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INTRODUCTION

The biological degradation of natural coapounds

constitutes an important atep in the carbon cycle of nature,

A considerable amount of information is awailable todny on the
biotransformation of compounds such as steroids, alkaloids,
aliphatic and aromatic compounds including hydrocarbons,
carbohydrates and antibiotics (Tamm, 1962; Pasqualini, 1063,
Fvans, 1963; Fuhs, 1961; Dagley et al, 1060; Foster, 1962),
The aim of these studies is varied ranging from the production
of useful compounds such as vitamins, amino acids, antibiotics,

etc, through the agency of microorganiems.

Though investigations on the mierobiological trans-
formtion of paraffins appeared as early as 1895 (Myoshi,1805),
a considerable interest in this field has been developed with
the realization that the hyirocarbon substrates eould be among
the cheapest potential sources of proteins, amino acids, fatty
acids and other useful products(Zobell, 1946,1950; Johnson,1064;

Miller et al. 1964; Yamada,et ol. 1963),



NICNOBIOLOGICAL TRANSFORMATION OF TERPENOIDS

A review of literature would indicate that although
extensive investigations on the mierobiological transformation
of seeroi.do. have been carried out, relatively little work has
been dome on microbiological tronsformation of terpenoids, The
chemistry of terpenes has undergone considerable development
since they are of great value to the perfumery industry. Though
a systematic investigation of the biotransformation of terpenes
started from 1959, the work on this line dates back to 1015,
The first report on the microbiological transformation of terpenes
is by Mayer and Neuberg (1915) It;o obtained citronellol in 599
yvield by reduction of citranellal using bottom yeast. Neuberg
and Kerd (1918) later reported the conversion of eitral to
geraniol in about 30% yield using yeast. Malineri (1929) prepared
citronellic acid from eitranellal using Acetobacter xylénum,

i o
CHy~CH = C~Cil, _ CHyoCH = l',-cll3
| A.xylonnm ’
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Neuberg and Plerer (1949), while studying the phytochenicnl
reduction of terpenoid compounds with Raker's yeast, observed
that 2,3 diletocamphane (camphor quinone) is reduced in 03¢ yielad
to 3 hylroxy camphor,
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They also observed that d-camphorquinone gave d-hydroxy casphor,
while the racemic cowpound gave only the corresponding laevo-

rotatory hylroxy compound.

Babicca et _ll. (1955) wore able to convert citranellol,
pulegol or isopulegol to menthol using Penicillium digitafium.
The data available on the microbiological oxidation of terpenecs
are mostly due to systematic investigations by two groups of
workers, one at the University of Illinois, U,S,A, and the other
at the National Chemical laboratory, India,

The first report of the systematic study on the mierobial
degradation of terpenoids such as camphor was by Coroy and Gunsalus
(Bradshaw et al, 1939) using a pseudomonad strain c, isolated from
sewage sludge Ly enrichment culture techniques using (4)-camphor
as the sole carbon source. In the last few years soveral strains
of bacteria by this group have been isolated and showm to utilize
ecamphor as the sole source of carbon. 0f these, two straims 01 and
Cy (iledegard et al, 1961), Conrad et al. 1961a, 1961b) degrade
camphor by the same pathway but differ in their ability to utilize
this compouni as the sole source of carbon., In strain 01, camphor
is initially hpiroxylated and the resulting hydroxyketone is
oxidized to dikotone. The next step is a Bayer-Villager oxygenation
reaction in which molocular oxygen is inserted botween a ketone and
the quaternary bridgehead carbon to form & lactone, which hydreolyses
and eliminates water to form a conjugated keto acid. The sane
reactions take place in camphor breakdown (Chart 1) in Cg, but they
occur in a difforent order, the initial lactonization being followed
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by hydroxylation, oxidation and rearrangement to give the conjugated
keto acid. The pseudomonads degrade either D-camphor or the enan-
tiomerie Le-camphor by the same pathway without racemization (Legall
et al. 1963),

The oxidation of (+) and (=)-camphor indicated in the
centre of Chart~1 occurs in a diphtheroid strain T, (Kno, 1068).
These pathways converge on a common intermediate after two steps
and proceed as a single pathway, hydroxylation leads to hydroxy
camphor and is followed by dehydration to a common symmetriecal
ketone (2,5 diketocamphane).

In this connection it will be relevant to discuss the
fermentation of camphene by a pseudomonad closely related to the
c1 and c5 strain discovered in this Laboratory. Khanchandani
(1966) has studied the metabolism of camphene by a pseudomonad,
isolated by enrichment culture techmique using camphene as sole
carbon source. This strain is different from the Illinois strains
((21 and cu) in that the latter strains cannot grow on camphene
oven after a lag period. However the camphene strain cam grow
on as well as oxidize Dl-camphor without any lag period.
Khanchandani has showm that this organism converts the hydroearbon
to camphor (ihattacharyya et al. 1066a) through ischborneol by
protonation and rearrangement of the resulting carbonium ioen,

D~ O-[O-L-
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The subsequent stepe in the catabolism of camphor seems to be
essontially the same as in the case of pseudomonads cx oand cs.

Bucterial degradation of terpenic hydrocarbons

A systematic study of the microbial tranaformation of
terpenic hydrocarbons, pinene and menthene scries was started by
Bhattacharyya and co-workers. A pseudomonad (PL-strain) was
isolated from soil by emrichment culture technique with «{ =pinene
as the sole carbon source. This particular organism exhibited a
certain degree of versatility by growing equally well on limonene
(1), c« =pinene (2), P~pinene (3), Al wpementhene (4) and p-eymens
(5). The metabolism of pimeme by this strain has been worked out
by Shukla (1965), He was able to establish the pathway for the
degradation of (2) and (3) based on the iselation and identification
of the intermediate products from the fermentation broth as well as
by sequential adaptation studies. From the fermentation (Chart 2)
of «{~pinene, borneol (6) and myrtenol (7) were among the meutral
comporents identified and from the acidie fraction a dicarboxylic
acid (8) was isolated, BDesides these, the presence of myrtenic aecid
(9), phellandric acid (10) end perillic acid (1i) were also demonate
rated by VPC, The fermentation of A3 ~pinene gave (=) borneol, the
saturated dicarboxylic acid (12) and appreciable amounts of oleuropic
acid (13). Two other hydroxy acids, 4 hydroxy phellandrie and
4 hydroxy dihydrophellandric acid were formed from < »pinene and

0 =pinene respectively,
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Adaptive enzyme stud jes have indicated that neither
borneol, myrtenol nor oleuropic acid were oxidized by pinene grown
cells, whereas the monocarboxylic acid fraction was oxidized at a
fast rate. The probable major patiway for the catabolism of pinene
nucleus is by a protetropic attack on the double bond and a
subsequent Wagne r-Mcorwin rearrangement which cleaves the cyclo=~
butane ring to give Aj-p-:anthomid cation which can lead to
oleurepic acid or can form another cation by bydvide shift, Thise
new cation formed from both (+) o{andi-/& -pinene is stereospeci-
fically reduced to yield /_&1 -p-menthenoid nucleus, sterically
homologous to (+) limonene (Chart 3).

The pathway was derived based on the date on sequential
adaptation, Dut a clear conclusion as to whether the limonene
pathway is of any significance in pinene metaholism has not been
reached, The isolation of O -isopropyl pimelie aecid (12) from the
broth would indicate that the major patlwey is via &-—p-nnthcm (4)
invelving the saturated isopropyl side chain., Growth end induced
onzyse studies on the other hand bave indicated that <« and /5 pinene
grown cells are capable of oxidizing limenene and l)i-xmnthom
with or without added chloramphenicol indicating the constituemtive
nature of limonene and Ai-p-nenthom degrading enzymes in time
cells, It was aleo observed that pineme grown cells rapidly oxidized
the probable intermediates in the oxidation of limonene and
Ai-.;-mm,hem.

It is possible that the induced enzyme systems irrespective
of whether the inducer is <« -pineme or limonene accept hoth the series
of torpenic intermediates, one with the saturated isopropyl side chain
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snd the other with the unsaturated sidechain., Two of the enzymes
of this sequence - perillyl aleohol dehydrogenase (Ballal et al.
1968a) and perillic aldehyde dehydrogenase (Ballal gt al.1966b)
have been purified end found to have the same relative affinities
for both the types of substrates irrespective of the inducer.
Baged on those observations the hypothetical scheme as outlined

in Chart 3, the degradation of pincnes was postulated.

The fermentation of limonene (1) with the Pl-strain
in the usual shake culture flask yielded a different product
pattern (Dhavalikar and Bhattacharyyas, 10606). Among meutral com—
ponerts (Chart 4) dihydrocarvone (20), earvone (21), carveol (22),
p-wentha Segne trans 1,2 diol (24),( p-mentha B-ene 1~o0l-2-one
(bydroxyketone) (25), p-mentha Beene cis 1,2-diol (26), p-montha
$-ene 8,0=diol (23) were identified, From the acidic fractions
perillic seid (11), 2,bydroxy p-menth Seene,7-oic aeid (18),

/5 ~isoproponyl pimelic acid (8) and dihydroxy acid (27) have been
iselated anl identified. It may be seen that the only common
products isolated from degradation of <« -pinene and limonene by
the PL-strain are porillic acid (11) and the dihydroxy aeid (27).
(Shukla,1063),

Growth and adaptive onzyme studies have shown that
none of the neutral compounds lies in the dir;ot pathway for the
degradation of limonene (1). Pat the major pathway (Chart 5) for
limonens catabolism has been shown to be by a progressive oxidation
of the T-methyl group to the carboxyl through the corresponding
aleohol and aldehyde, The carboxylic aeid (11) is then converted
to hydroxy aeid (18) through hydration of the endocyclic double
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bond., The hydroxy aeid is oxidized to a fb=keto acid and cleaved
toﬁ ~isopropenyl pimelic acid (8) (Phavalikar ot al. 1066b). All
the probable intermediates in this pathway support the growth of
the organism and also they are oxidized without any lag. The
relative rates of oxidation of the intermediates are consistent
with the pro.uct precursor sequence outlined in the pathway .
Perillic acid (11) grown cells do not oxidize limonene (1) even
after a lag period of about 3=4 hours. Glucose-grown cells
oxidize limonene at a much lower rate amd fermentation of limonene
for 24 hrs on 24-hr glucose grown cells produced perillic acid in
about 30§ yield (Dhavaliker et al. 1966b), This may indicate that
the catabolism of perillic acid is somehow impaired in glucose
grown cells, The above observation, as also the lack of oxidation
of limonene by perillic acid grown cells may indicate that the
enzyme for conversion of limonene to perillic acid are coordinately
induced.

2-Cymene catabolism

Desides the above terpenic hyirocarbons, the M&aln
can also utilize the aromatic hyirocarbone p-Cymene (5) as the
sole source of carbon and energy. The pathway for oponing the
resonance stabilized aromatic macleus into simpler fragments which
would provide the Kreb's cycle intermediates had been worked out
by Madyastha (1986). Fermentation of pecymene gave mumerous
neutral and acidie compomonts, From the meutral fraction cumie
alcohol (28), S-hydroxy p-cymene and acetaldehyde were isolated
and identified. The acidie products identified were cumic acid
(30), 3-hydroxy cumie acid, 2,3,dihyiroxy cumic acid (31),

y 4y



o =p~tolyl propionic acid end isopropyl pyruvie acid (32), Growth
and oxidation studies have shown that O-hydroxy pecymene and

«=p=tolyl propionic acids are side products, Incubation of 2,3«
dibydroxy cumic acid with cell-free extracts yielded considerable

anount of isopropyl pyruvie acid and acetaldehyde.

Induced enzywe studies as well as oxidation of different
internediates show that the pecymene grown cells oxidize cumie
aleohol (28), cumic acid (30), S-hydroxy cumic acid ami 2,3,dihydroxy
cunic acid (31).

The pathway arrived at from the above observations
(Chart 6) follows the same steps as those of limonene or p-menthene
degradation in so far as the oxidation of T~methyl groupf=
carboxyl group is concerned and thereafter it follows the widely
known sequence of arom:tic ring cleavage involving high encrgy
hydroxylation and dioxygenation reaetion (Hayashi and loshmoto{1959),
Dagley and Stopher (1050), Dagley et al.(1960)(1965a), Hayashi ot al.
(1961), Dagley and Wood {1965), Dagley and Gibson (1964), Ribbons
(1966), Toso et al.(1064) and King et a].(1964). Clear-cut evidence
has been obtained for the occurremce of two successive mONOOXygena—
tion reactions by which cumie acid (30) yields first 3-hydroxycumic
acid and then 2,3 dihpiroxy cumic seid (31). The dihydroxy acid (31)
then undergoes a metaopyrocatechase type of ring cleavage, The ring
fission product on subsequent hydrolytic cleavage, gives rise to
acetaldehyde and isopropyl pyruvic acid (32). The other two carbon
atoms may be lost as oxalie acid whieh is further metabolized.

It may, therefore, be noted that all groups of workers
working on Pl=atrain have worked out pathways for degradation upto
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the intermediate stage of two dicarboxylic acids. Limonene yields
unsaturated dicarboxyliec acid, whereas the pinemes are degraded to
the aeyclic saturated dicarboxylic acid. No offorts had been made
80 far to determine the mture of reactions by which these dicare
boxylic acide are further degraded giving rise to smaller fragments
which may ultimately give riee to 002 and water through the terminal

oxidation cycle.

An interesting feature shich was noted was that both
oA ol /A=pinones give rise to the same stercoisomoer of dicarboxylie
acid with a apeci fic rotation of K;: =5°, which was atercochemie
cally correlated with the product from limonene, (- f6=isopropenyl
pimolie aecid by catalytic hydrogemtion (Dhavalikar and Mhattacharyya,
1068).,

It was obvious that it will be useful to determins the
absolute configuration of this acid to unlerstand the mechanism

of its formation,

In the case of limonene formentation a large mumber of
neutral proiwts wore isolated., A systematic study of the stereo-
chemistry of these producta should be desirable to underatand the
wechanisms underlying their formation, With these objectives the

present work was initiated,



PRESENT INVESTIGATION

During the course of the microbiological investigations
Dhavalikar and Bhattacharyya (1906) observed that fermentation of
(¢)=limonene with Plestrain give rise to many neutrsl and aeidie
components. The structures of the acidic components were established
by these workers based on the physical data and some chemieal

reactions,

In the case of neutral products the proof for the struce
tures of these compounds was based mainly on spectral methols.
These workers had tentatively suggested that an epoxide at
1,2~double boud in (+)-limonene (1) might be a possible intermediate
for the formation of these compounds in the fermentation medium.

In the first part of the present investigation efforts
have been made to establish unequivocally the proposed structures
of these neutral compounis and to provide independent chemical proof
for the intervention of the epoxide.

The second part of the thesis deals with the unequivocal
synthesis of H~isopropyl pimelic acid, the key intermediate, om the
metabolism of terpenic hydrocarbons and establishment of its
absolute configuration. Adaptive enzyme studies with intact cells
as well as cell free systoms anld isolation of a few intermediates
have permitted the formulation of pathway of complete breakdown of
the dicarboxylic acid. :




The first chapter of the thesis gives a resume of the
subjeet and the sccond desecribes the materials and methods. In
the third chapter an investigation of the rcaction of (s)-limonene
with peracetic acid has been reported., This investigation has
been helpful in two ways viz. (a) a detailed study of the chemistry
and the stercochemistry of the products substantiated the possibi-
lity that limonene epoxide was an intermediate in the fermentation,
and (b) ehemically the epoxide has heen converted to several other
products which %aé helpful in the correlation of structures of

synthetic products with those obtuined in limonene fermentation,

In order to meet the first requirement, the reaction
was run under mild and close to biological conditions oxisting in
the hmutauim itself. For this,the epoxide was not isolated and
the reaction was carried out between {+)limonene and excess of
peracetie acid, in which a reaction period of fifty hours COrrespon-
diog to that used for the fermentation of limonene was maintained.
Like the fermentation proecess, the peracetic acid oxidation of
(+)limonene yielded a mumber of neatral products. (+)Dihpirocarvene
(20), (~)earvone (33), (+)carveol (22), p-mentha~8-one-i-ol, 2-one (25)
and pementha~8-ene~trans 1,2-diolg (24) were among those which
have been characterized (Chart 7). The mechanism for the
formation of these transformation products and the obwious para=
1lelisn of this chemical degradation of (+)limonene with the
microbiological transformation of (3)limonene are discussed, A
new synthet ic method for the preparation of pementhaef-ene cis 1,2 diol
(26), another biotranaformation product of (+)1imonene, is described,

The method employed is tint developed for cis hyriroxylation in the
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synthetic steroids by Woodward and Brutcher (1057). It involves
the interaction of an olefin with iodine-silver acetate and wet
acetic acid to give by way of neighbouring group participation
(Weinstein, 1942), the cis hydroxyacetate in one operation,
Subsequent hydrolysis yields the free diol. (+) Limonene when
subjected to this reaction gave the produet mentioned earlier.
Synthesis of the hitherto unknown diol, p-mentha=feene,8,5 diol
(23) is alse described. The addition of diborane and ite alkyl
derivatives to olefins is a fast quantitative reaction of an
umsusl broad generality and remarkably free from undesirable
rearrangenents or other side reactions, Moreover, the reaction
iovolved a stercochemical cis-addition from the less hindered side
of the double bond, the boron atom becoming attached preferentially
to the less substituted of the two carbon atoms of the double bond,
Finally the resulting organoboranes, intermediates of high reaasckivil;
vhicb"‘&;nmnly tranaformed into other prolucts of interest in
organic synthesis, without rearrangement (or loss of stereospecific
structure) of the origimal hydroboration product. The products
being of a defined stercochemistry should permit reliable configura=-
tional assignments and structural correlations. Thus by selective
hydroboration of (+)carveol with disiamyl borane it has been
possible to obtain the (stereospecific) diol identieal with the

one fomed during fermentation of limonene,

In Chapter IV a total synthesis of /5 ~isopropyl pimelic
acid, a key intermediate in the degradation of botho{and 5 -pinenes
as well as A‘-p—mﬁ:em. has been developed. A second synthesis
from (+) A -p~menthene by ozonolysis and Willgerodt reaction



20

eatablishes the absolute configuration of the fermentation product

and correlates with (+)limonene.

In Chapter V isolation of a few more intermediates such

as a dicarboxyliec acid and methyl isopropyl ketone has been described.

Chapter VI deals with sequential adaptation with various
intermediates in the degradation of the dicarboxylie acid and enzymie
studies with cell-free systems are reported. These experiments
indicate that the dicarboxylic acid is degraded by progressive

Seoxidation to methyl isopropyl ketone which may be oxidized to
isobutyrie acid, It has been shown that in cell-free syatem
isobutyrate goes to acctome and pyruvate thereby linking it with
the temminal oxidative eycles.

Chapter VII gives a summary of the entire work,
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MATERIALS AND MP

All chemicals used for the preparation of wmedia were
of chemically pure grade and those used for enzymatiec studies were
of analytically pure grade, (o)qA'-p-llnthm which was prepared
by catalytiec hydrogemation of (+)limonene obtained from /s, Kelkar
Brothers, Hombay, was kindly supplied by Mr B, G, Pujar of our
Department . S-p—&n@hm:{;-’j +110° vas further purified by
distillation over sodfus metal. Dased on VPC analysis, (+)/Mep-
menthene used in these studies was 90,5¢ pure. Neutral alumina,
Gr-l and silica gel supplied by the Pine Chemicals Project of this
Laboratory were used for colwmm chromatography. Silica gel for
thin layer and preparative layer chromatography was also supplied
by the Fine Chemicals Project. (+) Limonene used in our experiments
was supplied by M/s. Kelkar Pros. Bombay and had a specific rotation
‘ 9: +118°, Carvone used for hydroboration was Fluka product and
ahowed a specific rotation }: +88.6°  LAH reduction of carvone
gave cis=-carveol '-Ji'bs +34.1°, Isobutyrio acid {British Drug fouses),
eyanoscetamide (E. Merck) and isobutyraldehyde (Fluka) were used.

Maintenance ani propagation of cultaure

The organism was originally isolated from soil by Shukla
and was found to be Gram-negative, motile rods having the characterise
ties of the pseudomonas species. This organism growing on f.\|-p-
nnn;bhtno as the sole source of carbon was propagated on a matrient

agar slant of the following compesition (Mackie and McCartney, 1949):

Pox)ton' (M)ooooooooco 1 on

Sodium chloride (BUH)uesee 0.5 gm
Yeast extract (Cxoid)esees 0.5 gm
Beef extract (WQO)otoooo 05 o
m’ SOPrNTRNIRERAGNIENIIRLEDS 2.0 p
‘,om wlm LA AL R RN RN lmn
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The first four constituents were dissolved in water and the pH was
adjusted to 7 with 4N sodium hydroxide. The final volume was then
made to 100 ml, Two per cent of agar (Algaden or Difco) was added
ar) the mixture was steamed for one hour., For preparation of slants
6«7 nl aliquots were distributed into 10 x 150 mm pyrox test tubes,
autoclaved at 15 psi (120°) for 20 min and were slanted. The
slants were resteamed for one hour after 24 hrs to destroy any
germinated spores and reslanted again, These slants were inoculated
oither from broth or stock culture and ineubated at 28° for 24 to
48 hrs.

For purification of the culture by the atresking method,
mtrient agar of the above composition was poured while hot asepti-
cally in previously autoclaved {20 psi for 1 hr) petri dishes, The
culture could also be propagated even on glucose mineral salt-agar
slants, The composition of the minoral salts will be described
bolow. To this basal medium were added 1% glucose and 2% agar and

the slants were prepared in the umal way,

Maintenance of the culture
It is possible to maintain the organiem and to keep

viable for very long periods on the surface of mutrient agar
covered with a layer of sterile liquid paraffin. These paraffin
covered slants were stored at room temperature (20-28°C), For
routine work the culture was meintained by regular transfer inte
liquid medium,

Mineral 0 for and fermentat
Since the mierobial oxidation of hydrecarbons is usually
accompanied by acid production, the presence of carbonate or phosphate



in the medium is desirable to buffer it to a favourable hydrogen

ion comcentration, The organism was, therefore, grown in a chemically
defined medium as described by Seubert and Werner (1960) having the
following composition:

1) Dipotassiunm hydrogen phate eeccesases 63,0 gn
(Danpha grade, India

2) Potassium dihydrogen phosphote ..ee..e.ee 18,2 gm
3) Ammonium nitrate (E, Merck) ...ececeeeses 10,0 gm
4) Magnesium sulphate (B,D,II,) anhydrous ..., 1.0 gm
8) Caleium chloride (CaCl,,2H 0, B.Merck)ssee 1,0 gm
6) Perrous sulphate (Foso‘.mzo. BeDee)oeane 1.0 ga

7) wm.“ mlphm anh’dm eccsvsncsessse 6 ng
(Riedel de ilahn, A.G.)

8) Sodium uolybdato (B.D.HO) teessssvotsvsnne 6 mg
wade upto 10 litres, pi 7

All the constituonts were dissolved separately excepting
the phosphate, added to the phosphate sclution and the total velume
was made upto 10 litres. Aliguots of 100 ml of the medium were
taken in 500 ml Erlenmeyer flasks which were plugged and antoclaved,
One to two per cent of inoculum and 1 ml of the respective carbon
sources were added %o each flask, Tho flasks were incubated at

28°1° on a rotary shaker ot 220 rpm for 24-48 hrs.

Extraction and separation of compounds

At the end of the incubation period (24-48 hrs) contents
of the flaske were pooled together, acidified with 6N HC1 to pif 2,0
and extracted twice or thrice with ether. The ether layers were
pooled together and shaken with hyflosupercel to remove the suspended
material.
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The clear ether extracts were separated into acidic and
neut ral fractions by washing with agueous 5% sodium carbonate solution,
The acidic componmts were liderated Ly scidifying the aqueous sodium
carbonate layer and recovered by extracting with ether,

The acids forming acetone-insoluble cyclohexylamine salts
were separated by treatment of the total acid fraction with cyelo-
hexylamine in dry acetone. The insoluble cyclohexylamine enlts were
filtered and washed with dry acotone and free acids were generated
by a treatment of the eyclobexylamine salt with 6N hydrochlorie aecid,
The acids liberated weore taken up in ether ani wore converted into
mothyl esters by troatment with diazomethane in ether, The separation
and identification of these compounds were monitored by various
vhysicochemical mothods such as TLC, VPC and other spectroscopic
methode as detailed in subsequent chapter,

Chromat ography
TIC was carried out with 85¢ silica gel using 15% of plaster

of Paris as the bhinder.

fgsolution of neutral compounds and methyl estors of
acids was achieved by using hoxane-ethyl-acetate 95:5 (System 1),
00:10 (System II) or 85:15 (System IXI), For the resolution of
dibydroxy eompound (neutral) hexane:ethyl acetate 70:30 (System IV)
was used, The compounds were detected either by spraying the plate
with conc.ﬂzso‘ and developing the spots by heating for 10«15 min at
110° or by keeping the plate in iodine chamber,

Column chrown tography

The neutral components were separated by chrosmtography

over alumina or silica gel as the case may he using the following



sequonce as the routine procedure: pet—ether; pet-other:ether mix-
ture a) 95:5, b) 90:10, ¢) 80:20, 4) 50:50 and ¢) 100% ethor and
finally with methanol.

re tive er_chromato

Proparative layer chromatography was carried out on
25 x 25 om plates. A mixtare of plaster of Paris and silicie acid /
(34 to 36 gn) was poured as a slurry on to the plate placed hori- ‘
zontally in a square trough and the gel allowed to set. After
drying in air the plates were astivated in an oven for G to & hours
at 110°C, The chamber used for tho devolopment of the platos was
30 em x 30 cm x 30 em eubic aquarium tank in which the solvent system
was poured one hour pricr to the experiment and tho chamber was
allowed to saturate with the vepors of the solvent. The plates were
then streaked with the sample with the help of a fine copillary and
placed in the chember on & glass rack abowve the solvent layer which
woro 2llowed to saturate for one hour before being dipped in the
solvent, The solvent front was allowed to run upto a distance of
20 em. The plates were dried and once agoin dipped into the
developing solvent system, This operation was repeated onge egain
in order to get compact bands. Detter resolutions were usually
obtained by emltiple runs. The plates wore then dried anl portions
of the plate (1 ¢1) on either sides were marked ocut, The middle
portion of the plates were covered with rectangular glass plates.
The strips on both the sides wore sprayed with conc. salphuric acid
which were developed by careful heating of the sides of the plates
mounted on a tripod stard over a micro burner, The strips showed the

development of coloured zomes, The corresponding szones were marked
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out in the undeveloped middle portion with the help of a fine needle,
then egraped out and cluted out with ether to get the desired compound.

Identification of 2,4 dinitrophenylhydrazono derivatives of
oxo acids by TIC and paper chromatography

The oxo acid as well as the neutral earbonyl compounds
were isolated by converting them into their corresponding 2,4-dinitro-
phenylbydrazones and identified by TIC and paper chromatography. The
following systema were used for TIC,

Solvent gystem for oxe acid
Benzene : tetrahpirofuran: acetic acid 60:38:2 (systen IV)

For neutral earbonyl compounds
Bengzene : tetrahyd rofuran 60:40 (system V)

Ascending unidinensional paper chromatography was carried
out on Whatman No.1 sheets n-butanol ethanol water (7:1:2) {Dagley

and Gibson, 1904) wos used as the solvent system.

Preparation of 2,4-dnp solution

2,4 Dinitrophenylhpirazine (0.5 gm) was diesolved in
500 ml 3N HC1 (approx.) in the usual msanner, The solution was
filtered and left in the refrigerator when not in unse,

Physieal and spectral measrements

All the melting points and boiling points are uncorrected,
Optieal rotations were taken in chlorofom as solvent unless
otherwise specifically mentioned in a Hilger standard polarimeter
using 1 dm tube., The Infrared spectra were recorded on & Perkin-
Elmor model 221 or a Grahb~Parson double bean spectrometer, The
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phases used were mostly liquid film or mujel mull and in some cases

in earben tetrachloride or chloroform solutions, The ultraviolet
spoctra were taken on a Beckman Modol DU spectrophotometer with
spectroscopically pure reetified spirit as a solvent. Gas chromato-
graphy was carried out on a Uriffin-Tatlock model G, Mark III or on
Porkin-Elmer vapor Aerograph, analytical model (A 350B) using hydrogen
as the carrier gaos. All MR spectra wore recorded on a Varian
Associates A-80 spectrometer using CCl, and in some cases cncxs and
deuterochloroforn CNC1l, and TS (totramethylsilane) as the internal
standard, All MMR signals are recorded in$ values.

Growth studies

In the experiments where growth pattern of the organism was
studied on different subatrates, the cells adapted to;"xz-p-nthom
were used. ,-"x'-p-\lonthom—grm cells were freed from adhering
substrates by centrifugation, centrifuged cells washed with 0,03 M
phosphate buffer and resuspended in storile medium, Centrifugations
and washings were done under aseptic conditions, Suitable aliquots
(2 m1) of cell suspension with a turbidity reading of 250-260 (Klett
reading) at 660 m (red filter) wore inoculated into flasks containing
the respective subatrates (100-200 mg) and incubated in the usual

manner,

Enzymatic studies

Protein estinations: Protein measuroments were made by the
Folin-Cioenlteu phenol reagent according to the procedure described
by Lowry et al. (1051). Crystalline bovine serum albumin (Sigma) was
uoduthowrungotonduﬁuﬂthocolourmroadatwo’aina
Pecknan DU speetrophotometer.
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Protein measurements were also made by the optical method
of Warburg and Christian (1942) modified by Jagamnathan et a}.(1056)
using the following empirical equation:

2 £2.3 X (0.D. at 280 m) = (0.D. at 260 m)7 = mg protein per
ml of solution

This method was used when the ratio of 0,D.s at 280 ma and 260 m was
more than 0,9 to 1,0, In crude preparations protein determination was
made by the method of Lowry ot a). (1951).

Manomotric studies

Measurement of oxygen uptake hy cell preparations were carried
out by manometric techniques using Warburg flasks (25 ml capacity) with

a gsingle side arm,

The flasks in a ;;t.:\s)l volume of 3 nl)contuning 0.2 m} 20%
KOH in the eentral wll.fl.s 1l of cell suspemsion containing 1.2 mg
dry weight of cells and i\&l of M/20 phosphate buffer. The substrates
5=20 umoles and other substances were added either by tipping from the
side arm or incorporating them directly into the main flask (in each
case the volume was kept at 3 ml). The temperature of the bath was
majntained at 28° and flasks were ehaken in this bath (110 strokes/min

with 2 em strokes),

PREPARATION OF THE SUBSTRATES

1) Preparation of et tyrviacoti d
Krecker and Waeflvin, 1924)

a) Isobutyryl ace rile: In a one~litre, three-necked
flask, fitted with a dropping funnel, reflux condenser and vacuum
sealed stirrer wore placed 46 gn of sodium metal sand (powdered under
xylene and washed twice with anhydrous ether) and 350 ce anhydrous
ether, During the course of 2-3 hours 92 gm (2 moles) of absolute
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ethanol were added from the dropping fumnel, The mixture was stirred
without heating until the reaction ceased and ether was removed by
distillation. Teo the remaining sodium ethoxide, was added a mixture
of 77.3 gn (.67 moles) of etbyl isobutyrate and 27.3 gm (0,67 moles)
of acetonitrile. The mixture was heated with stirring for three hours
at 115-120° whereupon the alecohol formed in the reaction was distilled
of? under slightly reduced pressure, Another portion (0.67 ml) of

each reactant was added the mixture refluxed for additional three

hours and the alcohol removed as before, This process was repeated
until a total of 2 moles of cach of ethyl-isobutyrate and acetonitrile
had been added. The mixture was then cooled, deocomposed with ice-water
containing a slight exceas of acetie acid and extracted with ether,
washed with 6f sodium bicarbonate solution, dried over anhydrous sodium
sulphate and evaporated, The residue diatilled under diminished
pressure toyield straw coloured oil 5,P.102-104°C/12-13 ma (yield

98 gu, 44%).

b) Ethyl isobutyryl acetate: A solution of 222 gm (2 moles) of
isobutyroacetonitrile in 92 gm {2 moles) of absolute slcohol was cooled
in ice salt bath and dry HC1 gas passed in until 71 gm (2 moles) had
been absorbed. Upon standing in ice bath overnight, the mixture set
to a mass of erystals of imino ester hydrochloride. This product was
washed with ether to remove unchanged nitrile and hydrolysed by
dissolving in water and cllowing to stand at room temperature (28°)
for several hours. The resulting ester layer was taken up in ether,
dried over anhydrous sodium sulphate and after removal of ether
distilled. Yield 251 gm (81%), B.P. 00=02°/18-16 mm,

¢) Methyl-iso 1 ke ¢ Since the isobutyroyl acetic

acid is unstable, the ester of isobutyroyl acetic acid after hydrolysis
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with 10% KOH, neutralization of the resultant product with 3N HC1
gave the methyl isopropyl ketone which was extracted with ether,
washed with water dried over anhydrous sodium sulphate. Product after
removal of ether was treated with equimolar amount of 2,4 dop solution
in 3N HC1 giving 2,4 dnp derivative of methyl isopropyl ketone,m.p.121°C,
d) Pre tion of me majonic agid: Sodium ethoxide was
prepared in a 000 ml three-necked flask fitted with a condenser,mercury
sealed stirrer and a dropping fumnel, by dissolving 12 gm of finely
divided metallic sodium in 250 ml of dry ethamol. Then 80 gm of
diethyl malonate were added to sodium ethoxide solution with stirring
for about 15 min, To this mixture was added 71 gm of methyl iodide
(freshly distilled) slowly over a period of 1 hr. Heaction proceeded
smoothly with the separation of crystalline sodium iodide and the
mixture becomes pale orange and faintly alkaline. 1t was refluxed with
stirring for half an hour, neutralized with glacial acetic acid and
cooled. Sodium iodide was filtored off, washed with cold alecohol. Major
amount of alcohol was removed from the pooled filtrates and washings by
dietillation under atmospheric pressure. The residue was dissolved in
600=700 m1 of water acidified with 2,5 ml cone, HCl and shaken with the
residue from distillation. The eater layer was removed aud the agueous
layer was extracted twice with ether, The ether extract and ester layers
were combined and shaken quickly with Ca;ﬂ.':l.2 and filtered at ence, Ether
wag removed and the ester rapidly shaken exactly for one minute with
an ice-cold solution of 2.5 gnm of sodium hydroxide in 8 ml of water
to remove tho unreacted malonic ester. The alkali was drained off and
the ester layer was washed with dilute acid, dried over (hm2 and

distilled under vacwunm, B,?, 70°/6 mm.



e) Saponification: A mixture of 3.5 gm of diethyl mothyl
malonate and a solution of 1.6 gm of NaOH in 10 m} of water were

heated on water bath for 4 hours. Sodiwm methyl malonate separated

out., This salt as suchws used for further experimental work,
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ERACETIC ACID OXIDATION OF ~LIMONENE



DISCUSSION

From the structurcs of the isolated products from limonecne
fermentation, Dhavalikar and Bhattacharyya (1966) concluded that
there are several foci in the limonene nncleus which are susgeptible

to oxygenation by the microorganism. The situation can be sumnarized

atructurally as shown below,

CHy <!
o ‘K‘

The attack on the methyl group (I) leads to the formation of perillyl
aleohol which is in the main energy yielding pathway. Oxygenation by
(I1) at allylie position =6 is responsible for the formation of (4+)eis
carveol and possibly (+) carvone, Pathway (i11) may account for
Bep-monthene~1,2=trans diol, S-pementhene 1,2-cis diol and possibly
{s) dihydrocarvone, An oxygenation at position 4 (IV) will account
for the formation of 4,0-dihydroxy~i-p-senthene-7-oic acid from
limonene (1) and the pinenes (2) and (3). However Shukla (1966)
postulated the mediation of Aiop-nsnﬂnnom cation with the charge

at position -4, This may also have been responsible for the

4 hydroxylated acids from o and S~pinenes. The evidence for the

hydroxylation at position o(V) comes from the isolation of S-hydroxylated
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products such as 4,8 Jihydroxy-l-p-menthene,7=oic acid, both from
limonene (1) and.< —pinene (2), the 9~hydroxy p-cymene from p-cymene
(5) and the isolation of 6,9 dihydrexy/> =p-nenthene,1,p-menthene,?,9
dicarboxylic acid (in the present investigation), llowever in the
case of limonene the appearance of a O=hydroxy group could also have
been due to a non-Markownikoff addition of water to the 8,9 double
bond.

The question whether (+) cis-carveol, (+)carvone could alse
be derived through the epoxidation of 1,2 double bond was discussed
by Dhavalikar and Phattacharyya (1006)., PFrom stercochemical consi-
derations the formation of these compounds by allylic shift of the
double bond in the epoxide ring opening was ruled out. Howover in
the current investigation it was considered desirable to develep a
chiemical model system which is likely to yield the same type of

oxidation products as with the fermentation,

It was also considered necessary to synthesize all the
neutral metabolites of iimmne in-ordor to establish conclusively
the structure and stereochemistry of those produste. It was anticipated
that sueh studies might give an insight on the oxyrenation mechanism
involved.

Action of peracetic acid on limonone

After proleonged peracetic acid oxidation of (+)limonene, the
product was hydrolysed and it shewed the presence of eight components
on TLC examination, A chromatographie separation was, therefore,
necessarye. In order to avoid high basicity of alumina, which may
result in formation of artifacts, silica gel was preferred as the
medium for chromatography.
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PRODUCTS FROM PERACETIC ACID
OXIDATION OF (+) LIMONENE

/

{

(+) LIMONENE
O~ o OH
= “ —
20 - 33 22
t+) DIHYDROCARVONE (=) CARVONE (+) CIS-CARVEOL
24 25
(+) P-MENTHA-8-ENE (+)P-MENTHA-8-ENE

TRANS- 1,2 DIOL 1-OL,2- ONE




Isolation of products

The reaction products after hydrelysis of the acetates wore
separated into polar amd nonpolar fractions by a modified Craig
distribution method, a four transfer partitioning betwoen light-
petroleum ether and 80% methanol which has been used very successfully
by earlier workers to separate the bacterial metadbolites. The
petroleum ether layer (N!) mainly consisted of unreacted limonene and
nonpolar transformation products, The aqueous methanol (Nn) contained
more polar hydroxylated transformation products., These two fractions
were separately subjected to colusm chromatography in order to resolve
their individuul components,

Chromatography of nonpolar !HI! pet—cther fraction

By a ecareful chromatography of the nonpelar ("I) fraction, the
early pet-ether eluate was essentially a single compound, the physical
properties of which clearly indicated that it was unchanged (+)limonene.

In subsequent pet—ether fractions small amounts of a crystalline
compound m.p. 91°C, could be isolated. This however could not be
characterized due to paucity of material.

Further ped=ether fractions furnished a pale yellow liquid
which showed the presence of & carbonyl band at 1720 in the infrared
spectrum (Fig.1). Apart from this, the spectrum also indicated the
presence of an unsymmetrically disubstituted double bond at 889 o
and 1680 om Y. A comparison of the physical properties, infrared
spectra and the retention times on VPC with an anthentic sample

established beyond doubt that this compound was (+)dihydrocarvone(20).
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Subsequent fractions (5% ether in pot-ether) showed the
presence of one major and a minor component as indicated by TLC.
By preparative layer ehromatography or by bisulphite adduet
preparation, the major component could be conveniently isolated.
Bat o pure sample of the minor component could not be obtained and
hence was not characterized. The U.V. spectrum of this component
( 7230 mu emx = 18670) indicated that the compound contains a
chromophoric group. The presence in the infrared of a carbonyl

1

frequency at 1660 em = indicated that it is & conjugated ketone.

This could be confirmed by IR bands (Pig.2) assignable to a

nonconjugated methylenic double bond at 890 e L

and a single
absorption at 810 u-l for trisubstituted double bonds, These
spectral properties and the nodo of formation are consistent with
its formulation as (~)-carvone (33)., Further confirwation of this
wag obtained from an I.R. and V.P.C, comparison with an authentic

sample.

In the later fractions (10% ether in petwether) a eolorless
high beiling liquid was obtained. This compound displayed mo U,V,
absorption beyond 220 wu and exhibited IR absorption {Fig.3) bands
at 3330 (-0H group), 1640, 820, 700 om > (for trisubstituted doudble
bond) and 890 cn" (for metiylenic double bond), These spectral

properties suggest that this compound may be 4cis carveol (22),

37

This was confimed by an IR spectral comparison with that of authentic

carveol,

Further eluates, 20% ether in pet-cther to 1007 ether did

not yield any appreciable amounts of material and were not investigated

further,
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Chroma ¢ separation of ar I! 90% agueous methanol fragtion

The polar fraction which showed three aspots on TLIC contained
mainly hydroxy and hydroxy carbonyl compounds.

The offective separation of the expected trans 1,2-diol was
achieved by following the technique developed by Dhavalikar and
Hnattacharyya (1066) as deseribed in the experimental section by
taking advantage of the insolubility of the trans diol in carben
tetrachloride, After removal of the trans 1,2 diol, the remaining
mixture was chromatographed over silica gel (1:50), The first
eluates (petwether to 10f ether in pet~ether) gave mostly nonpelar

impurities.

The tail fractions (207 ether in pet-other to BO% ether)
though nostly pure were however contaminated with a more polar
impurity. In the following fractions (peteether + 50%ether teo
100% ether) the more polar compound was persistently present in
higher amounts.

The parification of these two compounds was achieved
effectively by following the same technique as used before
(Dhavalikar and Bhattacharyya, 1066). The purity of the faster
moving compound was eof;ablinhod by TLC in several systems, It
displayed no high intensity ef absorption ahove 220 m and
revealed in its IR spectrum (Fig.5¢) bands usimbl; to a hydroxyl
(3450 on™') the carbonyl (1704 en™’) and unsymmetricslly dieubsti-
tuted double bond (1645, 888 ca>). The identity of this compound
{hydroxyketone} with that isolated from limoneme fermentation was
shown by superimposable IR speetra (Pig.5) and TIC eomparison with
authentic hydroxyketone.
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It had been shown (Dhavaliker and Bhattacharyya, 1966) by
MR that this compound contains a quaternary methyl on a carbon
carrying oxygen, an allylic methyl and two olefinic protons of the
methylenie typo and chemical methods had shown that the hydroxyl and
ketone groups are on adjacent carbon atoma, This compound can

therefore be considered to have the structure (25).

However a chemical correlation of the cowmpound isolated
from the reaction mixture with the hydroxyketone of Dhavalikar was
" not necessary. This correlation was achieved by reaction of
(+) A% =p-menthene trans-1,2-diol with tert-butyl chromate as
reported (Linder and Greenspan, 1957), The produet of this reastion
after purification was shown to be identiecal (IR and TLC but of

opposite rotation) with the isolated cempound (Pig.Ba).

The more polar compound in its infrared spectrum (Fig.4a)
contained vibrations aseribable to a hydroxyl fanction (3215 em™l)
and methylenie double bond 1630, 880 em ', From ite mobility en
TIC, it appeared probable that thie compound is not a menohydroxy
compound but a diol, Pmgh “Fhe IR shows vibration bands at 1030 em )

-]

and 1115 em * which may be attributed to secendary and tertiary

hydroxyl groups respectively. This assigmment may be considered
to be of doubtful value as the IR spectrum was superimposable with
that reported and also physical properties agreed with those of the
roported diol (Newhall, 1064, 1958; Schmidt, 1849,1988; Royal and
Harwell 198%5; Sword 1025). This compound was assigned the trans
1,2-di0l (24) structure.

The methanol (fraetion) eluate gave coloured mixtures and
was not investigated further,



MECHANISM OF PERACID OXIDATION

Both << and 4 oxides of limonene are known {(Newhall,1064).
Tt may be supposed that as in the most probable conformation the
isopropenyl group is placed in the equatorial pesition, the approach
from both sides of the molecule may be equally facile, That this is
not the case has heen shown in several examples and that entry of
the reagent is controlled even by an egquatorial substituent which
i® bulky enough, has been demonstrated in the case of the compound
arising through Woedwards hydroxylation. In fact the formation of
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{+)=dibydroearvone (20), (=)-ecarvone (33), (+)-p-mentha-S-ene 1-ol,Z2-one

(hydroxyketone) (25), all can conveniently arise from the & -oxide
{Chart 8). As all of these compounds have rotations equal in
magnitude to these oarlier reported (Simenson, 1047; Linder and
Greenspan,1957; Johnston and Head, 1934; Scheunek gt al. 1964;
Newhall 1958, 1564; Schmidt, 1040, 1058; itoyals and Harwoll,1055;
Sword, 1025; Royals and Leffingwell, 19204; Chakravarti and
Phattacharyya, 1054; Hoyals ot al. 1051) the mechanism of their

formation must invelve a concerted reaction pathway,

Thus in the formation of (4)-dihydrocarvone (20), migration
of the C~2 hydride (Chart 8) muat take place with retention of
stereochomistry to yield (+)dihydrocarvone. The stereochemistry
of such acid catalyzed ring opening of epoxides have been studied
oxtensively (Karta 1963), .

If instead of the U=2 hydride being transferred there is
opening of the epoxide ring due to elimination of the co—proton
the produet would be (~)trans carveol (37) which could understandably
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MECHANISM OF PERACID OXIDATION OF (+) LIMONENE
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be oxidized to (~)-carvome (33),

It is also to be noted that reduetion of (=)=carvone

yields (+)dihydrocarvone with the change in optical rotatien,

Attack of the oxide by water could result in a trans
diaxial opening to provide the 2«<{-hydrexyl,1-4 -hydroxy compound,
The stereochemistry of this diol as represented in the (Chart 8)
has been unquestionably established by earlier workers(Newhall, 1064).
An oxidation of this compound could very readily furnish the
required hydroxyketone with the absolute stereochemistry depicted

below,

Finally some comsent need be made on the formation of
(#)-cis~-carveol, Though at first sight the formation of thie
compound may be attributed to elimination of C-8 proton from the

S=oxide, /Qnoh an elimination should in fact have furnished
(=)=cis~carveol (36). As the product formed is (+)=cis-carveol
the only rationalisation available is that it arises by allylie
hydroxylation of (+)-limonene. In fact the observed optical
rotation of cis carveol m*;g +11° instoad of ;\‘;, +21° as
reported for (4+)~cin carveol, This may indicate that some
{«)=trans carveol might have been formed from the opoxide by
an allylic shift,

A support for the above argument can be obtained froa
the fact that during fermentation the formation of (+)-cis-
carveol and (+)=carvone could also be explainod as arising from
autoxidation, as these compounds are met in the dbiological
pathway,



The only remaining difficulty in the mechanism is why
in antoxidation the ontering ~0H group shonld be cis-placed with
respect to the isopropenyl function. Ne ready explanation for
this can be furnisbhed,

SYNPHESIS OF ENE-CIS-1,2 DIOL {26

In an approach to the cis glycol one can readily conceive
of oxidation with osmium tetroxide to provide a cis-glycol. However
in such an oxidation the glycol function is expected to be trans
orionted to the directing isopropenyl group. As the required
conpound does not have this geometry, this method would not be
useful in the present case in which not only have the two hydroxyls
to be cis to each other, but they must be also cis in relation to
the directing isopropenyl group. A useful roaction for achieving
this type of geometry has been described by Woddward and Brutcher
(1057) and Bruteher and Bvans (1968). This involves the inter—
action of an olefin with iodine, silver acetate and wet acetic
acid to give by way of a neighbouring group participation reaction
(Weinstein ot al. 1042) cis-hyiroxyacetate in one operation.
Subsequent hydrolysis yields the free diol, It was therefore
decided to try this reaction with (+) limonene in the present
case, The product obtained from such a reaction was identical in -
every rospect (TLC, IR) with the one isolated from the bacterial
fermentation (Dhavalikar and Bhattacharyya, 1068),

This method of achieving this objective was preferred ®
that reported (Schmidt, 1949, 1058) because even though Schmidt
has reported a ois glycol from (+) limonene itself, its mode of
formation is very difficult to rationslize, At the same time ite
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relationship to the isoprepenyl group is not indicated.

In the case of the silver acetate method no such anmbiguity
exiats becouse the mechanism of reaction is well explained. 1In
the first step (Chart 9) there is a reaction of iodine with silver
acetate to give iodine-acetate in which the jodine atom will serve
as the positive portion of the addendum., The attack of thie iodine
acetate on (+) limonene (1) furnishes the iodonium ion (II) in which
the entering iodine is most likely to have the opposite geometry to
that of the isopropenyl group because of its bulkiness. A SN2
attack by acetate gives rise to the iodoacetate (III) in whieh the
acetate function has the trans geometry im relation to the 1oc'nno
and eis in relation to the isopropenyl group. In the presence of
silver acotate and water there is climination of icdine through the
participation of acetoxonium ion, which has no free existence but
can be isolated as the orthoacetate (IV), This orthoscetate will
naturally have the two oxygens in the ecis-geometry in relation to
the isopropenmyl group, the newly formed carbon-oxygen bond having
the opposite geomotry to that of the ruptured carbon-iodine bend.
This orthoacetate can obviocusly give rise to two different hydroxy-
acetate (V) and (VI}, which on saponification will Lecome the
identieal glycols in which the two hydroxyls and the isopropenyl
group are oie-related (26). Compound (26) in I.ll. (Fig.4b) showed

hydroxy groups at ») max 3335, 1056, 1112 om ? and an exoeyelio

double bond at 896 em ', Tho most noteworthy listinzuishing feature
between the trans and the cis diols is the appearance of two
distinet hydroxyl bands (Perkin-Elmer,in carbon tetrachloride)

in the case of ¢cis diol, In that of the trana diol only one band

is observed (Fig.6).
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A comparison of the PMA speetrum of the diol obtained by

TABLE 1

Woodward's hydroxylation method and that obtained during peracetic
acid oxidation of (+) limonone is shown in Table 1,

Cis=1,2 diol (26)

Trans 1,2 diol (24)

Hydroxyl proton

(¥ig.10) {Pig. v)
€, methyl 1,2 £ singlet 1.26 & singlet
€,o Protons 1.7% broad singlet 1,73 & broadenmed singlet

Wie3 cps
1908 singlet
2 exchangeable
protons

3.25¢ quartet

Wiia3 ops
1,635 singlet

2 exchangeable

protons

3.7 & quartet

cz-proton
Jud and 10 cps J=2 and 4 cps

4.75 & broad singlet

2 protons

4,65 broad singlet
2 protons

Olefinie proten

As can be seen from the Table the signal of the ca-proton in

the cis diol most be axial mot only from its coupling constant
but also from its position at higher field as cospared to that
in the trans diol in which this proton is equatorial as indicated
by its cheomical shift and coupling constants,

A chemical proof for this structure was provided from
tert-butyl chromate oxidation which gave the hydroxy ketone
identical in every respect (T1C, IR) with that.bbtained earlier.
{Fig.5b).

However a rather unexpected observation was that the

rotation of the hydroxyketone was opposite to that obtained from
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fermentation of limonene. The fermentation product showed
positive rotation. The only conclusien that would satisfy these
findings would be that both<( and A oxides of limonene are found in
fermentation as well as peracid oxidation and only thel-«(~hydroxy
derivative is converted to the hydroxyketone,

Synthesis of pementha-i-sne 28,9 diol ‘%[

If use is =made of the readily available (+)-carvone of the
pame rotation as that isolated from the bacterial fermemtation of
(+)~limonene and if a suitable reagent whose mode of attack could be
aimilar to the enzymic method would be availaeble, one could hope to
obtain_tho diol of the same absolute geometry. Such a reagent is
isopino camphenyl borane, which has been shown by Brown and Zweifel
{1961a) to yield optically active preducts from optically active
starting materials., However there was a posaibility that this
reagent would attack either or both the double beonds in carveol.
Prom this consideration preference was given to the more selective
disiamyl borane {Prown and Zweifel,1981b; Brown and Brown,1062;
Brown et al.,1963) wherein the products, being of defined stereo-
chemistry, permit reliable configurational assigmment and structural

correlations,

Initially a hydride reduction of carvone (Reitsema Hobert,
1953) was carried out, GLC of the product demonstrated the presence
of one predominant compound (93%). From the mechanism of the hydride
reduetion, it could be oxpoctui that the case of approach favours the
formation of A«alecohol which is at the same time more favored as it
has the equaterial configuration, It was, therefore, rationalized

that the major compound was the cis alcohol. Experimental confirmation
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of this was obtained from the specific rotation which agreed with a
preponderance of cis-alcobol. The percentage calculated om the basis
of rotation being 92% and 8% for the cis and trans alcohols respectively.

With dieiamylborane, this mixture of alecohols furnished a
mixture of diols (Chart 10). Practional erystallization of this
mixture gave a solid substance, m.p.71° (38) as prisms from carbon
tetrachloride. The mother liquor from this crystallization after
keeping in the cold provided needles, m.p,91° (23),

As the compound (23) m.p.91° was obtained in a substantial
vields, it could be anticipated that this compound had the secondary
hydroxyl group in the equatorial position, In agreoement with this
expectation the MR spoctrusm (Pig.11) of this compound exhibited a
quartet at 4,2 Uwith Jed and 10 cps. These couplings are those
normally observed for an axial proton. The PR spectrum also revealed
a methyl proton doubdlet at 0,9 Ju7 eps. The signal ot 1,755 (Jul.5 eps)
could be aseribed to the allylic methyl protons, The signal at 1.8
was shown by oao exchange to be mainly constituted of the hydroxyl
protons. A broadened doublet at 2.535 (Ju8 ops) was assignable to
the protons of the -cu-cﬂa-on linkage. The olefinic proton was
observed as a broadened doublet at 6.465(.!-4 cps (WHaO opa). The
P spectrum therefore clearly indicates that the expression (23)
represents this diol.

The compound ?9% m.pe 71°C showed essentially the same
spectrum (Fig.12) as that of the carlior compound the only difference
being the loeation of the hydroxyl protons which appeared as a narrow
singlet disappesring on D,0 exchange, at 1.5{. The other difference
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from the earlier spectrum is in the mature of the sigual at 4.2 5

which is o quartet with J=3 and 6 eps. The nature of this signal

makes it obvious that this diol is derived from (+)=-transcarveol

and has its hydroxyl group in the ={-axial geometry. This diol can

therefore be represented by stereostructure (38).

Compound (23)

n.p. 91°C was identical in every respect {T1C, IR and M) with that

obtained during fermentation of limonene although Dhavalikar

could not crystallize his isolated diol from limonene fermentation.

An interesting point regarding these two diols (isomers) is the

fact that though there is a large difference in rotation between

trans and oie carveols, the difference in rotations between diols

(23) and (38) is only very small.

A further confirmation of the stereochemistry of theso

diols was sought by examination of the TR spectra of their acetates.

Table 2 summarizes the assigmment for the signals in the two

acetates,
TAMLE 2
Acetate of (23) Acetato (38)
(of m.p.91°C) {of m.p.71°C)
Fige No.13 Fig. No. 14
€, p=aetiyl 0.9 & doublet 0.95 © doublet
J =7ops J =7 cps
C,~methyl 1.6 © doublet 1.6 % doublet
J = 1,5 cpa J = 1.5 eps

Acetate methyle

09 hydrogens

C-2 proton
C-6 proton

2,0 & (8 singlet)

3.95 Sdoublet
J = 6 ops

(singlet)

1.964(61 singlet)

3.95 & doublet
J = 6 cps

Two proton singlet
around 5,45 £

(Comparative ¥R studies of acetates - 40 end 41 )
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Unfortunately as the eignal due to the olefinic proton
masks the signal of the proton to the secondary acetate, the
stereochemistry of these compounds at these carbons could not be
definitely established from these spectra,

The studies with the model system with poracetic acid
have been very useful in detersining the absolute gonfiguration
of the oxygenated derivatives of limoneno obtained by fermentation.
The mechanisms involved in both the systems are parallel and very
similar, It has been also possible to establish how the
i-p-menthene-5,9 diol can arise from (e)-cis carveol.
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EXPERIMENTAL
Peracetic acid oxida 4 )
Preparation of peracetic acid (Greenspan,1046):- Peraceticy

acid (40%) was prepared by cautiously adding(40 m1)30% bydrogen
peroxide to a stirred sclution of 10 ml acetic acid, 10 ml of acetie
anhydride and 0.5 ml of conc. sulpburic scid mixture in a flask
immersed in water bath at 25°C, After 4 hr standing at 15°C the

concentration of peracid was iodimetrically estimated to be 40%,

In a 250 ml three-necked flask fitted with a stirrer, a
thermometer and & dropping funnel were placed 20 gm of freshly
distilled (+) limonene in 100 ml chloroform. To this mixture pre=
cooled to 13°C were added 40 ml of 40% peracetic acid slowly through
the dropping fumnel with vigorous stirring, maintaining the tempera-
ture below 40°C. The entire lot of peracid was added within 45 min,
Then the wixture was stirred at room temperature for 2 hr and then
shaken on a rotary shaker at 28°C for 30 hr. The mixture was then
neutralized with 10% sodium carbonate solution. The organie layer
was separated from aqueous layer and was washed thoroughly with
water, concentrated by evaporation of solvent on a water bath and
dried over anhydrous sodium sulphate. The residue after removal
of solvent was hydrolysed with 10%¢ KOH solution.

The total reaction product when spotted on a TIC showed
8 components (107 ethyl acetate in hexane).

The product was separated into polar and nonpolar
fractions by a modified four transfer Craig partitioning between



6.

light petroleum ether and 90% agueous methanol (Dhavalikar and
rhattacharyya, 1966).

The petrolews other layer consisting mainly of unreacted
limonene and nonpolar (Nl) fraction was passed over silica gel
(1:50), The aquecus methanol layer (llu) containing more polar
hydroxylation transformation products similarly subjected to
ailica gel chromatography.

Chroma ic sevaration of nonpolar [m::ct!

A total of 6 gm of the noutral fraction ('I) was chroma-
tographed over silica gel (300 gm) end was oluted with the usual
solvents (as described in Materials and Methods).

The first fraction eluted with pet ether was a liquid
vhich was purified by distillation under reduced pressure b.p.%0°-95°/1 mm
and identified as unreacted limonene (4.8 gm).

In the subsequent pet-cther eluates a cryatalline
compound (180 mg) separates out which was crystallized from pet.
ether chloroform as prisms, m.p.91°C,

IR Y max 3000, 1480, 1390, 1380, 1285, 1240, 1200, 1010,

958, 200, 855 (not shown).

This compound could net be further characterized due
to paucity of material.

The next pet—ether eluate fraction showed a single spot
(5% ethyl-acetato in hexano). This was distilled under reduced

pressure 85-87°C/0.8 ms giving 150 mg of the pure material (20),



(o)
N

{3 +11°, Reported »(S +23°,

Found: C 78,93, H 10.88, C, M, .0 requires: C 78,89, H 10.59%.

m (Fig. 1) Y max 1712, 1645, 1450, 1378, 1320, 1267, 1250, 1220,
1182, 1142, 1110, 1083, 1055, 1020, 958, 800, 840, 702 ol

The physico-chemical and spectral properties of this compound were
in agreement with those reported for dihydrocarvone (Coempound 20)
(Simenson, 1047; Royals and Leffingwell, 1064; Chakravarti, 1054).

Subsequent fractions (5f ether in petmether) showed the
presonce of one major and one minor component as indicated by TLC
(10% ethyl acetate in hexane). Fither by preparative layer chroma-
tography or by sodium bisulphite adduct formation, the major com-
ponent could be conveniently isolated since the mixture showed an
UV absorption at )\235 mm (s_“mo?o) suggesting the presence of

=< p=unsaturated carbonyl compound which are known to form the adduct
with bisulphite, Total oluate (200 mg) was taken up in ether (20 ml)
and extracted with sodium sulphite and sodium hydrogen carbonate.
The aqueous oxtract after hydrolysis with sodium carbonate (10 ml)
gave a red coloured compound which was extracted with ether. After
distillation, <, A-unsaturated ketone was obtained (33) (180 mg)
bop. 85-00° bath at 0,6 ma. <X = ~34% reported -(p, w =62,46°,
Pound: C 80.23, W 9,83, C, W, 0 requires: C 79,95, H 9.35%,
IR (Pig.2) » max 1675, 1045, 1450, 1248, 1365, 1245, 1140, 1112,
1057, 1060, 1027, 1000, 960, 890, 800, 703 em .
On the basis of these physical properties this compound was identified
as (~)=carvono (33){Eschinazi, 1083; Simenson, 1947; Linder and
Greenspan, 1957; Royals et al. 1051).



The fraction eluted with 10% ether in peteether was
found to be a liquid (165 mg) and contained three components which
were separated into individual components by preparative layer
chromatography (10% ethyl acetate in hexane). The fastest moving
compound was found to be carveol (22) by comparative TLC, VFC and
IR spectrescopy with an authentiec sample of carveol which has been
further purified by distillation under reduced pressure b.p,90-95°
bath/0,75 mm to give compound (22).

n(;g- +11%; roported A = 421°,
Poundt C 78,87, H 10.92, C, H .0 roquires: C 78,89, I 10.59%,
I.R. (Pig.3)) max 3355, 1645, 1440, 1372, 1080, 1057, 1030, 888,
810 o (Simenson, 1947; Linder and Greenspan, 1957; Johnston ond
Read, 1034; Schenck et al. 1964).

Later fraction, 20% ether in peteether to 100% ether

did not yield any appreciable amount of material.

Chromatographic separation of polar fraction 90% methanol (N,.)
The polar fraction which contained mainly hydroxy and

ketohydroxy compounds showed 3 spots on TLC (1574 othyl acetate in
hexane).

The separation of the oxpected trans p-menth 8-ene
1,2 dicl (a dihydroxy compound) was achieved by taking the
advantage of the insolubility of the dihydroxy compound in carbon
tetrachloride in cold. To a 3.5 gm aliquot of polar fraction 25 ml
of light petroleum ether was added. The mixture was cooled in
ice~-salt bath and treated with 25 ml of cold carbon tetrachloride
with seratching. A eolourless crystalline compound (24) erystallized



out (1.8 gm) which was filtered off. Reeryst. benzene-chloroform
.opo“’co

/;_f +30°,

Found: C 70,68, H 10,79, C, M, 0, requires: C 70.54, Il 10.66%,
U.V. absorption Amax 200 mp (B _ 3600). IR (Fig.4a))’ max 3478,
1637, 1450, 1370, 1200, 1255, 1236, 1180, 1188, 1128, 1050, 1037,
1000, 960, 945, 010, 888, 863, 820,780, 725 om '.(N® Fig. 9).
This compound was assigned the structure (24) (Sehmidt, 1049;1958;

Newhall, 1964; Royals and Harwell, 1083; Newhall, 1958; Sword,19025).

The mother liquor (1,7 gm) after removing diol was cone
centrated on water bath and chromatographed over silica gel (1:50)
and the column was eluted with usual solvents. The column was
first eluted with pet=ether to remove traces of nonpolar impurities
(0,130 ym).

The fractions eluting with 10% and 204 ether in pet-ether
were found to contain traces of carvone, carveol and dihydrocarvone
(0.470 gm). The next fraction oluting with 20% to 50% ether in
pet-ether was found to contain two components, one in major amount.
The major component was purified by removing more polar diol by
following the procedure deseribed before to separate the diol.

After removing the traces of diol (0.000 gm) the pet-ether soluble
compound was distilled under vacuum (0.450 gn) and was characterized
to be hydroxy ketone (25) by a comparisen of its physico-chemical
and spectral properties with those of authentic hydroxy ketone
obtained by tert.butyl chromate oxidation of trans diel.

A wsa9®,

§

6



Found: C 71.43, H 0,874, Caleulated for Ci04e%2 © 71.39, U 0.50%,
IR (Fig, Be) ) max 3450, 1700, 1648, 1450, 1378, 1175, 1125, 1050,
1032, 910, 887, 800, 732 em .

The last fraction eluted with ether was found to be pure diel

(oom “). .op. “‘C.

Te 1 chrowate oxidatien of 8 nthene trans 1,2 diol

(Linder and Greenspan, 1957)

Chromium trioxide (1.293 gm) in 3 ml benzene was added
in small portions to 6.5 ml of tert.butyl aleohel (dry) with cooling,
. The solution was then diluted with 2 m) dry benzene and dried over
anhydrous magnesium sulphate. This solution was added slowly under
eooling to 2 gm of anhydrous diol (24) in 10 ml of dry benzene,
keeping the temperature between 25-30°C for 2 hrs. The complex was
then hydrolyzed by addition in succession 12 ml of water, 1.0 o
of oxalic acid and 12 ml of 20% sulphurie acid with stirring at
25°C, After 3 hr the mixture separated into two layers. The
aqueous layer was extracted with 5 ml of dry benzene, The pooled
orgenic layer was then washed with alkali and water, dried over
anhydrous magmesium sulpbate and concentrated. The product after
distillation was found to be single om TIC,

9‘(35. -52°,

Found: € 71,37, i 9,98, €, Jl, [0, requires, C 71,39, H 9,508

T.R. (Pig.5a)Vmax 3450, 1700, 1645, 1450, 1375, 1175, 1125, 1050,
1032, 710, 887, 850, 800, 732 em L.

On the basis of those properties the product was identified as
hydroxy ketone (8-p-menthene 1~ol 2-ome) (25).



ci ation of (+ ne.

{+) Lizmonene (5.657 gm; 0.0416 moles) was dissolved in 90.5%
glacial acetic acid (130 ml) in a threc-necked flask and treated with
16,43 gn (0,098 ml) of silver acetate followed by 11.80 ga (0.0461
mole) of fodine (powdered) erystals in small portions under vigorously
stirring reaction mixture over a period of 30 min at room temperature.
When all the iodine had been absorbed as indicated by the disappearance
of colour of the mixture i.e., (45 min) agueous acetic acid (19,7 ml
propared by dilution of 2 ml of water upto 50 ml with acetie acid) was
added. The reaction mixture was heated upte 90-95° on a bokling water
bath for about 2 hr with vigorous stirring., The reaction mixture was
then cooled, treated with excoss of sodium chloride and filtered. The
precipitate was washed with hot benzene. The pooled filtrate was
evaporated to a residue which was teken up in methanol, filtered,
neutralized with methanolic-XOH and then treated with 3,1 gm of KOH in
30 ml of methanol. The hydrolysis was allowed to proceed overnight in
& nitrogen atmosphere. The reaction mixture was neutralized with dil.
HC1 (*AnalaR') at ice bath temperatare, Methanol was removed to give
a residue weighing about 6.8 gu. The reaction product was chromato-
graphed over nemtral alumina grade~I1 (1:30 ratio). The impurities
wore removed by eluting with petroleum ether to 50% ether in peteether,
The eluate coming in 100% ether gave a colourless TIC pure solid (28).
Traces of colouring matter was removed by trituration of this solid
with hexane. Crystallized from hexane, as massy noedles, m.p.71,85-73,5°C,
Mixed melting peint with trans 1,2 diol showed a depression in m.p.
i.0., mixture starts melting at 35°C and completely melts at 43°C.

\v +18° (10¢ acetone).



69

Found: C 70,47, H 10.66. €, H .0, requires C 70,54, H 10,66%,
IR (Fig. 4b) 9 max 3450, 1655, 1460, 1385, 1180, 1115, 1060, 1030,
970, 900, 863, 820 om ', (IR spectrum Porkin-Elmer - Fig. 6a and 0b).
(MR Pig, 10), On the basie of these properties the strueture was

assigned to be (26) (Schmidt, 1049, 1958; Bluman and Wood, 1052).

Tertiary butyl chromate oxidation of cis diol

Tertiary butyl chromate oxidation of cis diol resulted in
the same hydroxy ketone (25) which was also obtained by tertiary
butyl chromate oxidation of trans 1,2 diol (24). The IR spectrum was
superimposable (Pig, 5b).
ey = =51,98°,
Lithium Aluminiunm fiydride reduetion of (#)=Carvone
To 3.1 gnm of LAH (0.33 eq) in 75 ml dry ether was added
dropwise 45 gn (0.3 mole) of (+) carvone in 75 ml of anhydrous ether.
After all the carvone had been added the mixture was refluxed for an
additional hour, About 15 ml of water was added cautiocusly to this
mixtare followed by 200 ml of 10% HCl. The other layer was separated
and the pooled extracts were dried over anhydrons sodium sulphate,
Bther was evaporated leaving 41 gm (95%) oil <.~ +31.5° Distillation
of the oil gave about 40 gm of carveol. b.p. 100-111°/12 m1, <o~ = 433,2°,
Lit.(Johnston and Read, 1034) d-cis carveol b.p, 101°/11 mn. «p = +23,0°,
Selective hydroboration of (4)-carveol
Pre ion of 2-me 2=-butene s, 1027
tert-Amyl alcohol (300 gm) was added to an ice-cold mixture
of 200 ml ¢onc. sulphurie acid and 400 ml of water. On distillation
180 gm of 2-methyl 2-butene (02f) was obtained, b.p. 38,7 - 38.7°C,
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Purification of 2-mothyl,2-butene

The distillate washed with water, dried over calcium
chloride (anhydrous) and distilled., Yt was next refluxed for
about four hours with metallic sodium until the latter was
unaffected. When it was finally distilled the hydrocarbon distilled
at 38-40°C,

For hydroboration of carveol double the thooretical amount

of disiamyl bLorane was used.

Purification of diglyme, tetrahydrofuran, boron trifluoride
etherate and the diberane and disiamyl borane were carried out as
described in carlier studies (Brown and Zweital,1961; Brown and Brown,
1082).

Hydroboration

Preparation of disiamylborane: Disiamylborane (0.2 mol)
was prepared by passing diborane gas (prepared by addition of 5.7 gn
(0.15 mole) of sodium borohydride in 20 ml dry giglyme to 28.5 gn of ~
BP -etherate in 20 nl of diglyme) through a pre-cooled solution
(0-5°) (28 gn) of ffeshly distilled Zemethyl,2-butene (0.4 mole) in
80 ml of tetrahydrofuran (perfectly dry) which was kept under
nitrogen atmosphere, over a period of 30 min, The semi-solid reaction
mixture containing 0.2 mole disiamylborane was allowed to remain at
0°=5° for 20 hr and then used for hydroboration of carveol.



lydroboration of carveol

To 0.2 mole disiamylborane in tetrahydrofuran at 0°C
15.2 gu (0.1 mole) of carveel was added in nitrogen atmosphore.
The mixture was allowed to remain at room temperature for 3 hr,
It was then treated with 3 ml of water to hydrolyse any residual
hydride followed by 60 ml of 3N sodium hydroxide and 60 ml of
30% hydrogen peroxide. The latter was added slowly (vigorous
reaction) maintaining the reaction temperature between 25°-40°,
After 2 hr at room temperature, the reaction mixture was oxtracted
with ether, washed with brino followed by ice cold water and then
dried over anhyirous sedium sulphate. The solvent was distilled
to give a gugmy residue weighing about 20 gm.

By passing over alumina grade-I (1:30) unreacted carveol
was removed and the diel fraction eluting out in ether was taken
ap in 20 ml of carbon tetrachloride cooled to =5°C, By seratching
the sides of the tube a solid (38) separated which was filtered and
washed with cold carbon tetrachloride. It was crystallized from

carbon tetrachloride as prisms m.p,71°C, 8.“1163.

< w9,
Found: C 70,26, H 10.87. leilso2 requires C 70.54, H 10.66%,
IR (Fig.7)) max 3300, 2025, 2850, 1460, 1380, 1345, 1325, 1305,
1240, 1140, 1085, 1070, 1065, 1038, 1023, 085, 920, 800 cl-l.
(MR Fig.12).

Hother liquor after evaporation and crystallization from
chloreform and pet-ether (23) separates out as needles m.p. 91°C,

~2
Emlﬁﬁ. Ap =926,25°,



Analysis: Found C 70,28, H 10.67. (.!m!lmoa requires C 70,54, H 10.66%,
IR spectrum is superimposable with the one of coupound melting at 71°C,

(™R Pig.11),

Acetylation of Diol ‘QZ

To diol (23) (80 ng) pyridine (1 ml) and acotic anhydride
(0.8 ml) were added and the mixture was kept overnight at 25°C,
After working up in the usual manner the product obtained was a liquid

n 2
(98 mg) 5.p.120-125° bath/4 ma. <<y, = +32,0°,

IR (Pig.8) 7 max 1725, 1650, 1440, 1370, 1250, 1170, 1120, 1030,

1000, 950, 920, 850, 802, 790, 740 em >, (MM Fig.13).

Agetylation of Diel 538!

Diol (38) (80 mg) acetylated by following the same
procedure. After working up in the uswal manner the product was
distilled to give (75 mg) gumwy material which was purified by
distillation. b.p. 115-126°/4 mm, <= +48,30°,

IR spectrum (not shown) was identical with the discetate of (23),
(o Pig.14),



CHAPTER 4

SYNTHESIS, STl AND STRY OF /5 ~IS0PHO
PIMELIC D
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SYNTHESIS, STRUCTURE AND STER STRY OF © ~ISOPROPYL PIMELIC ACID

Daring the studies on the fermentation of limonene and o and s

pinenes, two acyelie dicarboxylic acids were isolated and were ¢con-

sidered to be the key intermediates in the degradation of these hydro-

carbons. The (=), 3-isopropenyl pimelic acid (8) isolated by l!nvaiﬂur

and Dhattacharyya (1066) from limonene was shown by these workers to
be structurally and stereochemically correlated with the saturated

(=) B=isopropyl pimelic acid (12), a degradation produet of bothands

pinenes, It may be noted that all the other products obtained from
limonene and = -pinene had poutlwl spocifie rotation, whereas those
from ,&-pinene had negative specific rotations. The /4 -isopropyl
pimelie acid (12) on the other hand had identical speeific rotation
irreapective of its origin from (+)c(or (=) ~pinene. It was,

therefore, considered necessary to establish the structure of these

important intermediates by unequivocal uthod.fot synthesis and to ~

correlate stercochemically both the structures of d-limonene and

{=pinene which bhave been establisbed rigorously.

Farther the pancity of material obtainable by fermentation
made work on the further biodegradation rather slow and timew
comu-ing'. From these considerations also the development of a
chemical synthesis of /4 -isopropyl ptul.ic acid (12) became urgent.
A, Total synthesis of A-iso 1 pimelic 2

Condensation of isobutyraldehyde with two moles of cyano-
acetamide (Chart 11a) gave O-isopropyl glutarie acid which yielded
its anhydride (42) by treating with acetic anhydride. The anhydride
{42) was methanolysod to the monomethyl ester and this monoester



CHART - 11 . e

SYNTHESIS OF DICARBOXYLIC ACID

CHO CN 0 0 0 HzCOOC COCI
2) )\ Ac,0 a) CH3zOH
+ 2 moles H2C —_—= W
CONH,
42 43
CH,(COOCHs) 2
NgOEt
COOH CH,(COOC,Hs),
o -PINENE
2 F-'ermemfzﬁon> C‘Oo (Zn+Hg)+HCI H3COOC 9
PL-Strain 7 Clemenson
S : -
4 TH2+ Pt
B-PINENE
3 COOH
? | HOOC ____PL-Strain
= =
A -p-MENTHENE 8 LIMONENE

4 1

COOH

b)




=I
|

was converted to the corresponding acid chloride (43) by refluxing
with thionyl chloride. Compound (43) when condensed with one mole
of malonic ester gave a ketotricarboxylic ester (44), which, when

subjected to Clemenson reduction yielded 5—-isopropyl pimelie aeid

(12) with simultaneous reduction of keto group hydrolysis and

decarboxylation,

The free acid was found as a viecous liquid, The IR
spectrum of this acid (12) (Pig.15) showed the free carboxyl
group (¥ max 1722 and 2670 o-.l). This free acid was converted
to the methyl ester (48) and further purified by chromtogramA
over alumina. The IR spectrum (Pig.16a) of this diester (45)
showed characteristic absorption due to & saturated oster
(P max 1740 on™?) and also IR spectrum (16a) of this diester
was superimposable with the IR spectrum (16¢) of diester prepared
from dicarboxylie acid obtained during fermentation of and
pinenes and aé-p-mnzhom (Sbukla, 1985),

The Nl spectrum of this compound (diester) showed the
presence of 8 protons correspending to two methyl groups of
isopropyl side chain as two doublets between 0.75 - 15 , the
mwothyl signals of carbomethoxy group showing 6 protons intensity
at 3,50 5, four protons «C to the carbonyl system botween 2.1 - 2,31 &
and the remaining six protons as a complox covering the 1.1 = 1.9 &
region. Based on those dota, the structure (12) for the dicarboxylie
acid was confirmed,

COOCH5 COOH
H5C00C

(45) (12)

Nicarhavuin aeid Meoraul Arine Plakel avelin mald
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This acid (12) also gave a dicyclohexylamine salt when treated
with cyclohexylanine in acetone. IN spectrum (17a) showed bands
at 2700, 2240, 1648, 1546, 1465, 1397 em " exactly similar to
the spectrum of dicyclohexylamine salt prepared from dicarboxylie
acid obtained during fermentation of<« or /> ~pinene and bl -p—
menthene, ‘

5, Absolute conf tion of (= ~Igopropyl pimelic acid (1

The second method (Chart 11b) wherein (o)b"-p—unthcu
was ozonized %o yield a keto acid which, when subjected to
Willgerodt reaction (Kindler modification) gave a viscous material.
The product was converted into the methyl ester by treatment with
diazomethane. This ester fraction showed three spots on TIC
exanination and was chromatographed over alumina, eluting with
the usual solvent systems. Peteether-ether (10=50% ether) eluted
a2 dimethyl ester in substantial amount. VPC and TLC indicated
that this fraction was almost pure, Elemental analysis indicated
the molecular formla c"nno‘. It did not show any characteristic
UV abgorption. The IR spectrum Fig,.(16bh) displayed an ester band

Duax 1740 en )t and 1250 cn )

an! was identical with the IR (Fig.16c)
apectrum of the dieater prepared from the dicarboxylic aeid
obtained by fermentation of<«cands -pinones and Alop-.ﬂ!ﬂunl

(Shukla, 1965),

On saponification of the diester, the free acid (12)
was obtained as a viscous liquid which showed characteristic

bands for carboxyl groups. IR (not shown)y max 2630, 1708, 940 enl,



R
CHART -12 ‘3

ABSOLUTE CONFIGURATION OF AB-ISOPROPYL PIMELIC ACID (12)
AND /A3-|SOPROPENYL PIMELIC ACID(8)

v

LIMONENE /B-1SOPROPENYL
PIMELIC ACID

2
®-PINENE
© 4
Al-p-MENTHENE 12
@ A-I1SOPROPYL
5 PIMELIC ACID
3

/S -PINENE




The dicyclohexylamine salt of the dicarboxylic acid was
obtained as colourless crystalline solid by treating the acid
with cyelohoxylamine in acetono (m.p.155-160°C), The IR spectrum
(Pig.17b) indicated typical carboxylate salt bands (2280, 1645 u’l)
and was superimposable with the Iil of cyclohexylamine salt prepared
from dicarboxylic aecid obtained by the method (A) deseribed earlier.
On the basis of these physical data, the abasolute configuration of
dicarboxylic ascid (12) and of 2-isopropenyl pimelic acid (8)

[vhich gives (12) by catalytic hydrogenation is proved (Chart 11

and 12) 7.

The spocific rotation of the synthetie product “<p w =0.,4°
was identical with that of the bacterial metabolite, This
synthesis also provides unequivoeal proof for tho carlier con=
tention that the stervochemistry of the 4 side chain is not
altered in the conversion of (4) limonene =5 ~isopropenyl pime-
lic aeid == O =isopropyl pimelic acid, whereas an inversion
occurs at position 4 in /4 ~pinone before the formtion of
S=isopropyl pimelic acid (12) through fermentation.

all
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EXPFRIMENTAL

Preparation of «180 1 glutarie aci

(Suehy and Sorm, 1958)

a) 4=lsopropyl glutarie acid

A mixture of isobutyraldehyde (35 gm) and piperidine (4 gm)
was added dropwise to a well stirred solution of cyanouncetamide
(94 gm) in water (500 ml). The mixture was stirred for six hours
and allowed to stand st 0° overmight. The «-<'wdicyanc- 546 -
isopropyl glutaramide (m.p.151°C) which orystallized was colleeted
at the pump and hydrolysed directly by refluxing it with hydro—
chloric acid (250 ml) for 24 hr, the mixture being oeccasionally
resaturated with gaseous hydrogen chloride, The ammonium chloride
which separated from the solution on cooling was filtered by
suction and 5 ~isopropyl glutaric acid was extracted from the
filtrate with ether, After evaporation of ether yielded a
reaidue of m,p. 102°C,

b) 4 =Isopropyl glutaric ashydride (42)

(owell et al.1880; Cutterbuck and Raper,1925;
Harris ot al, 1940)

/s=Isopropyl glutaric acid (3.3 gm) was heated with 7 ml
of acetic anhydride for 1 hr on steam bath, Excess of acetic
anhydride was distilled off and the residue was distilled under
reduced pressure b.p. 120=125°C/5 ma.

Yield - 2,935 gm; 90%.

¢) Methanolysis of the anhydride

Compound (42) (2.8 gm) was refluxed with double the

theoretical amount of methanol on water bath for 2 hr, Removal



of oxcess methanol followed by vacuum distillation gave mono-
methyl ester of 0 ~isopropyl glutaric acid ( 3 gn) b.p.125-
130°C/5 ma. (Yield 80%).

d) Acid ehloride

The monomethyl ester (2.5 gm) was refluxed with three
times its weight of thionyl chloride. When evolution of IC1
ceased, the mixture was further refluxed for 1 hr, Excess of
thionyl chloride was distilled off and residue (2.8 gm) was
distilled under vacuum to give compound (43) b.p. 80-90°C/5 mm.

e) Ketotricarboxylic ester (44)

To the sodium ethoxide prepared from 1 gm of sodium and
8 ml of dry methanol in a 100 ml threc-necked flask fitted with
a condenser and mercury sealed stirrer and a dropping funnel was
added 2 ml of diethylmalonate and stirred for half an hour. To
this mixture, 2.5 gn of (43) was added with stirring and refluxed
for 2 hr. The excess of ethoxide was decomposed by adding cold
water until a clear solution is formed. The reaction product
was extracted with 50 ml x 3 of ether., The ethereal extract
was washed with water, dried over anhydrous sodium sulphate and
concentrated to give a residue (44) weighing 2.8 gn, This
residue (44) as suchshs subjected to Clemenson reduction,
f) Clemenson reduction

Mossy zinc amalgum was prepared by covering 1 gm of zine
wool with a solution of 0.5 gm of mercuric chloride in 100 ml
water in a three-necked r.,b, flask. Addition of few drops of
HC1 and occasional agitation was sufficient for amalgamation.



The amalgum was decanted from water and washed twice or thrice
with water, It was then covered with 25 m]l of conc.hydrochlorie
acid (25 ml) and water (25 ml), The reaction flask was then
equipped with condenser and a stirrer and ketotricarboxylic ester
(2,5 gm) in 30 m1 of toluene was added to the amalgamated zine

and refluxed for 10 hr with vigorous stirring. Simultaneous
reduction of keto group and hydrolysis of the ester took place

to give a tricarboxylic acid, which was heated at 180°C for few
minutes to give the dicarboxylic aeid (12). The product was
extracted with other, ethereal fraction was treated with 10 =l

of sodium carbonate solution. The agueous sodium carbonate layer
was acidified to give the free dicarboxylic acid which was taken
up in ether, washod with water, dried over anhydrous sodium sul-
phate and finally recovered after removal of solvent (800 mg).

The IR spectrun of the product was found to be superimposable with
that of the dicarboxylic aeid obtained during the fermentation of
«¢=pinene, S=pinene and S ep-menthene (Pig.15) Y max 2670, 1722 em L.
The methyl ester of the product prepared by treatment with
diazomethane in dry ether was found to be 95% pure on TIC.

The methyl ester was further purified by passing over a
neutral alumina grade II (1:30) column. The impurities were
removed by eluting the column thoroughly with petroleum ether,

The pure dicarbexylic sacid methyl ester was eluted from the column
with petroleum ether—ether (9:1 mixture) and the fractions eluted
with this system was distilled under roduced pressure (b.p,140-
150 dbath/3 mm), The IR (Fig.16a) speetrum of this ester was
superimposable with that of ester prepared from esterification



of /A ~isopropyl pimelic acid obtained during fermentation of
~lopementhene and < and 4 =pinenes <y max 2045, 1740, 1440,

1200, 1170, 1020 en ».

Pound: C 82,74, H 9,77, Cyofas0, requires c 62,58, R 2,63%,

Hydrolysis of ester

The methyl ester was refluxzed with excess of 5% methanolie
KON solution on a water-bath for 4 hr, Methanol was removed under
vacuum and the residue after dilution with water, was extracted
with ether to remeve any unreacted metiiyl estor., The acid liberated
after acidification of the agueous layer with hydrochloric acid was
taken up in ether. The ether layer was washed, dried and concen-
trated to give free acid.

IR (Pig.15) Y max 2670, 1722 em '.

Pre tion of cyclohexyl alt

The acid obtained (600 mg) after hydrolysis was dissolved
in dry acetone (5 ml) and treated dropwise with 1 ml of freshly
distilled cyclohexylamine in acetone (5 ml) with stirring., The
resulting mixture was warmed on a water-bath for a few minutes,
gooled and allowed to remain at 0°C overmight when the mixture
set to a solid mass. The precipitate was filtered and washed
thoroughly with dry acetone to remove adhering impurities and
finally dried m.p. 155-160°, There was no depression of m.p.
when mixed with the Cy-salt of /5 -isopropyl pimelic acid obtained
during fermentation.
IR spectrum (Fig.17a) showed bands at 2700, 2240, 1648, 18546,

1465, 1397 em 1,



Method II (The absolute configuration)

p ie of /= {me gtren Aler.menthe

a) Ozonolysis Ax

£lop-enthone (10 gn) in 30 ml of ethylacetate was ozonised.
The ozonoid intermediate after removal of the solvent was hydrolysed
with 25 ml of 5f acetic acid and refluxed on a water bath for three
br. The proiuct was extracted with chloroform (3 x 20 ml), washed
with water and extracted from the chloroform lsyer with 10% agueous
sodium carbonate solution. The aqueous carbonate layer was acidified
to get the free acid which was taken up in chloroform, The chloroform
extract was washed with water, dried over anhydrous sodium sulphate
and the residue distilled under reduced pressure after removal of the

solvent, 12,5 gu. b.p.174=174.9°/0 mm,

b) ¥illgerodt reaction with keto acid (Kindler modification)

To 1.8 gn of keto acid pleced in a 50 ml r.b, flask fitted
with a reflux condenser with a drying tube was added 1 gm of
norpholine and 0,4 gu of sulphur and the mixture was refluxed at a
moderate rate for 2 hr on oil bath at 140° and then vigorously for
15 hr, The reaction product was taken up in ether, washed succe-
ssively with an equal volume of water and dilute hydrochloriec aeid
to remove unreacted morpholine, finally with water again. The
solvent was distilled off and the residue of erude thioamide was
refluxed with 100 ml of 10% KOH solution for 12 hr, The reaction
product afier acidification was taken up in ether by extracting
the product sevoral times with ether. The combined ethereal
extract was washed with water, dried over anhydrous sodium sulphate



and evaporated to yield dicarboxylic acid (300 mg).

’(D- -6.4..
Found: C 62,67, W 9,68, cmuuo‘ requires C 62,54, K 0.63%,
This dicarboxylic acid had identical IR spectrum as that of
/A=isopropyl pimelic acid obtained during fermentation of

A"-p—aatbou end . and /5 pinenes and the synthetic material
(Dhavalikar and Bhattacharyya,1966; Shukla, 1965),

The methyl ester of this acid prepared by the method
described earlier had IR speetrum superimposable with that of
fermentation product b.p.125-130%ath/ 1 mm (Fig,16b),

ohexylanine

The diester after hydrolysis with 10 KOH for 4 hr on
‘nter bath gave the free dicarboxylie acid which gave cyclo-
hexylamine salt when treated with cyclohexylamine in dry acetone
by the method reported earlier (IR spectrum, Fig.17b). m.p.148-150°,
mixed mw,p., 140-152°,



CHAPTER 8

METABOLIC PATHWAY PO THE DBEGRADATION OF

3 =1SOPROPY], PIMERIC ACID



METABOLIC PATHWAY POR DEGRADATION OF 4 -~ISOPROPYL PIMELIC ACID

Isolation of mothvl is k

It will be moticed that in /3 ~isopropyl pimelic aeid (12)
all the ten carbons of the terpenoid substrates are intact, This
substrate is finally degraded to carbon dioxide and water through
smaller units possibly two carbon fragments. The earlier workers
could not locate or isolate any unit smaller than cw. It was
therefore nocessary to look more carefully in the fermentation
broth for the possible presence of smaller units other than the
first ring cleaved produet i.e., /2 ~isopropyl pimelic acid.

/S =Isopropyl pimelie ncid accumulated as the cleaved product
when:{or /4 pinene or /A‘-p-untbono was used as the hydrocarbon
source. Since the accumlation of the dicarboxylic acid was
substantially greater in the case of A"-p—mnthono. this was
used as the preferred hydrocarbon source in fermentation and the
fermentation broth was analysed more carefully to obtain possible
intermediates of shorter chain length other than the dicardboxylie
acid (12),

The lavge scale formentation of A l~p-menthene was carried
out with 0.2 to 0.3% of the added sudbstrate i.e., A‘-p—mﬂnm
was added to the pre-sterilized flasks (500 ml) containing usual
mineral salt wedium (100 ml) along with the inoculum and kept for
shaking on rotary shaker for 48 hr.

Aftor 48 hr of fermentation the broth from all the flasks
was pooled together, scidified and worked out according to the

scheme shown below, The agueous broth after extraction with



ether several times, was tested for any water soluble keto
compounds with acidic 2,4 dinitréphenyl hydrazine solution,

SCHIME I

Fu-m_ntgd brpth

e

v (a)
Ether oxtm‘b) Aqueous broth
! cyslohexylamine i2.4 dnp soln
. ¥ .
Agetone ine Acetoile 2,4 dnp derivative
soluble soluble precipitated
cyclohex,salt Cy.salt
1
HC1
Solid dicarboxylie Acotone
acid (46) insolubdle goluble
in acetone DeAa,
n.p.183°C /> ~isopropyl

pimelic acid(12)

a) Aqueous layer (Scheme I) after centrifugation to remove the
suspended cells, was treated with acidic 2,4 dinitrophenyl
hydrazine solution, After 24 hr standing at room temperature
an orange yellow precipitate separated out. The precipitated
2,4 dinitrophenylhydrazone derivatives were taken in ethyl
acetate and was separated into acidie (nil) and neutral (268 mg)
derivatives using 104 sodium carbonate solution. The substrate
blank and cell blanks failed to give any derivative exeepting
unreacted 2,4 dnp itself,

Neutral 2,4 dinitrophenyl hydrazones (268 mg) on TIC
examination showed three spots among which one was in major
amount. The major component was separated out by preparative
layer chromatography. It was crystallized froa aqueous methanol

. 89



aa0

to pale yellow erysials. m.p.118-120°, On TIC the purified
hydrazone had an identical mobility pattern as that of 2,4
dinitrophenyl hydrazone of authentic methyl-isopropyl ketone.
The presence of methyl isopropyl ketone was finally proved by
spectral comparison of the hydrazones of authentic as well as
the isolated compound from the fermented broth (FPig.18a and
18b) and mixed melting point - mixed m.p. 119°C, reported 121°C,

Identification of methyl isopropyl ketone (48) which
might probably have arisen from isobutyryl acetic acid made it
possible to propose the following pathway for the metabolism
of /> -isopropyl pimelic seid (12).

COCH
COOH HOOC  COOH COOH \fo
55 o — L —>C02+H0
(12) (48)

In order to find the validity of the proposed pathway

growth, oxidation and adaptive enzyme studies were undertaken,

b) The ether extract was directly treated with eyclohexylamine
in order to separate the dicarboxylic acids. The acetone-
insoluble cyclohexylamine salts after acidification yielded

two producte, among which one was an acetone insoluble solid
m.p. 183°C. The IR (Pig.19) and UV speetra indicated the
presence of an (/A -umownM ecarboxyl group ( Ymax 1678, 1647,
2550 cn.l). UV J.max 217 m. The IR spectrum of methyl ester
(Pig.20) exhibited IR bands st 1720, 1660, 1263 en (={A-unsa-
turated eater). The NMR spectrum of the methyl ester showed
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the presence of two singlets corresponding to the methyl protons
of carbomethoxy groups at 3.6 and 3,7 and vinyl proton at 6,89& ,
Mothyl protons of isopropyl side chain appears as a doublet (1.15 &
Jw?.5 eps) due to the coupling with adjacent tertiary proton.
Broad signal between 1,9 - 2,5 & ¢an be assigned for the methylenie
protons at C.. Remaining methyleniec protons (allylic) were seen as
a complex pattern covoring between 2.6 « 3.5 £,

Prom the physical properties and the spectral data this
dicarboxylic aeid was given the structure (46).

COOCH COOCH

)\ 3

COOH COOCH,
(46) (47)

The acetone soluble diecarboxylic acid was a viscous liquid,
The IR spectrum of this acid (not shown) showed the free carboxyl
group { Y max 1722 and 2670 on-l). This free scid was converted to
the methyl ester. The IR spectrum (16c) showed characteristie
absorption due to saturated ester ( Y max 1740 u-l). The I
spectrum of this diester was superimposable with the IR spectrum
(16a and 16b) of dicarboxylic acid {synthetic) methyl ester i.e.,
S=igopropyl pimelie acid ester. The methyl ester of both the acids
i.e,, that of the bacterial metabolite and of an authentic sample
showed the same retention time over vapour phase chromatogram, On
the basia of these data it was identified as /5 -isopropyl pimelie
acid (12),

94



EXPERIMENTAL

PERMENTATION OF é"-ﬁ%&m
Preparative seale fermentation and extraction

In a typical fermentation, 40 flasks each containing 100 ml

basal wedium, were sterilized at 15 psi pressure for 20 min, The
contents of four flasks containing .l eprenthene grown cells for
24 br, were pooled and centrifuged in a refrigerated centrifuge at
0-2°, The cells were washed with u/20 phosphate buffer and suspended
in 40 nl wedium, One ml of this cell suspension and 0.3 ml of
A‘-p—mntbom were added to each flask and the flasks incubated on
o rotary shaker for 48 hr at 28-30", A further addition of
A}-p-nﬂmn was done after 24 hr, After 48 hr of incubation, the
contents of the flasks were pooled together, acidified 'iﬂ) 6N HCL
(20 m1) (p 2.5 to 3) and extracted with ether thrice (1/10 vol.).
Both the ether extract and the aqueous broth were worked out according
to the Scheme-I deseribed earlier. The total ether extract was
exanined for the presence or absence of dicsrboxylic acids (smaller
units) other than 3 -isopropyl pimelie acid by preparing cyclo-
hexylamine salts. For this purpose, the total ether oxtracted after
drying over anhydrous sodium sulphate was econcentrated by removal of
the solvent on water bath., This residue (4.8 gm) as sueh was taken
up in dry acetone (20 ml) and was treated with exeess of freshly
distilled cyolohexylamine in acetone (3 ml in 8 ul dry acetone).
Mﬁr waraing for a few mimites on water bath, the solution when
allowed to remain at 0°-5°C overnight, deposited a erystalline
compound which was filtered and washed with dry acetone (800 mg).
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Re ration of die i i

A slurry of the cyclohexylamine salt {800 mg) in water was
acidified with 6N HC1 and the liberated acids were extracted with
chloroform, The combined extracts (60 ml) were washed with small
amount of water, dried over auhydrous sodium sulphate and evaporated
to give a gumay masa, Thie residual mass when treated with dry
acetone deposited a white erystalline (200 mg) compound which was
filtered at the pump, washed thoroughly with dry acetone and
recrystallized from pet—ether-chloroform separating out as plates,
It showed m.p. 183°C, IR (Pig.19))max 2670, 1726, 1680, 1640, 1460,

1370, 1285, 950 em >,

Preparation of me ester

The free acid (200 mg) was esterified with diazomethame to
give dicarboxylic acid methyl ester (47) which was found to be 08%
pure on VPC, This was further purified by vacuum distillation. It
showed IR bands (Pig.20) V max 1745, 1650, 890, 810 em .

Found: € 63,26, i 8,06, C, H, 0, requires C 63.1, H 7.80%,

~i80 ime i

The mother liguor from the above preparation was concentrated
to give a residue (580 mg). It was found to be TIC pure.

IR Y max 2070, 1722 em T,

Mothyl ester
The free acid was converted into its methyl cster by treating

it with excess of diazomethane in dry ether. This was found to be



single on TLC and VPC and distilled b.p. 140-150° bath/2 mm,
='<Bsﬂ .8.2600

Po'un'd: C 62.8‘. H 9.9. 0123220‘ mm c ‘2.“. H ’.‘”'

IR (Pig.16c) ¥ max 2045, 1740, 1440, 1200, 1170, 1020 em ». NMR

indicated the compound to be /> =isopropyl pimelic acid methyl

esater,

Agueouns broth

The aqueous layer was centrifuged to remove the suspended
cell material, The supernatant was treated with 200 ml of 1%
2,4 dinitropheayl hydrazine solution (im 2N HC1) and allowed to
remain overaight at room temperature giving a yellow orange
precipitate which was filtered off. The residue which showed 3
spots on TLC among which one was in major amount. The major
component was separated by preparative layer chromatography and
erystallized from agueous methanol giving orange-yellow needles
M.pe 118-120°C, mixed m.p. 119=120° ~ with dup of aunthentic
methyl isopropyl ketone; reported m.p. 120°C.

IR (Pig, 18a) spectrum was found to be superimposable with that
of 2,4 dnp derivative of methyl isopropyl ketone.

One of the minor derivatives was found %o be 2,4 dnp
itself, The other one could mot be characterized due to paueity
of the material,
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GROWTH AND ADAPTIVE ENZYME STUDIES

Long chain hydrocarbons have been shown to be utilized by
different types of microorganisms and an extended study of the
degradation and utilization of hydrocardbons has indicated the
conversion of hydrocarbons tothe carboxylio acid through the
intermediate formation of alcohols and aldehyde {Yarris,1057;

Thi jsse et al. 1938). This seems to be the major pathway by

which most of the organisms utilize hydrocarbons although there

are a few which tend to oxidize tho hydrocarbon at both the ends
leading to the formation of a dicarboxylic acid., Another mechanism
preposed is the conversion of the saturated hydrocarbons to an
olefin which undergoes oxidation to a carboxylic acid (Chatanuet al.
1982), Ultimatoly these carboxylic acids are further metabolized
mwoatly by the ubiguitous /) —oxidation mechaniem shown to be present
in all living tissues. A recent comprohensive and well documented

survey has been compiled by McKemna and Kallio (1965),

A detailed study of the metabolism of ismoprenoids by
bacteria has been reported by Seubert and his co-workers (1900,
1063, 1084). They have studied igoprencid acids with more than
four carbon atoms. In such cases it has boen possible to show
that a carboxylation occurs obligatorily at the branched carbon
mothyl leading to the formation of a -ma-coou group, During the
further breakdown, this group is elininated as an acetic acid
=olecule and the chain is thus shortened giving rise to a
J=ketoacid. The mechanism is ountlined below in brief,
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A survey of the literature indicated the degradation of

%—bnmbod chain fatty acids by microorganisms had not been studied
except for the well documented fact that valine is degraded to
jsobutyric acid (Meister, 1983), The detailed study of the degra-
dation of isobutyric acid in animal tissues has beon made by Coon
and his co-workers (1957, 1959, 1063) and the mechanism of breakdown

of isobutyrie acid is given below,

COOH
COOH COOH

|
KREBS <—— fHZ e | —

CH cH
CYCLE CH ™
<':o§H i, cooH c( >

Regarding the breakdown of isobutyric acid by microorganisms,
very little information is available especially in regard to the
different steps in the pathway, Isobutyric acid could be utilized

besides the mechanism given above and shown to be operative in animal
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tissues by another possible mechanism as outlined below. Part
of this mechanisn viz., the utilization of propionate has been
shown to be through a degradative method which is outlined below

in a mumher of microorganisms, algae ete.

COOH COOH COOH COOH
| Hz | HaQ ] +0 |
cH — > A — > _CH - CH
~ S ~TN 27N
CHz TCHy CHg “CH, CH; “CH,OH CH; “CHO
+0
COOH
-H> -C0p I
—— CH,=CH-COOH <—=—— CH,-CH,-COOH <— _CH <
CHy “NCOOH

— CHS-CHOH-COOH —_— CH3-C0-COOH —> KREBS CYCLE

The pathway therefore would be the same upto the formation
of methyl malenic acid and the branching takes place at this point.
Microorganisms are known to utilize malonic acid and its deriva-
tives and in many instances the metabolism follows the decarboxy-
lation. Therefore the second mechaniesm outlined above in which
methyl malonic acid by decarboxylation will give rise to propionic
acid is also plansible in the present case as especially the
motabolism of propionic acid by the second mechaniem is known to
occur in a mumber of mieroorganisms (Ayl, 1985; Kornberg, 1067).
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In order to investigate mechanisms further,a study of the
metabolism of isobutyric acid by the present Pl-strain was also
carried out. Isobutyric acid weir is well utilized and metabolized
by ,lep-menthene grown cells. This would indicate that isobutyrie
acid is very likely to be an intermediate in the degradation of
/_&-p-unthom or ={ or=pincnes.

Growth and manometric studies

In order to get further insight into the ecatabolic pathway,
it was necessary to undertake growth and oxidation studies. The
respirometrie work was undertaken to determine whether the organism
adapted to utilize />‘-p-mnthm could degrade suspected or
probable intermediates, with or without a lag phase. The formation
of induced enzymes to metabolize various compounds was indicated by

a marked lag phase in oxygen uptake in these tests,

A study of growth and oxidation patterns of the intermediates
that lie in the catabolic pathway by the organism grown on the
parent hydrocarbon however, could only indicate, but not conclusively
m, the mediation of the intermediates in the pathway for the
degradation.

GROWTH STUDIES
Growth studies were recorded either visually or with a

Klett-Sunmerson colorimeter using a flask developed by Shukla and
Bhattacharyya,1965).
Washed suspension of Pl-strain grown on A.l-p-mthm was
. found to grow without any lag peried on isobutyrate, p-butyrate,
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methyl isopropyl ketone, acetate, malate and sucecimate. The ready
growth of this organism on the Krebs cycle acids such as sucecinate,
malate and acetate could indicate that the Krebs oycle along with

the glyoxalate bypass may be prasent in this bacterium,

Cross adapiation studies indicated that isobutyrate grown
cells grew on 4>"-p-mnthm after a lag period of 8 hy, Tables
3, 4 and 5 (Pig.22) show the growth pattern of different substrates
with PLeatrain,

The ready growth of the organism on methyl isopropylketone
and isobutyrate suggeats that they must be probable intermediates
formed during the fermentation of ,& -isopropylpimelic acid. Cone

firmation of this hypothesis was sought through oxidation and other
studies,

Growth studies on O~isopropyl pimelic acid

Growth experiments were conducted with synthetie dicerboxylie

aeid i.e., S-isopropyl pimelic acid (12) following the usual methods.

Initially the growth studies were undertaken using usual
mineral salt medium in the shake culture flasks with the substrate
concentration ranging from 0.2 to 0.4%. Lven after an incubation
period of several days no growih was observed.

Two reasons could be assigned for this failure (a) the
substrate was not absorbed and therefore mot oxidized probably due
to a lack of permeability, and {b) it is possible that the dicar-
boxylic acid can be metabolized after activation as the Co-A

derivative. In order to test some of these possibilities the
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IARLE D

GROWTH _AND CROSS-ADAPTATION STUDIES

Time Growth pattern on**
Inoeulum (nr) 1
Hethyl L5 w-pe Is0=- DCA
isopropyl monthene @otato butyrate Compd.(12) Lactate
ketone
KLETY READING
1 0 85 67 65 56 46 60
A =p-
menthene
grown 12 104 242 212 206 08 165
cells
24 160 325 210 240 105 160
48 150 312 198 3356 06 -~

* An aliquot of 2-1 ml of cell suspension was taken from a 24 hr-grown
culture with a turbidity reading of 280-230 .

#* Growth on difforent substrates was measured turbidiometrically in a

Klett-Summerson colorimeter at 660 mr
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GROWTH AND CROSS-ADAPTATION STUDIES

Growth pattern on**

Inoculum*: Kim
(br) Al-p-muthom Isobutyrate Lactate
KLETT RRADING
Isobutyrate 0 52 46 4
grown cells 12 148 206 148
24 252 2348 125
48 208 325 -

* An aligquot of 2-4 ml of

cell suspension was taken from a

24 hr-grown culture with a turbidity reading of 260-280 mms

#% Growth on different substrates was measured turbidioaotrically

in a Klett-Sumserson colorimeter at 680 LN
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TARLE S
GROWTH AND CROSS ADAPTATION STUDIES

Growth pattern on™*

Tine
Inosuimer (he) _ KLETT READDNG
Agetate DCA ~Compd.{12)

Acotatew 0 690 63
I 12 211 105
cells

24 253 108

48 206 105

*An aliquot of 2-4 nl of cell suspension was taken from
a 24 hregrown culture with a turbidity reading of 260-280 o,
*“Growth on different substrates was measured turbidiometrically

in a Klett-Summerson colorimeter at 660 W
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FIG. 22. GROWTH PATTERN OF DIFFERANT SUBSTRATES ON “PL STRAIN.
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organiem was initially allowed to grew on succinate or acetate and
the dicarboxylic acid was added subsequently. No subatantial spurt
in growth of the organiam was observed. The main growth medium
itself was supplemented with very small amount of yeast extract and
growth with the dicarboxylie acid was still not appreciable te
indicate any significant metubolism of the acid., These negative
results lead one to the probable conclusion that the permability
factors are responsible for this situation. Unfortunately this
contention could net be proved by the use of labeled dicarboxylic
acid, which waa not readily available,

As a next step, the metabolic studies were undertaken with
resting cells, crude sonic extract and lyophilized gelle at
different pi ranging from 6 te 7, Metabolic studies with cell-
free extracts were undertaken even in the face of the possibility
that some enzyme would be inactivated in the process of the prepa-
ration of cell-free extracts. Experiments carried out with celle
free extracte did not indicate any oxygen uptake possibly because
of destruction of the electron transport system or the activation

systen,

Manometric studies

Manowetric studies using resting cells and lyophilized
cells also failed to give any positive results. A.1 -p=-\enthene
grown cells were incubated with a number of suspected intermediates
of the pathway and the rates of oxyhen consumption were measured.
The mancmetric studies with the various substrates confirmed the
conclusions arrived at through the growth studies,
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SUBSTRATES USED FOR WARBURG STUDIES

COOH COOH
HOOC
I/O
COOH
A’—p-MENTHENE Al-p-MENTHENE 2-1SOPROPYL METHYL ISOPROPYL
7,9-DICARBOXYLIC PIMELIC ACID KETONE
ACID
CoOH
COOH COOH COOH CHy
)\ )\ /k CH2
= COGH e
ISOBUTYRIC ACID METHACRYLIC METHYL MALONIC
SUCCINIC
ACID ACID ACID
COOH
co CooH
COOH
CH CHOH |
CH
COOH
o/~KETOGLUTARIC LACTIC ACID ACETIC ACID
ACID
CH,:COOH CH;COOH

OH

B |
[ coor e

CH,'COOH COOH

CITRIC ACID MALIC ACID
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It is apparent from the Qo values listed in Tables 6 and 7
2
(Fig.23 to 28) that ,5‘ -p-menthene grown cells oxidize readily
isobutyrate, acetate, succinato, Af-xm, malate and methacrylate.
On the other hand, methylmalonie acid, methyl isopropyl ketone and

the dicarboxylic acid are oxidized at very slow rates,

These results seem to suggest that Al-p-nonﬂmu after
degradation to /S-iaopropyl pimelic acid in its activated form may
be further cleaved to give probably an unstable keto acid (iso-
butyrylacetic acid),which itself undergoes decarboxylation to give
methyl-isopropyl ketone,which may be an artifact. Iscbutyrylacetic
agid or its activated form can be further exidized to give isobutyrie
acid by an acceptable mechanism. The growth and oxidation studies

support isobutyric acid to be a metabolic intermediate.

COCH

COOH COOH COOH COOH
OOH
.o I
—_— —_— ——— \/< —_—

Farther, mothyl malonie acid is oxidized by ~'=pementhene
grown cells although at a slower ‘mh. This would indicate that
this acid could be formed according to the mechanism operating in
animal tissues through the hydroxylation of one of the methyl
gmpotfsopropyl side chain of isobutyric acid to form -hydroxy-
igobutyrie acid, which may be oxidized to methyl malonic semialdehyde
then to methyl malonic aeid,

COOH COOH COCH COOH COOH

= CH,OH “CHO COOH



TAHLE ©

0XvGEN UPTARE BY Al pemiaie-grown crLLs

Q% pl/mg dry
Sabutrate wt?hr after
dedugtion of
endogenous
2} p-denthene 257
Lactate 163
Acetate 143
Isobutyrate 142
Succinate 134
Methacrylate 132
Malate 116
= =Ketoglutaric aeid 110
Methylmalonate 43
Hethyl isopropyl ketone 24
Saturated dicarboxylie acid (Compd. 12) 15

Each flask contained 1,5 ml of cell suspension containing

(1.48 gm of dry wt. of cells), 10-12 uM of substrates (side am),
1 ml of phosphate buffer (pH 7) and 0,2 ml KOH (20%) in the central

well. The total volume was made to 3 ml,

110
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TAME 7
OXYGEN UPPAKE BY JSORUTYRARR-GROWN CHLLS

Q_pl/ng dry
Substrates wiyle afber
dedugtion of
endogenous
Suecinate 190
Isobutyrate 165
Acoetate 138
Malate 126
Methacrylat e a8
Alep-ltenthene 90 (after a lag
poriod of
2 br)

~<=Ketoglutaric acid

Citrate

Methyl malonate

Methyl isopropyl ketone

”

63 (after a con-
siderable lag)

53
i8

Bach flask contained 1.5 ml of cell suspension containing

(1,48 gn of dry wt. of cells), 10-12

of substrates (side amm),

1 ml of phosphate buffer (pH 7) and 0.2 ml KOH (20%) in the

central well, The total volume was made to 3 ml,
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OXYGEN UPTAKE (ul)

400 T T | T T ] T T
360} : B
[0} A-p- MENTHENE
© ® o-KGA
x  CITRATE
320 v  MALATE 3
O ENDO

280

240~

200~

160

120

80

40

0 20 40 S0 80 100 120 140 160
TIME , min.

FIG. 25. OXIDATION OF VARIOUS SUBSTRATES BY
A -p- MENTHENE GROWN CELLS.
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Te dation of tho intermediates of te de

This organism (PL-strain) whether grown on the terpenic
hydrocarbon or isobutyrate oxidizes citrate only after a considerable
lag period., This may indicate the meceseity of an induction
mechanism noeded to induce the formation of some of the onzymes in
the Kreba' cycle. No attenpts have been made in the present study
to further this aspect of the problem as to whether the glyoxalate
bypass is the principle operative mechanism of termsinal oxidation

in this organism,

The exietence of alag phase indicated an enzyme induction
which could be confirmed by using chloramphenicol as an inhibitor
in oxidation experiments, Yhen CHMP was used with acetate growm
colls {Table 8, Fig. 20, 30) oxygen uptake in the case of /\1-])-
wenthene and isobutyrate was prevented indicating that irrespective
of the operative terminal oxidatiwe pathways the enzymes responsible
for further degradation of isobutyrate or limonone to two—carbon
frogments have to be induced on this organisa,

The ready oxidation of some of the membors of the Krebs'
cycle acids, however, presented some eoxperimontal possibilities to
link up the oxidation pattern operating boeyond isobutyrate.

Arsenite experimente
Apart from the oxidation studies, the degradation pathway

of isobutyrate was sought to be cstablished by the following
procedure using Alm grown cells and isobutyrate growm
cells, BExperiments were carried out both with resting cells and

cell-free extracts, In both cases an imilﬁ was made to
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JAMES

OXYGPN UPPAKE BY ACETATE-GIOWN CELLS

Qy ul/mg dry wt/hr
dior deduotion of

Substrate
endogenous
Without CHP  With CMP
Acetate 342 -
Isobutyrate 207 33
z}‘-p-ﬂonﬂnno 175 25
Methyl isopropyl ketone : 5 -

Each flask contained 1,5 =1 of cell suspension containing

(1.48 gm of dry wt, of cells), 10-12 uM of substrates (side arm),
1 ml of phosphate buffer (pil 7) and 0.2 ml X0# (20%) in the
central well, The total volume was made to 3 ml,



OXYGEN UPTAKE (iL)

1200

120

1080~

960~

840~

720

600

4801~

360~

240

120

x a » O0QC ®

ACETATE

A-p-MENTHENE
ISOBUTYRATE
n=-BUTYRATE

METHYL ISPROPYL KETONE
ENDO

| |

TIME , min.

|
160 200 240 280 320

FIG. 29. OXIDATION OF VARIOUS SUBSTRATES BY ACETATE GROWN CELLS.
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accumalate by the use of arsenite as an inhibitor, On the
basis of the postulated mechanism pyruvate should be the keto
acid that should accumulate since its oxidative decarboxylation
would be prevented by arsenite. This should be true when all
the intermediatos wore used as substrates in the resting cell

experinents,

Isobutyrate grown colls were inecubated for a poriod
of 6 hr with the substrate and aresenite. Suitable controls
without arsenite and without substrates were also run, At the
end of the incubation period the reaction was stopped by the
addition of acid (hydroehlorie) and the reaction mixture was
treated with aeidic 2,4 dinitrophenylhydrazine to trap the
produet, The sodium carbonate extract of the derivativeswhich
will be those of the keto acids was used ¢o estimate the
formed keto acids according to the Friedman and Haugjon
procedure, From the carbonate extracts the keto acid dap
derivativeswere obtained after acidification and analysed by
TIC (System IV) and papyrography (solvent system: n-butanol:
ethanol:water 7:1:2), In al) the instances TLC and paper
chromatography amalyses showed pyravate dnp as the major
component and invariadbly one other minor compoment which could
not he identified, The estimation indicated clearly the
formation of the keto acid and the ratio of the absorbances
at 420 m and 520 P indicated also toihe probable presence
of pyruvate as the chief constituent in the alkaline extract.
Results of these experiments are tabulated in Tables 9, 10 and
i1,
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TARLE ©

KETO ACID ESTIMATION DY FRIEDMAN & wm PROCENURE

nthe ells, 24 h

(with At

0.D. at mmq'

Ratio: O.D.at 420 =1}

0.Deat 520 w
Cells + arsenite 026 2,00
t
Sep-ifenthene + arsenite +086 1.63
Cells + isobutyrate 010 1.40
Isobutyrate + arsenite 2.34 1,20

Total sodium earbonate 3 ml,

for the estimation,

0.3 ml of the extract was used



TAMLE 10

KETO _ACID ESTIMATION BY FRIEDEMAN & HAUGEN PROCEDUILE
(with isebutyrate-grown cells, 24 hr)

0.D. at 435:1\

0.D.at 4

A
Ratio: 575 at 520 e

Cells + arsenite 0.019 2.0

Cells + methacrylate 0.014 2.2

Cells + methacerylate + 1.000 1.34
arsenite

Cells & mothylmalonate 0,018 2.3

Cells + methylmalonate + 0.0060 1.3
arsenite

Cells + succinate 0,067 1.8

Cells + suecinete + arsenite 0,832 1,70

Total sodium carbonate 3 ml., 0.3 ml of the extract was used

for the estimation,



TAHE 11

KETC_ACID ESTIMATION BY FRIEDIMAN & WAUGEN PROCEDURE

(with isobutyrate-grown cells, 40 hr)

. D.at 420
0.D, at 435+ fatio: &m

/

Cells + arsenite 0.008 2,8

Cells + isobutyrate 0,004 2.1

Cells + isobutyrate « 2,538 1.3
arsenite

Cells + methaorylate 0,018 2,00

Cells + mothacrylate + 0.420 1.39
arsenite

Celle + methylmalonate 0.016 2,3

Cells + methylmalonate + 0,750 1.32
arsenite

Cells + succinate 0.001 1,70

Cells + succinate + 0.234 1.39

arsonite

Total sodium carbonate extract 3 ml. 0.3 ml of the extract was used

for the estimation,



In most of the cases when the cells were incubated with
arsenite small amounts of other keto acids could be detected both
by quantitative and by TLC analyses. This observation indicates
only the presence of small amounts of intermediate products within

the cell,

Tn some of the instances, as in the case of isobutyrate
and methacrylate as substrates, sufficient amounts of dnp deriva-
tives were obtained, It wae possible to isolate the major com—
ponent by preparative layer chromatography., The material so
obtained was compared for its physical properties like m.p. and
1.0, spectrum with those of an anthentic sample of pyruvate dnp

derivative (Fig., 21 a, b),

R, values enm

Major component: m,p.216-218°C pyruvate,authentic 0,84
reported 218° pyruvato from expts.).84

mixed 210-217° pyruvate mixed 0.84

Minor component: Rf value 0.77 em.

No attempt was made to identify the minor dnp derivative
as the material available was very small in all cases., It had a
mobility pattern very close to that of the dnp derivative of methyl
malonic unialdohyd.o.

Experiments with coll-free extracts
A similar series of experiments using the arsenite inhibition

procedure was carried out employing isobutyrate and methylmalonate as
substrates with crude cell-free sonicates of ischutyrate grown celis,
Initial experiments without the addition of cofactors failed to show
any accumulation of a keto acid. Henge experiments were dedgned in

which DPN, PAD, ATP, CoA and vitamin B‘2 were all added as cofactors.
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Suitable controls were also run. It has been possible to estimate
the formation of keto acids by the usual Friedman and Hauglen
procedure and the keto acids in the carbonate extract were alse
analysed by TLC., With both isobutyrate and methyl malonate it
has been possible to show the accumulation of pyruvate as the major
keto acid., Experiments and resultes are detailed in Tables 12 to
18,

In all these experiments with erude cell-free extradts
substantial blanks were obtained when ineubated with arsenite and
no substrate. DPut with arsenite and substrate, greater readings
have been obtained indicating the greater accumulation of the keto
acid. TLC analysis of all the samples indicated one important fact
viz., that the keto acid in the blanks was also the dop derivative
of pyruvic acid. Hewever in the experimente where all additions
were made pyruvic acid substantially inereased in concentration.

. There are sufficient indications of the Qcmlntiw of pyruvate
as the keto acid under the conditions of arsenite inhibition,

To sumsarise the experiments with resting cells and celle
free extracts as well as manometric studies indicate that the
terpenez as well as intermediates such as wmethyl mslonic acid and
isobutyric acid vll ultimetely yield pyruvate.

Unfortunately the investigations so far carried out do not
conclusively prove the exact pathway of degradation of isohatyric
acid as pyruvate can accumulate as the major keto aeid in both

the mechanisms, Any decisive conelusion regarding the particular
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TABLE 13
KETOACID PSTIMATION BY PRIRDEMAN AND HAUGEN PROCEDURE

(Results of experiments in Table 12 using iscbutyrate-
grown cells - 24 hr)

Bepte o 0.D.at 435+ Ratios %f%f-{{-g——?
" 0.438 1.08
1 0.708 1.10
- 0,500 1.10
w 0,700 1.27
- 0.522 1.13
VI 0.884 1.20

Sodium earbonate extraet (3 ml) was used for

the estimation,
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IASLE 15

KETO ACID TION HY FRIED AND HAUGEN EDURE

(Isobutyrate grown cells 24 hr, Results of the
experiments described in Table 14)

Expt.No. 0uDeat 438 m  Ratio: g.g:‘.’: 0
1 0.345 1.07
11 0.975 1.23
1 0,450 1.22
v 0,765 1.2
v 1.120 1.27
VI 0,690 1.40

Sodium carbomate extract (3 ml) was used for

estimation,
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ABLE 16

KETOACID BSTIMATION BY FRIRDEMAN AND HAUGEN PHOCEDURE

(Isobutyrate grown cells 40 h:.')

Expt.No. 0.D.at 438 «" “‘“"—"_——;o.n. at 520

I 0,252
IX 0.600
11X 0.520
v 0.711
v 0,522
VI 0,345

1.28
1,32
1.40
1,23
1.39
1.30

Sodium carbonate extract (3 ml) was used for estimation.

*Similar set of experiments as given in Table 12

was run with isobutyrate (40 hr) grown cells.

13
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TAHLE 18

KETO ACID BSTIMATION BY FRIEDFMAN AND BAUGEN PROCEDURE
(Results of experiments deseribed in Table 17)

0,D, at 420
Fxpt.No, O.D.at 438 = Ratio: "—'——'30.,,. at 520

!

1 0.420 1.2
II 7,468 1.48
IIX 0.600 1,33
v G.381 1.3
v 0,390 1.4

Sodium carbonate extract (3 ml) was used for

estimation,
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operative mechaniam will have to wait until the presence or
abgence of the isomerase enzyme for methyl malonic aeid can be
proved in the cell-free extracts,

In conclusion the following alternative degradative
) pathways a8 Qt.h either of which may be operative in this organism
d ﬁ emerge as & result of the current investigation. These
pathways are consistent with the observed results obtained so far,

|
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EXPPRIMENTAL

Growth Studies

Growth studies were carried out by incubating cellswith
100 ml mineral salt medium containing the different substrates
ot a concentration of 0.1% as the sole carbon source, in shake
flasks with 2 ml of freshly washed cells (300 Klett reading) of
a 24 hr grown culture. The growth was recorded either visually
or turbidiometrically. The growth of the organism on various
suspected intermediates are presented in Tables 3, 4 and 5 and
graphieally in Pig.22,

Adaptive Studi

Preoparation of cells for manometry: Experiments were
conducted with neutral and acidic suspected intermediates with

either /2.1~p-nenthm or isobutyrate-grown cells, In most cases
24 hr old cells and in some cases 40 hr old cells wore used in

the manometric studies.

Erlenmeyer flasks (500 ml) containing mineral salt
medium (100 ml) of the composition described earlier were inocu=
lated from 24 hr-growth of the organism in respective substrates.

At the end of incubation period of 20-24 hr at 2842°C
(unless otherwise mentioned), the cells were harvested by centri-
fugation at 5°C at 15,000 x g. They were washed twice with M/20
phosphate buffer (pH 7) and finally suspended in the same baffer
to give a reading of 260-300 in a Klett-Summerson colorimeter at
660 7 (1.3 - 1,5 ng dry wt/ml). This cell suspension was used
as such for manometric studies.
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weight of washed cell su ion

Tarbidity measurements were carried out using a Klett-
Summerson colorimeter, Dry weights were calculated from a
calibration curve relating the turbidity reading of the washed

cells suspension to known dry weight content of the organism.

Manometric methods

The oxidation of the various substrates was followed by
usual manometric procedures using air as the gas phase (Usmbreit
et al, 1959), Cell suspension containing resting cells (1.5 ml
of cell suspension, R = 280-300 at 6680 e about 1,3 to 1.5 mg
dry wt) and 1,0 ml of phosphate buffer (M/20, pH 7) were placed
in the main compartment of the flask,

The substrates (10-20 uM) were placed in the side arm.
Central well contained 0.2 ml of 204 (w/v) KOR when used, The
final concontration of chloramphenicol when used was 40 mg/ml
and the firal volume was adjusted to 3,0 ml, The incubations
were carried out at 28°2°, The rates of oxidation are listed

in Tables 6, 7 and 8 and graphically represented in Fig.23 to
30,

Sonication of cells

8ix flasks containing 100 ml basal medium were sterilized
at 15 psi for 20 min, Aliquots of 2 ml of 24 hr .lepenenthene
or isobutyrate grown cell suspension in M/20 Luffer were added
to each flask along with the respective substrate and the
flasks incubated on a rotary shaker for 24-40 hr at 28:2°C,
After the incubation period the cells were centrifuged for 1 hr



at 20,000 x g, The subsegquent operations were carried out at
0°C. The cells were washed with phosphate buffer (M/20),
recentrifuged and were suspended in 25 ml M/20 phosphate,
buffer, p 7, (3 gm wet weight in 25 ml). The suspension was
subjected to sonication (Raytheon magneto striction sonie
oscillater, 10 k¢, 250 W) for 15 min, The sonicate was centrie-
fuged for 45 min at 20,000 x g and the supernatant was used
for the experiment., The protein contentration in the extracts
was estimated according to the method of Warburg and Chriatian
(1942).

Enzymatie reactions

The reactionas were carried out in & boiling tubes. After
the addition of substrates, cofactors and the enzyme suspension
and argenite solution 0.2 M to the final concentration of
2,5 x 10-2 along with suitable blausks, the tubes were kept on
a rotary shaker aml the.reaction mixture was incubated for 4 hr
at 28%2°C, The reaction was stopped by the addition of 3N
HC1 {1 ml each tube) and the contents in each tube {oxperimental
and control) were mixed with 3 ml of 2,4-dinitrophenyl hydrazene
in 3N HC1 and left for 3 hr at room temperature with frequent
shaking and then extracted with (2 x 3 ml) of ethylacetate
(sodium carbonate washed). It was separated into acid and
neatral fractions by extracting the organic layer with 3 x 2 ml
of sodium carbonate solution (10%). After neutralization of
the carbonate layer, it was extracted with 3 x 2 ml of ethyl
acetate and finally concentrated to a minimum amount for
testing on TLC and isolated into the individual component by

preparative layer chromatography. System THF 60 ml, Benzene 30 ml,
HAc 2 ml,
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Pyruvate formation

An aliquot of 2.5 ml of sonicate extract of resting
cells was suspended in 0,05 ml buffer in 5 different flasks,
Tsobutyrate (50 umole) was added to each of flasks along with
suitable enzyme blanks were incubated on a rotary shaker
at 120 r.pem, at 28°:2°C for a perioed of 2 hr, After the
required incubation period, the resction was arrested by
acidifying with HC1 (BN) to congo red. The denaturad protein
was removed by centrifugation., To the clear supernatant
0.1% 2,4 dinitrophenyl hydrazine solution in 3N HC1 was added
in slight excess and was allowed to stand at 30°C for 4 hr,
The precipitated 2,4 dnp derivatives were taken in ethyle
acetate and acidic and neutral components were separated by
partitioning with 10% sodium carbonate solution. 1 ml
aliquots of each flasks were used for the estimation of kete
acids by Friedman-Haughen procedure. Similar experiments
were carried out with methyl malonic acid and suceinate.

The acidic 2,4 dnp fraction was found to contain throe
components on TIC examination out of which one was found to be
in major quantity., This fraction was further subjected to
preparative layer chromatography and the component which was
in major quantity was recovered. It was further crystallized
from ethanol to orange colored needles m.p. 218°C, When
exanined on TLC (n, 0.84) it was found to have the mobility
pattern identical with that of 2,4 dnp of authentie pyruvie

acid, No depression in the melting point was observed when
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the preparation was admixed with an authentic sample. The
presence of pyruvie acid in the reaction mixture was then
conclusively proved by the spectral comparison of the hydrazone
of the authentic sample with that of the compound isolated
from the experiment,

Chromatography on paper also indicated identical
mobility pattern of the sample with the suthentic compound
in n-butanol~ethanol-water 7:1:2,

Two other acidic hydrazones were present in the mixture
which eould not be isolated in sufficient amounts for further

characterization,

2 derivative of t bo

The meutral 2,4=dup on TLC examination was found to
contain two compounds out of which one was in major quantity,
On TIC the major component had an identical mobility pattern
as that of 2,4 dup of authentic acetone. 7The formation of
acetone may be traced to the possible presence of acetoscetie
acid whioh, when treated with acidie 2,4 dnp solution, might

have undergone decarhoxylation,

Corresponding enzyme blanks and substrates were worked
out in the similar way and the results have been detailed and
discussed in the previous chapter,
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CHAPTER 7
SUMMARY



SUMMARY

——

It has been known since long that microorganisms can be
utilized extensively for the production of various compounds of
economic value, but less is known about the detailed nature of
dissimination of the organic compounds and their entry into the
carbon cyele. Recently, several groups of workers have ghown
widespread interest in the biodegradation of various hydrocarbons,
Their studies by way of working with the whole cells or with the
isolated enzymes have yielded some definite ideas about the way

in which these compounds ars metaholised by these microorganisms.

A so0il pseundomonad "Pl-strain® isolated by enrichment
culture technique on =¢-pinene was found to grow not only on
hydroaromatic terpenoid substrutes such as ==pinene, S3=pinene,
limonene and zg-p-onthou but also on the aromatic compound
hydrocarbon, p-cymene,

Permentation of limonone by this organism resulted in
the formation of a large mumber of neutral and acidic transe
formation products, The neutral compounds had been isolated
and identified as (+) Dihydrocarvone, (+) Carvone, (+) Carveol,
(4)=p-menthag-eno 1-01,2-o0n0, (4) p-mentha-S8-cne trans, 1,2 diol,
(+#) p-mentha=S-ene-cis~1,2 diol and (+) pmentha=1-ene=f,0=diol,

An epoxide intermediate has been assumed in the bio-
degradation of limonene and A{op-mnthcm and the epoxide is
subsequently expected to undergoe various transformations leading
to the formation of several of these neutral compounds. In the
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present study a similar epoxide is formed chemically from
limonene and transformed also hy chemical synthesis to find

out the nature and strueture of the compounds formed., This
mothod of attack of the problem is expected also to throw

light on the stereochemistry of the compounds under examination.
Another direct method employed in this study hae been the
synthosis of some of these eompounds which would again lead

of
to a elearer understanding,the sbsclute configuration.

1) Synthesis of these neutral intermediates was
essential in order to confirm the structures and the stereo-
chemistry of these products. Following were the synthetie

methods develaped for preparing these neutral components.

Prolonged peracetic acid oxidation of (+) limonene
yielded (s) dihydrocarvene, (=) carvone, {+) carveol, (+)-p~
nentha=feene 1-o0l,2-one and {+) p-mentha-S-ene trans-1,2 diol.
Parallelism between chemical degradation of (s) limonene with

formentation of (+) limonene is discussed,

Synthesis of p-menth-8-ene-cis-1,2 diol was furnished by
following Woodward's hydroxylation method namely, (+) limonene
was hydroxylated using silver acetate, iodine and wet-acetic
agid to yield the cis diol.

p-Mantha-1-ene,6,0 diol was prepared by selective hydro-
boration of {+) carveol using bis~3-methyl-2 butyl borane.

2) The structure of A=~isopropyl-pimelie acid (12), a
fermentation product of o{~pinene, A - pinene and Al-p-onthom

and of /'a-hopropenyl pimelic aecid (8) from limonene [ as
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comp.(8) gives comp.(12) on catalytic rcduotion_] are established
by the total synthesis of (12).

a) Starting from f=isopropyl glutarie acid, which was
converted to its monomethyl eater acid chloride, and condensed
with malonic ester to give a ketotricardboxylic ester. This
ketotriester after Clemenson reduction yielded S-isopropyl
pimelic acid (12).

The absolute configuration of comp.{12) [as well as that
of comp.(8) _/ has been established by another synthesis

starting from (o) xg—p-nenthono.

b) Ozonolysis of (+) A—p—mnthom gave a keto acid which
was subjected to Willgerodt reaction {(Kindler nodifioation) to
giveS-isopropyl pimelic acid (12) baving a specifie rotation
«'m =8,2° which is idontical with that obtained in the

baeterial fermentation.

3) The earlier workers had failed to isolate and identify
any other intermediate with lesser mumber of carbon atoms than
those found in /5 -isopropyl pimelic aeid or ﬁ-lsoémponyl
pimelic acid, A careful examination of the fermented broth
from A"-p-mthm showed the presence of a water soluble
keto compound which was isolated as its dnp derivative and
identified urequivocally as methyl isopropyl ketone, The
isolation of this compound cowbined with some of the growth
studies gave sufficient clue to the probable mechanism of the

breakdown of /5 ~isopropyl pimelic acid to carbon dioxide and

water.
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a) Growth and oxidation

The organism grown on A-p-unt!nno was found to grow

without any lag on wmethyl isopropyl ketone, isobutyrato, nedutyrate,
succinate, malate and acetate, The ready growth of this organism
on sowe of the members of the Krebs' cycle acids such as malate,
suceinate and wcotate could indicate the probable participation

of the Krebs' cycle along with the glyoxalate by-pass.

Taobutyrate grown cells grew on A!-p-mntham aftor a lag
period of 8 hr, Different attempts to grow this organism on the
dicarboxylic acid, /5 -isopropyl piwmelic acid did not meet with
succons and inability to grow has been discussed.

b) The ready growth of the organism on methyl isopropyl
koetone and feolutyrate suggested these as prodable intermediates
during the breakdown of 5 ~isopropyl pimelic aeid and this was
sought to be confirmed through the oxidation studies.

,/;l-p-l-cumn grown cells oxidized readily isobutyrate,
acetate, asuccinate, malate, o (-ketoglutarate and mothacrylate.
Hatbyl =alonate, methyl isopropyl ketone and the saturated
dicarboxylic aecid, s -isopropyl pimelic acid were oxidized at

rather very slow rates.

Isobutyrate grown cells, on the othor hand, showed from
good to very fair oxidation rates with succinate, isobutyrave,
acetate, malate, methaerylate, .¢ -ketoglutarate. Methyl malonate
was oxidized mach botter and methyl isopropyl ketone was oxidized
slowly. AL‘ =p=Menthene was oxidized only after a lag poriod of
2 hr and citrate was oxidized after a considerable lag.
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Acetate grown cells oxidized after a lag A"—p—mnthom and
isobutyrate and the induced nature of the enzymes for their oxidation
could be demonstrated by the use of chloramphenicol, Methyl isopropyl
ketone was oxidized by these cells at a comparatively higher rate.

The catabolic pattern emerging out of these growth and
oxidation studies was sought te be uvtilized for ovolving a mechanism
by a fow resting cell and cell-free extract atudies using arsenite as
an inhibitor,

A‘-p-lknthom grown cells and isobutyrate grown cells were
used under resting conditions with /.s‘ -p-menthene and isohutyrate
as substrates. An analysis of the reaction products indicated the
accwulation of a keto acid. Suitable blanks have also been run to
obtain unequivocal results, The keto acid has been isolated and identi-
fied by different techniques as pyruvic acid, These exporiments had
been repeated using isohutyrate grown cells with methacrylic acid,
methyl malonic acid and succinic acid as substrates. In all these

cases pyruvic acid could be shown to be formed as the major keto acid.

The arsenite inhibition experiment had been repeated with
cell free extracts obtained from isobutyrate grown cells and
isobutyrate and methyl malonate as substrates. Various cofactors
have been externally added and suiteble blanke have been run, These
experiments also showed the formation of pyruvic acid as the major

keto acid accumlating uader the conditions of experimeatation.

Based on the growth, oxidation and resting cell experiments

with isobutyrate, a probable mechanism of breakdown of this compound
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to known intermediates of the oxidative pathway has been suggested.
Two possible mechanisms of degradation of isobutyrate have been
suggested and a clear-cut major pathway can be ascertained only
after isolation and study of the properties of some of the enzymes
involved in these mechanisns,

in conclusion a mors plausible pathway has been outlined
for the breakdown of A ~-isopropyl and /-isopropenyl pimelic
acids before they are converted to carbon dioxide and water.
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