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ABSTRACT
Uniroyal PAO-20E, an oligomer of 1-octene, is a dielectric
fluid proposed as a replacement for polychlorinated biphenyls. No
studies on its biodegradation have been reported in the literature.

to date.

This thesis contains the results of an investigation of
the biodegradability of this commercial product, particularly by
micro-organisms. Model compounds, such as 7-methylpentadecane and

7-methy1-9-hexylheptadecane, were employed in the study.

A major portion of the study deals with the synthesis of
these model compounds by means of the malonic ester synthesis and

with the characterisation of intermediate and final products.

Incubation experiments have been conducted with Saccharomy-
copsis lipolytica using PAO0-20E and two synthetic model compounds as
substrates. Gas chromatographic analyses of the extracts of such
cultures did not result in clear evidence of degradation of these

compounds by this organism.
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CHAPTER 1

INTRODUCTION

This thesis describes an investigation of some branched
hydrocarbons which have been described (1)+ and patented (2) for
use as dielectric fluids in applications where polychlorinated
biphenyls (PCBs) and to a lesser extent, polybrominated biphen-
yls (PBBs), have been used previously. The justification for
the use of such compounds as replacements for PCBs follows from
the properties, particularly toxicity and persistence, of these

halogen-containing compounds, which may be summarised as follows.

Polychlorinated and polybrominated biphény]s'(l*, X =
C1 and X = Br respectively) are multicomponent mixtures of bi-
phenyls in which one or both aromatic rings carry varying numbers

of chlorine or bromine atoms as substituents.

Generally, PCBs are prepared on an industrial scale
by direct chlorination of biphenyl either with gaseous chlorine

(with iron filings as a catalyst) (3) or with a mixture of

¥ Arabic numerals in parentheses indicate literature references
on p. 134.

*Roman numerals refer to structural formulae (see p. 3 )



gaseous and liquid chlorine (using iron(III)chloride as a cata-

lyst) (4,5).

The resulting products (e.g., II: 2,4,6,2',4',6"'-
hexachlorobiphenyl) which are marketed under trade names such
as Clophen, Phenoclor, Kanechlor and Aroclor, generally are
liquids with high dielectric constants, thermal stability and
are chemically inert. It is these properties that make this
group of compounds ideally suited for use as transformer and
capacitor fluids, use in hydraulic systems and in the manu-

facturing of electric cables (6,7).

Polybrominated biphenyls (PBBs), the bromine ana-
logs of PCBs are usually solids which have been used as
flame retardants, in typewriter ribbons, microfilm processors

and in radio (8,9) and other small electrical appliances.

The high chemical and biochemical inertness (7,8) of
these compounds are responsible for their environmental persis-
tence. Together with their toxic properties, this has caused
a major environmental problem affecting animal and human health

(9,10,11,12,13,14).
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IV




The toxic properties of PCBs and PBBs have been
recognised for the past decade. Intake of PCBs has caused
lowering of reproductive ability (10,12), including egg pro-
duction, hatchability and deformities and depressed growth rate
3f the young in birds, decrease in pup survival rate, fetus ab-
normalities and even abortion in mammals 1ike mice and rabbits;
diseases such as edema in blackbirds (15), anemia, hypoprotein-
emia, bone marrow hypoplasia in monkeys (10) and even death.
Cattle, which had taken in PBBs accidentally, exhibited
decrease in milk production, loss in body weight and abnormal
hoof growth (9). Both groups of compounds affect similar sys-
tems in a similar fashion in mammals, mainly the thyroid sys-
tems and the liver (10,14) where metabolism of the compound
takes place. Some reactive metabolic intermediates, such as
epoxides, may bind tightly with the Tliver tissues causing severe

hepatotoxicity, as suggested by Brodie, et al. (16).

As a result of the same properties which make them use-
ful, PCBs and PBBs persist in nature. PCBs have been detected'
in living organisms, fish (12), birds (12), mammals (12) and
even human beings (9). Bioaccumulation is selective, depending
on the kind of biospecies. Penta- and hexachlorobiphenyls are
most commonly found. PBBs were found to persist in dairy.prod-

ucts, to a maximum of 2.8 ppm, from the cattle (14) which had



been accidentally fed with PBBs. PCBs are not readily degraded.
The only significant degradation process known is the photoChem-
ical progressive reductive dechlorination in hydrocarbon solvents,
the reaction conditions of which are not found in the natural
environment. On the other hand, although PBBs were expected to
be less stable (8), they are not degraded because as solids,

they are not easily transported to environmental sites favouring

chemical or photo-induced degradation reactions.

An additional complication of the PCBs problem is that
not only the compounds themselves are toxic, but also the by-
products formed during the manufacture of PCBs have been found
to be toxic. One of these byproducts is chlorodibenzofuran (III).
This compound was detected in some of the commercial PCBs (17),
and was found to cause severe and often lethal liver necrosis
in rabbits in a single dose of 0.5-1.0 mg/kg body weight (18).
Chlorinated dibenzofurans and dibenzodioxins (another toxic
material of current interest) could be generated from PCBs under
environmental conditions. The reaction conditions required can
be either the ultra-violet components of sunlight (19,20) or
heat encountered in wood burning (20). One example is furnished

by 2,5,2',5'-tetrachlorobiphenyls in Equation [1] (p. 6 )



Eq.[1] D.G. Crosby, et al. (20)

Cl

e ®

A 4

Due to their own toxic properties, their persistence
in nature, non-degradability and the toxicity of their byprod-
ucts, PCBs and PBBs are undersirable. The widespread use of
these compounds has led to inevitable leaks and spills and as a
result these compounds are found to be widely distributed in
the environment. It has thus become evident in. recent years
that less toxic and less persistent replacements for PCBs are
urgently required. This has been recognised by the chemical
industry and a number of potential replacements have been

proposed.

Thus, Monsanto Industrial Chemical Company has pre-
pared hydrocarbon type compounds, MCS 1238 and MC 1588, which
do not contain any chlorinated biphenyls. Dow Corning Incor-

porated has promoted a dimethyl silicone dielectric liquid,



‘Dow Corning 02-1090, for use in power transformers. It is not
biodegradable, but is said not to bioaccumulate. Dow XFS-4169L,
a butylated monochlorodiphenyl oxide (V) is manufactured by Dow
Chemicals to reblace‘PCBs as capacitor fluid. Prodelec, on the
other hand, marketed chloralkylene 12, a mixture of bichloro-
biphenyls and their alkylated derivatives which is claimed to

be easily biodegradable and non-toxic. In 1974 Drs. A.J. Rut-
kowski and E.0. Forster at Exxon Research and Engineering Com-
pany (21) developed Di-isononyl phthalate (ENJ-2065), an organic
ester, as a dielectric liquid in capacitors. Uniroyal 0il
Company introduced some new products. They are PA0-20E, a poly-
merised polyoctene-1, and PAO-13C, PAO-LVC, PAO-40C, PA0-60C

and PAO-100C. The last five are all polydecenes with different

viscosities.

While initial toxicity testing, such as LDsy, rabbit
skin tests and the like, have been performed on most of these
products, a general understanding of their environmental impact

is lacking.

As-partvof a research project on biodegradability,
particularly by micro-organisms, presently in progress in this
laboratory [e.g., the study of the fungitoxicity of methoxy-

chlor and fenitrothion (22)], the present study deals with the



problems surrounding the persistence and biodegradability of the
dielectric fluids produced by Uniroyal 0i1 Company with specific
reference to PA0-20E (VI). This product is a mixture of oligo-
mers of 1-octene with an average molecular weight of 850, which
is described in U.S. Patent No. 4,041,098 (2). The polymeri-
sation of 1-octene is initiated by using a coordination complex
catalyst system. This system consists of a soluble aluminum
alky! halide (e.g., diethyl aluminum chloride) and an organic
halide (a halide with not more than one halogen atom attached

to any single carbon atom in the molecule). The chain grows
through the double bonds of the monomers and can be terminated
at any point by addition of water. The molecular weight dis-
tribution and the product yield (yield of oil having molecular
weight greater than 114) can be controlled by using the appro-
priate amount of aluminum alkyl halide. The remaining double
bonds are removed by subsequent hydrogenation. Scheme I (23)

(p. 9 ) illustrates the preparation of these compounds.
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Scheme 1 Oligomerisation of 1-octene



- 10 -

The resulting liquid has a high viscosity and is promoted

for use as transformer fluid. Other such oligomers produced

by the same Company, PAO-13C, PAO-LVC, PA0-40C, PA0-60C and
PA0-100C, have similar properties as PAO-20E. These compounds
are expected to be similar with respect to their biodegradation

characteristics.

Limited toxicity studies have been done on rabbits and
rats (23). No research involving micro-organisms has been
reported to date. Therefore the microbiological degradability
of PA0-20E and the associated synthetic problems have become

the subject matter of the present study.

Since the Uniroyal PAO's are branched chain saturated
hydrocarbons, a brief summary on the present state of knowledge
of the microbiological degradation of such hydrocarbons seems in
order. A major portion of this body of knowledge has been ob-
tained from studies on marine organisms, because of the obvious

implications of 0il spills in marine waters.

Hydrocarbons, whether they be aliphatic (up to C,,)

(24), olefinic or aromatic, have been found to be attacked by
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various micro-organisms, including bacteria, yeasts, molds and
fungi. The first relevant observation was reported as early as
1895 by Miyoshi (25). This author found that the bacteriastrain
Botrytis cinerea Penetrated paraffin wax which was once thought
to be biologically inert. This led to an upsurge of intensive
studies with various bacterial species and different hydrocar-
bons. Some of the most commonly found microbes that oxidize
hydrocarbons are the Pseudomonas species which grew in kerosene
media, Mycobacterium, Proactinomyces, Actinomyces (24) and yeast-
like organisms such as Candida lipolytica (26, 27, 28, 29).
These species are found abundantly in soil and in the aquatic
environment, especially in oil-polluted areas. The abundance
and types of microbes seem to be influenced by the quantities
and kinds of hydrocarbon present. Each species metabolizes

only a narrow range of hydrocarbon homologues. In many species,
the enzymes which catalyse the oxidation of hydrocarbon are

adaptive or inducible (30).

Microbial oxidation of hydrocarbons takes place in very
simple media. Wherever there is physiologically balanced min-
eral salt solution, the presence of nitrogen, phosphorus and
free oxygen, the hydrocarbon-oxidiser would be able to utilize

hydrocarbons as its only carbon source and assimilate it.
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If oxygen is abundant, carbon dioxide is always the
final product, but fatty acids, alcohols, unsaturated hydrocar-
bons and aliphatic esters are frequently found as intermediate
products of this metabolic conversion (24,31). Rupture of the
hydrocarbon structure occurs in various ways and the metabolic
pathways are diverse. Some microbes attack the aliphatic
alkanes from one end (i.e., monoterminal oxidation). For long-
chain alkanes (C;5 — C;g), oxidation takes place via 1-alkyl
hydroperoxides and the formation of n-alcohols as the first
stable intermediate which in turn are oxidized to n-fatty acids
(32). Scheme II (33) (p.13) outlines the probable pathway for
the bacterial oxidation of n-hexadecane. The acid and alcohol
condense to form the final product, cetyl palmitate. This was
based upon the findings that 75 percent atmospheric oxygen has
been incorporated into the ester when the microbe Micrococcus
was incubated with hexadecane in an 180, enriched atmosphere
(33). The first reaction involves oxidation with molecular
oxygen and subsequent reactions the oxygen of water. The fatty
acid formed may also be oxidised further via g-oxidation to
give fatty acids that are successively two carbons shorter.
Certain alkanes of shorter chain length (C3 — Cg) produce methyl
ketones (34). Leadbetter and Foster (34) viewed that as a vari-

ation of the terminal attack involving a free radical equilibrium
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2 CHy(CHy),4CHy + 2180, ———> 2 CH3(CH,)14CH,180180H

2 CH3(CHy)14CH,180H

18
. l;’ + H2160 - OH
CH3(CH2) 14,CH,180H CH3(CHp)14C =180 —— CHs(CH2)1u$\\16
H OH
Boks)
FCH (CH,) vy
3 2714 ‘\-,160
- J
CH4(CH CH,180H + [CH4(CH ¢ H 2
3(CH3) 1 4CH, 3(CH2) 1y S :

|

18,160

Scheme II. Hypothetical mechanism for bacterial oxidation of

n-hexadecane and subsequent formation of cetyl

palmitate (33).
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as illustrated in Scheme III (p.15 ). Stabilities of alkyl
radicals increase in the order I° < I1° < 111° and also increase
with the size of the groups bonded to the carbon atom bearing

the unpaired electron. This might explain the difference in

the end products for the microbial oxidation of long chain n-
alkanes and lower molecular weight alkanes. Finally, some inter-
mediate length alkanes (Cg — C;o) are dehydrogenated to the cor-
responding 1-alkenes (32) which are further oxidised to the epox-
ides or 1-alkanols (35). Considering the metabolic flexibility
of micro-organisms, other metabolic pathways might be uncovered.
Already discovered are the diterminal oxidation via w-oxidation
(e.g., by Corynebacterium 7EIC (36))and the subterminal oxidation
of the alkane. When the initial attack is on both terminal
methyl groups, dicarboxylic acids become the metabolic inter-
mediates. On the other hand, when initial oxidation is sub-
terminal, the intermediates are secondary alcohols, then ketones,
followed by ester cleavage. These are outlined in Scheme IV
(35,37) (see p.16 ). However, generally speaking, in the ali-
phatic series, long-chain hydrocarbons are more readily attacked
than compounds having only a few carbon atoms per molecule (24,
36); n-alkanes are attacked in preference to branched alkanes,
as demonstrated in the oxidation of 2-methylhexane by Pseudo-

monas (38).
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R — CH2 — CH3
Alkane
_ |
l 1
RCH — CHg el g g gy e gyl die e R — CHz — CHz-*
Free Radical I
0, Equilibrium 02
R —-?H — CH3 ———— Hydroperoxide R — CH2CH2 — OOH
OOH
R — CHCH3 RCH2CH20H
|
OH Primary
alcohol
Secondary alcohol l
R —-ﬁ — CH3 RCH,COCH
0 Fatty
acid
Methyl ketone
Alpha-oxidation Terminal Oxidation
Scheme IT1I Formation of n-alcohols and methyl ketones from

alkyl free radicals (34).
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Bacteria transport the hydrocarbon into the cell and
assimilate it within the cell. S;hngen (39) reported that half
of the methane assimilated by Methanomonas methanica was oxi-
dized to carbon dioxide and the other half converted into
bacterial cell material and other metabolic products. A portion
of the paraffin oxidised by Aspergillus flavus was incorporated
into the mycelium (40). This conversion of the hydrocarbons
into microbial biomass is considerably less important in the
case of fungi. Only 7% of hexadecane, metabolized by Clado-
sporium Resinae, was assimilated by this fungus while 93% was

oxidized to carbon dioxide (31).

In general, a large number of the micro-organisms
which exist in soil, fresh water and in sea-water have been
found to oxidize hydrocarbons. It appears, as mentioned earlier,
that many species can be induced to grow in a hydrocarbon envi-
ronment. However, since nitrogen and phosphate are essential
for the growth of micro-organisms, the biodegradation of spilt
oil in marine waters is probably limited. Rates of growth are
slow when these two essential elements are present in low con-
centrations in sea water. Kuwait oil had been found to be well
degraded in soil and fresh water. But when the oil was put into

sea water which was previously inoculated with the same bacteria,
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it was degraded very slowly (41). Also, dispersion of hydro-
carbons in the soil provides a considerably larger surface area
than the thin surface films which may be expected to form from
hydrocarbon spills in the aqueous environment. Microbial inter-
action would therefore seem to be more productive on land than

in the aqueous environment.

A study of the biodegradability of PA0-20E would involve
incubation of the micro-organisms with the compound at different
dose levels, analysis of the unreacted hydrocarbon and determin-

ation of possible metabolites.

The commercial product, discussed above, presents three
major difficulties which are outlined as follows: (i) The
average PA0-20E molecule is made up of 64 carbon atoms. The
largest alkane molecule reported found assimilated by micro-
organism is C,o (24). A question thus arises whether such a
large molecule as PAQ-20E would be able to penetrate the cell
walls of the micro-organisms for biodegradation, and if the
answer is negative, whether biodegradation can take place as a
result of enzymes released after autolysis of the cells. Such
a situation could be simulated by the preparation of cell-free

extracts, a method described by Baptist, Gholson and Coon (42).
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(ii) An appropriate analytical method has to be
selected for analysing the level of residual, non-degraded
hydrocarbons. Common spectroscopic methods, such as ultra-
violet, infra-red, or proton magnetic resonance would not be
suitable where the molecule concerned does not possess any

specific functional group.

Its high molecular weight makes the compound not
susceptible to standard gas chromatographic analysis. A C-36
alkane molecule took almost fifty minutes to elute from a gas-
liquid column (2% OV-1) with temperature programmed to increase
from 60°C to 300°C at a rate of 5°C per minute (43). It would
take a much longer time for PAO-20E to elute under such condi-
tions. The temperature could not be increased further as most
of the column packings'decompose above 300°C. This makes gas-

liquid chromatography not a feasible analytical tool for PAO-20E.

The only available method would then be high pressure
1iquid-Tiquid chromatography which is not as easily accessible

and convenient as gas-liquid chromatography.

(1i1) The last problem encountered is the identification of

metabolites. Metabolites from the PAO-20E would be expected to include
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carboxylic acids and/or esters (Scheme IV, p.16 ). Without the
hydrocarbon, the microbes themselves, too, produce esters and
carboxylic acids as their natural metabolites (29). To recog-
nise between the two kinds of metabolites would be another

difficulty to be overcome.

The use of suitable model compounds could solve some
of these problems. The stepwise synthesis of smaller polymeric
units of T-octene, i.e., dimer (VII), trimer (VIII), tetramer
(IX), etc. appears to be a suitable approach to this study

for a number of reasons.

Firstly, the model compounds suggested are structurally
similar but have smaller molecular sizes. They may have the
advantage of penetrating the cell-walls of the micro-organisms
more easily. As the molecular size is increased gradually
(going from dimer (VII) to trimer (VIII) to tetramer (IX) and
onwards), it may be possible to establish a limiting size of

the macro-molecule that can effectively penetrate the cell

walls.

Secondly, since the model compounds have smaller
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molecular weights, it would be possible to analyse residual
hydrocarbons qualitatively and quantitatively by conventional
gas-liquid chromatography, which is readily available in most

laboratories.

And thirdly, such model compounds may be labelled
with Carbon-14 or Carbon-13, so that the breakdown products
may be distinguished from the natural metabolic products of the

micro-organisms used in biodegradation studies.

Thus the synthetic approach, using model compounds
such as the dimer (VII) and the trimer (VIII) appears to be an
attractive method for initial studies on the biodegradability

of PA0O-20E and its homologues.

Finally, the yeast Saccharomycopsis lipolytica
(formerly known as Candida lipolytica) is chosen as a suitable
organism for such initial studies. It is an organism that is
found both in the terrestrialand marine environments (27) and
it is known to metabolize straight chain saturated hydrocarbons
(26,27,28,29) as well as branched alkanes (27). It might be
able to oxidize PAO-20E which is also a branched chain hydro-

carbon.
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In the chapters which follow, the synthesis of the
model compounds, the dimer (VII) and the trimer (VIII), and the

interaction of these compounds with S. Iipolytica are reported.
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CHAPTER 2

SYNTHESES OF THE DIMER AND TRIMER HYDROCARBON HOMOLOGUES
OF PAQ-20E AND THE CHARACTERISATION OF INTERMEDIATE PRODUCTS

Possible Synthetic Sequences

Two possible approaches to the preparation of the lower
molecular weight homologues of PA0-20E, the dimer (7-methylpentade-
cane, V*) and the trimer (7-methyl-9-hexylheptadecane, XXV) were
considered.

The first utilizes the Reformatsky reaction (44) (Eq. [1]*’
p. 25) as a key reaction in a reaction sequence outlined in Scheme 1t
p. 26. In a second approach, the malonic ester synthesis (45)

(Eq. [2], p. 25) is the key reaction in a sequence as outlined in
Scheme II, p. 29. A decision as to which route to the required

hydrocarbons would be the most advantageous requires a comparative

discussion of both methods.

*Structural formulae have been numbered differently from those in
Chapter I and the present numbers are retained throughout the

remainder of the thesis.

+Equations and schemes are numbered per chapter.
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Eq. [1] Reformatsky reaction (44)
R
i /0 , /O
Br — CH — 7 + R=cl o+ In
S OR! H
+ OH R
H30 | ] 0
> R -C—tH-cZ
N OR'
Eq. [2] Malonic ester synthesis (45)
+
Na
H{ .. CO0C2Hs -y - _€00C,Hs
/C\ + C2H50 Na <« CH
H C00C,Hs ~~ C00C,Hs
REC
< \C00C,H — o
" 2ms C2Hs0 R COOC,H5

An approach based on the Reformatsky reaction would start
with the condensation of a suitable a-bromo ester (e.g., I, Scheme I)
with an aldehyde in the presence of zinc powder to form the hydroxy
ester (II). The hydroxy ester (II), after dehydration and hydrogena-
tion, would give the branched methyl ester (III). Reduction to the
alcohol (IV), mesylation and another reduction would lead to the
dimer hydrocarbon (V) in 8 steps. Also, the methyl ester (III)

may be converted by base hydrolysis and reduction of the acid chloride
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Scheme I, legend

II
ITI
Iv

VI
VII

methyl 2-bromo-octanoate

methyl 2-hexyl-3-hydroxy-decanoate
methyl 2-hexyldecanoate
2-hexyldecanol

7-methylpentadecane
2-hexyldecanoyl chloride
2-hexyldecanal

(dimer methyl ester)
( dimer alcohol )

( dimer hydrocarbon )
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VI to the aldehyde (VII), which would be the starting point for a
second cycle, by means of a second Reformatsky reaction with the a-
bromo ester (I). This would eventually lead to the trimer hydrocar-

bon (XXV) in a sequence involving 9 steps.

Alternatively, a synthetic sequence may be based on the
malonic ester synthesis (Eq. [2], p.25 ) and such a sequence is
outlined in Scheme II, p. 29 . It requires the preparation of a
substituted malonic ester containing two alkyl groups. This dial-
kylmalonic ester (IX) would be converted to mono-carboxylic acid
ester (III or XII) which is then reduced to the alcohol (IV). On one
hand, tosylating or mesylating the alcohol and further reduction
(Steps 7a, 8, Scheme II) leads to the dimer hydrocarbon (V) in a total
of 8 steps (via hydrolysis and decarboxylation of malonic ester) or
6 steps (via decarba]koxylation of malonic ester, See p. 29 ). On
the other hand, substitution of the hydroxyl group of the alcohol
(IV) by a bromine atom (Step 7b, Scheme II) provides an alkyl
bromide for a second malonic ester reaction leading eventually to

the trimer (XXV) in 8 steps (Scheme V, p. 36).

Thus using either approach, the key reaction is the
linking of a second alkyl chain to the parent carbon chain at the

C-7 and C-9 positions [as indicated in structural formulae IX,
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Scheme II, legend

VIII diethyl hexy]malonate
IX diethyl hexyl-octylmalonate (dimer malonic ester)
X hexyl-octyImalonic acid (  dimer diacid )
X1 2-hexyldecanoic acid ( dimer monoacid )
XI11 ethyl 2-hexyldecanoate ( dimer ethyl ester )
XIII 2-hexyldecyl p-toluenesulphonate ( dimer tosylate )

XIV 7-(bromomethy1)pentadecane (  dimer bromide )



- 31 -

Scheme II (p.29), XVII, Scheme V (p.36)]. This occurs at Step 3
in the Reformatsky reaction approach (Scheme I, p. 26) and Steps 1
(Scheme V, p. 36) and 2 (Scheme II, p. 29) in the malonic ester
synthesis approach. A more detailed consideration of these key
reactions provides a rational choice of the preferred approach to

this synthetic problem.

The detailed reaction mechanisms are outlined in Scheme

IIT, p.31-32 and Scheme IV, p. 32.

Step 1.
R
. (':H C/O R 0/ ZnBr' :z /0
N —
: N\ C <—> Ban CH —-C
XV
Step 2.
R
S R0 ZnBr ¥ 0
BrZn CH—-C\ > CHz-—C—CH—-C
OCH3 l!l llQ 0CH3
R
| ﬂ)
CHy — C

XVI
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Step 3.
R 0 zmBr ™ +
| i "”,o He0 R OH R 0
G2 =0 =~ ™ Hz—c—ch—cZ
H R 3 A OCH4
I1

Scheme III Reaction mechanism for the Reformatsky reaction (46)

In the Reformatsky reaction, the reactive intermediate
(xv) generated in the first step is the anion of an ester, closely
associated with a zinc cation. The succeeding steps involve the
nucleophilic addition of this intermediate (XV) to the carbonyl
group of the aldehyde (XVI), and the subsequent decomposition of
the addition product by dilute acids, leading to the g-hydroxyester
(II) as the product.

Step 1.
H _-CO0C,H 5 H\\ _CO0C,Hs
S’C\\ <~ C\\
H CO0C,H 5 =~ ~CO0C,Hs
CoHs0 ~
Step 2.
H
H COOC,Hg { ~CO0C,Hg
\\C:: ——> R —-C::
. "CO0C,Hg COOC,Hg

RIZ?E;

Scheme IV Reaction mechanism for the malonic ester synthesis reaction
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Similarly, the malonic ester, when treated with sodium
ethoxide in absolute alcohol, is converted into its salt, sodio-
malonic ester. The nucleophilic attack of the resulting carbanion
CH(COOC,Hs), ™ on the alkyl halide then gives the alkylmalonic
ester (VIII). The alkylmalonic ester still contains one enolizable
hydrogen, and is therefore capable of further reaction to give the

dialkylmalonic ester (IX).

It becomes evident that the two key reactions are mech-
anistically alike. Thus, other factors have to be considered in
deciding which of the two approaches is more suitable for the present
synthetic attempt. Three such factors are the number of steps in-
volved in each of the two sequences, the nature of some of the

reagents, and the possible future requirement for labelled compounds.

As discussed above, a sequence based on the malonic ester
synthesis is clearly the one to be favoured with respect to the

total number of steps involved.

Considering the nature of some of the intermediate com-
pounds, it should be noted that in the malonic ester sequence, the
esters (III and XII) are easily reduced to the alcohol (IV), which
can be converted into the bromide (XIV), the starting point for the

second cycle. This is a straightforward reaction which may be
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expected to give good yields.

In the Reformatsky reaction, the ester (III) would have to
be converted, after hydrolysis, into the acid chloride (VI). The
reduction of this acid chloride to the aldehyde (VII) is a reaction
which may be expected (47) to be somewhat difficult with at best
rather moderate yield. This further lowers the expected yield of the

final product, be it the dimer or trimer hydrocarbon.

Thus, based on a comparison of these two reactions which
initiate the second synthetic cycle in each case, it is again the

malonic ester scheme which is preferred.

Finally, consideration must be given to the possible
requirement, at a later stage, to prepare labelled compounds,
(positions marked in structural formulae V, p.29 and XXV, p.36 ).
The availability of suitably labelled starting materials is therefore
a major consideration. The labelled malonic ester is available
commercially at a reasonable price but longer chain carboxylic
acids labelled at C-2 are more difficult to obtain. This makes it

easier to work with the malonic ester.

Therefore, an attempt was made to use the malonic ester

synthesis sequence to prepare the required hydrocarbons. A brief
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discussion of the synthesis along this line and the difficulties
encountered during the preparations is given in the ensuing para-

graphs.

The Malonic Ester Synthesis

The synthesis begins with the preparation of the alkyl
malonic ester, diethyl hexylmalonate (VIII). The reaction follows
an SN2 mechanism which has been discussed earlier in this Chapter
(Scheme 1V, p.32 ). A second alkylation with n-octyl bromide would
lead eventually to the dimer hydrocarbon (V) or alkylation with fhe
dimer bromide CgH;7CH(CgH;3)CHoBr (XIV) will lead to the trimer
hydrocarbon (XXV) (Scheme V, p. 36).

As expected, due to steric interaction, the carbanion
CgH;3C(CO0C,Hs),~ gave a higher yield with n-octyl bromide (65%)
than with 7-(bromomethyl)pentadecane (dimer bromide, XIV) (59%)
within a shorter time (2 1/2 hrs. for the first reaction and 9 hrs.
for the latter). In the first reaction with n-octyl bromide, the
product diethyl hexyl-octylmalonate (dimer malonic ester, IX) was
isolated pure by fractional distillation under reduced pressure.
The trimer malonic ester (XVII), with a molecular weight higher
than the dimer malonic ester (IX) by 112 units, is expected to have

a much higher boiling point, probably in the 200° range, under the
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Scheme V, legend

XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI

diethyl hexyl-(2-hexyldecyl)malonate (trimer malonic ester)

hexy1-(2-hexyl-decyl)malonic acid ( trimer diacid )
2,4-dihexyldodecanoic acid ( trimer monoacid )
methyl 2,4-dihexyldodecanoate ( trimer methyl ester)
ethyl 2,4-dihexyldodecanoate ( trimer ethyl ester )
2,4-dihexyldodecanol (  trimer alcohol )

2,4-dihexyldodecyl p -toluenesulphonate( trimer tosylate )
2,4-dihexyldodecyl methanesulphonate ( trimer mesylate )
7-methy1-9-hexylheptadecane ( trimer hydrocarbon )

7-methy1-9,11-dihexylnonadecane (tetramer hydrocarbon)
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same pressure. This high temperature is difficult to attain and
maintain under ordinary laboratory conditions. Therefore the crude
product in the second reaction was purified by column chromatography.
A considerable amount of trimer ethyl ester (XXI) was isolated as a
by-product. Apparently, decarbalkoxylation occurred at the same

time as a side-reaction.

The dialkylmalonic ester has to be converted to an ester
with only one carbonyl group for further reduction to the alcohol.
Facilitated by the ease of decarboxylation of malonic acid, this can
be achieved by hydrolysing the dialkylmalonic ester, decarboxylation
and subsequent esterification. Hydrolysis was done with the pro-
cedure -according to Marvel (48) in the presence of a base. The
reaction is represented by Eq. [3], p. 39 and occurs by the so-called
nucleophilic addition-elimination mechanism (49) which is illustrated
in Scheme VI (p. 40). Treatment with hydrochloric acid yielded the
free acids, the hexyl-octylmalonic acid (dimer diacid, X) and hexyl-

(2-hexyldecyl)malonic acid (trimer diacid, XVIII).

The malonic acids decarboxylate easily by heating, through
a cyclic mechanism (Scheme VII, p. 40) proposed by Wesheimer and
Jones (50). The 2-hexyldecanoic acid (dimer monoacid, XI) and 2,4-
dihexyldodecanoic acid (trimer monoacid, XIX) were prepared from

the corresponding dimer diacid (X) and trimer diacid (XVIII),
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Eq. [3] Hydrolysis of malonic ester
ﬁ 0
R' € —0C,H R B ot
| — Vlalig -
R—c - KOH_, R—C<: +
SNc=0 =0
| | _ .
0C,,Hs 0~ K
R! ]
HCe N
OH
Eq. [4] Decarboxylation of malonic acid
0
R! R'
I ~C —OH | 0
R—cZ - R—C—C< + 0,
\\%==0 A | OH
H

C,H<OH
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Scheme VI  Reaction mechanism for baSiC'hydro]ysis of malonic ester
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Scheme VII Reaction mechanism for decarboxylation of malonic acid
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respectively, in this way (Eq. [4], p. 39). To avoid oxidation at
such a high temperature (110-145°C), the reaction was carried out in
nitrogen. Decarboxylation appeared to proceed more readily in the

presence of glass powder.

The next step in the synthesis is the conversion of the
monoacids, 2-hexyldecanoic acid (dimer monoacid, XI) and 2,4-dihexyl-
dodecanoic acid (trimer monoacid, XIX) into their methyl esters. The
esterification, though a commonplace reaction, often presents difficul-
ties, especially with sterically hindered acids (51). Many various
methods have been used to alleviate this difficulty. In the present
synthesis, two different agents have been employed. Boron trichloride
was used as a catalyst for esterifying the carboxylic acid (XI) with
methanol (Eq. [5a], p. 42). The mechanism of this reaction is given

in Scheme VIII, p. 43.

Although the unimolecular SNl dissociation of the protonated
acid leads to the more sterically favoured acylium ion (XXVII)
instead of the usual tetrahedral intermediate (XXVIII, Scheme IX,
p. 43), the steps are mostly reversible. The 65% yield for the
preparation of the dimer methyl ester (III) may deteriorate to much
lower yields when carboxylic acids of higher molecular weight are

esterified. Attempts were made using diazomethane (53).
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Eq. [5] Methylation <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>