 126, 127, m/e

154, 155 and m/e 168; 169. The even ion is always more intense than the odd

~jon. One structure consisteht with such a mass spectrum would be 7,9-dimethyl~

hexadecane, ‘a structure we had tentatively proposed in a previous report.(19)

r’f],zr"'“"""- G
: |
T
C8+'+'C114J

In the light of our previous discussion and from the generélizations

that we subsequently derived one would anticipate the occurrence of a doublet



ot

’ Fi_gUre 4: Mass spectrum of bragnc:hed-(:]8 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 surpr1s1ng to find the same effect for the C]] and C]2 frag-
ment ions, since ‘these ions contaxned 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-d1methy1hexadecane followed by capillary coinjection techniques

confirmed our suspicion that the C,g branched hydrocarbon isolated from the
blue-green alga, Nostoc, did not have this structure. The only other feasible
explanation was that the Nostoc C,g branched hydrocarbon consisted of an

equal mixture of 7-methyl and.8-methy1heptadecanes, which we could not separate

'by capi]1any gas-liquid chromatography. Such a mi xture Wou]d be'exoected to

~give rise to doublets of peaks at 68 and'C]z, for the 7-methyl compounds,

and C9 and C fon the 8-methyl compound, in which the even jon is more

11°
intense than the odd ion in everyAcase. Synthesis of these two methylhep-
tadecanes fully vindicated our prediction.‘]4)

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. ‘Litt]e work has
been reported which provides a deeper‘insight into the_fragmentation‘mechanism
ofvthts hydrogen t}ansfer,(20)>which is to be_expected from a‘constderation

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 jon and an alkane. The metastable peaks correspond to the

Toss of R-CH3 groups and-the formation of CnHZn ions is observed.
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+ R-CH3

This situation_might be expected to prevei1 when the charge carrying _
fragment has a sufficiently long unbranched chain to allow it--provided the
»a1kane formed 1s-not.methene c.f._(Me15) ion in the iso-alkane series.
In addition, this mechanism 1endsf itself to a specific prediction when
suitab]e deuterated materials are available. We are atvpresent investigating
~ this aspect of the fragmentatlon mechanism,. | o |

3;  1-Alkene (doub]e bond on the term1na1 carbon)

1- Heptadecene was isolated from Ch]orel]a pyrenoidosa, and the structure

was proved by the ox1dat1ve degradat1on react1on When the mass spectrum of

1 heptadecene was exam1ned carefu]]y, a h1gh 1ntens1ty peak M-28 could be

observed which was higher than the proceeding fragment. Fig. 4 shows the mass

spectrum 6f Ch]Ore11a‘]-heptadecene. The M-28 peak'corresponded to the Toss

of ah ethylene molecule; it Was'not found in any of the mass spectra of satu-

rafed'hydr0carbons. Little work had_been done e1sewhere.26 A search through

the olefinic spectra in the A.P.I. Tables shows (Table V) that thisris indeed

' the case. ' B ' |
‘The f1rst poss1b1]1ty is vinyl bond cleavage and a hydrogen‘atom is picked

up by the v1ny] group. Thus it forms an M-28 fragment and an ethylene molecule.

fsusually;:an allylic c]eayage of an o]ef1n1c hydrocarbon is thermodynamically
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favored but the vinyl cleavage is the least expected. I would Tike to propose

a possible vinyl bond cleavage route, a four center mechanism as follows:

+
H,C- CH = CH + |
R - CH, - CH, - CH = Ci, —10 €V o 2|_ 2 CH=CHZZ]+_R-CH=CH'
2 - CHy 2 - ” 2 2
ClR-cH TH o |

AfteY eﬁectron bombardment in the ion éource,'thé charged particle is

' favored to stay in a P-orbital, the double bohd position. In order to cleave the

vinyl bond, the charge cannot m1grate to the other part of the molecule. A |

charged ethy}ene molecule and a new olefinic hydrocarbon should be formed.

‘However, that is not the case.

The other reasonable ‘possibility is to form a charged cyc]it fragment and

split out an ethylene molecule. A six-center mechanism is preoposed as follows::

f1 ~H
CH CH
i 2 72 75 ev CH GHo CHp
e + 2 .;é I
CH CHy ———* ll-\' f —_— { +  cH
AN {CHy J _CHp 2
(CHa)n | -cH (CH2)

This mechanism involves a head-to-tail six-member ring transition state

and then splits out two carbons from the eai1‘end._ This mechénism 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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Tab]e:V has been examined'verygcarefu11y. An M-28‘peak has a relatively
high intensity for the Tow mass md{eéu]es, but its intensity drops down and then
rises again when the molecular weight of the olefin is increasing. A curve,

M-42 to Me28'ratio against the carbon number of ‘the molecule is shown in Fig. IV,

The curve increases so rapidly from CS to C8 and it has a maxima at C8 or Cg.

The curve decreases slowly and has a tendency :to keep constant at the higher

“molecular ehd. 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, Cg to C]O’ the ring is vefy 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:

- |
+GHo™ CHo B GHs - CH;
o Il gt
N /’Cftz' , §§*(;Ft2 Ho
cH,

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 prové

this mechanism.

4, Summary
The general characteristics of massvspectrometric fragmentation patterns
of aliphatic hydrocarbons have been reported e]sewhere26’ . The important

features are summarized as follows.
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Normal Alkane

i.

ii.

It does show a small molecular ion.
The total carbon ndmberscan‘be calculated as Intensity of Molecular Ion

(CnH2n42)/1.08 x Intensity of Molecular Ion + 1 (CnH2n+3)_

i.The higheSt mass peak in each carbon number regioh is CnH2n+1.

Generally the carbon fragment groups range from CnH2n-2 to CnH2n+4.
The mass difference between.two adjacent maximas is 14.

The distribution curve has a maxima around C4 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 s1ng1e cleavage of the terminal methy] group is not a favorable

process

‘Normal Alkene (mono o]efinj.

i.

i1,

The fragmentation pattern is similar to that of the n-alkane, but its
molecular ion has a higher 1ntensﬁty than the saturated one.

If the double bond is'oh the perminal position and the molecule contains

-more than 13 carbons, there is an outstanding M-28 peak.

'.The h1ghest mass peak in each fragmentation group is CnH -1 in the ]ow

mass reg1on, but CnH2n+1 in the‘hlghkmass region.

Branched A]kane;

i.

ii.

iii

The relative intensity of the molecular ion is lower.

The low of the methyl peak, M-15 is usually higher than the molecular ion.

.Carbon-carbon bond breaking always takes place at a quarternary or ter-

tiary carbon center, after splitting the charge tends to stay at tert1ary

or secondary carbon atoms.
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iv.

Vi,
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If there are more thah two. alkyl groups bonded with one carbon atom,

the loss of the small group'is more favored than the splitting out

of a large alky]l group. |

After bond cleavage adjacent to a methyl branch the charge normally
stays oh’theJSecondary.carbon. If the'priméry fragment is sufficient]y
large, the charge can sometimes remain on the primary carbon fragment.
The fragmentation of a saturated aliphatic hydrocarbon would cause a |
hydrogen transfer giving rise to a CnHén peak whose intensity is
greater than that of the corresponding CﬁHZn + 1 peak, when this
fragment has a ]ong straight chain tail. The.eveh_peak will bé 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

dia1ky] substituted hydrocarbon when both substituents are located

on the same carbon atom.
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'CHAPTER 9 POSSIBLE EXTRATERRESTRIAL LIFE

1. Metebrites

An 1ntense1y briqht'fireba11ﬂwas observed over northern Mexico in the
ear1y morning of February 8, 1969’(0]-09CST) .The-spectacu1ar phenomenon was

centered around the c1ty of Parra] in the South-Central part of the State of

Ch1huahua; the blue-white bolide hav1ng approached the area from south-south-

“west, The bolide broke into mahyvpieces in the air‘near the small vi]]age

of Pueblfto‘dejA11ende, 35 Km, east of Parral. A p1ece of stone weighing
about 15 kg fe11.w1th1n four meters of a house in that v111age The tota]
mass of the meteorite on entry into the atmosphere was estimated to be seve-
ra1 tons. | A | |

Dr. E.A. King of NAsA»MannedﬁSpaCéf1ight'Cehter in Houstoh-left im-
med1ate1y for the scene and returned with approx1mate1y 6.8 kg on Feb. 12,
B.R. S1mone1t ‘Space Science Laboratory, Un1vers1ty of Ca11forn1a, Berke]ey

arr1ved in Parral on Feb, 15 and.spent two.days-1nvestngat1ng 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-

-mately egg;shaped, weight 2.5 kgjtetal with a stion_crust over its entire

surface. A portion of 250 grams’was bbtained from Mr. Simoheiteand used

for qrgah{e”ana1ysis. 'The:carbon content of fhe'éamp]e used in these studies

was 0,35 i.O-OZ%-. King and his colieagueS»have published a reporf,] which

shows it contained carboﬁ3fo'an?extent of apbreximate]y'0.3%. |
‘Clark-et a].z reported.tﬁe resdlts_of a comprehensive inorganic analysis.

Visual inspection immediately suggested that this meteorite is a carbonaceous
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chondrite, specifically a Wiik Type III3--1t is closely similar to others
of this type such as Grosnaja, Kaba, Lance, and Mokoia. Chemical and mineralo-
Togical examination2 confirmed thi;'similarity. ;It has a Si/Mg ratio charac- -

teristic of the carbonaceous chondrites, and it falls within the range of other

Type III meteorites. The conjection of 1ron?hoor olivine in chondrules with

iron-rich olivine in matrix is also distinctive for these meteorites. Yet

the carbon content is low for a carbonaceous chondfite, Tower in fact than

in a number of chondrites whose Si/Mg ratio places them in the ordinary

bronzite and hypersthene classes.

Organi; ana]ysis4 was performed on the Allende meterorite here in Berkeley
between March 1 and March 10, 1969. A 10 gram portioh was used for a pyrolysis
experiment, The surface of a 240 gram pbkfion UpOn whfch the analysis was to be
performed was first removed to a depth of about 1/4 inch, including all of the
fusion Cruét as well as an approximately equiva1ént thickness of the fresh
break which represented one surface. This operation, and'a11 suéceeding
operations, was carried out in arc]ean_cabfnet through which a fi1tered air
stream qu'cohtinuous1y passing. The chips and center piece were ana]yzed
separately, according to the flow sheet in Chapter 2.

A. Total Aliphatic Hydrocarbons

.The'extréctab]e organic compounds were separated ﬁﬁto three-fractfdns.
A11 three fractfons were examined chromatographically (Fig. 1,2,3) using a
100 ft. Tong and 0.01 inch inside diameter capi]]afy column coated With |
ApfezonvL stationary phase. The individual peaks were identified by their

mass spectra. Combined gas chromatography-mass spectrometry was used for
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Gas chromatogram of total aliphatic hydrocarbons from extractable
organic material. Aérograph Model 204 gas chromatograph equipped
~with a flame ionization detector. About 1/10 of the n-heptane

eluate was injected in eaéh case. » A
A. 0.5 ppm of hydrocarbons were detected in outside sample.
B. 0.001 ppm of hydrocarbons were detected in interior sample.
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PUEBLITO de ALLENDE ‘MET,VE

A. 40Grs. OUTSIDE SAMPLE
TOTAL ALIPHATIC HYDROCARBONS
APIEZON L. COLUMN 100Ftx 0.0l In. I.D.
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n-,C‘zZ '

~

ORITE

n-Cis

B. 200 Grs.. INSIDE SAMPLE
300° - 250° 200° 150° TEMP. °C
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Figure’Z: Gas chromatogrdm of total benzene fraction from extractable organic
material. : ’
A. 0.2 ppm of organic compounds were. found in outside sample.
- B. 0.002 ppm of organic compounds were found in dinterior sample.
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PUEBLITO de ALLENDE |
METEORITE o |Mwzes

A. BENZENE FRACTION
- .40 Grs. OUTSIDE SAMPLE

APIEZON L CLMN. 100'x0.01" 1D.
90°-300°C. 2°C/MIN.
2.5MI./MIN. He

PHENYLALKANE ,
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MW.236

| JU A

.
B. 200 Grs. INSIDE SAMPL.E' - |

A W A i A . »

300°C - 250°C 200°C. 150°C. N

. ~XBL693-415|
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Figure 3: Gas chromatogram 61" total fatty acids (methyl esters) from extractable
| organic material. ' A
A. 0.1 ppm of fatty acids were detected in outside sample.
- B. 0.007 ppm of fatty acids were detected in interior sample.
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the structural investigation. Fig. 1A represents'the chromatographic analysis
of the total aliphatic hydrocarbons of the surface chips and the Fig. 1B
chromatogram represents the analysis of the interior of the sample. Normal

hydrocarbons from C]2 to about ng'can be observed. Hydrocarbons of Tower

_molecu1ar'weight do not appear in the chromatograms since these hydrocarbons

would be vo]ati]iied by the evaporation to nearly dnynoss of the initial
extracts andin;heptane eluates. Isoprenoid hydrocarbons fron Cis to Co1
except C17 are showing in Fig. 1. The surface chips contained 0.5 ppm of
extractab]e hydrocarbons, wh11e the interior sampTe on]y contained O. 00] ppm
Tab]e 1 is taken from Ord 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 whion 1srmoré than_three orders of magnitudéA1ower than other Wiik
Type 111 meteoritésﬂ Thiskfact,might'bé due to the‘short:period of time of
exposure in thénf1o1d.v The concentration gradfent from outside to inside of
the sample also suggests that at‘]east the major part of the hydrocarbons
are a result of terrestr1a1 contamination. Since there is no odd over even
predom1nance, and the C27, C29, and 03] peaks are not- the major peaks, the
contamination may come from the air or petro]eum and not from plants or
sediments | | |

B. Benzene Fract1on

Th1s fract1on cou]d conta1n conJugated a]kenes, aromat1c 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 ébntains 0.2 ppm bf organic compounds but the fnside of the sample
only contains 0.002 ppm; Again, theAinterior paft'is two orders of magnitude
less than the outsidérchips. |
C. Fatty Acids

_ AS shown in Fig. 3, the'A]]ende méteorite QiVes a chrOmatographic pattern
in the C]2 CZO carbon number range with pa1m1t1c acid and oleic acid predo-
minant. This pattern is s1m11ar to the fatty acid distributions of terrestr1a1
1%Ving organisms. | | |

It'is quifé-ciear that the organic materia1 foUnd in the surface layer

of th1s meteorite is of b1o]oq1ca1 origin and can hard1y be other than
terrestr1a1 contam1nat1on acqu1red even in the short per1od of time available

to the meteor1te, name]y, between’1ts fall on February 8, 1969, and its

collection on February 15, 1969. ThéAspeed 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, or at‘leastvconSiderably Tonger, terrestrial

history. 6-8 The presence of the mono-unsaturated Ci8 fatty acid in the

Pueblito de A11ende meteorite is additional conf1rmat1on of recent contam1na—

tion. Such unsaturat1on has not been found in the Precambr1an rocks 9,10

" D. Bound Organic Compounds

The residue from the Allende meteorite, after extraction, was digested
with a.mixture of 1:1 HF:HC1, filtered off, wa;hed 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 extratt was separated and analyzed for aliphatic

hydrocarbons;,fattyvacids, as well as benzene fraction. There‘was no detectable
amount of organic matekiaT in the three fractions as shown by gas chromatographyf
A limjt of’o;1 part per biT]ion (pobf_of possible indigenOus organic mattér_can
be défected.by this method. R

Other results in this groupgflo

~have demonstrated that there are more
bound fatty acids than the free onesﬁfound in the rock, if the acids 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 extraterrestria] 1ife through

' for more than one centuryvnow At this stage, we can conc]ude ‘that the ma]or

part of organ1c compounds found in the meteor1tes are the resu]t of terrestrial
contam1nat1ons.
Now with the aid of NASA's program,‘scientiéts can start to make avgiant

1eap--to'study the extraterrestrial life on the moon,>Mars of other planets,

~or bring the sample back to Earth for study in laboratories.

The first extraterrestrial exb]oration was accomplished on Ju1y 20, 1969,
when. Neil Armstrong made "a small step for a man but a giant leap for mankind."
2. The Moon  |

Man's. eterna] quest for the new and the unknown has led him to the

" highest mounta1ns and the deepest ocean trenches, the most 1mpenetrab]e

Jungles and the most forb1dd1ng deserts. Last year the bold attempt was
suCcesSfuli ‘The journey to the moon will be remembered as Tong as the human

race endures, It opened a new age of exploration, where man may travel
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thrbughout the éo]ar system, evén the.Uhiverse, in flights, that could Tead
hot merely to newvworids,vnew substahces, new cohteptions‘about the hatUre.'
bfvmatter and of life ftse]f, bﬁt,fhis exploration might disCover extrater-
restrial 1life, or'might contact new ﬁntéj1igeht beihgs as well,

A. Search for the eak1y stages of chemical evolution of the Moon.

“The search for organic compouhds on the Tunar surface is an 1mportant_.
step in the understanding ofvthevearly'stages of chemicél'evo1ution'1eading
to the origin'df'1ife. In.other wofds, the'samp]esvfrom the moon may give
us'somé clues as'tb prebidtic 6rganicVSynthesisiin.thejso]ar system. Thé
so1a%-Wind'f1ﬁx df hydrogen, carbon,vnitrOQen and oxygen‘might be expected

to result in the fbrmation;of organic compounds in the shallow surface layer

of the exposed partic1es'1n'the lunar fines and surface rocks.

The Apollo XI Tunar matekia] represents'thebfirst possibi]ity of
examining extraterrestrial material whicﬁ has not been contaminated by
terrestrial environment. An igneous origiﬁ hasrbeen repofted]] by the bke-_
1im1nafy éxaminatibn teém for the sUrfaée_rocks of the'Séa of Tranquility.

The fines consist Chief]y of a variéty of giésses, p1a§ioc1ase, clinopyroxene,

i]menite, and olivine. Very rare spherules and rounded fragments of Ni-Fe

. up-toi1,mil1imeter in size were observed. The g}aﬁs, which constitutes about

~half of the material, is of three types: (a) botryfkagménts;
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| Isoprenoids and other Aliphatic Hydrocarbons in Meteorites

e

Total* aliphatic

' Isoprenoids hydrocarbons

Group Meteorite Sample (p.p.m.) (p.p.m.)
! Non-carbon- Bruderheim (1) 0.02 0.8
aceous chon-  Chainpur (2) 0.13 2.8
drites Indarch (3) 0.00 0.1
" (3) 0.00 1.1
Kainsaz (4) 0.12: 2.7
Karoonda (2) 0.11 3.2
Average. 0.06 1.8
Graphitic Canyon Diablo (5) outside - 1.33 14.3
nodules from = - (5) idnside 0.22 2.8
iron . Odessa (6) outside 1.18 15.5
meteorites v (6) inside 0.44 3.0
v ' Average 0.79 8.9
Wiik Type I Alais (4 ) 0.33 5.9
“ carbonaceous  Ivuna (7) 2.42. 22.6
o . chondrites Orgueil (8) - 0.72 9.0
' o (8) ~0.00 7.8
w o (8) 0.08 4.2
) "o (8) 0.04 10.0
‘ v (9) 0.38 25.0
w  (10) : : 0.45 4.6
n(9) outside ~0.00 2.5
" (9) inside 0.00 0.1
" (9) " 0.02 - 0.3
" (9) " 0.04 2.4
v (9) " 0.12 1.0
Average .0.35 7.3
Witk Type II Al Rais (7) 11.04 49.5
" carbonaceous  Bells. (7) 2.45 12.2

chondrites Boriskino (7) 18.46 - 72.8
o (4) 13.66. 38.0
Cold Bokkeveld(7) 6.79 46.0
" " (3) 3.95 15.5
Mighel (7) 24,18 127.7
" (4) 4,97 27.8
Murray (11) 4.61 35.8
: (4) 3.67 38.8
o Nogoya (7) 9.78 92.4
. Renazzo(12) 0.15 8.3

@ (13) 0.24 8.9
Santa Cruz (2) 35.44 150.0

" v (2) 4.25 24.7-
Averacge : 9.6 50.0
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Table I (Cont'd)

- Total* aliphatic

:r\?\_/

s

L

; - Isoprenagids hydrocarbons

Group ~ Meteorite  Sample (p.p.m.) ~ (p.p.m.)
Wiik Type II1 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
v (2) - replicate 6.69 33.3
v (4) o 3.71 15.8
v (10) 6.40 32.3
Ornans (4) 0.00 8.3
Vigarano (14) 16.63 223.0
v (10) 30.17 138.5
Warrenton (4) 0.14 - 8.2
Averaget 8.1 72.0
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(b) pale or colorless, or more raféTy brown, yellow, or orange, angular
fragments ranging in index of refraction from ébout 1.5 to about ].6;band
(c) spheroidé], ellipsoidal, dumb-bg]] shaped, and téar-drop-shaped bodies,
most smaller than 0.2 millimeter, 'whibﬁ rangé in color from red to brown to -

]]‘]5_ Reed'® has noted that a proportion of the glass spheres

green to yellow
appeared to contain vesicles as we]] as some opt1ca1]y dense 1nc1us1ons The
1nc1us1ons within the glassy obJects cou]d be gas bubb1es

(i) Solvent Extract1on--Extractab1e*0rgan1c Compounds.

A 19.8 gram sample of lunar fines was p]aced in a centrifuge_tube énd
extracted wﬁth 10 ml 3:T benzéne:methanol for'30 minuteé;=an‘u]frasonié vibra-
tor was used for ihis'eXtraﬁtioh. After the residue wés removed, the so]utioh
was evapo?ated in five steps. Af every step, approximately one microliter ofln
so1utibn was subjected to the gas'chromatography-mass'spectrometry systém;' In
the‘fina1 ihjection, which contained one third of thé total extract, however,
respohse waé,dbserved on the recorder except for the solvent peak. The limit
of detéc?ion has been shownto be 5 x 10'9 grams when a_standard cdmpound was |
analyzed by'the system, Thus, the individual concentrétions of extractable
organic compounds were less than one part per billion.

(ii) ,Déminera]izafion experiment--bound organic compounqs.

The residue_frdm solvent eXtractidn was used for the demineralization
experiment. Dis§o1ution of’thev]unar samp]e‘was accomplished by sTow]yb
adding 20% hydrdgen fluoride (250 m1) to a Teflon beaker which contained the

dried fesidue. 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 ocid and flooro-éomoounds..‘The resulting residue, weighing

12 grams, was mostTy white f1ocu]en£, with approximately less thon one percent
of heavy black particles. Both tho acid and the fesidué were extracted with
benzene. Benzene was removed stepwise»from the combined extraction. For the
final step, appkoximate]y ooe third of the extract was subjectedvto capillary
gas chromatography. The bound organic compounds were not detected.

1

| The preliminary results ' obtained for the Apollo 11 rocks énd fines

pOint'to an origin from highétemperatufe me]tsbsubsequentiy‘exposed onbthe

~“surface under high vacuum for some millions of years. The presence of bio-

'geoio products is_thefefore’extremeTy improbable, and the predominant sources
of carbon are likely to be the solar wind andvmeteorite impact.
(111) Pyrolysis--G.C.-M.S. |

| Pyro]ysis ofbthe lunar fines (12 mg) and demiﬁeré]ized residue (15 mg)
was performed in a quartz, stopbed-f]ow.tube attached to o 3" x 1/8" silica
gel tfap Which was connected to G.C.;M.S. syotem. The ga$ chromatogtaphic
co1umh was a stainless steel capillary column 100 ft. x 0.01 in,,'Apiezon L
the temperature was programmed from -]Oo to 300°C. The sample was preheated
at.150°C for 15 minutes‘to remove absorbed material before fhe-va]ve of the
pyrolyzer fube was closed, After it was heated at 500°C for 30 minutes, the
valve of the pyro]yzer was opened and (20 psi) of'he1%om_gaslswept a11 tHe
volatile cohpouhds to the éilica gel-liquid nitrogen trap. :Mu]tiple mass
scans were obtained of the volatile compounds released by'heétfng of the
silica gel frap; Fig. 4 shows only two major products whichvrepreSentvmethane
and benzene.  However, methane was the only product for the pyrolysis of the

demineralized sample.
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Gas chromatographic separation of pyro]yéis-G.C.-M.S. analysis of
Tunar dust from the Sea'of;Tranqui1]ity. 12 mgs of sample was

used at 500°C pyro1ysis temperature for 30 mins. A stainless steel
tubingv100 ft. x 0.01-in. coated with Apiezon L. Helium pressure,

20 psi. Temperature programmed at 29C a minute from -10°C to 300°c.
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(iv) HF treatment--bound gaé analysis.

16-19 Showed that the glass spheres contained vesicles

‘The optical data
as well as some opt1ca11y dense inclusions. The inclusions could be trapped

in the_]unar f1nes. Hydrogen fluoride was used to d1sso1ve ‘the dust and

'gases could be ]iberated. The schemat1c of the apparatus used is shown in

Fig. 5. The‘system was made of glass with Westef stopcocks and Cajon trap
discennectors; ‘In order to check the recovery efficieney of the system a
silica gel blank was run. The whole system was aTterhate1y purged with helium
three times and pumped down before the flask was doped with 1 ml of CO. The
flask was va1Ved‘off and stirred during the stepwise addition‘of 150 ml HF. |
The traps'were under vaeuum 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 ya]Ved off. The helium trap pressufe'was measured and the contents

ana]yzed by high resolution mass speefrometry, (ALE.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 procedufe was - followed as described for the bTank

run.,

The recevery'efficiehcy 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 -

of methane, neon and argon was also indicated.

It appears that the largest chemical component form of the carbon which
is present in the 1unar fines is carbon monox1de This could be the resu]t

of the oxidation of any reduced carbon by the heat of meteorite impact or
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other source of energy avai]ab]e to the lunar surface, using mineral oxides
as the oxidizing agent. During the meteorite impaCt, the lunar surface
tenperature could be higher than 1200°C, and this oxidation reaction would be
proceeded, Most of the carbon monoxide would have escaped the lunar grav1-
tational force, thus account1ng for less than 0. 02% of total carbon in any
of the samples yet ana]yzed. |

(v) PossibTe biogenic cdmpound'on the Moon.

From the radid waves measurement, the density of gases on the moon is
at least one trillion (1012) times less than on the surface of the Earth.
The absence of atmosphere implies total dryness, since it {s inconceivable
that water coU]d-eXiSt in the Tliquid state in so high a vacuum. We must,
therefore; accept the fact thatvthe 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 Tunar night, which lasts for'the equivalent Of two earth weeks ,
very considerable coo11ng of the surface occurs, in the absence of any pro-
tect1ng atmosphere, and the ground temperature drops to -80 C and even to

as low as -150° C. For th1s surface condition, extraterrestr1a] life could

| never ex1st, and the process of chemical evolution would be unable to operate.

At a depth of roughly 50 meters be]ow the ]unar 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 15 prevented from escaptng to the surface by an 6ver1ying layer of

ice 1n exact ana1ogy to the permafrost of the terrestr1a1 arctic and antarctic
reg1ons If there is a reg1on below the surface of the Moon wh1ch has warm ‘
temperatures, liquid water and the poss1b111ty of pr1m1t1ve organ1c matter
then it seems premature to exclude the possibility of 1ife on the Moon. However,
1nd1genous 1ife seems highly un1jke1y beCause there is no energy source besides
the radtation energy and chemtcais Tocked in the subsurface materials and the
Organic'matter ‘This energy is 11m1ted at best. If life once arose at such
1unar depths,'1t would occur on1y in a br1ef per1od of tlme
3._ Mars '

| Mars 1s the on1y planet in the so]ar system other than the Moon whose

surface features have been photographed and measured by Marlner 6 and 7 under
| te]escop1c observat1on Observers have 1ong suspected that the expans1on and

contraction of the dark areas of Mars indicate vegetat1on of some sort. The
dark areas expand at a rate of 15Km per day in the Mart1an spr1ng fo110w1no
the me]ting'of the ice cap, Many studies of Mars support the_hypothe51s |
_ chat some sort of'vegetation is present.zo' If this proves to be~correct it
w111 be of the utmost. 1nterest to determ1ne whether or not this life is based
on nuc1e1c ac1ds and prote1ns ‘

L1fe as we know it depends on the ava11ab111ty of water and carbon |
dioxide among other th1ngs, and on]y recently these have probabTy  been
conc]us1ve1y 1dent1f1ed by infrared spectroscopy 1n the Mar1ner 6 and 7
exper1ments . Mars has an atmosphere but 1t is much more tenuous than that
of the earth, and of d1fferent compos1t1on The pressure of the atmosphere

at the Martian surface is be11eved to be 25 + 15 m1111bars At the equator,.
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the tehpefatuhe may vary from 30°C to -80°C between noon and midnight. It
is obvious, theretore, that organisms exposed at the surface of Mars would be
frozen. Some enaerobic bacteria ean‘wfthstand treatment of this spht,jbut it
is also well known,that remarkable degrees of resistance to co1d_have been
found among quite complicated animals.

| Mars might easily support 1ife:fqrms and the flexibility of organisms
we know may be far greater than is genera11y believed. If Mars has no life
of its own, the co1dnization of Mars by terreSthia] orgenisms could be at-
tempted.

Specu]at1on concern1ng the existence of extraterrestr1a1 life has always
1ntr1gued a sma]1 segment of the sc1ent1f1c commun1ty However only dur1nq
the 1ast few years has this type of specu]at1on taken pract1ca] meaning. A
W1th1n a few years V1k1ng mission will obta1n sc1ent1f1c data about Mars
with part1cu1ar emphas1s on prov1d1ng,1nformat1on‘re1evant to life on the
planet.

4. The Universe

A fundamental process affecting the pkeyalence of Tife in our universe
is the formation of p1anetary systems. The evolution of biological 1ife
following a’period'of ehemica1 evolution requires e suitable and stable .
phySica1 environment whichvmay exist on some p1anets it may therefore be

expected that the preva1ence of life in our universe wou]d be d1rect1y pro-A

portional to the number of existing p]anetary systems whether there are

few or many, depends on how they are created.
" Theories of planet formation mey 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 -
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‘therefore the development of biological life must be é’rére phenomenon.

However, the natural formation theofies fmp]y the existence of large numbers
of planetary systems and, therefbre,ffrequently occurring environment§ 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-]iving sys tems such as sediments, petro-
1eum, meteorftes, and the 1unar samples The former part conta1ns Chapters
4- 7 wh11e the Tatter one is 1]1ustrated 1n Chapters 3 8 and 9. The ]1v1ng v

organ1sms were studied on the bas1s of chem1ca1 taxonomy “and comparat1ve

blochem1stry while the non-11v1ng'systems were evaluated by their molecular

fossils andhbio1ogtca1 mankers HoweVer"these”two parts are”c1ose1y re1ated;-
one could not study the one w1thout hav1ng the know]edge of the other. In
order to 1earn the nature of the organic compounds that m1ght have estted
in mxcroorgan1sms b11110ns of years ago we .also need to know more exactly

the nature of ‘the mater1a1 we are’ startlng w1th today, so that we can make

some est1mates of what to expect as we 90 back in t1me This leads to a

comparat1ve exam1nat1on of organ1c structures that can be found in today S

m1croorgan1sms This same type_of knowledge ]S a]so essential for examining

.extraterrestr1a1 mater1als | Thehe 1s'on1y one way we know, at the present.

time, - wh1ch extraterrestr1a1 forms of life or1g1nated independently of
11fe‘on the Earth. That is by oomparwng the skeletons of organ1c_compounds'
of the‘extratehrestrial 1ife with'that ot{]ife on the Eapth;, 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“;

.M1cropa1eonto1og1c evidence may help us to decide the evo]ut1onary steps

of m1croorgan1sms, which know]edge is essent1a1 for comparat1ve b1ochem1stry

‘stud1es.
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This thesis also could be-diyided'tanothér Way--aTT the chapters:preceding |

~ Chapter 9'are'the chemical studieseof terrestrial life and their diagenetic

i products in sediments. Chapter 9 disCusses the search for'extraterrestriaT

4\\ Tife. Th1s work is on]y a beg1nn1ng, and we are Took1ng fonward to see some
4 _ . o

construct1ve development in the near future.
Modern . - ana]yt1ca1 techn1ques have been app]1ed to these studies.
~ The comb1nat1on of gas chromatography and mass spectrometry espec1a11y has

made poss1bTe the deta1Ted-study of the 1nd1v1dua] components of comp]ex

organ1c m1xtures regardiess -of their origin. Synthetic WOrk has been carried
~out by means of structura] conformat1ona] stud1es as we]l as synthes1z1ng
compounds of authent1c structure, - The b1osynthet1c pathway of normal and
branched hydrocarbons in the blue-green algae has been stud1ed by us1ng carbon
and hydrogen isotopes as tracers. ;The,study-has aTso revea]ed_much of the
bioTogicaT order‘whtch prevails at the moTecu1artTeve1, andvas a consequence, -
useful cr1ter1a of b1ogen1c1ty have been deve]oped on the basis of the resuTts.
obta1ned throughout th1s 1nvest1gat1on | _

The methyT branched a]kanes seemed to be of particular s1gn1f1cance in
bTue green aTgae because the nethyT.branches are not 1so— and ante1so-structures.
They appear to occur: unlqueTy in blue- green aTgae and are absent from photo-
synthet1c and non- photosynthet1c bacteria. | These hydrocarbons have not been
found 1n the green a]gae wh1ch are morphologically more advanced than blue- green
algae but are still re]at1ve1y pr1m1t1ve The branched C18 compound was-
eTuc1dated by organ1c synthet1c work to be 1:1 7- and 8 methy]heptadecane Tt:

was f1na11y separated by 750 ft. of h1gh resoTutTOn cap111ary co]umn which
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showed that 10% of 6-methy]heptade¢ané is also present 1n‘the mixture. This
branched hydrocarbon was proved to bé.optically active; theAactivity +2.5
+ 0.5 was obtained. The gas chromafographié evidence shows that the branched .

C,, was present in Soudan Shale. Thuszarghoorn's.mbrphd]ogita] microfossil

18
evidence was confirmed. The_biosynthetic pathway to thfé 50:50 mixture of 7-
and 8-methy1héptane was proved to be the methyl group 1néeftion'to cis-vaccenic
atid; followed by decakboxy]ation reaction. | |

The question now arises as to the diagehetic fate of terrestrial and
extraterreétria] organic.matter which once has been synthesized on a pkebidtic
earth or on the planets, Its occurrence can be inferred by the presence of
kekogen;vi.éf, carbon in ancient sediments and extraterrestrial materiaTs,
as old aé 3-5 billion years. - Thé elucidation of therdiagenetic histony of
this material may reveaT important details concerning the brigih of life on
earth and perhaps elsewhere {n the universe. |

Over the. past three decades, much has beeh ]éarned of a quantitative

nature of fossil 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,

:heterocyc11c cbmpounds and Tipids.

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,_ahd other biogenic polymers could survive diagenesis. The

present_conéensus,'h0wever, is that during diagenes new polymers, or conden-
sates, are synthesized from breakdown products of former biochemical macro-
mo1e¢u1es. Namely, the bulk of the fossil organic matter has acquired its -

mo]ecuTar framework in'the.course of diagenesis, whereas biogenic macromole- .

cu]es, such as proteins or nuc]e1c ac1ds, are e11m1nated rather rad1ca11y in

the early stages of d1aqene51s

The research on hydrocarbon and fatfy acids constituents‘of sediments
has attained a sufficient level of sophistication that 1tris possibﬂe to
state whether or not those compounds are the resuTt of biologicaJ activity.
Nhether thé existence of organic compouhds in thé'OnVerwécht, the oldest
sediment known as earth, upoo which these experiments oaye been performed
can or cannot bevregarded as eridence of biological acfivity is still o

questionable. Since the rock is porousrehough to let water pass through, after

~several billion years, it is not sUrpriSjng if one would find organic compounds

in the parts per million-range.
The f1nd1ng of C22 to C25 1sopreno1ds in anc1ent sediments proved that
the precursors of 1sopreno1d hydrocarbons are the alcohols, such as farnesol,

phytol, betu]apreno]s, so]aneso], etc., but not the hydrocarbons, squalene

“and lycopene, The .initial degradation proCeés had to take place by attack

at the alcohol énd, followed by reduction and thermal cracking mechanisms
to oivé isoprenoid hydrocarbons found everywhere in terrestrial materials.
In mass spectrometry, branched alkanes are identified by their molecular

ion and by their characteristic cleavage at branchéd positions. Another
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characteristic fragment, the even mass numbered peak due to the hydrogen
atom transfer can be used as important information to 1nterpret a mass

spectrum. The fragmentation of .a saturated a11phat1c hydrocarbon wou]d

. cause a hydrogen transfer giving rise to a C H, + 1 peak, when this fragment

n:2n
has a Tlong straight chain tail. " The even peak will be more intense than the

odd peak when the fragment 1on contains seven or more carbons 1n the chain.
' The mass spectrum of olefinic hydrocarbon for examp]e shows a relatively

high M-28 ion} this might 1nd1cate that an ethylene mo]ecu]e is split out

'from its long tail end.

The identities. of methy] branched fatty ac1ds can be easily deduced
mass spectrometrically from the presence of fragments correspond1ng to the
formation of a ketone ion, derived from the branched structure through the
loss of a terminal alkyl and methanol and. the Toss of water from the ketene ion.

- .The n-C,- hydrocarbon 1svpredominant in algae. Its dominance is

17

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-]iving'materia1s. | |

: _The nature, distribution, quantity and concentration gradient of the
organic compounds found in Allende meteorite indicates that those molecules
are-terrestriai contaminations. Thus it suggests ue cannot study extrater-
restrial life without ambiguity through meteorites.

- The study'of Tunar surface samples neither shows signs of extraterresf

trial 1ife nor indjcates 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 Tife 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 Tike to end-fhis 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
towards certain universal. fundamentals he felt. confident are as
valid t? worlds infinitely far removed, as they are to his home planet,
Earth." ' '

1.  R.A. MacGowan and F.I. Ordway, "Intelligence in the Universe," Préntice-
Hall, Englewood Cliffs, N.J. p. ix (1966).



