i1 M Loughborough
 University

This item was submitted to Loughborough's Research Repository by the author.
ltems in Figshare are protected by copyright, with all rights reserved, unless otherwise indicated.

The stereochemistry and metabolism of fatty acids in plants
PLEASE CITE THE PUBLISHED VERSION

PUBLISHER

© Malcolm Leslie Crouchman

PUBLISHER STATEMENT

This work is made available according to the conditions of the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0) licence. Full details of this licence are available at:
https://creativecommons.org/licenses/by-nc-nd/4.0/

LICENCE
CC BY-NC-ND 4.0

REPOSITORY RECORD

Crouchman, Malcolm L.. 2019. “The Stereochemistry and Metabolism of Fatty Acids in Plants”. figshare.
https://hdl.handle.net/2134/35553.


https://lboro.figshare.com/

l.OUGHBOROUGH
UNIVERSITY OF TECHNOLOGY
LiBRARY

- AUTHOR

! L LRoutHMAaN  Mob

I

g ‘
- COPY NO. Obl E5a /o2
| 7

; VOL NO. CLASS MARK

ARCHIWE
: (o Py

FOR REFERENCE ONLY

006 7559°02"

J.S. HERON LTD. |
Printers & Bookbinders l

| 46a W.PRINCES ST. |.
GLASGOW G4 98Q i
041-332 1883 |




THE STEREQCHEMISTRY AND METABOLISH

O FATTY ACIDS I PLANTS

by

IALCOLX LESLIE CROUCHLIAN, B.Tech.

A Doctoral Thesis

Submitted in partial fulfilment of the requirements

for the award of

Doctor of Philosophy of the Loughborough University of Technoloegy
Warch 1974

Supervisor: L. J. liorris, B.3c., Ph,D

{(c) by Malcolm Leslie Crouchman



Laughborough University
of Technolegy tivrary

Dae  OCLokyia {47

Class

e 062850 [0




Acknowledpgements

I would like to express my sincere thanks to my supervisor, Dr.

L, J. lorris, for his constant guidance and encouragement throughout
the work contained in this thesis,

I would also like to thank Professor F. D. Gunstone for the
generous gift of comounds, Dr, R. Johnson for the gift of Puccinia
spores and Dr. R, Koch for performing reductions with tritium gas.
iy thanks are also due to iir., Zugene Hammond for his skillful technical
assistance and Dr. T. Bryce for his mass spectrosconic determinations,

Finslly, I must thenk Unilever Limited for the award of a
research scholarship and the use of reagents and specialist equipment

which engbled this work to be completed,



S AARY

The widespread occurrence of a large variety of long chain fatty
acids has encouraged considerasble investigation into the methods by which
they are biosynthesised. The overall mechanismsof many of these pathways
have been elucidated, but much remains to be discovered about the absolute
stereochemistry of these resctions. This thesis describes work carried
out to help define the stereochemistry of some of these reactions,

To investigate the stereochemistry of two of the intermediate steps
of chain elongation in fatty acid biosynthesis, the synthesis of o {l-
ungaturated and .B ~hydroxy fatty acids sPecific'ally labelled with either
tritium or deuterium was undérteken, The incubation of these lsbelled

acids with the green algae Chlorella vulgaris allowed the absolute stereo-

specificity of the dehydration and hydrogenation steps of acyl chain
elongation to be determined,

Studies were also undertaken to determine the sbsolute optical
configurations of several epoxy and vicinal dihydroxy fatty acids. Thus
the sbsolute configurations of erythro- and threo-9,10-dihydroxystearates
and some of their derivatives and of trans-9,10-enoxystearate, trans-
12,13-epoxystearate and trans-12,13-epoxyoleate were defined.

Based on the above configurational knowledge, mechanisms for the
stereospecific enzymic hydration of epoxy fatty acids in several natural
systems were proposed. These proposals were verified for two natural
systems (Vernonia seeds and Puccinia uredospores) by performing the
enzymic hydrations in H,1%0 end characterizing the position of the 100
in the products. The hydratase enzyme from Vernonia seeds was isolated
-as a soluble preparation and its substrate snecificity was investigated.

From the combined results, a proposal was made to explain the stereo-

anecific hydration of eosoxy acids in this system.
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GENERAL, INTRODUCTION

Long chain fatty acids are ubiquitous constituents of natural fats.
The major fatty acids occurring naturally sre all saturated or unsaturated
monocarboxylic acids with a straight even numbered carbon chein. This
structural similarity is due to the mechanism of their biosynthesis,
which will be discussed in more detail later. The major saturated
straight chain acids occurring in plants are leuric (dodecanocic),
myristic (tetradecenoic), palmitic (hexedecanoic) and stearic (octa-
decenoic) acids. However, far more sbundant then these in plants are
the unsaturated C:18 homologues, oleic (cis-9-octadecencic), linoleic
(cis-9=~,cis-12~octadecadiencic) and linolenic (cis-9-,cis-12-,cis-15~
octedecatrienoic) acids, |

In addition to the range of major fatty acids found in plants, there
are a number of other acids which can be conveniently divided into two
other groups - the "minor" acids, which occcur in small emounts in a wide
range of plants; and the "unusual® fatty acids, which may only occur in
a few individual snecies, or be limited to & single family, but can be
the principle fatty acié. of the seed oil,

The minor saturated fatty acids include those with cheain lengths
either shorter or longer than the major acids. Thus some plants contain
small aﬁnunts of hexsnoic, octancic and decancic acids, and the longer
chein acids, such as eicosanoic, docosanoic and tétracosanoic, are fairly
widespresd as minor components in seed oil triglycerides and as conxpogents
of cuticular lipids, The minor unsaturated fatty ecids are related to
the major wnsaturated fatty acids in one of two ways; the carbon chain

is either extended or shortened at the carboxyl or methyl end of the



molecule, Thus, for exammle, shortening of the chain by two carbons
from the methyl end, in oleic acid, gives rise to palmitoleic (cis-9-
hexsdecencic) acid, while lengthening of the chain at the carboryl end
by four carbons, gives erucic (_g}_q—l}docosanoic) acid, Two families
of polywmsaturated fatty acids related to major fatty acids can be |
recognised: the linoleic series, which are related through having W-6,
9-double bonds, and the linolenic family, cheracterized by their W-3,
6,9~triene group., These two families of unsaturated acids are formed by
elongation of preformed linoleic or linolenic acid, followed by desat-
uration between the carboxyl group and its nearest double bond,

| A large number of unusual fatty acids haie been found in planis, and
the structures of these have been reviewed by Smith (1), These acids
contain a variety of different functional groups, such as acetylenic
bonds, conjugated acetylenic and ethylenic bonds, allenic groups,
cyclopropane, cyclopropene, cyclopentene, and furan rings, epoxy, hydrowy
and keto groups and double bonds of both the cis and trans configuration
seperated by more than one methylene group. TIwo or more of thése functioas
may occasionally be found in the same molecule.

A wide reange of oxygenated functions have been characterized as
substituents of latty acids. MHonohydroxy acids are broadly distributed
in nature and are found in smell amounts in animals, plants and micro-
organisms, These acids may be satursted or they may contaln one or more
double bonds. The hydroxyl group may also confer optical sctivity to
the molecule. Keto acids have been found in plants (2), some of these
acids also contain conjugated unsaturation, and the keto group cear itself
be in conjugation with a pair or trans double bends, such es ‘n 9-keto-
Yrans-10, trans-12-octadecadienocic acid, a minor constituent of

Dimorphotheca oil (3).



Polyhydroxy acids containing two, three or four hydroxyl groups
have been isolated from plants, The hydroxyl groups may be widely separated
in the chain such as 10 ,16-dihyé.roxypa1mitate isolated from cutin (4, 5),
or may be on adjacent carbon atoms shch as in erythro-9,10-dihydroxy-
stearate from castor oil (6). The chain length of these vicinal dihydroxy
ecids can renge fron 16 to 24 carbon atoms (7) and the hydroxyl groups

may have either the erythro or threo configurstion. The vicinal dihydroxy

acids are discussed in more detail later,

Closely related to the vicinal dihydroxy acids are the epoxy acids.
Their structure usually resembles the more usual unsaturated acids with
the oxirane ring replacing one of the double bands. All of the naturally

occcurring epoxy acids identified td date have a chain length of 18 carbon
atoms, and all but one have a cis oxirsne ring. Like the polyhydroxy

and monohydroxy acids, the oxygen function makes the acids potenfially
enentiomeric. Part of the work presented in this thesis was designed

to elucidate the sbsolute stereochemical configurations of some epoxy

and polyhydroxy scids and investigate their interconversion in natural
systems,

Fatty acids rarely occur naturally in the free form, but are ‘chemically
combined, usually es esters and occasionally as amides or ethers, to
form complex lipids (8). The vast bulk of the acids are found esterified
to the trihydric alcochol glycerol. |

The largest group of plant lipids are the glycerides, in which fatty
acids only are esterified to glycerol. The simplest of this group is
triglyceride, in which all three of the hydroxyl group of glyceiol are
esterified with fatty acids, If the two primary positions contain different
fatty acids, then the triglyceride contains an asymmetric centre and may
exist in different enantiomeric forms (9), Diglycerides and monoglycerides
usually occur naturally only in small quentities, although 1,2-diglycerides

are intermedisates in the formation of other types of lipid.
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Generally, the glycerides serve as storage depots in both plents end
enimals and tend to decrease during starvation.

A separate class of lipids, the phospholipids, contailn an atom of
phosphorus as well as glycerol and the esterified fatty acids. Plant
phospholipids are structural derivations of 1,2-diacyl-sn-glycero-3-
phosphoric ecid, phosphatidic acid, which is found coupled with a
nitrogenous base, insitol or another glycerol molecule. Phosphatidic
acld itself is rarely found as a major component of plant lipids, but,

like 1,2-diglycerdides, it is an important intermediate in 1ipid biosynthesis,

CH_OCORY
2

R20C0CH
Y0
| &
CH,0P - OH
|
OH

Phosphatidic acid

The most common nitrogenous bases coupled to phosphatidic acid are

choline, ethanolamine and serine.
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The phospholipids are optically active, and only one of their
enentiomeric forms occurs in Nature, these optically active forms being
the derivative of 1,2-diacyl=-sn-glycero-3-phosphoric acid as shown on the
previous page.

Glycolipids are major constituents of plents and microorganisms (8)}.
They are based on glycerol and are structurally analogous to phospholipids,
with a range of carbohydrate units attached glycosidically to the glycerol
molecule in place of the phosphate group. In higher plants, the most
abundantly occurring suger is galactose. The sulphonic acid of D-
quinovose is found linked to glycerol in the sulpholipids of all photo-

synthetic plants, algae and bacteria.

CH 00031

R2ococH WHO

-o_]

CH, 0L
Monogalactosyl diglyceride

Accepting that long chain acids seldom occur in the free form, the
blosynthetic pathways to the major types of acids can now be discussed
briefly,

The major pathway for the biosynthesis of fatty acids is the
malonyl-CoA pathway. This pathway is distributed throughout animals,
plants and micro-orgsnisms (10, 11, 12). The first reaction of this
pathway is the formation of malonyl-=CoA from acetyl-CoA by the biotin
dependent enzyme acetyl-CoA carboxylese. This is a key step in the
biosynthesis of fatty acids, since a subsequent decarboxylation of the

maelcnyl=Col helps drive the egquelibrium towards synthesis,



2+

HCO3 ” + biotin-enzyme + ATP COp~biotin-enzyme + ADP + Pi

\
v—u—
Ooz-biotin-enzyme + acetyl-CoA ;::._——-._5 biotin~-enzyme + malonyl-Col

The malonyl-CoA formed in the above reaction 1s transferred to acyl
carrier protein (AGP) and condensed with acetyl-ACP, The F—ket cbhutyryl-
ACP produced is then reduced to [5-hydroxybutyryl-ACP which undergoes
dehydration and hydrogenation to form butyryl-ACP (Scheme 1). Repeated

pesssge through this pathway results in the formation of palmitic or

stearic acid,
cH3CFSAaP Hp00CH,COSACP
~ \
oy, (04)
i 1 2
CH CH,COSACP Ny ...y ACP
SCH2 2 etc,
A4
[ 3 NATP* CHCOCH 00SACP
4
{ ~— NADFH
CH,CH = CHOOSACP /
/.. NADPH
A
3 // ) +
// ’
&7
CHBCHOHCI‘Izt'JOSAGP
1 condensing enzyme
2  3-keto-acyl-ACP reductase
3 enoyl-ACP hydratase
4  enoyl-ACP reductase

Scheme 1. Biosynthesis of saturated fatty acids



Other pathways for the bilosynthesis of saturated fatty acids invelve
the elongation of preformed fatty acids (13, 1.). A pathway which
elongates preformed acids by condensation with acetyl-~CoA is present
in rat liver mitochondria (15). This reaction is independent of bicarbcnate
and wes originally thought to be a reverseal of ﬁ—o:d.dation. However, the

ﬁ-hyamw-intemmate in this pathway hes the D(-)-configuration snd
is the enan’iomer of the hydroxy intermediate formed snd utilized in {’S-
oxidation. The patiway involves the condensation of the CoA derivatives
of the fatty acld and acetate, in the presence of NADPH end NADH and is

shown below,

RCOSCoA + CH,COSCoA ——= RCOCH,C08CoA + CoA

3 ~

+
RCOCH,COSCoA + NADH + H === RCH(OH)CH,005C0A

5 ROH(OH)CH»00SCoA === RCH ¥ CHCOSCoA

RCH = CHCOSCoA + NADPH + H * ] RCHoCH,COSCoA

Alternatively, the rat liver microsomal fraction is capable of
elongation of preformed fatty scids by sddition of malonyl-Co’. units (16).

Considering the pathways outlined sbove, it can be seen that these
modes of fatty acid synthesis involve two enzyme catalyzed hydrogen transfer
reactions, The first of these is the transfer of hydrogen from either of
the pyridine nucleotides, NADPH or NADH, to a ﬁ-keto—aoyl dexivative to
form the /B—hydroxy compound; and the second of these reactions is the
trensfer of a hydrogen atom from NADPH, and addition of a proton to an
u\% -nsaturated-acyl derivative to give the saturated compound. Both of
these trensfer reactions are potentially stereospecific and during the
course of this work the sbsolute stereochemistry of the hydrcgen atom at
C-4 of the reduced pyridine nucleotide utilized in these reactiocns was
described (17).



The. stereospecificity of enzyme catalyzed hydrogen transfer reactions
has received considerable attentian., In general, the stereochemical
questions in such reactions involve both the substrate and the coenzyme
involved. In some reactions, the fransferre:‘i hydrogen of the coenzyme
is bound in a plenar configuration, such a3 to a nitrogen atom in flavins,
a.né_l the problems of stereochemistry of the coenzymes are cbviously not
involved. Conversely, the C-4 methylene group of 2 reduced pyridine
nucleotide is prochiral end the transfer of a hydrogen atom from this
growp is potentially stereospecific. Obviously, the reverse of this
reactlon, the transfer of hydrogen to C-4 of en oxidized pyridine
nucleotide, leads to the development of a prochiral situation.

The first demonstretion of the direct transfer of hydrogen to NAD'
from the oxidized substrate was mede by Westhelmer et al (18). The
reacticn studied was the oxidation of ethanol to acetasldehyde catalysed
by yeast alcchol dehydrogenase. It was shom that performing the reaction
in D50 did not lead to incorporation of deuterium into the reduced
nyridine nucleotide, wheress the oxidation of ﬁ,l-2H2_7 ethenol by the
same system gave a reduced nucleotide contain‘%ﬁ one atam of deuterium,
proving that direct 'bransf‘er-had occurred.

Following on from this work, the same group provided the first
evidence of the prochirality of & methylene group (19). Deutcrated NADH,
prepared enzymatically, was used to reduce acetaldehyde with yeast slcohol
dehydrogenase and the NAD* formed was shown to contain no deuberiun,
However, the reduction of acetaldehyde by the same system, but using
chemicaily prepared deuterated NADH gave HAD* which contained deuterium,
Thus the chemically prepared deuterated NADH mst have been a mixture of
two diastereoisomers, whereas the enzymatically prepared nuclectide was

a single diastereoisomer,



The diasterecisomer of deuterated NADH prépared by reduction of
NADY with alcohol dehydrogensse, using [i' ,1-2H2_7 ethanol as a substrate,
is known as the A form (I), and the opposite diestereoisomer is known as
the B form, If the deuterium in I is replaced by a hydrogen atom, this
hydrogen is known es Hy, end enzymes which utilize this hydrogen ere said

to have A side stereospecificity.

The demonstrationd the prochirality of the C-4 methylene group of
NADH outlined above did not, however, define the sbsolute configuration
of the nucleotide, The identification of the HA and HB positions of
NADH was resclved by Cornforth et a1l {20) on the basis of the known
stereochemistry of R-deuteriosuccinic acid. R-lionodeuteriosuccinic acid
was prepared by the enzyme catalyzed addition of Dy0 to fumarlc acid, to
give 23,3R-deuteriomalic acid, f'ollowed by chemical removal of the hydroxyl

group. The monodeuterated product prcved to be laevorotatory.

H CO_H co 1. CH o
\ y; o ! oH 2o l 21'I
c D20 H-C-D 2. S0015/CsH;N  H=-C =D
1 —) | N I
c fumarase H - C -« OH 3. Zn-Cu,AcOH CH,
N i i
HO,C E COH 4. dil HOL COH

Preparation of R-monodeuteriocsuccinic acid




Samples of the A and B deuterated NADH were then each converted by
chemical degradation to deuteriosucecinic acid (Scheme 2). The two
specimens of deuterated succinic acid cbtained proved to be enantiomeric,
and that prepared from NADH deuterated on the A side proved to be
identical to the known 2R-deuteriosuccinic acid. From these results, it

follows that Hy is the pro-R hydrogen at C-4 of the pyridine nucleotide

and Hp is the pro-8 hydrogen.

D H D H
A ¥ D H ozt
‘. , . l
\‘—CONHZ \“\""CONH QC. _H~-C~D
Il 5 ‘ ol Npw= |
' 5 . CH2 GOZH CH
N ./‘I’ - CHBO’ ~n (11) ! | 2
N | HOzc COoH
A. I B
R R

(i) DrycH

30H + 01-130021-1

(ii) 0_./Peroxya.cetic acid

Scheme 2. Determination of the stereochemistry of nicotinsmide

coen zymes

It has been shown that the stereochemistry at C-4 is the seme in
both NADH and NADPH (21).

Like saturated fatty acids, the biosynthesis of unsaturated fatty
acids is known to proceed by at least two different pathways - the aercbic

and the anaercbic pathways (22).

10~



The snaerobic pathway is found mainly in anasrobic micro-organisms,
although it is not confined to these alone. Some facultative anaerobes,
and even obligate aercbes (pseudomonas sp) synthesize long chain unsat-
urated acids by this pathway (23).

The mechanisms of anaercbic biosynthesis of unsaturated fatty acids,
as outlined in Scheme 3, is essentially a diversion of the de nove
synthesis of long chain saturated acids. This diversion of fatty acid
synthesis occurs at the C:10 and C:12 chain length stages. At this
point, the trans-2-enoyl-ACP intermediate of acyl chain elongation is
isomerized to cis=-3-enoyl-ACP, which is nof a eubstrate for the enoyl
reductase, but is capable of elongation. The ecis-3-decencate and
~dodecencates fér’med are then the precursors for the long chain
unsaturated acids, the double bond being retained while further chain
extension occurs. Thus, elongation of cis-3-decencate gives palmitoleic
and vaccenic acids, whereas elongation of the unsaturated dodecenoate

affords cis~7-hexedecencic and olelc acids.

4
CH4{ cnz) sciizoosme
CH5( CH,) 5 CHCHOHCH,,COSACP
de’ Con

CH((H-I)CHECHCHZCOSAGP — CH(CH)CHCH.ECHGOSACP
325 7 3 H2lgl
isomerization

~

| rapes

elongation
l_ enoyl-reductase

CH3(01~12)50H = CH(CH,)7COSACP ca%(criz)acr{zcrﬁzcosr.cp
l Palmitoleate i elongation
CH3(CH2)50H g CH(CHZ)chSAGP Palmitate + Stearate

Vaccenate

Scheme 3. Ansercbic pathway of monoenoic acid biosynthesis
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The most widespread biosynthetic pathwzy leading to unsaturated
fatty acids is the aerobic or ocxidative nathrav, in which a double beond
is introduced directly into & preformed long chain fatty ecid. This
pathway occcurs almost universally and is employed by bacteria, protozoa,
yeasts, algae, and higher plents and animals,

The pathway was first demonstrated in cell free preparations of
yeast (25) which catalysed the tresnsformation of saturated to monenoic
acids with oxygen end NADPH as cofactors., The requirement for oxygen
is sbsolute (24) and its exclusion or substitution with ertificial
electron acceptors resulted in the inhibition of desaturation. Activation
of the fatty acids to their CoA or ACP thiocsters is also necessary for
the reaction,

It was initially believed that a second aercbic pathway to unsat-
urated fatty aclds existed in higher plants. This pathway was supposed
to differ from that found in bacteria, yeasts, algae and animals because
while plants could synthesize long chain monoencic acids “rom acetate,
unlike these other systems, they seemed unable to desaturate long chain
fatty acids or their corresponding CoA esters (26, 27, 28), although
these could be incorporated into lipids,

The differences between the plant pathway and the normal aercbic
pathway for unsaturated scid biosynthesis were elucidated in “wo
experiments. In one (29), leaf tissue was allowed to synthesize fatty
acids from acetate in strictly snaercobic caonditions, when only palmitate
and stearate were formed. Transfer to aerobic conditions resulted in the
disappearsnce of lsbelled stearic acid, which was replaced by an =quivalent
amount of oleic acid. The other experiment {30) showed that leaf chloroplast
preparaticns were able to convert stearoyl-ACP, but not steeric acid or
stearoyl-CoA, into oleic acid, From these results, it would appear thet
there is no mechanistic difference between the plant end oxidative pathweys,
but that the plent system lacks the enzyme to transfer long chain fatty acids

from CoA to ACP and 1t is the ACP esters which are resded for dessturaticn.
12



Like most enzymic transformations, the d.esaturatiqﬁ of fatty acids
is highly stereospecific, The sterecspecificity of this desaturation
was at first investigated by Schroepfer and Bloch (31). They prepared
the four stereospecifically tritium labelled stearic acids, D and L~
9-3H— end D and L~10-H-stearic acid and used each of these as substrates

for the desaturase system of Corynebacterium diphtherise. Tritium from

the L-9 and L~10 tritio substrates was retained in the oleic acid product,
whereas the D-9 and D-10 tritium atoms were lost on desaturation. Thus
it was proved that the organism effected a completely stereospecific
desaturation of stearlc to oleic acid removing only the D-9 and D-10

hydrogen atoms,
Morris et al (32) investigated the desaturation of stearic acid

to oleic ecid in Chlorella vulgaris using a different spproach to that
outiined sbove, They prepared erythro-/9,10-2H, /- and threo- ,10-2H2_7-
stesric acids and /D-9-3H 7~ end /T-9-2H 7-stearic acids, end incubated
these with Chlorells. Ané.lysis of the oleate demonstrated that desazturation
involved the loss of the D-9 hydrogen atom and of a pair of hydrogen

atoms of ¢is relative configuration. The results, therefore; showed a
8imilar stereospecific removal of the D~9 and D=10 hydrogen atoms from

stearic acid, as found in Corynebacterium. The stereospecificity of

desaturation of stearic acid to oleic e&cid has also been investigated
in goat mammary glend, hen liver and fish liver, and in all cases has
been shown to proceed by loss of the D=9 end D-10 hydrogen atoms (33).
Polyunsaturated fatty acids are also extremely common throughout
living systems and only bacteria and some blue green algae seem unable
to synthesize them. The blosynthesis of polyunsaturated fatty acids
involves sequentially desaturations similar to thet involved in the con-
version of stearate to oleate, interspersed where necessary with chain
elongation. The position of the second and subsequent double bands intro-
duced into the chain iz not random, but usually spaced from an existing
double bond so as to give the common methylene interupted polyunsaturated

aCidB '
..13-



In plants desaturation generally occurs betwesn the first double bond
and the methyl end of the chain, such that cig-9-octadecenoic acid is
first desaturated io a 9,12-dienoic and then to a 9,12,15-triencic acid.
The stereochemistry of these desaturations has been investigated by lorris
et al (32) in en analogous manner to that used for the investigation of
the stearate to oleate desaturation., Incubation of [5-12—51{_7- and
Zf-l.?—z'ﬂj-stearic acids and the erythro- and threo- isomers of ﬁ2,13-2H2_7

oleic acid, with Chlorella vulgaris showed that the desaturation of oleic

to linoleic acid involved the loss of the D-12 and D-13 hydrogen atoms
from the oleic acid. The subsequent desaturation of linoleic to

linolenic eacid wes investigated using both erythro- end _p_hg_g_q—ﬁS,lG-zw-
oleic acid, end shown to involve .c:_i'g._ removal of hydrogen at tr;e 15 and 16
positions, which by analogy probably also involve the sbstraction of two
hydrogen atoms of the D configuration.

In animal systems, second and subsequent double bonds sre introduced
almest exclusively between the first double bond amd the carboxyl group;
for example, desaturation of linoleic acid gives X-linclenic (6,9,12-
octadecatriencic) acid. Ilongation of such scids, followed by subsequent
desaturation, gives rise to a series of C:20 and C:22 polyenocic acids
characteristic of animal systems,

Certain long cheain polyunsatursted fatty acids are essential constit-
uents of the diet of animals (3 ). Deficiencies in these acids, which
arise if they are not present in the diet, lead to retarded growth 'ra'te,
interference with the reproductive cycle and may result in eventual death.
These symptoms can be alleviated by supplying the enimal with these
essential acids. The aecids which alleviate deficiency most readily, all
contain the same structure towards the methyl end, a diethenoic grouping
with the first double bond at the n-6 position {e.g. linoleic X -

linolenic and arachidonic acids (35). The most importent of these being



erachidonic acid which is produced in enimsls from lincleic acid by
desaturation and elongation. However, /X ~linolenic and certain other
n=3 polyunsaturates have slso been shown to possess some essential
properties.

The bioclogical conversion of these essential fatty acids to a group
of naturally occurring.substances celled pms‘baglandins , which show »
marked physiological acitivity (36}, probsbly explains their essentizl
nature,

Enzyme mediated reactions show a great deal of steric control, and
the abzolute specificity for a perticular stereoisomer of a given compound
is a common biologicél occurrence, The field of fatty acid biosynthesis
is no exception to 'Ehis, and the completely stereospecific nature of the
desaturation of long chain fatty acids hes been discussed above, It
would be unusual, therefore, if the individual reactions of saturated
fatty acid biosynthesis did not similarly show en absolute specificity
and the work presented in the first part of this thesis has been an
investigation of the stereochemistry of some of these individual reactions.

Two of these individual reactions have been investigated in this
work , nemely the dehydration of D-(=)- ﬁ ~hydroxyacylthicester to O(F -
enoylthicester and the subsequent hydrogenation of the K F -monoene

to give saturated acylthicester,

RCH( OH)CH,C0SACP “————— ROH § cHCcOSACP

RCH = CHCOSACP + NADFH + H *- &——— RCH,CH,COSACP + NAI® *
—

In the first of these steps, it is known that the dehydratese
enzyme is specific for the D~hydroxy compound and that the product is a
trans monoene. However, the overall stereochemistry of this dehydration
was unknown snd the questiqn asked in this case was whether the 1eaction

involved a cis or trans elimination of the elements of water.




The second step involves the hydrogenation of the trans-monene
produced by dehydration of the ﬁ-hydro:qy intermediate, This reaction
obviously involves the addition of two atoms of hydrogen, but again, the
overall stereochemistry of this addition was not known.

The question asked about this reacticn, therefore, was whether the

hydrogenation occurs by overall cis or trans eddition of hydrogen, and

what are the absolute configurations assumed by the incoming hydrogen
atoms,

The experiments reported in the first part of this thesis have been
designed to study the stereochemistry of these individusl reactions.

As mentioned earlier, fatty acids containing epoxy or viecinal dihydroxy
groupings occur naturally. Most of these naturally occurring oxygenated
acids are optically ackive and the sbsolute configurations of some of
these acids have been determined, The second section of this thesis has
been devoted to the determination of the absoclute configurestions of some
naturelly occurring dihydroxy acids, some epoxy acids, and their
derivatives,

Once the stereochemistry of these compounds was known, the mechanism
of the enzymic hydration of the endogenous epoxy acids of varlous seeds
end plant rust spores could be predicted. In the third part of this thesis,

these predictions have been tested experimentally and the specificity of

an epoxide hydratese enzyme isolated from Vernonia snthelmintica seeds

has been investigated,
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INTRODUCTTION

The majority of fatty acids found in nature have straight chains
containing an even number of cerbon atoms. They may have different
chemicel features, such as double bonds or a hydroxyl group, at specific
positions in the molecule, but generally they are of similar structure.
Their structural similarities tend to indicate that the biosynthesis of
these compounds, in diff'erent organisms, occurs in a similar manner,

One of the first major advances in the biochemical study of fatty
acids came when Knoop in 1904 detailled a patiway for their degradation
by ?—oxidation. It tock almost forty years for his pathway to gain full
experimental confirmation but his findings became the basis of extensive
research into the metsholism of fatty acids. When the mechanism of F'
oxidation was defined, it seemed possible that fatty acids were synthesised

by a reversal of this mechanism, since every step in the enzymic degratation
of fatty ecids is potentially reverseble. However, purified ﬁ-o:d.dation |
systems converbed acetyl-CoA no higher than the four carbon acyl
'~ derivative (37), and the isolation of systems cepable of synthesising
. Tatty acids in the sbsence of enzymes of the iS-oxidation cycle led to
the discovery of a separate pathway of fatty acid biosynthesis,

There are several pathways for the biosynthesis of fatty acids,
two of which start from acetyl-CoA and are concerned with de novo
synthesis. In de novo synthesis, elongation occurs by condensstion of
acetyl-CoA with either malonyl-CoA or further molecules of acetyl-Cod,
the former pathway being the major one for de novo synthesis of fatty
acids in a wide variety of plants, animels and micro-organisms (19,11,12).

The latter pathway bears the same resemblance to [3 ~oxidation in reverse,
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Several :t“eatures of the biosynthetic patlway o long chain fatty
acids from acetate indicated that it wes not the reversal of p -
oxidation. It wes found that a pyridine nucleotide was J_:'equired, but in
synthesis this nucleotide was NADPH,‘ ag opposed to the requirement for
NAD * in F-oﬁdation. Purther, a requirement for cerbon dioxide or
bicarbonate, and ATP was noticed in the fatty acid synthetsase partially
purified from extracts of avian liver (38}, these two components cammot
be accounted for by thé scheme of ?,-oxi.dation. Although bicarbonate,
or carbon dioxide, is required for fatty acid synthesis, it is not
incorporated into the final long chain acid synthesised. It is regquired
for the carboxylation of acetyl-CoA to malonyl-CodA (39), the latter
being the "two carbon® donor in fatty acid synthesis,

The reactions of fatty acid synthesis in the bacterium Escherichia
coli are shom in Scheme 1; the individual steps are discussed in more
detail below.

1) CH;008-Coh + HOO; + ATP """ HO,CGHCOSCoA + ATP + Pi

2) CH5COS-CoA + ACP-SH T=m———= CH;COS-ACP + CoA-SH

- —— - -
3) HOCCHCOS-Coh + ACP-SH === HO COH,COS-ACP + CoA-SH

L) CHBOOS-A.C? + HOzccHZCOS-ACP —— CH;COCH COS-ACP + COp + ACP-SH

2

5) CH3COCH,COS-ACP + NAIPH + H ¥ ——=—==2 1p(-) CH 3CHOHCH,C0S=ACP + NATP +

_ t
6) D(-) CH ;CHOHCH ,COS-ACP ————— CH;CH = CHCOS-ACP + Hp0

t
7) CH5CH = CHCOS-ACP + NADPH + H +

R
CH301i2CI{2003—ACP + NADP

Scheme 1. Fatty acid synthesis in E, Coli

It cen be seen that the first requirement for the synthesis is that
the acyl groups are in an activated form as their coenzyme-A (CoA) esters,

‘end most of the metabolic reactions of acetate and its higher homologues
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require that the acyl group is activated in this wey. The active form is
usually the thiol ester of the fatty acid with %be nucleotide Cok, or

with the small protein, acyl carrier protein (ACP).

HIII - Q{QCHZGONHCHZCHZSH NH,
I
co N
! / N
HCOH oH 0H \
' l ‘ N /.\ N /
(C-—)—-CHz-O-P-O-P-O-CH 0 '
cH f i
372 0 0
| !
Ho0 OH

Structure of Coenzyme«A

The formation of the CoA or ACP ester facilitates the enzymic
reactions of fatty acids in a number of ways. The ester is water scluble
engbling the enzyme to sct in an acueous environment, and the fatty acid
no lenger has a free carboxyl group, which cen interact non-specifically
with protein. The thiol ester also has a "high energy" bond between the
carboxyl function of the fatty acid and the =SH group of the ccenzyme),
meking 1t more susceptable to nuclecphilic attack and carbanion formaticn.

The activation of fatty acids in living systems is catalyzed by
thiokinases (acyl-CoA synthetases), which are present in o wide variety
of living systems. The esterification requires ATP and magnesium or
manganese ions, At least three enzymes have been discovered which catealyse
this esterification, each active over a different part of the chain
length spectrum, and overlapping in their specificities. Acetic thio-

kinese activates acetate and propionate, a long chain thickinase activates
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fatty acids from C:10 to C320, end a general thiokinsse activates fatty
_acids from Cik to C:12, as well as branched cl'sin acids, 0(\3) ~ and
}SX -unsaturated scids, and F:-hydro:qr acids,

The first reaction in the biosyntheses of fatty acids after activation
to the thiol esters, is the carboxylation of acetyl-CoA to give malonyl-
CoA., The reaction is catalysed by acetyl-CoA carboxylase end requires
ATP end bicarbonate (38, 39, 40). Acetyl-CoA carboxylese was shown ©o
caontain biotin, which is covelently bound to the protein. The enzyme
is inhibited by avidin, an egg white protein which binds biotin (41), and
this inhibition was reversed by the addition of free biotin., The enzyme
has been isolated from several sources, such as liver (42) and yeast

(79) and catalyses the following reactions,

Biotin-protein + ATP + H0O; === CO,~ biotin protein + ADP + Pi

2

0O\ biotin-protein + CH,COSCoA == biotin-protein + HO,(CH,COSCoA

The acetyl-CcA carboxylase isclated from E.coli has been fractionated
into three separate protein fractions. One fraction catalyses the
carboxylation of added biotin, the second is a protein containing biotin,
which 1s the ncrmal substrate for the biotin carboxylase, and the third
subunit, which contains no biotin, catalyses the transfer of CCy from
biotin to CcA., A mechenism for this trenscarboxylation has been propcsed
by Lynen {43), the intermediate being 1'-N-carboxybiotin which is attached

to the protein by an amide bond:-

0 0
1 - 1 "
CoASC 0 5 R m wH
™~ N/ i - :
H—1¢ » ¢ < Ns —3  O,CCHROOSCoA  + I
7Y | (\N/' \ 2 ' } : Rl
H Ny \ ’ ~g o
je'./“"/c/ \ -~
0=\ . /
H

Rl - (CH2) 4-00-1ysy1~protein
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This mechanism explains the strict stereosperificity shown in the

transcarboxylation of proplonyl-Coh (R = GH,) to yield S-methylmalonyl-
CoA, the entering carboxyl group occupying the same configuretion as the
hydrogen atom displaced (44.).

The next step in falty scid synthesis is the transformation of
malonyl=CoA into long chain fatty acids. This reaction reqiires acetyl-
Cod and NADPH, and is catalysed by a series of enzymes, usually called
the fatty acid synthetase. This synthetase has been isolated from a
nurber of sources, such as mammalian and avian liver (46), yeast and
bacteria (10, 45). The synthetase from memmalien and avaian liver, and
yeasts are isolated as a single multienzyme unit, HNo free intermadiates
accunmlat.é during the synthesis of fatty acids, and these synthetases
are stimulated by thiols and inhibited by -SH binding agents. These
facts led Lynen {10) to propose intermediates bound via a sulphydryl
group to & multienzyme complex,

In contrast to the synthetases from liver and yeast, fhat isnlated
fron E., coli could be resolved into several protein fractions, containing
each of the enzymes respcnsible for the synthesis of long chain fatiy
acids from acetyl-Cold and malonyl-CoA. As well as these enzymes, a non-
enzymic component was isolated and this was shown to be a protein acting
as an acyl acceptor, in a similar mamer to Cod, and was named acyl
carrier protein (ACP) (47, 4B8). ACP's are stzble to heat and pH changes
and contain a single sulphydryl group which is jart of the prosthetic
group, 24-' ~phosphopantetheine, which is very similar to Col. Acyl carrier
proteins have also been isolated from plant (49) snd yeast system= (50).

The igolation of the individual enzymes of fatty ascid simthesis
from B, coli (51) allowed the general pathway of fatty acid biosynthesis
to be established and each of the individual reactions involved il synthesis,

as shown in Scheme 1, to be investigated.

-?]-



The enzymes of fatty scid synthesis will not accept substrates es
their CoA esters, and these must first be converied to the ACP esters.
The enzymes which catalyse this change are known as tranlsacylases. Two
transecylases have been isolated from E. coli. HNHalonyl CoA:ACP trans-
acylase is gpecific for malonyl-CoA and will not accept acetyl-Cod
(52, 53), it is heat stable and contains an active sulphydryl group.

The acetyl CoA:ACP transacylase catalyses the trensfer of acetate, but
will also accept propionyl-CoA and higher homologues, the longer chain
length substrates being less readily accepted; malonyl-CoA is inactive
(52, 53). The trensfer of scetate from acetyl-CoA to ACP i3 known as the
"oriming" reaction, and this is the only molecule of acetate which is
used as such in de novo synthesis, the further condensations occurring
with malonate. If acetyl-CcA is replaced in this priming resction with
propionate or a brenched chein acid, then the product of fatty acid
biosynthesis is either an odd chain or branched chain fatty acid.

The next step in the synthesis is the condensation of acetyl-ACP
and malonyl=-ACP to form acetoacetyl=-ACP, This reaction is catalysed by
3-ketoacyl-ACP synthetese (5,.). The enzyme shows an absoluts specificity
for 4CP esters, but is not specific for a single chain length, and will
accept all the acyl intermediates in the synthesis of palmitoyl-CoA. Tha
rate of reaction increases with increasing chain length. The enzyme has
.a functional -SH group end is readily inhibited by sulphydryl binding
egents, Acetyl-iCP protects the enzyme asgainst these inhibitors, suggesting
that an acetyl-S-enzyme complex is an intermediate in the condensation.

The condensation of acetyl-ACP and malonyl:-ACP ocecurs with an
accompenying decarboxylation, and it is this decarboxylation that
explains the fact that while bicarbonate, or 002 , are cofactors in the
biosynthesis of fatty acids they are not included in the final product.
The decarboxylation also shifts the equilibriuwa of the reation , so as to
favour condensation. A mechanisn for this condensation during fatty acid

synthesis in yeast has been suggested by Lynen (43).
Do
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After condensation of acetyl-ACP and malonyl-ACP the product,
acetoacetyl=-ACP, is reduced with NADPH to give ﬁ-hydmxybutyryl—ACP.
This reduction is catalysed by the enzyme [:’,—ketoacyl-AGP reductase (55).
The enzyme shows a wide substrate specificity and is equally active on

p-ketoacyl ACP's of chain length Ctk to Cil6. The reductase is specific
for NADPH and will not accept NADH; it has a marked preference for ACP
esters, but will reduce Coh esters more slowly. The product is the D(-}
P -hyaroxyacyl enentiomer. The reaction is reversible, the reaction
equilibrium favouring formation of the ﬁ-hydroxy compound. Only the
D- enantiomer is utilized in the reverse reaction; the L-3-hydroxyacylA™?
enantiomer iz not oxidized to ﬁ—ketoacyl ACP by this enzyme system.
3=Hydroxybutyryl-ACP is then converted to crotonyl-ACP by an enoyl

hydratase (56), three of which have been isolated from E.coli. These
hydratases catalyse the reversible dehydration of the D{-)~-enantiomers
only, the L{+)-enantiomers are not utilized, The enzymes are specific
for AC? esters and completely inactive with Cod esters. The three
dehydratases isolated from E. coli exhibit different chain length
specificities. The first, ﬁ-hydro:wbutyryl-mp dehydratase is cotive

with derivatives of chain length C:l to C:8, the shorter chain lengths



being more readily utilizec, The enzyme specific for the intermediate
éhain lengths, p-hydro;woctanoyl-AGP dehydratase, will accept derivatives
of chain length Ci:4 to C:12, with the longer homologues being the most
readily dehydrated. The third enzyme, f?)-hydro:wpalmitoyl-AGP dehydratase,
is specific for Ci1l12 to C:l6 chain lengths, Thus the whole range of
fatty acid chain lengths of the intermediates in chain elongation is
encompassed by the three dehydratase enzymes., Plant snd animel systems
diff'er from E,_coli in that they do not possess such a multiplicity of
enzymes. Also in E. coli and many other bacteria, there are specific
3-hydroxyacylthioester dehydratases which convert 3-hydroxydecanoyl=-ACP
to cis~3-decanoyl-ACP via the trans-2-isomer. Elongation of this cis-3-
intermediate in the usual manner then produces vaccenic acid (cis-lle
octadecenoic acid), & product of the "anaercbic" pathway to unsaturated
fatty acids found in anaerobic bacteria.

The second reductive step in the series of reactions which give long
chain fatty acids from acetyl-ACP and malonyl-ACP is the production of
acyl-ACP from O f% -unsaturated acyl-AC?., This reaction is catalysed
by the enoyl-ACP reducteses. Two reductases have been isoclated from
. _coli (57), one of which is NADPH specific, ac’s only on enoyl-ACP
derivatives, and prefers short chain (C:4, C:6) to long chaln substrates,
The second reductase is NADH specific, accepts both CoA- and ACP-esters
end prefers longer chain length substretes, but will utilize all chain
lengths from C:k to C:16. |

It can be seen that the effect of this series of enzymic reactions
is to increase the chain length of the primer molecule (acetate in the
case shown in Scheme 1) by two carbons, provided by malonate. Repetition
of this sequence of reactions, now with butyrate as a "primer'wlll result
in the production of hexanoate, and so on until the produqt is a long
chain acid such es palmitate. Elongation stops when the fatty acid is

removed from the enzyme by either transfer, for example to CoA, or

hydrolysis,
2=



An enzyme which catalyses the hydrolysis of thioesters has been
isolated from B. coli (58). The enzyme hydrolyses either Coh or ACP
esters of fatty acids of chain length C:10 to C:18, but is most active
with the longer chain lengths, and with palmitoleic- and cis-veccenic-
thiol esters. The products are the free fatty acid and the thiol.

As mentioned earlier, two types of fétty acld synthetase systems
have been recugnised, those in which the individuel enzymes are separable,
such as occurs in E. coli, and those which occur as a tightly bound
complex of enzymes, such as the fatty acid synthetase of yeasts. The
properties of the individusl enzymes of the second type of synthetase
cannot be individually studied, but the patlway of fatty acid biosynthesis
in this type of system is identical to that occurring in E. coli.

The first multienzyme complex of fatty scid synthesis was isolated
from yeast by Lynen (10). He proposed thet the individual enzymes
were arranged around a "central" sulphydryl group. This sulphydryl
group initially accepts a molecule of malonate from malonyl-Cod, while
2. second sulphydryl group, known as the "peripheral® group accepts a
molecule of acetate. Condensation occurs between these substrates,
followed by the series of reactions described earlier for &, coli, the
final product bheing enzyme bound butyrate. This butyrate is then trans-
Perred to the "peripheral" site and another molecule of malonate is
accepted at the central sulphydryl group, and elongation continues.
Termination of the sequence when the chain length of the synthesised
acid reaches 16 or 18 carbons regenerates the synthetase,

The enzymatic synthesis of long chain fatiy acids in plants is also
catalysed by a multienzyme complex. The pathway is identical to that
described for bacterial systems. The same components, namely malonyl
CoA, ACP, NADPH and NADH are required, and all the systems investigated

synthesize de novo palmitate and stearate.
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In addition to de novo synthesis, mammalian cells contain two
diff'erent elongation pathwayas, both of which elongate preformed long
chain fatty acids by sequential two carbon additions. These two pathways
are quite distinct, one occurring in the mitochondria and utilizing acetyl-
Col, while the other occurs in the microsomes and uses malonyl-Cod.

The microsangl pathway condenses a preforméd long chain acid with
malonate to extend it in an exactly analogous mamner to de novo synthesis
(59). The system utilizes MADPH; replacement of this nucleotide with
NADH gives much slower rates of elongation. The system elongates both
saturated (C:10 to C:16) and unsaturated fatty acids. The wnsaturated
acids are elongated at a faster rate than the saturated ones, the higher
the degree of unsaturation, the faster the rate of elongation.

The mitochondrial pathway for the elongation of fatty acids is
active on chain lengths from C:10 to C:22, the shorter chain length
acids being elongated most rapidly, The system is essentially the
reverse of /3 ~oxidation except that the acyldehydrogenase of {_’>
oxidation is replaced by a NADFH dependant enoyl-CoA reductase (60).

Although the overall mechanism of fatty acid synthesis has been
well characterized, and the individual reactions in the elongation
sequence have been elucidated, much lessis known about the stereochemistry
of these individuel reactions. It is known that in esch of the reductive
steps of chain elongation in liver preparations (that is reduction of

B -ketoacyl-AP to P-hydroxyacyl—ACP, and reduction of [5 ~unsaturated
acyl-ACP to acyl-ACP) a hydride ion is transferred from position 4 of the
pyridine ring of NADPH to the FS ~carbon of the acyl chain (61), The
product of the first of these reductions, ﬁ—hydroxyacyl-‘-AGP has the

hydroxyl group in the D configuration (10).

Y



It has recently been established that both of the reductive steps
in fatty acid blosynthesis are completely stereospecific with regard to
the nucleotide donor (17). Using tritium lsbelled NADPH, it was showﬁ
that equal amounts of tritium were incorporated from the A and B sides
of the nucleotide, one reduction occurring with A side snecificity, the
other with B side smecificity. When acetoacetyl—CoA was incubated with
fatty acid synthetase and tritiated NADPH, tritium was incorporated inte
the nroduct ( /a -hydroxybutyrate) only from the B side of the nucleotide.
Similarly reduction of crotonyl-Coh with fatty acid synthetase and tritium
lebelled NATPH, gave a product (butyrate) cantaining tritium only from
the A side of the cofactor. A proton from water is added to the 24
positioﬁ of the acyl chain during the second of these reductions (62},
Recently, Drysdale has shown that the yeast crotonyl-CoA reductase transfers
hydrogen from NATPH to the ﬁ-carbon of the & [3 -unsaturated acyl
derivative, the hydrogen in.the product, which originated from NADPH,
having the D{ pro-R) configu;-ation (63).

The canfiguration assumed by the proton sdded to the X -position
during the second reductive step of acyl chain elongation has been
investigated by Sedgwick and Cornforth (92). Incorporation of /ZH, 7-
malonate into palmitic acid by a purified fatty acid synthetase gave a
product which contained 7 atoms of covalently bound deuterium. The
optical rotatory dispersion curve of this product was identicel to that
of 2-D(R)= 2-2HLJ7 palmitic acid, and it was, therefore, reasoned that
the hydrogen added to the X -position during the second reductive step
of acyl chain elongation assumes the L-{pro-S) configuration.

There are still questions to be answered, however, sbout the detailed
&tereochemistry of some of the intermediate steps of chain elongation.

The step to be considered first in this work is the dehydration of

D{-) /5-4xwiroxyacyl-ACP to trans ctfs-unsaturated-acyl—AﬂP. The stereo-
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chemistry of this eliminaticn is not kmown, snd the work reported here
has been to determine whether the hydrogen ren~ved from the X-position

of the acyl chain iz erythro or threo relative to the hydroxyl group.

Ars the configuration of the hydroxyl in the ﬂ =hydroxylacyl=-ACP precursor
is known to be D, then the solution of this problem will also indicate
the absolute stereochemistry of the hydrogen remcved.

To answer this question, suitable [S-hydroxy ecids are required,
with the A -position labelled with either deuterium or tritium, cis

(exythro) and trens (three) respectively, to the hydroxyl group. In

this study deuterium was chosen. The nroducts obtained from incubation
of these substrates with a fatty acid synthetase system, if the system

shows an absolute snecificity as expected, are shown in Scheme 2.

g
D-.C NO deuterium removed
.c_-i':'". 3 “
0021-1 e ¢ ~-H
| ~ elimination '
D-C=-H R
f
H~C=0H
! _ trems
R co
elimineh‘u\)\ i 2
threo H-C
i
C-H ALL deuterium removed
i —
|
R
COoH
!
cis H=~-C ALl deuterium removed
COH e b o
t -~ elimination C-H
H-C-D ;
! R
H~C-0H
R COH
trans i
erythro — C-D
elimination u
H-C NO deuterium removed
!
R
Scheme 2,
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Thus, depending on the stereochemistry of dehydration, one substrete
will lose all the label, and the other substrate will retain its label.
In the unlikely event of there being incorplete or no specificity, then
each subsirate would lose some label and retain scme.

The other step to be considered 1s the second reductive step of
acyl chain elongation, nemely the hydrogenation of the _gx;agg- XP» -
unsaturated acyl-ACP, to give acyl-ACP,

ROH = CHOOSACP + NADPH + H* .  RCH,CH,COSACP + NADP *

During the course of this work, it was reported that the hydrogen
atom added to the Il?a-position of the acyl chain assumed the D{pro-R)
configuration (63), end that added to the .X -position assumed the L{pro-S)
configuration (92).

There are two possible modes of reduction of the double bond in
j;ggg-‘ﬁi3 -unsaturated acyl ACP, either by overall cis addition of
hydrogen, or trans addition. The differences in these two modes of

addition are shown in Scheme 3.

COLH
H-C-Hl
f
COH cis _-~7 wH-c-H
} L !
? - B ~addition R
H
H- ¢
i
R . Irens COH
adaition\\\_ﬁ H-C -t
)
H - c -H
R
Scheme 3.

It cen be seen that in the product of cis addition, the hydrogen
atoms which were originally on the double bond of the unsaturated
derivative now have the threo configuration, whereas in itrans addition,
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the original hydrogen atoms assume the erythre configuration in the
produc‘i:. It was also considered likely, at the commencement of this
work, that the eddition of hydrogen to the double bond would show an
absolute stereospecificity, -and this prediction has been verified for
the FS-_position by the work of Drysdale (63).

The method used for the determination of the ebsclute stereo-
chemistry of reduction of y\lS ~unsaturated acyl-ACP, by a fatty acid
synthetase systen is shown in Schemes 4 and 5, and is based upon the known

9
stereochemistry of the /\”-desaturase in Chlorella vulgaris. This

desaturase is known to remove the D-9 and D-10 hydrogens in the desat~
uration of long chein fatty acids ( 32).

ﬁ ,3-31{&7-M-2—Undecenoic acid was used as a substrate for the
fatty acid synthetase system. In owr case, the fatty acid synthetase
system was not isolated, the substrates were incubated with whole cells

of Chlorella vulgaris, If the reduction of the double bond involves a

Lcis addition of two hydrogens, then threo ditritio-undecancic acid will
be produced. An sbsolute stereospecificity in this addition would
provide only the DL-(R S) or ID-(S R) /2,3-7H, 7undecancic acid.
Alternatively, trans addition of hydrogen during the reductive step will
yield erythro /2,3-3H, 7 undecanoic acid, and in this case, an absolute
specificity would produce either the D,D-(R B) or L,L-(§ 8)/2,3- 1, 7
acid.

If the product of the reduction of /2,3~ Hp / trans-2-undecenoic
acid by the enzyme system is not isolated (in the case of Chlorella
vulgeris it is not nossible to isolate this intermediate), but allowed
to continue in the fatty acid elongaetion system, the product will be a
long chain fatty acid., In this case, as the precursor has an odd number
of carbon atoms, the product will also be an "odd chein" acid, predom-

inantly heptadecancic acid. The tritiun atoms which were originally on
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C=2 and C~3 of the undecenocic acid will now Le on the C-8 and C-9 carbon
atoms in the heptadecancic acid. Some of the heptadecancic acid produced

in this wey by Chlorells vulgaris will be desaturated to give cis-9-

heptadecenoic acid. This desaturation will remove the D-9 and D-10
hydrogens of the heptsdecanoic acid. Now the methylene group at the

C=9 position in this C:17 acid contains the tritium which was originally
at C=3 in the undecenocic acid. If the reduction of the undecenoic ecid
by the enzymes of fatty acid synthetase proceeded stersospecifically
this tritium will now be in the D(R) or L{S) configuration end, depending
upon its configuration, it will either be lost or retained during the
desaturation of the heptadecancic acid by the ,f_/_\? desaturase. If the
tritium on C-9 is D(R)} (that is, if the hydrogen atom added to the ﬁ-
position of the o(? -wnsaturated intermediate assues the L(S) config-
uration) then during desaturation the heptadecencic acid will lose half
of its tritium; conversely, if the tritium is L(S) then the prcduct of
desaturation will retain el1l its tritium. Therefore, isolaticn cof the
gis~9-heptadecencic acid produced during the incubation of the [2'.,3-31-12_7

undecenoic acid with Chlorella vulgaris, and measurement of the amount

of tritium in this product will answer the question of the stereochemisiry
of sdditon of hydrogen to the [% ~position during reduction of trans~
MF) -msaturated-acyl derivatives to saturated-acyl derivatives in ths
biosynthesis of long chain fatty ecids. |
The stereochemistry of addition of hydrogen to the X—position during
the reduction of o(F) -unsaturated ecyl intermediates in chain elongation
can be decided in a similer mamer to that used for the !’3 -position. If
the heptadecanoic acid produced from /2 :3'3HL7 trang-2.--undecencic acid

by Chlorella vulgaris is isolated and extended chemicelly by one carban

atom, the product is stearic acid containing two tritium atoms. These

tritium atoms, which were originally on the C=2 and C-3 carbon atoms of



the undecenoic acid precursor, are now at the C-9 and C-10 positions,
respectively, in the stearic acid. Desaturation of the stearic acid

by a system which contains a A9 desaturase will affect both methylene
groups which contain tritium. If reduction of the double beond in m—
2-undecencic acid occurred by a trans eddition of hydrogen, the tritium
atoms in the stearic acid will be in the erythro configuration and
desaturation will either remove both or neither of these atoms, depending
upon the absolute specificity of the original reduction. Conversely, if
the reduction occurred by cis eddition, then the tritium in the stearic
acid will be in the threo configuration and desaturation will remove
only half 01; the tritium, to give either E-BHJ oleic acid or ﬁOJHJ
oleic acid, depending upon the stereochemistry of the original reduction.
g -position

/

will already have been determined, as discussed earlier, and therefore

However, the stereochemistry of addition of hydrogen to the

the stereochemistry of the tritium at C-10 in the stearic acid will be
known. Thus the stereochemistry of addition of hydrogen to the Y -position

can be deduced,



RESULTS AND DISCUSSION

Preparation of labelled precursors

1. 2=-deuterio,3-hyvdroxylleptadecanoic acids

In order to investigate the stereochemistry of the dehydration of
ﬁ-hydroxy acyl thicester to give trans- -5([5 -~unsaturated thlocester, ﬁ -

hydroxy acids were required with the X -hydrogen, cis (erythro) or trans

(M) to the hydroxyl group specifically lebelled with tritium or
deuterium. Ydeally only the D-enantiomers of the labelled F)-hydrqu
acids were required as it is only these isasers which are intermediates
in fatty scid synthesis; the L-3-hydroxy acids sre intermediates in the
ﬁ-oxidative degradation of fatty acids to acetate, The acetate produced
from the L-3-hydroxy acids by [5 ~oxidation will contain eny lsbel which
was originally in these enantiomers and, if this acetate then becars
available for fatty acid synthesis, the original specific label would
become randomized throughout the fatty acid chain, and could afifect
interpretatian of results,

This problem could be overcome by the optical resolution of the
labelled /S-hydroxy acids, and the use of only the D-enantiomer in the
biochemical investigations. The classical methods of resolution by
crystallization of the diastereoiscmeric salts of the acid sud an optically
active base cannot be used in this case due to the very small amounts of
lebelled hydroxy acids prepared. However, during this work, a method was
developed for the optical resolution of long chain 2-hydroxy acids and 3-
hydroxy acids by TLC, which was convenient for use on a small scale. This
method is described in the Appendix, but was not used in the work detailed
here as it had the disadvaentage that some isomerization of the hydroxy acid

occurred during its recovery after resolution.
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llost natural systems only synthesise even nuiber fatty acids, so
that if odd chain racemic ﬁ—hydro:q; acids are usod as substrates, the
desired odd chain products cen be easily separated from any randomly
labelled products of degradation and resynthesis, The use of odd chain
precursors hes the sdded advantage that deuterium, rather than tritium,
can be used as the label on the X-position. This is due to the fact that
very little dilution of the label occurs due to endogenous odd chain
acids, end this ensbles the resultant deuterium labelled, odd chain
products to be easily analysed by mass spectroscopy. The intermediates
chosen to investigate the mechanism of dehydration of ﬂ-hydro:w acids
were threo-2-deuterio, 3-hydroxyheptadecancic acid and erythro-2-
deuterio, 3-hydroxyheptedecanoic acid.

The threo- and erythro-2-deuterio, 3-hydroxy acids were prepared

from cis- and trans-2,3%-epoxyheptadecancic acids, respectively, by

reductive cleavage with lithium boron deuteride, as shom in Scheme 6,
These reactions are of known stersochemistry (70) and result in inversion
of configuration at the position of nuclecphilic attéck, and retention of

configuration by the hydroxyl group.

CI:OZH ?OZH ?02H
! ]
H-C. H-C-0H D-C-~-H
! "0 L4ED, i + 1
H-C —— % D-C-=-H H-C-0H
! i |
R R R
cis epoxide threo
.002H ?02H i_00211
H-C-0 H«C~-0H D-C-H
pre LiBD) ! + a
..‘,/_ C - H — . ) H - c - D HO Lad C - H
: ! ‘
R R R
trans epoxide erythro
Schene 6.,



The reductions were performed in dry diethyl ether at 0°C and, on
the scale used, the optimum reaction time for maximm yield of /5-
hydroxy acids was spproximately three hours. The reduction was performed
on the epoxy ecids as the free carboxyl group should be unaffected by
lithium boron deuteride; esters are reduced to primary alcohols, It
was found, however, that some reduction of the carboxyl grouw occcurred
during the veaction, and this resulted in low yields of the desired
products, the side products being mostly 1,2« and 1,3-heptadecandiols.
A further dissdventage of this method was that it produced a mixture of
2= and 3- hydroxy isomers, of which the 2-hydroxy isomer predominated,
These isomers could be separated by TLC, but the overall yield of the
desired 3-hydroxy ecid was reduced accordingly. The mixture of 2- and
3-hydroxy acids produced in the reaction was separated from the 1,2-
and 1,3-~dicls formed by over-reduction by extracting sn ethereal sclution
of the reaction products with dilute aqueous sodium bicarbonate, This
procedure gave a mixture of 2- and 3-hydroxy acids which could be
separated by thin leyer chromatography. It was found more convenient,
however, to first partially vurify the 3-hydroxy derivative before
nerforming TLC, This wes achieved by reacting the mixed 2- and 3-hydroxy
acids with a 0.55 v/v solution of perchloric acid in acetone. The -2y-
hydroxy acid undergoes reduction to fomm the isopropylidene derivatif.re

whereas the 3-hydroxy acid remains unchanged.

0 OH 0
N N
7 ci:‘ Ong 3
H - C - OH Acetone/H *+ | H-?-O/ “‘CHB
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R
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The 3-hydroxy acid could then be separated from the derivative of
the 2-hydroxy acid by extraction with dilute alkali. The 2-deuterio,
3-hydroxyheptadecanoic acids were finally purified by TLC, the overall
yield of these compounds from the epoxides being around 1%. All
manipulations invelved in the purification of the 3-hydroxy ccmpounds
were performed on the free acid, although purification by chromatography
would have been easier with the methyl esters. The free scids were
needed, however, as substrates for ths biochemical investigations, and
an intermediate esterification would have meant a final hydrolysis step
in the reaction sequence., As it had been found in preliminary experiments
that the !3 ~hydroxy esters were base sensitive, losing water readily to
form the trans- dﬁ -unsaturated derivative, hydrolysis of the '53-
hydroyy compounds was avoided,

In order to check the complete stereospecificity of the borohydride

reduction of the cis~ and trans-2,3-epoxyheptadecancic acids, that is, to

ensure that the erythro-2-deuterio, 3-hydroxyheptadecancic acid contained
none of the threo-isomer and vice~versa, the 220 MHz NMR spectra of both
products were examined. The MR spectra were obtained on 0.1 Molar
solutins of the f)x-hydroxy methyl esters. These esters were prepared
by the action of J‘f.’:‘.iauzcome'!:hane on the free acids. The relevant parts of

the spectra are shown in Figure 1., The absorption pattern of the o{ -protons
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for the fully protonated ccaupovnd, methyl 3-hydrorypelmitate, is also
shown. This is typicsi of en ABX system, with & , = 2.285 ppm, &3 =
2,370 ppm and gx = 3,841 ppm, having coupling constants Jpg = 16.5 Hz,
Jax = 8.5 Hz and Jgy = 3.5 Hz.

When a deuterium atom is substituted for one of the A -protons, the
"threo" compound is left with the Hp and Hy protons, and the "erythro"
compound is lett with the H, and Hx protans. The absorptionof the
remaining X ~proton should, therefore, occur with almost the same chemical
" shift es in the fully protonated molecule, but with the proton-proton
coupling being only Jiyyx or Jgy. Since deuterium has a spin of 1, it ma&
be expected to produce further splitting of these absorptions into 1:1:1
triplets. Such H-C=C-D couplings are qsua.lly about 2 Ha.

zn the spectrum of the "threo" compound, proton Hy gives a broad
ebsorption ( & = 2,352 ppm) with helf height width of sbout 8 Hz. Allowing |
for the broadening of the absorption from the deuterium coupling, this
width indicates a coupling with Hy of 3-4 Hz. The "erythro" compound
proton H, gives a broed doublet at é"= 2,266 ppm with a coupling of 9 Hz
and a half height width of about 5 Hz. These couplings compare with those
cbtained by Gewson and Fondy (71) for threo- and ecythro-3-deuteriomalic
acid, during their investigations on the specificity of the fumarase’
enzyme. The coupling constants for the two deuterated malic acids ave

showm below.

COH COH
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The spectra showed that there wes same fully protonated compound
in each isomer, but that there was less than 7% ihreo form in the erythro |
isomer and less then 7% erythro form in the threo sample.

Complete deuterium lsbelling of each substrate molecule is not
posaible and the isotopic purity of each product was determmined by mass

spectrometry on the methyl esters and is shown below.

Composition (%)
Lebelled acid B, % H, |
Methyl threo 2-°H, 3-0H 17:0 % 73 1
Methyl erythro 2-2H, 3-0H 17:0 16 82 2
|

The ¢is- and trans-2,3-epoxyheptedecancic acids which were reduced

s

‘to give the ﬁ) ~hydroxy acids, used in the stereochemical investigations ,‘
were not commercially availsble and were synthesised by direct epoxidation
of the corresponding monoenes. The synthetic routes to both the cis- and
trans-epoxides are shown in Schema 7. |

The X Fs -unsaturated esters required as intermediates in the synthetlc
route to lsabelled B-hydroxy egters have been synthesised previously by
& variety of methods. Probably the most cammon route to otﬁ-unsatqrated
esters is the elimination of hydrogen bromide from an A ~bromo acid.{
These X =bromo acids are resdily prepared by the a.ctibn of phOSphor'U;I_.S
tribromide and bromine on the corresponding long chain acii. Elilmination

of hydrogen bromide is then achieved by the action of base on the X -

bromo acid, the reagent of choice being hot pyridine or quincline, or
potassium tert-butoxide in tert-butanocl.

Unsaturated acids obtained by this bromination dehydrobromination
procedure have the double bond in the trans configuration, &lthough during

the elimination reaction there is a possibility of some isomerization to

mly O
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Scheme 7. Synthesis of cis- and trans-2,3-epoxyheptadecencic acids



form the trans- f))g -unsaturated compounds., trans- QL‘B Unsaturated
esters have also been prepared by dehydration of f}- ~hydroxy esters,
which are readily available as products of the Reformatsky reaction;
The dehydrating agents usually employed are thionyl or phosphonyl chloride
in pyridine, and it is probable that the hydroxy esters are converted to
/5-chloro intermediates, and dehydrochlorination produces the unsaturated
products. As in the case of dehydrobromination, the products can contain
some of the }83 -unsaturated isomer,

Stereospecific production of M—c{ﬁ —umsaturated acids s free from
any ﬁ}j ~isomers, has been achieved by the condensation of long chain
aldehydes with malonic acid. The reaction is usually performed in

pyridine containing some piperidine,

Ci(COH) Ty
warm eat %
RCHO —-——-—-QR(EHCH(COZH)‘? ey RCH = C(COZH)z ey RCH = CHOOZH
t
OH

Scme trans-2-heptadecenoic acid which had been prepared by the above
method was already available, however this reaction was not used during
these studies for reasons discussed later.

Acetylenic intermediates have found wide application in the synthesis
of unsaturated fetty acids, the alkencic acids are prepared from the
corresponding alkynes by stereospecific half hydrogenation. Acetylenice
acids are easily prepared by the carboxylation of terminal acetylenes
via their Grignard {72) or alkali metal derivatives, The acetylenic
acid cen then be converted to the cis derivative by hydrogenation over
a partially poisoned palladium catelyst (73) or to the trans is.omer by
reduction with sodium or lithium in liquid emmonia (74, 75).

The methyl cis-2-heptadecencate used in these studies for the synthesis
of the labelled /3-hydro:qy acids was prepared via an elegant method

involving the Favorski re-arrengement (76, 77). The reaction, described
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by Gerson and Schlenk (6€4) was used to produce the cis acid from palmitic
acid, via the dibromcketone and is shown in Scheme 7.

Palmitoyl chloride, the first intermediate in the reaction scheme,
was orepared by the action of oxalyl chloride in benzene on palmitic
acid. After completion of the reaction, the benzene and excess oxalyl
chloride were removed under vacuum to leave palmitoyl chloride in
essentially quantitative yield. The product needed no further purification,
and this method was used in preference to the standard procedure which
involves reaction with thionyl chkloride, and subsequent distillation of
the product.

The palmitoyl chloride cbtained was reacted with diazomethane %o
pr'ovide the diazcketone which was purified by crystallization as pele
yéllow flakes from diethyl ether. The diazoketone was treated with a
solution of bromine in carbon tetrachloride to yield the oily dibromoketone.
This dibromcketone was then reacted immediately with a solution of sodium

methoxide in methanol tn give methyl cis-2-heptadecencate. The only
difference between this method and that of Gerson and Schlenk was the

use of sodium methoxide in methenol, in place of aqueous ethanolic
potassiun hydroxide, to effect the Favorski re-arrangecsent, It was found
that this modification gave a cleaner product, and the methyl ester was
preduced directly, whereas a finsl esterification step was necessary when
using aqueous base,

The generally accepted mechanism for the Favorski re-arrangemnent of
this type involves a cyclopropane intermediate (77). The stereo-
specificity of the reaction suggesi;s that both the formaticn and the
cleavage of the intermediate bromocyclopropencne are concerted processes.
If this is so, then it implies that, as the product is exclusively cis,
the intermediate cyclopropancne must be cis; a mechanism to explain these

observations 1s given on the next page.
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Although some methyl trans-2-heptadecenocate had already been
prepered by the condensation of malonic acid with ventadecanal, this
method was not used for the preparation of further amounts of the trens
e?ter, due to the difficulties experienced in preparation and purificstion
of the lang chain aldehyde.

Due to the ease of preparation of methyl c_is_-z-haptédecenoate via
the Favorski re-arrangement it was decided to prepare the traens isomer
by stereamtaticn of the cis compound.

Stereomatation of cis alkenoic acids and esters has been achieved
by a number of methods. These transformations can be accomplished by
the use of the I\TO2 radicel generated from sodiun nitrite and nitric acid
(78, 79). |

Selenium has also been used to affect the transformations (79, 80) ’
but in this case, migration of the double bond can occur to afford a
mixture of monoenoic esters, The composition of these equilibrium
mixtures has been investigated by Gunstone and Ismail (80}, who found
that migration is more extensive when the double bond is present in the
central portion of the chain., This migration can be overcome by effecting
the isomerization of the cis olefins with ultra violet light in the

presence of diphenyl sulphide (80, 81).



The isomerization of methyl cis-2-heptadecenocate to the trans

isomer was first attempted using the NO, radical produced by the action

2
of nitric acid on sodium nitrite. This method was unsuccessful, and
resulted in almost quantitative recovery of the cis isomer, even at much
longer reaction times than were needed for the elaidanization of methyl
oleate, Other methods of performing this iscmerization were therefore
investigated., Ifethyl cis-2-heptadecenocate was isomerized by heafing the
ester under nitrogen in a sealed tube with selenium, This resulted in
a mixture of cis- and ;b_r,'_a_n_s'_-o(P ~unsaturated and trans- )8 X -msaturated
esters, in the approximate proportions 1:7:1. The remaining cis isomer
was separated from the trans isomers by TLC on silica gel G, on which the

¢is isomer was less polar. The _‘_h_x;gn_s;—o(t’: - and M—PB -unsaturated
es?l:ers were much more difficult to separate, being only just separabdle by

TLC on silica gel G impregnated with silver nitrate. However, it was
found that if the mixture of irans iscmers was not separated at this stege,
but epoxidized, the resultant mixture of trans-2,3- and trans-3,4-
epoxyheptadecanoates could be separated readily by TLC. However, this
method was leborious and time consuming due to the number of separations
which needed to be performed by TLC., A much improved method for the
isomerization of cis-2-encates to trans-2-enoates has been reported by
Barve and Gunstone (65). This method involves the treatment of the cis
ester with mercuric acetate and methanol, followed by hydrochloric acid.
The product is almost exclusively the trens- ol F -unsaturated isomer.
Hethyl cis-2-heptadecenoic acid produced via the Pavorski re-arrangement
was isomerized by this method, The ester was dissolved in dry methanol and
reacted overnight with an equimolar amount of mercuric acetate, The
wixture was then acidified with hydrochloric acid at 0°C and left for half
en hour. The product wes almost pure methyl-trans-2-heptadecencate
containing some cis isomer which could be separated by TLC, No migration

of the double band could be detected.
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The reaction of mercuric salts with olzfinic compounds is well
documented (82) and it has been used to separate mono-, di- and fri-
unsaturated fatty acids by TLC, Reversal of the oxymercuration reaction
by addition of acid usually results in the regeneration of the double bond
with complete retention of the original stereochemistry. The case of the
cis-2-heptadecencate is an exception to this vattern, amnd must be due
to a change in the normal stereospecific mode of oxymercuration or
demercuration.

The structures of the cis- and trans-mnethyl heptadecencates, prepared
as described above, were confirmed by NIR. The double bonds in these
compounds are adjacent to a carboiethoxy group, and this gives the esters
distinctive spectra. The ol methylene grouo is absent, the methylene
groups edjecent to the double bonds occurring st ¢ = 2.66 in the cis
ester and ¢ = 2,21 in the trans isomer, as broad bands. The olefinic
protons occur as an AB quartet with the low field doublet further split
into fwo triplets., These triplets are due to coupling of the low field
proton with the adjecent methylene group. The entire olefin proton
pattern consists of eight lines.

The chemical shifts and coupling for the olefinic protons are shown

below.

CHz Ha
Ny ~
cC=¢C
P N
Hy CO2CH3
methyl cis-2<heptadecenoate
JCI'IZ—:HB = 5-80 HL J.AB = llom Hl
§p = 5.75 ppa S5 = 6.30 ppm
methyl E‘%ﬁs-Z-heptadecenoate
TCHy-HB = 6.79 e i = 15.51 e
&p = 5.75 ppan dp = 7.00 pon

Chemical shif'ts and coupling constents of olefinic protons in methyl

cis-2-heptadecencate and trans~2-heptadecencate



The next sten in the reaction cequence was the epoxidation of the
cis- and trans-2-heptadecencates, and was accomplished by reaction of;
the olefinic esters with a peroxy acid. Peroxy acids react with olefinic
bonds to give epoxides (83). The reaction involves electrophilic attack
by the peracid on the olefinic bond, and occurs stereospecifically with

overall cis addition of oxygen, thus cis snd trans olefins afford the cis

end trans~-epoxides respectively.

R 1 R
:C:C:
H | H R _R
(* ‘/c-c
0 . H N/ "H
H/‘L’o ’ 0 + 0
4 I
(o\=c HO - C
R N\

As the reaction involves electrophilic attack by oxygen, it is
obvious that substituents which increase the nucleophilic character
of the olefin will enhance the rate of action, while electron withdrawing
substituents will decrease the reaction rate. The double bond in wmethyl
cis and trans-2-heptadecencates bears a cerbomethoxy group which is
strongly electron withdrawing, and would, therefore, be expected to
decrease the recction rate., Indeed this was found to be the case and the
epoxidation of these olefins needed much longer reaction times and a
higher concentretion of peracid then was required for epoxidation of the
mid-chain unsaturated esters such as methyl oleate.

The two unsaturated esters were epoxidised by reéctim with m-
chloroperbenzoic acid in benzene solution. The reaction time was
twenty days, end af'ter this time the epoxides were isclated in almost

quantitative ylelds, and purified by chromatogrephy.



In contrast to the other members of the series of epoxy fatty acids,
it was not possible to separate the cis- and trans-2,3-epoxy isomers by
TLC or by GLC on a non-polar {SE 30) phase. This is in agreement with
Ginstone end Jaconsberg {84) who have prepared, and studied the chromato-
gi‘aphic properties of , the complete series of methyl epoxyoctadecanocates.
The purity of the iscmers could be checked, however, by GLC on a polar
phase, as in this case the isomers were separsble, the cis epoxide having
a shorter retention time (ECL =20.61) than the trans isomer (ECL =20.80).
It was found that the epoxidation had cccurred with complete stereo-
specificity, neither epoxide containing any of the other iscmer,

Before reducing the epoxides with lithium borodeuteride to provide
the precursors necessary for the biochemicel investigation, they were
hydrolysed to the f‘ree ecids, This was necesssry as the ester functions
are reduced by the borodeuteride to primary alcohols. The hydrolysis was
effected with dilute methanolic ootassium hydroxide at roou temperature.
The pH of all solutions was carefully controlled during extraction of the
free acids, as the epoxides are acid lsbile. A small amount of each of
the acids was remethylated with diazomethane and compared by TLC and GLC
with the original ester; the identity of these remethylated compomdé
with the originsl esters confirmed that the epoxide groups were unaffected
by the hydrolysis procedure,

The c¢is- and trans-2,3-epoxy heptadecanocic acids, produced by the
reactions outlined above, were then reduced with lithium borodeuteride to

provide the threo~ and erythro-2-deuterio, 3-hydroxyheptadecanoic ecids

used in the biochemical investigations., These reductions and the character-
ization of the products have been discussed shove {pp 37-39).

Because of the low yields of 2-deuterp; 3-hydroxyhentadecancic acids
obtained by reductive cleavage of the epoxides with lithium borod:uteride,
an alternative method for the production of the F;-hydx'oxy esters was
attempted. This involved the reduction of the oxymercurial derivatives of
cis~ and trans-2-heptadecencate with sodium borodeuteride.
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The reaction of mercuric acetate with olefins gives stabls adducts
in which there is a covalent linlk between the carbon and mercury atoms,
The reaction in a nucleophilic solvent usually inveolves overall trans
addition of the mercuric s&lt and a solvent molecule, the reaction has
been explained in terms of a mercurinium ion. This reaction can be

reversed by addition of acid, which regenerates the parent olefin.,

@G\Ie
( H Cile
R _R R_ R |
~“C=C —_ C.-.C —— 3 R=C=C=R
B S H - H” M., OEH - !
* Hg Hg0Ac H
!
OAs
Hg
s N¥

AcO OAc

Reaction of methyloleate with mercuric acetate in methanol

Reduction of the organomercurial with sodium borohydride results in
the replacement of the HglAc grouw with a hydrogen atom. This reaction
has been studied by Bordwell and Douglass (85) who have shown that the
reaction proceeds stereospecificelly with retenticn of conf'iguration,
the incoming hydrogen directly replacing the mercury atom. They slso
found that this hydrogen is derived fran the borohydride and not from the
solvent.

I{ was known that oxymercuration of o(F-unsaturated esters in methanol
solution followed by reduction of the oxymercurial derivative with sodium
borohydride gave exclusively the 3-methoxy derivative (143} and it weas
hoped that the same series of reactions using an aqueous solvent and
Sodiuwn borodeuteride would result in stereospecific nroduction of 2-

deuterio, 3-hydroxy esters,
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Both elsg- and trans-2-heptadecenoate were reacted with mercuric
acetate in aqueous dimethylformamide fo which a trace of perchlorjc acid
had been added. The.oxymercurial adducts were isolated by extraction with
chloroform, and then reduced with sodium borodeuteride in aqueous
fetrahydr-ofuran. The 3-hydroxy esters were formed in good yield.
Surprisingly, however, mass spectroscopy of the products showed that no
deuterium had been incorporated into the product. Repetition of the
reaction this time using heavy water, tetrahydrofuran, and sodium
borohydride in the reduction stege gave good incorporation of deuterium

into the molecule, The results are shown below.

Ratio of '
Substrate for iedia for 9 o "erythro"
oxymercuration reduction of H, HQ to "threo"
reaction oxymercurial product products
cis~ A2-17:1 NaBD), /THF/H0 97 3 |
o A2 o -
cis~ A17:1 NeBH, /THF/D,0 29 i 69 ;L2
i
trans- A2-17:1 sBD) / THF/H,0 98 2 :
‘ 2 ‘ :
trans- A°=17:1 . NeBH,/THF/Dg0 | 3 | 63 | 1:1

The stereochemistry of the products was investigated by N:R,
Comparison of the spectra of the 3~hydroxy products fran the cis and
Xtrans monoenes with thoscof the specifically lebelled coampounds wnroduced
by reduction of the epoxides, showed that reduction of the oxymercurial
compound did not occur with strict stereospecificity. The products were

a mixture of the erythro~ and threo-2-deuterio, 3-hydroxy esters in the

ratios shown in the tdble, A probable mechanism for the reduction reaction
which would account for the lack of stereospecificity and explain the fact
that the deuterium incorparated originated from the solvent is sh-wm in
Scheme 8. As an altermnative route to the stereospecifically labelled 3-

hydroxy esters, the method was obviously unsuccessful and was abandoned.
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2, 1_2.,3-31{2_7 -Undecenolc Acids

The next step in the biosynthesis of faiiy acids to be investigated
in the work, was the second reductive reaction in which %—d% -
wsatureted ecyl-ACP's are reduced to saturated acyl-ACP's., In order to
investigate the stereochemistry of sddition of hydrogen to the trans-
O(% double bend during this reduction, it was necessary to prepare a
jﬁz_‘_a_q_g_-tr\P -unsaturated acid specificeally labelled on the of and Fy carbons
with tritium. The acid prepared was /2,3-2H, Ztrans-2-undecenoic acid,
and the method used is outlined in Scheme 9.

As well as being intermediastes on the chain elongation patlway,
ZErans-2-enoic acids are also intermediates in ﬁ-o:d.dation. It is
c;onceivable, therefore, that as well as being elongated by the fatty acid
s.;ynthe'case system, the labelled precursor could be degraded to acetate
by fg-ox:i.dation. If this acetate were then utilized for ratty acid
synthesis, there would be some scrambling of the rediocactive label. The
use of an odd chain acid again overcomes this complication, as the product
of elongation will be an odd chain acid, while the products of any break-

down/resynthesis will be even chain length acids, the two products being
easily separable by preparative GLC,

The chain length of the precursor was also critical, it needed to be
such that elongation by the fatty acid synthetase aystem would place the
tritium atons, which were originally on positions C-2 and C=3 of the
precursor, at, or close to, the C~9 and C-10 positions in the product,
in order that the known stereospecificity of the /_\9-desaturase could be
used to determine the canfigurations of the tritium atoms in the product
of chain elongation. For this reascon, the C:1l acid was prepared.

To facilitate accurate determination of the amount of tritium lost
or retained in each step of the biosynthetic investigations, 1_11..0

lebelled trans~2-undecencic acid was added to the tritium lsbelled precursor.
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This provision of an internal 140 standerd ellowed the fate of the tritium
to be determined by measuring JH/I4C ratios end obviated the need to
determine the degree of dilution of substrate and reaction product bjr
measurement of endogenous fatty acids, The M*C labelled acid wes prepared
from 5-11'“0_7 decenoic acid in a similar manner to that used for the
preparation of trans-2-heptadecenocic acid from palmitic acid (p.4l), namely
chain elongation by one carbon via the Favorski rearrangement.

As .mentioned earlier, acetylenic intermediates have been used exten=-
sively in the preparation ofunsaturated fatty acids, The syntheszis of
/2,3-2H, 7trens-2-undecenoic a0id, used in this work, utilized one of
these acetylenic compounds, namely propargyl alcohol.

Octyl bromide was coupled with the dilithium salt of propargyl
élcohol by reaction in liquid ammonia. The dilithium derivative was
prepared in situ by reaction of propargyl alcohol and lithium in liquid
ammonia, This reaction was allowed to proceed for two hours before the
octyl bromide wa: added, and the reaction was then allowed to proceed
for a further two hours. The product was isolated in good yield and
purified by wacuum distillation.

Attempts to oxidize the 2-undecyncl to 2-undecynoic acid with Jones
reagent (chromium trioxide, water, sulphuric acid) in acetone failed, the
major product being nonanoic acid formed by over oxidation. It was,
therefore, decided to reduce the triple bond, and introduce the tritium
into the molecule at this stage, thus producing 2-undecenol from the 2-
undecynol. It was known that allylic slcohols are readily oxidized to
the corresponding aldehydes with active manganese dioxide (86), and thence
to the acids with silver oxide, This was the route chosen for the prep-
aration of the labelled unsaturated ester.

A small amount of the undecynol was purified by TLC and sent to the

Unilever Research Laboratory, Vlaardingen, Holland, for reduction. The



reduction was performed with tritium gas over a Lindlar catalyst (73).
The product, /2,3-3H, /cis-2-undecenol, was shmwm to be pure by @C and
showed anly cne spot on argentation ILC, indicating that no trans isomer
was present.

The oxidation of /2,3~ H, Jeis-2-undecfnol to /Z,3-7Hp Jois-2-
undecenoic acid was performed in two stages. Oxidation of the allylic
alcohol with active manganese dioxide in petroleum ether gave the unsat-
urated aldehyde in good yield. This aldehyde was not purified, but was
immediately used for the next stage of the reaction. The oxidation of
the allylic alcchol to aldehyde was followed by TLC; the product was
less polar than the starting material and; at the end of the reaction,
ail of the alcohol had heen consuedi The product was contaminated,
however, with a more polar material which hed a similar R, vdlue on TLC
83 free fatty acid. This contaminent was not isclated, and was, therefore,
never characterized fully,

The impure /3,3-7H, Jeis-2-undecenal was further oxidized with silver
oxide in agueous alcoholic notassium hydroxide, The aldehyde was dissolved
in ethanol and silver oxide, dilute potassium hydroxide was added and the
mizture was shaken overnight, The silver salts were removed by filtration
and any unchenged aldehyde was extracted from the alkaline solution with
petrol. Acidification of the agueous phase and extraction with ether geave
the acid, which was esterified with diazomethane, The methyl cis~2-
undecencate produced by this method contained some trsns isomer from which
it was readily sevarated by TLC. Throughout this reaction procedure,
care was taken to minimize losses of the short chain products through
their water solubility and wolatility. All agueocus solutions were
saturated with salt before extraction, and organic solvents were removed
under a streem of nitrogen to 0°C; operaztions where products were taken

to dryness were kept to a minimum,



Before effecting the stereomutation of the methyl cis-2-undecenocate
to the trens isomer, the tritiated compound was mixed with kg 1ebelled
cis-undecenoate, This ¥C-labelled ester ected as an internal standard
and obviated the need for calculation of specific activitles of precurscr
a{zd product. The carbon labelled substrate was added as the cis ester,
before the isomerization step, as calculation of the JH/MC ratio before
and af'ter stereomutation, would indicate whether any tritium had been
lost from the double bond during the isomerization reaction.

The carbon labelled methyl cis-2-umdecenoate was prepared from 1.3
decanoic acid, by the route shown in Scheme 9. This series of reactions
is identical to that used for the preparation of cis-2-heptadecenocate from
palmitic acid discussed on pages 43,44. The reaction mechanism for the
réa.n:-angement step in the synthesis has also been discussed earlier {pp 43-44)

 end it can be seen that the product from decanoic ocid labelled with
Ue at the carboxyl group, will be cis-2-undecenocate, also labelled at the
carboxyl group.

A smell emount of WC-labelled cis-2-undecencate was added to the
ﬁ ,3-3H2_7_cﬁ-2-undecenoate. The dual legbelled ester was then reacted
with mercuric acetate in methanol to give the methoxymercuric additicn
compound, which was decomposed with hydrochloric acid to give the M
ester. The trans-2-undecenoate was purified by TLC., The SH/UC ratio
of the product was determined by seintillation counting.

. as expected, the product shwved virtually no loss.of tritiun during
isomerization. The 3&/11*0 ratio of the starting material and product are

shown below.

i ﬁ-ll"C; 2y 3-3Hz7 -methyl cis-2-undecencate 1 6.6
i |
? 5_11;0; 2, 3—3H2_7 ~methyl trans-2-undecencste l 6.0
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The dual lsbelled trang-2-undecenoate was then hydrolysed to give the
free fatty acid used in the incubations. Investigations of the hydroiysis
reaction with wnlshelled M—O(P -unsaturated esters showed that, on
hydrolysis with methanolic potassium hydroxide, migration of the double
bond to give l%\o" -unsaturated acids and addition of methanol across the
double bond to give 3-methoxy wmdecancic acid both occurred.

Davidson and Korn (87) have reported that hydrolysis of a(‘% ~unsat-
urated methyl esters with 0.5M sodiun hydroxide in 507 methanol, causes
partial isomerization via the methoxy intermediates, to the ﬁcy-unsaturated
acids. Approximately 10% of the B(F’) —unsaturated methyl ester was converted
to the 3-methoxy acid and 2V to the FJ -unsaturated isomer, The formation
of these artefacts was prevented by hydrolysing the ester in equal volumes
of benzene and dilute acueous ethanolic potassium hydroxide. This mild
procedure did notcause:migration of, nor addition to, the double bond in
the a('?)-unsaturated ester. Heasurement of the JH/C ratio o the product
showed that no tritium was lost during the hydrolysis.

The dual labelled trans-2-undecenoic acid produced by the reactions

outlined above, was incubated with Chlorella vulgaris to investigate the

stereochemistry of the hydrogenation step in acyl chain elongation. The

results of the incubations sre discussed later.

Incubation of IB =hviroxy precursors with Chlorella vulgaris

Unlike mest plants, the green alga Chlarella vulgaris is cgpable of

two modes of existence., In the "rich"™ media in which it was grown, the
orgenism exists heterotrophically,and utilizes the various organic
substances in the media as a source of energy. The useof phosphate buffer
88 an incubation media forces the argenism into a totally photo-autotrophic
existence and changes the fatty acid composition of the cells. The photo-
autotronhic existence results in formation of more linocleic and linolenic

acids, typical of photosynthetic tissues (23). Under these conditions,
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the organism is capable of breaking down fatiy acids by ‘B—oxidation to
acetyl-CoA and reutilising this in de novo synthesis, which causes
reandomization of the label into other fatty acids, Huwever, this
complication was overcome by the use of odd chain precursors, as discussed
earlier.

There are several advantages in using whole cells of Chlorella
vulgaris for the biochemical investigations rather than, for example,
isolated enzyme systeuns or subcellulsar fractions from bacteria, yeasts,
or livers, Using Chlarella, the substrates can be added as free acids and
the cells will perform the activation steps, such as the formation of the
CoA esters, necessary for the specifically labelled compounds to becoue
substrates for the acyl chain elongation enzymes. If isolated enzymes
or subcelluler froctions had been used, the substrates would have needed
to be in the form of the thiol esters, which would have involved further
synthetic procedures, A further advantage over isoclated enzymes is that
the Chlorella fatty acid synthetase is a coupled enzyme complex., This
means the products from the synthetic substrates will be saturated acids,

which facilitates the separation of these products. Soms of these
saturated products will be converted to monocenes by the Chlarella desat-
urase system and this is an advantage in the later work an the determination
of the stereochemistry of hydrogenation of DLP ~umsaturated acyl-ACP by

the fatty acid synthetase system in Chlorelia.

One major disadvantage of using whole cells for the investigation of
the stereochemistry of acyl chain elongation is that it is not koown
whether it is.only the "de novo fatty acid synthetase" or whether it is
a microsamal or mitochondrial elongase system, or a combination of several
such enzymes together performing the biochemical transformations,

The first reaction in the biosynthesic pathway to long chain fatty
acids to be investigated in Chlarella was the dehydration of 1{3 -hydroxy

acyl derivaiives to give trans- ;7(‘3 -unsaturated acids.
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Assuming dehydration of the /8, -hydroxy wcids takes place stereo-‘
specifically by aebstracticn of a hydrogen atom from the A ~position, and
the hydroxyl group from the P-position to give the trans- a&fa -unsaturated
acid, there are several mechanisms which could prevail. These mechanisms
are outlined in Scheme 10, Only the D enantiomer of the hydroxy acid is
Sﬁmm in the diagram, as it is only this enantiomer which is utilized as
a substrate for acyl: chain'elongation, and the mechanlsms shown assume that
the groups eliminated are either in a staggered or eclinsed conformation.

Determination of the relative configurations of the hydrogen and
hydroxyl group removed, will eliminate half of the possible mechanisms
for dehydration outlined in Scheme 10,

In order to determine the stereochemistry of the dehytration reaction
in acyl chain elongation, the synthetic threo- and erythro-2-deuterio,

3~hydroxyhentadecanoic acids were each incubated with Chlorella vulgaris

As the fatty acid synthetase of this organism is a coupled enzyme cowplex,
the direct vroduct of the dehydration step in the chain elongation pathwy ,
namely the t_r_g.gg—&ﬁ -unsaturated acid, could not be isolated as such.

The final hydrogena'tl'.ion step in the sequence was automatically effected

by the micro~organism, and the first product which could be isolated was
heotadecanoic acid. In the Chlarella, some of this product, in turm, was
subsequently desaturated to the cis-9-heptadecencic acid and possibly to
the cis-9,cis-12~heptadecadiencic acid.

A second pair of incubations were performed concurrently. In these,
the Chlorella was incubated with the exythro- and threo- subsirates in the
presence of an equal amount of sterculic acid (W-(2-n~octyleycloprop-l=-enyl;
octenoic acid). Sterculic acid has been shown to be & potent inhibitor of
desaturation in many systems (88, 89, 90) and this effect has been attributed
to the cyclopropene ring. The inclusion of this inhibitor effectively
stopped desaturation of the heptadecanoic acid, as determined by GLC of

the incubation products.



Substrate: - % -hydroxyheptedecanoic scid (R = CH3(CH,); 3-)

Conformation of D enantiomer

L1 om CO,H 0O H
R - Ly D"F Dy — Li —D
COoH HO - - T "Ly L, —— OH

HO L, R R

L1, Lp and Dy refer to the hydrogens of the L and D configurations

1. Removal of the erythro Groups

A) enzyme bound COH Ll 002H
change of : cis enzyme
conformation I’i Dy removal of bound

> e

- 7 Lot OH. erﬂ isomer=

' S hydrogen ization
R ' R Lo

B) steggered f‘JOzH Lq 002H
configuration ' _
on enzyme : ‘ Ly D Atrans re:mova.l of

N
4 HO ~-4---L»o erythr hydrogen '
R R L,
2. Removal of threo Groups

A) enzyme bound COH
change of ! .
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~ HOC>==J R threo hydrogen V% .
L, R L2

B) enzyme bound gozﬁ Dy COH
change of Yrans removal enzyme
conformation . Ll Dy of bound

Sy | > i
7 R--+--0H threo isomer-
hydrogen ization
L, R ILp

erythro and threo hydrogens refer to the hydrogen atoms on the X -position which

are erythro (cis) and threo (trans) respectively to the hydroxyl group on the

ﬁ ~position

Scheme 10. Possible mechanism for the dehydration of P-hydroxy acids

to give trans OCF -unsaturated acids



Considering a broad classification of the mechanism outlined in
theme 10, production of a trans-D(]?) ~unsaturated acid from the /8-

hydbo:w acid can occur by two diff'erent routes, namely:=-

RELOVAL OF 'ERYTHRO' HYDROGEN i
» trans—- f) -unsaturated acid

fg-hydroxy acid

REROVAL OF 'THREO' HYDROGEN
5 trans- X }8 -unsaturated acid

/3—hydroxy acid

If the latter prevails and stereospecific removal of the 'threo!

" hydrogen takes place from the erythro- and threo-2-deuterio, 3-hydroxy

acids, the oroducts would be as illustrated in Scheme 1l.

COH D COM

! N S
H-C~-D G

i . i
H=-0 - 04 ’ c

! VAR

R R b5
erythro

co H COH

o2t N/
D-C- H C

i 3 L
H-C-0H 4 ]

: /7 \

R R H

threo

Schema 11,
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When the erythro-2-deuterio, 3-hydroxyheptadecanoic acid is a
precursor, the deuterium atom on the ¢ -carbon would be reteined in the
product, This would result in an enrichment of deuterated species in
the heptadecanoic acid produced. In the case of the threo-2-deuterio,
3-hydroxyheptadecanoic acid, an elimination in which the hydrogen threo
to the hydroxyl group was removed would resulf in complete removal of
the deuterium, and the product would be expected to show no deuterium
enrichment,

Alternatively, if stereospecific removal of the *erythre' hydrogen
took place, the converse would be true s r.esul‘cing in the enrichment of
deuterated product from the threo-2-deuterio, 3-hydroxyheptadecancic
acid, and production of nondeuterated product from the erythro isomer,

The products from the incubation of Chloreila vulgaris with the stereo-

gpecifically labelled precursors were isolated and converted to methyl
esters, The inethyl esters were separated into a saturated and a mono-
enoic fraction by TLC on silver nitrate impregnated silica gel plates,

The results of the incubation of Chlorella vulgaris with the

deuterated precursors, were determined by caxbined gas chromatogrephic/
mass spectrographic analysis of the nroducts on an AEI IS 12 instrument
comnected to a Pye 104 gas chromatogreph. Ten scans in each direction of
the narent molecular ion region were recorded for each vroduct, measuring -
the 2H1 and 2Ho intensities, and from these spectra the proportions of
each species was calculated, The products investigated this way were the
methyl-heptadecancates and cis-9-heptadecenoates, from the Chlorella
incubations without added sterculic acid, end the methyl heptadecanoates
from the incubations to which sterculic acid had been sdded., The results
are shown in Table 1, slong with the deuterium enrichments in the

precursors, for comparison.
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]

Table 1, lass spectrographic analysis of methyl heptadecanocate and
methyl cis-9-heptadecencate produced from erythro and

threg 2-deuterio, 3-hydroxyheptadecanocic acid by Chleorella

vulgaris

In these results, sn enrichment of the deuterated species in the
product fron the erythro substrate is observed, the product fran the threo
substrate containing virtually no deuterium. This is in keeping with the
results expected for the removal of a hydroxyl groun and a hydrogen atom
of opposite canfigurations. The complete retention of deuterdium by the
products formed from erythro-2-deuterio, 3~hydroxyheptadecancate indicates
conclusively that the removal is of that o <hydrogen which is in the threo

configuration relative to the ,g-hydroxyl Zroup.
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The presence of 9% of the deuterated heptadecanocate in the product
from the threo substrate is not considered to indicate any lack of stereo-
specificity of the enzymic dehydration, but rather a lack of complete
specificity during the reduction of the cis-epoxide with lithium boron
deuteride, during the synthesis of this precursor.

Relating these results to the possible mechanisms proposed in
Scheme 10, removal of & hydrogen atom and hydroxyl grow of like conf'ig-
uration (erythro) does not occur and so mechanisms JA and 1B are not
feasible, The .natural and most probsble inference of these results is
that the mechanism of dehydration involves a cis removal of the L-2
hydrogen and D=3 hydroxyl (mechenism 24, Scheme 10), This requires that
the ﬁ-hydroxy acid assumes an eclivsed conformation about the C-2 C-3
bond during dehydration, this conformation being induced in the enzyme-

substrate complex, as shown:-

- Ly . D co 1
Ly Dl 1 Dy / 2
—-————é .Y 4
R Y binding of cis removal’ \
COH substrate 002H of water / \
to o) R L2'
enzyme ~. R
HO L,
L2
P -hyaroxy ecia
' (staggered)

The resulte, however, do nctpreclulde the resction proceeding via a
trens elimination of water (mechanism 23). The imuediate product of such
en elimination would be the cis-o< ‘f) -unsaturated acid and this would need
to be isomerized to produce the trans-scid which is the natural product
of this step of the acyl chain elongation pathway. Although enzymes are

known which will isomerize a cis~double bond in fatty acids to the trans-
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configuwration, such as occurs in biohydrogenation of unsaturated fatty acids
in ruminents (91), and in the "anaercbic® pathway to wmsaturated :E‘at'tﬁr acidy
(22), these isomerizations usually involve a migration of the unsaturated
centre, As no migration of the double bond occurs in this case, a m
elimination mechanism is considered unlikely, but the possibility of a
clriange in configuration of any enzyme bound olefinic intermediate cannot

be totally excluded.

The results prove that the enzyme in Chlorella vulgaris, which

catalyses the dehydration of ‘g-hydroxyheptadecanoic acid to trans~2-
heptadecenocic acid, has a strict geometrical specificity removing an O~
hydrogen atom and ﬁ ~hydroxyl group of opposite configurations.

It is known that only the D enantiomers -ofﬁ-hydroxy acids are utilized
es substrates during acyl chain elongation and therefore the gbove results
also define the absclute specificity of the dehydratase enzyme, '[hus, as
dehydration was shown to occur with the loss of grouns of opnosite config-
uration, it can be concluded ’cha‘t; the dehydratase enzyme of Chlorella
vulgaris exhibits en sbsolute stereospecificity, removing the L-2(pro-S)
hydrogen and D-3(T) hydroxyl grouy of 3-hydroxyheptadecanoic acid to give

the trans double bond.

Incubation of trans-o ﬁ -unsaturated nrecursors with Chlorella vulgaris
] -
The other intermediate reaction of eacyl chain elongation to be invest-

igated during this work was the reduction of X Fl ~unsaturated acyl-aCP to

saturated acyl-ACP.
RCH = CHCOSACP + NADPH + H ¥ ———wy thIEIZCI*IchSAGP + NADP ¥

This reaction, as discussed eorlier (p. 24 ), is ceatalysed by an enoyl-
ACP reductase, hydrogen being added to the fg -position of the acyl chain
from the A side of NADFH (17). 4 proton from water is added to the oX -

position (62).



There are two possible modes of addition of hydrogen to the double
bond in DL‘% ~unsaturated acyl-ACP, cis-addition or irengs-eddition., If
_c:_:‘"_g—addition of hydrogen occurs, then the hydrogen atoms originally on the
double bond will assume a threo configuration in the product; trans-
sddition will result in these hydrogens assuming an erythro configuration.
Within these two overall modes of addition, there is the possibility of an
a.b..solute stereospecificity during the reduction, thus in trans-addition of
hydrogen, the hydrogen atoms which were originally on the double bond could
sssume the DD (pro-R, pro-R) or IL configurations, while in cis-addition,
these hydrogens could assume the DL {pro-R, pro-S$) or ID configurations,

It was considered most likely that the enzymic reduction would show an
absolute s»esificity, and this work was to determine this specificity during

the reduction of trans-2-undecenoic acid by Chlorella vulgaris,

In order to determine the sbsolute specificity of the hydrogenation
step in acyl chain elongation [i-.u*c, 2,3-3H2]tran_§s_-2-undecenoic acid,
prepared by the methods discussed earlier, was incubated with whole cells

of the green algee Chlorella vulgaris, If the trams-2-undecencic acid is

———————

reduced by the enoyl reductase enzyme of the multienzyme commlex of chain
elongation, the immediste product will be /T-*C, 2,3-"Hp 7/-undecanoic
acid, and the tritium atoms on C-2 and C-3 will have either an erythro-
or threo~configuration, as discussed dbove, A4s chain elongation in

Chiorella vulgaris is catalysed by the multienzyme complex, the product of

the enoyl reductase, undecancic acid, cannot be isolated as such and is
utilized as a substrate for the next step of chain elongation, namely
condensation of a further molecule of malonate to produce f;-keto tridecanoate.
This is then reduced, dehydrated and hydrogenated, to give tridecancic acid,
ready for the condensation of another mslonate molecule: in this way chain

elongation continues.



The dual lsbelled undecenoic acid was incubated with whole cells of

Chlorella vulgaris and the products vwere isclated. The major elongation

product was heptadecancic acid, produced by reduction of the trong-2-
undecenoic acld, followed by chain extension by six carbon stoms from
three molecules of malonate. osSome of the heptadecanoic acid produced in
this menner wes also desaturated by the Chlorella to give cis-9-heptadecenoic
acid.

Considering the hydrogenation and chain elongation reactions to give
the saturated acid, it can be seen thaf the tritium atoms which were
originally at C-2 and C~3 in the undecencic acid precursor, will now be at
C-8 and C=9 in the heptadecanocic acid, and, devending upon the stereochemistry
of addition nf hydrogen to the double bond during the reduction step, they
will have either the erythro (DD and/or LL) or the threo (DL and/or ID)
configuration. During the reduction and subsequent elongation reactions to
the saturated C:17 acid, there should be no loss of tritium from the precursor
end therefore the heptadecanoic acid produced by these biochemical reactions

should contain the same amount of tritium as the undecenoic acid precursor,
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This was indeed found to be the case, and the 3’11;/]1"0 ratio of the
heptadecancic seid produced by biochemical elongstion of /T~ C; 2,3-2Hp 7
trans.2-undecencic acid in Chlorella, was almost identical to that of'{'the
undecenoic acid precursor as shown in Table 2, XYt should be noted, however,
that the JJ/¥C ratio of the heptadecancic acid produced by chain elongation
wa; only determined after its conversion to stearic acid by chemical elong-
ation by one carbon., The chemical elongation was performed on the whole of
the saturated fatty acid fraction isolated from the incubation, as the
endogenous even chain fatty acids acted as a carrier for the labelled hepta-
decanoic acid, and minimized losses during the chemical manipulations.

After chemical elongation, the stearate produced from the heptadecancate
wag isolated from the mixed satuwrated fatty esters by .reporative GLC, and
the JH/UC ratio of an aliquot of this stearate wal determined by scin-
tillation couz:z‘cing. The remainder of the stearate was stored at 0°C. The
5H/M¢ retio of the stearate produced by chemical elongation must be
identical to that of the heptadeceancic acid from which it originated,
because the chemical reactions used to elongate the C:17 acid will not

affect the radio-label, which is now in the middle of the fatty acid chain.

r/lhe

Precursor

trans-2-undecenocic acid 6,0

Product
stearic acid produced by
elongation of heptadecanoic 6.6

acid

Table 2.



The results show a slight rise in the “H/'YC ratio for the stearate
over that for the trens-2-undecenocic acid precursor, whereas if the second
reductive step of fatty acid synthesis occurs by direct addition of
hydrogen to the double bond as expected, these ratios should bhe equal.

The probable explanation for this small difference is that during P-
oxidation of the substrate, which also occurs to en appreciable extent,
there is a diserimination against the undecencic acid containing two
tfitium atoms, and therefore, the substrate used for elongation by the
fatty acid synthetase enzymes has a higher 5ﬂ/lh0 ratio than that actually
added to the incubation. However, it should also be noted that the “H/ikg
ratio of the stearate is close to that of the methyl cis-2-undecencate
(/140 = 6.6), which was the chemical precursor of tue trans-2-undecencic
acid, and it is possible that, during the chemical synthesis of the trans
aéid, sare contauination might have occurred which apparently lowered the
3&/140 ratio of the biologicel precursor, as measured.

It can be concluded, however, from the results that, as expected, the
second reductive step in acyl chain elongation, namely the reduction of
Irang- F -unsaturated acyl-ACP to saturated acyl-iCP?, occurs without the
loss of either of the hydrogen atoms at the C-2 or C-3 positions.

As mentioned varlier, some of the heptadecanocic acid produced by
biochemical elongation of the undecenoic acid precursor will have been
desaturated by Chlorella to give cis-9-~hentadecenocic acid., ©his desatur-
ation is of known stereochemistry and removes the D-9 and D-10 hydrogen
atoms from the saturated precursor (32). The kﬁowledge of the absolute
stereochenistry of this desaturase allows the stereochemistry of addition
of hydrogen to the C~3 position in trans-2-undecencic acid during acyl chain
elongation to be deduced.

When /T-14¢; 2,3-3H, 7trens-2-undecencic acid is incubated with

Chlorella, it is first reduced to undecanocic acid and then elongated to
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h%ptadecanoic acid. This elongation means that the carbon atom and the
tfitium atom it bears, which were at the C-3 position in the precursor,
will now be at the C-9 position in the elongated product, and those which
were at C-2 in the precursor will now be at the C-8 position of the product.
If, as expected, the reduction of undecenoic acid by the fatty acid
synthetase enzyme is stereospecific the tritium atom, which was at C-3 in
the precursor and is now at C-9 in the heptadecancic acid, will have
specifically either the D(R} or L(S, configuration. If this tritium is in
the D(R) configuration, it will be removed during the desaturation of hepta-
decanocic acid to cis-9-heptadecencic acid, and the JH/MC ratio in the
heptadecenoic acid isolated fran the incubation of Chlarella with
5-140; 2s3'3HL7 trans-2-undecenoic will‘ be half thal of the mrecursor
(the tritium atom at C-8 will be unaffected). On the other hand, if the
tritium atom has the 1{S) configuration, the JH/MC ratios in precursor and
product will be identical,
The cisg~9-heptadecenoic acid produced during the incubation of
[i-Y%c; 2,3-3H, 7trans~-2-undecenole acid with Chlorella was isolated by
a combination of argentation ILC and preparative GLC and its 3H/1h0 fatio

determined by scintillation counting. The results are shown in Tsble 3.

3/

l trans-2-undecenoic acid 6.0
! cis~9-heptadecenoic acid Tols
!

Table 3.
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It‘can be seen that the JH/IAC ratio of the cis-9-heptadecenolc acid is
close to that of the labelled precursor. From these results 1t can be
co§cluded that the tritium atom now at C-9 in the heptedecenolc acid was
not removed during desaturation and therefore must be in the L(§) config-
uration, This, in turn, means that the hydrogen added to C-3 during the
enzymic reduction of trans-2-undecenocic acid during chain elongatioh must
have taken up the D(pro-R) configuration. Therefore, it can be concluded
that the addition of hydrogen to the ﬁ position of biﬁ ~unSaturated acyl-
ACP during acyl chain elongation, shows an absolute sfereosPecificity, the
incoming hydrogen ssswming the D(pro-R} configuration.

A similar argument to that outlined above can now be used to determine
thq sbsolute specificity of addition of hydrogen to th 2-position during
thé reduction of 0§ﬁ§-unsaturated enoyl-ACP in chaein elongation. The
tritium atom, which was at the C-2 position in the /I-4C; 2,3-3H, 7trans
~2-undecenoic acid precursor, is now at C~-8 in the heptadecancic acid
produced by biochemical chain elongation. This tritium atom, is therefore,
unaffected by the A7 desaturase which converts heptadecancic acid to cis-
9-heptadecenoic acid in Chlorella., If, however, the heptadecancic acid
product is extended chemica.ily by addition of one carbon to the carboxyl
end of the molecule to give stearic acid, the tritium atam, which was at
C-8, is now at C=9, and the tritium which was at C-9 is now at C-10. If
This chemically produced labelled stearic acid is now reincu{)ated with a
systea containing a A desaturase, the tritium atom abt C-9 will either be
lostor retained in the oleic acid nroduced, depending upon its absolute
stereochenistry. It is alreedy known that the tritium aton now 2t the C-10
position has the I(8) configuration and will, therefore, be retained in the
oleic acid produced by desaturation. Thus, if the tritium atom at C-9 has

the D(R} cenfiguration, it will be lost during desaturation, and the 5H/u*c
ratio of the product will be half that of the stearic acid precursor;
whereas if the C-9 -tritium is in the L(S) configuraticn, the product and

precursor will have the same 3H/:U+C ratio.
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The heptadecancic acid produced from the ﬁ-mc; 2,3-31127 trang-2-
undecencic acid precursor by chain elongation in Chlorella was extended
by one carbon atom, using potassium cyanide. The stearic acid produced
was isolated and purified by preparative GLC and an aliquot was taken for
the determination of the }rl/u'-c ratio. The remainder of the stearic acid

was incubated with whole cells of Chlorella vulgaris., At the end of the

incubation period, the lipids were extracted and transmethylated and the
oleic acid was isolated and purified by a2 combination of argentation-TLC
and preparative GLC, and an aliguot was taken for scintillation counting.

The results are shown in Table 4.

/Y

Precursor

Stearic acid 6.6

Product

Oleic acid : 2.4

Table &o

It is evident from the results that the olefinic product derived from
the labelled stearic acid shows a markedly decreased 3I‘I/]""'G ratio, indicating
loss of slightly more than half the tritium in the precursor., As it is
known that the tritium atom at C-10 in the precursor has the L configur-
etion, and that desaturation of stearate to oleate occurs by cis removel
of the D=9 and D-10 hydrogen atoms {32}, the results imply that the tritium
atom at C-9 in the precursor must have the D(i) configuration. TLis, in

turn, implies that the hydrogen atom added to the 2-position in the



reduction of trans-2-undecencic acid during acyl chain elongation, must
have assumed the L(pro-S) configuration., Thus the results show that the
addition of hydrogen to the 2-position of r}‘.‘?) ~unsaturated acyl-ACP during
its reduction by the enoyl reductase enzyme of acyl chain elangation occurs
with complete stereospecificity, the incoming hydrogen assuming the L
(pro-5) configuration,

Tt would be expected thit if the reduction of the /i-tc; 2, 3=, 7
trans-2-undecencic acid by the enoyl reductase was completely stereo-
specific, that the JH/MC ratio of the oleic acid, shown in Table &,
would be exactly half that of the stearic acid precursor (i.e. 3.3). The
lower value of 2,4 is not considered to be due to a lack of specificity of
the enoyl reductase enzyme but is much more likely tc¢ be due to a orimary
isotope effect during the desaturation of the stearic acid.

During the dessturation of the stearic acid, there will be a primary
kinetic isotope effect against the D=9 tritium stom in the tﬁtiated stearic
acid, but no such isotope effect against the Ue 12belled component, which
contains no tritium. This will result in the desaturation of the G
labelled substrate being faster than the desaturation of the tritiated
stearic acid, giving a slight enrichment of the g 1abelred component in
the oleic acid product. This enrichment explains the lower than theoretical
3/ %G ratio in the oleic acid product shown in Table k.

The work outlined in this section hes established the absolute stereo-
chemistry of two of the intermediate reactions in acyl chain elongation,
namely the dehydration of p-hydroxy acyl=-ACP to unsaturated acyl-ACP, and
the subsequent hydrogenation of this unsaturated derivative to saturated
acyl-ACP,

The first of these reactions,remely the dehydration of ﬁ-hyam;g
acyl derivatives, was already known to have an ebsolute stereosprcificity

for the D(-) fg-hydmxy acid. The present study hss shown that, in Chlorella
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at least, the dehydration is effected with total stereospecificity, only
the L hydrogen being removed from the({A position. Although it has been
possible to define vrecisely the stereochemistry of the hydroxj.rl group
apd hydrogen atom removed during this dehydration, the exact mechanism
by which they are removed and the order in which they are abstracted
cénnot yet be stated definitively.

A plausible mechanism for this trensformation would be the eis
removal of the ele.sents of water, &vl‘;.ile the E:-hydro:qr acyl derivative is
in the eclipsed, rather than the more usual staggered,conformation., In
the extended chain conformation of ﬁ-hydroxy acids, the D hydroxyl at
position-3 and the L hydrogen at position-2 are relatively close. To
bring the hydrogen atom and hydroxyl groups together in en eclipsed con-
formation, a 60° rotation ebout the 2,3 C-C bond is required. This would
then allow the cis removal of the elements of water by a single active
centre, to leave an % F -mnsaturated acid in the correct trans config-
uration.

As mentioned sbove, these investigations give no indicetian of the
crder in which the hydroxyl group and hydrogen atom are removed, Cone-
ceivebly, the reaction can occur by several mechanisms, either via a
carbanion or Ey type elimination if the hydrogen atom leaves before the
hydroxyl group, or via a carbonium ion intermediate if the hydroxyl group
is lost firast, or by a concerted mechanism, These mechanisms could possibly
be differentiated by nerforming kinetic studies using an X -deuterated or
X ~tritiated ﬁ ~hydroxy precursor. If breaking of the C-H bond at C-2
is rate limiting in the ﬁ-hydmxy— to oLF) -enoate conversion (as in a
carbanion or Ep type elinination) then a deuterium or tritium isotove
effect would be expected with the loss of water from the deuterated or
tritiated precursor being slower than from a normal substrate. If the

loss of water occurs via a carbonium ion, the breaking of the C-H bond at
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C-2 would not be expected to be rate limiting, and no difference in the
rate of water loss or of formetion of the O(F ~mnsaturated product from
the deuterated or tritiated precursor would be expected as compsred to
normal substrate.

The other intermediate reaction of acyl chain elongation considered
in this work was the second reductive step, namely the reduction of trans-
c;(ﬁ -enoyl-iCP to acyl-ACP. It was already known that a hydrogen atom
was added to the C-3 position of the unsaturated acid fron the A side of
NADPH (17) and that the C-2 position ecquired a proton from water, This
work has nroved that both these sdditions show an sbsolute stereospecificity
end that the overall hydrogenation involves cis-addition of hydrogen'to the
trans double bond, these hydrogen atoms being inserte. in the L(pro-S)
configuration at the 2-position and the D{pro-R) configuration at the 3=
positian, The mechanism of this addition almost certainly involves the
initial attack by a hydride ion from NADPH at the ﬁ)—carbon s which is
electrophilic due to the transmission of the carbonyl nolarization through

the conjugated system, followed by the addition of a proton to the -

carbon,
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“"Thether the reaction invoives an intermediate such a2 I sbove, or
whether addition of the »rotan occurs without the intermediate formation
Qf a speciles such as I is not known, although the strict sterecspecificity
éf the reaction suggests that no free intermediate such as 1 cen take
nart in the reaction; any such intermediate must remain rigidly bound to,
and constrained by, the enzyme,

The stereochermistry of the two intermediate reactioné of acyl chain

elongation investigated in this work is therefore as sumnarized in Scheme

12,
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1.

EXPERTMINTAL

_E_’geparation of erggo- and tlfmeg:z-deuterio-j’)-hydroxyheptadecanoic acids

i) Preporation of methyl-cis—2-hevtadecencate

This method is a modification of that of Gerson end Schlenk (64 )
and is showm below,
(coc1), CHoN, in

RCH,CO.H —_— RCH,,C0C1 —— RCH,COCH,,
ether

\[ Bry/carbon tetrachloride

 ois NaOile/Metheanol
ROH = CHOO,CH; ¢ RCH,,COCHBr,

R = cz+13(CH2)13

Oxalyl chloride (10g) was added to palmitic acid (20g) in benzene

(200ml) and the mixture was stood at room temperature for six hours.
Benzene, and excess oxalyl chloride were removed at reduced pressure to
give a colourless oil (20g), equivalent to a yield of 97%.

Diazomethene was prepered from Diazeld (20g), and the solution in
ether was dried over potassium hydroxide pellets at -17°C for several
hours, decanted and cooled to -40°C.

The acid chloride {4.5g) was dissolved in dry ether (200ml) and
cooled to -40°C.

The solutions were mixed and allowed to warm to room temperature,
evolution of nitrogen began at about -20°C. After one hour, excess
diszomethane was removed under a stream of nitrogen, snd concurrently
the solution was reduced to a volume of approximately 100ml. _The ether
solution was cooled and the resultant pale yellow flekes were filtered

off at the pump. The yield of pentadecyldiazomethyl ketone was 2.1g
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The diazoketone was dissolved in dry redistilled carbon tetrachloride
(30ml). Bromine was similarly dissolved in carben tetrachloride. The
diazcketune soluticn was stirred megnetically and the bromine solution
was edded slowly until the colour of bromine persisted. Solvent was
removed to leave & brown oil which was immediately dissolved in methanol
(100m ).

To the solution of dibromcketone in methanol was added a solution
of sodiummethoxide in methanol, prepared from sodium (6g) in methenol
(100m1), end the mixture was stirred at room temperature for half an hour,

The solution was diluted with water (200ml) and extracte=d with
ether (2 x 200ml), the ether extracts were washed with water until
neutral , dried@ over anhydrous sodiumn sulphate and so.vent removed to
Jjeave a pale yellow oil (1.7g).

The pure produce, methyl cis-2-heptadecenocate, was isolated by
colum chromatography on Davison Silica Gel, Grade 950, eluted with
petroleum ether. The product was a colourless oil (1.0g) equivalent to
a yield of 20% based on acid chloride,

ii)  Prevaration of methyl trens-2-heptadecenoate

Methyl cis-2-heptadecenoate, prepared as sbove, was isomerized by
the method of Barve and Gunstone (65).

Methyl cis-2-heptadecencate {1g) was dissolved in methanol (4Oml)
end mercuric acetate (1.5g) was added to this solution., After sixteen
hours at room temperature, the solution was qooled to 0°C and acidified
with concentrated hydrochloric acid (5ml)}. After a further fifteen
minutes, the solution was diluted with watér (40ml), and extracted with
ether (2 x 25ml). The ether extracts were washed with water until
neutral, and solvent removed to leave a pale yellow oil which was
purified by TLC (ether:petroleum ether 1:9) to yleld methyl treans-

2-heptadecencate (0.9g, 904).
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:l%ii) Evoxidation of methyl cis and trans-2-heptadeceroate

Methyl cis~2-heptadecencate (1lg) was dissolved in benzene (75ml)
and meta~-chloroperbenzoic acid (5g) wes added to this solution and the
mikture was warmed to dissolve the peracid. The solutlion was kept atb
roon temperature for twenty days.

The benzene solution was decanted from the precipitated m~chlorobenzoic
acid which was washed with more benzene. The benzene solutions were
corbined and washed with water, dilute agueous sodium sulphite, water,
5% agueous sodium bicarbenate, and water until neutral. Solvent was
removed to leave a pale yellow solid which was chromatographed over
Daﬁison Silica Gel, Grade 950, eluted with diethyl ether:petroleum
ether, 5:95, The fractions containing epoxide as ad,judged by TLC were
combined and solvent removed to leave a white solid (0.95g, 89%).

1v) Hydrolysis of methyl cis-~ and trans-2,3-epoxyheptadecancate
Methyl cis-2,3-epoxyheptadecancate (800mg) was dissolved in 5%

methanolic potassium hydroxide (5ml) and the mixture was allowed to
stand for sixteen hours at room temperature, Ether (10ml) was added
end the mixture was diluted with water (10ml) and scidified to pHS5 with
dilute acetic acid. The ether extracts were washed with water until
neutral. The ether was removed and the acid dried by azeotropic dis-
tillation with acetone. The product was crystellized from petroleum
ether to give colourless needles (m.pt. 81-83°C; 730mg, 847).

v) Reduction of cis- and trans-2,3-epoxyheptadecanoic acid

cis-2,3-Fpoxyhentadecanocic acid (100mg) was dissolved in dry ether
(10ml) end cooled to 0°C. Lithium boron deuteride (15mg) was added to
this sclution, and the mixture was stirred for three hours.

The mixture was diluted with water, acidified with dilute hydrochloric
acid, end extrccted with ether. The ether extracts were washed with

dilute sodium bicarbonate to separate acids from alcohols formed by
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6ver-reduction during the reaction. The alkali extracts were acidified
w’ith dilute hydrochloric acid and extracted with ether. The extracts
were washed with water until neutral and the solvent removed to leave a
white solid.

The solid was dissolved in acetone (5ml) and 60% perchloric acid
(30 ).11) edded. After thirty minutes, the solution was diluted with
woater (10ml) and extracted with ether (2 x 10ml). The ether extracts
were washed with water until neutral and thz solvent wos removed to
leave a colourless oil. _

The o0il was epplied to two 20 x 20 x O.5mm Silica Gel TLC plates
developed in ether:petroleum ether:acetic auid ( 50:50:1) end the band
which co~chromatographed with standard 3-hydr~ypelmitic acid was
scraped off and eluted to yield threo-2-deuter’o,3-hydroxyheptadecanoic

acid (1.3mg).

2. Preparation of ﬁ-u"G;Z,}-sz] trans-2-undecenoic acid

i) Preparation of undec-2-ynol

Lithium (0.1g), and ferric nitrate (J.23) were added to ligquid
ammonia (200ml) in a 3-necked 500ml rownd bettom flask cooled in a dry
ice/acetone bath., The flask wes fitted with a dropping funnel and cold
finger condenser. The mixture was stirred for five minutes. lMouire
lithium (1l.4g) was then 2dded over a period of fifteen minutes and the
mixture was stirred for an hour. Propargyl slcohol (5.6g) in dry ether
(50ml) was added slowly over a period of thirty minutes snd the mixture
was stirred for a further two hours., Octyl bromide (18g) in dry ether
(25ml) was added snd stirring was continued for three hours,

Ammonium chloride (6.0g) wes sdded, the stirring was discontinued
end the ammonia was allowed to evaporate overnight. Water (30ml) wes

added to the mixture and the layers separated., The aqueous layer was



extracted with ether, the ether solutions were comhined and washed with
saturated salt solution end dried over anhydrovs sodium sulphate. The
solvent was removed to leave a brown oil which was distilled at reduced
pressure to yleld undec-2-ynol (1llg, 6579, b.pte. 132-13%.°C 9nm.)

A small amownt of this alcohol was purified by TLC on Silica Gel &
developed in ether:petroleum ether, 40:60. The purified material was
sent to the Unilever Research Laboratory, Vlieardingen, Holland, for
Lindlar reduction with tritium gas to give [2;,3-3HL7 cig~-2-undecenol
(10mg, 6.6 X 107 dpm/mg, 5mCi/m mole).

11) Methyl /2,3-Hp Jcis-2-undécenoate

A solution of ﬁ,3-3H2_7_9_j:§_-2-undecenol (Img) in petroleum ether
(ml) wes add~d tc a stirred suspension of active mangenese dioxide
(12.5mg) in the same solvent (2ml). After two hours the mixture was
f:fltered, the residue was extracted with hot petroleum ether and the
cémbined extracts were concentrated to give crude @,B-BHQJQ_E-&
undecenal which was not purified further.

To a mixture of silver oxide (6mg), the crude aldehyde, uwthanol
(0.25m1), and water (1ml}, was added a soiution of fodium hydrexide
(12mg) in water (Q.5ml). The suspension was shaken overnight, then
filtered and the insoluble material was washed with water. The combined
filtrate and washings were extracted with ether, then acidified end again
extracted. The second ether extracty was washed until neutral, conceq.‘srated,
and the acid product was esterified with ethereal diazomethane. The
product, methyl [E,j-3ﬁz_7_c_i_§-2-undecenoate, was purified by TLC (ether:
petroleum ether, 1:9).

The purity of the product was checked by GLC, and had en equivalent
chain length of 11.19 on DEGA, which compares well with that of authentic

ois-A-unseturated fatty scids (66),
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iii) Preparation of methyl [i-mc_zg_g-z-undecenoate

iethyl Z]-.-Mc_zgﬁ-bundecenoa‘te was prepared from /1 -—Mcjdecanoic
acid by the method of Gerson and Schlenk (33) as described previously,
the only difference being that the diazoketone was not purified by
crystallization, but used directly for the next step in the reaction
sequence., Palmitic acid (5mg) was mixed with the ﬁ-u"cjdecanoic acid
(100 /uc, 15m0/nll) usedin the synthesis. The palmitic acid was acting
as a "carrier" to provide a mass of acid 1arée enough to allow the
reagents to be used in a visible amount without being in too large an
excess, and to minimise losses during extraction and purification.
lethyl [i—mcjgiﬁ-Z-undecenoate was separaix “ron methyl cis-2-
heptadecenocate, formed from the pelmitic acid, by preparative GLC.
ff;he overall rsdiochemical yield was 127,
iv) Preparetion of methyl /I-2C;2,3-"H, Jcis-2-undecencate

Hethyl /1-14C Jots-2-undecenoate and metlyl /Z,3-"Hy Jcis-2-
undecenoate were each dissolved in benzene to give a final concentration
of approximately 1 }JC"/ml. Aliquots of each were taken for scintillation
counting.

The benzene solutions of methyl ﬁ-mc_z-._:j_.g-z-undecmoa.te (3m2)
and methyl /2 ,3—3112_73_;5-2-mdecenoate (0.5m1) were mixed and the solvent
was removed under a stream of nitrogen. The product wes dissolved in
benzene (2ml) end en allquot tsken for scintillation cownting.

Product - methyl [ oo, 3-5H2_7_ci§-2-undecenm te (3.4 & Jn;
/¢ = 6,60).

v) Isomerization of methyl ﬁ-ll"C;Z,}--”H?_] cis-2=undecenocate

Methyl ﬁ—n*C;Z,j-z’HZ] ‘cig-2-undecenoste was isomerized with
mercuric acetate and hydrochloric acid by the method of Barve and
Gunstone (65) as described earlier. The reaction products were purified
by TLC {ether:petroleum ether, 1:9) to give methyl [ 1-1C; 2,3-31{2_7 transs
2-undecenoate, (1.4 jCi, S/l = 6.0)
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vi) Hydrolysis of methyl [i-lh'c; 2,5- 1 9_7 trans-2-mdecenoate

hethyl ﬁ-lh'C;2,3--3H?_7 trans. 2-undecenouce was dissolved in benzene
(1m1) and to this was added a solution of 10/ potassium hydroxide in
8575 aqﬁeous ethenol (1ml). After shal;ing overnight at room temperature,
the mixture was diluted with water (5 ml) acidified with dilute hydrochloric
acid and extracted with ether., The ether extracts were washed with water
mtil neutral and solvent was removed to leave ﬁ-u‘C;Z,}-Z’Hg_] ‘trans-

2-undecenoic acid, (1.4 pC , JH/%C = 6.0)

Experiments with whole cell cultures of Chlorella Vulgaris

The original Chlorella vulgaris (strain 23i1/11h) culture was

obtained frum the Culture Collection of Algas ond Protozoa, Cambridge,
and maintained on "Cambridge" agar slones (the "poor" medium described
below).

Chlorella vulgaris wes grown by the following procedure.

One loop of cells was inoculated from an sger slope into 5ml of
rich medium and incubated for twenty four hours at 30°C under continuous
11lumination, eighteen inches from 4 x 40 watt fluorescent tu%es {daylight
emission). The 5ul culture was then poured into 250ml of rich medium in
a Houx bottle and incubated for two to three days in the light incubator

at %0°0,

Rich Medium

KHZPOA. 500mg LM Ferric citrate 2.bml
KZHPOL 500mg glucose 10g
(NHL'_)2HE’0,+ 800mg tryptose 10g
1gS0, . 7H0 200mg Difco yeast extract 2g
CoCl,y | 4 0mg Water to 1 litre
}nS0, L4H,0 2. 2ng ‘

Pinal pH 6.5
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Poor Medium

i.’rotose peptone 1g I.'IgSOAL.'?HZO 200mg

KNO 3 2¢ Agar 10g

KZIE’OL,_ 200mg Water %o 1 litre
Finsal pH 6.5

1) To investigate the stereochemistry of the dehydration step in acyl
chain elongation in whole cell culture of Chlorella vulgaris

The culture of Chlorella vulgaris was grown in the "rich" medium

end hervested eccording to the method of Harris et al (67). This
involved spinning down the cells from one Roux bottle at 1,000 lr.p.m.
for ten minutes. The cells were then resuspended in 0.2 phosphate
buffer (pH 7.4) and the centrifugition was repeated to obfain cells free
of rich media. The cells were finally suspeided in phosphate buffer

pH 7.4 (250m1),

5nl aliquots of this suspension were placed in four 25ml conical
flasks and to these flasks were added the following substrates each
sonicated in phosphate buffer (1lml)

1) erythro 2-%H,3-0H 17:0 (500 pg)

2) erythro 2-%H,3-0H 17:0 (500 pg) + sterculic acid (500 yg)

3) _threo 2-2H,3-0H 17:0 (500 pg)

4) threo 2-H,3-0H 17:0 (500 pg) + sterculic acid (500 pg)

The flasks were stoppered with cotton wocl plugs and sheken in an
{1luminated incubator at 27°C for two hours. At the end of the incubation
veriod, the whole of the incubation media was poured into 2:1 v/v
chloroforny/methenol (25ml) and allowed to stand ovemight.

Extraction of the lipids

This procedure is a modification of that of Folch et al (68).
The chloroform/methenol extract of the incubation media as ebove wes
filtered to remove any solid material. The filtrate was transferred

to a separating funnel and 0.757 seline {20ml) was added, and the whole
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sheicen. Two layers separated on standing and the bottom layer was
collected. The upper layer was once more extracted with chloroform
(201) end edded to the first extract. The solvent was removed to yleld
the extracted 1lipids which were dried by ezeotropic distillation with
ethanol,

Transmethylation of the extracted lipids

The method of conversion of lipids to the methyl esters of their
component fatty acids was that described by Nichols and Jemes (69) and
was standard procedurs used throughout the work described in this thesis.

The extracted lipids were vlaced in a 25ml tube and the solvent was
removed, The lipids were redissolved in & mixture of benzene, methanol,
sulphuric acid (10:20:1 v/v/v) (5ml) and refluxed r1ur ninety minutes.
After this time, the tube was cooled and ether (10ml) end water (10ml)
were added. The mixture was sheken and the agueous lgyer was removed
with a pasteur pipette., The ether was then washed acid free with water
(5 x 5ml). Solvent was removed and the methyl esters were dried by
azeotropic distillation with etﬁanol. Esters were stored in ether at
0%,

The mixed esters so prepered were applied to a 20 x 20 x 0.25mm
silver nitrate impregnated silica plate, and the plate was developed in
ethertpetroleun ether (1:9). The bands corresponding to satureted end
monoenoic fatty esters were scraped off and eluted with ether,

The purity of the saturated and monocene fractions were checked by
GLC, to ensure that complete removal of the monoene from the saturated
fraction and vice-versa had been achieved,

Final purificaticn of the C:17 saturated and monoene esters was
cbtained by GLC, the effluent gas containing the deuterated products
was passed straight onto an AEI 1iS12 mass spectrometer, which was

modified to work in conjunction with GLC. Ten scans in each direction



of the parent molecular ion regica of each produzt were recorded. From
these, the intensity of the 2Ho end 2H1 parent molecular ion peaks were
measured and the porporiion of these species calculated.

ii) To -investiga.te the sfereodhemistry of the hydrogenation step in
acyl chein elongation in Chlorella vulgaris

The culture of Chlorella vulgeris was grown in "rich" mediea,

harvested, washed, end resuspended in 0,2l phosphate buffer pH 7.4
(250m1) as before.

in eliquot (5ml) of this suspension was placed in a 25ml ccnical
flask end to this flask wes added the substrate, /1-"YC;2,3-H, 7trans-
2-undecencic acid (1.3 JC: ), sonicated in phosphate buffer (1iml).

- The flask was stoppered with a cotton wool pluz and incubated at
2700 with shaking under 4 x 40 watt fluorescoent tubes for four hours.

At the end of four hours, the incubatiocil was terminated by adding
chlorcform methanol (2:1 v/v) (25m1). The mixture was allowed to stand
overnight at room temperature to ensure complete extraction of the lipid~
The lipids were isolated by the method of Folch (68) as previously
described.

The isolated lipids were transmethylated by the method of Nichols
end James (69) to provide the methyl esters of their companent fatty
acids,

The esters from the sbove procedure were applied to a 20 x 20 x
0.25mn 10% silver nitrate impregnated silica gel G plate, and the plate
was developed in etheripetroleum ether, 1:9., The bands corresponding
to saturated and monoencic fatty esters were scraped off the plate and
the esters eluted from the silica with diethyl ether (10ml). The esters
were stored in ether at 0°C until used.

Separation of cis-9-heptadecencate from monoene fraction

The heptadecencate produced by chain elongation of undecenoic acid

in Chlorella vulgaris was separated from endogenous moﬁoenoic fatty aecid
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eqters by preparative GLC, The institment used wes a Pye 104 Gas Liguid
Chromatogram in which a 20:1 streem splitter wes incorporated, resulting
in only 57 of the effluent gas being used for detection by a flame
ionization detector, the remainder being available for collection,

The mixed esters were injected onto the column (SE 30) in ether.
The separated products were collected by passing the effluent gases
through small ballotini balls wetted with chloroform, contained in a
1" bore glass collection tube. The ester which had the same retention
time as authentlc cis-9-heptadecencate was collected from the effluent
gases and eluted frou the collection tube with chloroform. BSolvent was
removed and the product dissolved in benzene (1ml). An aliquot of this
sample was taken for scintillation counting.

Chain extension of suturated ester fraction by one carbon aton

The whole of the saturated ester fraction was extended by cne carbon
atam, as the endogenous saturated fatty acid esters acted as a "carrier"
for the labelled heptadecancate produced by biochemical elongastion of the
undecenoic acid precursor and helped to minimise losses during the chemical

reactions. The esters were slongated by the reaction sequence below.

LiAlHlF/Ether
Y
RCO Me > RCH OH
l Methane sulphenyl chloride/pyridine
KCN/DMSO '
RCH ON é——— RCH,0S0,CH
2 27V s
l HC1/MeOH
RCO,le

Reduction of esters to alcohols

The saturated ester fraction was dissclved in dry ether (3ml) and
refluxed with lithium eluminiwa hydride (10mz). After an hour, ‘the
mixture was cooled, ether {15ml) was added and the excess hydride was

destroyed by dropwise addition of water. The resultent precipitate was
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dissolved by adding dilute hydrochloric acid, and the ether extract was
washed acid free with water. Solvent was removed at reduced pressure end
the product was dried by azeotropic distillation with ethanol. The purity
of the product was checked by TLC on silica gel G against suitsble standards.
This indicated complete conversion to alcohol.

Conversion of alcohols to methane sulphonsates

The alcohols from sbove were dissolved in dry pyridine (1ml) and
methane sulphonyl chloride (20mg) wes added. The mixture was left overnight
at room temperature. Ether (10ml) was added to the resction mixture, and
the ether layer was then washed successively with water (2 x 5ml), dilute
hydrochloric acid (2 x 5ml), water (1 x 5ml), 57 agueous potassium
hydroxide (1 x 5ml) and finally water, until neutral,

The purity of the product was checked by TLC on silica gel G plates
developed in chloroformipetroleun ether, 3:7. This indicated almost
camplete conversion to the mesylates and the product was not purified

further.

Conversion of methane-sulphonates to nitriles

Potassium cysnide {10mg) wes added to a solution of the mesylates
in dry TS0 (2ml). The reaction mixture was heated to 90°C for six hours.
The mixture was cooled, diluted with water (5ml) and extrected with ether
(2 x 5m). The ether extracts were washed with water (4 x 5ml), and
solvent was removed at the pump, The reaction products were checked by
TLC ( ether:petroleum ether, 1:9) and showed good conversion to the
nitriles with no remaining mesylates, The products were not purified
further,

riethanolysis of the nitriles

-The nitriles were dissolved in 257 w/v hydrogen chloride in methanol
(3ml). The mixture was stood at roam temperature overnight, cautiocusly
diluted with water (5ml) and extracted with ether (2 x 5ml). The ether
extracts were washed acid free with succesaive aliquots of water. Solvent

was removed at the pump.
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The product wes applied to a 20 x 20 x 0.25mn silica gel G plate,
end developed in ether:petroleum ether, 1:9. The band corresponding to
methyl esters was scraped off and eluted with ether,

The resultant product was shomm by GLC to consist of a mixture of
methyl heptadecanoate, octadecancate and nonadecancate. The methyl l'
octadecanoate was separated from the other components by preparative
GLC in an identicel manner to that described previously for cis-9-
heptadecencate, The 3&/11"6 ratio of the methyl octadecenocate wes
determined by scintillation counting.

Incubation of labelled octadecancic acid with Chlorellsa vulgaris

In order to determine the stereochemistry of the tritium atoms

in the sbove product, it was incubated with Chlorells vulgaris. The

stereospecificity of the A9 desaturase in this organism is kmown.

The methyl octadecanoate( 30119.10) from the sbove reaction was dissolved
in 5% methanolic potassium hydroxide (2ml) and the mixture was left at
room téxrp erature overnight.

Water (10ml) was added and the mixture was scidified with dilute
hydrochloric acid, and extracted with ether (10ml), The ether extracts
were washed acid free and the solvent was removed at the pump,

The product was dispersed in O,2i phosphate buffer (2ul) to which
5/) agueous sodium carbonate (3 drops) and dilute tween (1 drop) had been
edded., Dispersion was aided by sonication with an LISE Ultrasonic disperser.

The culture of Chlorella vulgaris was grown and harvested as before,

and resuspended in 0.2M phosphate buffer pH 7.4 (250m1).
Aliquots (5ml) of this suspension were pleced into two 25ml conicel
to cne U,
flaskgwas added the above substrate, and to the other was added [I-4¢7
stearic acid (50m pC.) in phosphate; buffer (this substrate was added to

monitor the extent of desaturation during the incubation period).
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The flasks were stoppered with cotton wool plugs, and sheken in an
illuminated incubator at 27°C for four hours. A% the end of the incubation
period, the whole of the incubation media was poured into 2:1 v/v
chloroform methanol (25ml) end allowed to stend cvernight.

The lipids were extracted and transmethylated and the esters were
seperated into saturated and monoene fractions by argentation chroma-
tography as described perviously. The 3H/M'G ratio of the saturated

end monoene fractions were determined by cecintillation counting.
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INTROLUCTION

In addition to the normal range of straight chain fatty acids such
as palmitic, stearic, oleic, and linoleic acids occurring widely in plants
and enimals, a considerable number of oxygenated fatty acids have been
found in Nature. This section of the thesis is concerned with two types
of naturally occurring oxygena*+~d acids, those containing an oxirane ring
end those with a vicinal diol grouping., Mid-chain {non-terminal) epoxy
and vicinal dihydroxy acids have two asymmetric carbon atoms, at the
oxirane ring or at the diol grouning, so that each of the two possible
geometric isomers can exist in enantiomeric forms. lost of the epoxy
and dihydroxy scids found naturally have been shown to be optically active,
and this work hes been devoted to the determination of the sbsclute config-
urations of some of these compounds and their derivatives,

Fatty aclds containing an oxirane ring have been discovered in a wide
range of nlant seeds and fungal spores, usually present as long chain

glycerides. The epoxy fatty acids characterized to date are summerized

below,
Reference
o
/\
- CH = -
CH3(CH2)LCH CHOH,CH = GI-(CHZ)_IGOZI-I 93-99
cis cis
Vermolic acid, cis~12,13%-epoxyoctadec-cis-9=-enocic acid
0
A
CH (cnz) CH - CH(CH }_CO K 105, 107,
5> 27 7 2 109-111, 114,
cis 142

cis-9,10-epoxyoctadecancic acid
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0
/ N\
CI{3(0H2)7(3I{ ~ CH( CH, )7C0,H
trans

trans-9,10=-epoxyoctadecancic acid

0
/N

CHB(CHZ)LCH = CHCH,CH - CH(CH2)7002H
cis - cis

Coronaric acid, cis-9,10-evoxyoctadec-cis~12-enoic acid

- 0
. - / \
_QIij( cﬁz)kc T CCHoCH - CH(CH2)70023
Lcis,

©18-9,10-epoxyoctadec-12-ynoic acid

Y
, 7\
CHy, CH,, CH - CHOH,CH = CHOH,CH = cH(c:H2)7002H
cis cis cis

cls-15,16-epoxyoctadeca-cis~9,cis-12-diencic acid
0

/A
ol - CH(CHZ)LCH = CHCH,COH

cis cis trans

= CHCH
cn{3( CH2) z+c:H CHR
cis-9,10-epoxyoct edeca-trans-3 »eis-l2-dienocic acid

Vernolic acid (cis-12,13-epoxy cis-9-octadecencic acid) was the
first epoxy acid cheracterized as a natural constituent of a seed oil (93)
and is the major epoxy acid in all seed oils which contain substantial
amounts of epoxide. Both of the optical antipodes of wvernolic acid have
been discovered in Nature, (+)-Vemolic acid has been identified as a
component of the seed oils of a number of species that represent several
plant families, inecluding Compositee, Buphorblaceae, Onagraceae,

Dipsacacese and Valerianacese (94,95,96, 97 ). (=) Vernolic acid has
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been found in the seed oils of several Malvaceae species (96,98,99 )
but seems to be restricted to that family.

HMorris and Wharry (100) have determined the absclute configuration of
(+)-vernolic acid., The: key to this determination was the work of Serck-
Henssen (101,109 proving that ricincleic acid ((+)-12-hydroxyoleic acid)
has the D configuration. (+)-Methyl vernolate was reduced with lithium
aluminium hydride to a mixture of two unseturated diols (Scheme 1, I and
II}. These were hydrogenated over sdams catalyst to yield a mixture of
1,12~ end 1,13-cctadecadiols, This mixture was shown to have the same
sign and magnitude of rotation as the 1,12-octadecadiol of known
configuration derived from methyl ricinoleate (III) by reduction with
lithium aluminium hydride, followed by hydrogenation over Adams catalyst.
Thus the diols obtained from (+)-methyl vernolate and from methyl
ricinoleate must be of the same optical configuration, The stereo-
specificity of reduction of epoxy compounds with lithium aluminium
hydride is known (103, and proceeds with inversion of configuration at
the position of nucleophilic attack, and retention of configuaration of
the hydroxyl group formed, The C-12 and C-13 hydroxyl groups on the
diols formed from (+)-methyl vernolate must, therefore, have the same
configuration as the original epoxide, and a3 these have the same
configuration as the C-12 hydroxyl in the diol formed from methyl
ricinoleate, the configuration of the epoxide growp in (+)-methyl
vernolate mist be 12-D,13-D.

These conclusions were further substantlated by a separate series
of experiments. In these (+)-methyl vernolate was reduced with lithium
aluminiun hydride to give two unsaturated diols (I end II). These
were then hydroxylated with performic acid to give two pairs of
diastereoiscmeric tetrols (V and VI, and VII and VIII)}, the individual

isomexs of which could be separated by TLC on arsenite impregnated
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s:%_.lica gel, Two of the tetrols were shown by melting point and optical
rotation to be identical wiﬁ‘_:h the tetrols (IX and X) derived from
methyl ricincleate., This could only be =) if the asymetric centres
at C-12 ere identical, confirming urequivocally that the absolute
configurations of (+)-methyl vernclate and (+)-methyl ricinoleate are
identical.

A structural isomer of vernolic acid, coronaric acid (cis-9,10-
epoxyoctadec-12-enoic acid) is the epoxy acid found in the next highest

amounts in seed oils. It mek.. vp 14% of the oil from Chrysanthemum

coronarium (104) and 107 of a sample from Helichrysum bracteatum (105).

It hes alsc been reported in lesser amounts in a great meny other coils,
Powell et al (L00) isolated coronaric acid, along with vernolic, and

cls-9,10-epoxystearic acids, from the seed oil of Xeranthemum annuum and

established the egbsolute configurations of the two 9,10-epoxy acids for
the first time (107). (+)-Methyl coronarate was reduced by a reagent
which reduced the 12,13 double bond without affecting the epoxide, to
give (+)-methy1 £i8-9,10-epoxystearate, This epoxy stearate wes then
further reduced with lithium aluminium hydride to a mixture of 1,9- ond
1,10-octedecadiols. This mixture of diols was dextrorotatory, in
contrast to the D-1,9-octadecadiol produced by lithium eluminium hydride
reduction of D-9-hydroxystearate (108,31). As the epoxide cleavage is
known to proceed with retention of configuration about the carbon-
oxygen bond, then the original epoxide has the 9-L,10-L configuration.
Similarly, the configuration of (+)methyl cis=-9,10-epoxystearate was
proved %o be 9-L,10-L,

cis8-9,10-Epoxystearate was first isolated from the seed oil of

Tragopogon vorrifolius (09) end has since been found in the seed oils of

other species (105,107114,142). The smounts of epoxystesrate in some

seed oils were found to increase with storage and this increase could



be accelerated by holding the sseds at higher temperatures (112). This
post harvest increase in epoxystearate content has been accounted for by
specifiic enzyme action.

The most widespread naturally occurring isomer of ¢is-2,10-
eﬁoxys’cearic acid has the L configuration. However, like wvernolic acid,
this aecid exists naturally in both enantiocmeric forms, and the D-

enantiomer has been isolated from Shorea robusta seed oil (14.2).

Although the amount of 9,1Cepoxystearic acid in seed oils is low,
in non-seed sources, it is much higher. The lipids of some fungal spores
cen contain up to 787 of epoxystearate (110,111}, while in others, it is
completely sbsent, As in the case of seed lipids, this acid eppears
as the glyceride. The biosynthesis of cis-9,10-epoxystearate has been

investigated in rust (Puccinia graminis) infected wheat plants (13,

The epoxy acid was synthesized from acetate in a process which required
oxygen but was not stimulated by light. Stearic and oleic acids were
also incorporated into the epoxy scid, at & rate which indicated that
oleic acid was the immediate precursor of the epoxide. Oubsequent
experiments (115) with 180 1abelled oxygen and water, showed that the
oxygen of the epoxide group was derived from air and not from water.

The other epoxy acids listed sbove have, so far, only been reported
in the oils in which they were first identified. _trans-9,10-Epoxystearic
acid was isolated from orujo, or sulphur olive, oil (116} and was
cansidered to be a product of enzymic or bacterial action. c¢is-15,16-
Epoxyoctadeca~cis-9,cis-12-diencic acid was isolated from Cemelina
sativa seed oil (117), c¢is~9,10-epoxyoctadec-12-ynoic acid occurs with

coronaric and epoxystearic in the seed 0il of Helichrysum bracteatum

(199, =nd cis-9,10-epoxyoctadeca~trans«3,cis-12-diencic acid was

discovered in a semple of Stenachaenium macrocephalum (118




The biological role of epoxy fatty acids is unclear, except in the
case of the Juvenile hormone, methyl 9 ,10-epo:qr-7-ethy1-3,11-dime‘thjr1-
trideca-2,6-dieneoate, which has been est:blished as a regulator of
insect metamorphosis (119).

Gunstone (120) has speculated on the possible role of epoxy acids
as intermediates in the biosynthesis of polyunsaturated and acetylenic
agids, and pointed out the structurel similarities between epoxy acids,
and acetylenic and hydroxy acids, which occur together in seed oils.

N
0 O-Enz - 0-Enz
’ N\ AR

/ | ’
. _— | e
- CH - CHOH,CH, CH, ~ CH - CHOH,CH,CH, - CHGHCH,CH, CHy

|

- H20 O-Eng .
“ _ ! +
- CH = CHCHZCH = CH - " - - CHCHZCHZCHZCH

Provoged Mechaniam of Conversion of 9,10 epoxystearic acid to Irinoleic Acid

Long chain fatty acids with vieinal diol groupings es components
of seed o0ils are quite rare. However, they have been reported in a wide
range of nafural sources such as cork, olives, leaf waxes, and micro-
orgenisms, These vicinal diocls inelude both dihydroxy acids and tri-
hydroxyacids {e.g. 9,10,18~trihydroxystearate (& )).

A group of unusual triglycerides, in which the acyl group on the
O{=position of the glycerol is a vicinal dihydroxy acid with one of its

hydroxyl groups acetylated, was isolated from Cardamine impatiens (7,121 )

Hemoval of the vicinal diol grouping by reactions of known stereochemistry
gave & cis unsaturated acid, indicating the configurations of the vie

diols in this seed oil to be erythro.



erythro~9,10-Dihydroxystearic acid has been recognised as a minor

constituent of castor oil (6 ) and Strophanthrs seed oils (122). The

threo isomer of this acid occurs in fungi and has been suggested as
a product of enzymic hydration of cis-9,10-epoxystearate f11,123).
Two trihydroxy acids with vic diol groups were isolated from

Chamasepeuce afra and characterized as (+)-threo-9,10,18-trihydroxystearic

(phloionolic) acid end (+)-threo~9,10,18-trihydroxyoctadec-12-enoic
acid (124}, These trihydroxy acids occwrred as the glycerides, with
two of the hydroxyls of the fatty acid either acetylated or esterified
with a normal fatty acid. _threo-9,10,18-Trihydroxystearic acid is also
a conatituent of cork, where it occurs with seversl cther oxygenated
fatty acids and dicarboxylic acids (125). erythro-8,9,13-Trihydroxy-
docosanoic acid was isolated from the extra-cellular lipids of a yeast,
where it occurs as the triacetate, along with the related keto acid
_erythro~8,9-dihydroxy~13=-oxodocosanoic acid (L26,127),

There iz a ciose stereochemical relationship between epoxides and
vicinal diols and the interconversion of ths2se two groups of compounds
hes been extensively investigated. Under various acidic conditions
1,2-epoxides undergo ring cleavage to give vic diols or their derivatives.
These reactions are known to be stereospecific, so that the hydroxyl
group formed from the epoxide has the configuration of the parent
epoxide, and inversion of configuration occurs at the position of
nucleophilic attack. Thus cis epoxides give threo compounds, and
trans epoxides, the erythro derivatives.

This type of reaction provides a stereochemical link between
epoxides and vicinel diols and allowed the determination of the sbsolute
configuration of threo-12,13-dihydroxyoleic acid {28). The reactions
involved in this determination are summarized in Scheme 2. They consisted
of the production of a pair of positionally isomerlc hydroxytosylates

from methyl vernolate by epoxide cleavage with tcluene-p-sulphenic aecid,
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and from (+)- or (-)-threo-12,13-dihydroxyoleate (I) by paritial
t::syla‘tion with toluene-p-sulphonylchloride. The absolute configuration
of vernolic ecid was known to be D~12,D-13 {L00), end the stereochemistry
of the epoxide cleavage was such that the pair of isomeric tosylates
pfoduced from the epoxide were' D~12-hydroxy, L~13%-tosyloxy- and
D-12-tosyloxy, L-l3=hydroxyoleic acids (II and III).

Partial tosylation of threo-12,13-dihydroxyoleic acid proceeded
with retention of configuration to produce either D-12-hydroxy, l-13-
tosyloxy- and D-12-tosyloxy, L-13-hydroxyoleic acids (IV and V) or the
enentiomeric pair. One of the positional isomers produced from vernolic
acid was identicel to the corresponding one from threo-dihydroxyoleic
acid the the other pair were enantiomeric., The gbsolute canfiguration
of the two positicnal isomers produced from vernolic acld was known,
so that determination of the positions of the hydroxyl and tosyl groups
in these isomers solved the configuration problem. Reductive cleavage
of the tosyl group from the individual isomers aftrer separation of the
positional iscmersby argentation TLC, gave the isomeric octedecandiols,
The positions of the secondary hydroxyl groups were established by mass
spectroscopy after conversion to the methyl oxooctadecanoates, thus
proving the structure of the original hydroxy tosyloxy isomers, and hence
the sbsolute configuration of the threo-dihydroxy acid. (-)-threo-12,13-
Dihydroxyoleic acid was thus proved to be 12-D,13-L, and its {(+)-
enantiomer 12-L,13~D.

The sbsolute confipgurations of erythro-12,13-dihydroxyoleate and
-stearate had become apparent after the determination of the stereo-
chemistry of vernolic acid, Bharucha and Gunstone (129} had obtained
(-)~erythro-12,13-dihydroxyoleic acid from (+)-vernclic acid in a
process which involved retention of configurationl about one of tks
epoxide carbons and a double inversion sbout the other, so that the
product must have been D-12,D-13 dihydroxyoleic acid., The (~)=erythro-
12,15-dihydroxystearate derived from this must also have the D-12,D-13

configuration,
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Thus, sumarizing the work to date on the abzolute configurations
of epoxy end vicinal dihydroxy fatty acids, i% can be seen that the
configuretions of cis-12,13-epoxyoleic acid {(l00) and cisg-9,10-epoxy-
stearic acid (07), and of erythro- end threg-12,13-dihydroxyoleic acids
(00, 129 have been defined. The work described in this part of the thesis
was an extension of these studies to determine the sbsolute configurations
of erythro- and threo-9,10-dihydroxystearates and some of their derivatives
and of trans-9,10-epoxystearate, trans-12,13-epoxystearate and trans-
12,15~epoxyoleate. The key to the determination of the absolute
configuration of erythro-9,10-dihydroxystearic acid from castor oll
(6 ) was the work of Powellet £l (L07) who had determined the sbsolute
configurastion of cis-9,10-epoxystearic acid. If erythro-9,10-dihydroxy-
stearate could be converted by stereospecific reactions into ¢is-5,10-
epoxystearate, then comparison of the product with the natural epoxy
acid would prove the configuration of the dihydroxy acid.

The determination of the configuration of threo~9,10-dihydroxy-
stearic acid was not es simple. An attempt was made to determine this
by a similar method to that used for the determination of the confige-
uration of threo-12,13-dihydroxyoleate. This failed because the pairs
of positionally iscmeric hydroxytosylates produced by partial tosylation
of the vic diol, or cleavage of the cis-9,10-epoxide with toluene-p-
sulphonic acid, were not separable by 1TC. This was due to the absence
of an adjacent double bond, present in the earlier case.

An alternative spproach was used for the determination of the
configuration of the threo-9,10-dihydroxy acid based an the earlier
work of Morris end Wharry (00). They hed suggested, on the basis of
TLC beheviour and studies of complex formaticns with sodium arsenite,
that the higher melting of the pelr of threo-9,10,12-trihydroxystearates,

produced by trens hydroxylation of the double bond in methyl ricinoleats,
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hed a trens or threo disposition of the 10- end 12- hydroxyl groups.

As the configuration of the 12-hydroxyl group is known to ’be D, they
argued that the higher melting trihydroxystearate must have the D-9,L-10,
D-12 configuration,

Wood et el (30) seperated the individual isomers of methyl tri- and
tetrahydroxystearates, by GLC and TLC and assigned configurations to
all these compounds. The trihydroxy compounds were formed by hydroxy-
lation of methyl ricinoleate or its frens isomer, and the tetrahydroxy
derivatives by hydroxylation of methyl linoleate isomers. Their
assignments were based on the arguments as to the steric effect of
';:he 12-hydroxyl group on the ratic of individual isomers of each
diastereoisomeric pair produced by hydroxylation of the 9,10 double
bond, and also on the basis of GLC and TLC characteristics of each
isomer. There is one cansistent structursal difference between the
individual isomers of each diastereoisomerie pair produced by hydroxy-
lation of methyl ricinoleate or methyl linoleate, and that is that one
isomer of each pair has the hydroxy groups in the 10- and 12- positions

in a trens or threo relative configuration, while the other isomer has

these groups cis or erythro, This consistent structural relationship

can be correlated to the cmsistent difference in the properties of the
individual isomers. In each of the diastereoisomeric pairs, the higher
melting isomer always migrates slightly less rapidly on TLC on normal
gilica gel, but is much less polar on sodium arsenite impregnated
silica gel (130,131). These properties are due to the spatial relation-
ships and interaction of the hydroxyl groups, and the differences in
behaviour on TLC must be due to the structural differences betwecn each
isomer of the diastereoisomeric pair, namely the disposition of the 10-
and 12-hydroxyl groups,

Both Wood {{%) and Morris(10) concluded that the higher melting

isomer of each "oxidation pair® of the 9,10,12-trihydroxy and 9,10,
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12,13-tetrahydroxystearic acids has a trans or threo disposition of

the 10- and 12-hydroxyl groups, If these sssignments of configuration
were correct, then the higher melting, arsenite complexing isomer of

the pair of threo~9,10,12-trihydroxysteasrates produced by irans
hydroxylation of methyl ricinoleate must be the D-9,L-10,D-12-isomer,
Reinovel of the l2-hydroxyl group by reactions which do not affect the
stereochemistry of the hydroxyl groups at the 9- and 10- positions

would give either (+)- or (=)-threo-9,10-dihydrogystearate of known
configuration, namely D-9,1.-10, thus proving the absolute stereochemistry
of this compound.

Since the sbsolute configuration of the 12-hydroxyl group of
ricinoleate and, as described previously, of sn erythro-9,10-dihydroxy-
stearate were now separately known, the question of an "oxidation pair"
having the trans-1,3-dicl grouping could be established directly with
one of the diastereocisomers of erythro-9,10-12-trihydroxystearic acid.
The same series of reactions was used in each case to remove the C-12
hydroxyl group and these are summarized in Scheme 3.

Having defined the stereochemistry of a threo-9,10-dihydroxy-
stearate, it could now be converted stereospecifically into an optically
active trans~9,l0-epoxystearate, in a similar menner to that used in the
determination of ‘the configurstion of erythro-9,10-dihydroxystearate
(Scheme 4, p.106). Thus esteblishing the configuration of a transe-
epoxy fatty acid for the first time, (+)-threo~12,13-Dihydroxystearate
and ~oleate were also converted to their respective trans-epoxides
to complete the stereochemical definition of the 12,13~ substituted

fatty acid series,
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Scheme 3., Summary of the reactions used in the determination or' the
relative configuration of the 10- and 12w 'hydroxyl groups

of the higher melting erythro-9,10,D12-trihydroxystecarate

R = (CHp)7005CHz Rl = CI~I3(CI-12)5-
(1) Alkaline KMnO;; (ii) Separation of diastereoisomers by arsenite
impregnated TLC; (1ii) Acetone/HCL0,; (iv) CrOz/glacial acetic acid;
(v)‘p-toluenesulphonylhydrazide/MeOH; (vi) NeBH), /lie0H; (vii) HBBOB/

HOCH,CH,0CH;
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RESULTS AND DISCUSSION

One of the methods of determining the sbsolute optical configuration
- of a compound is to convert it by reactions of known stereochemistry into
ra compowmd of known configuration, This was the method chosen to determine
the configuration of erythro-9,10-dihydroxystearate; and later when the
configurations of scme threo-dihydroxy acids were elucidated the same
method was used to determine the configuration of some trans-epoxides,

The methyl ester of (=}-erythro-9,10-dihydroxystearic acid derived
féom céstor o0il was converted by hydrogen bromide in glacial acetic
acid at room temperature to a mixture of positionally isomeric acetoxy
bromides. This nixture was not purified but was used directly for the
next stage of the reaction scheme. The acetoxybromides were converted
by dilute alcoholic potassium hydroxide to c¢is-9,l0-epoxystearic acid.
This epoxy acid was clearly the enantiomer of the one characterized
by Powell et al (107), from the rotations sumearized in Table 1., and
therefore must have the D configuration.

It is known that the series of reactions used to convert the:ggg
dihydroxy acid into the epoxide, shown in Scheme 4, involves two'Walaen
inversions so that the resultant epoxide posaesses the configuration‘of
the dihydroxy precursor. Therefore, as the resultant epoxide has the
D-configuration, then {-)-erythro-9,10-dihydroxystearic acid from
castor oil must have the D-9,D-10 configuration (i.e. 9-3,10-R in the
Cehn~Ingold-Prelog system (41)).

The transformation of the dihydroxy acid from castor oil to epoxy
acid had been similarly effected by King ( 6 ), as long ego as 1942, with
the same results, He was unabie at that time, however, to drew the final

stereochemical conclusions.
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Scheme 4. Eeactions used in the stereospecific conwersion of':

(1) (~)-erythro-9,10-dibydroxystearic acid to {+)-cis-9,10

enoxystearic acid
- -2 1 .

R o= 01{3(01{2)7 ;. R (CH2)7002H

(2) (+)-threo-9,10-dihydroxystesric acid to (+)-trans-
9,10~epoxystearic acid

1

R = 01-13(61{2)7- ; R = —(CH2)7002H
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Compound Source [ /5661

(c; Solvent)

Methyl erythro-9,10- Castor oil -0,12
. (1.1;HMeCH)
dihydroxystearate
~0,04

(9 203 Et0H)

Methyl L-cis-9,10- : Xeranthemum annum +0.3
(11e0H)
epoxystearate Powell et 21 (107)
Methyl cis-9,10-epoxy- (=)=erythro-9,10=- -0,27
, (2.75; 1MeOH)
‘stearate dihydroxystearate
' -0,22
(2.8; CHGlj)
-0.35
(2075; Hexane)
©is-9,10-epoxystearic (=)~erythro-9,10- +0.21
(2.45; MeOH)
acid dihydroxystearate
lethyl D-12,13-epoxy- Vernolic acid =14
(9.0; MeOH)
stearate &

Table 1. Optical rotation of some natural cis epoxides and those

prepared from erythro-9,10-dihydroxystearic acid

2 prepared by hydrazine reduction of natural vernolic acid

{included for comparison)
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The ebsclute configuration of the erythro-dihydroxy acid could
also have been determined by converting the cis-epoxide of known
configuration to the dihydroxy acid by reactions involving no inversions
or an even number of inversions. This method had been used by
Gunstone (129 for the conversion of cis~12,1l3-epoxyoleate to erythro-
12,13%~dihydroxyoleate, as shown in Scheme 5, and by Korver and Ward

for the conversion of ¢is-9,10-epoxystearate from Shorea robusta

seed oil to (-)-erythro-910-dihydroxystearate (42, The cis~epoxide
is converted into a mixture of threo-bromohydrins, with an ethereal
solution of hydrogen bromide. Acetylation of this bromohydrin mixture
with acetic anhydride, and reaction with silver acetate in wet acetic
acid, gives the erythro-monoacetates, which undergo hydrolysis to yield
the required erythro-glycol. This approach, however, was not attempted
because of the very small amount of natural epoxystearate available.
Optically active éi-y_l:hro:-9 ,10-dihydroxystearate is much more
readily availsble. Although it only occurs in small amounts {1.37%)
in castor oil (139, it is easily isoleted from this source. Castor oil
was hydrolysed with methanolic potassium hydroxide, and after isolation
of the free acids (-)-erythro-9,10~dihydroxystearic acid could be
obtained almost pure by erystallization from ethyl acetate, this acid
was used throughout the configurational studies,
The oxidation of an olefin into the corresponding diol is known
as hydroxylation. There are many resgents which can effect this chenge,
but to be of any value, these resgents must add the hydroxyl groups
to the olefin in a known sterecspecific manner, The overé.ll addition

of the hydroxyls can be either c¢is or trans, cis addition to a cis

double bond yielding the erythro derivatives, end to a trans double
bond giving the threo compound. Obviously trans addition to cis and
trens double bonds gives the threo and erythro configurations respect-

ively. The most important reagents for effecting cis hydroxylation are
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Scheme 5, Coanversion of cis-12,13-spoxyoleate to erythro-12,i3-
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dilute alkeline potassium permengenate, osmium tetroxide, or silver

iodoacetate, trans hydroxylation is usually effected with peracids.
Permangenate oxideation of double bond proceeds through a cycliec

ester intermediate (I), Opening of this cyclic compounds yields (IT)

end finally the glycol, corresponding to cis addition,

H R R R
' | |
\c/ H-C-0 o 50 H-’C-OH

b s | 3n0g 20
C H-C=0 H-0C - 0¥
/N : !
H R R R
I II

Oxidation with osmium tetroxide occurs in a similar manier to
potassium permangenate., Treatment of the olefin in an organic solvent
with osmium tetroxide gives a cyclic ester complex similar to that
formed by permsngenate., Thls complex may be decomposed to give the
diol with overall cis addition of hydroxyl groups. Overall cis addition
is slso accomplished using the silver salt of an organic acid and a
halogen. ™With these resgents, in the presence of water, olefins are
hydroxylated by a cis addition; however enhydrous conditions lead to
trans 2ddition (13%). These differences have been explained, in the case

of iodine and silver acetate, by the following mechanisms:
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Addition of iodine followed by acetate ion gives the threo-
riagy conkonning on

iodo-acetate, which then yields the five membered;carbonium ion.
Under enhydrous conditions this is attacked by acetate ion to give
the threo-discetate, which cen be hydrolysed to the threo-diol. With
water, addition of hydroxyl to the carbonium ion occurs, and this
product cleaves to give the erythro-hydroxy acetate, which can be
hydrclysed to the erythro-diol.

trans-Hydroxylation is usually accomplished with pe racids, via
the intermediate formation of the epoxide. This epoxide can be isolated
in some cases; in others it is immediately cleaved by rearward attack
to give a threo-compound, the stability of the intermediate epoxide
depending uwpon the peracid used.

Hydroxylation of methyl ricinoleate by either cis or trans addition

will give a mixture of two diasterecisomers due to the chiral hydroxy
group already present at the 12 position in methyl ricincleate. The

products of hydroxylation will have the C~10 and C-12 hydroxyl groups
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either in a cis or a trans relative disposition, i.e., erythro or threo.

fhe configuration of these two hydroxyls in each of the individusal
isomers of the diastercoisomeric pair has been predicted. Wood gt al

(30} have suggested that the highermelting isomer of the "oxidation
pairs”of triols formed by trans hydroxylation of the double bond in
methyl ricinoleate have the 10~ and 12- hydroxyl groups in a trans

or threo disposition. €n this basis, the higher melting th»eo-9,10,12-
trihydroxystearate should have the D=9, L~10, D~12 configuration., Removel
of the 12-hydroxyl group from this lsomer would give D-9, L-10 dihydroxy-
stearate and measurement of the specific rotation of this product would
solve the stereochemical problem,

Before using this method to determine the configuration of threo-
9,10-dihydroxystearate, the proposition that the 10- and 12-hydroxyl
groups had the trans configuration in the higher mei'bing isomer could be
directly checked using the erythro-9,10-12-trihydroxystearates. If this
proposition were correct, then the higher melting erﬁhrd-diastereoisomer
formed from ricinoleate should have the L-9, L-10, D=12 configuration.
Removal of the C=12 hydroxyl group should give L-9, L-~10 dihydroxy-
stearate which is now known to be dextrorotatory. The method used to
remove the C-12 hydroxyl without affecting the vicinal diol grouping
is shown in Scheme 3 (p 104).

The erythro-9,10-12-trihydroxystearic acids had already been
prepared (L00). These were obtained by oxidation of ricinoleic acid
with dilute alkaline pcrmanganate.

Hydroxylation of ricinoleic acid proceeded smoothly giving good
yields of the triols, although the very dilute conditions needed
precluded the preparation of large amounts of these compounds, Af'ter
esterification, the two diastereoisomers were separated "by TLC on
silica impregnated with sodium arsenite (L31). This separation could be

echieved due to the fact that the higher melting isomer complexes with
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tile ersenite in the layers to give a more stsble complex than the lower
m;elting isomer; this results in the higher melting compound being much
less polar then the other isomer, The triols were eluted from the layer
a3 the arsenite complex, and the trihydroxy acids were obtained from
these ':by hydrolysis.

The vic diol group of the higher-melting, arsenite complexing
diastereoisomer was protected by formation of its ispropylidene
derivative, The reaction of the erythro-9,10,12-trihydroxystearate with
acetone, using perchloric acid as a catalyst, was complete after five
minutes as judged by TLC, but the reaction was allowed to proceed for

fifteen minutes to ensure completion., This method is considerably

faster than using enhydrous copper sulphate as the dehydrating sgent
(L3). The product contained sbout 304 of a slightly less polar impurity
which was identified by mess spectrometry as the 9-hydroxy-10,12-
isopropylidene isomer. This impurity was not observed when the derivative
of the higher melting threo-9,10,12-trihydroxystearate was prepared.

After protection of the 9,10-vic diol groupiz;g, the 12-hydroxyl group

was oxidized to the ketane, in 50% yieli, with chromium trioxide in
glaclial acetic acid., Although the iscpropylidene grouping is acid lsabile,
short reaction times at ambient temperatures were found not to affect the
protecting group to any great extent. Reduction of the ketone to a
methylene group was theneffected in a two step procedure. The ketone
was reacted at reflux in methenol with p-toluenesulphonylhydrazide (L35)

to afford the tosylhydrazone in good yield, Hydrogenolysis of this

group was accamplished by refluxing the derivative with sodium borohydride
in methanol. This is a mild, general procedure for the reduction of a
ketone to a methylene group (L36), and is more convenient on a small scale
than the classical ‘olff-Kishner reduction, The product from this series
of reactions, the iscpropylidene derivative of erythro-9,10-dihydroxy-

stearate, was identical by TLC end GLC to an authentic sample prepared
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f'_rom erythro-9,10-dihydroxystearate. Under the column canditions used
11: was possible to separate the isopropylidene derivatives of erythro-
and threo-dihydroxy acids.

The specific rotations of natural erythro-9 ,IO—dihydro:wstéarate
and its iscpropylidene derivative and the corresponding compounds
derived from the higher melting diestereoisomeric form of erythro-
9,10,12-trihydroxystearate, by removal of the C-12 hydrox, 1 group are
shown in Table 2, Difficulties were encountered in measuring the
rotations of optically active erythro-9,10-dihydroxy esters, because
of their low specific rotations snd low solubilities. TFormation of the
isopropylidene derivative increased both the specific rotation and the

solubilities of these compounds.

Source of 7 s5u6.1
Compound Materisl (c; solvent)
erythro-D-9,D-10~- castor oil -0,04°
(9.0; EtOH)
dihydroxystearate
erythro-D-9,D-10-dihydroxy-| castor oil diol ~0.50

(6.0; EtCH)
stearate isopropylidene

derivative

erythre-9,10-dihydroxy- erythro-9,10,12-

+0,65
(6.5; TtOH)
stearate isopropylidene trihydroxy 18:0
derivative high melting
isomer

Table 2. Speciftic rotations of erythro-9,10-dihydroxystearates
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It cen be seen that the higher melting diastereoisomer of erythro-
9,10,12=-trihydroxystearate gave an erythro~9,10~-dihydroxystearate, the
isopropylidene derivative of which is dextrorotatory. The isopropy-
lidene derivative erythro-9,10-dihydroxystearate derived from castor
oil is laevorotatory, and is the cnantiomer of that derived from the
triol. As the configuration of the naturally occurring dihydroxy acid
is known to be D-9, D-10, then the configuration of the product from
the trihydroxy ester must be L-9, 1.=-10. 4As the C-12 Iwéroxyl group of
the original high melting trihydroxy ester is known to be D, the config-
uration of the ricinoleic acid from which it is derived, this high
melting erythro-trihydroxystearate was thus proved to have the L-9,
L-10, D-12 configuration (9-R, 10-8, 12-R).

This result establishes directly for the first time that the high
melting dlastereoisomer of the "oxidation pair", formed by alkaline
permangenate oxidation of methyl ricinoleate, has the 10 and 12

hydroxy groups in the transg or threo configuration. This agrees with

the predictions of both liorris and Wharry (L00} and Wood et al {L30), who
concluded that the high melting isomers have the trans 1,3 diol
arrengement, As the individual isomers of each of the six "oxidation

pairs" formed by cis or trans hydroxylation of either methyl ricincleate

or methyl linoleate show consistent relative properties on TLC and have
only one consistent structural difference, it is considered virtually
certain that the higher melting, arsenite complexing isomers of each of

these palrs have the 10 and 12 hydroxyl groups in the trans or threo

configuration.

Heving established this fact, then the absolute stereochemistry
of threo-9,10-dihydroxy stearate cen be elucidated, If the 12-
hydroxyl group in the higher melting threo-9,10,12-trihydroxystearate
is removed in a similar menner to that used for the erythro isomer,

then the product will be D=9, L-10-dihydroxystearate,
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The individual isomers of threo~9,10-12-trihydroxystearate had
aiready been prepared (00), Basically, these wers prepered by hydroxy-
lation of the double bond of ricinoleic acid with performic acid, after
scetylation of the 12-hydroxyl group, hydroiysis of the resultant hydroxy
formates with dilute a.lkaii, and separation of the individual iscmers
by TLC on arsenite impregnated layers.

The threo-9,10-dicl group in the higher melting triol was protected
by fomation of the isopropylidene derivative and the 12-hydroxyl group
was removed in a similar manner to that used for the erythro derivative.
The product from this series of reactions was identical by GLC and TLC
to the isopropylidene derived from amthentic threo-9,10-dihydroxystesrate.
Both the M@,loadihydmxystearate , and its iscpropylidene derivative,
formed by removal of the C~12 hydroxyl group from the high melting threo-
9,10=-12-trihydroxystearate which has the D-9, L-10, D-12 configuraticn
(i,e. 9-8, 10-3, 12-R) were strongly laevorotatory (Tsble 3.) thus
proving that (-}-threo~9,10-dihydroxystearate has the D-9, L-10

configuration (i.e. 9-3, 10-3).

[27 56,1

Compound Source of iaterial (c;solvent)

threo-D~9,1,~10~- threo-9,10,D-12- ~20.6°

dihydroxystearate trihydroxystearate (0.15; TtoH)
(high melting isomer)

threo-D=9,L-10- threo=9,10~D=12- -29,0°

dihydroxystearate trihydroxystearate (0.15; Et0H)

isopropylidene deriv,

(high melting isomer)

threo-9,10-dihydroxy- Ciaviceps sulcata +22,5°
stearate (1.2; MeOH)
threo-9,10-dihydroxy- Claviceps diol +26,1°

stearate isopropylidens

derivetive

(2.15; EtOH

Table 3, Rotations of some threo-dihydroxystearates
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Now that the absolute sterecchemistry of a threo-9,10-dihydroxy-
stearate was known, it could be converted by stereospecific means to
Xrans-9,10-epoxystearate, defining the sbsolute .stereochemistry o
this trans epoxide. The conversion of diol to epoxide was dane in an
identical manner to thut used for the conversion of erythro-9,10-
dihydroxystearate to the cis epoxide, namely formation of acetoxy
bromides followed by alkaline hydrolysis.

Only a small amount of optically active threo-9,10-dihydroxy-
stearate had been prepared fram the threo triol during the investigation
of the stereochemistry of these compounds, This was insufficient for
the investigation of the stereochemistry of the trans epoxide. Howerer,
(+)=threo-2,10-dihydroxystearic acid was readily prepared by resolution
of the racemic mixture formed by trans hydroxylation of oleic aecid with
verformic acid.

A nunber of long chain vicinal dihydroxy acids have been resolved
by classical crystallization procedures. erythro-9,10-Dihydroxy-
stearic acid hes been resolved into its coptically active forms by
crystellization of its strychnine salts (.37), the threo isomer of this
acid being resoclved by crystaliization of its brucine salt 038).

McGhie et 2l have also resclved threo-9,10-16-trihydroxypalmitic acid
1L39), threo-9 10-18—tr1hydro>wstearlc acid and threo-7,8 16-tr1hydroxy-
palmitic acid (40) by crystallization cf their ephedrine salts.

In the present case brucine was used to resolve the dihydroxy-
stearic acid., The alkaloid and the dihydroxy acid were warmed together
in a mixture of acetone and water, and the resultant solution was
cooled. The diastereoisomeric salt which crystallized was collected
and purified by crystallization, Decomposition of this salt with
dilute ecid, and isolation of the dihydroxy sacid gave (+)-threo-

9,10-dihydroxystearic acid, in moderate yield, end ontically pure,
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its specific rotation (/o7 = +20.8) being essentially identical to
the literature values for optically active threo acids (11,138).

Conversion of the (+)-threo-9,10-dihydroxystearate, the sbsolute
configuration of which is now lmown to be L-9, D-10, into the frans
epoxide, gave a product which was dextrorotatory, as summarized in
Tzble 4. This proves the sbsolute coniiguration of the {+)=-trens
epoxide to be L-9, D-10-enoxystearate (i.e. 9-R, 10-R).

The opportunity was also taken to complete the stereochemical
definition of the 12,13~sibstituted family of acids by similer conver-
sions of the L~12, D-13-dihydroxyoleic and -stearic acids, whose config~
urations were already known (128, into the corresponding trans epoxides.
Conversion of the dextrorotatory isomers of these vic diols into epoxides,
gave L=-12, D~1l3-trang-epoxyoleate (i.e. 12-R, 13-R) and L-12, D-13-
epoxystearate (i.e. 12-R, 13-R)} both of which were dextrorotatory as
shown inTable 4, thus defining the sbsolute stereochemistry of these
epoxides,

The optically pure 12,13-dihydroxyoleate used in these determinationr

was readily isolated from Vernonia antralmintica seeds, In these seeds

there is an epoxy acid hydrating enzyme which, on incubation of the
crushed seeds in moist conditions, cleaves the endogenous (+)-vernolic
acid to give optically pure (+)-threo-12,13-dihydrosyoleic acid (58).
The seeds were crushed, moistened and incubated for three days. The
seed oll was extracted, and extraction of the free fatty acids from
this oil gave a crude preparation of (+)-12,13-dihydroxyoleic acid,
which was methylated, and purified by column chromatography. The
dihydroxy acid could be extracted from the seed oll as the free acid
because Vernonia seeds, as well as containing the epoxide hydratase,
contain a lipase, which is also activated on crushing and moistening the

seeds and whose action appears to mrecede that of the epoxide hydratase.
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1
1
1

l -
Dihydroxy ester ZEEJGAG.l om ! IEpoxy product | 1521246,1 nm
source !
(e;=olvent) , (c3solvent)
i ‘ of acid of ester
threo-1-9,D-10- | +20,8 trans-l=-9,D-10 | +10.0 +15.0
(1.4;Et0H) | (1.1;Me0H) | (1. 3;MeOH)
dihydroxystearate epoxystearate !
i 49.5 +14..5
(resolution with | (1.05CHC15) | (1.43CHCL;)
brucine)
threo-L-12,D-13~ | +20,3° trens-L~12,D-13= | +12,9 +14. 6
-' ’ (1.0;Et0H) |~ ’ | (0.73Me0H) | (0 75Me0H)
dihydroxyoleate epoxyoleate :
' +12.7
(Vernonia seeds) (0.5;0HCL3)
threo-L-12,D-13~ | +23.7 trans-L-12,D-13- | +21.4 +19.5
(1.35;MeOH) |~ (1.3;Me0H) | (L. 3;}eOH)
dihydroxystearate enoxystearate
(Veronia + Hp)

Table ébo

Specific rotations of the rethyl esters of threo dihydroxy

acidg and their epoxy, acid and ester products
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Optically pure (+)-threo-i2,13-dihydroxystearate was prepared by
hydrogenation, over Adams catalyst, of the dihydroxyoleate obtained
f;‘om Vernonia.

The work reported here has estsblished that (-)-erythro-9,10-
dihydroxystearic scid has the D-9, D-10-configuration and that (+)-
threo-9,10-dihydroxysteeric acid has the L-9, D-10-configuretion. The
stereochemistry of some trans epoxy acids has been defined, the
dextrorotatory isomers being L-9, D-10-epoxystearic acid, L~-12, D-13-
epoxystearic acid, and L-~12, D-13-epoxycleic acid. The absolute con-
figurations of the four 9,10,12-trihydroxystearic acid diastereoiscmers
formed by permesnganate, end performic acid oxidation of D(+)-ricinoleic
acid have also become gpparent. It has been proved directly that the
higher melting diasstereolsomer of erythro-9,10,12~trihydroxystearate
has the trans-1,3-disposition of the 10 and 12 hydroxyl groups znd
therefore, by implication, that the higher melting threo-trihydroxy
isomer and the higher melting isomer of each of the four 9,10,12,13-
tetrahydroxystearate "oxidation pairs" also have this traans-l,3-disposition
of the 10 and 12 hydroxyl groups.

This conclusion and the conclusion reached s= to the absclute con=-
figuration of the (+)~-threo-9,10-dihydroxystearate have been substantiated
by work reported in more detail in Section 3. Puccinia spares contain
en enzyme, which on crushing the spores in water, oléaves the endogenous

' Le~cis-9,10-epoxystearate, to give dextrorotatory threo~9,10-dihydroxy-
stearate which has been proved to be L-9, D-10. Thus if the assignment
of stereochemistry to the threo-9,l0-dihydroxystearate is correct,
attack of hydroxyl ion, or water, in this hydration must take place
at the 10 position with inversion. | These predictions have been tested .
directly by incubation of the Puccinia spores in 180 enriched water,

As predicted, the 189 was 1localized at the 10 position, confirming
the stereochemical assignments, |
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The conclusion that the hizh melting isamer of each of the 9,10,12,13%
tetrahydroxystearate "oxidstion pairs" has e tmars-1,3-disposition of the
10~ end 12=-hydroxyl gvoups, and the kmown gbsolute configuration of |
(~)=exythro-12,13~dihydroxyoleic acid and (+)~threo-12,13-dihydroxyoleic
acid derived from vernolic acid, allows the prediction of the ebsolute
configuration of the ensntiomers of all 8 tetrahydroxystearates.

When tne ervthro~ and threo-~l2,13-dihydroxyoleic acids of known

configuration are each hydroxylated with dilute alkaline permenganate and
with performic acid, four pairs of optically activetetrahydroxy acids
will be produced as shown in Schemes 6 and 7.

TLach of these palrs of tetrahydroxystearates are known to be separable
by TLC on arsenite impregnated silica gel (L31). Asthe absolute configuration
of the 12- and 13-hydroxyl groups in these tetrahydroxy ceids is knom,
and it is also known that the higher melting isomer which migrates the
furthest on arsenite TLC has a 1,3-trens relative configuration of the
10~ and 12-hydroxyl groups, the @bsclute configuration of all the tetra-
hydroxy acids compounds can be predicted.

Considering first the pair of tetrunydroxystearates produced by cls
hydroxylation of (-)-erythro-12,13-dihydroxycleate with alkaline -
permanganate, Separation of this pair of tetrahydroxystearates by TLC
on arsenite impregnated silica gel will result in a faster migrating,
higher meiting isomer and # more polra.r ldner melting dbmpound. 4 the
absolute configuration of the C=-12 hydroxyl group and the relative
disposition of the C-=10 end C-12 hydroxyl groups are known for this
peir of compounds, their absolute configurations can te predicted. Thus
the higher melting isomer will have the 9-L, 10-L, 12-D, 13-D config-
uration and the lower melting isomer the 9~D, 10-D, 12-D, 13~D config-

uration.,
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A similar argument cesn be applied to the remeining three pairs of
tetrehydroxystearates, and their absolute configuratiomns can be predicted.
Thus the high melting tetrahydroxystesrate produced by trans hydroxylation
of (-)-erythro-12,13-dihydroxyoleate with performic acid, will have the
9-D, 10-1,, 12-D, 13-D configuration, and the high melting tetrehydroxy
isomers produced by overall cis and trans hydroxylation of (+)-threo-
12,13~dihydroxyoleate, will have the 9-D, 10-D, 12-L, 13-D and 9-L,

10-D, 12-L, 13~D configurations respectively, The mredicted gbsolute
configurations, relative melting points and relative positions on arsenite
impregnated TLC of the 8 tetrahydroxy isomers are shown in Schemes 6

and 7.

This worlk has #lso allowed the configuration of the trihydroxy
acids from Chamaepeuce seed oil (24} to be predicted. threo-9,10,18-
Trihyﬂroxyétearate (Xp = +22.3) and threo-9,10,18-trihydroxy-cis-
12-octadecencate (X = +18.2) must have the L-9, D-10 configuration,
as it is unlikely that the terminal hydroxyl group, which is achirsl,
will affect the sign of rotation of these compounds. Since this work
was completed, Mthig et al (L0) have cc.orelated the configuration of
(+)-threo-9,10,18~trihydroxystearate with that of (+)=threo=9,10-
dihydroxystearate, and in the same paper have presented the configurations
of the threo-9,l0-dihydroxy- and trans-9,10-epoxystearic acids. However,
the method used tb deténnine the configurétidhs of thé_zgggg diols and
trens epoxides was not reported. The methed used to correlate the
configuration of (+)-threo-9,10,18-trihyiroxystearate with (+)=threo-
9,10-dihydroxystearate is shown in Scheme 8.

The vic diol grouping in the (+)1§§£ggytrihydroxyester was protected
by formation of the isopropylidene derivative, The mesylate of the
terminal hydroxyl was prepared end reduced with lithium aluminium

hydride in tetrshydrofuren, to give the (+)=-threo-9,10-dihydroxyoctadecanol.
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Similar hydride reduction of (+)=threo-9,10-dihydroxystearate, of known
configuration, gave an identical compound, thus the configuraticn of the
Yvic diol group in the trihydroxystearate must be the sanse as that in
(+)-threo-9,10-dihydroxystearste, i.e, 9-L, 10-D, confirming the conclusions

reached earlier in this work.

00,013 COLCH ?020H5
| !
(?H2)7 (?H2)7 (fH2)7
H-C-H 0~C | H - C -~ H
| —-——->( ) | ;
H-C-0H He)sC H-C - OH
| 2 \L\ |
(?HZ)? cI: -0 (?Hz)7
CH,0H (?112)7 CHy
bHZOMeS
(+) (+)
L Li
! 1ATH) j' 1A2H,
CH,0H CH,OH
|
(fH2’7 (?Hz)-,
H =-C=-H H -C-H
I 1
H-C - 0H H-0-00
| |
(?32)7 (<I3H2)7
Cli5 Ci;
(+) (+)

Scheme 8. Method used to correlate configurations of threo-

9,10,18-trihydroxy- end threo-9,l10-dihydroxystearates
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EXPERTMENTAL

Preparation of (.)-erythro-9,10-dihydroxystearic acid

Castor oil {100g) was dissolved in 5% methenolic potassium hydroxide
(500ml) and left overnight. The solution was diluted witl: water (700mi)
and extracted with ether, the ether extracts were discerded. The
aqueous layer was acidified with dilute hydrochloric ecid and extracted
with ether. The ether extracts were washed with water until neutral,
dried, and solvent removed. The resultant yellow oil was dissolved in
ethylacetate to give a 107 solution, and stood at 2°C for &4 hours.

The resvltant colourless crystals were filtered off under vacuum and
recrystallized from ethyl acetate to give colourless plates. ( 300mg;
L& T 56,1 nm OF ester = -0.04° (o = 9.0 Et0H))

Breparation of iscpropylidene derivative of (-)-erythro-9,10-
dih tearate

Methyl erythro-9,10-dihydroxystearate (50mg) was dissolved in

acetone (5mi) end 60% perchloric acid (10 )11) wes sdded. The solution

was left at room temperature for fifteen minutes, and then neutralized
with dilute ammoniwa hydroxide, diluted with water (5ml) and extracted
with ether (5ml). The ether extracts were washed three times with
water, and the solvent was removed to leave sn oil which was purified
by TLC- (ether:petroleum ether 5:95). The product was a colourless oil.
(40mg; /X 75),6.1 nm = -0+50° (¢ = 2.0 Et0H))

Preparation of (+)-threo~12,13-dihydroxyoleate

Vermonia anthelmintica seeds (50g) were crushed in a pestle and

mortar until the majority were well ground. The seeds were placed in

a conical flask, water was added until the seeds were just moistened,
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and the mixture was left at 30°C for three days. Chloroform:methanol
2:1 (200ml) was added to the mixture. After 24 hours the organic

layer was filtered into a separating funnel and washed with 0.735
saline {10Cml). The agqueous layer was extracted with chloroform which
was added to *_the main extract from which solvent was removed to leave
a dark brown oil., The oil was dissolved in ether (100ml), and the
ether solution was extracted with 57 aqueous potassium hydroxide

(2 x 50ml). The agueous elkaline extracts were acidified and extracted
with ether., The ether extractswecre washed acid free and the solvent
was removed to leave a brown oil. The o0il was dissolved in ether and
esterified with diazomethane. threo-12,13-Dihydroxycleate was isolated
from this mixture by column chromatograchy on Davidsons Silica Grade
950. The product wes a pale yellow oil. (5.kg3 /™ 756,13 nm =

+20.3° (¢ = 2.0 o))

Prevaration of (+)-methyl threo-12,13~dihydroxystearate

(+)-lethyl threo-12,13-dihydroxyoleate (400mg) was dissolved
in ethyl acetate (10ml) and idams catalyst (2Umg) was added to the
solution, The mixture was shaken under hydrogen {1 atmosphere) for
5 hours. The mixture was filtered and the solvent was removed from
the filtrate to leave a white sclid. (40O0mg; [5’-—7546.1 am = 23.7°

(c'= 1.3% iieDH)}

Preparation of threo-9,10-dihydroxystearic acid

Oleic acid (1l4g) was dissolved in formic acid (42ml), hydrogen
. peroxide {6.9g) was added and the mixture was warmed %o 40°C. After
two hours, the solution was poured into water (200ml) and extracted
with ether (3 x 50ml), The ether extracts were washed with water,
dried over anhydrous sodium sulphate, and the solvent was removed to

leave a yellow oil.
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~ The 0il was heated under reflux with 5% metheanolic potassium
hydroxide (30ml) for two hours. The solution waes then diluted with
water (60ml), acidified with dilute hydrochloric acid and extracted with
ether (3 x 30ml). The ether extracts were washed acid free, dried, and
solvent was removed to leave a pele yellow solid. The product was
crystallized from ethylacetate to yield white plates of threo-9,10-

dihydroxystearic acid (10g; m.pt. $5-96°C),

Optlesl resclution of threo-9,10-dihydroxystearate

The dihydroxy acid (10g) and brucine {16g) were dissolved by
gentle warming in scetone (30ml) and water (70ml). The solution was
left for two days at 2°C end the white solid which crystallized was
collected and recrystallized twice more from acetone-water mixtures,
This brucine salt was then decomposed by werming with 5N hydrochloric
acid (4.0ml) end the mixture was extracted with ether, The extracts
were washed acid free and the solvent wes removed to leave a white
solid which was recrystallized from ethylacetate to give threo-9,10-
dihydroxystearic acid., (2.1g; [0(—75&6.1 om = +20.8 (o = 1.2 EtCH),
mpt. 97.5-99°C 1it. 99.5 (38))

Conversion of dihydroxy acids to epoxy esters

(+)=threo-9,10-Dihydroxystearic acid (200mg) was dissolved in a

15% solution of enhydrous hydrogen bromide in acetic acid (1Oml),

and the sclution was left at room temperature overnight. The solution
was diluted with water (20ml) end extracted with ether, the extracts were
washed acid free and solvent removed to leave a brown oll. This oil was
dissolved in 5% methanolic potassium hydroxide (10ml) and the solution
was heated under reflux for two hours. The solution was diluted with
water and carefully acidified (pHS) with dilute scetic acid., The mixture

was immediately extracted with ether, and the ether extracts were washed
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a‘pid free and solvent was removed to leave a yellow solid, The products
were dissolved in ether, esterified with diazomethane and purified by

TLC ( ether:petroleum ether 1:3). The product was a colourless solid.

([O{J&‘_&l nm = +15,0 (C = 1.3 MeOH))

anversion of 9,10,12-trihydroxyatearates to 9,1l0-dihviroxystearates

The experimental procedures outlined below were used for both
erythro- and threo-9,10,12-trihyiroxystearates.

threo-%,10,12-Trihydroxystearate (300mg) was dissolved in acetone
(5ml) and 60% perchloric acid (5 }11) was added to the soluticn. After
15 minutes 0.880 ammonia was added until the solution was alkaline, the
mixture was diluted with water (10ml) and extracted with ether, The
ether extracts were washed with water until reutral and the solvent was
removed to leave a colourless oil which was purified by TLC, the major
product being the 9,10-iscpropylidene derivative (/ °<]546.1 = -48°
(¢ = 0,5 ethenol))

The 9,10-isopropylidene derivative (250mg) was dissolved in &

5% solution of chromium trioxide in glacial acetic acid (25 ml) and the
solution was allowed to stand at room temperature. After 15 minutes
water (100ml) was added and the solution was extracted with ether, The
ether extrects were washed until neutral and the solvent was removed to
leave a colourless oil which was purified by TLC (ether:petroleum ether
2:3) to give the 9,10-isopropylidene, 12-ketostearate, ([7“-7546.1 =
~244° (¢ = 1.0 ethanol)) in ca 507 yield.

The 9,10~-isopropylidene-12-ketostearate (100mg) was dissolved in
methanol (5 ml), toluene-p-sulphonylyhydrazide (40mg) was added and the
solution was boiled under reflux for six hours. The solution was then
diluted with water and extracted with ether., The extracts were washed
with dilute sulphuric eacid,.then with water until neutrdal., The

tosylhydrazone wes isolated by TLC (ether:petroleum ether 3:2) in ca

7(’)% yield.
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The tosylhydrazone (70mg) end sodium borohydride (200mg) were
dizsolved in methanol {4ml) eand the solution was boiled under reflux
for 16 hours, After this time the resction mixture was diluted with
water, acidified, and extracted with ether., The extracts were washed
until neutral, end the solvent wes removed. The 9,l10-iscpropylidene
stearate was isolated by TLC (ether:petroleum ether 1:4) as a colourless
0il (/7 X 7561 nm = =29+0 (o = 0.15 ethancl)) in 0a50% yield

The iscpropylidene derivative {20mg) was warmed for two hours at
100°C with a 25% solution ofboric acid in 2-methoxyethsnol (5ml).

The solution was cooled, diluted with water (10ml) and extracted with
ether. The extracts were washed, and the solvent was removed to leave

a white solid. The threo-9,10-dihydroxystearate was purified by TLC
(ether:petroleun ether 8:2) to give a white sclid, (17mg'11b(_7ghé'l oo
0.6 (¢ = 0,10 EtCH))
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INT:.ODUCTION

The previous section has dealt with the determination of the absoclute
stereochemistry of some epoxy and vicinal dihydroxy fatty acids. That work,
and that already reported in the litersture, complctes the stereochemical
definition of all the 9, 10- and 12,13-substituted evoxy and dihydroxy ucids.
The knowledge of these absolute configurations can now be applied to the
.c"etemination of the mechanisms by which the enzymic transformation of epoxy
acids to vicinal dihydroxyacids occurs in various bioclogical systems,

Under appropriate conditions, 1,2-epoxides undergo ring opening to
give vicinal diols. These reactions are sfereosyecific and occur with
inversion of configurstion about one carbon atam, thus cis epoxides afford
threo diols, whereas tranc epuxides yield the erythro compourd(178). The
reactions provide the link between naturally occurring evoxides and vicinal
diols, and this section is devoted to the determinetion of the mechanisnm
and apecificity of same of these transforiations in natural systems.

The biological cleavage cf 1,2 epoxides to give vic diols is an enzyme
catalysed hydration type of mechanism, and this type of mechanism is also
invelved in the formation ofmono-hydroxy acids from unsaturated fatty acids.
Probably the firet example of this type of naturally occurring hydration
reaction in fatty zecid chemistry was that discovered in & strain of
Pseudomonas (IFL 2992). This bacterium was found to hydrate oleic acid,
in 1% yield, to 10-hydroxystearic acid(14A). [he absolute configuration
of the hydroxyl group in the »roduct was moved by bchroepfer and Bloch (31).
to be D, and it was later demnonstrated tha£ the overall hydration occurred
by trans addition of the elements of water across the double bond (145).

The stereochemistry of this addition was proved by utilising the iknown
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stereochemistyy of desaturation of stearic acid to oleic acid in

Corynebacterium diotherise. This orgenism was known to remove the D-9

end D-10 hydrogen stons from stearic acid to nroduce oleic acid.

The hycration of oleic acid by the pseudanonad was carried out in
deuterated water, to yield 10-hydroxystearic acid containing one atam
of co-valently bound deuterium at the C-9 position. Removal of the
‘hydroxyl grour by methods which did not affect the deuteriwn atom lef't
deuterated stearic acid., The deuterium atom at the C-9 position was

retained on decaturation of this stearic acid by Corynebacterium

diphtheriase and must, therefore, have been in the L configuration. Thus
the overall stereochemistyry of the hydration had been determined.

These findings are consistent with a mechanism involving stereo-
specific traus addition of the elements of water to the double bond,
analagous to the hydration of fumaric acid by the enzyme fumerase (71).
The same pseudomonad enzyme system which hydrates oleic acid to D=-10-
hydroxystearic acid also catalyses the conversion of el ther 10-hydroxy-
stearic or oleic zcid to trans-l0-cctadecenoic acid (146).

The specificity of this reaction was investigated with a number of
hydroxy stearic acids, ranging from 5-hydroxystearic to 15-hydroxystearic
acid. Only the 10-hydroxy isomer wes a substrate for the enzyme (147).
The enzyme also catalyzed the convursien of palumitoleic to D-10-hydroxy-
palmitic acid{i46; linoleic scid to D-10-hydroxy-cis-12-cctedecenoic
acid{l48); and the stereospecific hydration of 9,10-enmoxystearic acids to
vic diols, The transformation of evpoxy acids to vic diols will be
discussed in more detail later,

A gimiler hydrotase enzyme systen in a different species of
Pseudomonas was investigated by Jallen et al(149). They found ‘that the
9,10 double bondsin linoleic, linolenic, and ricinoleic acids were all
hydrated, and thut the incouing hydroxyl group had assumsd the D config-

uration in ezch case. The enzyme system showed an unusual specificity
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for \J-unsaturated acids, it failed to hydrate 9-decenoic,12,13-epoxy-,
or 12-keto-cis-9-octadecencic acids, or sterculic acid, These results
suggested that an alkyl chain on both sides of the double bond was
essential bhefore hydretion occcurred snd that these chains wuet have a
cis relotionship to each other,

siicinoleic acid D-12-hydroxyoleic acid isthe major comoonent of the

seed oil of the castor »lant (Ricinus communis); it is also found in

ergot oil extiacted fram the sclercotia of the fungus Clavicens purourea.

Ricinoleic azcid is interesting in. that it is blosynthesised by two
different oatlways in these diffcrent orgenisms - one of these patlways
pay involve o hydration mechanism,

In the immature sclerotia of Claviceps iscolated from infected rye
plants, oleic acid is desaturated under aercbic conditions, but no
ricinoleate is formed, either in the presence or absence of oxygen (15C).
tiowever, linoleic acid is -onveorted 1o ricinoleic acid, the efficiency
of the conversion being iuproved under anaercbic conditions. These
results suggest that the wmechanism is a specific hydration of linoleate to
12-hvdroxyoleate, anslogous to the oleate to 10-hydroxystearate conversions
in pseudomonads. However, ergot oil, whose fatty acids mey contain up
to 4455 of ricinoleic acid, contains no free hydroxyl grouns; the hydroxy
acid is esterified to glycerol through its carboxyl grous and to an unsub-
stituted fatty acid through the C-12-hydroxyl group., This structure led
to the suggestion (151) that the biosynthesis of ricinoleic acid msy not
involve the direct hydration of the 12,13-double tond of linoleic acid
- with the formation of a free hydroxyl group; but that linoleic acigd,
either free or as a glyceride, reacts with a straight chain fatty acid
by an addition across the 12,13-double bond, in which a oroton becomes

attached to the 13-position and an acyloxy anion to the 12-position.
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The other pathway, occurring in the castor besn, does not invcolve a
hydration mechanism. The ricinoleic acid in this systen is formed by
direct hydroxylation of oleic acid, in a reaction requiring molecular
oxygen and NADPH as cofactors {(152). The stereochemistry of this hydroxy-
lation has been investigated with D= and L—ﬁ-u*c s 12—-3H]_7 oleic eacid,
end 1t wes found that the tritium in the D-configuration wes lost,
whereas that in the L-confipuration was retained, demonstr#ting retention
of configuration at the 12 position during biosynthesis (153.

Howling et al (154) investigated the substrate specificity of the
hvdroxylase system in cestor besn., Their results suggested that two
hydroxylases exist, one recognising moncenocic acids with a double bond
at position 9 with respect to the carboxyl growp ( /Y), and the other
recognising acids with a double bond at position 9 with respect to the
metayl group (n-~9).

Having considered the olefinic hydration nathways found in a number
of natural systens, attention can now be focussed an the analogous epoxide
hydration enzymnes which occur in plant, séed, bacterial, snd fungol spare
syctams.

An epoxide hydration reaction has been luplicated in the bhiosynthesis
of the polyhydroxy acids of cutin, Cutin is the inscluble component of
plant cuticle, and consisis of cross-esterified poiymerized {atty acids.
Hydrolysis of this insoluble polyner gives mainly a mixture of threo-
9,10,18-trihydroxystezric, 10,18-dihyiroxystearic and 10,16-dihydroxy-
palmitic acids. The insoluble residue after base hydrolysis can be
further cleaved with sodiun iodide indicating peroxide linkages, end
treatment with hydroiocdic acid indicates some ether bonds in the polymer,
Epoxy acids also occur in cuting 18-hydroxy-9,10-epoxystearic acid has
been found as a wmajor component of the cutin of grepe, apple, peach and
pear fruits (159, but tlis acid seems to occur only in cutin and is the

only source of hydroxyepoxy fatty acids rejorted in nature.
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Kolattukudy et a1 have Investigated the blosynthesis of epoxy and
rolyhydroxy acids in cutin. They found that oleate was repidly incor-
porated into cutin in the fruit skin slices of apple and grepe, and that
this acid was converted to 18-hydroxy-9,10~epoxystesxric acid. This result
and the finding that epoxy acids always occurred in cutin containing
9,10,18-trihydroxzystearic acid led to the suggestion that the vic diol
grouping in the trihydroxy acid wes formed by hydration of the epoxide
ring of 18-iiydroxy-9,l0~epoxystecric acid (156). Subsequent experiments
showed that radiolsbelled 18-hydroxy~9,l0-epoxystearic acid was converted
tv 9 ,m,18-trirwdroxy5tearic acid in apple skin slices, indicating the
presence of an epoxide hydratasein this tissue (155). Thus the conversion
of oleic acid to trihydroxy acidsin cutin occuras by sequential W-hydiroxy-
lation, epoxidetion and hydration.

A similar reaction sequence starting fron linoleie acid could give
rise to the 18-hydroxy-9,iU-epoxyoctadecencic and 18-hydroxy-9,10-
dihydroxyoctadecancic acids found in apple cutin. In accordance with
this hypothesis, labelled linocleic acid has been shown to be incorporated
into these acids in apple skin slices (155. Only. the /).7-bond of
linoleic acid is epoxidized, the [\l®-bond is unaffected, illustrating
the specificity of the epoxidizing enzyme.

Returning to the hydratase enzyme from a pseudomonsd, which catalyzes
not only the stereospecific hydration of the double bond of a nurber of
cis~-9-olefinic fatty acids, but also the hydration of both cis- and trans-

9,10-enoxystearic acid (159,160). These epoxide cleavage reactions were
shown to be completely stereospecific (160), as regards both substrate

and produoct, Moreover, studies of the hydration reaction in H2180 showed
thot these reactions proceeded with stereospecific incorporation of the
oxygen of water at carbon 10, in a similarmanner to the hydration of

oleic acid by the same enzyme system. This finding, and the cbservation
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that olefin hydrating and epoxide hydrating activity showed a parallel
thermolebility, led to the suggestion that the two acitivites may reside
in a single protein species, :

What could not be deduced from this work wes the absolute config-
uration of elither of the dihydroxy products or of the epoxy acids
remaining after the hydration reactions. However, ‘l‘;he worked outlined
in Section 2 has now resolved this problem and sgbaclute configurations
cen be assigned to both epoxide substrates and dihydroxy products. These
configurational assignments will be discussed in more detail later,

A similer epoxide hydrating enzyme occurs in the spores of a wide

variety of plant rusts., Puccina graminis uredospores contain up to

30% (-)ois-9,10-epoxystesric acid (61) end this epoxide is known to hove
the I, canfiguration (07). Incubation of the spores in water leads to
almost congalete hydration of the epoxy acid to (+)-threo-9,10-dihydroxy-
stearic acid., This enzym= is activated in the early stages of germination
of plant rust spores (62,163} and it has been suggested that the enzymic
hydration of the epoxy acid is the first step in the formation of pelargon-
aldchyde, which is known tostimulate germination of spores. Now, the
epoxy acid substrate and the dihydroxy acid product o this enzymlc
hydration have been shown to have the L-9, L-10- (07) and L~9, D-10-
canfigurations respectively. Therefore, assuming a normal mechanism for
epodide ring opening, this hydration must proceed by hydroxyl attack at
the 10 position with inversion, similar to the Pseudomonsd system. The
work reported here has verified this sssamption by incubation of Puccinia
spores in Hy18D and location of the 180 in the product by mess spectro-
netry,

Hydration of epoxides to vic diols has &dlso been demonstrated in a
liver microsome system from several different animals (64). This enzymic

hydration is probablyakey step in the metsbolisic and detoxification of
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aromatic and olefinic compounds in higher orgenisms. The epoxide
hydretase present in liver homogenates converis a veriety of epoxides
including cyclohexene oxide (6%5), indene oxide {165,166), chlordene
oxide (57), stilbene oxide (148), styrene oxide {165), steroidal epoxides
(169,170) and arene oxides such asbenzene oxide (165) and naphthalene -
oxide (64) to diols. The seme system also converts oleic acid to threo-
9,10-dihydroxystearic acid in the presence of NADFH end oxygen (L71).
Apart from the epoxide hydretion systems found in animal liver
preparations, i'tl. seems that the enzymes= which hydrate douvble honds and
mpoxide rings, possess a fairly rigid specificity. Thus the hydration
' system in pseudomonads seems only to hydrate fatty acids containing a
[_\? double bond and a free carboxylic acid group, and the hydration of
9,10~epoxy- and cis-9-clefinic fatty acids involves sttack by water or
hydroxide ion at the C-10 position exclusively. This positional
specificity for the intrcluction of a hydroxyl group into either oleigs,
linoleic or cis~ end trans-9,l0-epoxystearic acids by the pseudomonas
enzyme, the preclse stereochemical requirement of the enzyme system with
reuxd to precursor, and the stereospecificity of the products suggests
a specific molecular interaction between the substrate and enzyme surface,.

Verncnia anthelmintica seeds contain a high prosortion of cis-

12,13-epoxycleic acid occurring in the seed oil as triglyceride, end this
epoxide is known to have the D-cenfiguration (100,107), When Vernonis
seeds are crushed and moistened, the epoxy acid is hydrolysed by the
glyceride end hydrated to dextrorotatory threo-12,13-dihydroxycleic acid
(157,158) which has been shown to have the L-12, D-13 configuration (128.
If it is assumed that the enzymic hydration occurs by a similar mechanism
to chemicel hydration, and there is no reason to suppose this is not the
case, then it can be nredicted that attack by water or hydroxyl ion

occurs at the 12-nosition from the rear of the epoxide .ing end that the
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oxygen of the 13-hydroxyl group is that of the originsl epoxide, This
prediction can now be tested by incubation of erushed Vemonia seeds in
the resence of HplB0, Tsolation of the threo-dihydroxy mroduct snd
localization of the position of the added hydroxyl group by mass spectro-

180

metry should show, if the above prediction is correct, that the
isotope is enriched exclusively at the 12-position.
As the hydration of D-¢is-12,13=-epoxyoleic acid in crushed

moistened seeds of Vernonia santhelmintica shows a remarksble stereospec-

ificity, only threo-12-L, 13-D-dihydro:gyoleic acid being produced, it
was relevant to ask whether the Vernonia enzyms systein showed a precise
positionai specificity, and what struclaral features must be posse.nsed
by the epoxy acid in order for it to be a substrate for the epoxide
hydratase. The work reported here has been in investigatian of the
specificity of the epoxide cleavage enzyme in Vernonia seeds.

The nsatursl substrate for the Vernonia hydratase enzyme, D-cig-~
12,13-enoxyoleic acid, contains seversl features that the hydratase could
"recognise™, nemely a carboxyl growp, a cis-9 double bond, a gis-12,13-
epoxide ring, and a terminal methyl group, It is possible that an
epoxy fatty acid may need to contain one ur more of these features at
specific positions within the chain before it is an effective substrate
for the enzyme system. Alternatively, it 1z conceiveble that the enzyme
system has very little specificity and will hydrate a wide variety of
epoxXy compounds in a similar manner teo the liver microscume system.

In order to investigate the structural features needed for an epoxy
acid to be a substrate for the Vernonia hydratase enzyme, it was necesséry
to prepars a series of racemic, positionally and geometrically isomeric,
epoxy acids and some of their derivetives. Epoxy acids areiusually
mrepared from the corresponding olefinic. #cid by direct epoxidation with
peracids, or from vicinal dihydroxy acids via the bromhydrins. In this
work, mostof the epoxides were prepared from the corresponding clefins by
epoxidation with peracid, e&s in most cases the.olefins. were easily

obtainable,
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RESULTS AND DISCUSSION

The work described in the previous section has determined the shsolute
sterecochemistry of a range of epoxy and dihydroxy fatty acids, this
knowledge ellows the prediction of the stereochemnlistry and mechanism of a
range of epoxide and olefinie enzymic hydration reactions.

I) Pseuwdomonas hydratase

The lirst of these rsactions discussed here is the hydration of cis-
and trans-9,1C-epoxystearic acids to threo- end eryzhro-g,lo-dilwdroxy-
stearic acids, respectively, catalyzed by a pseudomonad enzyme preparation,

Niehaus snd Schroepfer {160,151) have shown that these hydrations are
comletely stereosnecific, Thus racemic cis-9,10-epoxystearic acid is
converted to a mixture of ojtically rctive threo-9,10-@ihydroxystearic acid
and residual, optically active cis-epoxystearic acid in approximately equal
emownts, Similarly, r-a.cémic Xrans-9,10-epoxystearic acid geve a mixture
of ecual amounts of optically active erythro-9,10-dihydrorxystearic acid
and optically active trans-9,l0-eroxystearic acid. What Niehaus and
Schroepfer did not know however, was the sbsolute configuration of either
the dihydroxy acid product or the epoxy acid remaining after the enzymic
hydration reactions. . The work in the previous section hes now resolved
these problems and the configurations of the dihydroxj, and epoxy products,
end therefore of the substrates, are now known.

The specific optical rotations of the dihydroxy end epoxy esters
produced by methylation of the incubation products of recemic cis and
4rans-9,10-epoxystearic acid with the pseudomonad enzyme system along
with those of the corresponding compounds characterized in the previous

section are shown in Table 1,
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Lo F
Compound {source) (c5solvent)
Methyl threo-9,10-dihydroxystearate + 20.8
(pseudomonsd incubatic;n‘xsv (1.78;)e0H)
Kethyl cis-9,10-epoxystearate - 0,20
(pseudomonad incubation) (2.4.9;14e0H)
lethyl D-9, L-10-dihydroxystearate -20.6
(0.15;1ieCH)
Methyl L-9, L-10-epoxystearate + 0.3
(Xeranthemurm ennuum (IuieOH)
Kethyl erythro-9,l10-dihydroxystearate + 0.35
(pseudamonad incubation) (0.62;1e0H)
Methyl trans-9,l0-epoxystearate - 4.38
(psevdamonad incubation) (0.96;MeOH)
Methyl D-9, D-10~-dihydroxystearate = 0,12
(castor nil) (1.1;Me0H)
Methyl L-9, D-10-epoxystearate + 15.0
(1. 3;1ie0H)

Table 1. Specific Hotations of Enzymlcally produced Dihydroxy and
Epoxy Esters (160)

Considering first the products from the incubation of c¢is9,10-epuxy-
stearic acid with the pseudomonad enzyme system, it cen be seen that the
Shreo-dihydroxy acid is the enantiomer of that characterized in the previas
section and must, therefore, have the L-9, D-10 configuration., The remein-
ing cis-9,10~-epoxide is dextrorotatory and is enantiomeric to that
characterized by Fowell et al (107) and therefore has the 9-D, 10-D
configuration. As this remaining epoxide is predominently of the D
configuration, the enzymically reactive.isomer must have been the L-9,

L~10--cpoxystearic acid.



Asguming that enzymic cleavage of the eis epoxide cccurs in a similar
manner to chemical cleavage, that is by rearside nucleophilic attack with
inversion of configuration azbcout one of the carbon atams of the oxlrane
ring and retention of configuration at the other carbon, it can be pre=-
dicted from the results that the enzymic cleavage of L-cis-9,10-epoxy-
stearic acid occurs by attack of water, or OH ~ ion, at the 10-position.
This is indeed the case, as has been demonstrated by performing the incu-
bations in 180-enriched water and showing that the oxygen from water
beceme attéched exclusively to the 10-position (1456).

A sinmilar argument can be applied teo the hydration of trens-9,10-
epoxystearic acid, In this case, the L-9,D-10~epoxystearic acid is
cleaved by the enzyme to yield L-9, L-lO-dihydroxystearic‘ acid, the
remaining epoxide in this csse being the D=9, L+10 isomer., These stereo-

chemical conclusions are summarized in 3Scheme 1.

Rl B B R r* E B
\\ // \‘\ . : \ )’
c ¢ H -C-H ¢
s
cis 0\] + | ™o Ho0 } + 1\/0
G i S H-C-0H g
AN / . pseudomonad : VAR
K H R H 'R
LL DD 1D D
1
R= CH3(GH2)7 R+ = HO20(CH2)7 )
Rl e H\ R g " yl
' S
e o HO -C=H o
trans 0| + |0 I e | >0
c C HO —  w-¢c-H G
S\ /- - pseudomonsd * ; 2
HE R R H R R H
1D L IL DL,

Scheme 1., Summary of the action of the pseudocmonad hydratase on

racemic cis~ and trans-9,10-epoxystearic acid.
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It could be argued that the configurational conclusions reached in
Section 2 were not reached directly, but rely on the more general conclusion
that in sll oxidation pairs having a 1,3 diol system at position 10 and 12
the higher melting iscmer has a trans-10,12 diol configuration, end that
therefore there could be a slight residual doubt as to the validity of the
configurational assignments,

The correlation between the prediction of the position of attack of
water opr OH  ion, based on the conclusion reached in Section 2, and that
proved by' incubations with H31%0 support the stereochemical assignments
reached earlier, and helps dispel this doubt.

Now that the absolute stereochemistry of precursors and products of
the Pssudomonas hydratase enzyme are Iaio*m, it is poassible to predict the
relevant features and mechanis.a of action of this enzyme in the hy@ration
of the two epoxy acids; cis-9,l0-epoxystearic and trans-9,10-epoxysteeric
acids, and of oleic acid. Ths proposed mechamism is outlined in Scheme 2.
No activation of the carboxyl group of the substrite seems to be required for
these hydrations and the enzyme is specifiic for the 9,10 position. Therefore,
the first step eppears to be attachment of the substrate carboxyl group,
in some way, to the enzyme at a site designated as X. The active site mst
be an electrophilic graup, designated as ~YH', at a distance from the
point of sttachment of the carboxyl group (X) so as to place it in the
enzyme substrate complex between the 9- and 10-positions of the substrate,
but probably closer to the 9-position. The first reaction step is
electrophilic attack from the L side of the acyl chain to give the con-
Jugate acid of the epoxide groups. This sttack must be promoted by close
and specific essoclation between the substrate and the enzyme surface,

The hydration reaction is then completed by back side nucleophilic attack,
at the 10-positlon either by OH = ion to give the product directly or by
water followed by loss of a proton, to give the two products with the

correct stereochenmistry,
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Schematic representation of the mechanism of hydration

of cis-9,10-epoxystearic acid (i), trans-9,10-

epoxystearic acid (ii) by the pseudomonad hyiratase

system,



II) Puccinia Hydratase

The next epoxide cleavage enzyme to be considered is that which
occurs in the spores of a number of plent rusts. Tulloch (172,173) has

shown that in the spores of Puccinia graminis and several cother plant

rusts there is an enzyme system which, on incubation of the spores in
water, hydrates the endogenous (-)-cis-9,10-epoxystearic acid to (+)-
threo-9,10-dihydroxystearic acid, The epoxy scid substrate of this
reaction has been proved to have the L-configuration (I07), and the work
reported in the previcus section has proved that the absolute configuration
of the dihydrcxy acid product is L-9, D-10. Therefore, assuming normal
opening of the epoxide ring, the enzymic hydration must cccur by hydrexyl
attack at the 10-position, with inversion of configuration at thet pcsition.
In order to verify this prediction and prove that attack by hydroxyl ion,
or water, occurs exclusively at the 10-position, studles of the enzymic
hydration in water enrirhed with 190 were undertaken,

In ordexr to locate the 180 which may be incorporated into the molecule
during the incubation, a sensitive assay is required, which will distinguish
between the oxygen atoms at C-9 and C-10 of 9,10-dihydroxystearic acid.
Methyl 9,10-dihydroxystearate does not give a significant molecular ion
on electron impact {174). However, the mass spectrum of this compound
shcws & major peak at m/e 187 corresponding to cleavage of the C9-C10 7
bond in the molcoule, and this ion could be used to give a measure of the

By

180 on the 9-position. Measurement of the combined incorporation of
into positions 9 and 10 of the molecule can be performed by analysis of
the mass spectrm of the isopropylidene derivative of the molecule ( 134).
This, enalysis of the isotopic sbundance of 1‘80 in the mass spectrum of
methyl 9,10-dihydroxystearate and its iscpropylidene derivative would
permit en estimation of the 180 content at positions 9 and 10. A more

convenient assay, however, and the one used in this work, is the measure-

ment of the mass spectrun of the trimethylisilyl (iMS) ether derivative
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of the _v.}_g-diol. leaction of a vicinal dihydroxy acid with hexamethyl-
disilazane ylelds a di-TMS ether. The mass spectrum of this product
shows two ebundant ions (I and II in Scheme 3) which represent cleavage
between the substituted carbon atass. The formation of I involves the
migretion of the C-9 TS group to the ester group followed by collapse of
the resultant oxygen radicle as shown (175). Thus this method has the
sdvantage that it gives a direct measure of the enrichment of 180 at both

the C«9 and C=10 positions from a single derdvative.

LS

+. N | .

0 0 +ﬁTMS 0

| { |
CH50C “(Cﬁz)'f'm - C{H(CHZ)-?CH3—-——‘; m300(0H2)7 - CH - (iH(CHz)-’CH;

OTMS oTHS
+ﬁTM.‘>

ﬁH(CHZ)?CHB CH;OC(CIiQ)7CII =0

+0T3

II m/e 215 I n/e 259

Scheme 3.

The incubations of the Puccinia spores with HleO were performed in a
small test tube equipped with a glass rod, fitted through a rubber seal
at the mouth of the tube. This arrengement was necesszary because of the
euall amownts of Hyl80 used in each incubation, and the fact that in order
to "wet" the spores, and release the hydratase enzyme, it wes necessery
to grind the spores in the presence of waler. The incubations were
performed at 25°C for twenty-four hours.

After the twenty-four hours, the lipids were extrzcted fram the
incubation mixture by shaking together the spores and Ballotini (1.5-2.5mm)

in chlorecform and methanol for several hours, It was found necessary to
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disxrupt the spores in this wey in order to obtain complete extraction of
the 1ipid. The lipid extract was directly methylated with diazomethane

and the threo dihydroxy ester produced by enzymic cleavage of the endogenous
cis evoxide was isolated by TLC.

The cis-9,10-epoxystearic acid in Puccinia spores occwrs mainly
esterified as triglycerides, whereas the dihydroxy product of enzymic
hydration is a free acid; the hydrolysis of the epoxide to the free acid
form is regquired before the cleavage of the oxirsne ring occurs., During
the incubation of Puccinia spores with H,'00, this preliminary hydrolysis,
of courss, would result in the incorporation of 180 into the carboxyl
group of the dihydroxy acid product. As the measurement of the amount
of 180 incorporated into the C«9 position of the dihydroxy acid is performed
on an ion (I in 3cheme 3) which contains the carbomethoxy grous, then any
enrichment of 180 into this latter group will give a result which incdicates
epparent incorporation into the C.+§ position. This difficulty was overcome
by treatment of the dihydroxy acid successively with methanolic sodium
methoxide a.tnd aqueous hydrochloric acid in methenol, which results in the
exchenge of the oxygen atouws of the carbomethoxy group but not the oxygen
atoms of the vicinal diocl growing, After the diol hed been treated in
the above manner, it was converted to the di-TiS ether and subjected to

mess spectrometry, the results of which are shown below.,

! - : ?
. Enrichuent of 180 (atom %) on positions !
i Erperiment Number i i
! (Puccinia strain muber) co C10
Pl (EB6L/37) 5.6 26.5
P2 (ré0) i 7.4 21,1 ‘
P3 (PB58/14) 1.0 28.5

Isotopic enrichment of water 190 = 40.5 atom s

hass spectral analysis of isotopic composition of lBO-—label}gi threo-

9,10-dihydroxyztearate obtained from incubation of Fuccinia spores

with Hy00
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In these results cbtained by mass spectral malysis of the purified
di-T¥S ether derivative of methyl threo-9,10-dihydroxystearate, an
8

enrichment of 1 0 on the C-10 position is indiceated, the C~9 position

containing a much smaller amount of 180. This is in keeping with the
results expectéd . for a mechemism of epoxide cleavage which involves
nucleophilic attack by OH = ion or water at the C~10 position of cis-
9,10~epoxyustearic acid with inversion szbout that position, which is in
direct agreement with the mechanism proposed earlier on the basis of the
configurational assignments.

The presence of 5,67 and 7.4 of 180 on the C-9 pesition of the
Aihydroxy acid produced in the experiments with strains PB61/37 and ré0
is not considered to indicate a lack of specificity of the enzymic
hydration but rather a lack of complete eichange of the lsbelled oxygen
atoms in the carbomethoxy function. Indeed when the period of the exchange
reaction on the product from sirain FB59/54 was increased, a rmch lower
result for the incorparation of 180 onto the C-9 position was obtained.

It therefore appears from these results that Puccinia spores contain
an :=nzyme system similar to that found in Psewdomonas, and although the
Puccinia system has not been so thoroughly investigated, it can be
suggested that a similar mechanism as thet proposed in Scheme 2 for the
Pseudomonas system is operating in this case. It is also likely that
the biosynthesis of (+}-m9,10-dﬂwérwysteuic acid in Claviceps
sulcata sclerotia occurs by the same mechanisnm, narticularly as traces
of ¢is-9,10-enoxystearic acid has been found to occur along with the vic

diol in two Claviceps species (123).

II1) Vernonia Hydratase

e

The third epoxide hydratase enzyme to be discussed here is that found

in Vernonia anthelmintica seeds, On incubation of crushed Vernonia seeds

under moist conditions, the epoxy acid hydreting enzywme cleaves the
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endogenous (+)-vernclic scid to give cptically pure (+)-threo-12,13-
dihydroxyoleic acid (157,158). The absolute configuration of the endogenous
epoxy acid has been established as D-eis-12,13-epoxycleic acid (100), and
the absolute configuration of the viecinal dihydroxy acid »nroduct of this
enzymic hydration has been shown to he L-12, D-13-dihydroxyoleic acid

(128),

FProm the knowledge of these two configurations it had been predicted
(100) that the enzymic hydration of vernolic acid occurs by attack by
water at the 12-position with inversion at this position. This prediction
has now been verified by incubation of crushed Vernonia seeds in H2180 ’
and location of tfle 180 in the dihydrosy acid product, in an identical
manner to that used for the Puccinia system.

18 ‘

Vernonia anthelmintica seeds were crushed, moistened with Hy" 0 and

incubated under nitrogen in tightly stoppered glass vials for three days,
At the end of the incubsation period, the dihydroxy acid product was
isolated, subjected to the carboxyl oxygen exchange reaction, and con-
verted to the di-TliS ether in a similar manner to that described
previcusly. The product was analysed by mass spectroscopy, and the

results are shown in Table 2.

[}

Enrichment of 180 (atom %) an position |

Experiment Nunber ' 12 ' C13 ;
: |

i

V1 | L2 3.0 !

! !

V2 g 33.1 0.6 j

Isotopic enrichment of water 180 = 40,5 atom %

Table 2. Mass spectral enalysis of isctopic composition of 18;..

labelled threo-12,13~dihydroxyoleate cbtained from

incubation of Verncnia seeds with H2180.
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The results show that the 18

O from water is incorporated almost
exclusively into the C-12 position of threo-12,13-dihydroxy oleic acid.
The C-13 position shows essentially no incorporation,

18

The value of 42,45 of ~ 0 on the C-12 vosition of the vic~diol

in experiment V1 is, in fact, higher than the isotopic enrichment of 18O
in the labelled water used in the experiment. This is alwost certainly
due to the presence of 180 in the carbomethoxy group of the dihydroxy
product, this 180 being incorperated during the hydrolysis of the
vernolic acid from triglyceride prior to the epoxide cleavage. ‘/hen more
drastic exchanpge conditions were used in experiment V2, the enrichment
dropped to a lower value.

These resulfs show that the site of hydroxyl attack during the
énzymic hydration of cis=-12,13-epoxyoleic acid must be at the C-12 position
and the known configuration of beth precursor and product show that this
attack must take place from the L side of the chain, This is in direct
agreement with the prediction as to the site of attack based on the stereo-
chemical knowledge and confirms the earlier predictions of llorris and
vharry (100).

For such a highly specific reaction to take place, some rigidity
must be introduced into the polymethylene chain by its interaction with
the enzyme, at least in the vicinity qf__ the epoxide ring. This rigidity
could be brought gbout by a direct attachment or by a s~ecific ﬁon- “
covalent association of the substrate to the enzyme, and it is, therefore,
relevant to ask what features the substrate must possess in order to become
attached or closely associated with the enzyue. As ocutlined earlier, the
natural substrate contains several different chemical features that could
be "recognised" by the enzyme system; namely a carboxy group, a double
bond, an epoxide ring, polymethylene chains and a terminal methyl group;
or it could be that a molecule needs one or more of these features before

it will be utilized as a substrate for the hydratase reaction.
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Some possible ways in which the enzyme could "recognise" the epéxy
acid substrate are outlined below, In these hypotheses it is assumed
that the active site is an electrophilic group which becomes attached to
the oxygen atom of the oxirane ring, to form the conjugate acid, end that
this is followed by attack of hydroxyl ion or water on the epoxide to
yield the vic diol.

The possibilities are:-

1. Aligmﬁent of the carboxyl group at a fixed point, thus bringing
the active site on the enzyme to a fixed distance along the chain from
the carboxyl grou.

2, PRecognition of the terminal methyl group and alignment of the
active centre at a fixed distance along the chain, with respect to this
methyl grouws

3. 4lignwent of the active centre with respect to both the terminal
methyl grous and the carboxyl group (i.e. only a specific chain length
epoxy scid would be attached).

4o Alignment of the 5&9 double bond alone with a fixed point on the
enzyne bringing the active centre to a fixed position with respect to this
double bond.

5. lecognition of both the double bond and terminal methyl group
‘and raligmnex}t of the active site with respect to both.

6. Alignuent of the active site with resPe;:t to both the carboxyl
group and double bond.

There is also the possibility that the enzyme may have one of the
substrate recognition patterns as outlined ebove but within this may also
have a specificity for cis epoxides. As the natural subutrate for the
enzyme systen is enantiomeric, i.e. D-¢is-12,l3-enoxyoleic acid, it secems
likely that only one enantiomer of a racemic epoxide would be utilized
as a substrate for the hydratase, in a similar fashion to the systenm

isolated from Pseudomonas.
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The validity of these hypotheses was tested by incubsntion of a
series of epoxy acids with the Vermnania hydratase system. As mentioned
earlier, Vernonia seeds contain a lurge pronortion of cis-12,l3-epoxyoleic
acid and this endogenous acid would be hydrated during any incubation
attempted with the seed systen, and could make interpretation of results
difficult. It is possible, however, to overcome this difficulty in two
ways; either by using radioisotovically labelled substrate, or by freeing
the enzyme system of endogenous linid. In this work, the latter method
was chosen as “cold" substrates could tﬁen be used, These are prepared
more easily than the corresponding labelled substrates, and can be used
in greater quantities, which was an advantage when specific optical rotat-
ions were to be measured.

In order to free the enzyme system from endogenous lipid, an acetone
powder of the Vernonia seeds was prevered. This was achieved by homo-
genisation of the seeds in a large volume of acetone at -8°C, The
resultant powder was filtered off and washed with cold acetone until no
further lipid could Ye removed. After drying the powder under vacuuwn, it
was checked for enzyme activity by incubation of a small amount of the
powder with the natural substrate, D-12,13-epoxyoleic acid in Pris-HCl
buffer at pl: 8.0, The product was ontically pure threo-12,13-dihydroxy-
oleic acid in quantitative yield, indicating that the activity of the
hydratase enzyme is not destroyed during the prepzration of the acetone “
powder, Control experiments with boiled enzyme preparations showed no
activity. Following the preparation of the ucetone povder, atteapts were
made to solubilise the enzyme system, The acetone powder was stirred
gently at 4°C for two howrs in Tris-HCl buffer at pH 8.0, and centrifugation
of the resulting suspension st 105,000 x g gave a clear pale brown sclution.
Both the supernatant and the nellet showed enzyme acitivity when incubated
with vernolic acid, However, the majority of the .ctivity was in the
supernatent fraction and this "soluble" enzyme preparation was used as a
source of enzyme for the subsequent studies.
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(a) Synthesis of Precursors for Investigation of Tnzyme Specifiéity

In order to investigate the specificity of the Vernonia hydrataée
enzyme, and the spatial enviromment of the substrate molecule in combin-
ation with the hydratase enzyme, a series of enoxy acids and their
derivatives were required as precursors for incubations,

Lpoxy acids are readily prepared by reaction of the corresponding
olefin with peracid, the reuction proceeding by stereocspecific cis
addition of oxygen, cis olefins yielding cis epoxides, and trans olefins
giving the corresponding trans product, Of the epoxides used in the
investigations described here, some were prepared from the correspcnding
monoenes by reaction with meta-chloroperbenzoic acid in benzene and many
were the gift of Prof, I'. D. Gunstone, OSome of the moncenoic fatty acid
precursors were aveilable in at least the cis configuration, and the
trans eci@s could be prepared from these by elaidanization with the
oxides of nitrogen. Both the epoxidation and elaidanization reactions
have been discussed in more detail earlier (Section 1).

The range of epoxy scids used in the investigation of the specificity
of the Verncnia hydratase enszyme can be srranged into three major grouss
denending won their structure, and these are shovn in Table 3,

The first grouw, with one exception, was comprised of saturated
straight chain epoxy ac_:'.ds with 18 carbon atoms and a mid-chain epoxy

group in both the c¢cis and trans configurations. It could be argued that,

as the natural substrate for the enzyme systen contains a cis i}g double
bond, then any artificial substrates used to investigate the specificity
of the systen should also contain this double bond, lowever, preliminary
incubations with the soluble enzyme system had shown thet D-cisg-12,13-
epoxystearic acid, prenered by reduction of vernolic 2cid, acted very
effectively as.a substrate for the enzyne and therefore the use of
saturated enoxy scids to investigate the snecificity of the enzyme system

wos thought verwissible,
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Groun I Iixed chain length variable eis-9,10-enoxy 18:0
epoxide position trans-9,10-epoxy 18:0

cis-10,11-epoxy 18:0
trans-10,11-epoxy 18:0

£is-11,12-epoxy 18:0
trans-11,12-epoxy 18:0

cis-12,13-epoxy 18:0
trans-12,13-enoxy 18:0

eis-12,13-epoxy 18:17

cis~13,~enoxy 18:0
trang-13,14.~epoxy 18:0

cis-14,15-epoxy 18:0
trans-14 ,15-eroxy 18:0

Group IT Variable chain length variable cis-4,5-evoxy 10:0
epoxide position trans k. ,5-epoxy 10:0

cig~-6,7-epoxy 12:0
trans-6,7~evoxy 12:0

10,11-epoxy 11:0
11,12-epoxy 12:0
12,13~epoxy 13:0
¢is=10,1)l-evoxy 19:0
cis-11,12~epoxy 20:0

trans-13,14-enoxy 22:0
¢is-15,16-epoxy 21:0

Group IIT Variable functional groups methyl trans-11,12-epoxyoctadec-9-
ynoate
cis=-12,13=epoxyoctadecan~l-ol
methyl cis-12,13-epoxy 18:17
l-acetoxy cis~12,1l3~epoxyoctadecane

cis-6,7-enoxyoctadecane

Table 3. Substrate lolecules
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The second group of substrates consisted of a range of saturated
enoxy acids with both variable chain length and variable nosition of the
epoxide ring.

The taird group of potential substrates for the enzyme systen were
compounds in which the carboxyl group had been medified or removed, and
one compound in which the position of the epoxide ring had been changed
and the degree of unsaturation increased.

The cis- and trans- isomers of 10,ll-epoxy-, 13,l4-epoxy-, and
14 ,15-enoxystearic acids were the genercus gift of Prof. '+ D Gunstone,
and cis-l -decencic and cig~6 -dodecenoic acids were obtained from the
Unilever Research Liaboratery, Vlaardingen, Netherlands., Other substirates
vere prenared by methods outlined below. All oroducts were purified by
thin layer chromatography before incubation,

Some of the epoxides uged in this study were prepared by epoxidation
of commercially availsble monoencic esters, thus ¢ig-9,l0~epoxystearic
acid and trans-9,l0-enoxystearic acid were prepured by epoxidation of
methyl oleate and methyl eliadate resnectively, followed by subseguent
hycrolysis. The c¢is- and trans-11,l2-epoxystearic acids were prepared
from cis-vaccenic acid, the cis epoxy acid by epoxidation, the trans
isomer by elaidinization of the cis monoene followed by enoxidation.
Yrans-13,l-%poxy-22:0 was prepared by epoxidation of brassidic acid.

Sevefal of the epoxides were prepéred by chain elongation of a
readily available monoene followed by epoxidation of the product. Thus
£is-10,11~enoxy-19:0 and cis-11,12-epoxy-20:0 were prepared by elongation
of oleic acid by one and two carbon atoms, respectively, followed by
epoxidation of the elongated product. Similerly, 11,12-epoxy-12:0 and
12,13~epoxy-13:0 were prepared by chain extension of comrercially
available ll-undecenocic acid by one and two carbon atoms, followed by

epoxidation.
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The chain extensions were accomplished via the following react.ion

scheme, the example shown being methyl olecte,

LiAlHL,_

CHB(CHZ)TCH = C}I(CH2)70020H5 Eﬁg CH3(0H2)70H = CH(CH2)7CH20H
&1380201/
Pyridine
¥CHN
CHB(CHz)TCH = CH(CH2)701120N — cr:3(0H2)70H = CEI(CH2)7CH203020H3
lHGl/CHJOH
CH5(CH.2)7CH = 011(0112)80020}13

A second passage through this reaction scheme results in extension
of the original molecule by two carbon atoms,.

The resultant elongated monenocic ester was then epoxidized with
Ineta~chloroperbenzoic acid and the epoxide hydrolysed to give the free
acid. Lttempted hydrolysis of methyl 11,12-epoxydodecmoate. resulted
in cleavage of the epoxide ring, even under mild conditions, and
therefore 10,1l-epoxy-11:0, 11,12-epoxy-12:0 and 12,13-eroxy~13:0 were
all incubated with the enzyme system in the form of their methyl esters,
as preliminary experiiments had shown that the Vernonia hydratase systenm
would accept these derivatives, and that a free carboxyl group was not
obligatory. This findiﬁg will be discussed il’-l more detail lé.ter.

Lacemic ¢is-12,13~epoxystearic acid and the related comoounds, nemely
the trans-isomer, ester, alcohol, acetate, and hydrocarbon used in this
study, were all prepared from methyl cis-12 -octadecenoate.l This
moncene was prepared b:,(r:tglegant method of Cornforth et al (176) and seems
worthy of discussion here. Apart from de nove synthesis, there is one
other obvious way of preparing methyl cis-12 =-octadecenocate from

readily available starting methods; that is, by nartial reduction of
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methyl linoleate with hydrazine. However, this method gives a mixture
of the cis-9~ - =nd cis-12 —monoenoic isoners, eand although these cen
be separated by argentation TLC, this method is laborious, especially
for the quantities needed in this study.

The method used here for the preparation of methyl cis-12-
octedecenoate was the stereospecific removal of the oxygen from methyl

D-12,13~epoxystearate, and is shown in Scheue 4.

o} 0

CH(CH)C/\CCHCHCH(CH)COCH—EIEE—I&—-*CH(CH)G C(CHy ) 4 4CO,CH

3 24| I V= 2/7°72 3CH30N/CH3062H 3 2A| I 211023
H H ‘ H H

j:x/maom/
500, H/ it COH
OH H

SnC1,/POCL 3/ CoHeN |
0}13(CH2)ACH=CH(CH2)100020H3{ CH3(CH2)1F(12 - (IJ(CH2)100020H3

H I

Scheme 4, Preparation of ¢ig-12,13~octadecencvate from methyl

vernolate

The D=-12,13 -=epoxystearate was prepared in good yield from D-12,
1l3-enoxyoleate, isolated from Vernonia seeds, by reduction with hydrazine.
This mild procedure was found to reduce the [hgdouble bond without
cleavage of the epoxide ring. The resultant saturated epoxide was
then treated with sodium iodide and sodium acetate in acetic acid
and propionic acid, and the iodohydrin formed in this reaction was
isolated by extraction with ether., The iodohydrin was then added to
a solution of stennous chloride in pyridine, phosphoryl chloride in
pyridine was then added and the reaction was left overnight. After 24
hours the product, methyl ¢is-12 —octzdecenoate, was isolated in
spproximately 6070 yield end nurified by argentation TLC. The reaction

appeared to be completely stereospecific and no trans isomer was detected.
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Bpoxidation of the methyl cis-12 —octadecenoate prepured in this
way afiorded the racemic cis-12,13-epoxy ester, and elaidinization .
followed by epoxidation, gave the trans epoxide, Ileduction of the
monoencic ester with lithium aluminium hydride gave cis-12 =—octadecenol,
which was acetylated. Epoxidation of the alcohol and scetate gave the
cis~12,13~enoxyoctadecanol and l-acetoxy-12,13-epoxyoctadecane used in
these investigations. The ¢is-6,7-epoxyoctadecane used here was
obtained from cis-12 =—octadecenol by reaction with methane sulphonyl-
chloride to give the mesylate, and reduction with lithium aluminium
hydrid.e to yield the olefinic hydrocarbon. Epoxidation then gave the
required »nroduct.
cis-15,16-Epoxy-21:0 was presared by chain elongation of cis-12=
cctadecenoic acid with methyl hydrogen glutarate in a mixed Kolbe counling
reaction, followed by epoxidation of the purified chain extended product.

(v) Incubations

Before the incubations of the various synthetic substrates with
the Vernonia hydratsse enzyme system were performed, it was necessary
to de*ermine the quantity of the soluble enzyme preparation needed to
attain maximun conversion of the highest mass of precursor likely to
be used during the incubations. Two preliminary incubations were
carried out in which D-cis-12,13-epoxycleic acid was incubated with
a standard amount rof”the enrzymé preparatidn in amounts less then and
greater than the quantitics likely to be used in the investigations

with synthetic substrates (see Table 4).

: D-cis-12,13-epoxyoleic acid (mg) Hydration (5%)
I .
3 2 100

j

| 50 100

Table 4. Tffect of mess of substrate on degree of hydration in

hydratase enzyme prepzration
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Clearly the amount of enzyme preparation used here, which was equivalent
to that obtained from 0.5 graa of scetone »ouder, vas not saturated by
the level of added substrate. It was also found thaﬁ the conversion of
added emoxide to yic-diol was complete swrithin three hours, and this time
was used for all subsequent experiments.

Having thus determined conditions for the maximum conversion of
epoxide to vic-diol, a series of incubations using the synthetic substrates
was performed. The sodium salts of the epoxy acids were suspended in water
by sonication, the other epoxy derivatives were also dispersed in water
by sonication. Tach of the substrateswas incubated with the enzyme
preperation for three hours and at the end of this time the incubation
mixture vas adjusted to pHi with dilute ecetic and extracted several
times with ether: In the incubations where free acids were used as
-ubstrate, the products of the incubation were methylated with diazomethane,
The extent of conversion of the epoxide to vie-diol in eczch of the
individual incubations was determined semi~guantitatively by TLC in
suitable solvent systems, and in some incubations the extent of the
reaction was determined by GLC on a non-volar stationary phase by
camarison of pesk aress. Preliminary investigations had shoun that
under the conditions used in this work, epoxyesters and vic-dihydroxy
esters had appr.bximately the same ressonse factors on &.C. The products
of the incubation were then separasted by TLC and the specific optical
rotation of each was measured,

The results from the various incubations are shown in Table 5,



f i . ;
Hydration to ! [0(_751..60 ‘ [ D{J5!4.6 of* i
Precursor ?vic-diol(%) l diol formego remaining epo;cideb ‘

1

' |
GROUF I | i
cis-9,10-epoxy 18:0 0 - -

trans-9,10-enoxy 18:0 0 - -

c18-10,11~epoxy 18:0 50
trans-10,11-epoxy 18:0 100

cis~11,12-epoxy 18:0 ' 50 + 21.0
trans-11,12-epoxy 18:0 100 0

cis-12,13-evoxy 18:0 50 ; + 23.7
trans-12,13~-epoxy 18:0 100 i 0

cis=12,13-epoxy 18: 1? i 50 + 22,0

£is«13,1lk-epoxy 18:0 50 + 15.5 a
trans-13,l-epoxy 18:0 100 a

eis=14,15~epoxy 18:0 50 + 20.0
trans-14 ,15=enoxy 18:0 100 a -

GROUP II :
cis=4,5-epoxy 10:0 50 . = 5,0 a
trans-4..5-epoxy 10:0 - 100 a

cis~6,7-epoxy 12:0 50 + 6.7 a
trans-6,7-enoxy 12:0 100 a -

10,11wepoxy 1110
11l.12-epoxy 12:0
12,1 3=epoxy 13:0

£i8-10,11-epoxy 19:0
cis=11,12=-epoxy 20:0
trans-1%,l-epoxy 22:0
cis-15,16~enoxy 21:0 5

-
-
-
*

(oNoNoNo OoO0COo

+ 17.1 i + 0,80

GROUT IIIX !
ilethyl trans-11,12-enoxy:
~octadec=9=ynoate 5 100
cis=-12,13%~epoxyocta~ i
‘decan-1~0l ’1 50 + 22.7 + 0,88
!

0 -

methyl &is-12,13-enoxy
18:2_19 ;
l-acetoxy-cis-12,13- E
epoxyoctadecane I' 50 P4 24,0 + 0.69

cis-6,7-epoxyoctadecane® 50 + 8.0 | a |
! |

50 + 21.6 - 5.0

a the amount of material was too small for determination of optical
rotations

b specific optical rotations measured on methyl eaters of diol and
epoxide products in Group I and II,. All rotations measured in ethanol.

¢ can be considered as "cis-12,13-epoxyoctadecene”
Table 5. [Lxtent of conversion of synthetic epoxy substrates to diols

by Vernonia hydratase enzyme and specific rotations of the

products



Considering first the compounds classified together as Group I1I,
all of these compounds acted as substrates for the enzyme system, each
of the racemic cis epoxides being hydrolysed in 50 yield, the trens
epoxide being hydrolysed cammletely. All except methyl trans-11,12-
epoxyoctadec-9-ynoate had the epoxide group in the 12,13-position, but
none of them had a terminal carboxyl grouos. Therefore, it can be con-
cluded that a terminal carboxyl group in the molecule is not necessary
for an epoxide to act as a substrate for the Vernonia enzyme systen, and
the hydratase will accept esters, alcohols and hydrocarbons, This fact
shows that there cannot be any covalent bonding between a terminal
carboxyl groun and the enzyme as hes been suggested in the Pseudomonas
‘system, and that some other interaction must bind the substrate molecule
and enzyme together.

During the course of the incubations of methyl esters with the
enzyme preparation, some hydrolysis of the ester group occcurred, pre-
sumebly due to lipase action; however, this was not cbligatory for
hydration, and the majority of the dihydroxy product was still as methyl
ester.

Turning now to the epoxy acids classified together in Group I, it
can be seen that the enzyme system does not show a rigid pesiticnal
specificity and will hydrate any epoxy ecid with a chain length of 18
carbon atoms in which the epoxide ring is in any position between the

C-10 and C-1k4 nositions. It will also hydrate both cis and trans

epoxy acids but unexpectedly the trans isomer is hydrated to a vicinal
dihydroxy acid in 1009 yield, vhereas only half the cis epoxide is
converted to a dihydroxy acid.

As mentioned earlier, it is possible for vicinal dihydroxy acids to
exist in two geometrically isoneric forus; erythro and threo, and there-

fore the dihydroxy products of the incubations could have either of these

_159-



conf'igurations. As the product of hydration of the endogenous substrate,
cis-12,13-epoxyoleic acid is threo-12,13-dihydroxyoleic acid, it was
expected that the products from the synthetic cis emoxides would be
threo dihydroxy acids, and it was considered likely that the products
from the trans epoxides would be the erythro isomers, The threo con-
figurations for the dihydfoxy ecid produced by enzymic hydrolysis of
cis~12,l3~epoxystearic acid was proved by the identity of its methyl
ester to known threo-12,13-dihydroxystearate on Silica Gel G plates
impregnated with 50 boric acid, In the case of the other synthetic
enoxy acid substrates, the product of enzymic hydration of the cis
epoxide always migrated faster on boric acid impregnated Silica Gel G
plates than the corresponding iscmer from the trans epoxide and in no
case was there any indication of both isomers being formed. It cen be
concluded, therefore, that the product of hydration of a cis epoxide
was always a threo dihydroxy acid, the product of a trans epoxide was
always an erythro dihydroxy acid.

Coneidering the results from the hydration of cis epoxides, it can
be seen that both the vicinal dihydroxy acid product and the remaining
£is epoxide were optically active and that all the dihydroxy acids were
dextrorotatory. Now it has been shown that (+)-threo-$,10-dihydroxy-
stearic acid has the L-9, D-10 configuration and that (+)=threo-12,13-
dihydroxystearic acid, formed by the hydrogenation of (+)-j_h;gg—12 315
dihydroxyoleic acid, has the L-12, D-13 conf'iguration, sand therefore it
is considered virtually certain that all the dextrorotatory saturated

) dihydroxy acids formed by the Vernonia enzyme system have the same con-
figﬁration of the glycol group relative to the chain of the molecule;
that is, the hydroxyl group closest to the carboxyl end of the chain has
the L confiiguration and the hydroxy groun closest to the methyl end must

be D. The dihydroxy acid product from the incubation of racemic cis-
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12,13-enoxyoleic acid is also dextrorotatory and is identical to that
slready characterized {(100) and therefore mist have the L-12, D-13
configuration as expected.

The cis-epoxides remaining after the incubation, whose optical
rotations could be measured, were also optically active. The methyl
esters formed from the remaining cig-11,12-epoxystearic and cis-12,13-
epoxystearic acids were both dextrorotatory and the methyl cis-12,13-
epoxyoleate remaining was iaevorotatorwn The absolute configuration of
both cisg-12,13~-epoxystearate and ¢is~12,13-epoxyoleate have been proved
(128, 100). D-cis=-12,13~epoxyoleate is dextrorotatory and D-¢is-12,13-
epoxystéarate is laevorotatory. Therefore, it can be concluded that
the cis-11,12- and cis-12,13~epoxy acids remaining at the end of the
relevant incubations all have the L-configuration, and it is also
considered most likely that all the remaining cis-epoxy acids whose
specific optical rotations could not be determined are also L. The
Vernonia enzyme, therefore, shows a high degree of stereospecificity.
Only the D isomer of a mixture of D and L cis-epoxy acids served as a
subgtrate for the reactions, the product being the corresponding threo-
L ,D=-dihydroxy acid.

The trans-enmoxy acids which acted as substrates for the Vernonia
hydratase enzyme showed a different behaviour to the cis isomers.
‘Yhereas only ohe enantiomer of the cis-epoxy acid was convefted to a
_threo-dihydroxy acid, the trans-epoxides gave erythro-dihydroxy acids
in 1005 yield. &lthough both enantiomers of the trans-epoxide acted as
substrete for the enzyme, it was still possible for the resultant
erythro-dihydroxy product to be optically active. This would cccur if
each enantiomer of the racemic mixture was attacked at different ends
of the epoxide ring but from the same side of the molecule. However,

no optical activity could be detected in the erythro-dihydroxy acids

-161-



produced in the incubations. It could be srgued that this is due to
the low specific optical rotations of erythro-dihydroxy acids, end in
order to increase the solubilitics and specific rotatic;ns of the
dihydroxy esters, the isopronylidene derivatives were prenared, However,
no ontical eactivity could be detected in these derivatives either, and
therefore it is concluded that the erythro-dihydroxy acids vroduced
during these incubations were racemic mixtures, The mechanistic impli-
cations of this lack of optical activity will be discussed later.
Turning now to the epoxy acids classified together in Group IX, and
considering first fhe compounds with shorter chain lengths than the

endogenous C:18 substrate, It can be seen that the cis and trans epoxy

acids which have a terminal (CHZDACHB chain are hydrated to vic diols,
whereas the acids with terminal epoxide rings, or with a longer terminal
methylene chain, are not hydrated. Again it was shown by comparison of

the products of hydration of the cis and trans-epoxides on boric acid

impregnated TLC that cis-epoxides gave rise only to threo-dihydroxy

acids and that trans-epoxides gave only the erythro isomers, Also, like

the epoxyoctadecancic acids, the shorter chain length cis-epoxy acids
gave an optically active dihydroxy acid in 507 yield, whereas the trans-
enoxy acids were hydrated in 100% yield.

The methyl threo-6,7-dihydroxydodecancate product from the enzymic
hydration of cis-6,7-epoxydodecanocic acid was dextrorotatory and almost
certainly has the L-6, D-7 configuration. The threo-dihydroxy ester
produced ffom eis-4,b-epoxydecancic acid, however, was laevorotatory.

This is not thought to jmply that this ester has the D4, L-5 configuration,
rather that in this case the argument that all dextrorotatory dihydroxy
acids have the LD configuration is invalid because ot_‘ the proximity of the
carboxyl group , and it is considered that the nroduct of hydration of
cis-4 ,5~epoxydecancic acid is L4, D=5 dihydroxydecanocic acid.

-162-



The short chain terminal epoxy acids were not hydrated by the
enzyme system even though in each case the position of the epoxide ring
measured from the carboxyl group corresponded to an epoxide ring in a
similar C:18 acid which was hydrated. These results imply that the
Vermonia hydratase system is not strongly dependent on the length of
the carboxyl and alkyl chein but that it aligns the active centre of
the enzyme with respect to the terminal methyl group or alkyl chain of
an epoxy acid, and that any compound lecking this terminal chain will
not be hydrated by the ensyme. The question remaining is how long or
thrt must this terminal alkyl chain be to ensure acceptance as a
subsfrate.

The results from the long chain epoxy acids included in Group II
help to answer this question. Neither cis-10,ll-epoxynonadecancic, cis-
11,12-epoxyeicosancic nor trans-13,l.-epoxydocosancic acid was hydrated
by the enzyme, whereas cis-15,16~epoxyhencicosancic acid was hydrated.
Thus, the fact that the longer chain length epoxy acids were not cleaved
could not be due to their chain length, but must be due to the position
of the epoxide ring. If the position of the epoxide group is measured
from the methyl end of the chain, it can be seen that in each of the
epoxides that failed to act as a substrate for the enzyme, the epoxide
group is at the n-9 position, which corresponds to the position of the
evoxide ring in the 9,10-epoxyoctadecanoi§ acids, both of which failed
to be hydrated by the enzyme.

.. Yhe position of the epoxide ring in the 4 ,5-
epoxydecanoic, 6,7-epoxydodecancic, and ¢is-15,16-epoxyheneicosenoic
acids, 211 of which were hydrated by the Vemonia enzyme, is n-6,
which corresoonds to cis-12,13-epoxystearate in the C:18 series of

epoxides, and this acid is also a substrate for the enzynme.
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Thus reconsidering all the results in Table 5, in the light of
methyl end control of enzymic hydration, it can be seen that any epoxy
compound in which the epoxide ring is between the n-8 and n-4 position
in the chain, i.e. where the terminal alkyl chaj.n 18 between 3 and 7
carbon atoms long, acts as a substraste for the hydratase systems.,
Lpoxy acids with an ethyl (n-3) or a methyl (n-2) terminus were,
unfortunately, not exawmined so it is not yet known whether or not they
would be substrates.

The results from the incubztions of these synthetic substrates
with the Vemonia hydratase enzyme show that the substrate recognition
pattern is much less specific than was originally enviseged. The
hydrafase enzyme mist align the active site at a distance from the methyl
end of the molecule which can be no more than 8 carbon atoms removed
‘from this terminsl end of the chain, but must be at least 1 carbon
removed and possibly 3 carbons removed. The kind of structural envir-
onment around the active site of the enzyme which could explain this
specificity will be discussed later,

The Vernonia hydratase enzyme hasbeen shown to have a remarkable
stereospecificity in that whereas only one enantiomer of a cis-epoxide
is hydrated, both enantiomers of a trans-epoxide are cleaved by the
enzyme, It hes also been shown that the erythro-dihydroxy acid produced
by cleavage of a irans-enoxide is a racemic mixture. There are two
pos sible mechanisas by which a racemic erythro-dihydroxy acid could
be produced from a trans-epoxide and these are shown in Scheme 5.

To determine which of these two mechsnisms were operating in the
case of the Vemonia hydratsse, and to demonstrate the position of
sttack by hydroxyl ion, or water, during the hydration, studies of

the enzymic hydration in water enriched with ]BO were undertasken.
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Yechanism 1:

}echanism 2:
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Scheme 5. DPossible mechenisms of cleavage of trans-epoxy acids

by Vernonia hydratase enzyme
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In order to perform the incubations of the Vernonia enzyme with
a synthetic substréte in the smzllest amount possible of the expensive
H2180, it was necessary to use the zcetone powder and not the solublé
enzyme preparstion. L small amount of the acetone powder was placed
in a vial and the synthetic substrate, in this case racemic ifrang-
12,13-~epoxystearic acid, in dry ether, as added to the powder. The
ether was removed under vacuum with constant agitation of the mixture,
ihis yresulted in an intimate mixture of the acetone powder and the
trens-epoxy acids The mixture was then wetted with Hy 00, the vial
tightly stoppered and the mixture left for six hours at room temperature.
The products were recovered by extraction with chloroform-methanol and
the erythro-dihydroxy acid produced was methylated, purified end con-
verted to the dAiTii3 ether as described earlier., The product was

analysed by mass spectroscony, and the results are shown in Table 6.

- Enrichment of 180 cn positions (atom &)

3
i
4

cl2 Cl3

erythro-12,13-A10H 18:0 38,6 1.3

(aiTiis ether)

Isotopic enrichment of water 180 = 40.5 atom &

Table 6. Mass spectral analysis of isotopic composition of 180

lebelled erythro-12,13~dihydroxystearate obtained from
incubation of trans-12,13-epoxystearate with Vernonia

enzyme in H2180
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The results show that the 180 from wateris incorporated almost
exclusively into the C-12 position of the erythro-12,13-dihydroxystearic
acid fofmed during the incubation and that there is virtually no in;or-
paration into the C-13 position. Thus the position of attack by
hydroxyl ion, or water, during the hydration of trang-12,l3~epoxystearic
acid by the Vernmoniae hydratase enzyme is exclusively at the C-12
position, in an identical fashicn to the cleavage of cis-epoxides,

The fact that the attack of water is eéxclusively at the C-12 poai.tion.
and that a racemic erythro-dihydroxy ecid is produced allows the
nrediction of the stereochemistry of the epoxide cleavage rasction

for trans-12,13-epoxystearic acid. If it is assumed thaf the attack
by water or CH ~ jon on the epoxide takes nlace from the rear of the
ring, with inversion of configuration about the C-12 position, then
attack on D12, Le-l3-ecpoxystearic acid,; by water or CH - ion, must
telke place from the I side of the chain to produce L-12, L—lBQdihydroxy
stearic acid, and cleavare of L-12, D-1)-epoxystearic acid must be
accompanied by attack st the C-12 position, by water or OH - iacn, from
the D side of the molecule to produce D-12, D-13-dihydroxystearic acid,
It is expected that the attack by water or - OH ion in both these
cleavage reactions is preceded by electrophilic attack on the epoxide
ring, by some group on the active site of the enzyme, so as to give
the conjugate acid of the epoxide group, making therring more
susceptable to nucleophilic attack.

It is knowm that the natural substrate for the Vernonia hydratase
enzyme is enantiomeric and only the D-enantiomers of racemic cis-
epoxy acids are hydrated, whereas both trang-enoxides are hydrated.

It might be expected, therefore, that the sepirate enantiomers of the
Arans-epoxide would be hydrated at different rates, and that the trans-
epoxide which most resembles the natural enzyme substrate, or which

gives the best "fit" on the active site of the enzyme, would be
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hydrated at a faster rate, In order tp deterinine whether one enantiomer
of the trans-epoxide is utilized more efficiently by the enzyme, an
incubstion of trans-12,l3-epoxystearate was underteken in which the
hydration reaction was not allowed to go to completion. If the two
trans-epoxy acid enantiomers are hydrolysed at different rates, then

it would be expected that the remaining trans-epoxide would contain an
excess of one enantiomer and would be optically active.

The incubation was performed with trens-12,l3-epoxystearate and
stopped before hydration of the epoxide was complete. The remaining
trensg-12,13-epoxystearic acid was isolated and itsmethyl ester was
found to be laevorotatory Q[5?73h6 = =8.6) in methanocl., This value
is lower than the value cbtained for optically pure trans-L-12,D-13-
epoxystearate ([-“\,«._7546 = +19,5) but indicetes that the remaining
epoxide is enriched with D~12, L-13-enoxystearate, Thus it appears
that of the two enantioreric trans~12,13-epvoxystearic acids, the 1.-12,
D=13 isomer is hydrated by the Vernonia enzyme at a f'aster rate then
the D-12, L-13 isomer, This faster rate of hydration is probably due
to the D configuration at the C-13 position of the trans-epoxy acid,
and the fact that the initisl step in the hydration of the epoxide
ring if electroohilic attack by some group on the enzyme at the C-13
position of the epoxide from the D side of the chain, Thus the
isomer of_Egggg;lz,13—epoxystearic acid which most closely resembles
the natural substrate, D-cis-12,l3~epoxyoleic acid, at the C-~13 position
is the isomer which is most readily utilized by the enzyme.

It has been shown earlier that only the D enantiomers of cis-
epoxy acids are hydrated by the Vernonia enzyme znd that the product
in each case is the threo-LD-dihydroxy acid. This suggests that
attack by CH ) ion or water on the cis-epoxy acid occurs exclusively
at the end of the epoxide ring nearest to the carboxyl group. This

hypothesis has been proven in the case of the endogenous substrate
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by incubations with H2180, but in the case of the synthetic substrate

relies on stereochemical arpuments, In order to prove directly the
position of attack by water or CH " on another epoxy acid which is not
the natural substrate, a further incubation in isotopic water wes undier-
taken with cis-11,12-epoxystearic acid as subsirate. The incubation
was nerformed in en analogous manner to that used for the trans-12,13-
epoxystearic acid. 4 small amount of the Vemonia acetone powder and
cis-11,12-epoxystearic acid were mixed tlogether in cold ether, and the
solvent was removed., The mixture was moistened with H2180 end left for
several hours at room temperature. The threo-dihydroxy wroduct vas
isclated, purified and converted to the diTliS ether as described earlier.
The resultant diTil3 ether was analysed by mass spectroscopy and the

results are shown in Table 7,

Marichment of 100 on position (atom &3}

Cli Cl2

1
| threo-11,12-di0H 18:0 | 3.8 5.8

(aiTii3 ether)

Isotopic enrichment of water = 40,5 atom &
18
-Table 7. lilass spectral analysis of isotopic cormosition of O
labelled threg-11,12-dihydroxystearate obtained from

incubation of cis-11,12-epoxystearate with Vernonia

enzyme in H2180.

These results show that the 180 is incorporated to the greatest
extent at the C-11 nosition of the threo-11,12-dihydroxystearate formed
during the incubation., It appears that the hydration of ¢is-11,12-
epoxystearic acid is slightly less specific than the hydration of the
corresponding cis~12,13~epoxystearic acid, although the results still
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indicate that the hydration reaction shows a very high degree of stereo~
speciricity. The results confirm the predictions made oﬁ the basis of
the proposed configurations of the evoxy and dihydroxy acids and help

to substantiate these »nroposals,

From the results of the incubations of cis- and trens-epoxystearic
acids, with the Vernconia hydratase enzyme in isotonic water, it is
considered probable that in every case in Table 5 where the epoxide
ring is hydrated that attack of water, or OH - ion, occurs at the end
of the epoxide ring closest to the cerboxyl group, and from the rear
side of the epoxide ring.

The investigations outlined above have made it possible to define
the stereospecificity of the Vernonia hydratase enzyme and to proocose
mechanisms for the cleavage of the endogencus substrate, vernolic acid,
and some synthetic cis- and trans-evoxy acids. It has been proposed
earlier that for such a hiyhly stereospecific hydration of the natural
substrate to occur a close enfoldment of the substrate by the enzyme
must be postulated. This could possibly invclve a cleft in the enhzyme
into which the substrate rust fit and the results from the structural
investigations carried out in this work have gone some way to deter-
mining the required geometry of such a cleft.

The structure in the vicinity of sctive site of the Vernonia
hydratase enzyme vpronosed to explain the.reSults outlined abbﬁe is a
"well" in the enzyme surface into which the methyl end of the chain is
inserted, leaving the epoxide ring Jjust above the mouth of the *well".
The active site of the enzyme is sugrestedas being situated at the
mouth of the "well",

It has been shown that the distance of the epoxide ring from the
terninal methyl group determines whether the epoxide is hydrated by

the enzyme. The maximum nermissible distance of the epoxide ring from
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the end of the chain to retain activity as a substrate was & carbon
atoms; in the 10,ll-epoxystearic acids. This suggests that the maximum
deoth of the ™iell" is ap rorimately 10 K. This would allowr the termincl
chain of the 10,ll-enoxystearic acids to just fit into the “well“,
lesving the epoxide ring close encugh to the mouth of the 'well" to
interact with the electrophilic active site of the enzyme and initiate
the hydration of the epoxide ring. It is suggested that the 9,10-
enoxystesric acids are not hydrated because the methyl end of the chain
is too long to fit into the "well" and bring the epoxide ring close
enough to the mouth of the well to interzct with the active site.

The active site must be at the mouth of the "well" and the
substrate-enzyme intercction must result in its being clozer to the
terminal end of the epoxide ring than to the carboxyl end of the ring.
The nroximity of the terminsl end of the enoxide ring to the enzyne
surface wou'd then hinder attack by rater at this position and this
could explain why attack by weater or hydroxyl ion always takes wlace
at the end of the epoxice ring nearest to the carboxyl groun.

The width of a normal »olymethylene chain of a fatty acid is
aonroxinately & 2 (177) end it is considered that the mouth of the
"well" in the enzyme surface cannot be much larger than this. UThe
mouth of the "well” must be snall enough to exclude the carboxyl grou)
of an epoxy acid substrate, or it would be expected that both enantiomers
of a cis-epoxy acid which has the epoxide ring the same distence from
the methyl end and carboxyl end of the molecule, and at a suitable
position for hydration to occur, would be hydrated, This is not the
case as cis-6,7-epoxydodecanocic and cis-4,5-epoxydecancic acids both
failed to be hydrated in grester than 5. yield.

That there must be some insertion of the terminal methylene chain

of the enoxy acid into the "well” in the enzyme surface before hydration
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can take place, and the fact that there is not a great enough inter-
ection between the carboxyl end of the chain and the engzyme to "bind"*
a substrate to the enzyme surfece and allow hydration to occur is shown
by the fact that terminal epoxy acids are not hydrated, The minimmm
extent of the interaction between the terminal wethylene chain and the
enzyme is not known exactly, the results indicate thet at least one
cerbon atom must be inserted into the enzymic well, but it could be
thet up to 3 carbon stoms are needed. To resoive this »oint, 15,16~
evoxystearic and 16,17-epoxystearic ascids need to be incubated with
the Vernonia hydratase,

Although the natural substrate for the hydratase enzyme contains a
[59 double bond, most of the synthetic substrates for the enzyue were
saturated molecules. The conformation of the methylene chains in these
moiecules in the extended form is different, the saturated ¢hain being
straight, whereas the unsaturated chain is bent due fo the cig~double
bond. Theréfore, it would be exnected, if there ere any interaction
between the carboxyl portion of the methylene chain in the epoxy acids
end the enzyre, that the saturated acids would not be as good substrates
ior the enzyme as the unsaturated compound. However, this does not
seem to be the casé, the saturated epoxides were equally good substrates
_ For the enzyme as the naturally qccurring epoxide. This fact cubstane
tiates the pronosal that there is no interaction beﬁween-the cerboxyl
end of the epoxy acid substrate and the enzyme.

It could he argued that the szturated chaings could be "bent® into
a similar configuration to an unsaturated chain and therefore fit an
enzyme surface in a similar fashion to the unsaturated molecule..
However, methyl trans-11,12-enoxyoctadec-9-ynoate also acts as a
substrate for the hydratase enzyme, and it is difficult to see how the
nortion of the chain in this molecule which contains an inflexible
triple bond could be "bent" to resemble the unsaturated methylene

chain of the naturel substrate.
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Iuch more difficult to explain is the fact that both enantiomers
of trans-enoxy acids are hydrated by the enzyme, whereas only the D-
enantiomer of cis-epoxy acids acts as a substrate for the hydratase.
That the L-enantiomer of a cis-epoxy acid is not hydrated must be due
to the lack of interaction between this enantiomer and the hydratase
enzyme, It has been nroposed thet the intial step in the hydration of
epoxy acids is the insertion of the terminal methylene chein of the
epoxide molecule into a well in the enzyme surface, 4% the terwminal
chain of an L~cis-enoxy ecidé is no different from that of its D
enantiomer or of the trons epoxy acids, it cannot be this end of the
riolecule which inhibits the hydration. It is thought much more likely
that there is some specific steric interaction between the polymethylene
chain towards the carboxyl end of an L-cis~-epoxy acid and the enzyne
su;'face which stops the L-cis-epoxy acids from entering into close
contact with the hydratase enzyme, thus inhibiting hydration.

The work outlined in this section has gone sonms way to defining
the stereospecificity and mechanism of action of several epoxy acid
hydrating enzymes. It has been proposed thot the hydratase enzymes

occurring in Pseudomonas, Puccinia spores and Claviceps sulcata

sclerotia have a similar mechenism, and the stereospecificity of the
Puccinia enzyme has been investigated. The hydratase enzyme ffom
Vernonia seeds has been solubilized, snd its substrate specificity

and stereospecificity have been investigated. 4L structure for the
active site region of the Vernonia enzyme has been nrovosed to explain

a1l the information derived from these studies.
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EXPERTMENTAL

A, Preparation of Precursors for the investigation of the specificity of the

Vernonia hydratese enzyme

liost of the epoxides used in the investigations were prepared by

epoxidation of the corresponding monoenes with m-chloroperbenzoic acid.
The following substrates were prepared by this method:~

cis-9,10-evoxystearic acid
trans-9,10=e~oxystearic acid

cis-11 ,12-enoxystearic acid
trans-1i,12-epoxystearic acid

cis=-12,13~2oxystearic acid
trans-12,13=-epoxystearic ocid

cis-l.,5~epoxydecancic acid
trans-4 ,5-enoxydecanoic acid

cis-6,7-evoxydodecanocic acid
trans-6,7-epoxydodecancic acid

methyl 10,1l-epoxyundecancate
methyl 11,12-epoxydodecancate
methyl 12,13-epoxytridecancate
cis-10,11-epoxynonaiecanoic acid
cis-11,12~epoxyeicosanoic aci&
Yrans-15%,1lh~enoxydocosanoic acid
cis-15,16~epoxyheneicosaroic acid
methyl trans-11,12-epoxyoctadec-9-ynoate
cis-12,13-epoxyoctadecan-1-o0l
methyl cis-12,13~-epoxyoleate
l-acetoxy-~-cis~12,13-epoxyoctadecane

cis-6,7-epoxyoctadecane
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Preparstion of moncenes for %poxidation

1. Chain extension with notassium cyanide

The method outlined below was used for the nreperation of methyl cis-
10-nonadecencate (R = CHs(CHp)7CH=CH(CHp)6-), methyl cis-ll-eicosenoate
(g = Cei3(Clip)7Cli=CE( CHp)p~) » methyl 1l-dodecencate (R = Clip=Cia( CHp)7=) and

methyl 12-tridecencate (R = Clip=CH(CH,)g=). "

LiAlEy, methane sulphonyl chloride
RCHC0pCH3 35 1OH,CH,0H > RCH,CHgOS0oCH 3
ether pyridine q
KCN/1iS0
I-ICl/CH30H

Methyl ecis=10=nonadecencate

i) Reduction of ester to alcohol

Methyl oleate {500mz)+ dissolved in dry ether (50ml) was heated under
reflux with lithiwa sluminium hydride (250mg). 4fter two hours, ether
(100ml] was added to the coocled resction mixture snd the excess lithium
aluminium hydride w.s destroyed by cautious dropwise addition of water.
The precipitate was dissolved by adding dilute hydrochloric acid. The
ether extract was washed acid free with water and dried over anhydrous
sodiun sulpnate, Solvent was removed to leave a colourless oil (4.70mg).
Analysis of the oil by TLC indicated complete conversion of the ester to
oleyl alcohel.

ii) Conversion of alcohol tomethane sul>honate

The 0il (from i) was dissolved in dry pyridine (20:1). The mixture was
cooled in ice, and methane sulphonyl chloride (5C0 wg) was added slowly.
The mixture was allowed to stand overnight at room tewrerature, .
diluted wi"th water (80ml} and extracted with ether (2 x 50ml). The ether

extracts were combined and washed successively with water, dilute hydro-
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chloric acid, water, 5% aqueous potassium hydroxide snd water until neutral.
The product was obtained by evaporation of the ether, and dried by azeotrosic
distillation with acetone,

A TLC examination on silica plates against suitable stendards showed
almost complete conversion of the alecohol to methanesulphonate,

1ii) Conversion of methanesulvhonate to nitrile

Yotassium cyanide (90mg) wes added to the methanesulphwate in dry
dimethyl sulphoxide (5ml). The mixture was stirred at 95° for four hours.
The mixture was diluted with woter (10ml) end extracted with ether (2 x
10ml). The ether extracts were combined and washed with water {4 = 10ml)
to remove DM3O and potassium salts, and the solvent wos removed at the
pup,. The oroduct was dried by azeotrosic distillation with ethanol.

iv) Methanolysis of nitrile

The crude nitrile was converted directly to the uethyl ester by
addition of 25% w/v hydrogen chloride in methanol (10ml). The reaction
was allowed to stand ot roon teuperature overnight, then ether (20il) end
water (20ml) were added. The agueous layer was re-extracted with ether
(20ml) end the combined ether fractions were washed acid free with water,
The ether was removed and the product was purified by TLC on silver nitrate
iupregnated Silica Gel G {ether:setroleum ether, 1:9) to yield a colourless
0il (270mg). The purity o the »roduct was checked by GLC end had an
equivalent chain length of 19.56 on IiGA, |

2, OStereosoecific removal of evoxide ring

Methyl cis-l12-octadecencate

o o, /02

Q
. N . - . . N . -
crx;(cnz)l% - ?{cdch:cl.(mlz)7cozcﬂ3__> CH:,’(CH‘?)L'_E.; - I_(§(c:n2)1occ=2c:h§

NaI/NaOic
CH 3CO,H/BtCO,H
5nC1,/POCL ./ CgH N OH i
o/ POC1 o/ C5Hy 1
CHz(CHip)), CH=CH( Clip ) oC0201i3 < CHB(CHZ)4(|3 - Cll(CHz)]_OCOZCE13
H I
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i) Reduction of methyl D-cis~12,l3-epoxycleate

Methyl D-cis=-12,13-enoxyoleate (200mg) was dissolved in acetonitrile
(50m1) and acetic acid (0.75ml), and the mixture was warmed to 60°C,
Oxygen was ‘ﬁubbled through the mixture, and af'ter ten minutes hydrazine
hydrate (5ul) was added. After a further two hours, the mixture was
cooled, diluted with water (50ml) and extracted with ether (2 x 100mi).
The ether extracts were washed with water, and dried over anhydrous
sodiun sulphate., The solvent was removed to leave a pale pink solid. The
pure product, methyl D-cis-12,13-epoxystearate was isolated by TLC on
silver nitrate im>regnated Silica Gel G {ether:petroleun ether, 3:7). The
product was a colourless solid (170mg [O(_75}+6= ~1.44 (¢ = 9.0)).

1i) Stereossecific reduction of epoxide to ironoene

Methyl D-cis-12,13-epoxystearate (170mg) was added to a cooled (=10°C)
soluticn of sodium iodide (400mg) and sodium acetate (4Omg) in acetic acid
(1ml) and propionic acid (2nl). After 30 minutes, the mixture was warmed
to roon temperature and ether (10ml) and dilute aqueous sodium bicarbonate
(5ml) were added. The ether layer was washed with aqueous sodiww hydrogen
sulphite and with water, dried over anhydrous sodiun sulshate and evaporated
at lov -ressure. The iodohydrin was added to a cooled (0°C) solution of
anhydrous stannous chloride (600mg) in pyridine (3ml). Phosphoryl chloride
(0.2ml) in pyridine (1ml) was then added with cooling, After 16 hours
water (10ml) was sdded and the mixture was extracted with ether (2 x 10ml).

The ether extracts were washed with water, dried over anhydrous sodium
sulphate, and the ether was removed to leave a pale brown oil. The product
was purified by TLC on silver nitrate iumregnated 3ilica Gel G (ether:
petroleum ether, 1:9) to yield a colourless oil (120mg). The purity of the
product was checked by GLC and had an equivalent chsin length of 18,60
on DEGA, The position of the double bond was determined by von Rudloff
oxidation with permangenate/periodate.(180). The nroduct was proved to be

pure wethyl cis-l2-octedecencate.
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3. Chain extension by Kolbé electrolytic coupling

Methyl cis-15-haneicosencate

Kolbe electrolysis
CH3( CH,) 1, CH=CL( Clig)y gC0,l > CH 3( CH,);, CH=CH(Ctip) 3C0,CH;z

+ H02C(Cily) 300,Cll3 + by vroducts

Methyl cis-12-octadecencate (100mg}, prepered as described sbove, was
dissolved in 5/ methanolic potassium hydroxide (5ml} and the mixture heated
under reflux for one hour. The mixture was diluted with water (5m1),
acidified with dilute hydrochloric acid and extracted with ether (2 x 10ml),
The ether extracts were washed acid free with water, and the solvent was
removed to leave an oil, which was dried by azetropic distillation with
ethanol.

The cis-l12-octadecencic acid (95mg) and aiethyl hydrogen glutarate
(1g) were dissolved in dry methanol. A solution of sodium(95mg) in dry
methanol (1lml) wss added. After thorough mixing the solution was placed
in a glass cell and two platinum electrodes were inserted. (The cell was
water Jocketed and fitted with cooling coils to keep the reaction temperaturs
below 50°C.)

120 Volts D.C. was aoplied across the electrodes, and an initial current
of 0.2 amp3 develored, The polarity of the 'electrodes was occasionally.
reversed to prevent the build wp of insoluble material around the anode.
Wwhen the pl of the solution had risen to pH9 the reaction was stopped and
the contents of the cell poured into water (20ml). The dilute alkaline
solution was extracted with ether (2 x 20ul) and the ether extracts were
washed with water until neutral., The etherfal solution was dried over
anhydrous sodium sulphate and evaporation yielded the mixed Kolbe

products,
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llethyl cis=-l5-hencicosencate was separated from the by products by iLC
on Silica Gel G (ether:petroleum ether 1:9). The product was a colourless
oil {22mg). The vurity of the product was deteruined by GLC, and found to
be greater than 90%. The methyl cis-15-heneicosencatc had en equivelent
chain length on DEGA of 21.62.

L. Isomerization of cis monoenes to trans monoenes

liost of the monoenes used in these studies were avallable or were
prepared as the cis isomers, the trans isouers being yrepared from these
by sterecmutation with the oxides of nitrogen, as described below.

Methyl trans-ll-octadecencate

Methyl cis-1ll-octadecenoate (methyl cis-vaccenate) (100mg) was
dissolved in dimethyl cellosolve (2.5ml). 6 nitric acid (75 ).11; vas
added and the mixture was warmed to 65°C. Acueous sodium nitrite (2,
100 1) was added and heating continued for a further hour., The mixture
was diluted with water (10ml) and extracted with ether (2 x 10:1). The
ether extracts were washed with woter until neutral and the solvent was
removed to leave a colourless oil which was dried by azeotropic distill-
ation with ethanol, The methyl trans-ll-octadecenocate product was
separated from the remaining cis isouner by TLC on silver nitrate imoreg-
nated Silica Gel G (ether:petrolew: ether 1:9). The woduct was obtained
in aporroximately 7007 yield,

5. Preparetion of cis-12-octadecenol

Hethyl cis-12~octadecenoate (100mg, prepared as described sbove (2))
dissolved in dry ether (20ml} was heated under reflux with lithiur alum-
inium hydride (50mg). After two hours, ether (50ml) was added to the
cooled reaction mixture and the excess of lithium aluminium hydride was
destroyed by cautious drovwise addition of water, Dilute hydrochloric
acid was added to dissolve the white gelatinous precinitate. The ether
extract was washed with water until neutral and dried over anhydrous
sodium sulphate. The solvent was removed to leave a colourless oil (87mg).
Examination of the product by ILC showed camplete conversion of the ester

$0 alcohol.
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6. Preparation of cis-6-octadecene

methane sulphonyl chloride

CH5( cnz)hm:m(CHz)mcHZOH > cH3( CI{2)40H=CH( 01{2)100112030

i LiAlH,/ether

0113( CHy) 1, CHi=CH( C&i2)1001{5

i) Conversion of alcohol to methane sulphonate

cis12-Octadecenol (20mg) was dissolved in dry oyridine (2ml), the
solution was cooled in ice, methane sulphonyl chloride (30mg, was added and
the mixture was allowved to stand overnight at room temperature. The mixture
was diluted with water {(5ml) and extracted with ether (2 x 5ml). The ether
extracts were washed successively with water, dilute hydrochloric acid,
water, dilute aqueous potassium hydroxide, and finally water until neutral.
The ether was removed to leave a pale brown oil (23mg) which was dried by
szectropic distillation with acetone,

Analysis of the oil by TT.C on Silica Gel ¢ {chloroforia:petrolewa ether
3:7) indicuted complete conversion of the alecohol to methsne sulphonate.

ii) Conversion of methane sulvhonate to hydrocarbon

The oil from sbove was dissolved in dry ether {10ml); lithium elumin-
ium hydride {10mg) vas added and the mixture was heated under reflux.
After two howrs ether (10ml) '<;vas edded and the excess hydride was destroyed
by dropwise addition of water. Dilute hydrochloric acid was added until the
rixture was just acid., The ether extracts were washed with water until
neutral and dried over anhydrous socdium sulphate. The ether was removed to
leave an oil which was purified by TLC on Silica Cel G nlates developed in

petroleun ether. The product was a colourless oil (15 mg).

7. Prenaration of l-acetoxy-cis-l2-octadecene
cia=12-Octadecanol (30mg) was dissolved in dry pyridine (3al), the

solution was cooled in ice, and acetic anhydride (100 mg; was added. ihe
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mixture was allowed o stand at roon temperature overnight, water
(10m1) was added and the mixture extracted with ether (2 x 10ml), The
ether extracts were washed successively with water, dilute hydrochloric
acid, water, dilute agqueous potassiwa hydroxide and finally water,
until neutral. The solvent was removed to leave a pale brown oil,
Analysis of the oil by TLC alongside sultsble standsrds showed almost
complete conversion of the alcohol to acetate, The product was finally
purified by TLC on Silica Gel G plates developed in ether:ipetroleum

ether (2:8) to give a colourless oil (27mg).

Tooxidation of lionoenes

The monoenes nrepared as described above and those commercially
available were each epoxidized with m-chloroperbenzoic acid in a
similar manner to that deseribed below for methyl oleate.

liethyl cis-9,10-epoxystearate

ilethyl oleate (100mg) and neta-chloroperbenzoic acid {100mg)
were dissolved in benzene (5ml). The .ixture was allowed to stand at
rocm temperature. .\fter 15 hours ether (10ml) and water (10ml) were
added. The ether extracts were then washed successively with 5%
agueous sodium sulphite (2 x 10ml), water, %7 aqueous sodium carbonate
(2 x 10ml) and finally water until neutral. The ether was removed to
leave a low melting solid. The product was purified by YLC on Silica
Gel G (ether:netroleum ether, 2:8) to give a colourless solid (9lmg).

Hydrolysis of evoxy esters

“‘here possible, the synthetic substrates for the biochemical
investigations were incubated with the Vernonia enzyme preparation in
the forn of the free acids, These were vrepared frou the esters in a

similar mamer to that outlined below,
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g-ﬁ,lo-ﬂpoxystearic acid

tlethyl cis-9,10-epoxystearic acid (90mg) was dissolved in 5
methanolic potassium hydroxide (3nl) and the mixture was sllowed to
stand at roou temperature overnight. Tther (10ml) was added 2nd the
wixture was diluted with water {10ml) and acidified to pH5 with dilute
acetic acid., The ether extracts were washed with water until neutral.
The ether vies removed and the acid dried by sezeotropic distillaticn

with acctone. The prodﬁct was & colourless solid (82mg; 88.).

Incubation of Synthetic Precursors with Vernonia hydratase enzyme

1, Preparation of an acetone powder of Vernonia anthelmintica seeds

Vernonia snthelmintica seeds (25g) were added to cold (—800) acetone

(200ml); The seeds were homogenised with an "Ultra Turex" homogeniser;
the temperature of 'the mixture was not allowed to rise above -2°C during
this process, The mixture was filtered and the residue was washed with
successive small quantities of cold acetone (1 1itre total). The
residue was dried in a vacuum desicator for 48 hours at -8°9C. The
product was a pale brown powder (13g).

2. "Preparation of Vernonia enzyme extract - - - -

The acetone nowder (5g) presared as described above, was added to
Tris-HC1 buffer (0.2 pH 8.0, 25 ml) and the mixture was stirred over-
night at 4°C. The resultant suspension was centrifuged at 10,000 x g
for twenty nminutes, the supernatent fraction was removed and recentri-
fuged for forty-five minutes at 106,000 x g. The resultant pale brown
sunernatent £luid was used as a source of the enzyme for the work

described here.
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3 Incubation of synthetic enoxide substrates with Vernonia enzyme
extract _—

cis-11,12-Tpoxystearic acid (30mg) was neutralized with IN aqueous
ootassium hydroxide; 4ris-HCl buffer (5a1) was added and the epoxy acid
was dispersed with the aid of an IR Ultrasonic disperser. The resultant
mixture was incubated with the Vernania enzyme preparation (5ml) for
three hours at 30°C, I'ethanol (5ml) was added and the solution was
acidified to pll with dilute acetic acid., The mixture was extracted
three times with ether (20ml), The combined extracts were washed with
water until neutral and dried over anhydrous sodium sulnhate, The
residue obtained on evaporation of the solvent was dissolved in ether
(3n1) and methanol (0.5ml) end esterified with ethereal diazomethane.
An aliguot of the esterified product was taken for analysis by TLC
and GLC and the remainder was spplied to a 20 x 20 x 0.50mm Silica
Gel G TLC plate, which was develoned in ether-petroleum ether (4:6).
The band corresponding to methyl cig-ll,12-epoxystearate was scraped
from the plate and eluted with ether. The plate was then redevelovped
to half height in ether:vetroleum ether (8:2) and the band which
corresponded tomethyl 11,12-dihydroxystearate vas scraped from the
nlate and eluted with ether:chloroform (1:1). Both the epoxy =nd
dihydroxy products were further purified by TLC to yield methyl-cig-
11,12-epoxyste.rate (1lmg) and methyl threo-11,12-dihydroxystearate
(10ng). The specific optical rotations of the products were measured in
in a 2.0ci cell with an BIL/NPL Lutomatic Polarimeter (Type 1434) as

solutions in ethanol (concentration 0.2-5.C%).

A1l other incubations were performed in an analogous manner , although
substrates which were not free fatty acids were not dissolved in agueous
potassium hydroxide, but only dispersed in Tris-HCl buffer (pH 8.0) with
the aid of an 1i3% Ultrasonic disperser, Separations of substrates and

products were performed hy TLC in suitable solvent systeus.
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Incubation of cis=11,12~enoxystearic acid with Vernonias acetone vovwder

in H2180

The acetcne powder of Vernonia snthelmintica seeds {10mg), prepared

as described earlier, was placed in a small screw cap vial, To this was
added cis-11,12-epoxystearic acid (L4mg) dissolved in dry ether (O.3ml},
The ether was removed under vacuun with shalking, H2180 (20 fpl) was
added to the dry powder, the vial was tightly capped and the mixture was
alloved to stand at room temperature., After six hours the mixture was
added to chloroform:methancl, 2:1 (10ml) end left overnight. The mixture
vas filtered and the filtrate was washed witn 0.7%. saline (3ml). The
organic layer wes separated and the solvent was removed to leave a nale
brovm solid. The solid was dissolved in ether (1ml) and methanol (0.5ml)
and esterified with ethereal diazomethene, The solvent was removed and
the product was apnlied to a 20 x 20 x 0.25mm 3ilica Gel G ITC vlate
which was developed in ether:petroleum ether, 8:2. The band correspond-
ing to dihydroxyester was removed and eluted with ether:chloreform, 1:1.
The solvent was removed to leave methyl threo-11,12-dihydroxystearate.

“he dihydroxyester was dissolved in 55 methanolic potassium hydroxide
(2ml) and the mixture heated under reflux for 16 hours., The mixture was
diluted with water (5ml), acidified with dilute hydrochloric acid and
extracted with ether (2 x 5ml), The extrocts were washed with water
until neutral, and the solvent was removed to leave a white sblid "which
was dissolved in ether and methanol and esterified with ethereal
diazomethane.

The product was dissolved in methanol (Iml) and hydrochloric acid
(0.1ml 5H) wes added, The mixture was heated under reflux for 16 hours.
The mixture was diluted with water (5ml) and extracted with efher
(2 x 5ml), The ether extracts were washed with water until neutral, The

solvent was removed and the product dissolved in ether (1lml) and
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C.

nethanol (0,5ml) end treated with ethereal diazomethane., The solvent
was removed and the product was purified by TLC (ether:setroleum ether

7:3) to yield a colourless solid.

Preparation of Trimethylsilyl ether of methyl threo-11,12-
dihyvdroxystearate

The dihydroxy ester (1lmg) was dissolved in anhydrous pyridine
(1ml) 2nd hexsmethyldisilezane (0.2ml) was asdded. To this solution was
added trimethylchlorosilene (0.1ml); the nixture was shaken and lef't
at room temperature for three hours. The mixture was then diluted with
ether and washed successively with dilute hydrochloric acid, agueous
sodium bicarbonate and water. OSolvent was removed to leave a nale
yvellow oil which was nurified by TLC (ether-petroleum ether, 1:9) to
yield methyl 11,12-ditrimethylsilyloxystesrete which was submitted for

mass spectroscopic analysis,

Incubation of Vernonia anthelmintica seeds with H2180

Ten Vernonia anthelmintica seeds (35mg) were ground in a pestle

and mortar. The crushed seeds were placed in a small screw cap vial
(% dram), H2180 (20 ,ul) wes added to the seeds, the vial was tightly
capped, and the mixture left in the light at 30 C. After three days
the mixture wes added to chloroform methanol 2:1 (10ml) and left
overnight. The mixture was filtered and the filtrate was washed with.
0.7%% saline. The orgenic layer was seozrated and the solvent was
removed to leave a brown oil, which was dissolved in ether and ester-
ified with ethereal diazomethane. ilethyl threo-12,13-dihydroxyoleate
(2mg) was isolated by TLC (etherinetroleun ether, 7:3).

The methyl threo-12,i3-dihydroxyoleate was dissolved in 57 methanolic
otassiun hydroxide (5ml) and the mixture heated under reflux for 16
hours. The mixture was diluted with water (5ml), acidified with dilute

hydrochloric scid and extracted with ether (2 x 5ml). The extracts were
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D.

washed with water until neutral, and the solvent was removed. the nroduct
was-dissolved in ether and nethanol end esterifiedwith ethereal diazomethane.

The methyl threo-12,13-dihydroxycleate was dissolved in methanol
(1ml) end hydrochloric acid {(0.1lml, 5N) was added. The mixture was
heated under reflux for 16 hours, The mixture was diluted with water
(5ml) and extracted with ether (2 x 5ml)., The ether extracts were
washed with water until neutral, and dried over anhydrous sodium
sulvhate, The ether solution ves treated with diazomethene and the
solvent was removed, Jihe methyl threo-12,13-dihydroxyoleate was
surified by TLC (ether:petroleun ether, 7:3) and converted into the
diTiis ether in a similar manner to that described above. The product
was submitted for mass spectroscopic analysis.

Incubation of Puceinia spoves with HplO0

18

Three species of Puccinia svores were each incubited with H2 o,

as described bzlow., These were P. recondita (PB.G1/37), P. graminis

(T3 58/44) and P, striiformis (r 60). They were the gift of Dr. R.

Johnson of the Plant Breeding Institute, Cambridge.

Incubation of Puccinia graminis spores with HZ:LBO

13

Zuceinia praminis (epnrox 20mg) spores were crushed in Hy™ O

(20 ul} in a small test tube fitted with a tightly fitting glass rod,

sealed at the joint between the tube and rod with rubber tubing. The
mixture was left at room temperature for 2!4. hours., Af'ter this time,
the mixture was poured into chloroform methanol 2:1 (10ul), glass balls
were added, and the mixture shaken on a wrist action shaker for five
hburs. This disru»rted the spores and allowed the lipids to be more
easily extracted., The mixture was filtered and the residue washed with
chloroform (10ml)., The filtrate and washings were combined and shaken

with 0.7%7 saline {7ml). After removal of the organic phese, the
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aqueous phase was re-extracted with chloroforr: (5mM1) and the cubined
solvent extracts were evaporated. The product was dissolved in ether
(2ml) and methanol (0.5ml) and esterified with ethereal diazomethane.
liethyl threo-9,10-dihydroxystearate was isolated by TLC ( ether:petroleun
ether} to leave a colourless solid. The dihydroxyester was treated with
methanolic sodium hydroxide and aqueous hydrochloric acid in methanol in
an identical manner to that described above. The methyl threo-9,10-
dihydroxystearate was then convcrted to the diTius ether as described

dbove, and submitted for mass spectroscopic analysis.
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ATOENDI

Ontical Resolution of some Hydroxy Fatty Acids by Thin Layer
Chromatography -

Considerable interest exists in the optical resclution of organic
compounds by chrouwatographic techniques., Theoretically, two zpproaches
are possible, either se~oration of enantiomers on optically active
stationary phases, or conversion of the enantiomers into diastereoiscuers
end sesaration of these diastereoisomers by chromatography on ontically
inactive adsorﬁents.

4 nunber of successful separations have already been achieved
using the latter procedure, The diastercoisomeric acetylated o~ -
hydroxy esters of secondsary alechols (1, 2} and the 0-(-)-menthyl-
formate esters of long chein /> ~hydroxy methylesters (3) have been
resolved by gas liquid chromatogrephy and */2-hydroxy acids and 2-
alkanols have been separated as Ii-(1-nhenylethyl) urethanes using this
technique (4). Thin layer chronatography has also been used to
separate the diastercoisomeric ¥~({l-nhenylethyl) wrethanes of secondary
aliphatic alcohols (5).

The work.presented here describes the resolufion of some 1ong
chain hydroxy methyl esters by thin layer chromatography as their I-0-
(O~scetoxy )mendelate esters.

The IL-0~(0-acetoxy Jmandelate esters of methyl 2-hydroxy- and
3=hydroxypnalmitate were readily separable by TLC on Silica Gel G plates.
However, methyl L-hydroxypalmitate, methyl 9-hydroxystearate and
nmethyl 12-hydroxystearate could not be resolved by this wethod. The
partial semaration of the diasterecisomeric derivatives of methyl 12-
hydroxyoctadec-9-encate was also achieved by TLC on 5ilica Gel G.
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An irmroved separation of the derivatives of :iethyl 12-hydroxyoctadec-
9-enonte cculd be achieved on bilica Gel G impregnated with 107 silver
nitrate,

The migratory behuviour of the diastereoisomeric L-0=(Q-acetoxy)
mendelate esters of methyl 2-hydroxy and 3-hydroxypaliritate on bilica
Gel G, and the migratory behaviocur of the diastereoisomeric derivatives
of methyl 12-hydroxyoctedec-9-enoate on Hilica Gel G impregnated with
10;% silver nitrate are shown in Figure 1., The thin layer chromatograms
were developed twice in ethersbenzene (2:98).

The marked difference in the mobilities of the individual diasterio-
isomers is evident., The more nolar iscomer in each cese corresponds to
the L-0-(0O-acetoxy)mandelate ester prevared from the D enantiomers of
the hydroxy esters,

The individual diastereoisomers from each of the hydroxy esters
were separated by preparative TLC. 2eaction of these individual dia-
stereoisomers with methanol:sulphuric acid (98:2) gave a mixture of
the long chain hydrcxy ester and methyl mandelate, from which the
hydroxy ester was separated by ILC, The specific optical rotationsg
of these "resolved" hydroxy esters are shown in Table 1, along with
the specific ontical rotations of the individual diastereoisoners, and
the specific rotation of the optically pure D-hydroxy fatty esters
for comarison.

These results confirin that in each case the more polar diasterco-
isomer is the derivative of the D-hydroxy fatty ester. However, the
specific ootical rotations of the individual enanticmers of the resolved
esters are lowver than the specific ontical rotations of nure enantiocmers
of the hydroxy esters, This imust be due to racemization of the hydroxy
ester during the cleavage of the diastereoiscmer with nmethaneol:sulphuric

acid. That the racemization could not have ocowrred before this stage
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Q O O O O O
a b ¢ d a b

Pig, 1. 4. Thin layer chromatogram on bilica Gel G of the L-O-(0O-acetoxy)
mandelate esters prepared from: (a) methyl 2-01-15:0;
(b) methyl D-2-0ii-16:0; (c¢) methyl 3-0il=16:0; and (d) methyl
D=-3-0i1=-16:0,
B, Thin layer chromatogram on wilica Gel G impregnated with
107 silver nitrate of the L-0-(O-acetoxy)mandelate esters
prenared from: (a) methyl 12-0II-A9-18:13 and (b) methyl
D-12-0ri=£Y ~18:1.

Solvent - ether:benzene (2:93)



is showm by the fact that the L-0-{0O~-acetoxy)mendelate esters of
ootically pure D-hydroxy esters show only a single snot on TLC. If
racemization had occurred during the foriation of the diasterio-
isomeric esters, it would be exnected that the derivatives of ontically

pure hydroxy esters would show more than one spot on TLC.

[ /of ; T.-0-(0-acetoxy) 1
i mandelate :
D~enanticner % derivatives i Resolved Hsters
Racemic ester of hydroxy : v L[>7
ester E"Upper" “Lower" ‘ "Upper"  VLower"
2-0-16:0 -8,02 i -13.7 -36,0 ; +ho7 ~3.6
3-Q0E~16:0 ~4.07 - | -32.0 =4:0.6 +7.6 -6,5
4-0F=16:0 | no separation ;
9-0kH~13:0 no senzration I
12-0ii~18:0 . no separaticn l
12-0H- /\0-18:1 | 47.3 -7.6 8.2 | -3,2 +2.9

A1l rotations measured in methanol

Table 1,

It appeers that thin layer chromatography of the L-0-(O-zcetoxy)
mandelate esters is a uzeful means of determining the ontical config-
uration, or ontaical purity, of some hydroxy fatty esters. However, it
is less useful for the prepsration of ontically pure hydroxy esters due
to the racemization which occurs during the recovery of the hydroxy

ester from the diastereoiscomeric derivations,
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L-ocetoxy mandeloyl chloride

L-mandelic acid (2g) and acetyl chloride {3g) were warmed together
and recction commenced immediately. “‘hen the reaction mixture was
completely clear the excess acetylchloride was removed under vacuum,
The L-acetoxy mandelic ecid was dissolved in benzene (5Cil), oxalyl-
chloride (4g) was added and the mixture allowed to stsnd at room
teumerature for 3 hours. The solvent and excess oxelylchloride were
rexoved under vacuun to leave a colourless oil (2g) vhich wes not
purified further.

Prevaration of I,-0-(0O-acetoxy'mandelates

liethyl 2-hydroxy nalmitate (4Omg) was dissolved in pyridine (6ml)
and Leacetoxy mandeloyl chloride {100mg) was added and the mixture was
allowed to stand at rooix temperature. After 16 hours the mixture was
diluted with water, extracted with ether, and the extracts washed
successively with waver, dilute lCl, water, agqueous sodium bicarbonate,
end finally water until neutral, The solvent was removed to leave a
yvellow oil.

Separation of Diastercoisomers by TLC

The diasterecisomeric mendelate esters of the long chain hydroxy
esters were separated by preparative TLC or argentation 'I.'LC, approiimatél}’
20mg of the mixture being separated on each 20 x 20 x lrm layer. The
wlates were developned twice with ether:benzene (2:98), the separated
components were located under U.V, light after svraying the nlates with
0.2 dichloroflucrescein in ethanol. The bands containing the individual
isomers were scraped from the nlates and eluted with ether. The

separated isomers were nure as Jjudged by analytical TLC,
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Recovery of long chain hydroxy ester fromn diastereolscmeric derivative

The individual dissterecisoueric mandelate esters (20mg) were
dissolved in methanol:sulvhuric acid 95:2 (3ml) and the uixture was
heated under veflux for 2 hours, After this tine the mixture was
diluted with water (5ml) and extracted with ether, The ether extracts
were washed with »ateruntil reutral and the solvent was removed to
leave a colourless sclid. The methyl 2-hydroxy palmitate was purified

by TLC on Gilica Gel G plates develoved in ether:petroleum ether 3:7.
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