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suarJillY 

The widespread occurrence of a large variety of long chain fatty 

acids has encouraged considerable investigation into the methods by which 

they are biosynthesised. The overall mechanisms of many of these pathways 

have been elucidated, but much remains to be discovered about the absolute 

stereochemistry of these reactions. This thesis describes work carried 

out to help define the ntereochemistry 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 ,"y, ~

unsaturated and 13 -hydroxy fatty ncids specifically labelled with either , 
tritium or deuterium was undertaken. The incubation of these labelled 

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 absolute optical 

configurations of several epoxy and vicinal dihydroxy fatty acids. Thus 

the absolute configurations of erythro- and threo-9,lO-dihydroxystearates 

and some of their derivatives and of trans-9,lO-~)oxystearate, trans-

l2,13-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 tvlO natural 

systems (Vernonia seeds and Puccinia uredospol'es) by performing the 

enzymic hydrations in H2
l80 and characterizing the position of the 180 

in the products. The hydratase enzJll1e from Vernonia seeds was isolated 

as a soluble preparation and its substrate s~ecificity was investigated. 

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

s~ecific hydration of e?oxy 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 are all saturated or unsaturated 

monocarboxylic acids with a straight even numbered carbon chain. 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 lauric (dodecanoic), 

myristic (tetradecanoic), palmitic (hexadecanoic) and stearic (octa

decanoic) acids. However, far more abundant than these in plants are 

the unsaturated C:18 homologues, oleic (cis-9-octadecenoic), linoleio 

(~-9~.cis-12-octadecadienoic) and linolenic (~-9-.cis-12-,cis-15-

octadecatrienoic) 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 occur in small amounts in a wide 

range of plants; and the "unusual" fatty acids, which IDB¥ only occur in 

a few individual species, or be limited to a single family, but can be 

the principle fatty acid of the seed oil. 

The minor saturated fatty acids include those with chain lengths 

either shorter or longer than the major acids. Thus some plants contain 

slllllll amounts of hexanoic, octanoic and decanoic acids, and the longer 

chain acids, such as eicosanoio, dooosanoic and tetracosanoio, are fairly 

widespread as minor components in seed oil triglycerides and as oomponents 

of cuticular lipids. The minor unsaturated fatty acids are related to 

the major unsaturated fatty acids in one of two ways; the oarbon chain 

is either extended or shortened at the carboxyl or meth31 end of the 
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molecule. Thus, for example, shortening of the ch<un by two carbons 

from the methyl end, in oleic acid, gives rise to palmitoleic (cis-9-

hexadecencic) acid, while lengthening of t..~e chain at the carbo:~yl end 

by four carbons, gives erucic (cis-13-docosenoic) acid. Two families 

of polyunsaturated fatty acids related to major fatty acids can be 

recognised: the linoleic series, which are related through having 11-6, 

9-double bor-ds, and the linolenic family, characterized by their. W-3, 

6,9-triene group. These two families of unsaturated acids are forme<'l. by 

elongation of preformed linoleic or linolenic acid, followed by desat

uratian between the carboxyl group and its nearest double bond. 

A large number of unusual fatty acids ha.-e been found in plants, and 

the structures of these have been revieo>ed by Smith (1). These acids 

contain a variety of different functj_onal groups, such as acetylenic 

bonds, conjugated acetylenic end ethylenic bonds, allenic groups, 

cyclopropane, cyclopropene, cyclopentene. and furan rings, epoxy, hydro;!".;y 

and keto groups and double bonds of both the £i!!. and .trans confieuration 

separated by more than one methylene group. Two Ol" more of these functio.<1S 

may occasionally be found in the same molecule. 

A wide range of oxygenated functions have been character:l..zed as 

substituents of fatty acids. l!Ionohydroxy acids are broadly distributed 

in nature and are found in small amounts in animals, plants and micro

organisms. These acids may be saturated or they may contain one or m'Jre 

double bonds. The hydroxyl group may also confer optical activity to 

the molecule. Keto acids have been found in plants (2). some of these 

acids also contain cf)njugated unsaturation, and the keto group CU), itself 

be in conjugation with a pair or trans double bonds, such as :.n 9-keto

trans-IO, trans-12-octadecadienoic acid, a minor constituent of 

Dimorphotheca oil (3). 
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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-diliydro:x;ypalmi tate isol ated 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 

acids can range f'rO!1 16 to 24 oarbon atoma (7) and the hydroxyl groups 

may have either the erythro or threo configuration. 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 ur..saturated acids with 

the oxirane ring replacing ane of the double bonds. All of' the naturally 

occurring epoxy acids identified to date have a chain length of 18 carbon 

atoma, and all but ane have a cis oxirane ring. Like the polyhydroxy 

and IllOnohydroxy acids, the oxygen function makes the acids potentially 

enantiomeric. Part of the work presented in this the'3is was designed 

to elucidate the absolute stereochemical configurations of some epQXy 

snd polyhydroxy acids and investigate their interconversion in natural 

systems. 

Fatty acids rarely occur naturally in the l' Ne f'orm, but are chemically 

combined, usually as esters and occasionally as amides or ethers, to 

fOnD complex lipids (8). The vast bulk of' the acids are f'ound esterified 

to the trihydric alcohol glycerol. 

The largest group of plan'!; lipids are the glycerides, in which fatty 

acids only are esterit'ied to glyoerol. The Simplest of' this group is 

triglyceride, in which all three of the hydroxyl group of' glyce).'ol are 

esterified with f'atty acids. If the two primary positions contain different 

fatty acids, then the triglyceride contains an asymmetric centre and may 

exist in dit'ferent enantiomeric forms (9), Diglycerides and monoclycerides 

usually occur naturally only in small quantities, although l,2-diglycerides 

are intermediates in the f'ormation of other types of lipid. 
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CH2OCOR1 CH20Cml CH2OCORl 

I I I 

R20coCH R20coCH HOCH 
I ~ i ! 
CH

2
OCOR) ~OH CH:

2
OH 

Triglyceride Diglyceride Monoglyceride 

Generally, the glycerides serve as storage depots in both plants and 

animals and tend to deorease during starvation. 

A separate olass of lipide, the phospholipids, contain an atom of 

phosphorus as well as glycerol and the esterified fatty acids. Plant 

phospholipide are structural derivations of l,2-diacyl-~-glyoero-3-

phosphoric acid, phosphatidic acid, which is found coupled with a 

nitrogenous base, insitol or another glycerol molecule. Phosphatidic 

acid itself is rarely found as a major component of plant lipide, but, 

like l,2-d1glycerides, it is an important intermediate in lipid biosynthesis. 

Phcsphatidio acid 

The most COI:lIllOll nitrogenous bases coupled to phosphatidic acid are 

choline, ethanolamine and serine. 

CH20CORl 
I 

R20coCm 

I ° t 11 

CH2aroCH2CH2U(CH3)30H 

OH 

Phosphatidyl choline 
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The phospholipids are optically active, and only one of their 

enantiomeric forms occurs in Nature, these optically active fcnne being 

the derivative of 1,2-diacyl-~-glycero-3-phosphoric acid as shown on the 

previcus page. 

Glycolipids are major constituents of plants 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 sugar is galactose. The sulphonic acid of D-

quinovose is found linked to glycerol in the sulpholipids of all photo-

synthetic plants, algae and bacteria. 

Accepting that long chain acids seldom occur in the free form, the 

biosynthetic pathways to the major types of acids can now be discussed 

briefly. 

The major pa.thway for the biosynthesis of fatty acids is the 

malonyl-CoA pathway. This pathway is distributed throughout animals, 

plants and micro-organisms (10, li, 12). The first reaction of this 

pathway is the formation of malonyl-CoA from acetyl-coA by the biotin 

dependent enzyme acetyl-CoA carboxylase. This is a key step in the 

biosynthesis of fatty acids, since a subsequent decarboxylation of the 

malonYl-CoA helps drive the equalibrium towards synthesis. 
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+ biotin-enzyme + .ATP 
Mg2+ 

;, ==" CO2-biotin-enzyme + ADP + Pi 

C02-biotin-enzyme + acetyl-CoA ~\ ==' biotin-enzyme + malonyl-GoA 

The malonyl-coA formed in the above reaction is transferred to acyl 

carrier protein (~) and condensed with acetyl-ACP. The ~ -ketobutyryl

Aaf.' produced is then reduced to ~ -h,ydroxybutyry1-ACP which undergoes 

dehydration end hydrogenation to form butyry1-ACP (Scheme 1) • Repeated 

passage through this pathway results in the formation of palmitic or 

stearic acid. 

(--11 
CHfH2CH2COSACl? '-It 

etc. 

I~ NADP+ 

1"'- NAIlI?H 

CH,}CH = CI-ICOSACl? 

1 condensing enz.yme 

2 3-keto-acy1-ACP reductase 

,} enoy1-ACP hydratase 

4 enoy1-ACP reductase 

1 

/ 

Scheme 1. Biosynthesis of saturated fatty acids 
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Other pathways for the biosynthesis of ~atur.:\ted. fatty acids involve 

the elongation of preformed fatty acids (13, l).). A pathway which 

elongates preformed acids by condensation with acetyl-CoA is present 

in rat liver mitochondria (15). This reaction is independent of bicarbonate 

and was originally thought to be a reversal of ~ -oxidation. However, the 

~-hydroxy intermediate in this pathway has the D( -)-configuration end 

is the enan'.;iomer of the hydroxy intermediate formed end utilized in r -
oxidation. The pathway involves the condensation of the CaA derivatives 

of the fatty acid and acetate, in the presence of N.ADPH and NllDH and is 

shown below. 

RCOSCaA ... GH3COSCaA :;:,=~> RCOGH2COSCaA + CaA 

+ 
RCOGH2C0SCaA + NADH ... H ' RGH(OH)GH2OOSCoA 

RCH( OH) CH:<COSCoA -<=, ==' RGH ~ CHCOSCoA 

Alternatively, the rat liver microsomal fraction is capable of 

elongation of prefonned fatty acids by addition of malonyl-Co!, units (16). 

Considering the pathNays outlined above, it can be seen that these 

modes of fatty acid synthesis involve two enzyme catalY?ed. hydrogen transfer 

reactions. The first of these is the transfer of hydrogen fran either of 

the pyridine nucleotides, N.ADPH or NADH, to a ~ -keto-acyl derivative to 

form the ~ -hydroxy compound; and the s~cond of these reactions is the 

transfer of a hydrogen atom from N.ADPH, and addition of a proton to an 

r:/... ~ -tnlsaturated-acyl derivative to give the saturated compound. Both of 

these transfer reactions are potentiallY stereospecific and during the 

course of this work the absolute stereochemistry of the hydrogen atom at 

C~ of the reduced pyridine nucleotide utilized in these reactions was 

described (17). 
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The. stereospecificity of enzyme catalyz0d hJurogen transfer reacti~1s 

has reoeived considerable attention. In general, the stereochemical 

questions in suoh r".lactions involve both the substrate and the coenzyme 

involved. In some reactions, the transferred hydrogen of the coenzyme 

is bound in a planar configuration, such as to a nitrogen atom in flavins, 

and the problems of stereochemistry of the ooenzymes are obviously not 

involved. Comrersely, the C--4 methylene group of a reduced pyridine 

nucleotide is prochiral and the transfer of a hydrogen atom from this 

groUJi> is potentially stereospecifio. Obviously, the reverse of this 

reaction, the transfer of hydrogen to C--4 of en oxidized pyridine 

nucleotide, leads to the development of a prochiral situation. 

The first demonstration of the direct transfer of hydrogen to N.AD+ 

from the oxidized substrate was made by l1estheimer et al (18). The 

reaction studied was the oxidation of ethanol to acetaldehyde catalysed 

by yeast alcohol dehydrogenase. It was shown that perfonning the reaction 

in D20 did not lead to incorporation of deuterium into the reduced 

pyridine nucleotide, whereas the oxidation of [i,l-~aJ etha."lol by the 

same system ga:ve a reduced nucleotide containl~ one atom of deuterium, 

proving that direct transfer had ocourred. 

Following on from this work, the same group provided the first 

evidence of the prochirality of a methylene group (19). Deut",rated NJlJ)H, 

prepared enzymatically, was used to reduce acetaldehyde with yea.,t alcohol 

dehydrogenase and the N.AD+ fonned was shown to oontain no deuterium. 

However, the reduction of acetaldehyde by the same system, but using 

chemically prepared deuterated NADH gave H.AD+ whioh contained deuterium. 

Thus the chemically prepared deuterated NADH nust have been a mixture of 

two diastereoisomers, whereas the enzymatically prepared nucleotide was 

a single diastereoiscmer. 
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The diastereoisomer of deuterated NADH~repRl'ed by reducticn of 

NAD+ with alcohol dehydrogenase, using fj,l-~U ethanol as a substrate, 

is known as the A form (I), and the opposite ,Uastereoisomer is known as 

the B form. If the deuterium in I is replaced by a hydrogen atom, this 

hydrogen is known as HA' end enzymes which utilize this hydrogen are said 

to have A side stereospecificity. 

D H 

~/ 
( 
'I 

/ 

!, 
l!..", N 

I 
R 

I 

The demo.'lstrationd' the prochirality of the C-4 methylene group of 

NADH outlined above did not, however, define the absolute configuration 

of the nucleotide. The identification of the HA end BB positions of 

NADH was resolved by Cornforth et al (20) on the basis of the known 

stereochemistry of R-deuteriosuccinic acid. R-l~odeuteriosuccinic acid 

was prepared by the enzyne catalyzed addition of D20 to fumaric acid, to 

give 2S,3R-deuteriomalic acid, followed by chemical removal of the hydroxyl 

group. The monodeuterated product proved to be laevorotatory. 

H C0
2
H COil 1. CH~2 CO~ 

"C 
/ ! I 

D20 H-C-D 2. sOClicsHsN H-C-D 
11 ) i ) I 
C f'umlu'ase H-C-OH 3. Zn-Cu,AcOH CH2 , 

"'" 1 / I 

H02C l-I COil 4. dil HCl CO~I 

Preparation of R-monodeuteriosuccinic acid 
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Samples of the A and B deuterated NAIlH were then each converted by 

chemical degradation to deuteriosuccinic acid (Scheme 2). The two 

specimens of deuterated succinic acid obtained proved to be enantiomeric, 

and that prepared from N.ADH deuterated on the A side proved to be 

identical to the known 2R-deuteriosuccinic acid. From these results, it 

follows that HA is the pro-g hydrogen at 0-4 of the pyridine nucleotide 

and He is the pro-§ hydrogen. 

D H 

>/~-o~ 
It· J (i) 

N 

A. I 
R 

H P , 

( 
'N 

B. 
R 

(i) Dry CH
3
0H + CH

3
OO-jI 

(11) O!Peroxyacetic acid 

R 

Scheme 2. Determination of the stereochemistry of nicotin8.Jldde 

coenzymes 

It has been shown that the stereochemistry at 0-4 is the same in 

both N.ADH atd NADPH (2l). 

Like saturated fatty acids, the biosynthesis of unsaturated fatty 

acids is known to proceed by at least two different pathwa;ys - the aerobic 

and the anaerobic pathwa;ys (22). 

-10-



The a"laerobic pathway is found mainly in anaerobic micro-organisIIlS, 

although it is not can.fined to these alone. Rome facultative anaerobes, 

and even obligate aerobes (pseudomonas sp) synthesize long chain unsat

urated acids by this pathway (23). 

The mechanisms of anaerobic biosynthesis of unsaturated fatty acids, 

as outlined :in Scheme 3, is essentially a diversion of the de novo 

synthesis of long chain saturated acids. This diversion of fatty add 

synthesis occurs at the C:IO and C:12 chain length stages. At this 

point, the trans-2-enoyl-ACE' intermediate of acyl chain elongation is 

isomerized to ~-3-enoyl-AGP, which is not a substrate for the enoyl 

reductase, but is capable of elongation. T:'le ~-3-decenoate and 

-dodecenoate formed are then the precursors for the long chain 

unsaturated acids, the double bond being retained while further chain 

extension occurs. Thus, elongation of .£!!-3-decenoate gives palmitoleic 

and vaccenic acids, whereas elongation of the unsaturated dodece.noate 

affords ~-7-hexadecenoic and oleic acids. 

CH3(CH2)SCH2COSACE' 
J.. 

CH3(CH2)SCH2CHOBCH2COSACP 

~ cle~lO" 
,~ga,tiea 

CH3( CH2)SCH g CHCH2COSACE' ( CH
3
( CH2)SCH2CH ~ CHCOSAOP 

isomerizatiori I N.ADPH 
j.enoYl-reductase 

1 elongation 

CH
3
(CH2)SCH = CH(CH2)7COSAGP CH3(CH2)6CH2CH2COSf.GP 

J Pa1m1toleate J elongation 

Palmitate + Stearate 

Vaccenate 

Scheme 3. Anaerobic pathway of monoenoic acid biosynthesis 
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The most widespread biosynthetio pathNa,j" leaiJ.ing to unsaturated 

fatty acids is the aerobio or oxidative pathwav, in whioh a double bond 

is introduoed directly into a pre.formed long ohain fatty acid. This 

pathNay ocours almost universally and is employed by bacteria, protozoa, 

yeasts, algae, and higher plants and animals. 

The pathway was first demonstrated in oell free preparations of 

yeast (25) which oatalysed the transformation of saturated to monenoio 

acids with oxygen and N.ADPH as oofactors. The requirement for oxygen 

is absolute (24) and its exclusion or substitution with' artificial 

electron acceptors resulted in the inhibition or. desaturation. Activation 

of the fatty acids to their CoA or AaP thiocsters is also necessary for 

the reaction. 

It was initially believed that a second aerobio pathNay to unsat

urated fatty acids existed in higher plants. This pathway was supposed 

to differ from that found in bacteria, yeasts, algae and a;1lmals beoause 

while plants could synt.'lesize long chain monoenoic acids !'-rom acetate, 

unlike these other systems,' they seemed unable to desaturate long chain 

fatty acids or their corresponding CoA esters (26, 27, 28), G.lthough 

these could be incorporated into lipids. 

The differenoes between the plant pathway and the normal aero'!:Jic 

pathNay for unsaturated acid biosyntheSiS were eluoidated in ';;wo 

experiments. In one (29), leaf tissue was allowed to synthesize fatty 

acids from acetate in strictly anaerobic conditions, when only palmitate 

and stearate were formed. TranSfer to aerobic oonditions resulted in the 

disappearance of la'belled steario aoid, which was replaced by an aquivalent 

amount of oleic acid. The other experiment (30) showed that leaf chloroplast 

preparations were able to oonvert stearoyl-AaP, but not steario acid or 

stearoyl-CoA, into oleic acid. From these results, it would appear that 

there is no mechanistic difference between the plant and oxidativa pathNe.vs, 

but that the plant system lacks the enzyme to transfer long chain fatty acids 

from CoA to AaP and it is the ACP esters which are needed for desaturation. 
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Like most enzymic transi'onnations, the o.esatllration of fatty acids 

is highly stereospecific. The stereospecificity 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- and D and L-10-.3ri-stearic acid and used each of these as substrates 

for the desaturase system of Corynebacterium diphtheriae. 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 p.ffected a completely stereospecific 

desaturation of stearic to oleic acid removing only the D-9 and D-10 

hydrogen atoms. 

Mcrris et al (32) investigated the desaturation of stearic acid 

to olAic acid in Chlorella vulgaris using a different approach to that 

outlined above. They prepared erythro-L9,lO-2H2.l- and threo-B,lO-2H2.l

stearic acids and ffi-9-3HJ- and !.f,-9-~J-stearic acids, and incubated 

these with Chlorella. .Analysis of the oleate demonstrated that desaturation 

involved the loss of the D-9 hydrogen atom and of a pair of hydl-ogen 

atoms of ~ relative configuration. The results, 'therefore, showed a 

similar 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 &.Cid has also been investigated 

in goat mammary gland, hen liver and fish liver, and in all cases has 

been shown to proceed by loss of the D-9 and D-10 hydrogen atom'3 (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 biosynthesis of polyunsaturated fatty acids 

involves sequentially desaturations similar to that involved in the con

version of stearate to oleate, interspersed where necessa.r:y with Clhain 

elongation. The position of the second and subsequent double bonds intro

duced into the chain is not random, but usually spaced from an existing 

double bond so as to give the common methylene interupted polyunsaturated 

acids. 
-13-



In plants desaturation g~~erally occurs between the first double bond 

and the methyl end' of the chain, such that £E:'9-cctadecenoic acid is 

first desaturated to a 9,12-dienoic and then to a 9,12,15-trienoic acid. 

The stereochemis'bry of these desatura:tions has been investigated by Morris 

et al (32) in an analogous manner to that used for the investigation of 

the stearate to oleate desaturation. Incubation of /fi-12-3aJ- and 

LL-12-3a:J-stearlc acids and the erythro- and threo- isomers of fJ.2,13-~J 

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

to linoleic acid involved the loss of the D-12 and D-13 ~ogen atoms 

from the oleic acid. The subsequent desaturation of linoleic to 

linolenic acid was investigated using both erythro- and threo-Ll5,16-2HJ-
, 

oleic acid, and shown to involve ~ removal of hydrogen at the 15 and 16 

posi tions, which by analogy probably also involve the abstrac'i;ion of two 

hydrogen atoms of the D configuration. 

In an'tmal. systems, second and subsequent double bonds sre in'troduced 

almost exclusively between the firflt double bcnd and the carboxyl group; 

for example, desaturation of linoleic acid gives ~-lincle.uc {6,9,12-

octadecatrlenoic) acid. Elongation of such acids, followed by subsequent 

desaturation, gives rise to a series of C: 20 and C: 22 polyenoic acids 

ch!l.I'acteristic of animal systems. 

Cerbain long chain polyunsaturated fatty acids are essantial constit

uents of the diet of animals (34.). Defi,:::l.encd.es in these acids, whioh 

arise if they are not present in '~he diet, lead. to retarded growth ra'te, 

interference with the reprcduc'l:ive cycle and ma,y result in eventual death. 

These symptoms can be alleviated by supplying the animal with th"",e 

essential acids. The acids which alleviate deficiency most I~adily, 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 ~ -

linolenic and arachidonic acids (35). The most important of these being 
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arachidoni'J acid which is produced in animals frOlll linoleic acid by 

desaturation and elongation. However, lX -linolenic and certain other 

n-} polyunsaturates have also been shown to possess some essential. 

properties. 

The biological conversion of these essential fatty acids to a group 

of naturally occurring substances called prostaglandins, which show e. 

marked physiological acitivity (}6), probably explains their essentb~ 

nature. 

Enzyme mediated reactions show a great deal of sterio control, and 

the absolute specificity for a pe.rticular stereoisomer of a given compound 

is a common biological. occurrence. The field of fatty acid biosynthesis 

is no exception to this, and the completely stereospecific nature' of the 

desaturation of long chain fatty acids has been discussed above. It 

would be unusual., therefore, if the individual. reactions of saturated 

fatty acid. biosynthesis did not similarly show an 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, namely the dehydration of D-(-)- ~ -hydroxyacylthioester to eX. ~ -

enoylthioester and the subsequent hydrogenation of the 01.. ~ -monoene 

to give saturated acylthioester. 

RCH ~ CHCOSACP 

RCH = CHCOSACP + NADPH + H + . ::<==;; RCHzCH2COSACP + N.AIlP + 

In the first of these steps, it is known that the dehydratase 

enzyme is specific for the D-hydroxy compound and that the product is a 

trans monoene. However, the overall stereochemistry of this deh.Ydration 

was unknown and the question asked in this case was whether the 1eaction 

involved a ~ or trans elimination of the elements of water. 
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The second step :Involves the hydrogenation 0<: the trans-monene 

produced by dehydration of the p -hydro:xy intermediate. This reaction 

obviously :Involves the a:ldition of two atoms of hydrogen, but again, the 

overall stereochemistry of this addition wa> not known. 

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

hydrogenation occurs by overall cis or trans add! tion 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 individual reactions. 

Aa lmhtioned earlier, fatty acids oontatnirig epo:xy or vioinal dihydro:xy 

group:lngs occur naturally. Most of these naturally occurr:lng ci:xygenated 

acids are optically active and the absolute oonfigurations of some of 

these acids have been determined. The second section of this thesis has 

been devoted to the determination of the absolute configure.'cions of some 

naturally occurring dibydro:xy acids, some epo:xy acids, and their 

derivatives. 

Once the stereochemistry of these compounds was known, the mechanism 

of the enzymic hydration of the endogenous epo:xy acids of various seeds 

and plant rust spores could be predicted. In the third part of this thesis, 

these p .. -edictions have been tested experimentally and the specificity of 

an epoxide hydratase enzyme isolated from Vernonia anthelm:lntica seeds 

has been :Investigated. 
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INTRODUCTION 

The majority c£ fatty acids found in nature have straight chains 

containing an even number of carbon atans. They mB3 have different 

chemical features, such as double bands or a hydroxyl group, at specific 

pOSitions in the molecule, but generally they are c£ similar structure. 

Their structural silllilarities te:nd to indicate that the biosynthesis c£ 

these compounds, in different organisms, occurs in a similar manner. 

One c£ the first major advances in the biochemical study of fatty 

acids came when Knoop in 1% detailed a pathw~ for their degradation 

by ~-oxidation. It took almost forty years for his pathway to gain full 

experimental confirmation but his findings became the basis of' extensive 

research into the metabolism c£ fatty acids. When the mechanism c£ ~

oxidation was defined, it seemed poss!. ble that fatty acids were syntheSised 

by a reversal of this mechanism, since 'eve,:'Y step in the enzymic degratation 

of fatty acids is potentially reversable. However, purified p-oxidation 

systems converted acetyl-CoA no higher than the four carbon acyl 

derivative (37), and the isolation of systems capable of syntheSiSing 

fatty acids in the absence of enzymes of the ~ -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 condensation of 

acetyl-CoA with either malonyl-CoA or further molecules of ~etyl-CoA, 

the fonner pathway being the major one for de novo synthesis of fatty 

acids in a wide variety of plants, animals and micro-orgenisms (10,11,12). 

The latter pathway bears the same resemblance to ~ -oxidation in reverse. 
, 
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Several features of the biosynthetic pathwa;v to long chain fatty 

acids fro':! acetate indicated that it was not the reversal of 0-
oxidation. It was found that a pyridine nucleotide was required, but in 

synthesis this nucleotide was NADPH, as opposed to the requirement for 

HAD + in ~-oxidation. Further, a requirement for carbon dioxide or 

bicarbonate, and Jcr'P was noticed in the fatty acid synthetase partially 

purified from extracts of avian liver (,38), these two components cannot 

be accounted for by the scheme of ~ -oxidation. Although bicarbonate, 

or carbon dioxide, is required for fatty acid synthesis, it is not 

incorporated into the final long chain acid synthesised. It is requireo. 

for the carboxylation of acetyl-CoA to malonyl-CoA (39), the latter 

being the "two carbon" donor in fatty acid synthesis. 

The reactions of fatty acid synthesis in the bacterium Escherichia 

.£21i are shown in Scheme 1; the inilividual steps are discussed in more 

detail below. 

1) CH3COS-CoA + HC03 + ATE' , \ H02CCH2COSCoA + .AT.lP + Pi 

2) CHfOS-CoA + ACP-SH ~, ==~\ CH3COS-ACP + CoA-SH 

3) H02CCH2COS-CoA + ACP-SH '. ) H0
2

CCH2COS-ACP + CoA-SH 

4) CH3COS-ACP + H02CCH2COS-ACP ) CH3COCH
2

COS-ACP + C02 + ACP-SH 

5) CH3COCH2COS-ACP + N.m?H + H + ;::,===' D(-) CH3CHOHCH2COS-ACP + N.AIlP + 
t 

6) D( -) CH3CHOHCI12COS-ACP \ CH3CH = CHCOS-ACP + H20 

t 
7) CH3CH = CIiCOS-ACP + NI\DPH + H + 

Scheme 1. Fatty acid synthesis in E. Coli 

It can 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, 

and most of the metabolic reactions of acetate and its higher homologues 
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require that the acyl group is activated in this WI):Y. ~'he active form is 

usually the thiol ester of the fatty acid with ",;he nucleotide Co1., or 

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

, - CH:2CH2OONHCH2CH2SH 

00 
I 

BOOH OH OH 
I I I 
C - CH2- 0 - P - 0 - P - 0 

(CH3) 2 I! 11 
o 0 

Structure of Coenzyme-A 

The formation of the CoA or ACf.' ester facilitates the enzymic 

reactions of fatty acids in a number of we:ys. The ester is water soluble 

enabling the enzyme to act in an aqueous environment, end the fatty acid 

no longer has a free carboxyl group, which can interact non-specifically 

with protein. The thiol ester also has a "high energy" bond benveen the 

carboxyl function of the fatty acid and the -SH group of the ccenzyme', 

making it more suS~eptable to nucleophilic attack and carbanion formation. 

The activation of fatty acids in living systeIllS is catalyzed by 

thiokinases (acyl-CoA synthetases), which are present .in a wide variety 

of living Syste.11S. The esterification requires ATP and magnesium or 

manganese ions. At least three enzymes have been discovered which catalyse 

this esterification, each active over a different part of the chain 

length spectrum, and overlapping in their specificities. Acetic thio-

kinase activates acetate and propionate, a long chain thiokinase activates 
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fatty acids from C: 10 to C; 20, and a general thiokinase activates fatty 

acids fran C:4 to C:12, as well as branched C:·.?~ll acids, 0( ~ - and 

J3 ~ -unsaturated acids, and ~ -hydroxy acids. 

The first ~eaction in the biosyntheses of' fatty acids after activation 

to the thiol esters, is the carboxylation of acetyl-CoA to give malonyl

CaA. The reaction is catalysed by acetyl-CoA carboxylase and requiI'9s 

AT? and bicarbonate (38, 39, 40). Acetyl-CaA carboxylase was shown 1;0 

contain biotin, which is covalently 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. :rhe enzyme 

has been isolated from several sources, such as liver (42) and yeast 

~79) and catalyses the following reactions. 

Biotin-protein + ATP + HOO3- ;:::::: C02,,- biotin protein + ADP + Pi 

The acetyl-CoA carboxylase isolated from E.coli has been fractionated 

into three separate protein fractions. One fraction catalyses the 

carboxylation of' added bio'~in, the second is a protein containing biotin, 

which is the ncrmal substrate for the biotin carboxylase, and the third 

subuni t, which contains no biotin, catalyses the trensfer of' OV2 fz'om 

biotin to CeA. ;.. mechanism for tins transcarboxylation has been propcsed 

by Lynen (43), the intermediate being l' -N-carboxybiotin which is at+.ached 

to the protein by an amide bond:-

o 
1I 

CoASC 0 0 Rl 

'" \\ / i H_ C '" C // ....... <7 I >-..., S 
R 1.-/ (N/\ .,. \ I 

H ;:> d \ ... 
O~, /' 

N 
H 

Rl = (CH2)4-CO-lysyl-protein 
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This mechanism explains the strict stereospe':lifici ty shown in the 

transcarboxylation of propionyl-GoA (R' = CH
3
) to yield S-methylmalonyl

CoA, the entering carboxyl group occupying the same configuration as the 

hydrogen atom displaced (44). 

The next step in fatty acid synthesis is the transformation of 

malonyl-CoA into long chain fatty. acids. This reaction reqlires acetyl-

CoA and N.Al1.."'H, and is catalysed by a series of enzymes, usually called 

the fatty acid synthetase. This synthetase has been isolated from a 

number of sources, such as mammalian and avian liver (46), yeast and 

bacteria (10, 45). The synthetase from lllallllllaliE'.n and avaiar. liver, and 

yeasts are isolated as a single 1JIU1tienzyme unit. No free intern:.sdiates 

accUIIIUlat.e during the synthesis of fatty acids, and these synthetases 

are s'.;:I,mulated by thiols and inhibited by -SH binding agents. These 

facts led Lynen (10) to propose intennediates bound via a sulphydryl 

group to a multi enzyme complex. 

In contrast to the syn thetas es from 11 ver and yeast, ths.t isr.-lated 

from E. coli could be resolved into several protein fractions, containing 

each of the enzymes respc.l1sible for the synthesis of long chain fatty 

acids from ace'tyl-CoA and malonyl-CoA. As well as these enzymes, a non-

enzymic component was isolated and this was shovm to be a protein actin€: 

as an acyl acceptor, in a simi.lar manner to CoA, and was named acyl 

carrier protein (ACP) (47,48). J,{2's are stable to heat and pH changes 

and contain a single sulphydryl group which is ,?art of the prodthetic 
, 

group, 4 -phosphopantetheine, which is very similar to Call.. Acyl carrier 

proteins have also been isolated from plant (49) and yeast syster!1" (50). 

The isolation of the individual enzymes of fatty acid s~~thesis 

from ~li (51) allowed the general pathway of fatty acid biosynthesis 

to be established and each of the individual reactions involved Ll synthesis, 

as shown in S.cbeme 1, to be investigated. 
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The enzymes of fatty 8'.lid synthesis wiE not accept substrates as 

their CoA esters, and these must first be converied to the ACP esters. 

The enzymes which catalyse this change are known as transacylases. Two 

transacylases have been isolated from E. coli. Malonyl CoA:ACP trans

acylase is specific for malonyl-CoA and will not accept acetyl-CoA 

(52, 53), it is heat stable and contains an active sulphydryl group. 

The acetyl CoA:ACP transacylase catalyses the transfer of acetate, but 

will also accept propionyl-CcA and higher homologues, the longer chain 

length substrates being less readily accepted; malonyl-CcA is inactive 

(52, 53). The transfer of acetate from acetyl-CcA to ACP is known as the 

"priming" 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-CoA is replaced in this priming res.ction with 

propionate or a branched chain 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 0::' acetyl-ACP 

and malonyl-ACP to form acetoacetyl-AG?o This reaction is catalysed by 

3-ketoacyl-ACP synthetase (54-). The enzyme shows an absolllta specifici ty 

fer ACP esters, but is not specific for El single chain length, and will 

accept all the acyl intezmediates in the synthesis of "almitoyl-CoA. Tn9 

rate of reaction :increases with increasing chain length. The enzyme has 

a functional -SH group and is readily inhibited by sulphydryl binding 

agents. Acetyl-LCP protects the enzyme against these inhibitors, suggesting 

that an acetyl-S-enzyme complex is an :intermediate in the condensation. 

The condensation of acetyl-ACP and malonyl-ACP occurs with 'V'. 

accompanying decarboxYlation, and it is this decarbOxYlation that 

explains the fact that while bicarbonate, or CO
2

, are cofactors in the 

biosynthesis of fatty acids they are not included in the f:inal pzoduct. 

The decarboxylation also shifts the equilibriuul of the reation , so as to 

favour condensation. A mechanisr:l for this condensation during fatty acid 

synthesis in yeast has been suggested by Lynen (43). 
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Mter condensation of acetyl-ACP and malonyl-ACP the produc'.;, 

" acetoacetyl-ACI?, is reduced with N.ADl?H to give? -hydroxybutyryl-ACP. 

This reduction is catalysed by the enzyme ~ -ketoacyl-ACP reductase (55). 

The enzyme shows a wide substrate specificity and is el\ually active on 

~ -ketoacyl ACP's of chain length C:4 to 0116. The reductase is specific 

for N.t.DPH and will not accept NADH; it has a marlted preference for ACP 

esters, but will reduce Ooli esters more slowly. The product is the D(-) 

P -hydroxyacyl enantiomer. The reaction is reversible, the reaction 

equilibrium favouring formation of the ~ -hydroxy compound. Only the 

D- enantiOlller is utilized in the reverse reaction; the L-3-hydroxyacylA~ 

enantiomer is not oxidized to lJ, -ketoacyl ACP by this enzyme system. 

3-Hydroxybutyryl-ACf:' is then converted to crotonyl-AaP 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 Co.\ esters. The three 

dehydratases isolated from E. coli exhibit different chain length 

specificities. The first, ~ -hydroxybutyryl-ACP dehydratase is Lctive 

with derivatives of chain length C:4 to a:8, the shorter chain lengths 
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being more readily utilizeG.. The enzyme spe<J:ii'i<J for the intermediate 

chain lengths, ~ -hydroxyoctanoyl-ACP dehydratase, will accept derivatives 

of chain length C:4 to C:12, with the longer homologues being the most 

readily dehydrated. The third enzyme, ~ -hydroxypalmitoyl-ACl? dehydratase, 

is spec:ii'ic for C: 12 to C; 16 chain lengths. Thus the whole range of 

fatty aoid chain lengths of the intermediates in chain elongation is 

encompassed by the three dahydratase enzymes. Plant and animal systems 

differ from E. coli in that they do not possess such a IlUlltiplicity of 

enzymes. Also in E. coli and many other bacteria, there are speoific 

3-hydroxyacylthioester dehydratases which convert 3-hydroXjuecanoYl-ACP 

to .£!!-3-decanoyl-ACl? via the trans-2-isomer. Elongation of this .2i!!.-3-

intermediate in the usual manner then produces vaccenic acid (.2i!!.-ll

octadecenoic acid), a llroduct of the "anaerobic" pathway to unsaturated 

fatty acids found in anaerobic bacteria. 

The 'lecond reductive step in the series of reactions which give long 

ohain fatty acids from acetyl-ACl? and malonyl-ACl? is the production of 

aoyl-ACP from o( f3 -unsaturated acyl-AC'? This reaction is oatalysed 

by the enoyl-ACP reductases. ~o reductases have been isolated from 

E. ooli (57), one of whioh is N.ADPH speoific, ac',;s only on enoyl-ACP 

derivatives, and prefers short chain (C:4, C:6) to long ohain substra:f;o3, 

The second reductase is HADH speo:ii'io, acoepts both CoA- and ACP-esters 

and prefers longer chain length substr~tes, but will utilize all chain 

lengths from C:4 to c:16. 

It oan be seen that the effeot of this series of enzymio reactions 

is to increase the ohain length of the primer moleoule (acetate in the 

case shown in Saheme 1) by two carbons, provided by malonate. Repetition 

of this sequenoe of reactions, now with butyrate as a "primer"vdll result 

in the production of hexanoate, and so on until the product is a long 

chain acid such as llalmitate. Elongation stops when the fatty acid is 

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

hydrolysis. 
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.An enzyme which catalyses the hydrolysi.s of thioesters has been 

isolated from E. coli (58). The enzyme hydrolyses either Cot.. or ArJi' 

esters of fatty ooids of' chain length C: 10 to C: 18, but is most active 

with the longer chain lengths, and with palmitoleic- and ~-vaccenic

thiol esters. The products are the free fatty acid and the thiol. 

As mentioned earlier, two types of' fatty acid synthetase systems 

have been recugnised, those in which the individual enzymes are separable, 

such as occurs in E. coli, end those which occur as a tightly bound 

complex of' enzymes, such as the fatty acid synthetase of' yeasts. The 

properties of the individue.l enzymes of the second type of synthetase 

cromot be individually studied, but the pathwayof' fatty acid biosynthesis 

in this type of' system is identical to that occUITing in E. coli. 

The first multi enzyme complex of fatty acid syntheSis was isolated 

from yeast by Lynen (10). He proposed that the individual enzymes 

were arranged around a "central" s)llpbydryl groUp. This sulphydryl 

grOUp initially accepts a molecule of' malonate from malonyl-CoA, while 

a second sulphydryl group, known as the "peripheral" groUp accepts a 

molecule of acetate. Condensation occurs between these substrates, 

follcwed by the series of reactions described earlier for E. coli. the 

final product being enzyme bound butyrate. This butyrate is then tran"'

~erred to the "peripheral" site and another molecule of malonate is 

accepted at the oentral sulphydryl group, and elongation oontinues. 

Ter.rl.nation of' the sequence when the chain length of the synthesised 

acid reaches 16 or 18 carbons regenerates the synthetase. 

The enzymatic synthesis of' lcng chain fatty acids in plants is also 

catalysed by a multi enzyme complex. The pathway is identical to that 

described for bacterial systems. The same components, namely malonyl 

CeA, M!.P, NADPH and NMlH are required, and all the systems inves";igated 

synthesize de novo palIl11tate and stearate. 
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In addition to de novo synthesis, mammalian cells contain two 

different elongation pathways, 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-

OoA, while the other occurs in the microsomes and uses malonyl-GoA. 

The microsanal pathway condense:.; a preformed long chain acid with 

malonate to extend it in an exactly analogous manner to de novo synthesis 

(59). The system utilizes NADl?H; replacement of this nucleotide with 

NjDU gives much slower rates of elongation. The system elongates both 

saturated (0:10 to 0:16) and unsaturated fatty acids. The unsaturated 

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 0:10 to .0:22, the shorter chain length 

acids being elongated most rapidly. The system is essentially the 

reverse of ~ -oxidation except that the acyldehydrogenase of p. 
oxidation is replaced by a NADPH depandant enoyl-OoA 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 less is known about the stereochemistry 

of these individual reactions. It is known that in each of the reductive 

steps of chain elongation in liver preparations (that is reduotion of 

o -ketoacyl-ACP to ~ -hydroxyacyl-ACP, and reduction of 0< ~ -unsaturated 

acyl-ACP to acyl-ACP) a hydride ion is transferred from position 4 of the 

pyridine ring of NADPH to the p -carbon of the acyl chain (61). The 

product of the first of these reductions, f3 -hydroxyacyl;:'A.CP has the 

hydroxyl groUp in the D configuration (10). 
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It has recently been established that both of the reductive steps 

in fatty acid biosynthesis are completely stereospecific with regard to 

the nucleotide dono::, (17). Using tritiwn labelled N.AD?H, it waa shown 

that equal amounts of tritium were incorpora-::ed from the A and B sides 

of the nucleotide, one reduction occurring with A side s?ecificity, the 

other with B side specificity. When acetoacetyl-CoA was incubated with 

fatty acid synthetase and tritiated N.AD:>H, tritium was incorporated into 

the product ( (!, -hydroxybutyrate) only from the B side of the nucleotide. 

Similarly reduction of crotonyl-CoA with fatty acid synthetase and tritium 

labelled N.AIll?H, gave a product (bu.tyrate) containing tritium only from 

the A side of the cofactor. A proton from water is added to the ~ . .,z 

posi tion of the acyl chain during the second of these reductions (62). 

Recently, Drysdale has shown that the yeast crotonyl-CoA reductase transfers 

hydrogen from NJ.IlPH to the p-carbon of the iX.f -unsaturated acyl 

deri vati ve, the hydrogen in the product, which originated from N.ADPH, 

having the D( pro-R) configuration (63). 

The configuration assumed by the proton added to the rx -posi tion 

during the second reductive step of acyl chain elongation has been 

investigated by Sedgwick and Cornforth (92). Incorporation of [ZHzJ

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 identical to that 

of 2-D(E)-[:2_2HW palmitic aCid, and it was, therefore, reasoned that 

the hydrogen added to the I)( -position during the second reductive step 

of acyl chain elongation assumes the L-(pro-S) configuration. 

There are still questions to be answered, however, about the detailed 

stereochemistry of some of the intermediate steps of chain elongation. 

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

DC -) f -hydroxyacyl-ACP to trans ·x ~ -unsaturated-acyl-ACP. The stereo-
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chemistry of this el:!m:ination iCl not lmown, end tt,,, work reported here 

has been to determine whether the h,ydrogen remc:v".o. from the .;\ -position 

of the acyl chain if: er:ythro or t.'lreo relative to the hydro~l group. 

J...s the configuration of the hyclro~l in the p -hydro~lacyl-ACP pre'CUl'sor 

is lmown to be D. then the solution of this problem will also indicate 

the absolute stereochemistry of the hydrogen removed. 

To answer this question, suitable j3-hydroxy acids are required, 

with the ()( -position labelled with either deuterium or tritium,.£!!. 

(erythro) and trans (threo) respectively, to the hydro~l 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 s1)ecificity as eXpected, are shown in S.cheme 2. 

COil 
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I 
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H-C-OH 

R 

erythro 

trailS ..... 

elimin:.tion~-,_ \ 
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Thus, depending on the stereochemistry of dehydration, one substrate 

will lose all the label, and the other substrate v/ill retain its label. 

In the unlikely event of' there being incomplete or no specif'icity, then 

each substrate would lose some label and retain some. 

The other step to be considered is the seoond reductive step of' 

acyl chain elongation, namely the hydrogenation of' the trans-?(~ -

unsaturated acyl-ACP, to give acyl-ACP. 

RCH = CHOOSACP + NJ\DPH .;. H + ~ 

During the course of' this work, it was reported that the hydrogen 

atom added to the P -position of' the acyl chain assumed the D(pro-R) 

coni'iguration (63), and that added to the ,;{ -position assumed the L(pro-§.) 

coni'iguration (92). 

There are two possible modes of' reduction of' the double bond in 

trans- '" p -unsaturated acyl ACP, either by overall ~ addition of' 

hydrogen, or trans addition. The dif'f'erences in these two modes of' 

addi tion are shown in Scheme 3. 

rO~ 
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It can be seen that in the product of' ~ addition, the hydrogen 

atoms which were originally on the double bond of' the unsaturated 

derivative now have the _t~ coni'iguration, whereas in trans addition, 
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the original hydrogen atoms assume the er,ythro co..n.f'iguration in the 

product. It was also considered like.ly, at the cO"llllencement of this 

work, that the addition of hydrogen to the double bond would show an 

absolute stereospecificity, and this prediction has been verified for 

the P -position by the work of Drysdale (63). 

The method used for the determination of the absolute stereo

chemistry of reduction of ;t, t~ -unsaturated acyl-ACP, by a fatty acid 

synthetase system is shown in Schemes 4 and 5, and is based upon the known 

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

desaturase is kr..JWl'l to remove the D-9 and D-10 bydrogens in the desat

uration of long chain fatty acids ( 32). 

L2,3-~zJ-trans-2-undecenoic acid was used as a substrate for the 

fatty acid synthetase system. In our 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 

~ addition of two bydrogens, then three ditrttio-undecanoic acid will 

be produced. An absolute stereospecificity in this addition would 

provide only the DL-(] S) or LD-(,§ B) ,L2,3-3HJundecanoic acid. 

Alternatively, trans addition of hydrogen during the reductive stEl',? will 

yield erythro [j.,3-3Ha.J undecanoic acid, and in this case, an absolute 

specificity would produce either the D,D-(] B) or L,L~ S)[2,3-3rrJ 

acid. 

If' the product of the reductj,on of ,L2,3-3HzJ trans-2-undecenoic 

acid by the enzyme system is not isolated (in the case of Chlorella 

vulgaris it is not nossible to isolate this intermediate), but allowed 

to continue in the fatty acid elongation 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 chain" acid, prroom-

inantly heptadecanoic acid. The tritium atoms which were originally on 
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0-2 and 0-3 of the undecanolc acid will now be on the 0-8 and 0-9 carbon 

atoms in the heptadeC8il0ic acid. Some of the heptadeeanoic acid produced 

in this way by Ohlorella vulgaris will be desaturated to give ~-9-

heptadecenoic acid. This desaturation will remove the D-9 and D-IO 

lJ.ydrogens of the heptadecanoic acid. Now the methylene group at the 

0-9 position in this 0:17 acid contains the tritium which was originally 

at 0-3 in the undecenoic acid. If the reduction of the undecenoic acid 

by the enzymes of fatty acid synthetase proceeded stereospecifically 

this tritium will now be in the DC!!) or L(§) configuration and, depending 

upon its configuration, it will either be lost or retained during the 

des at urati on of the heptadecanoic acid by theti! desaturase. If the 

tritium on C-9 is DC!!) (that is, if the hydrogen atom added to the ~

position of the cl.. B -unsaturated intermediate assUilles the L(§) config-
I 

uration) then during desaturation the heptadecanoic acid will lose half 

of its tri tium; conversely, if the tritium is L(§) then the prc0.uct of 

desaturation will retain all its tritium. Therefore, isolation of the 

..9i!-9-heptadecenoic acid produoed during the incu"bation of the fJ..,3-~zJ 

undecenoic acid with Ohlorella vulgaris, and measurement of the amount 

of tritium in this product will answer the question of the stereochemistry 

of additon of hydrogen to the (s -position during reduction of trans-

bi.~ -unsaturated-acyl derivatives to saturated-acyl. derivatives in the 

biosynthesiS of long chain fatty acids. 

The stereochemistry of addition of hydrogen to the X-position during 

~ 

the reduction of 0( f' -unsaturated acyl intermediates in chain elongation 

can be decided in a similar manner to that used for the ,'l> -position. If , 
the heptadecanoic acid produced from [2,3-?JH0 trans-2·-undecenoic acid 

by Ohlorella vulgaris is isolated and extended chemically by one carbon 

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

tritium. atoms, which were originally on the 0-2 and C-3 carbon atoms of 
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the undecenoic acid precursor, are now at t!).e C-9 and. C-IO positions, 

respectively, in the steario acid. Desaturation of the stearic acid 

by a system which contains a 1.:::,9 desaturase will affect both methylene 

groups which contain tritium. If reduction of the double bond in trans-

2··undecenoic acid occurred by a trans addition of hydrogen, the tritium 

atoms in the steario acid will be in the erythro configuration and 

desaturation will either remove both or neither of these atoms, depending 

upon the absolute specifici ty of the original reduction. Conversely, if 

the reduction occurred by ~ addition, then the tritium in the steario 

acid will be in the three configuration and dee<atl.lratian will remove 

only half of the tritium, to give either L9-"3rrJ oleic acid or [io-"3JrJ 
oleic acid, depending upon the stereochemistry of the original reduction. 

However, the stereochemistry of addition of hydrogen to the lS -position 

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

the stereochemistry of the tritium at C-IO in the stearic acid will be 

known. Thus the stereochemistry of addition of hydrogen to the r)i -pOSition 

can be deduced. 
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RESULTS AND DISCUSSION 

Preparation of labelled precursors 

1. 2-deuterio.3-hydroxyHeptadeeanoic acids 

In order to investigate the stereochemistry of the dehydration of 

~ -hydroxy acyl thioester to give trans-::.i.\~ -unsaturated thioes"ter, # -
hydroxy acids were required with the :x -hydrogen, .£.!! (erythro) or trans 

(threo) to the hydroxyl group specifically labeliedwith tritium or 

deuterium. Ideally only the D-enan-tiomers of the labelled 13 -hydroxy 
I 

acids were required as it is only these isomers which are intermediates 

in fatty acid synthesiS; the L-3-hydI'Oxy acids are intermedia'i;es in the 

p -oxidative degradation of fatty acids to acetate. The acetate produced 

from the L-3-hydroxy acids by ? -oxidation will contain any label which 

was originally in these enantiomers and, if this acetate then been",> 

available for fatty acid syntheSiS, the original specific label would 

become randomized throughout the fatty acid chain, and could ai'~ect 

interpretation of results. 

This problem could be overcome by the optical resolution of the 

labelled ? -hydroxy acids, and the use of only the D-enantiomer in the 

biochemical investigations. The classical methods of reRolution by 

crystallization of the diastereoisomeric salts of the acid and an optically 

IlCtive base cannot be used in t:1is case due to the very small amounts of 

labelled hydroxy acids prepared. However, during this work, a method was 

developed for the optical resolution of long chain 2-hsdroxy a.::ids and 3-

hydroxy acids by TLC, which was convenient for use on a small scale. This 

method ~s described in the Appendix, but was not used in the work detailed 

here as it had the disadvantage that some isomerizatia.l of the hydroxy acid 

occurred during its recoyery after resolution. 
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Most natural systems only synthesise even mL1:ber fatty acids, so 

that if odd chain racemic P-hydroxy acids are '.!Sed as substrates, the 

desired odd chain pJ:'oducts can be easily separated from any randomly 

labelled products of degradation and resynthesis. The use of odd chain 

precursors has the added advantage that deuterium, rather than tritium, 

can be used as the label on the :X-posi tion. This is due to the fact that 

very little dilution of the label occurs due to endogenous odd chain 

acids, and this enables the resultant deuter:!.um labelled, odd chain 

products to be easily analysed by mass spectroscopy. The intennediates 

chosen to investigate the mechanism of dehydration of # -hydroxy acids 

were threo-2-deuterio, 3-hydroxyheptadecanoic acid and er,ythro-2-

deuterio, 3-hydroxyheptadecanoic acid. 

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

from..£!!- and trans-2,3-epoxyheptadecanoic acids, respectively, by 

reductive -::leavage with lithium boron deuteride, as sham in Scheme 6. 

These reactions are of known stereochemistry (70) and result in :inversion 

of configuration at the position of nucleophilic attack, and retention of 

configuration by the hydroxyl group. 
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The reductions were perl'onned in dry diethyl ether at 00 0 and, on 

the scale used, the optimum reaction time for maximum yield of p
hydroxy acids was approximately three hours. The reduction was performed 

on the epoxy acids 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 group occurred 

during the reaotion, and this resulted in low yields of the desired 

products, the side products being mostly 1,2- and l,3-heptadecandiols. 

A further disadvantage 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 n.0, but the overall yield of the 

desired 3-hydroxy acid was reduced accordingly. The mixture of 2- and 

3-h.Ydroxy acids produced in the reaction was separated from the 1,2-

and l,3-diols formed by over-reduction by extracting an ethereal solution 

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 layer chromatography. It was found more convenient, 

however, to first partially l)urify the 3-hydroxy derivative bflfore 

performing n.0. This was achieved by reacting the mixed 2- and 3-hydroxy 

acids with a 0 • .5% v/v solution of perchloric acid in acetone. The 2 .. 

hydroxy acid undergoes reduction to fOl'lll the isopropylidene derivatiye 

whereas the 3-hydroxy acid remains unchanged. 
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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 involved 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 acids were 

needed, however, as substrates for tha biochemical investigations, and 

an intermediate esterification would ha .... e meant a final hydrolY3is step 

in the reaction sequence. As it had been found in preliminary experiments 

that the'~ -hydroxy esters were base sensitive, losing water read:\'ly to 
/ 

form the trans- 0< p -unsaturated derivative, hydrolysis of the p-
hydroJfY compounds was avoided. 

In order to check the complete stereospecificity of the borohydride 

reduction of the 2- and trans-2,3-epoxyheptadecanoic acids, that is, to 

ensure that the erythro-2-deuterio, 3-hydroxyheptadecanoic acid contained 

none of the threo-isomer and vice-versa, the 220 11Hz NMR spectra of both 

products were examined. The NMR spectra were obtained on 0.1 Molar 

solutions of the i3 -hydroxy methyl esters. These esters were prepared 
I 

by the action of diazomethane on the free acids. The relevant par~s of 

the spectra are shown in Figure 1. The absorption pattern of the '-;1... -proto11,S 
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fo!' the fu.l1y protonated cO!.1po1Jnd, methyl 3-hydrorJpalmitate, is also 

shown. This is typical of an ABX Byatem, wHh SA = 2.285 ppm, 6 B = 
~ 

2.'Sl0 ppm and. ex", 3.84l ppm, h£'Ying coupling constants J,AB = 16.5 Hz, 

JAX= 8.5 Hz and JBx = 3.5 Hz. 

When a deuterium atom is substituted for one of the )(-protons, the 

"threo" compound is left with the Ha and HX protons, and the "emhro" 

compound is let-t with the HA and HX protons. The absorptionof the 

remaining eX -proton should, therefore, occur with almost the same chemical. 

shift as in the fully protonated molecule, but with the proton-proton 

coupling being only J},X or Jmc. Since deuterium has a spin of 1, it may 

be expected to produce further splitting of these absorptions into 1: 1: 1 

triplets. Such H-C-C-D couplings are usually about 2 Hz. 

:in the spectrum of the "threo" compound, proton Ha gives a broad 

absorption ( .{ = 2.352 ppm) with half' height width of about 8 Hz. Allowing 

for the broadening of the absorption from the deuterium coupling, this 

width indicates a coupling with HX of 3-4 Hz. The "erytbro" compound 

proton HA gives a broad doublet at 6-= 2.266 ppmwith a coupling of 9 Hz 

and a half height width of about 5 Hz. These couplings compare with those 

obtained by Gawson and Fondy (71) for ~~- and eIDhro-3-deuterioroalio 

acid, during their investigations on the specificity of the fumElrsse 

enzyme. The coupling constants for the two deuterated malic acids are 

shown below. 

c:o~ CO~ 

HO-+-- H HO I H 
I I H 
I 

D D H ! I 
i 

C0
2
H CO;}i 

J = 4.4.:!: 0.2 Hz J=7.3Hz 
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The spec'tra showed that there was some fully ;:>rotonated compound 

in each isomer, but that there was less than 7% threo form in the erythro 

isomer and less than 7% er:ythro form ill the threo sample. 

Complete deuterium labelling of each sUbstrate molecule is not 

possible and the isotopic purity of each product was detennined by mass 

spectrometry on the methyl esters and is shown below. 

Composition (%) 

Labelled acid 2 2H ~2 Ho 1 

Methyl threo 2_2H, 3-OH 17:0 2b 73 1 

I Methyl er:ythro 2_2H, 3-OH 17:0 16 82 2 

The ~- and trans-2,3-epoxyheptadecanoic acids which were reduced 

to give the fo -hydroxy acids, used in the stereochemical investigations, 

were not cOlllllercially available and were synthesised by direct epoxidation 

of the corresponding monoenes. The synthetic routes to both the ~- and 

trans~epoxides are shown in Scheme. 7. 

The IX P -unsaturated esters required as intermediates in the synthetic 

route to labelled ~ -hydroxy esters have been synthesised previoulsly by 

a variety of methods. Probably the Irost cOllDDOn route to ()I. ~ -unsatljI'at~ 

esters is the elimination of hydrogen bromide from an:J\.-bromo acid. 

These iX -bromo acids are readily prepared by the action of phospho~ 

tribromide and bromine on the corxesponding long chain ac11. Eliminatiall 

of hydrogen bromide is then achieved by the action of base on the:f...-

bromo acid, the reagent of choice being hot pyridine or q)linoline, or 

potassium ~-butoxide in ~-butanol. 

Unsaturated acids obtained by this bromination dehydrobromination 

procedure have the double bond in the trans configuration, although during 

the elimination reaction there is a possibility of some isomerization to 
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form the trans- j3 X -unsaturated compounds. trrul',- i... ~ -Unsaturated 

esters have also been prepared by dehydration of f~ -hydroxy esters, 

which are readily available as products of the Reformatsky reaction. 

'rhe dehydrating agents usually employed are thionyl or phosphonyl chloride 

in pyridine, and it is probable that the hydroxy esters are converted to 

~-chloro intennediates, and dehydrochlorination produces the unsaturated 

products. As in the case of dehydrobrominaUon, the produc'~s can contain 

some of the f3 0 -unsaturated isomer. 

stereospecific production of trans- et. p -unsaturated acids, free from 

any P D -isomers, has been achie-Ted by the condensation of long chain 

aldehydes with malonic acid. The reaction is usually performed in 

pyridine containing some piperidine. 

CH2(CO~)2 
warm heat 

RelIO ---~,. R?HCH(co~h --4) RCH = c(CO~)2 --4) RCH ; CHCO~ 
I 

OH 

Some 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 fatty acids, the alkencic acids are prepared from the 

corresponding alk;ynes by stereospecific half' hydrogenation. Acetylenic 

acids are easily prepared by the carboxylation of' terminal acetylenes 

via their Grignard (72) or alkali metal derivatives. The ac<3tylenic 

acid can then be converted to the.2!!!. derivative by hydrogenation over 

a partially poisoned palladium catalyst (73) or to the trans isomer by 

reduction with sodium or lithium in liquid ammonia (74, 75). 

The methyl cis-2-heptadecenoate used in these studies for the synthesis 

of the labelled f3 -hydroJCY acids was prepared via an elegant method 

involving the Favorski re-arrangement (76, 77). The reaction, described 

-42-



by Gerson and 8chlenk (64-) WM used to produce the .~ acid from palmitic 

acid, via the dibromoketone and is shown in Scheme 7. 

Palmi toyl chloride, the first intermediate in the reaction scheme, 

was nrepared by the action of oxalyl chloride in benzene on palmi. tic 

acid. After carapletion of the reaction, the benzene and excess oxalyl 

chloride Vlere :removed under vacuum to leave palmitoyl chloride in 

essentially quantitative yield. The product needed no furthe::- purification, 

and this method was used in preference to the standard procedure which 

involves reaction with thionyl chloride, and subsequent distillation of 

the product. 

The palmitoyl chloride obtained was reacted with diazomethane to 

provide the diazaketone which WM purified by crystallizaticn as pale 

yellow flakes from diethyl ether. The diazoketone was treated with a 

solution of bMmine in carbon tetrachloride to yield the oily dibromaketone. 

This dibrornoketone was then reacted immediately with a solution of sodium 

methoxide in methanol t~ give methyl~-2-heptadecenoate. The only 

difference between this method and that of Gerson end Schlenk was the 

use of sodium methoxide in methanol, in place of aqueous ethanolic 

potassium hydroxide, to effect the Favorski re-arrange.oent. It waz found 

that this modification gave a cleaner product, end the methyl ester was 

produced directly, whereas a final este.ci.f'ication step was necessary when 

using aqueous base. 

The generally accepted mechanism for the Favorski re-arrangement of 

this type involves a cyclopropane intennediate (77). The ~tereo

specificity of the reaction suggests that both the formation and the 

cleavage of the intermediate bromocyclopropanone are concerted processes. 

If' this is so, then it implies that, as the product is exclusively cis, 

the intenoediate cYClopropanone must be cis; a mechanism to explEdn these 

observations is given on the next page. 
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Although some methyl trans-2-heptadecenoate had already been 

prepared by the condensation of malonic acid with pentadeoanal, this 

method was not used for the preparation of further amounts of the trans 

ester, due to the difficulties experienced in preparation and purification 

of the long ohain aldehyde. 

Due to the ease of preparation of methyl .£!!!-2-heptadecenoate via 

the 1<'avorsld re-arrangement it was decided to prepare the trans isomer 

by stereomutatic!l of the.£!!! compound. 

Stereomutation of cif! alkenoic acids and esters has been achieved 

by a nUIIiber of methods. These tran~forlllations can be accomplished by 

the use of the N02 radical generated from sodiun nitrite and nitrio acid 

(78, 79). 

ileleniuftl has also been used to affect the tro.naformations (79, 80), 

but in this oase, migration of the double bond can occur. to afford a 

mixture of' monoenoic esters. The oomposition of these equilibrium 

mixtur~,s has been investigated by Gunstone and Iamall (80), who found 

that migration is IllOre extensive when the double bond is present in the 

central portion of the chain. This migration oan be overoome by effeoting 

the isomerization of the.£!!! olefins with ultra ."iolet light in the 

presenoe of diphenyl sulphide (80, 81). 



The isomerization of methyl. ois-2-heptadecenoate to the trans 

isomer was first attempted using the N02 radioal produced by the action 

of nitric acid on sodium nitrite. This method was unsuocessful, and 

resulted in Blmost quantitative recwery of the cis isomer, even at =h 

longer reaction times than were needed for the elaidanization of methyl 

oleate. Other methods of performing this isomerization were therefore 

inve:;tigated. Methyl ..s!!!,-2-heptadecenoate was isomerized by heating the 

ester under nitrogen in a sealed tube with selenium. This resulted in 

a mixture of ..s!!!,- and trans-o<. ~ -unsaturated and trans- f3 ~ -unsaturated 

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 

cis isomer was less polar. The trans- o(~ - and trans- ~ 0 -unsaturated 

esters were nu...ch IJ\Ore difficult to separate, being only just separable by 

rr..0 on silica gel G impregnated with silver nitrate. However, it was 

found that if the mixture of trans isomers was not separated at thi.s stage, 

but epoxidized, the resultant mixture of trans-2,3- and trans-3,4-

epoxyheptadecanoates could be separated readily by 'l!.0. However, this 

method was laboricua and time consuming due to the number of separations 

vmich needed to be performed by TLO. A much improved method for the 

isomerization of 2-2-enoates to trans-2-enoates has been reported by 

Barve and Gunstone (65). This method involves the treatment of the 2 

ester with mercuri.:) acetate and methanol, followed by hydrochloric acid. 

The product is almost exclusively the trans- 0( r -unsaturated isomer. 

Hethyl ..s!!!,-2-heptadecenoic acid produced via the Favorski re-arrangement 

was isomerized by this method. The ester was dissolved in dr,y methanol and 

reacted overnight with an equimolar amount of mercuric acetate. The 

mixture was then acidified with hydrochloric acid at 00 0 and left for half 

an hour. The product was almost pure methyl-trans-2-heptadecenoate 

containing some cis isomer which oould be separated by rr..C. No migration 

of the double bond could be detected. 
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The reaction of mercv.ric salts with o:i.<:.finio compounds is well 

docwnented (82) and it haa been used to sepa>:'A.te mono-, di- and td-

unsaturated fatty acids by ~C. Reversal of the oxymercuration reaction 

by addition of' acid usually l'esults in the regeneration of the double band 

vdth cOlIJplete retention of the original stereochelnistry. The cuse of' the 

.£!!-2-heptadecenoate is an exception to this ,?attern, and =t be due 

to a change in the normal stereospecific mode of oxymercuration or 

demercuratio.'l. 

The structuren of the cis- and trans-methyl heptadecenoates, prepared 

as described above, were confirmed. by Nl.'lR. The double bonds in these 

compounds are adjacent to a carbomethoxy group, and this gives the esters 

distinctive spectra. The IX methylene grouo is absent, the methylene 

groupa adjacent to the double bonds occurring at l = 2.66 in the ~ 

ester and r; ,. 2.21 in the trans isomer, aa broad bands. The olefinic 

protons occur as an .AB qunrtet with the low field doublet further split 

into two triplets. These triplets are due to coupling of the low field 

proton with the adjacent methylene group. The entire olefin proton 

pattern consists of eight lines. 

The chemical shifts and coupling for the olefinic protons are shown 

below. 

methyl ~-2-heptadecenoate 

J
CH2

_HB = 5.80 \.\1 .. 

t A = 5.75 ff'" 
l:-~ 

methyl~-2-heptadecenoate 

JCH2-HB = 6.79 I-h. 

J.AB = 11.30 HI. 

~ B = 6.30 ff'" 

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

.£!!-2-heptadecenoate and trans-2-heptadecenoate 



~'he next ate:> in the reac~'ian uequence was t!le eporldatian of the 

~- and trans-2-heptailecenoates, and was accomplished by reaction of' 

the olefinic esters with a pero:l!y acid. Peroxy acids react with olefinic 

bonds to give eporldes (83). The reaction iIlvolves electrcphilic attack 

by the peracid on the olefinic bond, and occurs stereospecifically with 

overall ~ a&Ji tion of oxygen, thus .£!!!!. and trans olefins afford the 2 

and trans-epoxides respectively. 

R I R 
... 0 .. C .... 

H .... I 'H 

( ~ 
H ............. 0 

\." 
~ I 

0=0 
'R 

) 

R R 
'- 0 - 0' 

H .... \ / 'H 
o + 0 

" HO - 0 
"-

R 

As the reaction involves electrophilic attack by oxygen, it is 

obvious that substi tuents which increase the nucleophilio character 

of the olefin will enhance the rate of action, while electron witMrEllving 

substi tuents will decrease the reaction rate. The double bend in ",ethyl 

~ and trans-2-he"tadecenoates bears a carbomethcxy group which is 

strongly electron withdrawing, and would, therefore, be e:tpected to 

decrease the reaction rate. Indeed this was found to be the case and the 

epoxidation of these olefins needed much longer reaction times and a 

higher concentration of peracid than was required for eporldation of the 

mid-chain unsaturated e&ters such as methyl oleate. 

The two unsaturated esters were epoxidised by reaction with,!!!-

chloroperbenzoic acid in benzene solution. The reaction time was 

twenty days, and after this time the epoxides were isolated in almost 

quanti tati ve yields, and purified by chromatography. 

-47-



In contrast to the other members of the series of epo:xy fatty acids, 

it was not possible to separate the..2!!!.- and trans-2,3-epo:xy isomers by 

'JI.C or by GLC on a non-polar (SE 30) phase. This is in agreement with 

G\metone and Jaconsberg (84) who have prepared, and sttrlied the chrcmato-

graphic properties of, the complete series of metlJ.yl epoxyoctadecanoates. 

The purity of the isomers could be checked, however, by GLC on a polar 

phase, as in this case the isomers were separahle, the..9! epoxide having 

a shorter retention time (EeL =20.61) than the trans isomer (EeL =20.80). 

It was found that the epoxidation had occurred with com"lete stereo

specificity, neither epoxide containing any of the other isomer. 

Before reducing the epoxides with lithium borodeuteride to provide 

the precursors necessary for the bioohemical investigation, they were 

hydrolysed to the free acids. This was necessary as the ester functions 

are reduced by the borodeuteride to primary alcohols. The hydrolysis was 

effected with dilute methanolic potassium hydroxide at rOOlll temperature. 

The pH of all solutions was carefully controlled during extraction of the 

free acids, as the epoxides are acid labile. A small amount of each of 

the acids was remethylated with diazomethane and coqlared by 'JI.C and GLC 

with the original ester; the identity of these remethylated compounds 

with the original esters confinned that the epoxide groups were unaffected 

by the lJ.ydrolysis procedure. 

The ~- and trans-2,3-epoxy heptadecanoic acids, produced by the 

reactions outlined above, were then reduced with lithium borodeuteride to 

provide the threo- and erythro-2-deuterio, 3-lJ.ydroxyheptadecanoic acids 

used in the biochemical investigations. These reductions and the character

ization of the products have been discussed above (pp 37-39). 

Because of the low yields of 2-deutero; 3-hydrox~eptadecanoic acids 

obtained by reductive cleavage of the epoxides with lithium borod'luteride, 

an alternative method for the production of the f -hydroxy esters was 

attempted. This involved the reduction of the oxymercurial derivatives of 

2- and trans-2-heptadecenoate with sodium borodeuteride. 



The reaction of' mercuric acetate with olefins gives stable a4ducts 

in which there is a covalent link between the carbon and mercury atoms. 

The reaction in a nucleophilic solvent usually involves overall trans 

additicn of' the mercuric salt and a solvent moleCule, the reaction has 

been explained in terms of a mercurinium ion. ~'his reaction can be 

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

) 

Hg 
/ \ .. 

AcO OAc 

H O1le 
I I 

R-C-C-R 
/ I 

HgOAo H 

Reaction of methyloleate with mercuric acetate in methanol 

Reduction of the organomercurial with sodium borohydride results in 

the replacement of' the HgOAc group with a hydrogen atom. This reaction 

has been studied by Bordwell and Douglass (85) who have shown that the 

reaction proceeds stereospecifically with retention of configuration, 

the incoming hydrogen directly replacing the mercury atom. They also 

found that this hydrogen is derived from the borohydride and not from the 

solvent. 

It was known that oJCYlllercuration ofo(~-unsaturated esters in methanol 

solution followed by reduction of' the oxymercurial derivative with sodium 

borohydride gave exclusively the 3-methoxy derivative (14~ and it was 

hoped that the same series of reactions using an aqueous solvent and 

sodiUln borodeuteride would result in stereospecific production of 2-

deuterio, 3-hydroxy esters. 
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Both cis- and trans-2-heptadecenoate were reacted with l"ercuric 

acetate in aqueous dimethylformamide to which a '.;race of perchlorj.c ~id 

had been added. ThE! .oxymercurial adducts were isolated by extraction with 

ohlorofoIm, and then reduced Vii th sodium borodeuteride in aqueous 

tetrMydr·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. J.l.epetitio.n of the 

reaction this time using heavy water, tetrahydrofuran, and sodium 

borohydride in the reduction stage gave good incorporation of deuteritnn 

into the molecule. The results are shown below. 

I i I , Ratio of' I I t>'ubstrate for Media for ! "erythro " 
oxymercuration reduction of 

t 
2H 2H4 I to "threo" 

0 I 

reaction oxymercurial product j products 

, 

i I I ~- t:}-17:1 I NaBDl/TID!' /H2O 97 3 

I 
i 

I 

~- tl-17:1 
, i 

N amv'l'HF/D20 ! 29 I 69 1:2 
I I ! 

I I I I 

trans-62-17:1 i NaBDl/TID!'/H2O 98 
I 

2 ! 
I I , 

, I I I 

I trans- 6,2 -17: 1 
! I I , 

NaBHt/TEF/D2O 34-
, 

63 I 1:1 . I 
I 

, I I 
• I 

The stereochemistry of the products was investigated by m~R. 

COJltparison of the spectra of the 3-hyd!'oxy products from the ~ and 

trans monoenes with those of the specifically labelled compounds Droduced 

by reduction of the epoxides, showed that reduction of the oxymercurial 

compound did not occur with strict stereospecificity. The products were 

a mL"Cture of the erythro- end threo-2-deuterio, 3-hydroxy esters in the 

ratios shown in the td>le. A probable mechanism for the reduction reaction 

which would account for the lack of stereospecificity and explain the fact 

that the deuterium incorpcrated originated from the solvent is sh",m in 

Scheme 8. As an cl.temative route to the stereospecifically labelled 3-

hydroxy esters, the method was obviously unsuccessful and was abandoned. 
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C02Me 
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) 

Scheme 8. 

,--
to, Olile ,j,00B 
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I 
n 

o i OMe 
'-, / 
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H - C 

HO-C-H 
I 
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° OMe 
\::.-./ 

C , 
H-C-D eJ 

, + OD 
HO-C-H 

! 
R 
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2. O,3-\::L7-Undecenoic Acids 

The next step in the biosynthesis of fatty acids to be investigated 

in the work, was the second reductive reaction in which trans-d.. ~ -

unsaturated acyl-ACP's are reduced to saturated acyl-ACP' s. In order to 

investigate the stereochemistry of addition of hydrogen to the j;~-

<X ~ double bond during this reduction, it was necessary to prepare a 

.:tr..~- tJ(.~ -unsaturated acid specifically labelled on the c/... and ~ carbons 

with tritium. The acid prepared was O,3-3Hz.7.trans-2-undecenoic acid, 

and the method used is outlined in Scheme 9. 

As well as being intermediates on the chain elongation pathway, 

trans-2-enoic acids are also intennediates in p -oxidation. It is 

oonceivable, therefore, that as well as being elongated by the fatty acid , 
synthetase system, the labelled precursor could be degraded to acetate 

by f3 -oxidation. If this acetate were then utilized for fatty acid 

synthesis, there would be some scrambling of the radioactive label. The 

use of an odd cl.ain acid again overcomes this complication, as the product 

of elongation will be an odd chain acid, while the products of any breal{

down/resynthe<Jis will be even chain length acids, the two products being 

easily separable by preparative GroO. 

The chain length of the precursor was also critical, it needed to be 

such that elongation by the fatty acid synthetase system Vlould place the 

tritium atoms, which were originally on positions 0-2 and 0-3 of the 

precursor, at, or close to, the 0-9 and 0-10 positions in the product, 

in order that the known stereospecificity of the 6,9 desaturase could be 

used to detemine the configurations of the tritium atom.s in the product 

of chain elongation. For this reason, the 0: 11 acid was prepared. 

To facilitate accurate determination of the amount of trit1tnn lost 

or retained in each st~p of the biosynthetic investigations, l-~O 

labelled troos-2-undecenoic acid was added to the tritium labelled precursor. 
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CH3( ClI2) 6CHi8r + lIC ;;; CCH20H 

1 Li/HqNH3 

CH3(CH2)7C = CCH20lI 

13H2/Lindlar catalyst 

CH3(CH2)7C = CCH20H 
I I 
T T 

lMno2lhexane 

CH3(CH2)7C = CCHO 
I ! 
T T 

11) Ag20/HaDH 

~2) CHi'2 

T 
liE 

CH3( CH2)70 = coo~re 
I 
T 

T 
lit 

CH3( C112)70 = CCO;!! 
I 
T 

iE 

CI-I3(CH2)7CH2CO;tI 

I (COO1)2 
" 

!I[ 

CH3(CH2)7CH2COCl 

1 CH~2 
° I1 

CH3(CH2)7CH2CCHN2 
!I[ 

lBr2 

° I1 
CH3(CH2)7CH2CCBr2 

. iE I N aOMe/MeOH 

" 

!f 
o = 140 

If = 3:Er 

Scheme 9. Preparation of 5-14c ,2, 3-3.Hz.7.trans-2-undecenoic acid 

-53-



TW.s provision of an internal 140 standard sllowed the fate of the tJ;'itium 

to be determined by measuring 3sV140 ratios and o1:lviated the need to 

determine the degree of dilution of substrate and reaction product by 

measurement of endogenous fatty acids. The 140 labelled acid was prepared 

from L'i-140J decanoic acid in a similar manner to that used for the 

preparation of trans-2-heptadecenoic acid from palmi tic acid (p.41), namely 

chain elongation by one carbon via the Favorski rearrangement. 

As,mentianed earlier, acetylenic intermediates have been used exten-

sively in the preparation of unsaturated fatty acids. The synthesis of 

L2,:;-3a:aJtrans-2-undecenoic acid, used in this worli:, utilbed one of 

these acetylenic oompounds, n am61y propargyl aloohol. 

Ootyl bromide was ooupled with the dilithium salt of propargyl 

aloohol by reaction in liquid ammonia. The dilithium derivative was 

prepared in sltu by reaction of propargyl alcohol and lithium in liquid 

S!lLlJlOllia. This reaction was allowed to prooeed for two hours before the 

oetyl bromide w& added, and the reaction was then allowed to prooeed 

for a further two hours. The product was isolated in good yield anc! 

purified by vaouum distillation. 

Attempts to oxidize the 2-undecynol to 2-undeoynoic acid with Jones 

reagent (ohromium trioxide, water, sulphuric acid) in acetone failed, the 

major product being nonanoic acid fom.ed 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-undeoenol from the 2-

undecynol. It was mown that allylic alcohols are readily oxidized to 

the corresponding aldehydes with active manganese dioxide (86), and thence 

to the acids with silver oxide. This was the route ohosen for the prep-

aration of the labelled unsaturated ester. 

A small amount of the undeoynol was purified by TLO and sen"" to the 

Unilever Hesearch Laboratory, Vlaardingen, Holland, for reduction. The 
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reduction was perfozmed with t~'itium gas over a Lindlar catalyst (73). 

The product, ffi,3-3}ra.7cis-2-undecenol, w<,.o S~"'N'l to be pure by GLC and 

sholVed. only one spo·~ on argentation TLC, indicating that no trans isomer 

was present. 

The oxidation of L2,3-~J.Cis-2-~dec1nOl to L2,3-~2.7.Cis-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, bU:\; was 

illllnediately used for the next stage of the reaction. The oxido.tion of 

the allylic alcohol to aldehyde was followed by TLC; the product was 

less polar than the starting lnaterial end, at the end of the reaction, 

all of the alcohol had been consUlaedj The product was contaminated, 

hoNever, with a more polar material which had a similar Rr value on TLO 

as free fatty acid. This contaminant was not isolated, and was, therefore, 

never char9.Cterized fully. 

The im;:>ure ffi,3-~zJciS-2-undece!llll. was further oxidized with silver 

oxide in aqueous alcoholic potassium hydroxide. The aldehyde ' .. !as dissolved 

in ethanol and silver oxide, dilute potassium hydroxide was added and. the 

mixture was shaken overnight. The silver salts were removed by filtration 

and any unchanged aldehyde was extracted from the alkaline solution with 

petrol. Acidification of' the aqueous phase and extraction with ether gave 

the acid, which was esterified with diazomethane. The meth,yl £!:!.:'2-

undecenoate produced by this method contained some trans isomer from which 

it was readily s"!)arated by TLC. Throughout this reaction prOcedure, 

care was taken to minimize lOf;ses of the short chain products through 

their water solubility and. volatility. All aqueous solutions were 

saturated with salt before extraction, and organic solvents were removed 

under a stream of nitrogen to 0°0; oper2tions where products were taken 

to dryness were kept to a minimum. 
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Before effecting the stereomutation of the m~thyl cis-2-undecenoate 

to the trans isomer, the tritiated compound was mixed with l40-1abelled 

_~-undecenoate. This 140-1abelled ester acted as an internal standard 

end obviated the need for calculation of specific activities of precursor 

&1d i>roduct. The carbon labelled substrate was added as the cis ester, 

before the isomerization step, as calculation of the 3!V140 ratio before 

and a£ter stereomutation, would indicate whether any tritium had been 

lost from the double bond during the isomerization reaction. 

The carbon labelled methyl cis-2-undecenoate was prepared from 1-140 

decanoic acid, by the route shown in Scheme 9. This series of reactions 

is identical to that used for the preparation of cis-2-heptadecenoate from 

p~tic acid discussed on pages 43,44. The reaction mechanism for the 

rearrangement step in the synthesis has also been discussed earlier (pp 43-44) 

and it can be seen that the product from decMoic £).cid labelled with 

140 at the carboxyl group, will be .£!!.-2-undecenoate, also labelled at the 

carboxyl group. 

A small amount of 140-1abelled .£!l!,-2-undecenoate was added to the 

L2,3-3sz)cis-2-undecenoate. The dual labelled ester was then reacted 

with Imrouric acetate in methanol to give the methoxymercuric additi9n 

compound, which was decomposed with hydrochloric acid to give the trans 

ester. The trans-2-undecenoate was pur·ified by TLO. The 3JVl4c ratio 

of the product was determined by scintillation counting • 

. As expected, the product shaved virtually no losswof tritium during 

isomerization. The 3rV140 ratio of the starting material and product are 

shown below. 

£1-140; 2.3-~zJ-methyl £i!!.-2-undecenoate 6.6 

£1-140; 2,3-~J-methyl trans-2-undecenoate 6.0 
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The dual labelled trans-2-undeceneate was then hydrelysed to. give the _.-
free fatty acid used in the incubations. Investigatiens ef the ~elysis 

reaction with unlal:JP.lled trans-O( r -unsaturated esters showed that, 0..'1 

hydrolysiS with methanelic petassitun hydroxide, migration ef the deuble 

bond to. give ~ ~ -unsaturated acids and additien ef methanel acress the 

double bend to. give 3-methexy undecaneic acid beth eccurred. 

Davidsen and Kern (87) rove reperted that hydrelysis ef D( r -unsat

urated methyl esters with O.sY sodium hydrexide in Sa;; methanel, causes 

partial isemerization via the methoxy intennediates, to. the ~ (f -unsaturated 

acids. Appreximately l~ of the x~ -unsaturated methyl ester WI'.S converted 

to. the 3-methoxy acid and q; to. the #~ -unsaturated isemer. The fonnation 

ef these artefacts was prevented by hydrolysing the ebter in eq.lal velumes 

of benzene and dilute Mueeus ethanelic petassium hydroxide. This mild 

procedure did :lotcaus:e!migration of, ner additien to., the deuble bond in 

the v<..r -unsaturated ester. Measurement of the .3j;V14c ratio. of the product 

showed that no. trititun was loot during the h;;drelyds. 

The dual labelled trans-2-undeceneic acid produced by the reactiens 

eutlined abeve, was inCUbated with ChlereUa vulgaris to. investigate the 

stereochemistry af the hydregenatien step in acyl chain elengatien. The 

results ef the incubations are discussed later. 

Incubatian of f? -h,Ydrox,y precursers \Vi th ChlereUa '!\ll,garis 
I 

Unlike mcst plants, the green alga Chlat'eUa vulgaris is capable ef 

two. mades of existence. In the "rich" media in which it was grown, the 

erganism exists heterotrophically,and utilizes the various erganic 

substanoes in the media as a seurce c£ energy. The useef phosphate buffer 

8S an incubatien media forces the Clt'ganism into. a tetally phota-autotrophic 

existence and chang(os the fatty acid composition ef the cells. The phote-

autetrephic existence results in fermation of mere lineleic and linolenio 

aCids, typical ef phetesynthetic tissues (23). Under these conditions, 
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the organism is capable of breaking dcwm fatty aciC!s by B -oxidation to 
J 

acetyl-CoA and reutilising this in de novo synthe3is, which causes 

randomization of the label into other fatty acids. Huwever, this 

complication Wal! overcome by the use of odd chain pl'ecursors, as discussed 

earlier. 

There are several advantages in using whole cells of Chlorella 

vulgaris for the biochWlical investigations rather than, for exa.rrple; 

isolated enzyme syste!:1B or subcellular fractions from bacteria, yeasts, 

or livers. Using Chlcrella, the substrates can be added as free acids and ---

the cells will perfonn the activation steps, such as the fonnatio.11 of the 

CoA esters, necessary for the specifically labelled compounds to become 

substrates for the acyl chain elongation enzymes. If isolated enzymes 

or subcellular fracticns had been used, the substrates would have needed 

to be in the fonn of the thiol esters, which would have involved further 

synthetic procedures. A further advantage over isolated 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. Bome of these 

saturated products will be converted to monoenell by the Chlcrella desat-

urase system and this is an advantage in the later work on the determination 

of the stereochemistry of hydrogenation of 0<. p -unsaturated aoyl-ACP by 

the fatty acid synthetase system in ~_~. 

One major disadvantage of using whole cells for the investigation of 

the stereochemistry of acyl chain elongation is that it is no'.; known 

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 Chlcrella was the dehydra:'cion of i3 -hydroxy 
I 

acyl derivatives to give trans- "'~ -unsaturated acids. 
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Assuming dehydration ~ the ~ -hydro:xy wids takes place otereo-, 

specifically by abstraction of a hydrogen atom from the ,j -posi tion, and 

the ~ax:yl group from the ~-poSition to give the trans-:>I.~ -unsaturated 

acid, there are several mechanisms which could prevail. These Jrechanisms 

are outlined in Scheme 10. Only the D enantiomer of the hydroxy acid is 

shown in the diagram, as it is only this enantiomer which is utilized as 

a substrata for ~yJJ chain'.elongation, and the mechanisms shown assume that 

the groups eliminated are either in a staggered or eclipsed cant'ormation. 

Detennination of the relative configurations of the hydrogen and 

hydroxyl group removed, will eliminate half ~ the possible aechanisll13 

for dehYdration outlined in Scheme 10. 

In order to determihe the stereochemistry ~ the dehydration reaction 

in acyl chain elongation, the synthetic threo- and erythro-2-deuterio, 

3-hydro:xyheptadecanoic acids were each incubated with Chlorella vulgariS 

lIS the fatty acid synthetase of this organiBm is a coupled enzyme cOlnplex, 

the direct product of the dehydration step in the chain elongation pathNI;Y , 

ne.Jrely the trans- X ~ -unsaturated acid, could not be isolated as such. 

The final hydrogenation step in the sequence was automatically effected 

by the micro-organism, and the first product which could be isolated was 

he<otadecanoic acid. In the Chlcrella, some of this product. in tum, was 

Bubsequently desaturated to the cis-9-h .... ptadecenoic acid and possibly to 

the .£!.!!-9 • .£!!!.-12-heptadece,dienoic acid. 

A second pair of incubations were peri'ol"'.Jled concurrently. In these. 

the .9hlorella WaB incubated with the erythro- and threo- substrates in the 

presence of an equal amount of sterculic acid (W-(2-n-octylcycloprop-l-enyl) 

octanoic acid). Sterculic acid has been shown to be a 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 effecthely 

stopped desaturation ~ the heptadecanoic acid. as determined by GLC ~ 

the incubation products. 
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Substrate: -

Conformation of D enantiomer 

Ll Dl 902H 
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, , 

R 
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HO L2 R R 

Ll. L2 and D2. refer to the hydrogens of the L and D cmfigurations 

1. Removal of the erythro Groups 

A) enzyme bound 
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erythro and threo hydrogens refer to the hydrogen atoms on the O(-position which 

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

~-Position 

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

to give trans !)( ~ -unsaturated acids 



Considering a broad classii'ication of the mechanism outlined in 

SQheme 10, production of a trans-OZl3 -unsa"tUl'ated acid from the fl
hydroxy acid can occur by two di:t't' erent routes, namely:-

.REi.=iO:.::v.::'fJ.,~OF=-.. ':ERYTHR==:O:..' ~HYD:='{O:.:C::::EN~ #-hydroxy acid _ ) trans-;xp -unsaturated acid 

.REi.=dO:.V.::'fJ.,=-.::OF:.-..=' THREO:::':.... ~HYD==R=OGEl=~r ~-hydroxy acid _ ) trans- xp -unsaturated acid 

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

hydrogen takes place from the e;;ythro- and threo-2-deuterio, 3-hydroxy 

acids, the products would be as illustrated in Scheme 11. 

co~ 
I 

H-C-D 
i 

H-C-OH 
I 

erythro 

co~ 

D - C - H 
i 

11 - C - OH 

R 

threo 

::lcheme 11. 
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When the erythro-2-deuterio, 3-hydroxyheptadecanoic actd is a 

precursor, the deuterium atom on the (:/.. -carbon would be retained in the 

product. This would result in an enrichment of deuterated species ill 

the heptadec.moic acid "roduced.. 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 result in complete removal of 

the deuterium, and the product would be expected to show no deuterium 

enrichment. 

Alternatively, if stereospecific removal of the • erythro' hydrogen 

took: place, the converse would be true, resulting in the enrichment of 

deuterated product from the ~-2-deuterio, 3-hytiroxyheptadecanoic 

acid, and production of nondeuterated product from the erythro isomer. 

The products frolfl the incubation of Chlorella vulgaris with the stereo

specifically labelled precursors were isolated and converted to methyl 

esters. The methyl esters were separated into a saturated and a rn.mo-

enoic fraction by lLC on silver nitrate impre~ated silica gel plates. 

The results of the incubation of Chlorella vulgaris with the 

deuterated pt'ecursors, were determined by combined gas chromatographic/ 

mass spectrogra"hic analysis of the :)roducts on an El l/iS 12 instrument 

connected to a Pye lQ4. gas chromatograph. Ten scans in each directiOll of 

the !,larent molecular ion region were recorded for each product, measuring 

the 2111 and 2rIa intensities, and from these spectra the proportions of 

each species was calculated. The products investigated this way were the 

methyl-heptadecanoates and .2i!!!,-9-heptadecenoates, from the Ch).orella 

incubations without added sterculic acid, and the methyl heptadecanoates 

from the incubations to which sterculic acid had been added. The results 

are shown in Table I, along with the deuterium enrichments in the 

precursors, for comparison. 
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Products 

17:0 6,9 17:1 

, 

Incubation SUbstrates ~o : 2H 
! 1 
i 

2H 
0 2Hl 

erythro 2_2H, 3-0H 17:0 18 82 25 71 

erythro 2_2H, 3-0H 17:0 + sterculic acid 18 82 

threo 2_2H 3-OH 17:0 91 9 89 7 
2 threo 2- n 3-OH 17:0 + sterculic acid 91 9 

Precursors 

erythro 2_2H 3-0H 17:0 16 82 

threo 2_2n 3-OH 17:0 26 73 

Table 1. 1:iass spectrographic analysis of methyl heptadecanoate and 

methyl ~-9-heptadecenoate produced from erythro and 

threo 2-deuterio, 3-hydroxyheptenecanoic acid by Chlorella 

vulgaris 

In these results, an enricrunent of the deuterated species in the 

product from the erythro substrate is observed, the product fran the threo 

substrate containing virtually no deuterium. This is in keee>ing with the 

results expected for the removal of a hydroxyl grou:) and a hydrogen atom 

of opposite configurations. The complete retention of deuterium by the 

products formed from erythro-2-deuterio, 3-hydroxyheptadecanoate indicates 

conclusively that the removal is of that \)(-hydrogen which is in the threo 

configuration relative to the ~-hydrCJY.yl group. 
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The presence of ~ of the deuterated heptadecMoate in the product 

from the threo substrate is not considered to ind:icate any lack of stereo-

speoificity of the Elllzymic dehydration, but rather a lack of complete 

specifici ty during the reduction of the eis-epoxide with li thitnn boron 

deuteride, during the synthesis of this precursor. 

Helating these results to the possible mechanisms proposed in 

6cheme 10, removal of a hydrogen atom and hydroxyl groUj? of like config

uration (er,ythro) does not occur and so mechanisms lA and lB are not 

feasible. The. natural and most probable inference of these results is 

that the mechanism of dehydration involves a cis removal of the L-2 

hydrogen and D-3 hydroxyl (mechanism 2.1\., Scheme 10). This requires that 

the p-hydroxy acid asstnnes an eclbsed conformation about the C-2 C-3 

bond during dehydration, this conformation being induced in the enz,yme-

substrate complex, as s1lovm:-

P -hydroxy acid 
. (staggered) 

binding of) 
substrata 
to nb 
enzyme '-... R 

, 
cia removal' 
7water 

The results, hovever, do notpreclude the reaction proceeding via a 

trans elimination of water (mechanisiu 2l3). 1'he immediate product of such 

an elimination would be the cis-O< () -unsaturated acid and this would need - , 
to be isomerized to produce the trans-acid which is the natural product 

of this step of the acyl chain elongation pathway. Although enzYl".es are 

known which will isomerize a ~-double bond in fatty acids to the trans-
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configuration, such as occurs in biohydrogenation of unsaturated fatty acids 

in ruminants (91), and in the "anaerobic" pathway to tmsaturated fatty acids 

(22), these isomerbations usually involve a migratiOll of the unsaturated 

centre. .Aa no migration of the double bond occurs in this case, a trans 

elimination mechanism is considered unlikely, but the possibility of a 

change in configuration of an:! enzyme bound olefinic intermediate cannot 

be totally excluded. 

The results prove that the enzyme in Chlorella vul~, vlhich 

catalyses the dehydration at B -bydroxyheptadecanoic acid to trans-2-
I --

heptadecenoic acid, has a strict geometrical specifici ty removing an 0<.-

hydrogen atom and ~ -hydroxyl group of' opposite configurations. 

It is known 'tha't only the D enantiomers ·of r -hydroxy acids are utilized 

as aUbstrates during acyl chain elongation and therefore the aoove results 

also define the absolute specificity of the dehydratase enzYlae. 'l'hus, as 

dehydration was shown to occur with the loss at groU')s of op!,osite cOl1f'ig-

uration, it ca!} be concluded that the dehydrato.se enzyme of Chlorella 

vulgaris exhibits an absolute stereospecificity, removing the L-2(pro~) 

hydrogen and D-3(.-:') hydroxyl grou~) of 3-hydroxyheptadecanoic acid to give 

the E'~ double bond • 

.!!:!£!:l~tion of trans-a( ~ -unsaturated precursors with Chlorella vulgariS 

The other intermediate reaction of acyl chain elongation to be invest

igated during this work was the reduction of 0( ~ -unsaturated acyl-ACE' to 

satUl"ated acyl-ACP. 

This reaction, as discussed earlier (p. 24 ), is catalysed by an enoyl

ACP reductase, hydrogen being added to the ~ -position of the acyl chain 

from the A side of NADPH (17). A proton from water is added to the 0<..

position (62). 
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There are two possible modes c£ addition of hydrogen to the double 

bond in o(.~ -unsaturated acyl-Am>, cis-addition or trans-addition. If 

.£~-addition of hydrogen occurs, then the hydrogen atoms originally on the 

double bond will assume a threo configuration in the product; ~.,.!!.-

addi tion will re:;ult in these hydrogens assuming an erythro configuration. 

'ifithin these two overall modes of addition, there is the possibility c£ an 

absolute stereospecificity during the reduction, thus in tran.,.!!.-addition of 

hydrogen, the hydrogen atoms which were originally on the double bond could 

assume the DD (pro-R, pro-H) cr LL configurations, while in cis-addi tion, 

these hydrogens could assume the DL (pro-B:, pro-.§) or LD configurations. 

It was considered most likely that the enzymic reduction would shoo an 

absolute s:oe:lificity, snd this work was to determine this specificity during 

the reduction of trans-2-unnecenoic acid by Ohlorella vulgaris. 

In order to determine the absolute s~ecificity of the hydrogenation 

step in acyl chain elongation li_14o, 2,3-3H2..7.tran.,.!!.-2-undecenoic acid, 

prepared by the methods discussed earlier, was incubated with whole cells 

of the green algae Ohlorell~lgaris. If the trans-2-undecenoic acid is 

reduced by the enoyl reductase enzyme of the lIIultienzyme complex of chain 

elongation, the immediate product will be fJ._140, 2,3-~z.7-undecanoic 

acid, and the tritiwn atoms on 0-2 and 0-3 will have either an erythro-

or threo-configuratio.'1, as discussed above. As chain elongation in 

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

the enoyl reductase, undecanoic 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 P -keto tridecanoate. 

This is then reduced, dehydrated and hydrogenated, to give tridecanoic acid, 

ready for the condensation of another malonate molecule: in this way chain 

elongation continues. 
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The dual labelled undecenoio acid was inoubated with whole oells of 

Chlorella vulgaris and the produots were isolated. The .major elongation 

product was heptadeoanoio acid, produced by reduotion of the trens-2-

undeoenoio acid, followed by ohain extension by six oarbon atoms from 

three moleoules of.lll3lonate. ~ome of the heptadeoanoio acid produoed in 

this lIWIlller was also desaturated by the Chlorella to give ~-9-heptadeoenoio 

acid. 

Considering the hydrogenation and ohain elongation reactions to give 

the saturated aoid, it oan be seen that the tritium atoms whioh were 

originally at C-2 and C-3 in the undeoenoic acid preoursor, will now be at 

C-8 and C-9 in the heptadecanoio acid, and, de-Jending \liJon the stereoohemistry 

of addition of hydrogen to the double bond during the reduotion step, they 

will have either the erythro (DD and/or LL) or the ,L.hreo (DL anO/or LD) 

oonfiguration. During the reduction and subsequent elongation reactions to 

the saturated C: 17 acid, there should be no loss of tritium fron the precursor 

and therefore the heptadecanoic acid produced by these biochemical reactions 

should contain the same amount of tritium as the undecenoic acid precursor. 

OR H-C-T 
I 

T - C - H 
I 

(CH2)7 
I 
CH3 
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This was indeed found to be the case, ar..d the 3rV14c ratio of the 

heptadecanoic acid produced by biochemical elongation of [1-l4c; 2,3-~2.7 

trans-2-undecenoic acid in Chlorella, was almost identical to that of the 

undecenoic acid precursor as shown in ~'able 2. It should be noted, however, 

that the .3rVl4c ratio of the heptadecanoic acid produced by chain elongation 

was only determined after its conversion to stearic acid by chemical elong-

ation by one carbon. The chemical elongation was perfonned 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 miniruized lostles during the chemical manipulations. 

il.:f'ter che1'lical elongation, the stearate produced from the heptadecanoate 

Was isolated frotn the mixed saturated fatty esters by ",repbrative GLC, and 

th" 3rVl4c ratio of an aliquot of this stearate wail determined by scin

tillation counting. The remainder of the stearate was stored at 000. The 

3Hjl40 ratio of the stearate produced by chemical elongation must be 

identical to that of the heptadecanoic acid from which it originated, 

because the chemical reactions used to elongate the 0: 17 acid will not 

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

Precursor 

trans-2-undecenoic acid 

Product 

stearic acid produced by 

elalgation of heptadecanoic 

acid 

Table 2. 

-67-

6.0 

6.6 



The results show a slight rise in the ~l/14c ratio for the stearate 

over that for the trans-2-undecenoic 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 be equal. 

The probable explanation for this small difference is that during p
oXidation of the substrate, which also OCCurfl to an appreciable extent, 

there is a discrimination against the undecenoic acid containing two 

tritium atoms, and therefore, the substrate used for elongation by the 

fatty acid synthetase enzymes has a higher -1V:u..o ratio than that actually 

added to the incubation. However: it should also be noted that the ~14c 

ratio of the stearate is close to that of the methyl _~-2-undecenoate 

(3rlj14.c = 6.6), which was the che"dcal precursor of t.,,~ trans-2-undecenoic 

acid, and it is possible th3t, during the chemical synthesis of the ._~ 

acid, same conta..llination might have occurred which apparently lowered the 

~14.c ratio of the biological 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 

trans-o( ~ -unsaturated acyl-ACP to saturated acyl-ACi?, occurs without the 

loss of either of the hydrogen atoms at the 0-2 or 0-3 positions. 

As mentioned "arlier, some of the heptadecanoic acid produced by 

biochemical elongation of the undecenoic acid precursor will have been 

desaturated by Ohlorella to give .£!:!.-9-he?tadecenoic acid. :i:his desatur-

ation is of known stereochemistry and removes the D-9 and D-lO hJUrogw 

atoms from the saturated precursor (32). The knowledge of the absolute 

stereochemistry of this desaturase alloVls the stereochemistry of addition 

of hydrogen to the 0-3 position in trans-2-undecenoic acid during acyl chain 

elongation to be deduced. 

When 6-140; 2,3-Vtrans-2-undecenoic acid is incubated wjth 

Chlorella, it is first reduced to undecanoic acid and then elongated to 
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heptadecanoic acid. TIns elongation means that the carbon atom and the 

tritium 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 heptadecanoic acid, will have 

specifically either the D(B) or L~) configuration. If this tritium is in 

the D<l!) configuration, it \1111 be~removed during the desaturation of hepta

decanoic acid to cis-9-heptadecenoic acid, and the ~14c ratio in the 

heptadecenoic acid isolated froon the incubation of .£h!...crella with 

,Li-14C; 2.3-~z.7.trans-2-undecenoic will be half that. of the precursor 

(the tritium atom at C-8 will be unaffected). On the other hand, if the 

trithnn atom has the L(8) configuration, the 3IV14c ratios in J:%'ecursor and 

product will be identical. 

The cis-9-heptadecenoic acid produced during the incubation of 

fJ.-14c; 2,3-3Hz.7.trans-2-undecencic acid with Chlorella was iso.lated by 

a combination of argentation TLC and preparative GLC and its 3IV14c ratio 

determined by scintillation counting. The results are shown in Tabl~ 3. 

1 
I 

trans-2-undecenoic acid 6.0 

~-9-heptadecenoic acid 

Table 3. 
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It can be seen that the 3rv140 ratio of' the ~-9-heptadecenoic acid is 

close to that of the labelled precursor. From these results it can be 

concluded that the tritium atom now at 0-9 in the heptadecenoic acid was 

not removed during desaturation and therefore must be in the L(§) config

uration. This, in turn, means that the hydrogen added to 0-3 during the 

enzymic reduction of trans-2-undecenoic acid during chain elongation must 

have talcen UJ) the D(pro-]) configuration. Therefore, it can be concluded 

that the addition of' hydrogen to the F position of Y-f -unsaturated acy1-

AaP during acyl chain elongation, sh0\7s an absolute stereospecifioi ty, the 

incoming hydrogen assuming the D(pl'o-E) configuration. 

A similar argument to that outlined above can now be used to determine 

the absolute specificity of addition of hydrogen to th 2-position during 

the reduction of O\~ -unsaturated enoy1-ACl? in ohain elongation. The 

tritium atom, which was at the 0-2 position in the fJ.-140; 2,3-3Ha.7~ 

-2-undecenoic acid precursor, is now at 0-8 in the heptadecanoio aoid 

produced by bioohemical ohain elongation. This tritium atom, is therefore, 

unaf'f'ected by the ,69 debaturase whioh oonverts heptadeoanoic acid to.£i2-

9-heptadecenoio acid in Ohlore11a. If, hov;ever, the heptadeoanoio aoid 

product is extended chemically by addition of' one oarbon to the carbo:xyl 

end of' the molecule to give stearic acid, the tritium aton, which was at 

0-8, is now at 0-9, and the tritium whioh was at 0-9 is now at 0-10. If' 

This chemically produced labelled steario acid is now reincubated with a 

syste,u oontaining a ~9 desaturase, the tritium atom at 0-9 will either be 

lost.or retained in the oleic acid ,-,reduced, depending upon its absolute 

etereoehem1stry. It is already known that the tritium atan now et the 0-10 

position has the L(J!) oonfiguration and will, therefore, be retained in the 

oleic acid produced by desaturation. Thus, if the triti\llll atom at 0-9 has 

the D<.E) configuration, it will be lost during desaturation, and the 3tv14c 

ratio of' the product will be half that of' the "tearic acid preoursor; 

whereas if the 0-9 ·tritium is in the L(.§) oonf'iguration, the produot and 

precursor will have the sane 3tv140 ratio. 
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The heptadecanoic acid produced from the IJ_:14 C; 2,3-3r.rJ.trans-2-

undecenoic acid precursor by chain elongation in Uhlorella 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 3-tVl4c ratio. The remainder of the stearic acid 

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

inoubation period, the lipids were extracted and transmethylated and the 

oleic acid was isolated and purified by a combination of argentation-TLC 

and preparative GLC, and an aliquot was taken for scintillation counting. 

The results are shown in Table 4. 

~l4c l 
Precursor 

Stearic acid 6.6 

Product 

Oleic acid 2.4 

Table 4. 

It is evident from the results that the olefinic product derived from 

the labelled stearic acid shows a markedly decreased ~l4c ratio, indicating 

loss of slightly more thsn half the tritium in the precursor. As it is 

known that the tritium atom at C-10 in the precursor has the L configur

ation, and that desaturation of stearate to oleate occurs by..2!!! removal 

of the D-9 and D-lO hydrogen atoms (32), the results imply that the tritium 

atom at C-9 in the precursor must have the D(B) configuration. T1.1s, in 

turn, implies tl'Hl.t the hydrogsn atom added to the 2-position in the 
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reduction of trans-2-undecenoic acid during acyl chain elongation, must --
have assumed the L(pro-.§) configuration. Thus the results show that the 

addi tion of hydrogen to the 2-position of 'J<. p -unsaturated acyl-ACE' during 

its reduction by the enoyl reductase enzyme of acyl chain elongation occurs 

with con~lete stereospecificity, the incoming hydrogen assuming the L 

(pro-.§,) configuration. 

It would be expected tl1<t if the reduction of the fJ.-l4c; 2,3-V 

trans-2-undecenoic acid by the enoyl reductase was completely stereo

specific, that the 3rljl4c ratio of the oleic acid, shown in Table 4, 

would be exactly half that of the stearic acid precur~or (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 tu be due to a primary 

isotope effect during the desaturation of the stearic acid. 

During the desaturation of the stearic aCid, there will be a primary 

kinetic isotope effect against the D-9 tritium atom in the tritiated stearic 

acid, but no such isotope effect against the 140 labelled component, which 

contains no tritium. This will result in ·the desaturation of the 14C 

labelled substr'.lte being faster than the desaturation of the tritiated 

stearic acid, giving a slight enrichment of the 14C labelled component in 

the oleic acid product. This enrichment explains the 10'.ver than theoretical 

3Jv14c ratio in the oleic acid product shown in Table 4. 

The work outlined in this section has established the absolute stereo-

chemistry of two of the intermediate reactions in acyl chain elongation, 

namely the dehydration of ~ -hydroxy acyl-ACP to unsaturated acyl-ACE', and 

the subsequent hydrogenation of this unsaturated derivative to saturated 

acyl-ACE'. 

The first of these reactions, mmely the dehydration of # -hydroxy 

acyl derivatives, Vias already known to have an absolute stereosp"Cificity 

for the D( -) ~ -hydro:xy acid. The present study rea shown that, in Cl.fb2.r~ 
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at least, the dehydration is effected with total stereospecificity, only 

the L hydrogen being removed from the Q(. position. Although it has been 

possible to define "recisely the stereochemistry of the hydroxyl group 

and hydrogen atom removed during this dehydration, the exsct mechanism 

by which they are rennved and the order in which they are abstracted 
; 

cannot yet be stated definitively. 

A plausible mechanism for this transformation would be the cis 

removal of the ele.nents of water, while the ~-hydroxy acyl derivative is 

in the eclipsed, rather than the more usual staggered,confor.nation. In 

the extended chain confor.:lation of ~ -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 ill an eclipsed con

formation, a 600 rotation about the 2,3 C-C bond is required. This would 

then allow the ~ removal of the elements of water by a single active 

centre, to leave an ,)( f -unsaturated acid in the oorrect trans config

uration. 

As mentioned above, these investigations give no indication of the 

order in which the hyeroxyl group and hydrogen atoE\ are removed. Con-

cei vably, the reaction can occur by several mechanisHs, either via a 

carbanion or E2 type elimination if the hydrogen atom leaves before the 

hydroxyl group, or via a carbonium ion intermediate if the hydroxyl group 

is loot first, or by a concerted mechanism. These mechanisms could possibly 

be differentiated by performing kinetic studies using an :~ -deuterated or 

ex. -tritic.ted ~ -hydroxy prec~sor. If breaking of the C-H bond at C-2 

is rate limiting in the # -hydroxy- to ti..~ -enoate conversion (as in a 

carbanion or E2 type elimination) then a deuterium or tritium isoto?e 

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 formation of the c1.. ~ -unsaturated product from 

the deuterated or tritiated precursor would be expected as compared to 

normal sub",trate. 

The other intermediate reaction of acyl chain elongation considered 

in this work was the second reductive step, namely the reduction or trans

ex. ~ -enoyl-i,ep to acyl-AG?o It was already known tlmt a h.ydrogen atom 

was added to the C-3 position of the unsaturated acid frOln the A side of 

NADPH (17) and that the C-2 position acquired a proton froHl water. This 

work has proved that both these additions show an absolute stereospecificity 

and thlt the overall hydrogenation involves .£!!!.-addition of h,ydrogen to the 

trans doubl<3 band, these h.Ydrogen atoms being insertb_ in the L(pro-:§) 

configuration at the 2-po:;ition and the D(pro-R) canfigur~\tion at the 3-

:?ositian. The mechanism or this addition almost certainly involves the 

initial attack by a hydride ian fran NADPH at the ~-carbon, which is 

electr0'9hilic due to the transmission of the carbonyl ,,01ar1zation through 

the conjugated syste;n, followed by the addition or a proton to the OC-

carbon. 

) 
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-'.'hether the reaction involves an intermediate such as I above, or 

whether addition of the :,>rotan occurs without the intermediate formation 

of a species such as I 1:0 not known, although the strict stereospecificity 

of the reaction suggests that no free intermediate such as I CM take 

!,art in the reD.ctionj any such intermediate must remain rigidly bound to, 

and constrained by, the enzyme. 

The stereochemistry of the two intermediate reactions of acyl chain 

elongation investigated in this worY. is therefore as summarized in Scheme 

12. 
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1. Preparation of errythro- and threo-2-deuterio-3-hydrox,yheptadecanoic acids 

i) Preparation of metQyl-cis-2-heotadecenoate 

This method is a modification of that of Gerson and Schlenk (64) 

and is shown below. 

(0001)2 

--~) RCH
2
00Cl 

cis 
RCH = CHC02CH3 

R = CH3( CH2h3 

NaOMe/Methanol 
( '. 

ether 
R~COCHN2 

j Br2l'carbon tetrachloride 

Oxalyl chloride (lOg) was added to palmi tic acid (20g) in benzene 

(200ml) and the mixture was stood at room temperature for six hrurs. 

Benzene, and excess oxalyl chloride were removed at reduced pressure to 

give a colourless oil (20g), equivalent to a yield of 97%. 

Diazomethane was prepared from Diazald (20g), and the solution in 

ether was dried over potassium hydroxide pellets at -17°0 for several 

hrurs, decanted and cooled to -400 0. 

The acid chloride (4.5g) was dissolved in dry ether (2OOm1) and 

coOled to -400 0. 

The solutions were mixed and allowed to warm to room ten;>erature, 

evolution of nitrogen began at about _200 0. After one hour, excess 

diazomethane was re:noved under a stream of nitrogen, and concurrently 

the solution was reduced to a volUJlle of approximately lOOml. The ether 

solution was cooled and the resultant pale yellow flakes were filtered 

off at the pump. The yield of pentadeoyldiazomethyl ketone was 2. lE:; 

(44.'0. 
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The diazoketone was dissolved in dry redistilled carbon tetrachloride 

(30ml). Bromine was similarly dissolved in carbon tetrachloride. The 

diazoketone soluticn was stirred magnetically and the bromine solution 

was added slowly until the colour of bromine persisted. Sol vent was 

removed to leave a brown oil which was immediately dissolved in methanol 

(lOOml). 

To the solution of dibromoketone in methanol was added a solution 

of sodiummethoxide in methanol, prepared from sodium (6g) in methanol 

(lOOml), and the mixture was stirred at room temperature for half an hour. 

The soluticn was diluted with water (2OOml) and eXtracted with 

ether (2 x lO0ml), the ether extracts were washed Vii th water until 

neutral, dried over anhydrous sodium sulphate and sO..l.17ent removed to 

leave a pale yellcm oil (1.7g). 

The pure produce, methyl ~-2-heptadecenoate, was isolated by 

co1= chromatcgraphy on Davison Silica Gel, Grade 950, eluted with 

petroleum ether. The product was a colourless oil (1. Og) equivalent to 

a yield of 20% based on acid chloride. 

ii) Preoaration of methyl trans-2-heptadecenoate 

r.!ethy1 ~-2-heptadecenoate, prepared as above, was isomerized by 

the method of Barve and Gunstone (65). 

Uethyl ~-2-heptadecenoate (lg) was dissolved in methanol (z.:Oml) 

and mercuric acetate (1.5g) was added to this solution. .After sixteen 

hours at room temperature, the solution was cooled to oOe and acidified 

with concentrated hydrochloric acid (5ml). .After a further fifteen 

minutes, the solution was diluted with water (z.:0ml) , 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 !!Le (ether:petro1eum ether 1:9) to yield methyl trans-

2-heptadecenoste (0.9g, 90%). 
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~ii) Enoxidation of methyl ~is and trans-2-heptadecenoate 

Methyl. cis-2-heptadecenoate (lg) wae dissolved in benzene (7.5ml.) 

and meta-chloroperbenzoic acid (Sg) was added to this solution and the 

mixture was warmed to dissolve the peracid. The solution was kept at 

room temperature for twenty days. 

The benzene solution was decanted from the precipitated 1!r"chJ.orobenzcic 

acid which was washed with more benzene. The benzene solutions were 

combined -and washed with water, dilute aqueous sodium sulphite, water, 

S% aqueous sodium bicarbonate, and water until neutral. Solvent was 

removed to leave a pale yellow solid which was chromatographed over 

Davison Silica Gel, Grade 9S0, eluted with niet~yl ether:petroleum 

ether, S:95. The fractions containing epoxide as ad,,<ldged by n.0 were 

combined and solvent removed to leave a white solid (0.9Sg, 89%). 

iV) Hydrolysis of methyl ~- and trans-2.3-epoxYheptadecenoate 

Methyl ~-2,3-epoxyheptadecanoate (800ing) was dissolved in siS 

methanolic potassium hydroxide (Sml.) and the mixture was allowed to 

stand for sixteen hours at room temperature. Ether (lOml) was added 

and the mixture was diluted with water (lOml.) and acidified to pH5 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 crystallized from petrol eum 

ether to give colourless needles (m.pt. 81-830 0; 73Omg, 88%). 

v) Reduction cf c1s- and trans-2.3-epo;vheptadecanoic acid 

~-2,3-1'Jpoxyheptadecenoic acid (lOOms) was dissolved in dry ether 

(lOml.) end cooled to 00 0. Lithium boron deuteride (lSms) was added to 

this solution, and the mixture was stirred for three hours. 

The mixture was diluted with water, acidified with dilute hydrochloric 

acid, and extrL'cted with ether. The ether extracts were washed with 

dilute sodium bicarbonate to separate acids from alcohols formed by 
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over-reduction during the reacUon. The alkali e=<:tr-acts were acidi.fied 

with dilute hydrochloric acid and extracted. w!. th ether. The extracts 

were washed with water until neutral and the solvent removed to leave a 

white solid. 

The solid was dissolved in acetone (Sml) and 60% perchloric acid 

(30 pl) added. After thirty minutes, the solution was diluted with 

water (10ml) and extracted with ether (2 x 10ml). The ether extracts 

were washed with water until neutral and the solvent wc..s removed to 

leave a colourless oil. 

The oil was applied to two 20 x 20 X 0.SJIl!l1 Silica Gel TLC plates 

developed in ether:petroleum ether: acetic a.:,,~,C'. (SO: SOIl) and the band 

which co-chromatographed with standard 3-h3'd~.,;-;ypalmitic acid was 

scraped off and eluted to yield threo-2-deuter:;:.0,3-hydrcxyheptadecanoic 

acid (1.3mg). 

2. Preparation of !J.-J4C;2,3-3H.;] trans-2-undecflr.oic acid 

i) Preparation of undec-2-ynol 

Lithium (O.lg), and ferric nitrate (0.23) were added to liquid 

ammonia (200ml) in a 3-necked SOOml round bc'ccom flask cooled in a dry 

ice/acetone bath. The flask was fitted with a dropping funnel end cold 

finger condenser. The mixture was stirred for five minutes. More 

lithium (1.4g) was then edded over a period. of fifteen minutes and the 

mixture was stirred for an hour. Propargyl alcohol (5.6g) in dry ether 

(50ml) was added slowlY over a period. of thirty minutes and the mixture 

was stirred for a further two hours. Octyl bromide (18g) in dry ether 

(2Sml) was added and stirring was continued for three hours. 

Azmnonium chloride (6.0g) was added, the stirring was discontinued 

and the ammonia was allowed to evaPorate overnight. Water (30ml) was 

added to the mixture and the layers separated. The aqueous layer was 
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e:;tracted with ether, the ethe~' solutions were cOL1~ined and washed with 

saturated salt solution and dried over anhydrot!.S sodium sulphate. The 

solvent was removed to leave a brown oil which was distilled at reduced 

pressure to yield undec-2-ynol (llg, 65%, b.pt. 132-134-°C 9mm.) 

A small amount of this alcohol was purified by n.C on Silica Gel G 

developed in ether:'petroleum ether, 40: 60. The purified material was 

sent to the Unilever Research LaBoratory, Vlaardingen, Holland, for 

Lindlar reduction with tritium gas to glve L2:3-~2.7.cie'-2-undecenol 

(lOmg, 6.6 X 107 dPnVmg, 5mCi/m mole). 

11) Meth,.vl L2,3-~u~-2-undecenoate 

A solution of L2,3-~z1cis-2-undecenol (~mg) in petroleum ether 

Oml) was add'Xi tC' a stirred suspension of active mengenese dioxide 

(12.5mg) in the same solvent (2ml). After two hours the mixture was 

filtered, the residue was extracted with hot pe'troleum ether £IIld the 

combined extracts were concentrated to give crude L2,3-3Ha.7.cis-2-

undecenal which was not purified further. 

To a mixture of silver oxide (Gmg), the crude aldehyde, ;)'~henol 

(0.25ml), and water (lml), was added El. !;olu"Cion of eodium hyd!:cxide 

(l2Jng) in water (0.5ml). The suspension was shaken overnigh-i;, then 

filtered and the insoluble material was washed with water. The combined 

filtrate and washings were extracted with ether, then acidified !>lld again 

extracted. The second ether extract was washed until neutral, concerrtrated, 

and the acid product was esterified with ethereal diazomethane. The 

product, methyl L2,3-~2.7.Cis-2-undecenoate, was purified by TLC (ether: 

petroleum ether, 1:9). 

The purity of the product was checked by GLC, and had an eC!uivalent 

chain length of 11.19 en DEGA, which compares well with that of authentic 

..2!!!-62-unsaturated fatty soida (66). 
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Hi) Preparation of methyl £i-14CJ.s~-2-undecenoate 

Methyl Ll-14CJCiS-2-undecenoate was prepared from /J.-14cJdecanoio 

acid by the method of Gerson and Schlenk (33) as described previously, 

the only difference being that the diazoketone was not purified by 

crystallizaticn, but used directly for the next step in the reaction 

sequence. :Palmitic acid (5mg) was mixed with the !J.-14cJdecanoic acid 

(100 fC, 15mQ/mM) used in the synthesis. The palmitic acid was acting 

as a "carrier" to provide a mass of acid large enough to allow the 

reagents to be used in a visible amount without being in too large an 

excess, and to minimise losses during extractia.'l and purification. 

l'Jethyl Ll-14CJcis-2-undecenoate was separa:~';)C. :'rom methyl.2!!-2-

heptadecenoate, fo:nned from the palmitic acid .. , by preparative GLC. 

The overall radiochemical yield was 1::%. 

iv) Preparation of methyl 5-140;2,3-V~-2-undecanoate 

Methyl !J.-14CJcis-2-undecenoate and met!.yl L2,3--1Iz.7.ciS-2-

undecenoate were each dissolved in benzene to give a final concentration 

of approximately 1 jlC'/ml. Aliquots of each were taken for Mintillation 

counting. 

The benzene solutions of methyl 5-14CYcis-2-undecenoate (3m1) 

and methyl L2,3-~zJCis-2-undecenoate (0.5ml) were mixed and the s91vent 

was removed under a stream of nitrogen. The product wes dissol-lr(;:i in 

benzene (2ml) end an aUquot taken for scintillation counting. 

Product - methyl Li-14C;2,3-3r!aJcis-2-undecencate (3.4- Jlc.3H;· 

3H;14c = 6.60). 

v) Isomerization of methyl Li-14c; 2,3-3HU ili-2-undecenoate 

Methyl Li-14C;2,3-~cis-2-undecenoste was isomerized with 

mercuric acetate end hydrochloric acid by the 111ethod of Barve and 

Gunstone (65) as described earlier. :r'he reaction products were purified 

by'l!.C (ether:petroleum ether, 1:9) to give methyl/J.-14C;2,3-V.trans'!' 

2-undecenoate. (1.4- )l0'" ~14c = 6.0) 

-81-



vi) 
14 3 

Hydrol~sis of 'methyl [i- Cj 2 ,3- ~~1lill!.-2-·"ldeoenoate 

iliethyl 1i_14c; 2,3-.3HaJ.trans.2-ur.deoeno,,·.e was dissolved in benzene 

(lml) and to this was added a solution of' 10';~ potassium ~roxide in 
'. 

85% aqueous ethanol (lml). After shaking 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 

until neutral and solvent was removed to leave Li-14c;2,3-~aJ.trans-

2-undecenoic acid. (1.4 pC , W14C = 6.0) 

3. ExPeriments with '"hole cell culture& of Chlo!:ella VulgariS 

The originll~ Chlorella vulgaris (strain 21l/1lh) culture was 

obtained from t!.d Culture Collection of' Alga';'9nd Protozoa, Cambridge, 

and maintained on "Cambridge" agar slones (th::: "poor" medium described 

below). 

Chlorella vul~' was grown by the following procedure. 

One loop of cells was inooulated from an agar slope into 5ml of 

rioh medium and inoubated for twenty four hours at 300 C under oontinuous 

illumination, eighteen inches from 4- x 4-0 watt fluorescent tuhes (daylight 

emission). The 5ml culture was then pourer: into 250ml of' rich mectlum in 

a Roux bottle and inoubated for two to three days in the light incubator 

at 300 C. 

Rich Medium 

KH:t04- 500mg 4-mM Ferrio citrate 2.5ml 

KP°4- 500mg glucose 109 

(m~)2HP04- aoomg tryptose 109 

i.igS04-. ~O 200mg Difco yeast extract 2g 

CoC12 4-0mg '.later to 1 litre 

MnS04- .4-H2O 2.2mg 

Final pH 6.S 
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Poor Me<i.ium 

Protose peptone Ig 

lili03 2g Agar 

200mg 

109 

lYlP0
4 

200mg 17ater ;;0 1 litre 

Final pH 6.5 

i) To investigate the stereochemistry of the dehydration step in acyl 
chain elongation in whole cell cll.lture of Chlorella vulgaris 

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

and harvested according to the method of Harris et al (67). This 

involved spinning down the cells from one Roux bottle at 1,000 r.p.m. 

for ten minutes. The cells were then resuspended in 0.2M phosphate 

buffer (pH 7.4) and the centrifugition was repeated t.o obtain cells free 

of rich inedia. The cells were finally suspei.\&ed in phosphate buffer 

pH 7.4 (250ml). 

5ml aliquots of this suspension were placed in four 25ml conical 

flasks and to these flasks were added the following substrates each 

sonic"ted in phosphate buffer (lml) 

1) erythro 2_2H,3-OH 17:0 (500 pg) 

2) erythro 2_2g ,3-0H 17:0 (500 pg) + sterculic acid (500 pg) 

3} threo 2_2H,3-0U 17:0 (500 pg) 

4) threo 2_2U•3- OH 17:0 (500 pg) + sterculic acid (500 pg) 

The flasks were stoppered with cotton wool.plugs end shaken in an 

illuminated incubator at 27°C for two hrurs. At the end of the incubation 

?ericx:l., the whole of the incubation media was poured into 2: 1 v/v 

chlorofornVmethanol (25ml) and alloHed to stand overnight. 

Extraction of the lipids 

This procedure is a modification of that of Polch et al (68). 

The chlorofo:rnVmethanol extract of the incubation media as above was 

filtered to remove any solid material. The filtrate was transferred 

to a separating funnel and 0.75f, saline (2Oml) was added, and the whole 
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shaken. Two layers separated on standing and the> bottom layer was 

collected. The upper layer was once more extracted with chlorofOl:m 

(20ml.) and added to the first extract. The solvent was removed to yield 

the extracted lipide which were dried by e.3eotropic distillation with 

ethanol. 

Transmethy1ation of the extracted lipids 

The method of conversion of lipids to the methyl este)~s of their 

component fatty acids was that described by Nichols a..d James (69) and 

was standard procedure used throughout the work described in this thesis. 

The extracted lipide were "laced in a 25011 tube and the solvent was 

removed. The lipide were redissolved in e mixture of benzene, methanol, 

sulphuric acid (10:20:1 v/v/v) (5ml) and reflu..'<:ed 1..Jr ninety minutes. 

After this time, the tube was cooled and et .. l)e(' (10ml) and water (10ml) 

were added. The mixture was shaken and the aqueous layer 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 

azectropic distillation with ethanol. Esters were stored in ether at 

0°0. 

The mixed esters so prepared were applied to a 20 x 20 x 0.25mm 

silver nitrate impregnated silica plate, and the plate was developed in 

ethe~·petroleum ether (1:9). The bahds corresponding to sature:~ru and 

monoenoic fatty esters were scraped off and eluted with ether. 

The purity of the saturated and monoene fractions were checked by 

GLO, to ensure that complete removal of the monoene from the saturated 

fraction and vice-versa had been achi eved. 

Final purification of the 0:17 saturated and monoene esters was 

obtained by GLO, the effluent gas containing the deuterated products 

was passed straight onto an AEI MS12 mass spectrometer, which w~ 

modified to work in conjunction with GLO. Ten scans in each direction 
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of the parent moleoular ion regio."1. of each produ"t were reoorded. From 

these, the intensity of the 2Ho and 2Hl parent moleoular ion peaks were 

measured and the porpor~ion of these speoies oaloulated. 

ii) To investigate the stereoohemistry o.f the hydrogenation step ill 
Aoyl chain elongation in Chlorell~ vulgaris 

The oulture of Chlorella vulgari!3 was grown in "rich" media, 

harvested, washed, and resuapended in O.2M phosphate buffer pH 7.4 

(25Qml) as before. 

AA aliquot (5rnl) of this suapens:!.on was placed in a 25rnl oonical 

flask and to this flask was added the substrate, Li-14C;2,3-~J.tr~-

2-undecenoic acid (1. 3 yC: ), sonicated in phosphate buffer (lrnl). 

The flask was stoppered with a cotton wool plU;S and incubated at 

27°C with shak1ng under 4 x40 watt fluoresoent tubes for four hours. 

At the end of four hours, the inoubatiOll was terminated by adding 

chloroform methanol (2:1 v/v) (25ml). The mixture was allowed to stand 

overnight at room temperature to ensure oomplete extraction of the lipidr" 

The lipids were isolated by the method of Folch (68) as previously 

described. 

The isolated lipids were transmethylated by the method of Nichols 

and James (69) to provide the methyl esters of their component fatty 

acids. 

The esters from the above procedure were applied to a 20 x 20 x 

0.25mm l~ silver nitrate impregnated silica gel G plate, ~~d the plate 

was developed in ether:petroleum ether, 1:9. The bands corresponding 

to saturated and monoenoic fatty esters were scraped off the plate and 

the esters eluted from the silica with diethyl ether (10rnl). The esters 

were stored in ether at OOC until used. 

Separation of cis-9-heptadecenoate from monoene fraction 

The heptadecenoate produced by chain elongation of undecenoic acid 

in Chlorella vulgaris was separated from endogenous monoenoic fatty a.ciu 
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Gf\ters by preparative GLC. The instrument used ws,,', a rye 104 Gas Liquid 

Chromatogram in which a 20:1 stream splitter wes incorporated, resulting 

in onlY s;:; 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 (UE 30) in ether. 

The separated products were collected by pas:>ing the effluent gases 

through sJlll3.11 ballotini balls wetted with chlorofonn, contair.ed in a 

I" bore glass collection tube. The ester which had the same retention 

time as authentic cis-9-heptadecenoate Vias collected f'rolU the eff'luent 

gases and eluted from the collection tube with c!'lloroform. Solvent was 

removed and the product dissolved in benzene (lml.). .An aliquot of this 

sample was taken for scintillation counting. 

Chain extension of saturated ester fraction by one carbcn atom 

The whole of the saturated ester fraction was extended by one carbon 

atom, as the endogenous saturated fatty acid esters acted as a "carrier" 

for the labelled heptadecanoate produced by biochemical elongation of the 

undecenoic acid precursor and helped to minimise losses during the chemical 

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

LiAlH4!'Ether 

RC°tae ) 

KCN/DMSO 
Methane sulphonyl chloride/pyrld:.ne 

RCH
2

CN ( RCH20S02CH
3 1 HCl/MeOH 

RCO~,fe 

Reduction of esters to alcohols 

The saturated ester fraction was dissolved in dry ether (3ml) and 

reflu:'<:ed with lithium alum1niUln hydride (lOmg). Af'ter an hour, the 

mixture was cooled, ether (15ml) was added and the excess h;I>dride WIlS 

destroyed by dropwise addition of water. The resultant precipitate was 
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dissolved by adding dilute hydrochloric acid, and the ether extract was 

w!!Shed acid free with water. Solvent was removed at reduced pressure and 

the product was dried by azeotropic distillation with ethanol. The purity 

of the product was checlced by TWC on silica gel G against suitable standards. 

This indicated complete conversion to alcohol. 

Conversion of alcohols to methane sulphonates 

The alcohols fra,l above were dissolved in dry pyridine (lml) and 

methane sulphonyl chloride (2Omg) was added. The mixture was left overnight 

at room temperature. Ether (10ml) was added to the reMtion mixture, and 

the ether layer was then washed successively with water (2 x Sm1), dilute 

hydrochloric acid (2 x Sm1), water (1 x Sm1), ~ aqueous potassium 

~roxide (1 x Sml) and finally water, until neutral. 

The purity of the product was checked by TWC on silica gel G plates 

developed in chlorofonn:petroleum ether, 3:7. This indicated almost 

complete conversion to the mesylates and the product was not purified 

further. 

Conversion of methane-sulphonates to ni triles 

Potassium cyanide (lOmg) was added to a solution of the mesylates 

in dry])l,ISO (2m1). The reaction mixture was heated to 900C for six hours. 

The mixture was cooled, diluted with water (Sm1) and extracted with ether 

(2 x Sm1). The ether extracts were washed with water (4 x Sml), ani 

:;olvent was removed at the pump. The reaction products were checked by 

TWC (ether:petroleum ether, 1: 9) and showed good conversion to the 

nitriles with no remaining mesylates. The products were not purified 

further. 

r,iethanolysis of the nitriles 

The nitriles were dissolved in 25V~ w/v hydrogen chloride in methanol 

(3ml). The mixture was stood at room temperature overnight, cau.f;iovsly 

diluted with water (Sm1) and extracted with ether (2 x Sm1). The ether 

extracts were washed acid free with successive aliquots of water. Solvent 

was removed at the pump. 
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The product was applied to a 20 x 20 x 0.2Smm silica gel (} plate, 

and developed in ether:petroleum ether, 1:9. The band corresponding to 

methyl esters was scraped off and eluted with ether. 

The resultant product was shown by GLC to consist of a mixture of 

methyl heptadecanoate, octadecanoate and nonadecanoate. The methyl 

octadecanoate was separated from the other components by preparative 

GLC in an identical manner to that described previously for 2-9-

heptadecenoate. The 3H;14C ratio of the methyl octadecanoate was 

determined by scintillation counting. 

Incubation of labelled octadecanoic acid with Chlorella vulgaris 

In order to determine the stereochemistry of the tritium atoms 

in the above pror1uct, it was incubated with Chlorella vulgaris. The 

stereospecificity of the 6.9 desaturase in this orgmism is known. 

The methyl octadecanoate( 3Ompc) from the above reaction was dissolved 

in S% methanolic potassiulll hydroxide (2m1) and the mixture was left at 

room temperature overnight. 

Water (lOml) was added and the mixture was acidified with dilute 

hydrochloriC acid, and extracted with ether (lOml). The ether extracts 

were washed acid free and the solvent was removed at the pump. 

The product was dispersed in O.2M phosphate buffer (2ml) to whl,ch 

Si; aqueous sodium carbonate (3 drops) and dilute tween (1 drop) had been 

added. Dispersion was aided by sonication with an MSE Ultrasonic disperser. 

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

and resuspended in 0.2M phosphate buffer pH 7.4 (2S0ml). 

Aliquots (Srnl) of this suspenSion were placed into two 25ml conical 
Ito one 

f'las~Awas added the above substrate, and to the other was added [i-14CJ 

stearic acid (sOm 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 shaken in an 

illuminated incubator at 27°C for four hours. At the end of the incubation 

period, the whole of the incubation media was poured into 2: 1 v/v 

chloroform methanol (25ml) and allowed to stand C lI'ernight. 

The lipide were extracted and transmethylatoo and the esters were 

separated into saturated and monoene fractions by argentation chrC1Ila

togrsphy as described perviously. The ~14c ratio of the saturat<3d 

and rnonoene fractions were detennined by c.cintillation counting. 
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IN'I'ROWarrON 

In addition to the normal. range of straight chain fatty acids such 

as palmitic, stearic, oleic, and linoleic acids occurring widely in planto 

and anilllal.s, a considerable number of oxygenated fatty acids have bean 

found in Nature. This section of the thesis is con.cerned with two types 

of naturally occurring oxygen/l.+"<l, acids, those containing an oxirane ring 

and 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 grouping, so that each of the two possible 

geometric isomero can exist in enantiomeric forms. i\iost of the epoxy 

and dihydroxy acids fotmd naturally have been shown to be optically ac.t:L'Ve, 

and this worlc has been devoted tc the determination of the absolute config-

urations of some of these compounds and their derivatives. 

Fatty acids containing an oxirane ring have been discovered in a wide 

range of plant seeds and fungal spores, usually presant as long chain 

glycerides. The epoxy fatty acids characterized to date are summarized 

below. 

o 
/\ 

CH3( CH2)4-CH - CHCIi2CH = CH( CIi2)7C02H 

.2i:!. £!!!. 

Vernolic acid, £!!!.-12.13-epoxyoctadec~-9-enoic acid 

o 
/\ 

CH
3
( Cl:I2)7CH - CH( CIi2)7CO 2H 

.2i:!. 

.2i:!.-9,10-epoxyoctadecanoic acid 
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trans 

trans-9,lO-epoxyoctadecanoic acid 

o 
/ \ 

CH3(CH2)4CH = c}ICH2CH - 'CH(CH2)7C02H 

~ .9.!E. 

Coronaric acid, ~-9 ,lO-epo:xyoctadec-.2i!!.-12-enoic acid 

o . . / \ 
'~3( ~)4 C :: .CCH2CH - CH( CH2)700iB 

cia -
~-9,lO-epoxyoctadec-12-ynoic acid 

o 
/\ 

CH}.CH2, CH - CHCH2CH = CHCHzCH = CH(CH2)7002H 

~-15,16-epoxyoctadeca-.2i!!.-9.cis-12-dienoic acid 

trans 

~-9,lO-epoxyoctadeca-trans-3.cis-12-dienoic acid 

Vernolic acid (cis-12,13-epoxy cis-9-octadecenoic acid) was the - -
first epoxy acid characterized 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 vernolic acid have 

been discovered in Nature. (+)-Vernolic acid has been identified as a 

component of the seed oils of a nuniber of species that represent several 

plant families, including Composi tae, Euphorbiaceae, Onagraceae, 

Dipsacaceae and Valerianaceae (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. 

Morris and V(harry (:LOO) have determined the absolute configuration of 

(+)-vernolic acid. The' key to this determination was the worlc of Serck

Hsnssen (lOl,lO~ proving that ricinoleic acid «+)-12-hydro:xyoleic acid) 

has the D configuration. (+)~.1ethyl vernolate was reduced with lithium 

aluminium hydride to a mixture of two unsaturated diols (Scheme 1, I end 

II). These were hydrogenated over Mama catalyst to yield a mixture of 

1,12- and 1,13-octadecadiols. 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 h;ydride, followed by hydrogenation over Mama catalyst. 

Thus the diols obtained from (+)-methyl vernolate and from methyl 

ricinoleate IlIUIlt be of the same optical Configuration. The stereo

Specificity of reduction of epoxy compounds with lithium aluminium 

h;ydride is known (LO~, and proceeds with inversion of configuration at 

the position of nucleophilic attack, and retention of configuration of 

the hydroxyl group formed. The 0-12 and 0-13 hydroxyl groups on the' 

diols formed from (+)-methyl vemolate must, therefore, have the same 

configuration as the original epoxide, and o.s these have the same 

ccnfiguration as the 0-12 hydroxyl in the diol fonned from methyl 

ricinoleate, the configuration of the epoxide group in (+)-methyl 

vemolate must be 12-D,13-D. 

These conclusions were further substantiated by a separate series 

of experiments. In these (+)-methyl vemolate was reduced with lithium 

aluminium hydride to give two unsaturated diols (I and II). These 

were then hydroxylated with performic acid to give two pairs of 

diastereoisomeric tetrols (V and VI, and VII and VIII), the indiv:'dual 

isomers of which could be separated by TLO on arsenite impregnated 
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s:\.lica gel. Two of the tetrols \7ere shown by melting point and optical 

rotation to be identical with the tetrols (IX and X) derived from 

methyl ricinoleate. This could only be f!) if the asymmetric centres 

at C-12 are identical. confirming Ul!.equivocally that the absolute 

configurations of (+)-methyl vernolate and (+)-methyl ricinoleate are 

identical. 

A structural isomer of vernolic acid, coronaric acid <£'is-9,10-

epoxyootadec-12-enoic acid) is the epoxy acid found in the next highest 

amounts in seed oils. It rnak.,,_ up 14% of the oil from Chrysanthemum 

coronarium (L04) and l~ of a sample from Helichrysum bracteatum (LOS). 

It has also been reported in lesser amounts in a great many other oils. 

Powell et al, (LOO) isolated coronaric acid, alonb .vi th vernolic, and 

.£!!-9,1Q..epoxystearic acids, from the seed oil of Xeranthemum WUluum and 

established the absolute configurations of the two 9,10-epoxy acids for 

the first time (107). (+)-llethyl coronarate was reduced by a reagent 

which reduced the 12,13 double bond without affecting the epoxide, to 

give (+)-methyl..2!!:!,-9,10-epoxystearate. This epoxy stearate was then 

fUrther reduced with lithium aluminium hydride to a mixture of 1,9- and 

1,10-octadecadiols. This mixture of diols was dextrorotatory, in 

contrast to the D-l,9-octadecadiol produced by lithium aluminium hydride 

reduction of D-9-hydroxystearate (108,31). ilJ3 the epoxide cleavagp. is 

known to proceed with retention of conflguration about the carbon

oxygen bond, then the original epoxide has the 9-L,lO-L configuration. 

Similarly, the configuration of (+)methyl..2!!:!,-9,10-epoxystearate was 

proved to be 9-L,10-L • 

..2!!:!,-9,10-Epoxystearate was first isolated from the seed oil of 

Tragopogon uorrifolius 0.09) and has since been found in the seed oils of 

other species (105,107,114 ,142). The smounts of epoxystea;:"ate in some 

seed oils were found to increase with storage sll.d this increase could 
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be accelerated by holding the seeds at higher te~erature3 (1.1;1. This 

})ost harvest increase in epoxystearate contE'nt hr~'3 been accounted for by 

specific enzyme action. 

The most widespread naturally occurring isomer of ..£!:!:-9,10-

epoxystearic acid has the L conf'iguration. However, like vernolic acid, 

this acid exists naturally in both enentiomeric forms, and the D

enantiomer has been isolated from Shorea robusta seed oil (u..2). 

Although the amount of 9,lOepoxystearic acid in seed oils is low, 

in non·-seed sources, it is much higher. The lipids of some fungal spores 

can contain up to 7f5!, of epoxystearatC3 (1.10,111), while in others, it is 

completely absent. As in the case of seed lipids, this acid appears 

as the glyceride. The biosynthesis of ~-9,10-epoxystearate has been 

investigated in rust ~Puccinia graminis) infected wheat plants (1.13). 

The epoxy acid was synthesized from acetate in a process which l'e'luired 

oxygen but was not stimulated by light. Steario and oleic acids were 

also incorporated into the epoxy acid, at a rate which indicated that 

oleic acid was the immediate precursor of the epoxide. S:lbseqllent 

experiments (1.15) with 180 labelled oxygen end water, showed that the 

oxygen et the epoxide group was derived from air and not from water. 

The other epoxy acids listed above have, so far, only been reported 

in the oils in which they were first identified. trans-9,lO-Epoxystearic 

acid was isolated from orujo, or sulphur olive, oil (116) and was 

considered to be a product et enzymic or bacterial action. ..£!:!-15,16-

Epoxyoctadeca-cis-9,cis-12-dienoic acid was isolated from Camelina - -
sativa seed oil (117.), cis-9,10-epoxyoctadec-12-ynoic soid occurs with 

coronaric and epcxystearic in the seed oil of Helichrysum braoteatum 

(!.O~, and ..£!:!-9 ,lO-epoxyoctadeca-trans-3 ,cis-12-dienoic acid was 

discovered in a sample of Stenachaenium macrocephall:!!! (118) 
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The biological role of' epoxy f'atty acids is u!1.clear, except in the 

case of' the juve.'lile honnone, methyl 9,lO-epoxy-7-ethyl-:5,l1-dime'l:hyl

trideca-2,6-dieneoate, which has been est,:;blished as a regulator of' 

insect metamvrphosis (119). 

Gunstone (1.20) has speculated on the possible role of' epoxy acids 

as intennediates in the biosynthesis of' po~~aturated and acetylenic 

a.qids, and pointed out the structural similarities between epoxy. acids, 

and acetylenic and hydroxy acids, which occur together in seed oils. 

+ 
O-Enll 

I \ 
- CH - CHCH~2CH2 ~ 

. O-Enz 
1 

- CH~~CH2CH2 

1 
O-Enz 
! + 

- CHCH2CH
2

CH2CH 

Propooed Mechanism of' Conversion of' 9,10 epo;ystearic acid to L-inoleic Acid 

Long chain f'atty acids with yicinal diol groupings as components 

of seed oils are quite rare. However, they have been reported in a wide 

range of' natural sources such as cork, olives, leaf' waxes, and micro-

organisms. These vicinal diols include both dihydroxy acids and tri

hydroxyacids (e.g. 9,lO,18-trihyuroxystearate (4 ». 
A group of' tnlusual triglycerides, in which the acyl group on the 

ex-position of' the glycerol is a vicina! dihydroxy acid wi'oh o:1.e of' its 

hydroxyl groups acetylated, was isolated f'rom Cardsmine imoatiens (7,121 ) 

Reroval of' the vicinal diol grouping by reactions of' known stereochemistry 

gave a cis unsaturated acid, indicating the configurations of' the E.g 

dio1e in tIus seed oil to be erythro. 
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erythro-9,lO-Dihydro::ystcario acid has been l'eoognised &l a Drl.nor 

ccnstituent err castor oil (6 ) and ~£J:d~t-£ seed oils 0.22). The 

threo isomer of' this acid occurs in fungi and has been suggested as 

a product of' enzynrl.c hydration of' ~-9 ,lO-epoxystearate (1.11,123). 

Two trihydroxy acids with.rl2 diol groups were isolated f'rom 

Chamaepeuce af'ra and cha~acterized as (+)-threo-9,lO,18-trihydroxystearic 

(phloionolic) acid and (+)-threc-9,lO,18-trihydroxyoctadec-12-enoic 

acid (1.24). These trihydroxy acids occurred as the glycerides, with 

two of' the hydroxyls of the f'atty acid either aoetylated or esterified 

with a normal f'atty acid. threo-9,lO,18~frihydroxystearic acid is also 

a constituent err cork, where it occurs with several other oxygenated 

fatty acids and dicarboxylic acids (1.25). erythrc-8,9,13-Trihydroxy

docosanoic acid was isolated f'rom the extra-cellular lipide of a yeast, 

where it occurs as the triacetate, along with the related keto acid 

!Lrythro-8,9-dihydroxy-13-oxodocosanoic acid ~26,127). 

There is a close stereochemical relationShip between epoxides and 

vicinal diols and the interconversion of these two groups of compounds 

has 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 vicinal diols and allowed the determination of the absolute 

conf'iguration of threo-12,13-dihydroxyoleic acid (1.28). The reactions 

involved in this determination are summarized in Scheme 2. They consisted 

of the production of a pair of positionally isomeric hydroxytosylates 

f'rom methyl vemolate by epoxide cleavage with toluene'"'P-sulphonic acid, 
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and from (+)- or (-)-threo-12,13-dihydroxyoleate (I) by partial 

tosylation with toluene-p-sulphonylchlorj.de. The absolute configuration 

of vernolic acid was known to be D-12,D·-13 {LOO), and the stereochemistry 

of the epoxide cleavage was such that the pair of isomeric tosylates 

produced from the epoxide were D-12-hydrol\Y, L-l;3-tosylol\Y- and 

D-12-tosyloxy, L-13-hydroxyoleio acids (II and III). 

Partial tosylatiol1 at threo-12,13-dihydroxyoleic acid procee:1ed 

with retention of configuration to produce either D-12-hydI'oxy, L-13-

tosyloxy- and D-12-tosyloxy, L-l3-hydroxyoleic acids (IV and V) or the 

enantiomerio pair. One of the posi tional isomers produoe:1 from vernolio 

acid was identical to the corresponding one from threo-dihydroxyoleic 

acid the the other pair were enantiomeric. The absolute configuration 

of the two positional isomers produoed from vemolio acid was lmown, 

so that determination of the pOSitions of the hydroxyl and tosyl groups 

in these isomers solved the configuration problem. Reduotive oleavage 

of the tosyl group from the individual isomers after separation at '~he 

posi tional isomers by argentation TLO, gave the isomeric ootadeoandiols. 

The positions of the seoondar,y hydroxyl groups were established by mass 

spectrosoopy after ccnversion to the metlwl oxoootadeoanoates, thus 

proving the struoture of the original hydroxy tosyloxy isomers, and henoe 

the absolute configuration of the threo-dihydroxy acid. (-)-threo-12,l3-

Dihydroxyoleio acid was thus proved to be l2-D,13-L, and its (+)

enantiomer l2-L,13-D. 

The absolute oonfigurations of erythro-12,13-dihydroxyoleate end 

-stearate had become apparent after the determination of the stereo

chemistry of vernolio acid. Bharucha and Gunstone (1.29) had obtained 

(-)-erythro-12,13-dihydroxyoleic acid from (+)-vernolic acid in a 

process whioh involVed retention of configuration about one of tt..s 

epoxide carbons alld a double inversion about the other, so that the 

produot must have been D-12,D-13 dihydroxyoleio acid. The (-)-ervthro

l2,l3-dihydroxystearate derived from this must also have the D-12,D-13 

oonfiguration. 
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Thus, SUllllilaI'izing the ;vork to date an the absolute configurations 

of epoxy and vicinal dihydroxy fatty acids, i'; nan be seen that the 

configurations of ~-12,13-epoxyoleic acid 0-00) and ~-9,10-epoxy':' 

stearic acid 0-07). and of erythro- and threo-12,13-dihydroxyoleic acids 

0-00, 12~ have been defined. The work described in this part of the thesis 

was an extension of these studies to determine the absolute configurations 

of erythro- and threo-9,10-dihydroxystearates and some of their derbratives 

and of tran.,.!!.-9 ,10-epoxystearate, trans-12,13-epoxystearate and trans-

12,13-epoxyoleate. The key to the determination of the absolute 

configuration of erythro-9,10-dihydroxystearic acid from casto~ oil 

( 6 ) was the work of POlVeJJ.e~ Ill: 0-07) who had determined the absolute 

configuration of ..£!.!:!.-9,10-epoxystearic acid. If erythro-9,10-dihydroxy

stearate could be converted by stereospecific reactions into .£!:!-9 ,10-

epoxystearate, then comparison of the product with the natural epoxy 

acid would prove the ccnfiguration of the dihydroxy acid. 

The determination of the configU!'ation of threo-9,10-dihydroxy

stearic acid was not as simple. An attempt was made to determine this 

by a similar method to that used for the detennination of the config

uration of threo-12,13-dihydroxyoleate. This fal.led because the pairs 

of posi tionally isomeric hydroxytosylates produced by partial tosylat.j.on 

of the.::d2 diol, or cleavage of the .£!:!-9,lO-epoxide with toluene-p

sulphonic acid, were not separable by TLC. This was due to the absence 

of an adjacent double bond, present in the earlier case. 

An alternative approach was used for the determination of the 

configuration of the threo-9,10-dihydroxy acid based on the earlier 

wor.k of Morris and Wherry Q.OO). They had suggested, on the basis of 

TLC behaviour and stuiies of complex formations with soditun arsenite, 

that the higher melting of the pair of threo-9 ,10 , 12-trihydroxys"t:earates , 

produced by trans hydroxylation of the dcuble bond in methyl ricinoleate, 
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hed a trans or threo disposition of the 10- and 1.2- hydro:xyl groups. 

As the oonfiguration of "the 12-hydroxyl group is known to be D, they 

argued that the higher melting trihydro:xystearate must have the D-9~L-IO, 

D-12 oonfiguration. 

Wood .<:<:t.aJ, 0.30) separated the indi .... idual isomers of methyl tri- alld 

tetrahydro:xystearates, by GJ:.C and TLC and assigned oonfigurations to 

all these compounds. The trihydro:xy compounds were formed by hydro:xy-
, 
lation of methyl rioinoleate or its trans isomer, and the tetrahydroxy 

derivatives by hydro:xylation of methyl linoleate isomers. Their 

assignments were based on the arguments as to the sterio effeot of 

the 12-hydro:xyl group on the ratio of individual isomers of each , 
diastereoisomerio pair produced by hydro:xylation of the 9,10 double 

bond, and also on the basis of GLC and TLC characteristics of each 

isomer. There is one oonsistent structural differenoe between the 

individual isomers of each diastereoisomerio pair produced by hydroxy-

lation of methyl ricinoleate or methyl llnoleate, and that is that one 

isomer of each pair has the hydroxy groups in the 10- and 12- positions 

in a trans or threo relative oonfiguration, while the other isomer has 

these groups ~ or er;ythro. This consistent structural relatiollShip 

can be correlated to the ccnsistent difference in the properties of the 

individual isomers. In each of the dl.astereoisomeric pairs, the higher 

melting isomer always migrates slightly less rapidly on TLC on normal 

silioa gel, but is much less polar Oll sodiulll 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 between each 

isomer of the diastereoisomeric pair, namely the disposition of the 10-

and 12-hydro:xyl groups. 

Both Wood (130) and Iviorris(lOQ 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 assignments of configuration 

were correct, then the higher melting, arsenite complexing isomer of 

the pair of threo-9,10,12-trihydroxystearates produced by trans 

hydroxylation of methyl ricinoleate must be the D-9,L-IO,D-l2-isomer. 

Removal of the 12-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-dih,ydro~stearate of known 

configuration, namely D-9,L-lO, thus proving the absolute stereochemistry 

of this compound. 

Since the absolute configuration of the 12-hydroxyl group of 

ricinoleate and, as described previously, of an erythro-9,1O-dihydroxy

stearate were now separately known, the question of an "oxidation pair" 

having the trans-l,3-diol grouping could be established directly with 

one of the diastereoisomers 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,lO-dihydroxy

stearate, it could now be converted stereospecifically into an optically 

active trans-9 ,lO-epoxystearate, in a similar manner to that used in the 

determination of the configuration of erythro-9,lO-dihydroxystearate 

(Scheme 4, p.106). Thus establishing the configuration of a trans

epoxy fatty acid for the first time. (+)-threo-l2,13-Dihydroxystearate 

and -oleate were also conv,erted to their respective trans-epoxides 

to complete the stereochemical definition of the 12,13- substituted 

fatty acid series. 
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One of the methods of determining t~e absolute optical configuration 

. of a compound is to convert it by reactions of known stereochemistry into 

a compound of known configuration. This was the method chosen to determine 

the configuration of erythro-9,10-dihydroxystearatej and later when the 

configurations of some 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-dihydroxysteario acid derived 

from castor oil was converted by hydrogen bromide in glacial acetic 

add at room temperature to a mixture of posi tionally isomeric acetoxy 

bromides. This mixture was not purified but was used directly for the 

next stage of the reaction scheme. The acetoxybromide6 were converted 

by dilute alcoholic potassium hydroxide to ci6-9,10-epoxystearic acid. 

This epoxy acid was clearly the enantiomer of the one characterized 

by Powell et al (L07). from the rotations summarized in Table 1., and 

therefore must have the D configuration. 

It is known that the series of reactions used to convert the..:!!£ 

dihydroxy acid into the epoxide, shown in Soheme 4, involves two Walden 

inversions so that the resultant epoxide possesses the oonfiguration of 

the dihydroxy preoursor. Therefore, as the resultant epoxide has the 

D-configuration, then (-)-erythro-:-9 ,10-dihydroxystearic acid from 

oastor oil must have the D-9,D-10 oonfiguration (i. e. 9-l!,10-B in the 

Cshn-Ingold-Prelog system (1.41). 

The transformation of the dihydroxy acid from castor oil to epoxy 

acid had been similarly effeoted by King ( 6 ), as long ago as 1942, with 

the same results. He was unable at that time, however, to draw the final 

stereochemical conclusions. 

-105-



(1) RI 
I 

H - C - OH 
I 

- H - C - OH 
I 
R 

(2) Rl 

! 
HO-C-H 

I 
H-C-OH 

I 
R 

RI 

I 
H - C - 0.\0 

HBr(tc0!4 I 
. Br - C - H 

I 
R 

n1 
I 

AcO-C-H 
Br/AcO~ I 

d Br-C-H 
I 
R 

+ 

, 
R· 
I 

Bl' - C - H 
! 

H-C-OAc 
I 
R 

i KOH/MeOH 

Rl 
i 

H - C ..... 
10 

H - C/ 

I 
R 

RI 

I 
H-C-Br 

I 
H-C-OAc 

I 
R 

1 KOH/MeOH 

R 
I 

O-C-H 
........ ,-1-
H-C~ 

! 
R 

Scheme 4. Reactions used in the stereospecific coo:urersion of: 

(1) (-)-erythro-9,10-dihydroxystearic acid to (+)-~-9,lO 

epoxystearic acid 

R = CJ:Ii~)7-; RI = -(CJ:I2)7C02H 

(2) (+)-threo-9,10-dihydroxystearic acid to (+)-trans-

9,10-epoxystearic acid 

R = CJ:I3(~)7-; RI = -(CJ:I2)7COiH 
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- . --
Compound Source ~J546.1 

(c; Solvent) 

Methyl erythro-9,lO- Castor oil -0.12 
(l.l;MeOH) 

diQydroxystearate 
-0.04-
(9,0; EtOH) 

Methyl L-.2!:!.-9,lO- Xeranthemum annllll! +0.3 

Powell et e.l om) 
(MeOH) 

epoxystearate 

Methyl cis-9,lO-epoxy- (-)-erythro-9,10- -0.27 
( 2.75; l!eOH) 

. stearate dihydroxysteal'ate 
-0.22 
(2.8; CHC1

3
) 

-0.35 
(2.75; Hexane) 

~-9,lO-epoxystearic (-)-erythro-9,lO- +0.21 
(2.45; MeOH) 

acid dihydroxystearate 

Methyl D-12,13-epoxy- Vemolic acid -1.44-

stearate a 
(9.0; MeOH) 

J 

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

prepared from erythro-9,10-dibydroxystearic acid 

a prepared by hydrazine reduction of natural vemolic acid 

( incl uded fcr comparison) 
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The absolute conf'iguration of the _erythro-dihydroxy acid could 

also have been determined by converting the o~~-epoxide of lmown 

conf'iguration to the di!J.ydroxy acid by reactions involving no inversions 

or an even number of inversions. This method had been used by 

Gunstone (129) for the conversion of .2i!!.-12,l3-epoxyoleate to erythro-

12,13-dihydroxyoleate, as shown in Scheme 5, and by Korver and Ward 

for the conversion of 2-9,lO-epoxystearate from Shorea robusta 

seed oil to (-) -erythro-9,lO-di!J.ydroxystearate (14.~. The cis-enoxide - . 
is converted into a mixture of threo-bromohydrins, with an ethereal 

solution of !J.ydrogen bromide. Acetylation of this bromohydrin mixture 

with acetic anhydride, end reaction with silver acetate in wet acetic 

acid, gives the er,ythro-monoacetates, which undergo !J.ydrolysis to yield 

the required erythro-glycol. This approach, however, was not atteIIl[Jted 

because of the very small amount of natural epoxystearate available. 

Optically active erythro-9,lO-dihydroxystearate is much more 

readily available. Although it only occurs in small amounts (1.3;&) 

in castor oil (13~, it is easily isolated frOlll this source. Castor oil 

was !J.ydrolysed with methanolic potassium hydroxide, end after isolation 

of the free acids (-)-er,ythro-9,lO-dihydroxystearic acid could be 

obtained almost pure by crystallization from ethyl acetate, this acid 

was used throughout the configurational studies. 

The oxidation of an olefin into the corresponding diol is known 

as hydroxylation. TheI'e are many reagents which can effect this che.'lge, 

but to be of any value, these reagents must add the hydroxyl groups 

to the olafin in a lmown stereospecific manner. The overall addition 

of the hydroxyls can be either cis or trens, 2 addition to a 2 

double bond yielding the er,Yfu..~ derivatives, end to a J~ double 

bond giving the threo compound. Obviously trans addition to cis and 

trans double bonds gives the three and erythro conf'igurations ,respect

ively. The most important reagents for effecting 2 JJ.ydroxylation are 
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Scheme 5. Conversion of cis-12,13-epoxyo1eate to er;ythro-12,13-

dihydroxyo1eate 
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dilute alkaline potassium permanganate, osmium tetroxide, or silver 

iodoacetate, trans hydroxylation is usually effected with peracids. 

Permanganate oxideation of double bond proceeds through a oyclio 

ester intermediate (I). Opening of this oyclio compounds yields (II) 

and finally the glycol, corresponding to 2 addition. 

H R 

"0/ 
11 ) 

o 
/'" H R 

R , 
H - 0 - 0 

I 'liln02
8 

H - 0 - 0' 
I 
R 

I 

) 

R 
I 

H-O-OH 
1 

H - 0 _ OMnv 

I 
R 

u 

JOHG 
R 
I 

H-O-OH 
I 

H-O-OH 
I 
R 

Oxidation with osmium tetroxide occurs in a similar maruler to 

potassium permanganate. Treatment of the olefin in an organic solvent 

with osmium tetroxide gives a cyclio ester complex similar to that 

formed by permanganate. This complex may be deoomposed to give the 

diol with overall£.!.!!.. addition of hydroxyl groups. Overall ~ addition 

is also accomplished using the silver salt of an organic acid and a 

halogen. :\'i th these reagents, in the presence of water, olefins are 

hydroxylated by a ~ addition; ho;vever anhydrous conditions lead to 

trans addition (J.3;1). These differences have been explained, in the oase 

of iodine and. silver acetate, by the following mechanisms: 

-110-



H 

" / o 
11 c 

Rl 

/" 
H R 

Rl Rl 
I I 

H - 0 - 0,CH3 \t) H - 0 - 0, 
I 0/ Ag I .0(+) - CH 

I - C - H I! -~ H - 0 - 0.....· ,} 
I 0 I 
R _-- R ...------

Rl 
I 

___ ~tll 

~----.- Rl 0 "dry" 

H - 0 - 0 CH .. 
'0/ J 

H - 0 
I 
R 

I Ii 
H-O-O-O-CH,} 

I 
H-O-OH 

I 
R 

RI 
I 

H-O-OAo 
I 

AoO-O-H 
I 
R 

Addition of iodine followed by aoetate ion gives the three
C'"\f\~ cOI\'co. .. n,,,,!) 0... 

iodo-acetate, which then yields the five menibered£.,carbonium ion. 

Under ~roUB conditions this is attacked by acetate ion to give 

the threo-diacetate, which can be hydrolysed to the threo-diol. With 

water, addition of hydroxyl to the carbonium ion occurs, and this 

product oleaves to give the erythro-hydroxy acetate, which can be 

hydrolysed to the erythro-diol. 

~~-Hydroxylation is usually accomplished with p3racids, via 

the intermediate formation of the epoxide. This epoxide oan be isolated 

in same oases; in others it is immediately oleaved by rearward attack 

to give a three-compound, the stability of the intermediate epoxide 

depending upon theperacid used. 

Hydroxylation of methyl rioinoleate by either cis or trans addition 

will give a mixture of two diastereoisomers due to the ohiral hydroxy 

group already present at the 12 position in methyl ricinoleate. The 

products of hyt\roxylation will have the 0-10 Dnd 0-12 hydroxyl groups 
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~ither in apis or a~~ relative disposition, i.e. erythro or ~. 
, 

The configuration of these two hydroxyls in eaoh. of the individual. 

isomers of the diastereoisomerio pair has been predicted. Wood et al 

6.30) have suggested that the highermeltj..\lg isomer of the "oxidation 

pairs" of triols fonned by ~~ hydroxylation of the double bond in 

methyl ricinoleate have the 10- and 12- hydroxyl groups in n trans 

or threo disposition. en this basiS, the higher melting th::'eg.-9,10,12-

trihydroxystearate should have the D-9, L-IO, D-12 configuration. Removal 

of the 12-hydroxyl group from this isomer would give D-9, L-IO dihydroxy-

stearate and measurement of the specific rotation of this produc'c would 

solve the stereochemical problem. 

Before using this method to detezmine the configuration of three-

9,lO-dihydroxystearate, the proposition that the 10- and 12-hydroxyl 

groups had the trens configuration in the higher melting isomer could be 

directly checked using the erythro-9 ,10-12-trihydroxystearates. If this 

proposition were correct, then the higher melting erythro-diastereoisomer 

formed from ricinoleate should have the L-9, L-IO, D-12 configuration. 

Removal. of the 0-12 hydroxyl group should give L-9, L-lO dibydroxy-

stearate which is now known to be dextrorotatory. The method used to 

relllOVe the 0-12 hydroxyl without affecting the vicinal. diol grouping 

is shown in Scheme 3 (p 104). 

The erythro-9,lO-12-trlhydroxystearic acids had already been 

prepared 6.00). These were obtai.'led by oxidation of ricinoleic acid 

with dilute alkaline permanganate. 

Hydroxylation of ricinoleic acid proceeded smoothly giving good 

yields of the triols, although the very dilute oonditions needed 

precluded the prep oration of large amounts of these compounds. After 

esterification, the two diastereoisomers were separated by TLO on 

silica impregnated with sodium arsenite (1.31). This separation could be 

achieved due to the fact that the higher melting isomer complexes with 

-112-



the arsenite in the layers to give a more stable complex than the lower 

melting isomer; this results in the higher melting compound being much 

less polar than the other isomer. The triols were eluted f'rom the layer 

as the arsenite complex, and the trihydroxy acids were obtained from 

these by hydrolysis. 

The ~ diol group of the higher-melting, arsenite completing 

diastereoisomer was protected by formation of its ispropylidene 

derivative. The reaction of' the erythro-9,lO ,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 anhydrous copper sulphate as the dehydrating agent 

6.34-). The produot contained about ~ of a slightly less polar imIlurity 

which was identified by mass spectrometry as the 9-hydro:X;Y-10,12-

isopropylidene isomer. This impurity was not observed when the derivative 

of the higher melting threo-9,lO,12-trihydroxystearate was prepared. 

After protection of the 9 ,10-~ diol grouping, the 12-hydroxyl group 

was oxidized to the ketone, in 50% yielCi, with chromium trioxide in 

glacial acetic acid. Although the isopropylidene grouping is acid labile, 

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 then effected in a tv,,) step procedure. The ketone 

was reacted at reflux in methanol with p-toluenesulphonylhydrazide ~35) 

to afford the tosylhydrazone in good yield. Hydrogenolysis of this 

group was accomplished by refluxing the derivative with sodium borohydride 

in methenol. This is a mild, general procedure for the reduction of a 

ketone to a methylene group (136), and is more convenient on a small scale 

than the classical 'iolff-Kishner reduction. The product from this series 

of reactions, the isopropylidene deri vati ve of er,ythro-9,lO-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 conditions used 

it waa possible to separate the isopropylidene derivatives of erythr,2-

and threo·.aihyO,roxy acids. 

The speoific rotations of natural erythro-9,10-dihydroxystearate 

end its isopropylidene derivative end the corresponding compounds 

derived from the higher melting diastereoisomeric form of erythro-

9,10,12-trihydroxystearate, by removal of the C-12 hydro:x;.'l 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 end low solubili ties. Formation of the 

isopropylidene derivative increased both the specific rotation and tl,e 

solubilities of these compounds. 

Source of f:."67 ,546.1 

Compound Material (c; solvent) 

erythro-D-9,D-IO- castor oil -0.040 

(9.0; EtOH) 
dihydroxystearate 

erythro-D-9,D'-10-dihydroxy- castor oil diol -0.50 
(6.0; EtOH) 

stearate isopropylidene 

derivative 

erythro-9,lO-dihydroxy- erythro-9,lO,12- +0.65 
(6.5; EtOH) 

stearate isopropylidene trihydroxy 18: 0 

derivative high melting 

isomer 

Table 2. Specific rotations of erythro-9,lO-dihydroxystearates 

-114-



It C811 be seen that the h:i.gher melting diastereoisomer of erythr2-

9,10,12-trihydroxystearate gave an erythr~-9,10-dihydroxystearate, the 

isopropylidene derivative of which is dextrorotatory. The isopropy

lidene derivative erythro-9,10-dihydroXYS'~earate derived from castor 

oil is laevorotatory, 8lld is the en8lltiomer of that derived from the 

triol. As the configuration of the naturally occurring dihydroxy acid 

is known to be D-9, D-IO, then the configuration of the pndl1ct from 

the trihydroxy ester must be L-9, L-lO. As the C-12 hydroxyl 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, thi.s high 

melting erythro-trihydroxystearate was thus proved to have the L-9, 

L-IO, D-12 configuration (9-;8, 10-S, 12;E). 

This result establishes directly for the first time that the high 

melting diastereoisomer of the "oxidation pair", formed by alkaline 

permangenate oxidation of methyl ricinoleate, has the 10 and 12 

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

the predictions of both Eorris and 1'/harry 0.00) and Wood .et al 0.30), who 

concluded that the high melting isomers have the trans 1,3 diol 

arrangement. As the individual isomers of each of the six "oxidation 

pairs" formed by.£!! or trans hydroxylation of either methyl ricinoleate 

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 pairs have the 10 and 12 hydroxyl groUps in the trans or threo 

configuration. 

Having established this fact, then the absolute stereochemistry 

of threo-9,lO-dihydroxy stearate can be elucidated. If the 12-

hydroxyl group in the higher melting threo-9,10 , 12-trlhydroxystearate 

is removed in a similar manner to that used for the erythro isomer, 

then the product will be D-9, L-lO-dihydroxyatearate. 
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The individual isomers of threo-9,10-12-trihydroxystearate had 

already been prepared 0.00). Basically, these were prepared by hydroxy-

lation of the double bond of ricinoleic acid with performic acid, after 

acetylation of the 12-hydroxyl group, hydrolysis of the resultant hydroxy 

formates with dilute alkali, and separation of the individual isomers 

by TLC on arsenite impregnated layers. 

The threo-9,10-diol group in the higher melting triol was protected 

by fonnation of the isopropylidene derivative and the 12-hydroxyl group 

was removed in a similar manner to that used for the ex;ythro derivative. 

The product from this series of reactions was identical by GLC al'ld TI,C 

to the isopropylidene derived from authentic threo-9,10-dihydroxystt:l?-.:'ate. 

Both the threo-9,10-dihydroxystearate, and its isopropylidene derivative, 

formed by ran oval of the C-12 hydroxyl group from the high melting threo-

9,lO-12-trihydroxystearate which has the D-9, L-IO, D-12 configuraticn 

(i.e. 9-S, lO":§, 12..R) were strongly laevorotatory (Table 3.) thus 

proving that (-)-threo-9,lO-dihydroxystearate has the D-9. L-IO 

configuration (i.e. 9-S, 10-.§). 

[O<J 546.'1: 
Comoound Source of ],Iaterial (c' solvent) 

threo-D-9,L-lO- threo-9 ,10 ,D-12- _20.60 

dihydroxystearate trihydroxystearate (0.15; 'EtOH) 
(high melting isomer) 

threo-D-9,L-1O- threo-9,10-D-12- -29.00 

dihydroxystearate trihydroxystearate (0.15; EtOH) 
isopropylidene deriv. (high melting isomer) 

threo-9,lO-dihydroxy- Cl~ceos sulcata +22.50 

stearate (1. 2; J.leO~) 

threo-9,10-dihydroxy- Claviceps diol +26.1
0 

stearate iso?rcpyliden€ (2.15; EtOH 
derivative 

Table 3. Rotations of some threo-dihydroxystearates 
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Now tha'~ the absolute stereochemistry of a!1~-9,10-dihydroxy

stearate was known, it could be converted by ste:ceospecific means to 

trans-9,10-epoxystearate, definL"lg the absolute stereochemistry at: 

this trans epoxide. The conversion of diol to epoxide was done in an 

identicaJ. manner to th:;t used for the conversion of ery!;hro-9,10-

dihyd.rox;ystearate to the ~ epoxide, namely formation of acetox;y 

bromides followed by alkaline hydrolysis. 

Only a small amount of opticaJ.ly active threo-9,10-dihydrox;y

stearate had been prepared fran the threo triol during the investigation 

of the stereochemistry of these compounds. This was insuf'ficient for 

the investigation at: the stereochemistry of the trans epoxide. Howe-.-er, 

(+)-threo-9,10-dihydroxystearic acid was readily prepared by resolution 

at: the racemic mixture formed by trans hydrox;ylation of oleic acid with 

nerfonnic acid • 

.A number of long chain vicinaJ. dihydrox;y acids have been resolved 

by classical crystallization procedures. ery!;hrc-9,10-Dihydrox;y

stearic acid has been resolved into its optically active forn~ by 

crystallization of its strychnine sal tf 0-37), the threo isomer of this 

acid being resolved by crystallization of its brucine saJ.t (138). 

McGhie et al; have also resolved threo-9,10-16-trihydrox;ypalmitic acid 

~39), JlE:~-9,10-18-trihydrox;ystearic acid and threo-7,8,16-trihydrox;y

paJ.mitic acid 0-40) by crystallization at: their ephedrine salts. 

In the present case brucine was used to resolve the dihydroxy

stearic acid. The alkaloid and the dihydrox;y 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 saJ.t with 

dilute acid, and isolation of the dihydrox;y acid gave (+)-threo-

9,10-dihydroxystearic acid, in moderate yield, and o;>tically pure, 
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its specific rotation ([;."';.7 = +20.8) being essentially identical to 

the literature values for optically active :!:.~e~ acids 0.11,138). 

Conversion of the (+)-threo-9 ,10-dihydro:xystearate, the absolute 

configuration of which is now lmoVln to be L-9, D-lO, into the trans 

epoxide, gave a product which Vias dextrorotatory, as summarized in 

Table 4. This proves the !lbsolute configuration of the (+)-trans 

epoxide to be L-9, D-10-e:)oxystearate (i. e. 9-,E, lO-R). 

The opportunity was also taken to complete the stereochemical 

definition of the 12,l3-substituted family of a.cids by similar conver

sions of the L-12, D-13-dihydro~leic and -stearic acids, whose config

urations were already known (12~, into the oorresponding trans epoxiQes. 

Conversion of the dextrorotatory isomers of these vic diols into epoxides, 

gave L-12. D-13-trans-epoxyoleate (i. e. l2-,E. l3-:R) and L-12, D-13-

epo:xystearate (i. e. l2-E, l3-,E) both of which were dextrorotatory as 

shown inTable 4, thus defining the absolute stereochemistry of these 

epoxides. 

The optically pure l2,13-dihydroxyoleate used in these determinationr 

was readily isolated from Vernonia antl".:.lmintica 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-dihydroyyoleic acid (158). 

The seeds were crushed, moistened and incubated for three days. The 

seed oil 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 col= chromatography. The 

dihydroxy acid could be extracted from the seed oil 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 thtl 

seeds end whose action appears to pt"ecede that of the epoxide hydratase. 
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i I Dihydroxy ester @J546.1 run! Epoxy product .t:t0546,1 run 
(source) , i 

(c; solvent) ! (c;solvent) , 
i -~ ... - , , I of acid i of ester 
! , I 

1 , ! 
threo-L-9,D-I0- +20,8 I trans-L-9,D-1O ! +10.0 +15.0 

(l.4-;EtOH) 
, I (l.l;MeOH) (1.3;MeOH) I epoxystearate dihydroxystearate I , 

; +9.5 +14.5 
(resolution with I i (1.0;CHC13) I (1.4-;CHC13) 

brucine) I I 

thr~o-L-12,D-13- +20.30 I trans-L-12,D-13-
I 

+14.6 I +12.9 
(1.0;EtOH) I (0.7;MeOH) (0.7;MeOH) 

d.i.hjdroxyoleate 

I 
epoxyoleate 

! +12.7 i 
(Vernonia seeds) I (0.5;CHC13) I 

threo-L-12,D-13-
I 

+21.4- +19.5 +23.7 trans-L-12,D-13-
(1.35 ;MeOH) (1.3;MeOH) (4-.3;MeOH) 

dihydroxystearate e:'oxystearate 

I (Vernonia + H2) i 
! ! ! 

•. 

Table 4-. Specific rotations of the IT.dthyl esters of threo dihydroxy 

acids and their epoxy, acid and ester products 
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Optically pure (+)-threo-i.2,13-dihydrox;ysteaJ;·ate was prepared by 

hydrogenation, over Adams catalyst, of the d.il">.;;-:i~·oxyoleate obtained 

from Vernonia. 

The work reported here has established that (-)-erythro-9,10-

dihydroxystearic acid has the D-9, D-IO-configuration and that (+)

threo-9,10-dihydroxystearic acid has the L-9, D-IO-configuration. The 

stereochemistry of scme trans epoxy acids has been defined, the 

dextrorotatory isomers being L-9, D-IO-epoxystearic acid, L-12, D-l3-

epo:xystearic acid, and L-12; D-l3-epoxyoleic acid. The absolute con

figurations of the fcur 9,10,12-trihydraxystearic acid diastereoisomers 

formed by permanganate, and performic acid oxidation of D(+)-ricinoleic 

acid have also become apparent. It has been proved directly that the 

higher melting diastereoisomer of erythro-9,10,12-tr!hydroxystearate 

has the trans-l, 3-disposi tion of the 10 and 12 hydroxyl groups and 

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 tra:1s-1,3-disposition 

of the 10 and 12 hydroxyl groups. 

This conclusion and the conclusion reached as to the absolute con-

figuration of the (+)-threo-9,lO-dihydroxystearate have been substantiated 

by work reported in more detail in Section 3. Puccinia spares contain 

an enzyme, which on crushing the spores in water, oleaves the endogenous 

L-~-9,10-epoxystearate, to give dextrorotatory threo-9,10-dihydroxy

stearate which has been proved to be L-9, D-IO. Thus if' the assignment 

of stereochemistry to the threo-9,10-dihydrox;ystearate is correct, 

attack of hydroxyl ion, or water, in this hydration must take place 

at the 10 position with invereion. These predictions have been tested 

directly by incubation of the Puccinia spores in 180 enriched water. 

As predicted, the 180 was localized at the 10 position, confirming 

the stereochemical assignments. 
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The conclusj,on that t!le high melting isomer of each of the 9,10 ,12,1}

tetrahydroxystearate "oxidation pairs" has 8. j~-1,3-di5position of. the 

10- and 12-hydroxyl g:roups, and the k.'lown absolute configuration of 

(-)-erythro-12,1}-dihydroxyoleic acid and (+)-threo-12,13-dihydroxyoleic 

acid derived from vernolic acid, allows the prediction of the absolute 

configuration of the enantiomers of all 8 tetrahydroxystearates. 

When tile e!'.ythro- and thre..2-12,13-dihydroxyoleic acid., of known 

configuration are each hydroxylated with dilute alkaline permanganate and 

with performic acid, four pairs of optically activetetrahydroxy acids 

will be produced as shown in Schemes 6 and 7. 

Bach of these pairs of tetrahydroxystearates are known to be separable 

by TLO on arsenite impregnated silica gel CL 3]) • AS the absolute coni'igl.'.!ation 

of the 12- and 13-hydroxyl groups in these tetrahydroxy ~,cids is 100own, 

and it is also known that the higher melting isomer which migrates the 

furthest on arsenite TLO has a 1,3-trans relative configuration of the 

10- and 12-hydroxyl groups, the absolute configuration of all the tetra

hydroxy acids compounds can be predicted. 

ConSidering first the pair of tetr..nydroxystearates produced by ~ 

hydroxylation of (-)-erythro-12,13-d1hydroxyoleate with alkaline' 

permanganate. Separation of this pair of tetrahydroxystearates by TLO 

on arsenite impregnated silica gel will result in a faster migrating, 

higher melting isomer and a more polar lower melting compound. 1,s the 

absolute configuration of the 0-12 h.}'droxyl group and the relative 

disposition of the 0-10 and 0-12 hydroxyl groups are known for this 

pair of compounds, their absolute configurations can be predicted. Thus 

the higher melting isomer will have the 9-L, 10-L, 12-D, l}-D config

uration and the lower melting isomer the 9-D, lQ-D, 12-D, 13-D config

uration. 
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patterns on arsenite impregnated TLC of tetrahydroxy

stearates from (+)-threo-12,13-dihydroxyoleic acid 
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A similar argument can be applied to the remscining three pairs cf 

tetrahydroxystearates, and their absolute configuraticns can be predicted. 

Thus the high melting tetrahydroxystearate produced by trans hydroxylation 

of (-)-er,ythro-12,13-dihydroxyoleate with perfonnic acid, will have the 

9-D, 10-L, 12-D, 13-D configuraticn, and the high melting tetrahydroJCY 

isomers produced by overall cia and trans hydroxylation of (+)-threo-

12,13-dihydroJCYoleate, will have the 9-D, 10-D, 12-L, 13-D and 9-L, 

10-D, 12-L, 13-D configurations respectively. The ;redicted absolute 

configurations, relative melting points and relative positions on arsenite 

impregnated TLC of the 8 tetrshydroxy isomers are ahown in Sohemes 6 

and 7. 

This work has elso allowed the configuration of the trihydroxy 

acids from Chamaepeuce seed oil 0-24-) to be pt' edicted. threo-9 ,10 ,18-

Trihydroxystearate (lXD = +22.3) and threo-9,10,18-trihydroxy-~-

12-octadecenoate (O(D = +18.2) must have the L-9, D-IO configuration, 

as it is unlikely that the terminal hydroxyl grour>, which is achiral, 

will affect the sign of rotation of these compounds. Since this work 

was completed, McGhie et el 6.40) have cr.'related the configuration of 

(+)-tl>reo-9,10,18-trihydroxystearate with that'of (+)-threo-9;10~ 

dihydroxystearate, and in the same paper have presented the configurations 

of the threo-9,1O-dihydroxy- and trans-9,10-epoxystearic acids. However, 

the method used to detennine the configurations of the threo diols and 

trans epoxides was not reported. The method used to correlate the 

configuration of (+)-threo-9,1O.18-tri~roxystearate with (+)-threo-

9,10-dihydroxystearate is shown in Soheme 8. 

The ~ diol grouping in the (+)-threo-trihydroxyester was protected 

by formation of the isopropylidene derivative. The mesylate of the 

tenninal hydroxyl was prepared and reduced with lithium aluminium 

hydride in tetrahydrofuran, to give the (+)-threo-9 ,10-dihydroxyoctedecanol. 
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Similar hydride reduction of (+)-threo-9,lO-dihydroxystearate, of known 

configuration, gave an identical compound, thus the configuration of the 

.!!2 diol group in the trihydroxystearate rrnlSt be the saJe as that in 

(+)-threo-9,lO-dihydroy.ystearate, i.e, 9-L, lO-D, confinning the conclusions 

reached earlier in this work. 

002ClI3 C02CH3 f 2CH3 , I , 
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(CH2)7 
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( CH2)7 
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Scheme 8. Method used to correlate configurations of threo-

9,lO,18-trihydroxy- and threo-9,lO-dihydroxystearates 
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Preparation of (-)-erythro-9,10-dihydroltysteario acid 
--

Castor oil (lOOg) was dissolved in 5% methanolio potassitml hydroxide 

(500ml) ana left overnight, The solution was diluted witI'. 71!O\ter (7OOml) 

and extracted with ether, the ether extracts were disoarded, The 

aqueous layer "as acidified with dilute hydroohlorio acid 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 10% solution, and stood at 20 C for 64. hours, 

The resu~tant oolourless or,ystals were filtered off under vacuum and 

reorystallized from ethyl acetate to give colourless plates, (30Omg; 

Lr:f..J 546,1 nm of ester = -0,04.0 (0 = 9.0 EtOH» 

Ereparation of isopropylidene derivative of (-)-erythro-9,10-
dihydraxystearate 

Methyl erythro-9,lO-dihydroxystearate (5Omg) was dissolved in 

aoetone (5ml) and (f:fJ~ perahlorio acid (10 fL) was added. The solution 

was left at room temperature for fifteen minutes, and then neutralized 

with diluteammoniUlJl 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 an oil which was purified 

by TLC(ether:petroleum ether 5:95). The produot was a oolourless oil. 

(4Omg; Co<J546.1 run = -0.500 (0 = 2.0 EtOH» 

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

Vernonia anthelmintioa seeds (50g) were orushed in a pestle and 

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

a oonical flask, water was added until the seeds were just moistened, 
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and the mixture was left at ?lPC for three days. Chloroform: methanol 

2: 1 (200ml) was added to the mixture. Mter 24 hours the organic 

layer was filtered into a separating funnel and washed with O. 73)~ 

saline (100ml). The aqueous layer was extracted with chloroform which 

was added to the main extract from which solvent was removed to leave 

a dark brown oil. ~he oil VIas dissolved in ether (lOOml), and the 

ether solution was extracted with S;; aqueous potassium hydroxide 

(2 x SOml). The aqueous alkaline extracts were acidified and extracted 

with ether. The ether extracts were washed acid free and the solvent 

was removed to leave a brown oil. The oil was dissolved in ether and 

esterified with diazomethane. ~-12,13-Dihydroxyoleate was isolated 

from this mixture by 001= chromatogra"hy on Davidsons ~ilica Grade 

9S0. The product was a pale yellow oil. (S.4g; E<J 546.1 nm = 

+20.30 (c = 2.0 EtOH» 

Preparation of (+)-methyl threo-12,13-dihydroxystearate 

(+)-Hethyl threo-12,13-dihydroxyoleate (400mg) was dissolved 

in ethyl acetate (lOml) and ildams catalyst (20mg) was added to the 

solution. The mixture ';IUS shaken under hydrogen (1 atmosphere) for 

S hours. The mixture was filtered and the solvent Via:; removed from 

the filtrate to leave a white solid. (400mg; ~J546.1 nm = 23.70 

(c = 1. 34 ileOH» 

Preparation of threo-9,10-dihydroxystearic acid 

Oleic acid (14g) was dissolved in formic acid (42ml), hydrogen 

. peroxide (6.9g) was added and the mixture was warmed to 400 C. Mter 

two hours, the S) lution was poured into water (2LOml) and extracted 

with ether (3 x SOml). 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 oil was heated under reflux with 5% meth-molio potassium 

hydroxide (30ml) for two hours. The solution was then diluted with 

water (60ml), acidi£ied with dilute hydrochlorio acid and extracted with 

ether (3 x 3Oml). The ether extracts were washed acid free, dried, and 

solvent was remved to leave a pale yellow solid. The product was 

crystallized from ethylacetate to yield white plates of threo-9,10-

dihydroxYS'~eario acid (lOm m.pt. 95 .. 9600). 

Optical resolution of threo-9,10-dihydroxystearate 

The dihydroxy acid (lOg) and brucine (16g) were dissolved by 

gentle warming in acetone (30ml) and water (70ml). The solution was 

left for two days at 2°C and the white solid which crystallized was 

collected end recrystallized twice more from acetone-water mixtures. 

This brucine salt was then decomposed by warming with 5N hydrochloric 

acid (40ml) and the mixture was extracted with ether. The extracts 

were washed acid free and the solvent was removed to leave a white 

solid which was recrystallized from ethylacetate to give threo-9,10-

dihydroxystearic acid. (2.lg; J:c:J.J546•1 nm = +20.8 (c = 1.2 EtOH), 

m.pt. 97.5-99
0

C lit. 99.S 0-38» 

Conversion of dihydroxy acids to epoxy esters 

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

15ft solution of anhydrous hydrogen bromide in acetic acid (lOml), 

end the solution was left at room temperature overnight. The solution 

was diluted with water (2Oml) end extracted with ether, the extracts were 

washed acid free and solvent removed to leave a brown oil. This oil was 

dissolved in 5% methanolic potassium hydroxide (lOml) end the solution 

was heated under reflux for two hours. The solution was diluted with 

water and carefully acidified (pHS) with dilute acetio acid. The mixture 

was immediately extracted with ether, end the ether extracts were washed 
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aPid free and solvent was removed to leave a yellow solid. The pr:-oducts 

w~re dissolved in ether, esteri.fied with diazome"i;hane and purified by 

~C (ether: petroleun ether 1: 3). The product was a colourless solid. 

<Lel.] 546.1 run = +15.0 (c = 1.3 MeOR» 

Conversion of 9.10,12-trihydroxystearates to 9.10-dih,ydroxystearates 

The experimental procedures outlined below were used for both 

erythro- and threo-9,10,12-trihydroxystearates. 

threo-9 ,20 ,12-Trihydroxystearate (300mg) was dissolved in acetone 

(5ml) and ~ perchloric acid (5 fL) was added to the solution. After 

15 minutes 0.880 anmonia 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 ~C, the major 

product being the 9,10-isopropylidene derivative <Lo<J546.1 = -480 

(c = 0.5 ethanol» 

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

51 solution of chromium trioxide in glacial acetic acid (25 ml) and the 

solution was allowed to stand at room temperature. After 15 minutes 

water (100nl) was added and the solution was extracted with ether. The 

ether extracts 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-isopropyUdene, l2-ketostearate, (f;YJ 546.1 = 

-24.40 (c = 1. 0 ethenol» in ca 5OJ0 yield. 

The 9,10-isopropylidene-12-ketostearate (lOOmg) was dissolved in 

methanol (5 ml), toluene-p-sulphonylyhydrazide (40mg) was added end the 

solution was boiled under reflux for six hours. The solution was then 

diluted with water and extracted with ether. The extracts were washed 

wi th dilute sulphuric acid" then with water until neutral. The 

tosylhydrazone was isolated by ~C (ether:petroleum ether 3: 2) in ca 

71$ yield. 
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The tosylhydrazone (7Omg) and sodium borohydride (200mg) were 

di:oso1ved in methanol (4m1) and the solution was boiled under reflux 

for 16 hours. After this time the reaction mixture was diluted with 

water, acidified, and extracted with ether. The extracts were washed 

until neutral, and the solvent was removed. The 9,10-isopropy1idene 

stearate was isolated by TLC (ether:petro1eum ether 1:4) as a colourless 

oil <!:r:XJ546•1 run = -29.0 (0 = 0.15 ethanol» in oa5~ yield. 

The isopropylidane derivative (20mg) was warmed for two hours at 

1000 C wi th a 2~ solution ofboric aoid in 2-methoxyethano1 (5ml). 

The solution was ooOled, diluted with water (10ml) and extraoted with 

ether. The extracts were washed, and the solvent was removed to leave 

a white solid. The threo-9,lO-dlhydroxystearate was purified by TLC 

(ether:petro1eum ether 8:2) to give a white solid. (17mgi:'XJ546•1 run= 

-20.6 (0 = 0.10 EtcH» 
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The previous seotion has dealt with the determination of the absolute 

stereochemistry of sane epoxy and vicinal dihydrcxy fatty aoids. That work, 

and that already reported in the l1terE.ture, completes the stereochell'ical 

definition of all the 9, 10- and 12,13-substitutec1 e1)oxy and dibydroxy :l.CI.ds. 

The knowledge of these absolute configurations can .now be a?plied to the 

C''ltermination of the mechanisms by which the enzymic transformation of epoxy 

acids to vicinal dihydroxyacids ocours in various biological systems. 

Under a]?propriate conditions, 1;2-epoxides undergo ring opening to 

give vicinal diols. These reactions are stereospecific and oocur with 

inversion of configuration about one oarbon atcm, thus..£!§. e;voxides afford 

threo diol s, whereas trar.:: epv.ddes yield the erythro oompound( 178). The 

reactions provide the link between naturally occurring epo::tides and vicinal 

diols, and this section is devoted to the determinuti on of the mechanism 

and 3pecifioity of scme of these transforr;:.ations in natural systems. 

The biological cleavage cf 1,2 epoxides to give.'!2:2 diols is m enzyme 

oatalysed hydration type of mechanism, and this type of mechanism is also 

involved in the formation ofr,)ono-bydroxy acids from unsaturated fatty acids. 

Probably the fir.,t eXBlIlJ?le of this type of naturally occurring hydration 

reaction in fatty ~cid chemistry was that discovered in a strain of 

Pseudomonas (W:1:L 2992). This bro"terium Vias found to hydrate oleic acid, 

in 14% yield, to 10-hydroxystearic acid(JM.). J::he absolute oonfiguration 

of the hydroxyl group in the product was jl["oved by ;'chroepfer and Bloch (31). 

to be D, and it was later demonstrated that the overall hydration occurred 

by trans addition of the elements of water acro"" the double bond (145). --
The stereochemistry of this addition waa proved by utilising the lcnown 
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stereochemistl~ of desaturation of stearic acid to oleic acid in 

Corynebacterium diotheriae. Thie organism was knovm to remove the D-9 

and D-IO hydrogen storns from fitearic acid to :produce oleic acid. 

The hyt:ration of oleic acid by the pseudOl,lOnad was carried out in 

deuteruted water, to yield 10-hydroxysteario acid containing one at~a 

of co-valently bound deuterium at the C-9 position. Removal of the 

hydroxyl grom by methods which did not affect the deuterhllJl atom left 

deuterated stearic acid. ~[he deuteri= atom at the C-9 poeition was 

retained 011 de(>aturation of this stearic acid by Corynebacterium 

diphtherlae and must, therefore, have been in the L ccnfiguration. Thus 

the overall stereochemistry of the hydration had been detennined. 

These findings are consistent with a mechanism involving stereo

specific t~ a<1C1ition of the elements of water to the double bond, 

anolagous to the hydration of fumaric acid by the enzyme fUJll~ase (71). 

The same pseudomonad enzyme sy"tem which hydrates oleic acid to D-IO

hydroxyLtearic acid also catalyses the conversion of ei. ther 10-hydroxy

stearic or oleic acid to trans-10-octadecenoic acid (146). 

The specificity of this reaction was inveetigated with a number of 

hydroxy stearic acids, ranging from 5-hydroxystearic to 15-hydroxystearic 

acid. Only the 10-hydroxy isomer was a substrate for the enzyme (147). 

The enzyme also catalyzed the conv'_,rsiC'n of palmitoleic to D-lO-hydroxy

palmitic acid{l46;'; linoleic acid to D-IO-hydl'oxy-cis-12-octadecenoic 

acid0-48); and the stereospecific hydration of 9 ,10-e:?oxy~;tearic acid:J to 

~ diols. The transformation of e?oxy acids to vi.,2 diols will be 

discussed in more detail later. 

A similar hydratase enzyme syste"l in a different species of 

?seudomonas was investigated by :(allen et al(149). They found that the 

9,10 double bonds in linoleic, linolenic, and ricinoleic e,cics were all 

hydrated, and th<.ct the illcOlaillg hydroxyl group had assumed the D coni'ig

uration in eech case. The enzyme system showed an unusual specifici ty 
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for £J-unsaturated acids, it failed to hydrate 9-decenoic,12,13-epoxy-, 

or 12-keto-,£.i.,!!.-9-octmecenoic acids, or stercuJ.ic aCid. The:>e resul:!:s 

suggested that an alkyl chain on both sides of the double bond was 

essential before hydration occurred and that these chains ll'Wc.t have a 

~ relationship to each other. 

~dcinoleic acid D-12-hydroxyoleic acid is the major co~onent of the 

beed oil of the castor "lent (Hicinue connnunis); it is also fcund in 

ergot oil ext;'acted from the sclerotia of the fungus ClavicC'>s pUMurea. 

Ricinoleic acid is interesting in, twt it is biosynthesised by two 

dtfferentouthl7ays in these different organisms - one of these pathnays 

lr.e.y involve 0. h;ydrOotion mechanism. 

In the immature sclerotia of Clsvi~ isolated from infected rye 

plant,;, oleic acid is desaturated under aerobic condi tians, but no 

ric~oleate is formed, either in the presence or absence of oxygen (150). 

ikrnever, linoleic acid is ~onvcrt~ to ricinoleic acid, the efficiency 

of the conversion being unproved under anaerobic ccndi tiom:;. These 

results suggest that the i,;echanism is a specifio hydration of Unoleate to 

12-hJ't3.roxyoleate, analogous to the oleate ·to lO-hydroxy:>tearate conversions 

in pseudomonms. However, ergot oil, whose fatty acids may contain u::> 

to W~ of ricinoleic acid, contains no free hydroxyl groups; the hydroxy 

acid is esterified to glycerol through its carboxyl grou:J and to an unsub

stituted fatty acid through the C-12-hydroxyl group. Thin structure led 

to the suggestion (1.51) twt the b5.os;ynthesis of ricinoleic acid may not 

involve the direct hydration of the 12,13-douole bond of linoleic acid 

with the formation of a free hydroxyl group; but that linoleic acid, 

eitt>P.1:· free or as a glyceride, reacts with a straight chain fatty acid 

by an addition across the 12,13-double bond, in which a ;:>rotan becomes 

attached to the 13-;?osition and an acyloxy anion to the 12-position. 
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The other pathw~, occurring in the castor bean, does not involve a 

hydration nlechanism. 'Ihe ricinoleic acid in this system is formed by 

direct hydroxylation of oleic acid, in a reaction recpiring molecular 

oxygen and NADPH as cofactors C!.s2). The stereochemistry of this hydroxy

lation has been investigated with D- and L-Li-14c, 12-3Uwoleic acid, 

an:l it was found that the tritium in the D-configuration was lost, 

whereas that in the L-configuration was retained, demonstrating retention 

of configuration at the 12 position during biosynthenis C!.S'. 
Howling et a1 O-slJ investig9.ted the substrate specificity of the 

hvdroxylase system in castor been. Their results suggested that two 

hydro xylases exist, one recognis ing monoenuic acids wi th a double bond 

at post tion 9 with respect to the carboxyl groUp ( !:J), and the other 

recognising acids with a double bond at position 9 with respect to the 

me~lyl group (n-9). 

Having considered t."''' olefinic hydration pathways found in a number 

of natural syste1'IB, attention can now be focus sed. on the analogous epoxide 

hydration enzy,nes which occur in plant, seed, bacterial, md fungol spcre 

s ye t elIl's. 

An epoxide hydration reaction has been i!llplicated in the biosynthesis 

of the polyhydroxy acids of' cutin. Cutin is the insoluble component of 

plant cuticle, and consists ot' cross-eoterified polymerized fatty acids. 

Hydrolysis of this insoluble :?olYli,er gives mainly a mixture of threo-

9,lO,18-trihydroxystearic, lO,18-di~roxystearic and lO,16-dihydroxy

palmitic acid:;. The insoluble residue after base hydrolysis can be 

further cleaved with sodium iodide indicating peroxide linkages, and. 

treatment with hydroiodic acid indicates some ether bonds in the polymer. 

Epoxy acids also occur in cutin. lB-hydroxy-9,1O-epoxystearic acid has 

been found as a major component of the cutin of grape, a,>ple, peach and 

pear fruits (1.55), but this acid seems to occur only in c.utin and is the 

only source of hydroxyepoxy fatty acids rEl?orted in nature. 
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Kolattulcudy et al have investigated the biosynthesis of epo~ and 

polyhydroxy acids in cutin. They found that oI-eate was rapidly incor

porated into cutin in the fruit skin slices of apple and grape, and that 

this acid was converted to 18-hYdro~-9,10-epo~tearic acid. This result 

and the finding that epoxy acide always occurred in cutin containing 

9,10,18-trih.}dro7.ystearic acid led to the suggestion th"t the vic diol 
, -

grouping in the trihydroxy acid was fonned by hydration of the epoxide 

ring of 18-ilydroxy-9 ,1O-e;)0~s te::.ric acid 0.56). Subsequent experiments 

S~Ned that radiolabelled 18-hydroXY-9,10-epoxystearic acid vma c~~verted 

t~ 9,1O,18-trihydroxystearic &:id in apple skin slices, indicating the 

presence or an epoxid~ hydratasein this tissue Q-55). Thus the conversion 

of oleic acid to trihydroxy acids in cutin occurs by sequential W-hvdJ."Oxy-

latioll, e'?Oxidetion and hydration. 

A similar reaction seq1.lence starting fror~ linoleic acid could give 

rise to the 18-hydroxy-9,iO-epoxyoctadecenoic and 18-hydror.y-9,10-

dihydroxyoctadec'IDoic acj,ds found in apple cutin. In accordance with 

this hypothesis, labelled linoleic acid has been shown to be incorporated 

into t!1ese acids in apple Sl'.i!l slices 0.55). OnlY. the t.9-bond of 

linoleic acid is epoxidized, the 1'::,12_bond is unaffected, illustrating 

the specificity or the epoxidizing en~e. 

Retur'liJlg to the hyrlratase enzyme from a pseudomonud, which catalyzes 

not only the stereospecific hyoration of the double bond of a nunber of 

~-9-o1efinic fatty acids, but also the hydration of both cis- and trans-

9,lO-epo~tearic acid (159,160). These epoxide cleavage reacti= were 

shown to be completely stereospecific (l.60), as regards both substrate 

and product. Moreover, stwies or the hydration reaction in H2180 showed 

tru::.t these reactions proceeded with stereospecific incorporation of the 

oxygen of water at carbon 10. in a similar manner to the hydration of 

oleic acid by the same enzyme system. Th:lll finding, ana. the observation 
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that olefin hydrating and epoxide hydrating activity showed a parallel 

thermolability, led to the suggestion that the two acitivites rtJt!3 reside 

in a single protein species. 

';/hat could not be deduced from this wori<: was the absolute oonfig

uration of either of the dihydroxy products or of the epoxy acids 

reJruUning after the hydration reactions. However, the worlced outlined 

in l:lection 2 has now resolved this problem and absolute configurations 

can be assigned to both epoxl.de substrates and dihydroxy products. These 

configurational assignments will be discussed in more detail later.. 

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

variety of plant rusts. Puccina Ilraminis uredospores contain up to 

~ (-)2,?-s-9,10-epoxystearic acid ~61) end -this epoxl.de is known to ho.ve 

the I. configuration 0-07). Incubation of the spores in water leads to 

almost complete h3tiration of the epoxy acid to (+)-threo-9,lO-dihydroxy

stearic acid. This enz;yl'l" is act! vated in the early stages cf germination 

of plent rust spores ~62,163) and it has been suggested that the enzymic 

hydration of the epoxy acid is the first step in the fonnation of pelargon

alduh.,vde, which is known tosti.lr.ulate germination of spores. Ncm, the 

epoxy acid substrate and the dih,ydroxy acid product c£ this enzymic 

hydration have been shown to have the L-9, L-lO- Q.o7) and L-9. D-lO

configurations respectively. Therefore, assuming a normal mechanism for 

epa:dde ring ope::ting, this hydration mllst proceed by hydroxyl attack at 

the 10 position with inversion, .nmilar to the Pseudoll'.onad system. The 

wori<: reported here has verified this asrumption by incubatio..'l of Puccinia 

spores in H2l80 and location of the 180 in the product by mass spectro-

metry. 

Hydration of epoxides to vic diols has also been dElIlOllstro.ted in a 

liver microsome system from several different animals o.6~). This enzymic 

hydration is probablyaokey step in the metabolism and detoxification of 
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aromatic and. olefinic compounds in higher organisms. The epoxide 

hydratase present in liver homogenates converts a variety of epoxides 

including cyclohexene oxide 0-65), indene oxide 0-65,166), chloroene 

oxide (167), stilbene oxide 6.G8), styrene oxide 6.65), steroidal epoxides 

0-69,170) end arene oxides such asbenzene oxide 0.65) end naphthalene· 

oxide 0-64) to diols. The same system also converts oleic acid to threo-

9,lO-dihydroxystearic acid in the :rr esence C£ HADPH end oxygen Q. 71). 

Apart f'rom the epoxide hydration sy",tem:; found in animal liver 

preparations, it seems tha.t the enzymes which hydrate double bonds and 

"porlde rings, possess a fairJ.y rigid specificity. Thus th!j hydration 

. system in pseudomonads seems only to hydrate f'atty acids containing a 

£1 double bond and a f'ree carboxylic acid group, and. the hydration or 

9,lO··epoxy- and ~-9-01efinic tatty acids involves attack by water or 

h3droxide ion at the 0-10 position exclusively. This positional 

specificity f'or the intr~~llct.i.on of a hydroxyl group into either oleic, 

linoleic or ~- and trans-9,lO-epoxystenric acids by the pseudomonas 

enzyme, the precise stereochemical requirement of' the enzyme system with 

re~~. to precursor, and the stereospecificity of the products suggests 

a specific molecular interaction between the substrate and enzyme surface. 

Vernonia anthelmintic a seedu contain a high pro;Jortion of' ~-

12,13-epo~yoleic acid occurring in the seed oil as triglyceride, and this 

epoxide is known to have the D-ccnf'iguration (100,107). When Vernonia 

seeds are crushed and moistened, the epoxy acid is hydrolysed by the 

glyceride and hydra.ted to dextrorotatory threo-12,13-d1hydroxyoleic acid 

6.57,158) which has been shcmn to have the L-12, D-13 conf'iguration (12~. 

If' i.t is assumed that the enzymichydration occurs by a similar mechanism 

to chemical hydration, and there is no reason to suppose this is not the 

case, then it can be ~redicted that attack by water or hydroxyl ion 

occurs at the 12-~osition f'rom the rear of' the epoxide ~'ing and that the 
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oxygen of the 13-hydroxyl group is that of' the original epoxide. This 

prediction can now be tested by incubation of crushed Vernonia seeds in 

the p:-esence c£ H2180. Isolation of the threo-dihydroxy ;roduct and 

localization of the position of the added hydroxyl group by mass spectre

metry should show, if' the above prediction is correct, that the 180 

isotope is enriched exclusively at the 12-position • 

.As the l\Ydration of D~-12,13-epoxyoleic acid in crushed 

moistened seeda of Vernonia anthelmintic a shows a remarkable stereospec-

if'icity, only threo-12-L, 13-D-dihydroxyoleic acid being produced, it 

was rel",vant to ask whether the Vemorda enzyme Oy;3tei~ slxlwed a precise 

positional specifici ty. and what struc'~u.'['al features must be posse",sed 

by the epoxy adid in order for it to be a substrate for the epoxide 

hydratase. The work reported here has been in invelo!tigatian of the 

specificity of the epoxide cleavage enzyme in Vernonia seeds. 

The natural eubstr9.te fc~ the Vernonia hydratase enzyme, D-l!!!!-

12,13-e;:>oxyoleic aCid, contains se'iI'eral features that the hydratase could 

"recognise", namely a carboxyl group, a cis-9 double bond, a .£i5-12 ,13-

epoxide ring, and a -cenninal methyl group. It is possible that an 

epoxy fatty acid m83 need to contain one ur more of these features at 

s"ecif'ic positiona within the chain before it is an effective substrata 

tor 'the enzyme systerr.. Alternatively, it is conceivable that the en'~yme 

system has very little specif'icity and will hytlrate a wide variety of 

epoxy compounds in a similar IllBIlner to the liver microsome system. 

In order to investigate the structural features needed tor an epoxy 

acid to be a substrate tor the Vernonia hydratase enzyme, it was necessary 

to prepare a series of racemic, position ally and geometrically isomeriC, 

epoxy acids and sane ot their derivatives. Epoxy acids arel usuall:y 

prepared from the corresponding oletinic..,.at;;!~, by direct epoxidaticn with 
or,. 

per acids, or fran vicinal dihydroxy acids via the bromnl\Ydrins. In this 

work, mostef' the epoxides were prepared tram the corresponMng olefins by 

epoxidation with peracid, as in most cases the. olefins ' were easily 

obtainable. 
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RESULTS J.ND DIBCUSSlON 

The work desoribed in the previous section has deteImined the absolute 

stereochemistry of a range of epoxy and dihydroxy fatty acids, this 

knowledge allows the prediotion of the stereoohemistry end mechanism of a 

renge of epoxide end olefinic enzymic hydration reaotions. 

l) Pseudomonas hydratase 

The first of the:;e l",aotions discussed here is the hydration of ~

end trans-9,lO-epoxysteario acids to three- and erythro-9, lO-di~roxy

stearic acids, respectively, catalyzed by a pseudomonad enzyme preparation. 

Niehaus and Schroepfer 0-60,161) have shown that these hydrations are 

oc:u;;letely stereos',eoifio. Thus racemio ..£!!!-9,lO-epoxYstearic acid is 

oonverted to a mixture of o)tio.uly I'Ictive th);'&9"9,lO-dihydro~tedric acid 

and residual, optically active ~-epoxystearic acid in approximately equal 

amounts. Sil1rl.larly, racemic trans-9,lO-epoxysteerio acid gave a mixture 

of ecual amounts of o;>tioally aotive erythro-9,lO-dihydroxystearic acid 

and optically active t:..'ans-9,lO-e'Joxystearic acid. What Niehaus and 

Sohroepfer did not know however, was the absolute configuration of either 

the dihydroxy acid produot or the epoxy aoid relllaining after the enzymlo 

hydration reactions. The work in the previous section has now resolved 

these problems and the oonfigurations of the dihydroxy, and epoxy ?roduots, 

and therefore of the substrates, are now known. 

The specifio optical rotations of the dil\ydroxy and epoxy esters 

produced by methylation of the incubation produots of racemic ~ and 

trans-9,10-epoxysteeric acid with the pseudomonad enzyme system along 

with those of the oorresponding compounds charaoterized in the previous 

seotion are shown in Table 1. 
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Compound (source) 

Met~l threo-9,10-dihydr~stearate 
(pseudomonad incubation) 

Methyl ~-9 ,10-epoxystearate 
(pseudomonad incubation) 

lilethyl D-9, L-IO-diliydroxystearate 

Met~l L-9, L-IO-epoxystearate 
(Xeranthemun annuum) 

}!ethyl erythro-9,10-dihydroxystearate 
(pseudomonad incubation) 

Met~l trans-9,10-epoxystearate 
(pse.nomonad incubation) 

Met~l D-9, D-IO-dihydroxystearate 
(castor nil) 

Methyl L-9, D-IO-epoxystearate 

£C{J 
(ojsolvent) 

+ 20.8 
(1.78jMeOH) 

- 0.20 
C~.49iM:eOH) 

-20.6 
(0.15jMeOH) 

+ 0.3 
(MeOH) 

+ 0.35 
( 0.62jMeOH) 

- 4.38 
(0.96jld.eOH) 

., 0.12 
(l.ljMeOH) 

+ 15.0 
( 1. 3 jl,feOH) 

T,.ble 1. Speoifio Rotations of Enz~oally produced Dihydroxy and 

Epoxy Esters (160) 

Considering firnt the products from the incubation of cis9,10-ep.>xy

stearic acid with the pseudomonad enzyme system, it oan be seen that the 

threo-dihydroxy acid is the enantiomer of that characterized in the previru s 

section and must, therefore, have the L-9, D-IO oonfiguration. The remain-

ing ~-9, 10-epoxide is dextrorotatory and is enantiomeric to that 

characterized by Pawell et al (107) and therefore has the 9-D, 10-D 

ccnt'iguration. k3 this remaining epoxide is predominantly of the D 

configuration, the enz~cally reactive..isomer must have been the L-9, 

L-IO"cpoxystearic acid. 
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Assuming that enzymic cleavage of the ~ epoxide occurs in a similar 

manner to chemical cleavage, that is by rearslde nucleophilic attack with 

i!lversion of configuration about one of the carbon atoms of the oxirane 

ring and retention of configuration at the other carbon, it can be pre

dicted from the results that the enzymic cleavage of L~-9,lO-epoxy

steario acid occurs by attack of water, or OH - ion, at the lO-position. 

This is indeed the case, as has been demonstrated by perfonning the incu

bations in l80-enriched water and shOlVing that the oxygen from water 

became attached exclusively to the lO-posi tion (146). 

A similar argument can be applied to the hydration of trans-9,lO

epoxysteario acid. In this case, the L-9,D-10-epoxysteario acid is 

cleavoo by the enzyme to yield L-9. L-10-dih,ydroxysteario acid, the 

remaining epoxide in this cllse being the D-9, L.lO isomer. These stereo-

chemical conclusions are BUIIllll8rized in 3chem:! 1. 

Rl K H Rl Rl H Rl , 
I '\ 

, 
• \ , , , , , , , 

, C' C HO-C-H C 
.£!:l 0/1 + 1'0 H2O I + ' .... 0 

';C C/ ~ H-C-OH 0/' 

/\ • , , \ pseudomonad I , , I , 
It Il Il 'R R H R 

LL DD LD DD 

R = CH3( CH2)7 nl = H02c( CH2)7 . 
Rl Il H Rl Rl Il ll.l , ,/ \. , • 

" • , , 
C 0' IlO-C-Il 0 

trans 0/1 + 1 '0 I + 1'0 
'0 0/ Il20 HO-C-H C/ 

/\ / ", pseudomon.'"id ') 
, I • 

R / '-
H R R U R 'u 

LD lL LL DL 

Scheme 1. Sumnary of the action of the pseudomonad hydratase on 

racemic .£!:l- and .i~-9 ,10-epoxystearic aoid. 
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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 all oxidation pairs harlng a 1,3 diol system at position 10 end 12 

the higher melting isomer has a trans-1O,12 diol configuration, and 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 or OH ion, based on the conolusion reached in Section 2, and that 

proved by incubations with H2180 support the stereochenical assignments 

:"eached earlier, and helps dispel this doubt. 

Now that the absolute stereochemistr,y of precursors and products of 

the Ps3\ldomonas hydratase enzyme are knO'Wll, it is possible to pretUct the 

relevant featu:-es and IOOchanis.a of action of this enzyme in the hydration 

of the two epoxy acids; 2-9,10-epoxysteartc and trans-9,10-epoxystee.ric 

acids, and of oleic acio· Tho proposed mechamism is outlined in Scheme 2. 

No activation of the carboJtYl group of the Ilubstr:.te seems to be required for 

these hydrations and the enzyme is specific for the 9,10 position. Therefore, 

th" first step appears to be attachment of the substrate carboxyl group, 

in some way, to the enzyme at a site designated as X. The active site =t 

be an electrophilic grrup, designated as -Yft, at a distance from the 

point of attachment 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-posi tion. The first reaction step is 

electrophilic attack from the L side of the acyl chain to gI.·".e the con

jugate acid of the epoxide groups. This attack must be promoted by close 

aru'I specific association between the substrate and the enzyme surface. 

The hydration reaction is then completed by back side nucleophilic attack, 

at the lO-position either by OH - ion to give the product direcUy or by 

water followed by loss of a proton, to give the two prodwts with the 

correct stereochemistr,y. 
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Scheme 2. Schematic representation of the mechanism of hydration 

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

epoxystearic acid CH) by the pseudomonad hydratase 

system. 



II) Puccinia Hydratase 

The next; epoxide cleavage enzyme to be oonsidered is that which 

ocours in the spores of' a number of' plant rusts. Tulloch (172 ,173) has 

shown that in the spores of' Puccinia graminis and several other plant 

rusts there is an enzyme system whioh, on incubation of' the spores in 

water, h3drates the endogenous (-)-.£!!-9,10-epoxystearic acid to (+)

th:t'eo-9,1O-dihydroxystearic acid. The epo:xy seid substrate of' this 

reaction has been proved to have the L-oonfiguration (L07), and the work 

reported in the previous seotion has proved that the absolute oonf'iguraticn 

of' the dihydrcxy acid product is L-9, D-lO. Therefore, assuming nonnal 

opening of' the epoxide ring, the enz,Ym1o h3dration must occur by h3draxyl 

attack at the 10-position, with inversion of' configuration at that position. 

In at'der to verif'y this prediction end prove that attack by hydro:xyl ion, 

or water, occurs exolusively at the 10-position, studies of' the enzymic 

hydra~ion in water enrir·h~ with 160 were undertaken. 

18 
In order to locate the 0 whioh may be in:corporated into the moleoule 

during the incubation, a sensitive assay is required, whioh will distinguish 

beoheen the oxygen atoms at C-9 and C-10 of' 9,10-d1hydroxysteario acid. 

Methyl 9,10-dihydroxystearate does not give a signifioant molecular ion 

on electron impact (174). HOIvever, the mass spectrum of' this oompound 

shcws a major peak at m/e 187 corresponding to oleavage of' the O9-C10 

bond in the molecule, and this ion oould be used to give a measure of the 

180 on the 9-position. Measurement of the oombined incorporation of 180 

into positions 9 and 10 of' the molecule can be performed by analysis of 

the mass speot= of' the isopropylidene derivative of the 1W1ecule (134). 

Thus, analysis of' the isotopio abundance of 180 in the mass spectrum of' 

methyl 9,10-dihydro:xystearate and its isopropylidene derivative would 

lB 
permit an estimation of the 0 oontent at positions 9 and 10. A more 

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

me'lt of the mass spectrum of' the trimethyl1sUyl (TMS) ether derivative 
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of the ~-diol. lleaction of a vicinal dihydroxy acid with hexamethyl

disilazane ytelds a di-TMS ether. The mass speotrum of this product . 

shOl'/S two abundant ions (r and II in Scheme 3) which represent cleavage 

between the substituted carbon atallS. The formation of r involves the 

migration of the 0-9 T1iS group to the ester group followed by oollapse of 

the resultant ol!;ygen radiole as sllown CL75). Thus this method has the 

advat'ltage that it gives a direct measure of the enriohment of 180 at both 

the 0-9 and 0-10 positions from a Single derivative. 

II m/e 215 I m/e 259 

Scheme 3. 

18 The inoubations of the Puccinia spores \~i th H2 0 were performed in a 

small test tube equipped with a glass rod, fitted tl1rough a rubber seal 

at the mouth of the tube. This arrangement was necessary beoause of the 

small amounts of Hl80 used in eaoh incubation, and the fact that in order 

to Hwet" the spores, and release the h.YOratase enzyme, it was necess&ry 

to grind the spores in the presence of water. The inoubations were 

perl'ormed at 250 0 for twenty-four hoors. 

After the twenty-four hours, the lipids were extracted from the 

incubatio!'l mixture by sha1dng together the spores and Ballotini (1.5-2. 5mm) 

in chloroform and methanol for seVeral hoors. It was found necessary to 
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disrupt the spores in this way in order to obtain complete extraction of 

the lipid. The lipid extract was directly methylated with diazomethane 

and the three dihydroxy ester produced by enzymic cleavage of the endogenous 

.£!! epox:l.de was isolated by TLC. 

The .£!!-9, lQ-epoxys temc acid in Puccinia spores occurs mainly 

esterit:ied as triglycerides, whereas the dihydroxy product of enzymio 

hydration is a free acid; the hydrolysis of the epoxide to the free acid 

fom is required before the cleavage of the oxirane ring occurs. During 

the incubation of Puccinia. spores with Hi80, this preliminary lJ.ydrolysis, 

of cours." would result 1.'1 the incorporation of 180 into the carbo:..yl 

group of the dilJ.ydroxy acid product. As the raeasurement of the amount 

Of' 180 inoorporated into the C-9 position of the dihydroxy acid is performed 

on an ion (r in 3cheme 3) which contains the carbomethoxy grou:?, then any 

enrichment of 180 into this latter group will give a result whioh indicates 

apparent inc'Jrporation into the 0··9 position. This difficulty was overcome 

by treatment of' the dihydroxy acid successively with methanolic sodiwu 

methol<ide a'ld aqueous hydrochloric acid in methanol, which results in the 

exchange of the oxygen atolJlS of the carbomethoxy grOUt) but not the oxygen 

atoms of the vioinal diol grouping. Ai'ter the diol hed been treated in 

the above manner, it was converted to the di-THS ether and subjected to 

mass spectrometry, the results of which are shown below. 

I 
. Enriohment of 180 (atom %) on positions 

E::periment Number 
(Puccinia strain nuuiber) 

PI (PB6l/37) 

P2 (rGO) 

P3 (PB58/44) 

C9 

5.6 

7.4 

1.0 

Isobpic enriohment of water 180 = 40.5 atom % 

CIa 

26.5 

21.1 

28.5 

11ass sEectral anal'y's_is of iso_t.:.0Eic __ '?S'!'!P()_~~ ti9n of 180-1abe1.:!:.~_ t_~e~-

9,lO-dih,ydroxyrltearate obtair.ed f'r.~-.l!:..s.':l'!:>.:'\ti0l'!. of ~c~!.JliJ: SP2.1::!:.~ 

with Hl80 
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In these results obtained by mass spectl'almalysis of the purified 

di-TMS ether derivative of methyl threo-9 ,10-dihydrOY.YStearate, an 

enrichment of 180 on the 0-10 position is indicated, the 0-9 position 

lG containing a much smaller amount of O. This is in keeping with the 

results expectM: .. for a mechamism of epoxide cleavage which involves 

nucleophilic attack by OH - ion or water at the 0-10 position of ~-

9 ,10-epo~"tearic acid with inverSion about that ,?osition, which is l.n 

direct agreement with the mechanism proposed earlier on the bnsis of the 

configurational assignments. 

'l'he presence of s.6;~ and 7.~ of 180 on the 0-9 pCflition of the 

dihydrc~ acid produced in the experiments with strains PB61/37 .and r60 

is not considered to indicate a luck of specificity of the enzymic 

hydration but :-ather a lack of complete e;;change of the labelled oxygen 

atoms in the carbometho~ function. Indeed when the period of the exchange 

reaction on the product f'mm lltrllin ffiS9/54 was increased, a rruch lower 

result for the incorporation of 180 onto the 0-9 position was obtained. 

It therefore appears from these results that Puccini! spol'es contain 

an ·.mzyme system similar to that found in ~eudorIlO.!!.!!:!!, and although the 

~:idl!! system has not been so thoroughly investigated, it can be 

suggested that a similar mechanism as that proposed in Scheme 2 for the 

Pseudomonas "ystem is operating in this case. It is also likely that 

the biosynthesis of (+)-thre~9,10-dihydroxystearic acid in Olaviceps 

sulcata sclerotia occurs by the sllJ'l\e mechanism, ?articularly as traces 

cf .£!.!!,-9,1O-e."oxystearic acid has been found to occur along with the.Y!g 

diol in two Claviceps species (123). 

pI) Vernonia H~t£.!! 

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

in Vernonia anthelmintica seeds. On incubation of crushed .y.':!!l~ seeds 

under moist conditions, the epoxy acid hydrating enzyme cleaves the 
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endogenous (+)-vernolic acid to give optically pure (+)-threo-12,13-

dihydroxyoleic acid (157,158). The absolute configuration of the endogenous 

epoxy acid has been established as D-:2!,;-12,13-el'oxyoleic acid (100), and 

the absolute configuration of the vicinal dihydroxy acid ;:>roduct of this 

enzymic hydration has been shown to be L-12, D-13-dihydroxyoleic acid 

(128). 

From 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. l'his prediction 

hill) now been verified by incubation of crushed Vernonia seeds in lI2180, 

and location of the 180 in the dihydro:.,y acid product, in an identical. 

manner to that used for the Puccinia system. 

Vernon~.a anthelmintic a seeds were crushed, moistened with lIl80 and 

incubated under nitrogen in tightly stoppered glass vial.s fcr three days. 

At the end of the incubation period, the dihydroxy acid product ",as 

isolated, subjected to the carboxyl oxygen exchange reaction, and con

verted to the di-Tl.!S ether in a similar manner to that described 

previously. The product was analysed by lllrulS spectroscopy, and the 

results are shown in Table 2. 

Enrichment of 180 (atom %) on position 

Experiment Number C12 

VI 

V2 

Isotopic enrichment of water 180 = 40.5 atom % 

C13 

3.0 

0.6 

Table 2. Mass spectral analysis of isotopic composition of 180_ 

labelled thre~12,13-dihydroJo.-yoleate obtained f'ran 

incubation of Vernonia seeds with lIi80. 
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The results show that the 180 from water is incorporated almost 

exclusively into the 0-12 position of threo-12,1}-dihydroxy oleic acid. 

The 0-13 position shcwls essentially no incorporation. 

The value of 42.ltZ of 180 on the 0-12 position of the ..ti:£-diol 

in experiment Vl is, in fact, higher than the isotopic enrichment of 180 

in the labelled. water used in the experiment. This is almost certainly 

due to the presence of 180 in the carbomethoxy group of the dihydroxy 

product, this 180 being incorporated during the hydrolysis of the 

vemolic acid from triglyceride prior to the epoxide cleavage. cihen more 

drastic exchange conditions Vlere used in experiment V2, the enrichment 

dropped to a 10Vler val ue. 

These results show that the site of hydroxyl attaclc during the 

enzymic hydration of ~-12,13-epoxyoleic acid must be at the O-lQ position 

and the lcnO'lIn configuration of both precursor and product show that this 

attack must take plece fl-om the L side of the chain. ~his is in direct 

agreement with the prediction as to the site of attack based on the stereo-

chemical knOl-lledge and confirms the earlier !,redictions of llorris and 

'.!harry (100). 

For such a highly specific reaction to take place, some rigidity 

must be introduced into the polymethylene chain by its interaction with 

the enzyr,le, s.t least in the vicinity of the epoxide ring. This rigidity 

could be brought about by a direct attachrnent or by a ~,ecific non-

covalent association of the substrate to the enzyme, and it is, therefore, 

relevant to ask what features the substrate lllllSt possess in order to become 

attached or closely associated \lith the enzy,ne. As outlined earlier, the 

natural substrate contains several different chemical features that could 

be "recognised" by the enzyrne system; namely a carboxy group, a double 

bond, an epoxide ring, polymethylene chains and a terminal methyl group; 

or it could be that a lnolecule 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 wa:ys in which the enzyme could "recognise" the epoXY 

acid substrate are outlined below. In these hypotheses it is assumed 

that the active site is an electro;>hilic group which become:! attached to 

the oxygen atom of the oxirane ring, to form the conjugate acid, and that 

this is followed by o.ttack of hydroxyl ion or water on the epoxide to 

yield the vie diol. 

The possibilities are:-

1. Alignment of the caz'boxyl group at a fixed point, thus bringing 

the active site on the enzyme to a fixed distance along the chain from 

the carboxyl group. 

2. Recogni tion of' the terminal methyl grOll? and alignment of the 

active centre at a fixed distance along the chain, with respect to this 

methyl groun, 

3. .i,lignment of the active centre vlith respect to both the terminal 

methyl grO\l>} and the carboxyl group (i.e. only a specific chain length 

epoxy acid would be attached). 

4. Alignment of the .0:.9 double bond alone with a fixed point on the 

enzyme bringing the active centre to a fixed position with respect to this 

double bond. 

5. ;(ecognition of both the double bond and terminal methyl group 

and alignment of the nctive site with respect to both. 

6. 1.lignt:ler.t of the active site with respect to both the carboxyl 

group and double bond. 

There is also the possibility that the enzyme ma:y have one of the 

substrate recognition patterns as outlined above but within this may also 

have a specificity for cis epoxides. As the natural sub",trate for the 

enzyme system is enantiomeric, i.e. D~-12,13-e:>oxyoleic acid, it seems 

likely that only one enantiomer of' a racemic epoxide would be utilized 

as a substrate for the hydratase, in a similar fashion to the systeIn 

isolated from Pseudomonas. 
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The validity of these hypotheses was tested by incubation of a 

series of epoxy acids '."Iith the Verna.'lia hydratase system. As mentioned 

earlier, Vernonia seeds contain a large prCl')ortion of ~-12,13-epoxyo1eic 

acid and this endogenous acid would be hydrated during any incubation 

attempted with the seed systew, and could make interpretation of results 

difficult. It is possible, h"",ever, to overcome this difficulty in two 

ways; either by using radioisotopically labelled substrate, or by freeing 

the enzyme system of endogenous lipid. In this vlork, the latter method 

'\'Ias chosen as "cold" substrates could then be used. These are prepared 

oore easily than the corresponding labelled substrates, and can be used 

in greater quantities, 'Ihich was an advantage when specific optical rotat

ions Vlere to be measured. 

In order to free the enzyme system from endogenous li;oid, an acetone 

pOVlder of the Vernonia seeds was pre;>ared. This was achieved by homo

genisation of the seeds i:1 a 1t.rge volume of acetone at -8°C. The 

re"u1tant powder was filtered off and '(lashed with cold acetone until no 

further lipid could be removed. After drying the powder under vacuum, it 

Via" checked for enzyme activity by incubation of a "mall amount of the 

p<mder with the natural substrate, D-12,13-epoxyo1eio acid in Tris-HC1 

buffer at pE B.O. The product was optically pure threo-12,13-dihydroxy

oleic acid in quantitative yield, indic~ting that the activity of the 

hydratase enzyme is not destroyed during the preperation of the acetone 

powder. Control experiments with boiled enzyme preparations showed no 

activity. Following the preparation of the ::.cetone pov,der, attedpts were 

made to solubilise the enzyme system. The acetone po\Vder '''laB stirred 

gently at 4°C for two hours in Tris-hC1 buffer at pH B.O, and centrifugation 

of the resulting suspension !'.t 105,000 x g gave a clear pale brown solution. 

Both the supernatant and the pellet showed enzyme aCitivity"hen incubated 

with vernolic aCid. However, the nw'.jority of the octivity \',a5 in the 

supernatent fraction and this "soluble" enzyme preparation "I as used as a 

source of enzyme for the subsequent studies. 
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(a) Synthesis of Preoursors for Investigation of ~nzyme Sneoifioity 

In order to investigate the speoifioity of the Vernonia hydratase 

enzyme, and the spatial environlllent of the substrate moleoule in oombin

ation with the hydratase enz~ne, a series of ~oxy acids and their 

derivatives were required as preoursors for inoubations. 

bpOJ!Y aoids are readily prepared by reaotion of the oorresponding 

olefin with peracid, the reaction proceeding by stereospecific ili 

addition of oJ!Ygen, ~ olefins yielding cis epoxides, and trans olefin>! 

giving the corresponding trans coroduct. 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 

'.yere the gift of Prof. F. D. Gunstone. [jome of the monoenoic fatty acid 

1)recursors were available in at least the cis configuration, and the 

trans ecii's could be prepered from these by elaidanization with the 

oxides of nitro2en. Bot:l th" ~oxidation and elaidanization reactions 

have been discussed in more detail earlier (Section 1). 

The range of epoxy ecids used in the investigation of the specificity 

of th~ Vernonia hydratase enzyme can be arranged into three major grou)s 

de"ending Ilrlon their structure, and these are shonn in Table 3. 

The first grom, with one exception, was comprised of saturated 

straight chain epoxy aci.ds with 18 carbon atoms and a mid-chain epoJ!Y 

group in both the cis and trans configurations. It could be 

as the natural substrate for the enzyme system contains a cis 

argued that, 

::.\ 9 double 

bond, then any artificial substrutes used to investigate the s;,ecifioi ty 

of the syste"l should also contain this double bond. however, preliGdnary 

inc.ubations with the soluble enzyme system had shown that D-cis-12,13-

epoJ!Ystearic acid, pre;>ared by redootion of vernolic DCid, acted very 

effectively as a substrate for the enzyrue and therefore the use of 

saturuted epoJ!Y acids to investigate the aryecificity of the enzyme syst6n 

./v.:; thought perJld.ssible. 
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Groun I l"ixed chain length variable 
epoxide position 

cis-9,10-e?oxy 18:0 
tr~-9,10-epoxy 18:0 

cis-l0,11-epoxy 18:0 
trans-l0,11-epoxy 18:0 

~-11,12-epoxy 18:0 
trans-ll,12-epoxy 18:0 

~-12,13-epoxy 18:0 
trans-12,13-~oxy 18:0 

cis-12,13-epoxy 18:19 

~-13,14-e?oxy 18:0 
trans-13,14-epoxy 18:0 

cis-14,15-epoxy 18:0 
trans-14.,15-e')oxy 18:0 

Group II Variable chain length variable 
epoxide position 

~~,5-eyoxy 10:0 
trans-4.,5-epoxy 10:0 

cis-6,7-epoxy 12:0 
trans-G,7-eyoxy 12:0 

10,11-eyoxy 11:0 
11,12-epoxy 12:0 
12,13-epoxy 13:0 

cis-l0,11-enoxy 19:0 
cis-ll,12-epoxy 20:0 
trans-13,14-epoxy 22:0 
~-15,16-epoxy 21:0 

Group III Vuriuble f~ctionnl groups methyl trans-ll,12-epoxyoctadec-9-
ynollte 

Table 3. Substrate lTolecules 
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~-12,13-epoxyoctadecan-l-ol 

methyl ~-12,13-epoxy 18:19 

l-acetoxy ~-12,13-epoxyoctadecane 

~-6,7-e?oxyoctadecane 



The second group of substrates consisted of a range of saturated 

enoxy acids with both variable chain length and variable ?osition of the 

epoxide ring. 

The third group of potential substrates for the enzyme systeu were 

compounds in which the carboxyl group had been modified or relllOved, 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 lO,ll-epoxy-, 13,14-epoxy-, and 

14,15-e-)oxystearic acids were the generous gift of rrof. F. D. Gunstone, 

and ~-4 -decenoic and cis-6-dodecenoic acids were obtained from the 

Unilever llesearoh !,aboratory, Vlaardingen, Netherlands. Other substrates 

,"!ere pre;:>ared by methods outlined below. All -oroducts were purified by 

thin layer chromatogra?hY before incubation. 

Some of the epoxides used in this btudy were prepared by epoxidation 

of commercially available moD?encic esters, thus ~-9,lO-epoxybtearic 

acid and trans-9,lO-e,?oxystearic acid were prepured by epoxidation of 

methYl oleate and methyl eliadate res?ectively, foll~yed by subsequent 

hy(rolysis. The ~- and trans-ll,12-e;)oxystearic acids were prepared 

from ~-vaccenic acid, the cis e,)oxy acid by epoxidation, the trans 

isomer by elaidinizatiol1 of the ~ monoene followed by e"oxidation. 

trans-13,14-Epoxy-22:0 was prepared by epoxidation of brassidic acid. 

Several of the epoxides were prepared by chain elongation of a 

readily available monoene follo,1ed by epoxidation of the product. Thus 

~-lO,ll-!moxy-19:0 and ~-1l,12-e:)oxy-20:0 nere prepared by elongation 

of oleic acid by one and two carbon atoms, respectively, followed by 

epoxidation of the elongated product. Similarly. 11,12-epoxy-12:0 and 

12,13-epoxy-13:0 were prepared by chain extension of commercially 

available ll-undecenoic acid by one and two carbon atoms, followed by 

epoxidation. 
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The chain extensions \~ere accomplished via the following reaction 

scheme, the example shown being methyl oleate. 

CH3( CH2)7CH = CH(CH2)7~I2CN 

lHCl/CH30H 

CH3( ~)7CH = cn( CH2)SC02CH3 

KCI' 

CH
3
so2cl/ 

Pyridine 

A second passage through this reaction scheme results in extension 

of the original molecule by two c.:rbon atoms. 

The resultant elongated monenoic ester ,,!as then epoxidized 'en th 

~-chloroperbenzoic &cid and the epoxide hydrolysed to give the free 

acid. J.tternpted hydrolysis of methyl 1l,12-epoxydodecanoate resulted 

in cleavage of the epoxide ring, even under mild conditions, and 

therefore lO,ll-epoxy-ll:O, 11,12-epoxy-12:0 and 12,13-~)oxy-13:0 were 

all incubated with the enzyme system in the form of their methyl esters, 

as preliminary experiments had shown that the Vernonia hydratase system 

would accept these derivatives, and that a free carboxyl grOUp ,Ias not 

obligatory. This finding will be discussed in more detail later. 

::acemic cis-12,13-epoxystearic acid and. the related com)ounds, namely 

the trans-isomer, ester, alcohol, acetate, and hydrocarbon used in this 

study, were all prepared from methyl ~-12. -octadecenoate. This 
lie 

monoene was prepared by(elegant method 01' Comforth et al (176) and seems 

worthy of discussion here. ,~part from de novo synthesis, there is one 

other obvious wa:y of preparing methyl ~-12 -octadecenoate from 

readily available starting methods; that h" by 1Jartial 1'eduction of 
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methyl linoleate with hydrazine. IiOl"leVer, this method gives a mix1;ure 

of the .£!J!-9 - and .£!J!-12 -monoenoic isor,lers, and although these can 

be separated by argentation 'lLC, this method is laborious, especially 

for the quantities needed in this study. 

The method used here for the preparation of methyl ~-12:-

octadecenoate was the stereospecific removal of the oxygen from methyl 

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

Scheme 4. Preparation of ~-12,13-octadecenoate from methyl 

vernolate 

The D-12,13 ·-epoxystearate was prepared in good yield from D-12, 

l3-e?oxyoleate, isolated from Vernonia seeds, by reduction with hydrazine. 

This mild procedure was found to reduce the I:, 9 double bond without 

cleavage of the epoxide ring. The resultant saturated epoxide was 

then treated with sodi\.Ull 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 stannous chloride in l)yridine, phosphoryl chloride in 

pyridine Ylas then added and the reaction was left overnight. After 24 

hours the product, methyl cis-12. -octEldecenoate, was isolated in 

approximately 6q% yield and ~urified by argent at ion 'lLC. The reaction 

appeared to be co!llt)letely stereospecific and no trans isomer was detected. 
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Epoxidation of the methyl ..£!E.-12 :"octadecenoate prepared in this 

way afforded the racemic ..£!E.-12,13-epoxy ester, and elaidinization 

followed by epoxidation, gave the trans epoxide. neduction of the 

monoenoic eater with lithium aluminium hydride gave cis-12 -oct!ldecenol, 

which was acetylatcd. Epoxidation of the alcohol and acetate ge-ve the 

~-12,13-epoxyoctadecanol and l-acetoxy-12,13-epoxyoctadecane used in 

these investigations. The cis-6, 7-epoxyoctadecane used here "as 

obtained from ..£!E.-12 -octadecenol by reaction vdth methane sulphonyl-

chloride to give the mesylate, and reduction ",i th li thiuln aluminium 

hydride to yield the olefinic hydrocarbon. Epoxidation then gave the 

required ,)roduct • 

.2!!-15,16-Epoxy-2l:0 was pre?ared by chain elongation of cis-l?~ 

octa.:lecenoic acid with methyl hydrogen glutarate in a mixed Kolbe coU)ling 

reaction, follClVed by epoxidation of the ?urified chain extended product. 

(b) Incubations 

Before the incubations of the various synthetic substratcs ",i th 

the Vernonia hydratase enzyme system were performed, it was necessary 

to de ... ·ermine the quantity of the soluble enzyme preparation needed to 

attain '"aximum conversion of the highest mallS of precursor likely to 

be used during the incubations. Two preliminary incubations were 

carried out in which D-.cis-12,13-epoxyoleic acid was incubated with 

a standard amour,t of the enzyme ::>reparation in amounts less than and 

greater than the quantities likely to be used in the investigations 

with synthetic substrates (see Table 4). 

D-..£!E.-12,13-epoxyoleic acid (rug) 
! I Hydration 

2 100 

50 100 

Table 4. ~ffect of mass of substrate on degree of hydration in 

hydratase enzyme prepm-stion 
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Clearly the amount of enzyme preparation used here, which was equivalent 

to that obtained frOlr. 0.5 era.l of acetone :?O':ider, ~Ias not saturated by 

the level of added subf'>trate. It '7as also found thc-t the conversion of 

added ~oxide to ~-diol y:as complete '.7i thin three hours, and trds time 

",as used for all subsequent experiments. 

Having thus detenXlned conditions for the maximum conversion of 

epoxide to vic-diol, a series of incubations using the synthetic substrates 

"V,as performed. The sodium salts of the, epoxy acids W'2re suspended in water 

by sonication, the other epoxy derivatives were also dispersed in ':Vater 

by sonication. "C:ach of the substrateswas incubated with the enzyme 

preporation for three hours and at the end of this time the incubation 

mixture ,:as adjusted to pH4 with dilute acetic and extracted several 

times with ether. In the incubations where free ,"cids were used as 

~ubstrate, the products of: the incubation were methylated with diazomethane. 

The extent of conversion of the eooxide to vic-diol in eoch of the . -
individual incubations was determined semi-'quanti tati vely by TLC in 

suitable solvent systems, and in some incubations the extent of the 

reaction Vias determined by GT,C on a non-!,olar stationary phase by 

ccmparison of peak areas. Preliminary investigations had shown that 

under the conditions used in this Y!OIX, epoxyesters and .:ti£-dihydroxy 

esters had approximately the same res',onse factors on G[,C. The products 

of the incubation were then separated by 'J.'LC and the specific optical 

rotation of each ,'!as measured. 

The results from the various incubations are Shown in Table 5. 
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Precursor 
. i 
Hydra~ion to i £OI..J<J+6o!b 
!vic-dl.ol(%) I diol formed 

GROUP I 
.£i!!.-9,lO-epoxy 18: 0 
trans-9,lO-eooxy lB:O 

~-lO,ll-epoxy 18:0 
trans-lO,ll-epoxy 18:0 

~-11,12-epoxy 18:0 
trans-ll,12-epoxy 18:0 

~-12,13-epoxy 18:0 
trans-12,13-epoxy 18:0 

~-12,13-epoxy 18:19 

~-13,14-epoxy 18:0 
trans-13,14-epoxy 18:0 

~';'1l~,15-epoxy 18:0 
trans-14,15-epoxy 18:0 

GROUP II 
~-4,5-epoxy 10:0 
trans-4.5-epoxy 10:0 

cis-6,7-epoxY 12:0 
trans-6,7-e~oxy 12:0 

10,ll-epoxy 1110 
11.12-epoxy 12:0 
12,13-epoxy 13:0 

~-10,11-epoxy 19:0 
~-11,12-epoxy 20:0 
trans-1',14-epoxy 22:0 
~-15,16-epoxy 21:0 

G'ROU':' III . 
1;ethy1 trans-ll,12-epoxy: 

-octadee-9-ynoate 
~-12,13-epoxyocta- i 

-decan-1-o1 - i 
methyl cis-12,13-epoxy ! 

18: ;Loor
l-acetoxy-cis-12,13-

epoxyoetadecane I 
.£i!!.-6,7-epoxyoctadecanec : 

, 

o 
o 

50 
100 

50 
100 

50 
100 

50 

50 
1CO 

50 
100 

50 
100 

50 
100 

o 
o 
o 

o 
o 
o 

50 

100 

50 

50 

50 
50 

+ 16.2 

+ 21.0 
o 

+ 23.7 
o 

+ 22.0 

+ 15.5 
a 

+ 20.0 
a 

- 5.0 
a 

+ 6.7 
a 

+ 17.1 

o 

+ 22.7 

+ 21.6 

+ 24.0 
+ 8.0 

. £tij<J+6 of ! 
-remaining epoxideb : 
: I 

a 

+ 0.45 

+ 1.2 

- 5.1 

a 

a 

a 

a 

+ 0.80 

+ 0.88 

- 5.0 

+ 0.69 
a 

a the amount of material was too small for determination of optical 
rotations 

b specific optical rotations measured on methyl esters of diol and 
epoxide products in Group I Md H.- All rotation:; measured in ethrulol. 

c can be considered as '~-12,13-epoxyoctadecanell 

Table 5. Extent of conversion of synthetic epoxy substrates to dio1s 

by Vernonia hydratase enzyme and specific rotations of the 

products 



Considering first the compounds classified together as Group Ill, 

all of these compounds acted as substrates for the enzyme system, each 

of the racemic.£!!!. epoxides being hydrolysed in 5~ yield, the trans 

epoxide being hydrolysed cornnletely. All except methyl trans-ll,12-

epoxyoctadec-9-ynoate had the epoxide group in the 12 ,13-1'osi tion, but 

none of them had a terminal carboxyl grou",. Therefore, it can be con

cluded that a tenninal carboxyl group in the molecule is not necessary 

for an epoxide to act aB a substrate for the Vernonia enzyme system, and 

the hydratase will accept esters, alcohols and hydrocarbons. This fact 

shows that there cannot be any covalent bonding between a tenninal 

carboxyl group and the enzyme as has 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 ;vi th the 

enzyme preparation, some hydrolYSiS of the ester group occurred', pre

sumably due to lipase actionj however, this was not obligatory for 

hydration, and the majority of the dihydroxy product was still as methyl 

eater. 

Turning now to the epoxy acids classified together in Group I, it 

can be seen that the enzyme system does not sh~v a rigid positional 

specificity and will hydrate any epoxy acid with a chain length of 18 

carbon atoms in which the 61.?oxide ring is in any position between the 

C-IO and 0-14 'lositions. It will also hydrate both ill and trans 

epoxy acids but unexpectedly the trans isomer is hydrated to a vicinal 

dihydroxy acid in lO~ yield, y!hereas 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 isor;leric for;nsi erythro and threo, and there

fore the dihydroxy products of the incubations could have either of these 
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configurations. 1>5 the product of hydration of the endogenous substrate, 

.2!!-12,13-epoxyoleic acid is threo-12,13-dihydroxyoleic acid, it was 

expected that the products from the synthetic.2!! epoxides would be 

threo dihydroxy acids, and it was considered likely that the products 

from the trans epoxides would be the er,ythro isomers. The threo con-

figurations for the dihydroxy acid r>roduced by enzymio hydrolysis of 

cis-12,13-epoxystearic acid was proved by the identity of its methyl 

ester to kncnvn threo-12,13-dihydroxystearate on Silica Gel G plates 

impregnated with 5f~ boric acid. In the case of the other synthetic 

epoxy acid substrates, the product of enzymic hydration of the ~ 

epoxide always migrated faster on boric acid impregnated Silica Gel G 

plates than the corresponding isomer from the trans epoxide and in no 

case was there any indication of both isomers being formed. It can be 

concluded, therefore, that the product of hydration of a ~ epoxide 

was always a threo dihyw'oxy acid, the product of a trans epoxide was 

always an erythro dihydroxy acid. 

Considering the results from the hydration of cis epoxides, it can 

be seen that both the vicinal dihydroxy acid product and the remaining 

~ epoxide were optically active and that all the dihydroxy acids were 

dextrorotatory. No-v it has been shown that (+)-threo-9,10-dihYdroxy

stearic acid has the L-9, D-lO configuration and that (+)-threo-12,13-

dihydroxystearic acid, formed by the hydrogenation of (+ )-threo-12 ;13-

dihydroxyoleic acid, has the L-12, D-13 configuration, and therefore it 

is considered virtually certain that all the dextrorotatory saturated 

dihydroxy acids formed by the Vernonia enzyme system have the same con-

figuration 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 configuration and the hydroxy grou!,> clobest to the methyl end must 

be D. l'he dihydroxy acid product from the incubation of racemic ~-
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l2,13-epoxyoleic acid is also dextrorotatory and is identical to that 

already characterized (100) and therefore must 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 .£!!!-ll,12-epoxystearic .and .2!.!!.-12,13-

epoxystearic acids were both dextrorotatory and the meth,yl.2!.!!.-12,13-

epoxyoleate remaining was laevorotatory. The absolute configuration of 

both .£!!:!-12,13-epoxystearate and .2!.!!.-12,13-epoxyoleate have been proved 

(128, 100) , D-cis-12,l3-epoxyoleate is dextrorotatory and D-~-12,13-

epoxystearate is laevorotatory. Therefore, it can be concluded that 

the E..!!-ll,12- and ~-12,l3-epoxy acids remaining at the end of the 

relevant incubations all have the L-configuration, and it is also 

considered'most 1ikely that all the remaining ~-epoxy acids whose 

specific optical rotations could not be deten-ained are also l,. The 

Vernonia enzyme, therefore, shoY/s a high degree of stereospecificity. 

Only the D isomer of a mixture of D and L E..!!-epoxy acids served as a 

substrate for the reactions, the product being the corresponding threo-

L,D-dih,ydroxy acid. 

The trans-('l!')0XY acids which acted as substrates for the Vernonia 

hydratase enzyme showed a different behaviour to the.2!.!!. isomers. 

"','hereas only one enantiomer of the ili-epoxy acid was converted to a 

threo-dihydroxy acid, the trans-epoxides gave er,ythro-dihydroxy acids 

in 10Oj~ yield. j,lthough both enantiomers of the trans-epoxide acted as 

substrate for the enzyme, it WaB still possible for the resultant 

erythro-dihydroxy product to be optically active. This would oocur if 

each enantiomer of the racemic mixture was attacked at different ends 

c€ the epoxide ring but from the same side of the molecule. HO'wever, 

no optical activity could be detected in the erythro-dihydroxy acids 
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produced in the incubations. It could be argued that this is due to . 

the low specific optical rotations of erythro-dihydroxy acids, and in 

order to increase the solubilitics and specific rotations of the 

dihydroxy esters, the isopropylidene derivatives were prepared. However, 

no erytical activity could be detected in these derivatives either, and 

therefore it is concluded that the erythro-dihydroxy acids "roduced 

during these incubations were racemic mixtures. The mechanistic impli-

cations of this lack of o;>tical activity will be discussed later. 

Turning now to the epoxy acids clas sified together in GroUp II, and 

conSidering first the compounds with shorter chain lengths than the 

endogenous C: 18 subfltrate. It can be seen that the.£!.§. and trans epoxy 

acids which have a terminal (CH2\CH3 chain are hydrated to 1i£ diols, 

whereas the acids with terminal epoxide rings, or ,li th a longer terminal 

methylene chain, are not hydrated. Again it was shown by comparison of 

the products of hydration of the.ill and trans-epoxides an boric acid 

impregnated TLC that cis-epoxides gave rise only to threo-dihydroxy 

acids and that trans-epoxides gave only the ervthro isomers. Also, like 

the epoxyoctadecanoic acids, the shorter chain length cis-epoxy acids 

gave an optically active dihydroxy acid in 50;= yield, whereas the trans

et10xy acids were hydrated in lOo;~ yield. 

The methyl threo-6,7-dihydroxydodecanoate product from the enzymic 

hydration of .ill-6,7-epoxydodecanoic acid was dextrorotatory and almost 

certainly has the L-6, D-7 configuration. The threo-dihydroxy ester 

produced from.ill-4 ,5-epoxyt'iecanoic aCid, however, was laevorotatory. 

This is not thought to imply that this ester has the D-4, L-5 configuration, 

rather that in this case the argument that all dextrorotatory dihydroxy 

acids have the LD configuration is invalid because of the proxirni ty of the 

carboxyl group , and it is considered that the !Jroduct of h.;dration of 

~-4,5-epoxydecanoic acid is L-4, D-5 dihydroxydecanoic acid. 
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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 

Vernonia hydratase system is not strongly dependent on the length of 

the carboxyl and alkyl chain but that it aligns the active centre of 

the enzyme with respect to the terminal methyl group or alkyl chain of 

an epo:xy acid, and that any compound lacking this terminal chain will 

not be hydrated by the enzyme. The question remaining is how long or 

slxlrt must this terminal alkyl chain be to ensure acceptance as a 

substrate. 

The results from the long chain epo:xy acids inCluded in Group II 

help to answer this question. Neither ~-lO,ll-epoxynonadecanoic, ~-

11,12-epoxyeicosanoic nor trans-13,14-epoxydocosanoic acid was hydrated 

by the enzyme, whereas .£i:!-15,16-epoxyheneico:Jlllloic acid was hydrated. 

Thus, the fact that the longer chain length epo:xy 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 

e,?oxide ring in the 9,lO-epoxyoctadecanoic aCids, both of which failed 

to be hydrated by the enzyme. 

~e position of the epoxide ring in the 4,5-

epoxydecanoic, 6, 7-epo:xydodecanoic, and .2i!!.-15,16-epo:xyheneico;,;c.noic 

acids, all of which were hydrated by the Vernonia enzyme, is n-6, 

which corresponds to ~-12,13-epo:xystearate in the C: 18 series of 

epoxides, and this acid is also a substrate for the enzyme. 
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Thus reconsidering all the results in Table 5, in the light of 

methyl end control of enzyrnic hydration, it can be seen that any epoxy 

compound in which the epoxide ring is between the n-8 and n-4 1)osi tion 

in the chain, i. e. where the terminal alkyl chain is between 3 and 7 

carbon atoms long, acts as a substrate for the hydratase systems. 

Epoxy acids with an ethyl (n-i) or a methyl (n-2) terminus were, 

unfortunately, not exaulined 50 it is not yet known whether or not they 

would be substrates. 

The results from the incubctions of these synthetic substrates 

with the Vernonia hydratase enzyme show that the substrate recognition 

pattern is much less specific than was originally envisaged. The 

hydratase enzyme must 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 terminal end of the chain, but must be at least 1 carbon 

removed and possibly 3 carbons removed. The kind of structural envir

orunent around the active site of the enzyme which could explain this 

specificity will be discusued later. 

The Vernonia hydratase enzyme hasbeen shcwln to have a remarl{able 

stereospecificity in that whereas only one enantiomer of a ~-epoxide 

is hydrated, both enantiomers of a trans-e;?oxide are cleaved by the 

enzyme. It has also been shown that the erythro-dihydroxy acid produced 

by cleavage of a trans-epoxide is a racemic mixture. There are two 

pes sible mechanis,lls by Vlhich a racemic erythro-dihydroxy acid could 

be produced frOlil a trans-epoxide and these are shown in Scheme 5. 

To detenuine which of these two mechanisms were operating in the 

case of the Vernonia hydratase, and to demonstrate the position of 

attack by hydroxyl ion, or water, during the hydration, studies of 

the enzymic hydration in water enriched with 180 were undertaken. 
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by Vernonia hydratase enzyme 
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In order to perfonn the incubations of the Vernonia enzyme with 

a synthetic substrate in the smallest amount possible of the expensive 

H2
l80, it was necessary to u~e the acetone powder and not the soluble 

enzyme preparation. 1. slwl amount of the acetone pov,o.er was placed 

in a vial and the synthetic sub~trate, in this case racemic tl'ans-

l2,13-epoxystearic acid, in dry ether, ~'/as added to the powder. ~he 

ether was removed under vacuum with constent agitation of the mixture. 

l'lus result eO. in an intimate mixture of the acetone pcmder and the 

trans-epoxyacid. The mixture was then wetted vlith Hl80, the vial 

tightly stoppered and the mixture left for six hours at reol'! temperature. 

The products ~7ere recovered by extraction with chloroform-methanol and 

the erythro-dihydroxy acid produced was methylated, purified end con-

verted to the diT.LIS ether as described earlier. l'he product was 

analysed by mass spectrosco:,y, and the results are shown in Table 6. 

: F.nrichmen t of 130 on positions (atom~) 

ery:thro-12,13-diOII 18:0 

( diTli:; ether) 

012 

38.6 

Isotopic enrichment of water 180 = 40.5 atom ~ 

013 

Table 6. Mass spectral analysis of isotopic composition of 180 

labelled erythro-12,13-dihydroxystearate obtained from 

incubation of trans-12,13-epoxYstearate with Vernonia 

enzyme in H 180 
2 

-166-



18 
The results shovT that the 0 from wateris incorporated almost 

exclusively into the 0-12 position of the erythl'0-12,13-dihydroxystearic 

acid formed during the incubation and that there is virtually no incor-

pcration into the 0-13 position. Thus the position of attack by 

hydroxyl ion, or water, during the hydration of trans-12,13-epoxysteario 

acid by the Vernonia hydratase enzyme is exclusively at the 0-12 

pOSition, in an identical fashicn to the cleavage of .£!!!-epoxides. 

The fact that the attack of water is exclusively at the C-12 ,?ofition 

and that a racemio erythro-dih;ydroxy acid is produced allows the 

prediction of the stereochemistry of the epoxide cleavage raaction 

for trans-12,13-ePoxystearic acid. If it is assumed that the attack 

by water or OH - ion on the epoxide takes place from the rear of the 

ring, with inversion of configuration about the C-12 position, then 

attack on D-12, L-13':'epoxystearic acid; by v/ater or OH ion, must 

take place from the L side of the chain to produce L-12, L-13-dihydroxy 

stearic acid, and cleavace of L-12, D-13-epoxystearic acid must be 

accompanied by attack at the 0-12 position, by water or OH ion, from 

the D side of the molecule to produce D-12, D-13-dihydroxystearic acid. 

It if! expected that the attack by '"fat er or - OIl. 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 the ring more 

susceptable to nucleophilic attack. 

It is known that the natural substrate for the Vernonia hydratase 

enzyme is enantiomeric and only the D-enantiomers of racelDic .£!:§.-

epoxy acids are hyurated, whereas both trans-epoxides are hydrated. 

It might be expected, therefore, that the sepr..rate enantiomers of the 

trans-epoxide would be hydrated at different rates, and that the trans-

epoxide 11hich most resembles the natural enzyme substrate, or which 

gives the best "fi tit on the active site of the enzyme, would be 
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hydrated at a faster rate. In order to deter.nine whether one enantiomer 

of the trans-epoxide is utilized more efficiently by the enzyme, an 

incubation of j~-12,13-epoxystearate "as 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 trans-12,13-epoxystearate and 

stopped befol'e hydration of the epoxide was complete. The remaining 

trans-12,13-epoxystearic acid nas isolated and its methyl ester was 

found to be laevorotatory (/J:'J 546 = -8.6) in methanol. fhis value 

is 1mver than the value obtained for optically pure trans-L-12,D-13-

epoxystearate (8J 51.6 = +19.5) but indicates that the remaining 

epoxide is enriched with D~12, L-13-e;ooxystea.rate, Thus it aplJears 

that of the two enantio'n~ric trens-12,13-epoxystearic acids, the 1,-12, 

D-13 isomer is hydrated by the Vernonia enzyme at a i'aster rate than 

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 initial step in the hydration of the epoxide 

ring i5 electrophilic attack by some group on the enzyme at the 0-13 

position of the epoxide from the D side of the chain. Thus the 

isomer of trans-12,13-epoxystearic acid which mo&t closely resembles 

the natural bubstrate, D-.£!!::-12,13-epoxyoleic acid, at the 0-13 position 

is the isomer which is most readily utilized by the enzyme. 

It has been shcYNn earlier that only the D enantiomers of cis

epoxy acids are hydrated by the Vernonia enzyme and that the product 

in each case is the threo-LD-dihydroxy acid. This suggests that 

attack by OH ion or water on the ~-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 Hl80 , but in the case of the synthetio substrate 

relies on stereochemical arguments. In order to prove directly the 

position of attack by water or OH an another epoxy acid which is not 

the natural !;ubstrate, a further incubation in isotopic \7ater was un:ler-

taken Vii th cis-ll,12-epoxystearic acid as sub"trate. The incubation 

was "erformed in an analogous manner to that used for the trans-12,13-

epoxystearic acid. 1. small amount of the Vemonia acetone powder and 

~-ll,12-epoxystearic acid were mixed together in cold ether, and the 

solvent was removed. The mixture was moistened with Hl80 and left for 

several hours at room ten;.erature. The threo-dihydroxy product Vias 

isolated, purified and converted to the diTliiS ether as described earlier. 

The resultant diTi:S ether was analysed by mass spectroscopy and the 

results are shown in Table 7. 

Bnrichment of 180 on position (atom j')) 

threo-ll,12-diOH 18:0 

( diTli3 ether) 

011 

34.8 

Isotopic enrichment of ''later = 40.5 atom S; 

012 

5.8 

Table 7. i,lass spectral analysis of isotopic cOl~osition of 180 

labelled thr~-11,12-dihydroxystearate obtained from 

inCUbation of ~-ll,12-epoxy"tearate with Vernonia 

enzyme in Hl80• 

~'hese results shOl"I that the 180 is incorporated to the greatest 

extent at the 0-11 position of the threo-ll,12-dihydroxystearate fo~ned 

during the inCUbation. It appears that the hydration of ill-ll,12-

epoxystearic acid is slightly less specific than the hydration of the 

corresponding ~-12,l3-epoxystearic acid, although the results still 
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indicate that the hyCl.ration reaction shcl'.7s a very high degree of stereo

specificity. The results confirm the prediction., made on the basis of 

the proposed configurations of the epoxy and dihydroxy acids and help 

to sUbstantiate these ?rQ?osals. 

From the results of the incubations of cis- and trans-epoxystearic 

acids, with the Vernonia 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 carboxyl group, and from the rear 

side of the epoxide ring. 

'£he investigations outlined above have made it possible to define 

the stereospecificity of the Vernonia hydratase enzyme ond to pro90se 

mechanisms for the cleavage of the endogenous substrate, vernolic acid, 

and some synthetic ~- and trans-epoxy acids. It hns been proposed 

earlier that for such a h.;.",hly .,tel'eospecific hydration of the natural 

substrate to occur a close enfoldr.lent of the substrate by the enzyme 

must be postulated. This could possibly involve a cleft in the enzyme 

into which the substrate must 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 D.ctive site of the Vernonia 

hydratase enzyme pro~osed to eX9lain the results outlined above is a 

"well" in the enzyme surface into which the methyl end of the chain is 

inserted, leaving the epoxide ring just above the mouth of the ",,-ell". 

The active site of the enzyme is sug"estedas being situnted at the 

mouth of the ""!ell". 

It has been shown that the distance of the epoxide ring from the 

tenninal methyl group determines whether the epoxide is hydrnted by 

the enzyme. ~'he maximum permissible distance of the epoxide ring from 
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the end of the chain to retain activity as a substrate was 8 curbon 

atoms; in the lO,ll-epoy..ylltearic acids. This suggests that the maximum 
o 

de:)th of the "'fell" is ap')roYimately 10 A. This ',"ould allow the termincl 

chain of the 10 ,ll-epoxystearic acids to just fit into the "well", 

leeving the epoxide ring close enough to the mouth of the "well" to 

interact v.'ith the electrophilic active site of the enzyme and initiate 

the hydration of the epoxide ring. It is sugzested that the 9,10-

e'Joxystearic 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 vlell to interz.ct ",i th the active site. 

The active site must be at the mouth of the "well" and the 

substrate-enzyme inter~'ction must result in its being closer to the 

terminal end of the epoxide ring than to the c[\rboxyl end of the ring. 

The '1roxill'ity of the termil1",l end of the e"oxide ring to the enzyme 

surface \'Iou'ld then hinder attack bY"later at this position and this 

cOclld explain why attac:, by ':fater or hydrox.yl ion ah'ays takes "lace 

at the end of the epoxiee ring nearest to the carboxyl grOU,1. 

:Che ':!idth of a ncri,Jal nolymethylene chain of a fatty acid is 
o 

a,mroximately 4 A (177) and it is considered that the mouth of the 

"well" in the enzyme surface cannot be much larger than this. The 

mouth of the "well" I!lUbt be snall enough to exclude the cerboxyl grOlI:J 

of an epoxy acid substrate, or it would be expected that both enantiomers 

of a cis-epoxy acid ',vhich has the epoxide ring the sa'TIe distance from 

the lolethyl end and carboxyl end of the molecule, and at a suitable 

position for hydration to occur, ,",ould be hyarated. This is not the 

case as cis-6,7-epoxya.odecanoic and .£i!!.-4,5-epoxyilecanoic acids both 

failed to be hyarated in greater than 5Cf; yield. 

That there must be some insel:tion of the terminal Llethylene chain' 

of the e:,oxy acid into the ""'Jell" in the enzyme I.lurface before hydration 
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can take place, and the fact tho.t there is not a great enough inter

action between the carboxyl end of the chain and the enzyme to "bind" 

a substrate to the enzyme surface and allOI7 hydration to occur is shown 

by the fact that terminal epoxy acids are not hydrated. The minimum 

extent of the interaction between the terminal methylene chain and the 

enzyme is not kncmn exactly, the reaul ts indicate that at least one 

carbon atom must be inserted into the enzymic "ell, but it could be 

that up to :5 carbon s.toms are needed. To resolve this "oint, 15,16-

el'oxystearic and 16,17-€!,oxystearlc acids need to be incubated with 

the Vernonia hydratase • 

. Uthough the natural substrate for the hydratase enzyme contains a 

6 9 double bond, most of the synthetic substrates for the enzYule wel'e 

saturated molecules. The confonnation of the methylene chains in these 

molecules in the extended form is different, the saturated chain being 

straight, whereas the um."turated chain is bent due to the cis-double 

bond. Therefore, it Vlould be eX'Jected, if there ':,ere any interaction 

between the c3l'boxyl portion of the laethylene chain in the epoxy acids 

and the enzy;~.e, that the saturated acids would not be as good substrates 

for the enzyme as the unsaturated compound. However, this does not 

seem to be the case, the saturated epoxides were equally good substrates 

for the enzyme as the naturally occurring epoxide. This fact Lubstan

tiates the pro'"osal that there is no interaction bet'7een the cs.rboxyl 

end of the epOy..y acid substrate and the enzy;ue. 

It could be argued that the saturated chains could be "bent" into 

a similar configurrltion to an unsaturated chain and therefore fit an 

enzyme surfilce in a similar fashion to the un<.aturated molecule. 

lIm7ever, methyl trnns-ll,l2-eooxyoctadec-9-ynoate also acts as a 

substrate for the hydratase enZY;lle. and it is difficult to see how the 

1>ortion of the chain in this molecule which contains an inflexible 

triple bond could be "bent" to ref>emble the unsaturated methylene 

chain of the natural substrate. 
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?;luch more difficult to explain id the fact that both enantiomers 

of trans-e;>oxy acids are hydrated by the enzyme, whereas only the D

enantiomer of ..£!.!!.-epoxy acids acts as a substrate for the hydratase. 

That the L-enantiomer of a cis-e20":y acid is not hydrated must be due 

to the lack of interE.ction betrleen this enantiomer and the hydratase 

enzyme. It has been proposed thE:t the intial step in the hydration of 

epoxy acids is the insertion of the terminal methylene chain of the 

epoxide molecule into a vlell in the enzyme surface. Ab the terJunal 

chain of an L-cis-enoxy acie. is no different from that of its D 

enantiomer or of the trans epOys acids, it cannot be this p.nd of the 

molecule v/hich inhibits the hydration. It is thought much more likely 

that there is some specific steric interaction between the polyoethylene 

chain towards the carboxyl end of an L~-epoxy acid and the enzyme 

su;·face '.-,mch stops the L-cis-epoxy acids from entering into close 

contact with the hydratase enzyme, thus inhibiting hydration. 

>.'he work outlined in this section has gone some way to defining 

the stereospecificity and mechanism of action of several epoxy acid 

hydrating enzymes. It has been proposed that the hydratase enzymes 

occurring in Pseudomonas, l'uccinia spores and Claviceps sulcata 

eclerotia have a similar mechanism, and the stereos;.>ecificity of the 

l'uccinia enzyoe has been investigated. The hydratase enzyme from 

Vernonia seeds has been solubilized, cnd its substrate specificity 

and stereospecificity have been investigated. 1. structure for the 

active site region of the Vernonia enzyme has been proposed to explain 

all the information derived from these studies. 
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~IMENT.AL 

A. Preparation of Precursors for the investigation of the soecificity of the 
Vernonia h,ydratase enzV!Jle 

Iviost of the epox\.des used in the investigations were prepared by 

epoxidation of the corresponding monoenes with ,!l!-cilloroperbenzoic acid. 

The following substrates were prepared by this method.:-

..£!!!.-9, 10-e.;,o:xys tcuric acid 
trans-9,1O-e->o:xystearic scid 

~-ll,12-epoxystearic acid 
~~-11,12-epoxystearic acid 

2~-12,13-epo:xystearic acid 
trans-12,13-epo:xystearic acid 

cis-4,5-epoxydecanoic acid 
trons-4,5-enoxydeeanoic acid 

cis-6,7-epo:xydodecanoic acid 
_~-6, 7-e?o~'1iodecanoic acid 

methyl 10 , ll-epoxyundecanoate 

methyl 11, l2-epoxydodecanoate 

methyl l2,13-epoxytridecanoate 

cis-10,11-epoxynonadecanoic acid 

..£!!!.-11.12-epoxyeicosanoic acid 

trans-13,l4-·-epoxydocosanoic acid 

~-15,16-epoxyheneioos~10ic acid 

methyl traos-ll,12-epoxyoctadec-9-ynoate 

~-12,13-epoxyoctadecan-l-ol 

meth.Yl ~-12 ,13-epoxyoleate 

l-acetoxy-~-12,13-epoxyoctadecane 

~-6, 7 -epoxyoctadecane 
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Preparation of monoenes for Bpoxidation 

1. Chain extension with notassiwn oyanide 

The me',hod outlined below was used. for the !,reparation of methyl _ois-

10-nonadeoencate (R = CII3(CH2hCH=Cli(CH2)6-), methyl ci~-l1-eicosenoate 

(R = ClI3(CII2)7CE=CH(CH2)7-)' methyl ll-dodecenoate (R = CII2=Ch(ClI2h-) and 

methyl 12-tridecenoate (R = CIi2=CH( ClIz)8-) •. 

LiAll14 methane sulphonyl chlcride 
RCH2C02CH3 ) I(Cli2CH20H ) HCH2CH2°::>°2CII3 

ether pyridine I 1 KCN/DlilSO 

RClIzCH2Cl{ 

~yl cis-10-nonadecenoate 

i) Reduction of ester to alcohol 

Fethyl oleate (50Qug). dissolved in dry ether (50ml) was heated under 

reflux with lithiLlld aluminium hydride (250mg). .I'.fter two hours, ether 

(lOOml) Vlab added to the cooled reaction mixture end the exoe:3S lithium 

aluDliniUlll hydride W,·S destroyed by cautious dropwise addition of water. 

The precipitate was dissolved by adding dilute hydrochloric ooid. The 

ether extract was "ashed acid free uith water and dried over anhydrous 

sodium sulpnate. 801vent was removed to leave a colourless oil (470mg). 

Analysis of the oil by TLC indicated complete conversion of the e~;ter to 

oleyl alcohol. 

ii) Conversion of alcohol to methane sul,honate 

The oil (fran i) was dissolved in dry pyridine (2),'u.). The mixture was 

cooled in ice, and l"ethane sulphonyl chloride (500 l.Jg) was added slowly. 

The mixture WW3 alleY! ed to stand overnight at room t6!.o;oerature, 

diluted with water (80nu.) 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 and water Wltil neutral. 

i'he product Vias obtained by evaporation of the ether, and dried by azeotro,)ic 

distillation vi.Lth acetone. 

A TLC examination on silica plates against suitable standards showed 

almost complete conversion of the alcohol to methanesulphonate. 

iii) Conversion of methanesulphonate to nitrile 

l'otassium cyanide (9Omg) was added to the methanesulphOl1ate in dry 

dimethyl sulphoxide (5ml). The mi::ture was stirred at 950 for four hours. 

The mixture was diluted with "7ater (lOml) and extracted with ether (2 x 

10ml). The ether extracts were combined and washed with water (4 x 10ml) 

to remove D1.1S0 and potassium salts, and the solvent was removed at the 

pump. The product Vias dried by azeotro,ic distillation with ethanol. 

iV) ~e~hanoly?is cf nitrile 

The crude nitrile was converted directly to the loethyl ester by 

addition of 25% w/v hydrogen chloride in methanol (lOml). The re~\ction 

was allowed to stand ['t roo':\ teh1:gerature overnight, then ether (20101) and 

water (20ml) were added. The aqueoUl3 layer was re-extracted with ether 

(200) and the combined ether fractions were washed acid free with water. 

The ether was removed and the product was ,)urified by ~C on silver nitrate 

ill'pregnated ::lilica Gel G (ether:.,etroleum ether, 1:9) to yield a colourless 

oil (27Omg). The ;)uri ty c£ the "roduct was checked by GLC and had an 

equivalent cl1ain length of 19.56 on mGA. 

2. Stereosoecific removal of eDoxide ring 

Cl!3( Clj2)47r/~'~Cl!2CH::Cl~( C112)7C02CH3 HN°~ Cll3( CH2)4~/~'Z( cr~)lOC02Cli3 

1 
NaI./NaOAc 

Cll j:02Ii/n:tC02H 

::JnCl!POC1!C5H5N Oft il 
\ I 

mI3(CIT2)4CIkCH(CH2hoC02Ch3 « CH3( Cl12)4C - C(C!12)10C02CH3 I I 
n I 
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i) Reduction of methyl D-cis-12,13-enobyoleate 

Methyl D-cis-12,13-epo:l\Yoleate (200mg) was dissolved in acetonitrile 

(SOml) and acetic acid (0. 7Sml), and the mixture was warllled to 60°0. 

O~gen was bubbled through the lrixture, and after ten lllinutes hydrazine 

h,ydrute (Sinl) was added. After a fUrther two hours, the mixture was 

cooled, diluted with water (SOml) and extracted with ether (2 x 100rnl). 

The ether extracts were washed with water, and dried over anhydrous 

sodium sulphate. The solvent was removed to leave a pale pink solid. The 

pure product, methyl D-cis-12,13-epo:xy:otearate was isolated by TLO on 

silver nitrate im?regnated Silica ael G (ether:petroleum ether, 3:7). The 

product was a colourless solid (1701l1gLo(J546= -1.44- (c = 9.0». 

ii) Stereos;1ecific reduction of epoxide to monoene 

Methyl D-2-l2,13-epoxystearate (170mg) was added to a cooled (-lOOe) 

solution of sodium iodide (400mg) and sodium acetate (40mg) in acetic acid 

(lml) and propionic acid (2ml). .After 30 lllinutes, the mixture was warmed 

to room telll?erature and ether (lOml) and dilute aqueous sodium bicarbonate 

(Srnl) were added. The ether layer was washed with aqueous Sodiu);l hydrogen 

sulphite and with water, dried over anhydrous sodium sulphate and evaporated 

at lcm Tessure. The iodohYdrin was added to a cooled (00 0) solution of' 

anh.Ytlrous stannous chloride (600mg) in pyridine (3rnl). Phosphoryl chJ.o::-ide 

(0.2rn1) in pyridine (lrnl) was then added with cooling. .After 16 hours 

water (lo,nl) was added and the mixture was extracted with ether (2 x lOrnl). 

The ether extracts were washed with water. dried cver anhydrous soditnn 

sulphate, and the ether was removed to leave a pale brown oil. The product 

was purified by TLO on silver nitrate ~regnated Silica Gel a (ether: 

petroleum ether, 1:9) to yield a colourless oil (12Orng). The purity of the 

product was checked by GLO and had an eCllivalent chain length of 18.60 

on DlTIGA. The position of the double bond was determined by von Rudloff 

oxidation with permangenate/perlodate.(180). 'lhe ),roduct Vias proved to be 

pure ,,,ethyl cis-12-octadecenoate. 
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3. Chain extension b"y Kolbe electrolytic,??upling 

Methyl cis-1S-heneicosenoate 

Kolbe electrolysis 
CH3( CH2)4 CH=Cll( Cil2)10C02II ) CH3( ~)4crl=Cl-!( CH2h3C02CH3 

+ liD2C( Ci12) 3C02C1I3 + by products 

Uethyl cis-12-octadecenoate (lOOmg), prepared as described above, was 

dissolved in S;;; methanolic potassium hydroxid.e (Sml) and the mixture heated 

under reflux for one hour. The Il'ixture was diluted with water (Sml) , 

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 

remwed to leave an oil, which was dried by azetropic distillation with 

ethanol. 

The cis-12-octadecenoic acid (9Smg) and ,,,ethyl hfirogen glutarate 

(lg) were dissolved in dry methanol. A solution of sodiuru(9Smg) in dry 

methanol (lml) W313 added. After thorough mixing the solution was placed 

in a glass cell and two "latinum electrodes were inserted. ('I.'he cell was 

water jacketed and fitted with cooling coils to keep the reaction temperature 

below SOOC.) 

120 Volts D. C, was a:oplied across the electrodes, and an initial current 

of 0.2 amp:3 develo.>ed. The polarity of the electrodes was occasionally 

reversed to prevent the build up of insoluble material around the anode. 

'"hen the pH 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 20ml) and the ether extracts were 

washed vlith water until neutral. :t'he etherlial solution was dried over 

anhydrous sodium sulphate and evaporation yielded the mixed Kolbe 

products. 
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Netbyl ~c.!:!.-l5-henoicosenoate was separated from the by products by TLC 

on Silica Gel G (ether:petroleuru ether 1:9). The product was a colourless 

oil (22mg). The purity of the product was deteruined by GLC, and famd to 

be greater than 9qr6. The methyl cis-15-hcneioosenoatc had. en equivc.lent 

ohain length on DEGA of 21.62. 

4. Isomerization of cis monoenes to trans monoenes 

:Host of the monoenes used in these studies were available or were 

prepared as the ~ isomers, the traIlS iso"lers being p17epared from these 

by stereomutation with the oxides of nitrogen, as d.escribed below. 

JvIatSyl trans-ll-octndecenoate 

:Metbyl cis-ll-octadecenonte (methyl cis-vaccenate) (lOOmg) was 

dissolved in dimethyl cellosolve (2.5ml). 611 nitric acid (75 fl) '7OS. 

added and the mixture was warmed to 65°C. Aqueous sodium nitrite (2N, 

100/,1) was added and heating continued for a further hour. The mixture 

was diluted with water (lOml) and extracted with ether (2 x 10nl). The 

ether extracts were washed with wr.ter until neutral and the solvent was 

removed to leave a colourlesb oil which was dried by azeotropic distill-

ation with ethanol. The methyl trans-ll-octadecenoate prod.uct was 

separated. from the remaining ci,.!! isomer by TLC on silver nitrate im,Jreg

noted Silica Gel G (ether:petrolew" ether 1:9). The pt'oduct was obtained 

in ap?roximately 7~ yield. 

5. Preparation ut cis-12-octndecenol 

H;etbyl ~-12-octadecenoate (lOOlllg, prepared os described above (2) 

dissolved in dry ether (2Oml) Vias heated under reflux with lithium alum-

iniura hydride (50mg). After two hours, ether (5Oml) was ndded to the 

cooled reaction mixture and the e;>.'Cess of lithium aluminium h:ydride was 

destroyed by cautious dropwise addition of water. Dilute hyc1rochloric 

acid ,"as added to dissolve the white gelatinous preci:>itate. The ether 

extract was washed with water until neutral and dried over anhydrous 

sodium sulphate. The solvent was removed to leave a colourleus oil (87mg). 

Examination of the product by i1.C showed complete conversion of the ester 

to alcohol. 
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6. Preparation of cis-6-octadecene 

sulphonyl chloride methane 
CH,}( CH2)4 cn.m( CH:2)10CI!2OH ) CH,}( CH2)4 CH=CH( CH2)lOCH20S02CIi3 

1 LiAl.I¥/ ether 

CH
3
( CH2)4 CIi=CH( CH2)lQCH3 

i) Conversion of alcohol to methane sulphonate 

cis-12-0ctadeceno1 (20mg) was dissolved in dry "yr1dine (2ra1), the 

solution was cooled in ice, methane sulphonyl chloride (3Omg) rraEl added and 

the mixture was allowed to stand overnight at room te"Iperature. The mixture 

was diluted with vlater (5ml) and extracted with ether (2 x 5m1). The ether 

extracts were w!lshed successively with water, dilute hydrochloric acid, 

water, dilute aqueous potassium hydroxide, and finally water until neutral. 

The ether VIas removed to leave a pale brown oil (23mg) which was dried by 

ezeotropic distillation with acetone. 

Analysis of the oil by l'LC on Silica Gel G (chloroforxa:petro1eum ether 

3:7) indic"ted com)1lete conversion of the alcohol to hlethane Sulphonate. 

11) Conversion !ilL. methane sUlohonate to hydrocarbon 

The oil from above was dissolved in dry ether (1011l1); lithium alUlnin

ium hydride (10mg) Y'DS added Md the mixture was reated under reflux • 

.After two hours ether (10ml) '.vas added and the excess hydride was destroyed 

by dropwise addition of water. Dilute hydrochloric acid was added until the 

rrl.xture was just acid. The ether extr8cts were washed. with water until 

neutral and dried over anhydrous sodium sul~)hate. The ether was removed to 

leave an oil which was purified by TLC on Silica G·el G :)lates developed in 

petroleum ether. The product was a colourless oil (15 /fig). 

7. PreParation of 1-acetox;y-cis-12-octadec~~ 

2:-12:-0ctadecMo1 (30mg) ',"as dissolved in dry pyridine (3liU), the 

solution was cooled in ice, and acetic anhydride (100 rag) was added. J.'he 
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mixture was allowed to stand at roor~ temperature overnight. \Iater 

(lO,nl) \Vas added and the mixture extracted vii th ether (2 x lOml). The 

ether extracts were ,lashed successively ,Ii th ~Iater, dilute hydrochloric 

acid, water, dilute aqueous potassillhl hydroxide and finally ',nlter, 

until neutral. The solvent was removed to leave a pale brown oil. 

Anlllysis of the oil by TLO alone;side suitable standerds showed almost 

complete conversion of the alcohol to acetate. The product ,JaS finally 

purified by n,o on :.lilica Gel G plates develo;:>ed in ether:petroleum 

ether (2:8) to give a colourless oil (27mg). 

T~ooxidation of l:ionoenes 

The monoenes prepared as described above and those commercially 

available wel'e each epoxidized with m-chloroperbenzoic acid in a 

similar manneI' to that described below for methyl oleate. 

)'iethyl cis-9! lO-epoxystearate 

;,Iethyl oleate (lOOmg) and meta-chloroperbenzoic acid (lOOmg) 

nere dis solved in benzene (5rnl). The ,.o.xture ',7as allo1':ed to stand at 

room temperature. .'J'ter 15 hourn ether (lOml) and "at er (lOml) were 

added. The ether extracts were then 1aashed successively vii th 5% 

aqueous sodium sulphite (2 x lOml) , water, 5;; aqueous sodiur~ carbonate 

(2 x lOml) and finally water unUl neutral. The ether was removed to 

leave a low melting solid. The product was purified by ~!.C on Silica 

Gel G (ether:~)etroleum ether, 2:8) to give a colourless solid (9lrng). 

Hydrolysis of euoxy esters 

',here possible, the synthetic substrates for the biochemical 

investigations were incubated with the Vernonia enzyme preparation in 

the fonn of the free acids. These were prepared froln the esters in a 

similar lDaMer to that outlined bela,7. 
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cis-9.10-~poxystearic acid 

Hethyl.£i:!-9,10-epoxystearic acid (90mg) was dissolved in 5); 

methanolic potassiLUn hydroxide (3lnl) and the mixture was allowed to 

stand at rOOla temperature overnight. Ether (lOml) was added ~md the 

mixture was diluted with water (lOnll) and acidified to pH5 with dilute 

acetic acid. The ether extracts were washed with water until neutral. 

The ether Yfa:; removed fmd the acid dried by e.zeotropic distillaticn 

with acetone. The product yms a oolourless solid (S2r,'g; 8&,,:). 

B. Incubation of Synthetic Precursors with Vernonia h.¥dratase enzyme 

1. Preparation of an acetone pO\.,aer of Vernonia anthelmintic a seeds 

Vernonj a anthelmintic a seeds (25g) were added to cold (_SOO) ,"cetone 

(2001nl). The seeds were hcmogenised Hi th an "Ultra Turex" homogeniser; 

the temperature of 'the mixture was not allowed to rise above _2°0 during 

this process. The mixture VIas filtered and the reSidue was washed '7ith 

successive small quantities of cold acetone (1 litre total). The 

residue was dried in a vacuum desicator for 48 hours at -s°a. The 

product was a pale br0\7n pO\vder (13g). 

2. Preparation of Vernonia enzyme extract 

The acetone l10wder (5g) pre?ared as described above, was added to 

Tris-HOl buffer (0.211 pH 8.0, 25 1nl) and the mixture was stirred over

night at 4°0. The resultant sus,?ension \7as centrifuged at 10,000 x g 

for 't','Ienty l;linutes, the supernatent fraction was removed and recentri

fuged for forty-five minutes at 106,000 x g. The resultant pale brown 

sU'?ernatent fluid was used as a source of the enzyme for the work 

described here. 
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3. Incubation of synthetic epoxide substrates with Vernonia enzyme 
extract 

~-ll,12-T;poxystearic acid (30mg) was neutralized with IH aqueous 

potassiulll hydl'oxidei tris-HCl buffer (5,:11) uas added and the epOy..y acid 

was dispersed with the aid cf an lib']; Ultrasonic disperser. The resultant 

mixture was incubated with the Vernonia enzyme preparation (Srnl) for 

three hours e.t 300 C. ;:ethanol (5r.ll) was added and the solution nas 

acidified to pl14 'Iith dilute acetic acid. ~he mixture was extructed 

three times '!Iith ether (20ml). ~he cOr.lbined e::tracts were washed with 

nater uncil neutral and dried over anhydrous sodl.um sul"hate. ':Che 

residue obtained on evaporation of the solvent was dissolved in ether 

(3lDl) ond methanol (0. 5ml) snd esterified "Ii th ethereal diazomethane. 

j>J:l aliquot C'f the esterified product was taken for analysis by TLC 

and GLC and the remainder was applied to a 20 x 20 x 0.501Iun Silica 

Gel G TLC pl.ate, which was develoned in ether-petroleum ether (4:6). 

~he band corresponding to methyl cis-ll,l2-epo:xystearate was l:.craped 

frol'l the plate and eluted vii th ether. ~he plate vias then redeveloped 

to half height in etherl))etrolewn ether (3:2) and the band which 

corresponded tomethyl 1l,12-dihydroxystearate "as scraped from the 

"la te and eluted yri th ether:chloroform (1: 1). Both the epoxy and 

dihydroxy products '.,ere further ·.1urified by :r.LC to yield methyl-~

ll,12-epoxyste:. rate (l1mS) and methyl threo-ll,12-dihydroxystearate 

(Hllng). The specific optical rotations of the products were measured in 

in a 2.0C]1 cell ,71th an B:r.L/1'i'L 1.utomatic Polarimeter (Type 1431.) as 

solutions in ethanol (concentration 0.2-5.Cf'). 

All other incubations were performed in an analogous manner, although 

substrates which were not free fatty acids were not dissolved in aqueous 

potassium hydroxide, but only dispersed in Tris-HCl buffer (pH 8.0) with 

the aid of an JiSl~ Ultrasonic disperser. Separations of substrates and 

products were performed hy TLC in sui table solvent systel'lS. 
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Incubation of cis-ll.12-enoxystearic acid 'lith Vernonia acetone "owder 

The acetone powder of Vernonia nnthelmintica seeds (lOmg), prepared 

as described earlier, \7as ;:>laced in a small screr! cap vial. To this was 

added ~-1l,12-epoxystearic acid (4mg) dissolved in dry ether (0.3ml). 

~he ether ,,,as removed under vacUw;! with shaking. H/80 (20 pl) was 
/ 

added to the dry pmxier, the vial was tightly ca??ed and the LuxtlU'e was 

alloYied to stand at l'oom tellJt)erature. After six hOlU's the mixture was 

added to chloroform:methanol, 2:1 (lOml) and left overnight. The mixtlU'e 

was filtered Md the filtrate was "ashed witn 0.7":Ji; saline (3ml). I:he 

organic layer "as separated and the solvent .,as removed to leave a ?ale 

brorm solid. The solid was dissolved in ether (lml) and methanol (0.5ml) 

and esterified "i th ethereal diazornethane. 'fhe solvent Ylas removed and 

the product was applied to a 20 x 20 x O.25111m Silica Gel G TLC ,?late 

which was developed in ether:petroleum ether, 8:2. '.i:he band corres,)ond-

ing to dihydroxyester VJaS removed and eluted vl1th ether:chloroform, 1:1. 

The solvent Ylas removed to leave methyl threo-ll,12-dihydroxystearate. 

The dihydroxyester was dissolved III 5;; l'lethanolic potassium hydroxide 

(2ml) and the nuxture h"ated under reflux for 16 hours. The mixture was 

diluted with vlater (5ml), acidified with dilute hydrochloric acid and 

extracted with ether (2 x 5ml). The extrccts ,Iere washed with water 

until neutral, and the solvent was removed to leave a white solid which 

'las dissolved in ether and methanol and esterified with ethereal 

diazomethane. 

The product was dissolved ill methanol (lml) Md hydrochloric acid 

(O.lml 51<) was added. The mixture "as heated under reflux for 16 hours. 

The mixtlU'e was diluted with water (5r.11) and extracted with ether 

(2 x 5ml). 'I'he ether extracts were nashed with vlater until neutral. The 

solvent "as removed and the I'roduct db solved ill ether (lml) and 
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methanol (O.Sml) and treated with ethereal diazomethane. The solvent 

was removed and the product was purified by TLC (ether:)etroleum ether 

7: 3) to yield a colourless solid. 

Preparation at: Trimethylsilyl ether of methyl threo-ll.12-
dihydroxystearate 

The dihydroxy ester (lmg) was dissolved in anhydrous pyridine 

(lml) and hexamethyldisilazane (0. 2ml) was added. To this solution was 

added trimethylchlorosilane (O.lml); the mixture was shaken and left 

at room temperature for three hours. The mixture was then diluted with 

ether and V'.>B.shed successively with dilute hydrochloric acid, aqueous 

sodium bicarbonate and water. Solvent was removed to leave a pale 

yellow oil which '1:1 as ?urif'ied by TLC (ether-petroleum ether, 1.: 9) to 

yield methyl 1l,12-ditrimethylsilyloxY-..ltearate ,'Ihich was sublilitted for 

mass spectroscopic analysis. 

C. Incubation at: Vernonia anthelmintic a seeds \"Iith H2180 

Ten Vernonia anthelmintic a seeds (3Smg) Ylere ground in a pestle 

and ll¥)rtar. 

(t dram). 

The crushed seeds were placed in a small screw cap vial 

H21BO (20 ul) was added to the seeds, the vial was tightly 
f 

o 
capped, and the mixture left in the light at 30 C. After three days 

the mixture was added to chlorofonn methanol 2:1 (lOml) and left 

overnight. The mixture was filtered and the filtrate was washed with 

O. 7~ saline. The organic layer was separated and the solvent was 

removed to leave a brO\m oil, which was dissolved in ether and ester-

ified with ethereal diazomethane. JIethyl threo-12,13-dihydroy..yoleate 

(2mg) was isolated by TLC (ether:,:,etroleulll ether, 7: 3). 

The methyl ~-12,13-dihydroy..yoleate "as dissolved in ~ methanolic 

otassium hydrOxide (Sml) and the l.rl.xture heated under reflux for 16 

hours. 'l'he mixture Vias diluted with water (Sllll), acidified with dilute 

hydrochloric acid and extracted '!:Ii th ether (2 x Srnl). The extracts were 
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washed \"Ii th nater until neutral, and the solvent nas removed. J:'he product 

~"larJ" dissolved in ether and lc\etht".nol!'.!ld esterified with ethereal dillzomethane. 

The nethyl threo-12,13-dihydroxyoleate was dissolved in methanol 

(lml) and hydrochloric acid (O.lml, 51'1) was added. The mixture was 

heated under reflux for 16 hours. The mixture \7aS diluted with water 

(Sm1) and extracted with ether (2 x Sml). The ether extracts were 

washed with water until neutral, and dried over anhydrous sodium 

suluhate. The ether solution ,".'as treated with diazomethane and the 

solvent was removed. l'he methyl threo-12,13-dihydroxyoleate was 

?urified by TLC (ether: petroleum ether, 7: 3) and converted into the 

diT.i;S ether in a similar manner to that described above. The product 

was submitted for mass spectroscopic analysis. 

D. Incubation of Puccinia s"ol'es yli th Hi30, 

Three species of Puccinia spores were each incub .. ted with H2
l8

0, 

as described b3low. ';:'hese were P. recondita (PB.61/37) , P. graminis 

(rn 58/41+) and P. striiformis (r 60). They v/ere the gift of Dr. H. 

Johnson of the Plant Breeding Institute, Cambridge. 

Incubation of Puccinia graminis spores Vii th liiBo 

13 2uccinia grarnin~~ (annrox 20mg) s)ores were crushed in H2 0 

(20,)11) in a small test tube fitted with a tightly fitting glass rod, 

sealed at the joint between the tube and rod "i th rubber tubing. The 

mixture was left at rOOIOI temperature for 24 hours. Mter this tiLle, 

the mixture \7aS poured into chloroform. methanol 2:1 (10m1), glass balls 

were added, Md the mixture shaken on a wrist action shaker for five 

hours. This disru,.>ted the spores and allm-,ed the lipids to be more 

easily extracted. The mixture was filtered and the residue vlashed with 

chlorofor", (10m1). The fH trate and '7ashincs were combined and shaken 

with 0.73% saline (7ml). ,!'.fter removal of the organic phase, the 
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aqueous phase 'NaB re-extracted with chloroforr.l (Sol) and the cu.,bU>.w 

solvent extracts were evaporated. The product ;/as dissolved in ether 

(2ml) and methanol (O.Sml) and esterified "ith ethereal diazomethane. 

lIethyl t.!:!!:.s2-9,lO-dihydroxystearate was isolated by >'Le (ether::;>etroleum 

ether} to leave a colourles::: solid. The dihydroxyester was treated with 

methanolic sodium hydroxide and aqueoUll hydrochloric acid in methanol in 

M identical manner to that described above. The methyl threo-9,1O-

d1hydroxystearate was then converted to the diTti:.i ether as described 

above, Md submitted for mans s;>ectroscopic analysis. 
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Ootical Resolution of Jome Hydroxy Fatty Acics by Thin Layer 
Chromatography 

Considerable interest exists in the optical resolution of organic 

compounds by chrowatographic tcchniq).lc::l. Theoretically, two approaches 

are possible, either se,,:;ration of enantiomers on optically active 

stationary phases, or conversion of the enrultiomers into diastereoi::lo~ers 

and se'Jaration of these diastereoisoners by chromatogra")hy on o',Jtically 

inactive adsorbents. 

A number of successful separations have 3lready been achieved 

u~ing the latter procedure. The diastereoisomeric acetyl:",ted 01,-

hydroxy esters of secondt,ryalcohols (1, 2) and the O-(-)-Jllenthyl

formate esters of long chain'Y, -hydroxy methylestel's (3) have been 

resolved by gas liquid chromatography and '':2-hydroxy acids and 2-

alkrulOls have been separated as IT-(l-:Jhenylethyl) urethanes using this 

technique (4-). Thin layer chronatogra:Jhy has also been used to 

separate the diasterooisomeric ;,'-(l-,.,henylethyl) urethanes of secondary 

aliphatic alcohols (5). 

The v/ork presented here describes the resolution of some long 

chain hydroxy methyl esters by thin layer chromatogral,hy ss their L-O

(O-acetoxy)mendelate esters. 

The TJ-O-( O-acetoxy )mandelate esters of methyl 2-hydroxy- and 

3-hydroxypalmitate 1"lere readily separable by TLC on Silica Gel G plates. 

HOHever, methyl 4-hydroxypalmi tate, methyl 9-hyclroxystearate and 

methyl l2-hydroxystearate could not be resolved by this method. The 

partial separation of the diastereoisomeric derivatives of methyl 12-

hydroxyoctadec-9-enoate Vias n.1so achieved by ~'LC on :3ilicl1 Gel G. 
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An iF.~roved separation of the derivatives of l~ethyl l2-hydroxyoctadeo-

9-eno!lte cLuld be achieved on bilics Gel G il;:pregnated "ith 10;·: silver 

nitrate. 

The migratory behuviour of the diastereoisomerio L-o-(O-aoetoxy) 

mandels.te esters of methyl 2-hydl'oxy and 3-hydroxypalmi tate on ::lilios 

Gel G, and the nigratory behaviour of the dia'3tereoisomerio derivatives 

of methyl l2-hydroxyootadeo-9-enoate on "ilioa Gel G inpregnated with 

lCY,"~ ::;ilver nitrate are shmm in I'igure 1. The thin layer ohromatogralIJS 

were developed t\,ioe in ether:bel1zene (2: 98). 

1'he marked differenoe in the mobilities of the individual diesterio

isomers is evident. The more ,)olar isomer in eaoh oase oorresponds to 

the L-o-( O-acetoxy )rnandelate ester pre;)ared from the D enantiomers of 

the hYdroxy esters. 

The individual diastereoisomers from eaoh of the hydroxy esters 

were separated by preparative TLC. ~1eaotion of th~se individual dia

stereoisomers 'i.'i th methanol: sulphuric acid (98: 2) gave a mixture of 

the long chain hydrcxy ester end methyl mandelate, from whioh the 

h"uroxy ester ,.,as separated by 1LC. The speoific optioal rotations 

of these "resolved" hydroxy eE:ters are shown in Table 1, along with 

the speoifio o;otioal rotations of the individual diastereoisof.lers, and 

the specific rotation of the optically pure D-hydroxy futty esters 

for oomparison. 

These results oonfirm that in each case the more polar diasteroo

isomer is the derivative of the D-hydroxy fatty ester. Hov/ever, the 

speoifio optioal rotations of the individual enantiomers of the resolved 

esters are 10Y'er than the specifio optical rotations of TJure enantiomers 

of the hydroxy esters. This must be due to raoemization of the hydroxy 

ester during the cleavage of the diastereoisomer with nethanol:sulphurio 

aoid. That the racenization could not have oocurred before this stage 
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rig. 1. A. '(hin layer chror.mtogram on "ilica Gel G of the L-O-(O-acctoxy) 

mandelate esters prepared fror,1: Ca) methyl 2-0H-16:o; 

(b) methyl D-2-0E-16:o; (c) methyl 3-0lI-16:0; and (d) methyl 

D-3-0Ji-16:o. 

B. Thin layer chromatogram on ..,ilica Gel G im:)regno.ted ",-,ith 

l~ silver nitrate of the L-O-CO-acetoxy)mandelo.te esters 

preoared from: C a) methyl 12-0Ii-.6.9 -If): 1; and (b) methyl 

D-12-0rI-& -18:1. 

~olvent - ether:benzene (2:98) 



is shO\·J%l by the f'act that the L-o-( O-acetoxy)mandelate esters of' 

o:)tically pure D-hy(lroxy es t el'S sho'll only a single spot on TLC. If' 

racemization had occurred during the f'ornation of' the diasterio-

isomeric esters, it would be eX')ected thot the derivatives of' o?tically 

pure hydroxy esters would shO\v more than one spot on TLC. 

I 
!:~:Jof' I r,-o-( O-acetoxy) 

I mandelate 
D-enan tiomer derivatives Hesolved l!:sters 

Hacemic ester of' hydroxy LO] LyJ , 
i 

"Lower" "Upper" '-:El or/er" ester ; l'Up~)er" 
I • 

2-OH-16: 0 -8.02 -13.7 -36.0 +4.7 -3.6 

3-0H-16:0 -14.07 -32.0 -40.6 +7.6 -6.5 

4-01:-16:0 no separation 

9-0H-IJ:O no se;:>aration 

12-0Ii-18:0 no se:oaration 

12-0H- !'Y-18:1 +7.3 -7.6 -8.2 -3.2 +2.9 

All rotations measured in methanol 

Table 1. 

It aupee.rs that thin layer chromatography of' the L-O-(O-acetoxy) 

=delate esters is a u3ef'ul p.leans of' determining the optioal coni'ig-

uration, or oI'tJ.cal jJuri ty, of' some hydroxy f'atty esters. However, it 

is less usef'ul for the preparation of' optically pure hydroxy esters due 

to the racemization \"Ihich occurs during the recovery of' the hydroxy 

ester from the diastereoisomeric derivations. 
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L-acetox? mandclo?l chloride 

L-mandelic acid (2g) and ncetyl chloride (3g) ,,,ere Y!armed together 

and renction commenced il!uediutely. '!hen the reaction mixture ',7ae 

com9l0tely clear the excess acetylchloride was removed under vacuum. 

The L-acetoxy f,landelic acid "as dissolved in benzene (501:1), oxalyl

chloride (4g) y!a5 added and the mixture a110'7OO to stand at room 

te1T.'erature for 3 hours. The solvent and excess oxalylchloride were 

reJeloved under vaCUUhl to leave a colourless oil (2g) Ylhich wes not 

purified further. 

l're-ouration of L-O-( O-acetox.vl£~delctes 

:iethyl 2-hydroxy :oalmitate (40mc) 'ilas dissolved in pyridine (Gnu) 

and L-acetoxy mandeloyl chloride (lOOmg) ;7as a<1ded and the mixture was 

allowed to stand at rOOi~ tet~..:>erature. l.t'ter lG hours the r.U.xtur'9 ';Ias 

diluted \Vi th ",at er , e::.-tracted '?Ii th ether, Md the extracts washed 

successively with water, dilute lICl, Vlater, uqu~ous sodit:r:l bicarbonate, 

and finally water until neutral. ~r-he solvent '.~as removed to leave a 

yellow oil. 

S~uration of Diastercoiso~ers by TLC 

The diasterecisomeric mandelate esters of the long chain hydroxy 

esters were separated by preparative TLC or argentatia., TLC, ap:Jroximately 

20mg of the mixture being separated on each 20 x 20 x lmn layer. ~'he 

'Jlates were develO!)ed twice with ether:benzene (2:98), the separated 

components Vlere located under U. V. light after s"raying the plates with 

O. q; dichlorofluorescein in ethanol. l'he bands containing the individual 

isomers were scra"ed fror.l the nlates and eluted with ether. The 

semarated isomerl3 were :oure as judged by analytical TLC. 
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l{ooovery of long chain h.ydroy,y ester from diastereoisomerj.c derivative 

The individual diastereoiso,.leric mandelate esters (20mg) were 

dissolved in methanol:sul"huric acid 9~;:2 (3ml) and the j,d.xture was 

heated under reflux for 2 hours. i>f'ter this tine the mixture ~ms 

diluted with water (5ml) and extracted '7ith ether. The ether extracts 

were ,."ashed '.nth "ateruntil reutral and the solvent ,.,as removed to 

leave a colourless solid. The methyl 2-hydroxy "almitate VIas purified 

by TI,C on 3ilicD. Gel G plates develo"ed in ether::Jetroleum ether 3:7. 
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