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CHAPTER



INTRODUCTION

Recent developments in the field of "microbio-
logical transformations”, particularly of the steroids®
have opened up a new line of approach towards the syn-

thesis of many biologically important products.

Microorganisms have been known for a long time
to bring about useful chemical conversions which are
difficult to achieve with chemical agents. Apart from
their use in various types of fermentation utilized to
produce alcohol, different organic acids, vilamins, amino
acids, antibiotics and other useful industrial and phar-
maceutical compounds by normal metabolic processes, they
have been used from time to time to effect chemical
changes, such as selective and stereospecific oxidation
and reduction, in organic substrates. The reduction
of furfuraldehyde to furfuryl alcohol, of 4-androste-—
nedione to testosterone by yeastp and the oxidation of
D—sorbitol to L-sorbose by the acetobacter53 are a few

outstanding examples among many such transformations.

The interest in microbiological transformations,
however, received a great stimulus by the discovery of
11 —hydroxylation of steroids by the mucorale fungi

4
by Peterson and Murray in 1952. Their investigations



paved the way for a totally new approach to the commercial
synthesis of steroid hormones such as cortisone, cortisol,
corticosterone and aldosterone, all of which possess a

vital oxygen function for their biological activity at the
position 11, a position not easily accessible by chemical

means.

4
The important discovery of Peterson and Murray

in the United States that progesterone can be converted
to 11 OC —hydroxy progesterone in almost quantitative
yields by Rhizopus nigricans caused a wide spread inter-
est in the field of microbiological transformation of
steroids in different laboratories of the world. This
led to the discovery of several other important micro-
biological transfoiTnations of the steroid nucleus, which
have great potentialities in the steroid industry such
as 16 ac 170c: and 21 (i hydroxylations, degradation of the
two carbon c-17 side chain of corticoids and the dehy-

drogenation of cortisones,

AS a result of the intensive studies that
followed, it was soon established that the ability to
bring about chemical transformations in the steroid
nucleus is wide—spread among the microorganisms and the

types of reactions encountered are numerous.

A series of excellent and comprehensive reviews

are available on this subject, notably by Peterson,”



Vlscher and Wettstein,I Eppsteln and coworkers and
Q
Fried and collaborators. A few of the important

transformations are summarised in Table 1.

TABLE |

Microbiological reactions on steroids

with typical reactions

Basic steroid structure

20 2 20 2 20 2

NOS. Reactions Substrate Product Micro-
organisms Ref

A. Introduction of —OH group

1 IIC< Progesterone IlaC—hydroxy— Rhizopus—
progesterone nigricans g
I Neurospora
lloC-OH, sitophila
me<
2 lie/ Progesterone 11 *—hydroxy Curvularia
progesterone lunata
Cunning— 5
11~0OH hamella,

blakesleeana



Nos.Reactions Substrate
Progesterone
16 OC —ol
/3 0H—-s™
4 64dI-C Progesterone

B. Oxidation of —-OH group

~ [-0-OH

Goprostan—
3 /3-ol.
3)C=0
6 ~—3y9-OH 5—-pregnen—
R 3/3—0l-20-o0ne
‘~-3)C=0
7 17 /3-OH Estradiol—-3
17/3
i
17 2C=0
8 1 y9-OH Cortisol
Il c)=o0

C«__Reduction of 0=0 group

9 3)c=0 Androstane—
3,17—-dione
30C-OH t
31S-0H
17 ~c=0 4—Androstene—
3,17—dione
17 13-OH
11 20V -o Progesterone

I
20/3-0H

Product

6 /5-160C
dihydroxy—
progesterone

6 (i 11 o

dihydroxy
progesterone

Coprostan
3—one

Progesterone

Estrone

Cortisone

Androsterone;

Epiandroste—
pone

Teetosterone

4—pregnen—
20 UV —ol-3-
one

Micro-
organisms

Aspergillus
nidulans

Rhizopus
arrhizus

Proactinomyces
erythropolis

Corynebacterium
mediolanum

Proactinomyces
erythropolis

Cunninghamella
blakesleena

Mixed putri-—

factive
bacteria

Fermenting—
yeast

Streptomyces
lavendulae

Ref.

10



Nos. Reactions Substrate

Product

D. Hydrogenation of double bonds

12 l-androstene—
3-17 dione
13 Progesterone

Androstane—

3~ 17/3 diol

Pregnane 3,

O—dione

E. Introduction of double bonds

14.r r N cortisone
15 Androstane—
3,17 dione

CD

F» Epoxldation of steroids

4-9(11)

prednisone

1,4—androsta—
diene 3,17-—
dione

pregnandiene— epoxide

17 21 dio.l

G. Esterification of steroids

9 <~—fluoro—

pregnene
17 <t21 diol

11/921—dihydroxy 21— acetyl

16 jC, 17

isopr—

compound

opylidene—dioxy—

pregn—4—ene,
3,20,dione

Micro-
organisms

Fermenting
yeast

Bacillus
putrificus

Corynebact—
erium simplex

Fusarium Sp.

Gurvularia
lunata

Trichoderma
glaucum

Ref.

11



Sections B and C in Table I reveal that for
nearly every oxidation of a steroid alcohol, a correspon-
ding stereospecific microbiological reduction of a keto-—
steroid is also known, which clearly indicates that a
high degree of specificity exists with respect to the

position and steric course of these oxido-reductions.

In many instances the stereo-specificity of pure
cultures of microorganisms have been exploited to achieve
many highly selective transformations of steroid hormones.
Wettstein and colleagues12 have made ingenious use of
this stereo (optical) specificity of the moulds for the
resolution of racemic steroids. When synthetic (+)-
Oestrone (1) was fermented with yeasty (+) oestradiol-17/3(1l)

and unreacted (-) oestrone were isolated.

Fig—1

Similarly the Ciba group™ has shown that only
the (+) isomer of the totally synthetic lactone (I11)
underwent hydroxylation at C21 by cultures of Ophiobolus

herpotrichus, whereas the enantiomorph remained unaffected,



C|3H¢)OH
CO CO

+ (5 nr
(£)n (+)iv:
Fig-2
Utilizing the same principle, the naturally
occurring enantiomorph of racemic aldosterone (V) was

dehydrogenated at the 1,2—positions by Didymella

Fig.3
Another example of such conversion is the

transformation of (+) cortisone (VII) to a mixture of

(=) cortisone and (+) 1l1-dehydrocortisone (VIII1).

CHZ20H CH20H
CO CcO

Fig.4



Microbiological transformations have also been
used for proving the structures of new natural or syn-
thetic steroids. For instance, using Streptomyces
roseochromogenus testosterone (I1X) was converted to
16 cM—hydroxytestosterone (X). 14In order to establish
the configuration of the hydroxy group at Cie position,
16 06-hydroxyprogesterone (XI) was degraded to the known
16 oC—hydroxy testosterone (X) by S«lavandulae, an
organism known to effect cleavage of the side chain and

identity of the compound was thus established.”®

.OH

X Fig.5

Neher and Wettstein applied microbiological
hydroxylation for proving the structure of several new
steroids isolated from adrenal glands, such as 6 /S,170C
dihydroxy cortexone, 170C-19-dihydroxy—cortexone, 6/3—

hydroxy corticosterone and 19 —hydroxy corticosterone.



A considerable amount of work has been done
on the stereochemical specificity of the microbial
enzymes towards substituted decalones by Prelog and
co—-workers,They have reported that reduction of
the carbonyl groups of compounds investigated gave
one or more asymmetric carbon atoms, thus forming
enantiomeric or diastereomeric products. Based on
this stereospecificity of these products, the micro-

organisms have been classified into two groups.

The first group is characterised by poor
stereospecificity. Aspergillus niger is a represen-
tative of this class yielding a mixture of all four of
the theoretically possible stereoisomeric’ 4-8 hydroxy
octal-3—-ones on reduction of the carbonyl in position
8 of racemic (t) ""~—9-methyl-octalin—3—-8—dione as shown

in Fig.b6.

OH

33H a 2EZ:a

Fig.6
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The second group of microoiga nisms of which
Curvularla falcata is typical, has marked stereo-—
specificity. Only two ™ *-8-hydroxy—octal-3-ones are
formed, each enantiomer of the substrate being specifi-
cally reduced to the product having 8 —configuration18

as in Fig.7.

= * Flg.7
On the basis of these results they have postulated

that a clear cut steric course was due to the presence in

Curvularia falcata a relatively simple enzyme system as

compared to that in Aspergillus—niger.

Acklin, prelog and Zach19 have shown that the
presence of a double bond in theaf-/3—position to the carbonyl
prevented reduction by C falcata,whereas the non-conjugated
carbonyl in the/3-position of a decalin derivative was
reduced fairly rapidly. Thus, the two stereoisomeric—9-—
methyl-decalin 1-5 diones yielded the corresponding

5—0OH compounds with ft —configuration as in Fig. 8.
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Zmi a XVTTT a Fig.8

AS against the enormous useful data accumulated
in the field of steroids, relatively little work has been
done on the microbiological transformations of terpenoid
compounds. Only during the last four years has some

interest been apparent in this field,

In 1958, Corey and collaborators20 from the
University of Illinois first reported on the microbiological
degradation of camphor. A Pseudomonad strain (P) which
had been isolated from sewage sludge by enrichment techniques
using (+) camphor as a carbon source, was grown on a medium
containing (+) camphor (0.57) and minerals. Extraction of
the broth at the end of the growth phase followed by
chromatography of the neutral fraction yielded three
products, viz, a keto camphor (XXI) identified as 2,5-
dike toeamphane and two hydroxy ketones which proved to be

5—exo (XXI1) and 5—-endo (XXII1) hydroxycamphors™ respectively.

(Fig.9),
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The acid fraction afforded a keto acid 3,4,4-—
trimethyl-5—-carboxymethyl cyc'lopentenone (XXIV). Complete
oxidation of this acid by resting bacterial cells was
inhibited by addition of 2.2* bipyridine resulting in
the accumulation of a new lactonic acid intermediate(XXV),
The pathway of degradation of camphor by this organism
has been partially formulated as (+) camphor— * S.hydroxy-—

camphor——— > (XX1)—— > (XXIV)————> (XXV).

21
In continuation of this work Gunsalus and coworkers

have reported that Pseudomonads Ci (formerly P) and G5
isolated by the enrichment culture technique, oxidise
camphor, but differ in their ability to use this compound

as a sole carbon and energy source for growth.

Using the same technique, Werner Seubert22
isolated a new species of the genus Pseudomonas which

oxidises citronellal and farnesol. He also found that
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the dried cell preparation of these organisms oxidized
as well, a number of related compounds which could be
intermediates in isoprenoid degradation. Extending the
studies to the metabolism of acetate in dried cells and
using labelled carbon, Werner Seubert also demonstrated
that the substrate citronellal, a likely intermediate
in isoprenoid degradation, is partially converted to an
ether—soluble fluorescent pigment and a niimber of amino
acids. The nature of the fluorescent pigment has not

been established.



- 14 -

present Investigation

A review of literature would indicate that although
microbiological conversions have been extensively investi-
gated in the case of steroids, such transformations in

terpenoid compounds are still relatively unexplored.

A systematic investigation of the microbiological
transformations of terpenoid compounds has, in addition
to the important fundamental significance in understanding
pathways of biosynthesis and biological conversions, a

practical bearing on the economics of the perfumery industry.

Among the few isolated reports on the biodegradation
of terpenoids is the finding that the yield of essential
oils from the plant Aguilaria—agallocha, commonly known
as Agarwood, depends on the extent of microbial infestation?3
Wood from the green healthy tree is odourless, while the
wood which is odoriferous is found in comparatively mature
trees and has widespread fungal infection associated with
irregular patches and dark streaks”™ highly impregnated with
an oleoresin. The organisms associated with the production
of this oleoresin, commonly called ‘Agar* or ’Agaru’ were

24,25

isolated by earlier workers and identified as

(1) an Aspergillus sp. which is primarily responsible for
the production of ‘'agar; (ii) a Penlcilium sp. and (iil)

a Fusarium sp.
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One of the main odoriferous principles in ”~agar’
was identified as a hydroxy compound, agarol,26 (XXV1D);
the hydroxylation probably being a direct effect of
microbial action on a suitable terpenoid hydrocarbon

precursor.

CHgOH

With the exception of such indirect evidence

for the capacity of microorganisms to transform terpenoid
hydrocarbons to oxygenated compounds, no clear—cut experi-
mental evidence 1a this respect i1s available in literature.
The present studies were, therefore, undertaken to investi-
gate the ability of microorganisms, particularly fungi,

to convert mono— and sesqui terpenoid hydrocarbons, auch
as Q"—pinene, "™ -carene, carane, camphene, oi'‘and ™ -
santalenes and humulene to oxygenated essential oils which

could be of some potential value in the perfume industry.

Six isolates from the infected agarwood and six
other fungi were screened for their ability to metabolise
OC—pinene in shake—cultures. Chapter Ill of this thesis

would indicate that all the organisms tested were able to
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degrade the test substrate. Among these a strain of
A. nlger (NGIM 612) was found to be the most efficient,
completely metabolising the added —pinene (0.57") within

24 hours and was, therefore, used Iin further studies.

Among the products of microbial action on &“—pinene
under shake flask conditions three oxygenated derivatives
were isolated and identified as (i) cis—verbenol, (i1)
.verbenone and (iii) trans—sobrerol. The purification
and characterisation of these microbial degradation

products of 0C —pinene are recorded in Chapiter 1V.

Chapter V gives an account of the fermentation
of three hydrocarbons, viz., *» 3—carene, carane and humulene,
which were relatively resistant towards microbial action
and were recovered almost completely unchanged from the

fermentation mixture.

The sesquiterpene hydrocarbon, ad—santalene, was
degraded by A.niger mainly to tere-—santalic acid and
to a lesser extent to the corresponding alcohol, tere-—
santalol. The isolation and identification of these

products are detailed in Chapter VI.

In Chapter VIl studies on the action of A.niger
on two structurally related hydrocarbons, camphene and
/3—santalene are described. Both of these compounds were

oxidised by the mould to an extent of 30 to 36" to the
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iddntical dicarboxylic acid, which could be isolated only
as the liquid anhydride, CnHigOs. The anhydride was
characterised as 2-nonene-2*3—dicarboxylic acid anhydride from it;

physicochemical properties, degradation and total synthesis.

Finally, in Chapter VIIlI some speculations are
made on the probable mechanism of action of the mould
on the terpenoid substrates with reference to the known

oxygen transfer processes in biological systems.
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materials and 14ETHODS



MATERIALS AND METHODS

Spores of Aspergillus nlger NCIM*(612) were
maintained in sterile soil as stock culture and sub-
cultures from the stock were used exclusively in these

transformations.

Propagation of culture

The cultures were propagated in a potato—dextrose—

27
agar medium of the following composition;

Potato extract 20 (W/V)
Dextrose 2% (»)
Agar 1.5 " )
pH adjusted to 5.8

Fcr the preparation of slants 5 to 6 ml. of the
medium were taken in 15 ml. pyrex tubes and autoclaved
at 15 psi pressure (121°) for 20 min. These slants were
inoculated from the stock culture and incubated at 28°c

for 6 to 7 days.

Preparation of medium and inoculum

Czapek—-Dox medium®28 used for growth had the

following composition;

Glucose 4n - (W/V)
Potassium chloride 0,0b% ¢
Magnesium sulphate 0,025% K
Sodium nitrate o 0 2% It
potassium dihydrogen— 0
phosphate e 0’1 A) T
Ferrous sulphate 0001% T
Yeast extract 0,05% n
Corn steep liquor 0,5 % =
pH adjusted to 4.8
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Aliquots of 100 ml. of the growth medium were
distributed in 500 ml* Erlenmeyer flasks, autoclaved
at 15 psi pressure for 20 min. and inoculated with a
spore suspension in sterile distilled water from

potato—dextrose—agar slants (PDA).

Fermentation

The i1noculated flasks were incubated at 28°

onarotary shaker at 220 r.p.m. After a good growth
was obtained (normally between 24 to 34 hr) the respe-
ctive substrates ( "—pinene,"& /3—-santalenes, camphene,

q—carene, carane and huraulene) were added aseptically
in different concentrations depending on the rates of
oxidation and the fermentation was allowed to continue
for 24 hr with periodic sampling for analysis and
examination for the absence of bacterial contamination.
Any bacterial contamination was usually detected by
estimation of pH and staining broth smears by the standard

Gram-—staining procedure.

It was observed that when the fermentation proceeded
normally, the pH was steady between 4,4 to 4.8 and that
bacterial contamination was always associated with a marked

increase in pH.

+ National collection of industrial microorganisms
of the National Chemical Laboratory, Poona,India.
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Physical methods

1. The infrared spectra were recorded either in nujol
or as pure liquid film on a Grubb-—Parson Double beam
spectrophotometer or on a Perkin—Elmer Infracord with
sodium chloride optics.

2. The ultraviolet absorption spectra were taken in
95% ethanol solution with a Beckmann Quartz Spectrophoto-
meter Model DU,

3. Optical rotations were determined on a Hilger
standard polarimeter in ethanol solution unless otherwise
stated, using a 1 dm. tube. The concentrations are reported
in paranthesis, and are expressed in mg/ml.

4. All melting points and boiling points are uncorrected.
5. The n.m.r. spectra were determined at 60 mcs, with
a Varian Associates Model H-R 60 Spectrophotometer in
deutero chloroform solution with benzene as an external
reference compound. Chemical shifts were estimated using

the side bands which develop between two signals in p.p.m.



CHAPTER 11

SCREENING AND SELECTION OF MICROORGANISMS



Screening and Selection of Microorganisms

DISCUSSION

The occurrence of the oleoresinous patches,
also known as ’Agar’ or 'Agaru’, on the plant
Aquilaria agallocha™ which is responsible for the
sweet odour is believed to be the result of microbial
infestation. This is indicative of the adaptation
phenomenon of the microorganisms for the decomposition
of the terpenoid hydrocarbon in the Agar plant. On
this presumption pure cultures were isolated from the
infected bark for studying the microbial conversions of

other terpenoid hydrocarbons.

From a sample of infected agarwood, six strains
of fungi, identified as (1) penicillium steckii, (2)
Geotrichum sp., (3,4,5) Aspergillus versicolor and (6)
Cladosporium sp. were isolated using standard techni-
ques for isolation and identification. Tunstall™”? has
isolated from infected agarwood three strains of fungi
viz., (1) Penicillium sp., (2) Aspergillus sp. and (3)
Fusarium sp.

A preliminary screening with these microorganisms
revealed that one day old shake culture of each was

capable of bringing about partial to complete disappearance
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of added —pinene (0.67”) in a period of 24 to 48 hours.
In most of the cases extraction of the mycelium and
fermented broth with ether or chloroform resulted in the
recovery of small amounts of high boiling and sweet
smelling oils. This would, therefore, indicate the
possibility that a variety of microbial flora may have

the ability to metabolise terpenoid hydrocarbons,

A systematic search amoung the common strains
of fungi available in the N.C.I.M. collection of National
Chemical Laboratory was therefore undertaken to isolate
a strain which would rapidly metabolise the added —pinene
A strain of Aspergillus niger NCIM (612) which was found
to be remarkably efficient in this respect and could
completely metabolise the added (J'l-pinene (0,57) in 18
to 24 hours under suitable experimental conditions was®

thereforenselected for further studies.
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Figure 1
(a) Colonies of penlcillium steckll on Czapek*s agar,

(b) Colonies of Qladosporium sp. on Czapek*s agar.
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Figure 2

(a) Colonies of Aspergillus versicolor (3) on
Gzapek’ s agar.

(b) Colonies of Aspergillus versicolor (5) on
malt, steep, and potato dextrose agar.



EXPERIMENTAL

Isolation of the organisms from the infected bark

Tlje organisms were isolated from scrapings of
the infected part of the bark by dilution and streak
plate techniques. Approximately 1 g. of the scrapings
were suspended in 10 ml. sterile distilled water and
0.1 ml. of the suspension was plated out on Sabouraud
agar. After incubation for a period of seven days at
28°, small colonies with varied colors were evident.
By streaking on plates of the same medium, six fungal
cultures were isolated in pure form. Of these, three
cultures appeared to be similar except for minor varia-

tions in their cultural appearances.

Taxonomy, morphology and cultural characteristics

of the above fungal isolates

Isolate 1; This is a species of Penicillium
nearest to the species P.steckii and has the following

characters?®

"Colonies on Czapek’s agar have restricted growth
attaining a diameter of 2 cm. in ten days at room tempera-
ture with a velvety surface, and shallow radial furrows
in the marginal areas; often more or less zonate in the
outer areas with growing margin 1 to 2 mm., turning quickly

to yellov/ green colour with the development of the conidial
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areas. Colonies medium to heavy sporing, particularly
good in potato dextrose and malt agar. In the latter,
they do not develop ridges, but the zonations are
characteristic, growth thin and spreading, reverse

uncolored or nearly so, exudate lacking."”

Conidiophores abundant arising from the substrate,
variable in length but usually comparatively short within
200/t, smooth walled, unbranched typically biverticillate.
It would belong to the series Penicillium citrinum of the

subsection velutina in the asymmetric penicillia.

Isolate 2; A species of Geotrichum, very fast
growing on yeast extract agar and rather slow growing in
Czapek—Dox medium. Although, the mycelium is formed it
breaks up into rectangular long cells within a few hours,
so that on examination the whole colony although retaining
in gross morphology mycelial habit, appears under the
microscope fully split up into cells. Further growth
follows a similar pattern. Conidia hyaline” one celled
cylindrical,formed by fragmentation of the hyphae. The
species belongs to the order moniliales of the group

fungi imperfectii.

Isolates 37" & 5; All these isolates are
Aspergillus sp. and probably are variants of the same
species Aspergillus versicolor of the series of the same

name,



Colonies on Czapek-Dox's agar rather slow
growing in the strain 5, almost velvety, but floccose
in both the isolates 3 and 4. While isolate, 5, shows
a persistently greenish colony, the isolates 3 and 4
are initially wnite with outer edges, gradually pass
through shades of green with age. However, the reverse
in all these eases show a bright red pigment diffusing
out in to the medium and the colonies also produce a
clear red exudate. The color of the pigment changes to

bright yellow in acid pH (5.0 and below).

Heads roughly hemispherical, conidiophores
colorless, smooth, ve”sicle diameter nearly 10/u,
sterigmata, In two series, conidia globose, finely

echinulate.

Isolates 5 and 3 show great difference in
colony morphology when grown on different media like
Czapek—-Dox's, potato—dextrose and on malt agar. In
Czapek—Dox’ s they persist in light (almost white)
color, while in the other two, they become green in
appearance although the dimensions and characters of

the conidial apparatus remain unchanged.

Isolate 6: This is a species of Cladosporium
with dark conidiophores, branched variously near the

apex or the middle portion, clustered or single with
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conidia, dark, one celled initially, but becoming
two celled with age, ovoid in shape. Reverse of the
colony in Czapek—Dox's medium is black and the upper

surface is dull greenish black. 30

Selection of the Microorganism

The ability of the organisms isolated from the
infected bark and of some of the common strains available
in the NCIM collection to utilize "—pinene in shake cultu-
res was determined in a series of experiments. Determina-
tion of the extent of I?(*—pinene decomposition after 24 hours
of incubation was assayed by weighing the residual product
after solvent extraction of the fermented culture. The
object of these series of experiments was mainly to
establish the ability of the strains to utilise ~<*—pinene
and not for investigating the capacity of the strain to

give any specific metabolised product.

In a preliminary experiment five - 500 ml.

Erlenmeyer flasks containing 100 ml. Czapek—Dox medium
enriched with 0,5~ corn-steep liquor were seeded with each of t
different fungal inocula, incubated on a rotary shaker for

24 to 48 hours depending upon the rate of growth of the

mould. At this stage 0,5% ~<N—pinene was added to each flask

and incubation was continued for a further period of 24 hours.
After this period the flasks were removed from the shaker”

filtered separately and the fermented culture (both mycelia
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and the medium) extracted with ether. The combined

ethereal extracts were washed winh distilled water,

dried over anhydrous sodium sulphate and the solvent

distilled. The residual liquid was then transferred

to a sample tube and weighed.

The results of this experiment with twelve

strains of fungi are presented in Table 1, in addition

to the six isolates from the

infected bark, four cultures

of A.niger and two cultures of Rhizopus species from

the NCIM collection were examined.

TABLE |

Utilization of -—pinene by different
strains of fungi

No Fungi Species —Pinene Extracts recove-
added red after 24 hr.
(9) @”

Control 2.15 1,677

1 Aspergillus niger(612—NGIM) 2.15 0.302

2  Penicillium steckii (1) 2.15 0.351

3 Aspergillus versicolor(5) 2.15 0,408

4  Geotrichum sp.  (2) 2,15 0,416

5 Cladosporium sp. (6) 2,15 0,438

6  Aspergillus niger(621-NCIM) 2,15 0,622

7 Rhizopus nigricans 2.15 0.742

8 Aspergillus versicolor(4) 2.15 0.846

9 Aspergillus niger(5/7 -NCIM)  2.15 0,921

10 Aspergillus nigerCi™ —NCIM) 2.15 0,932

11  Rhizopus arrhizus 2.15 1,278

12 Aspergillus versicolor (3) 2.15 1.658



The results summarized in Table | reveal that
the majority of the cultures tested are capable of
utilizing cxl-pinene, but their capacity to decompose the
hydrocarbon differs considerably. Since A.niger(612—NGIM)
showed a better efficiency in utilizing tpC-pInene in a
24—hour period it was selected for further investigation
and was used exclusively in all the transformations that

have been reported here.

This strain of a» niger has also been used to
hydroxyla#te the steroidal substrate, progesterone at

the 11 OC position in an yield of 70%,‘32
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Transformation of i?C—Pinene

DISCUS3ICK

—Pinene (1), CioHie? "the most iImportant
monoterpene hydrocarbons, is widely distributed in nature.
oC—Pinene occurs in almost all essential oils of the
Coniferae family and forms the main constituent of the
oil of turpentine. The hydrocarbon fraction of the
oil of turpentine distilling between 155 to 165° was
designated "Pinene” by Wallach™” and its final structure
was suggested by Von Baeyer. «<—Pinene 1is of considerable
commercial interest, being the basic raw material for
the syntheses of camphor, borneol, terpineol, etc. The
chemistry and constitution of the hydrocarbon have been

orn oQ

reviewed by Simonsen, Rodd ' and Guenther,

This chapter deals with the microbiological
transformations of this hydrocarbon by Aspergillus niger
(61?—NGIM) and the isolation and identification of oxyge-

nated derivatives from the fermentation mixture.

AS optically pure (d) oC—pinene with[~j) + 51.8°
was difficult to obtain, the investigations were carried
out on the commercially available material, (BDH),

(IVvdd + 23,4P) fractionally purified by batch stripping
through an efficient distillation column. The fraction
distilling at 155-57~/715 mm. Hg was utilized for the
studies; the rotation of tne sample corresponded to 70% d
and 30% 1 ~"—pinene. In vapour phase chromatogram the

compound exhibited a single peak.
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FERIMNTATICN

Determination of the optimum conditions_for the

fermentation

1. Concentration of oC—pinene in the medium.
2. Period of conversion.

3. Temperature of conversion.

The optimal conditions for the fermentation were
established by trial runs in shake cultures, in these
runs, sterile Czapek—Dox media enriched with 0,5 %
cornsteep liquor were inoculated with A.niger spores
from PDA slants grown for a week at 28°* The organism
was allowed to grow for 24 hours and the substrate
oC—pinene was added at the end of this period. The
conversion was studied at different concentrations,

different time intervals and at different temperatures.

Concentration of iX.—pinene in the medium

Optimum concentration of <”—pinene which might
be a limiting factor in these transformation was studied
in shake cultures. Experiments run with graded levels
of o(—pinene (0.2; 0,4; 0.6; 0.8; 1.0 and 2 percent, V/V)
indicated that the yields of oxygenated products reach
a maximum with 0,6 % oC—pinene and go down considerately
at higher eoncentrations. It is probable that the

hydrocarbon is toxic to the moujd at higher concentrations,
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Therefore, in later experiments a concentration of 0.57

o(.—pinene was adopted as optimum.

Period of conversion

The optimum time for incubation was determined
by running an experiment of six sets, each run to a
different length of time. It was found that the optimum
conversion was obtained in about 8 hours, a time period
which gave the maximum yield as well as a reasonable
material balance. Longer periods of fermentation resulted
in the disappearance of both the substrate and the

transformed products.

Temperature of conversion

The transformations were conducted at two tempera-
tures, 27—r28° and 30-31°. The metabolism of &—pinene
showed a surprising degree of sensitivity to temperaturej
at higher temperatures and inspite of the profuse vegeta-
tive growth almost no transformation took place. Added
(?C—pinene was recovered almost unchanged from fermentations

run at 30-31°.

Based on the above preliminary investigations,
conditions were established for fermentations on a large
scale. This consisted i1n adding £)C—pinene in two lots at
four hour intervals to vigorously growing 24 hour old
shake cultures of the mould incubated at 28°. The fermen-
tation was allowed to proceed for four hours after the

addition of the second instalment of cX.—pinene. This



procedure although not very satisfactory from the point
of view of utilization of t"-pinene, gave better overall

yields of the oxygenated conversion products.

EXTRACTION

The preliminary procedure for extracting the
unreacted substrate and the oxygenated transformation
products was based on that devised by Peterson and Murray?’9
for the microbiological transformation of steroids, jt
was found that the transformation products were present
both in the mycelial pellets as well as in the medium.
Acetonization of the mycelium rendered it more easily
accessible to solvents such as ether and n—butanol. The
mycelia as well as the fermentation broth were extracted
repeatedly with ether and subsequently with n—butanol to

ensure complete extraction of the polar transformation

products of fermentation.

The acidic transformation products were removed
as their water soluble sodium salts from the solvent
extracts by washing with aqueous sodium carbonate,

leaving only the neutral compounds in the solvent layer*

The acidic fraction obtained from the sodium
carbonate washings on acidification and extraction with
ether yielded very small amounts of an acid after removal

of the solvent. Since the acid could be isolated only in
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very small amounts, no further Iinvestigations were

carried out on this fraction.

Recovery of the neutral oxygenated products

The separation of the relatively polar trans-
formation products from the non-polar unreacted—-pinene
was effected by partitioning between n—hexane and 90%
aqueous ethanol. A modified Craig four—transfer distri-
bution where each of the n—hexane layers was equilibriated
in succession with the four alcoholic layers and pooled,
ensured a clearcut and complete separation of the
oxygenated products from”~—pinene. There were, however,
losses in the recovery particularly Ofi<—pinenejOn

evaporation of the n-—hexane layers.

The alcoholic layers on evaporation yielded
sweet smelling oils. To save losses, the evaporation was
discontinued when practically all the alcohol was disti-
Iled. The aqueous emulsion”® left as a residue™ was
extracted into chloroform and the chloroform extracts
were dried over anhydrous sodium sulphate. The solvent

was distilled out to yield an oily substance.

From a fermentation involving forty shake flasks,
with 34 g. addedf£)d-pinene, 16-18 g. of the starting mater-
ial (Fraction A) was recovered unchanged(48-557). The oily
transformation product (Fraction B) weighed 3-4 g.

representing a yield of 10-12» based on the initial added
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(X"—pinene and 20—25" on the basis of pinene utilized.
The semicrystalline solid material (Fraction C) from
the n-butanol extracts weighed about 600-800 mg.
accounting for a yield of 2-3* on the basis of pinene

utilized.

Fraction, b, on fractional distillation under
reduced pressure yielded two clearcut fractions (i)
a colorless oil (D) distilling at 120-25°flDath tempera-
ture) at 16 mm. Hg and (ii) a viscous oil (E) distilling
at 140-45® (bath temperature) at 0,6 mm. Hg, which
solidified on standing. This fraction (E) was identical

with fraction C obtained from butanol extractions.

The elementary analysis and infrared spectra of
the oily Fraction,D, indicated that it was possibly a
mixture of two components — a ketone (Il1) and an

alcohol (I11).

Ketone,ll, was separated from Alcohol, 111,
through its crystalline bisulphite addition product
and was liberated from the bisulphite complex with cold
dilute acetic acid, it was then extracted with ether and
purified by distillation under reduced pressure® 120-25°

(bath temperature)/16 mm. Hg.

The unreacted Alcohol, 111, was recovered from
the aqueous layer by repeated extraction with ether and

removal of the solvent by evaporation.
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The ketone and alcohol were also separated by
column chromatography using grade Il neutral alumina.
Although, separation by this method was clearcut, the
recovery was not quantitative on account of the volatility
of the oxygenated products. The recovery through bisulphite
complex procedure was preferred to the chromatographic

procedure as the overall yields were better.

IDENTIFICATION OF THE PRODUCTS

Ketone, 11, analysed for C20H140 and indicated
the presence of an unsaturated carbonyl grouping
in the 1.R. spectrum (1658 cm“” for C=0 and 1613 cm“lI
for the conjugated double bond; page 36).1t showed an
absorption maximum in the u.v. ( “Yex 253. 10g£*3.83)
and gave a crystalline semicarbazone, melting at 203-205°.

These data indicated that the ketone might be d-verbenone.

For comparison d-verbenone was synthesised by
chromium trioxide catalysed autoxidation of “xC—pinene
according to the method of Marius Badoche.40 A comparison
of the physical properties, ultraviolet spectra dnd
infrared spectra of verbenone and of its semicarbazone
with those of Ketone, 11, established conclusively the
identity of Compound, Il. The mixed melting points of

the two semicarbaaones showed no depression.



— 36 —

WAVEI.LEM6TH (MICRONS)

Figure 1

a) Infrared absorption spectra of the ketone, Verbenone.
b) Infrared absorijtion spectra of the alcohol,Yerbenol.

c) Comparative infrared spectra of syn..aetic sobrerol
(—— ). with that of isolated sobrerol, ( ——— ).
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CH,
31 HL 12:
Alcohol, 111, purified by distillation under

reduced pressure analysed for CioH™gO. Infrared spectrum
exliibited a band at 3360 cm"l indicating the presence of
a hydroxyl group, it gave a crystalline p-nitrobenzoate,

m.p. 88-900.

On mild chromic acid oxidation in pyridine or
by oxidation with solid.manganese dioxide prepared
according to the method of Turner”® in chloroform,

Alcohol, 111, yielded Verbenone, 11, in very good yields.

From the above data. Alcohol, 111, was characterised
as d-verbenol and its configuration was assigned as cis-—
on the basis of the rotational data ([d\ j) + 17°) of its

40
derivative, p—nitrobenzoate.

CH
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Fraction, E, distilling at 140-45°/0,6 mm. Hg
and the n-butanol extract (Fraction F) yielded the same
solid Compound, IV. The solid analysed for two oxygen
functions and l.E.spectrum (page 36) indicated the
presence of a strong hydroxyl band in the region
3240 cm“”~ and the absence of any carbonyl absorption.
It showed the presence of a trisubstituted double bond
(829 cm“”~) although it gave rather a feeble coloration

with tetranitromethane in chloroform.

The elementary analysis and physical data indi-
cated that compound, IV, may be a diol. jt was finally
identified as (d) trans—-sobrerol on the basis of the

following properties:

(a) It showed no depression in the mixed melting
point with a synthetic sample of trans—sobrerol prepared

by acid catalysed rearrangement of «*—pinene epoxide.

(b) The physical properties and |.R. spectra of

IV were identical with those of the synthetic product.

(c) Both were converted to the identical ketone,
hydroxycarvatonacetone (V) on oxidation with manganese

dioxide in the usual manner.
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Verbenone, verbenol and sobrerol have been
identified amoung the autoxidation products ofc<-pinene.
The major product of the autoxidation is, however,
verbenone with only small amounts of the alcohol, whereas
verbenol is the major metabolite obtained by microbio-
logical oxidation. Furthermore, the observed inhibition
of <<—pinene transformation at slightly higher temperature
indicates that verbenol and verbenone are likely to be
true transformation products of the mould and not merely
autoxidation products. The optical purity of the products
indicated that they may be derived by stereospecific
oxygenation processes presumably from d ~“X—pinene. jn
this connection it may be mentioned that the experimental
strain of A« niger hydroxylates the steroid nucleus

almost exclusively at the 11 reposition in about 70" yield.32

There was no significant difference in the rotation
of the«:—pinene recovered from the fermentation mixture.
It may be possible that while d—-Aipinene was metabolised
to the oxygenated intermediates, /-"C—pinene was converted
presumably through other products to carbon dioxide and
water at the same rate by a different pathway. The possible
mechanism of the formation of these oxygenated products

from (?(—pinene will be discussed in the concludihg chapter.

Under optimum conditions the yield of these

products on the basis of the pinene added were 10-15"



verbenol, 23 A verbenone, and 23 %sobrerol. The
major fraction of —pinene appears to have been

metabolised to smaller fragments and probably oxidised

to carbondioxide and water.

1369
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EXPERIMENTAL

Purification of "~—plnene

oC—Pinene (B.D.H.grade) fractionally distilled
at atmospheric pressure through a 2” x 4' diameter
column packed with glass spiral packings and surrounded
by an electrically heated jacket, was used in the differ-
ent fermentation investigations. The physical properties

were, b.p.155-57°/710—-715 mm. Hg; Md(+)23.4°,n25.5 1.4650.

The homogeneity of the liquid was checked by
vapour phase chromatography when only a single non-—
resolvable peak with retention time 6.5 mdin. was obtained.
A 1.23 m. silicone column at 144° with a column pressure
of 708 mwvnand a jpow rate of 31.66 ml./min. was employed.
Nitrogen was used as the carrier gas and 0.0025 ml. Sample

was injected.

FERMENTATION

Determination of the optimum concentration of

t<-Pinene in the medium

Six separate sets of fermentations were carried
out with 10 flasks each at 28°, the concentrations of
<?C—pinene being 0.2; 0.4; 0.6; 0*8; 1.0 and 2.0 percent
(V/V) in each set. Eight hours after the addition of
Qf-pinene the cultures were extracted and the extracts
were separated into unreacted "?<f—pinene and oxygenated

products by the procedure detailed in pages 46-50,



Fig |- EFFECT OF CONCENTRATION OF pC~PINENEON THE FORMATION OF
OXYGENATED PRODUCTS

TABLE |

Effect of concentration ofoC—pinene on
the formation of oxygenated products.

NO, of Conc/flask Unreacted Oxygenated
flasks pinene products
(ml) (9) (9)

10 0.2 1.15 0.350

10 0.4 2.2 0.789

10 0.6 3.0 1.010

10 0.8 5.1 0.700

10 1.0 7.2 0.378

10 2.0 12.2 0.050
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The results tabulated in Table 1 (graphically
represented in Fig.l) indicate that the oxygenated
products formed are proportional to the concentration
of o®—pinene in the medium upto 0.6 0/0, At higher concen-
trations of cC—pinene, the transformation was negligible

and completely ceased when 2$ (?(—pinene was added.

Determination of the optimum period of conversion

Six sets of fermentations each with 10 flasks

were carried out.

Fig-2. EFFECT OF TIME ON THE YIELDS OF OXYGENATED PRODUCTS
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TABLE 1

Effect of conversion period on the yields
of oxygenated products

NO. of Time Conc/flasks Unreacted Oxygenated

flasks pinene products
(hr) (ml) (9) (9)

10 4 0.5 3.80 0.350

10 8 0.5 3.21 0.928

10 12 0.5 3.003 0.902

10 16 0.5 2.87 0.862

10 20 0.5 1.57 0.680

10 24 0.5 1.05 0.250
The results tabulated in Table Il (graphically

in Fig.2) indicate that the conversion is maximum at 8-—hour
period, giving a maximum yield and reasonable material
balance. After 20 hr there was very little of both the
oxygenated products and the substrata, c<-pinene.
Controls were run side by side and 20 to 30” loss of
o('-pinene due to evaporation was accounted for during

24 hours.
Determination of the optimum temperature of conversion

The conversion of o(—pinene at two temperaturres,

27—-28° and 30-31° was studied.
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TABLE 11

Effect of temperature on the transformation.

NO. of Time Conc/flask Temp- Unreacted Oxygenated
flasks erature <<—pinene products
(hr) (ml) (9) (9)
10° 8 0.5 28.5° 3.15 0.878
10 8 0.5 31.0° 3.9 0.087
The results tabulated in Table Il indicate

that above 30® the mould was inactive towards this hydro-

carbon in spite of the profuse vegetative growth.

Typical fermentation (small scale)

In a typical fermentation, the spores of
Aspergillus niger (612—NGIM) sporulated on PDA slants
for a week at 28° were used as inoculum for 100 ml. lots
of sterile Czapek—Dox medium in 500 ml, Erlenmeyer flasks,
The flasks were incubated on a rotary ” shaker at 28-29"
for 24 hours to ensure good growth. cK. —Pinene (05% V/V)
purified by distillation was steam sterilised and added
to the culture at this stage. The fermentation was
allowed to continue for further 4 hours. A second lot of
purified o"—pinene was added at the end of this period

and the fermentation continued for another 4 hoxir period.
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Fifty flasks were employed per batch including
ten flasks which served as two sets of controls; in
one set, medium and the substrate were incubated and
in the other set medium and the inoculum without the
substrate were incubated. Table 1V illustrates the

schedule of operations.

TABLE v

Fermentation of <<—pinene in shake cultures

Time Stage of fermentation Temper- pH.
(hr) ature
0-9A Mycelial growth 28.5° 4.8
24 Additjo f oC—pinene 1st

lot ?b,g%f -
24-28 1st transformation period 28.5°
28 Addition of oC—pinene .2nd

lot (0.5%) ) -
25-32 2nd transformation period 28.5°
32 Harvesting the fermented broth - 4.4

EXTRACTION

Contents of the experimental flasks (40 in no.)
were pooled together and filtered. The mycelium was
extracted thrice with acetone using each time an amount
slightly more than the volume of the mycelium. It was

further extracted consecutively with ether and n-—butanol,
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(three extractions with each solvent) and finally
discarded. The acetone washings were then pooled

with the culture filtrate.

The filtrate was extracted consecutively with
ether and n-butanol (three extractions with each solvent)
using each time an amount equal to 1/10 of the volume of
the filtrate. The extracts were pooled with the corres-
ponding extracts from the mycelium. The acidic products
from the combined ether extracts were separated by
washing thrice with 57 aqueous sodium carbonate and
subsequently twice with water. The ethereal layer (A)
was then dried over 4 g. of anhydrous sodium sulphate
per liter of solvent. Evaporation of the ether yielded

an oily residue, C. (20.5 g.).

Similarly, the combined n-—butanol extracts (B)
were washed with a 5" sodium carbonate solution, distilled
water and evaporated under reduced pressure (30—35 mm.)

to yield a crystalline mass, D. (575 mg.).

The first series of controls (without ~xl-pinene)
were also filtered and extracted. The extracts from these
controls were found to contain common mould fats, sterols
etc., entirely different in nature from the oxygenated
products obtained from the flasks containing ~J(;—pinene.

The second series of controls without the inoculum

but with addition of *—pinene were also worked up in the
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same manner. The added pinene could be recovered from
the ether extracts as ~Jd—pinene except for losses due to
evaporation (25 to 30”7). The extraction procedure has

been shown in the following process diagram(Scheme 1).
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Large scale fermentation

A large scale fermentation was carried out with
25 liters of Gzapek-Dox medium in a 40 liter certified
stainless steel fermentor provided with baffles and a
variable speed stirrer. The medium in the fermentor
was sterilized at 120° for 45 rain, and cooled to room
temperatiire. Spores from a week old culture of the
microorganism were inoculated asdwater suspension
through the inoculating porthole under aseptic conditions.
The incubation temperature was 28° and sterile air at a
rate of 500 ml/min. was passed through a sparger while

stirring the medium at 200 r.p.m.

After a 24 hours growth period,steam sterilized
and purified ~3(—pinene (100 ml) was added to the culture.
The agitation was continued for a further period of 4 hours,
A second instalment of oC—pinene (100 ml) was added at the
end of this period and the fermentation allowed to proceed

for another 4 hours.

After the total transformation period of 8 hours
the broth and the myceliiim were extracted as previously

described and the extracts were concentrated.

On account of the vigorous aeration most of the
(?<;—pinene was lost during fermentation and only 3-4" of
oxygenated products and 1-2% of unreacted MC—pinene were

recovered from the fermentation mixture.



— 50 -

Purification of the residues ¢ and D

a) Fractionation of the oily ”esidue » C[_

The oily fiesidue, C, (20.5 g.) obtained from
the ether extracts was distributed in a modified
counter—current distribution between n—hexane and 0%
ethanol in 4 transfers using 75 ml, of each solvent
in four consecutive stages. The ethanol and the n-—hexane

fractions were pooled together separately.

The n—hexane fraction gave (15 g.) unreacted
N—pinene on evaporation. The pooled alcoholic layers
were evaporated to 1/5 of its original volume under
reduced pressure (30—-35 mm.) and extracted with ether*
The ether extract on drying and evaporation gave a sweet
smelling yellow oily Residue, E, (3.5 g.). Residue, E,
yielded two clearcut fractions on distillation under
reduced pressure, (i) a colourless Oil, F, distilling
at 120-125° (bath temperature)/l16 mm. Hg (2.5 g.) and
(i1) a highly viscous Oil, G, distilling at 145-150°/
0.6 mm. Hg (525 mg.) which crystallised out on standing

at room temperature.

b) Sefaration_of _the Fraction_~F' into
Ketone (I1) and Alcohol (I11)

(1) Bisulphite method - Ketone, 1l, was separated
from Alcohol, m , through its crystalline bisulphite

addition product.
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Fraction, F, (2.5 g.) was added to a saturated
solution of sodium bisulphite in 80” ethanol (8 g. in
15 ml. 807 ethanol) with vigorous stirring for 30 min.
The reaction mixture was allowed to stand for 2 hours
in the cold. The bisulphite complex which separated out
was filtered and Ketone, 11, was liberated from the pre-
cipitate by decomposing the bisulphite complex with
30—40 ml. of cold dilute acetic acid (0,1 N) e« Tiie
aqueous emulsion was extracted thrice with ether. The
combined ether extract was washed with 2% sodium carbo-
nate solution, distilled water and dried over anhydrous
sodium sulphate. On evaporation of the solvent a fragrant
oil was obtained (500 mg.) which was further purified by
distilling under reduced pressure 120-125° (bath tempera-

ture)/16 mm. Hg*

The turbid filtrate from the precipitated bisul-
phite was diluted with water and extracted three times
with 25 ml. portions of ether. The ethereal extracts
were dried over anhydrous sodium sulphate and evaporated
to yield 1.5 g. of Alcohol, m . The product was purified

by distillation under reduced pressure, 125-130®/14 ram Hg.

(i) Chromatography - Fraction, F, (2 g.) was
chromatographed over 5~ g. of neutral, grade Il alumina
(acid treated, water washed and heated at 140® for 6 hours)

and was eluted using 100 ml. portions of n—hexane,
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n—hexane + 5% benzene; n—hexane + 10% benzene; n—hexane +
50f0 benzene; benzene; benzene + 5% ether; benzene + 10%
ether; benzene + 50% ether; ether; ether + 10% ethanol;

ether + 5>(% ethanol and ethanol.

This procedure resolved Fraction,F ,into Ketone,lI,
and Alcohol, 111. The various fractions were combined
on the basis of weight curve for further purification

as shown in Fig.3.

COLUMN-CHROMATOGRAPHY OF FRACTION F

Hd, 3,
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TABLE V

Properties of Ketone,ll, and Alcohol,llIl.

Molecular formula

Microanalysis

Found:
Calcd:
b. p.
D
,26.5
U. V.
| R.

Derivatives:

Ketone, 11

CioHm O

C,79.54;H,9.21"
G,79.95;H,9.39"

110°/16 mm.Hg

+ 223°(G, 9.2)

1.4960

max 253 mu

log 3.81

%>ax 1658 om-1
for c=0;
%nax 1613 cm—I

for conjugated
double bond

Semicarbazone
m.p. 203-205°

Alcohol,ll1

~10ML6 N

C,78.99;H,10.41~
C,78.89;H,10.59"

112°/14 mm. Hg
+ 64° (C, 17.4)

1.4929

Ymax 3360 cm“~”

for OH absorption.

p—Nitrobenzoate
m.p. 88-90°

((]ﬂ + 17° (ethanol) .
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The semicarbazone of Ketone, 11, was prepared
by refluxing an aqueous alcoholic (80”) solution of
500 mg. of semicarbazide hydrochloride and 1 g. of
sodium acetate with 100 mg. of Ketone, Il, on a water
bath for 45 to 60 min. On evaporation of excess of
alcohol, crystals of semicarbazone separated which
melted at 203-205° after repeated crystallisation from

ethyl acetate.

Analysis Found*. C, 63.29; H, 8.02; N, 19.69"
Gl 1H170N3 63.74; H, 8.27; N, 20.27~/.
u. v. Amax N 4.27.
p—Nitrobenzoate of Alcohol, 111, was prepared
by refluxing 500 mg. of Alcohol, 111, and 1 g. of

freshly prepared p-—nitrobenzoyl chloride iIn presence

of 5 drops of pyridine for 30-45 min. on a steam bath.

A few drops of water were added to the mixture and after
standing for—15 min. at room temperature it was stirred
into 10 ml. of Y% sodium bicarbonate solution. The
precipitated solid was filtered, washed with a little
aqueous sodium bicarbonate then with distilled water and
sucked dry. The crude derivative was recrystallised from
n—hexane to the constant m.p. 88-90°; ( + 17*,

C, 27.75).
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Characterisation of Ketonell

From the physical properties of Ketone, 11, and
its semicarbazone it was suspected that it might be
identical with d verbenone. Verbenone was then /jnithe—
sised according to Badoche by autoxidation of "—pinene

in the presence of chromium trioxide as catalyst.

Humid oxygen was bubbled through a mixture of
20 g. of <?C—pinene and 1 g. pulverized chromium trioxlde
contained in a 500 ml. Erlenmeyer flask with continaous
stirring for a period of 10 days, when further absorption

of oxygen ceased.

The reaction mixture on extraction with chloro-
form and subsequent evaporation yielded a highly viscous,
colored oil (18 g.% This on further steam distillation
yielded a colorless liquid (15 g.)* The ketone, verbenone
was separated from this liquid asasemicarbazone (3.6 g.)
melting at 205-207°. Hydrolysis of this semicarbazone
by dilute hydrochloric acid gave d-verbenone quantitatively

3 g.; + 121°).

Ketone, 11, and verbenone were found to be identical
in every respect including comparative |1.R. spectra and thus,lI
was characterised as d-verbenone. There was no depression

in the mixed melting point of the semicarbazones(204—-206°).
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Characterisation of Alcohol, Il

From the physical properties, Alcohol, 111,
was identified as d-cis-verbenol. The identity was
conclusively established by oxidising it to the known

ketone verhbenone.

Oxidation of Alcohol, ill, to Verbenone

(1) Manganese dioxide oxidation — A solution
of Alcohol, 111, (500 mg) in chlorofonn was stirred
with active manganese dioxide for 24 hours at room
temperature (27-28°). The manganese dioxide was removed
by filtration and washed thrice with hot chlofoform.
Removal of the solvent from the filtrate gave a yellow—
ishjOily residue (400 mg.) which was purified by disti-
Ilation under reduced pressure, 140-145° (bath tempera-

ture)/16 MM. Hg,

Analysis Found: C, 79,74; H, 9.47
Calcd.for
clOHl40 79.95; H, 9.39
u. V. '"max 252.5 ma log & 3.332.

The product was identified as d-verbenone

by a comparative 1.R. spectra with Ketone, 11.

(i1) Chromic acid oxidation - Alcohol, 111,
(100 mg.) was added to a complex of 50 mg. of chromium
trioxide in 5 drops of pyridine. The mixture was kept

overnight at room temperature (28-29°) and decomposed



- 57 —

with a little water. It was then steam distilled in
a semi—micro steam distillation apparatus when

d— verbenone (40 mg) was obtained.

Analysis Found: C, 79.80; H, 9.51 %

Calcd, for
clOHl40 C, 79.95: H, 9.39 %

Characterisation of Fraction, p (G)

The solid compound from Fractions D (575 mQ)
and G (500 mg) was chromatographed over 30 g. of neutral
aliomina (acid treated, water washed and activated at
140® for 6 hours). The column was developed with 100 ml.
portions of solvents in a sequence previously described
for the fractionation of Fraction, F. Benzene chloroform
mixture (l:1) eluted a white, needle—shaped, crystalline
solid (1V; 800 mg.} which was dissolved .in 10 ml, of hot
benzene and filtered. After standing at 0® overnight,
562 mg. of Compoimd, IV, was obtained, m.p. 140-145°*
Recrystallisation from 10 ml. of benzene yielded the
pure compound (475 mg), m.p. 145-147°. Physical proper-

ties of Compound, IV, are listed in Table VI.
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TABLE Vi
Physical constants of Compound, 1V.
Compound 1V
Molecular formula clOH1802

Microanalysis:

Found C, 70.66; H, 10.7~
Calcd, C, 70.54—, H, 10.66~
m. p. 145-47°

+ 152°(C, 12.8)

I.R. ITmax 3240 cm"! — OH
absorption

Tetranitromethane very feeble
test in chloroform

The 1.R. spectrum and mlcroanalysls indicated
that Compound, 1V, has two hydroxyl groups. To establish
the identity it was necessary to obtain sobrerol by an

acid catalysed rearrangement of <?c—pinene epoxide.
Preparation of authentic sobrerol

a) Epoxidation of <-pinene to pinene epoxide

<i"~Pinene (5 g.) was added dropwise to freshly
prepared monoperphthalic acid solution (20 g. in 100 ml,
of ether) with stirring at 0° and the resulting mixture

was kept at 4® until the reaction was complete (48 hours)
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as indicated by iodometrio titration. (The amoimt of
peracid In the reaction mixture was determined by adding
2 ml. aliquot of the ethereal solution to 30 ml* of 20$
potassium iodide and titrating the liberated iodine

after 10 min. with 0,1 N sodium thiosulphate),

The solution was filtered and the residue as
well as the filtrate were extracted thrice witn ether.
The ether extract was then washed with aqueous sodium
carbonate, distilled water and dried over sodium sulphate.
On removal of the solvent cCpinene epoxide (2.85, g.) was
obtained which was purified by distillation under reduced

pressure, b.p. 78-80°/ 20 mm., (WJq + 51° (G, 20.72).

b) Acid catalysed rearrangement of «*-pinene epoxide

<?<-Pinene epoxide (2 g.) was stirred for 15 min.
with 10 ml. of 0.1 N sulphuric acid. The mixture warmed
spontaneously and formed crystals of sobrerol immediately.
n—Hexane (5 ml.) was added te the cooled mixture to
facilitate separation of sobrerol from the liquid. The
diol (1.5 g.) was recovered by filtration and purified
by repeated crystallisation from benzene to a constant
melting point 145-47°. The mixed melting point of
sobrerol with Compound, 1V, was undepressed and the I.R.

spectra of the two samples were identical.
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Manganese dioxide oxidation of Compound, 1?

A solution of the solid Diol, IV (200 mg.) in
50 ml. of chloroform was stirred for 24 hours at room
temperature with 20 g. of active manganese dioxide.
The solid catalyst was removed by filtration and the
ketone hydroxycarvatonacetone (V) was recovered after

removal of the solvent, Amax N N 3.97.

The synthetic sobrerol also yielded an iden-

tical product by manganese dioxide oxidation.



CHAPTER \%

TRAKSFORMATION OF ™"—-CARERE,

GARAia AND HUMULENE



Transformations of "—Carene,Carane and Humulene

DISCUSSION

In the preceeding chapter the stereospecific
conversion of Ot"—pinene into oxygenated products such
as cis-—verfeenol, verbenone and trans—sobrerol by A.niger
was described. It was considered necessary to determine
whether” —pinene alone is uniquely oxygenated microbio—
logically,or if such transformations are also possible
with other terpenoid hydrocarbons. The action of the
experimental strain of A.niger (612) on/~®-carene (1),
carane (I11) and humulene (I11) was, therefore, studied.
The studies on carane and A carene had, moreover,
the objective that a biological hydroxylation of the
compounds (I and 11) at position 6, i.e.,at the cyclo-
propane and cyclohexane ring juncture, could possibly
establish a convenient synthesis of the pharmaceutically
important compound, menthol (IV) or its isomer, iso-

menthol (1Va).

CH,

(or)
— OH

H3C 'CH, H3C CH3

3y, JY a



- 62 —

Encouraged by the finding that allylic oxygenation
was one of the chief microbiological transformations of
oC—pinene, the large ring sesquiterpene hydrocarbon,
humulene was subjected to the action of the mould with
the anticipation that oxygenation at position allylic
to both the double bonds would provide a pathway to
zerumbone (V), It should be mentioned here that a conve-
nient chemical synthesis of zerumbone from humulene has

not been worked out as yet.

’M§Garene (n, is distributed fairly wide
in nature and occurs in turpentines from Pinus longifolla

44,45 Simonsen and his colla-

and various other sources.
borators'™ were the first to isolate this hydrocarbon
as a fraction distilling at 165-70° from turpentine.

After extensive studies the constitution of carene was

established by a number of investigators.

The occurrence of the saturated bicyclic hydro-
carbon, carane, CiqHis? ”~as not been reported as yet in

natural sources, Carane was prepared by Krestinski and
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Solodki" by catalytic hydrogenation of A*~carene. It
has also heen obtained by distillation of pulegone
hydrazone with potassium hydroxide by Kistner and
Zauadrosky."®

Fermentation conditions and extraction procedures
employed were essentially the same as those used for
A-pinene. Compared to *?(-pinene both A::”carene and carane
were found to be resistant to oxygenation by the experi-
mental strain of A.niger.

In the case of ’\gcarene, however, 0.5-1” of an
oxygenated product was Isolated by solvent extraction,
solvent—solvent distribution and distillation from the
72——hours fermentation mixture. This liquid showed a
weak C=0 absorption in the |.R. spectrum. Further studies
were not carried out since the yields were very low and

in some batches none of the product could be isolated.

In the case of carane the substrate could be
recovered unchanged from the fermentation mixture, even
after a prolonged period of 72 to 96 hours of fermentation,
(amounting for losses due to evaporation). I|.R.spectra of
the crude oily fraction obtained after fermentation indi-
cated the complete absence of any hydroxyl or carbonyl

functions.

These studies would suggest that the presence of

the cyclopropane ring in “—carane and carane probably
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prevents the microbial oxidation of the hydrocarbons by
the strain of A.niger , even though these hydrocarbons
are readily autoxidised, both in air and in oxygen.
Whether this resistance 1is generally true for other
fungal strains can only be determined after a wider
screening of several microorganism™,

The sesquiterpene hydrocarbon, humulene(lll),
Cl5H245 was first isolated from oil of hops (Humulus
lupulus) by Chapman™ and was found later by Bhattacharyya
and coworkers™ in the oil of wild ginger (Zingiber
zerumbet). Its structure has been established conclusively

Vv 54 SS
by Sorm and Sukh Dev on the basis of physicochemical

evidence.

This hydrocarbon was also found to be relatively
resistant towards A.niger . On prolonged fermentation
(72 hours) 0.2-0.5~ of a solid alcohol (m.p.140-43°) was
obtained from the neutral fraction. However, further
work on this hydrocarbon was not taken up since it was
observed that under the acidic conditions of fermentations
namely at pH 4.5, the hydrocarbon was susceptible to

rearrangement even in the absence of the mould.
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EXPERIMENTAL

The fermentations were carried out in batches
of forty shake flasks at a time, " .“arene, carane oOr
humulene was added in concentrations of 0.5 ml/100 ml.,
0.5 ml/100 ml. and 0.2 ml1/100 ml., respectively, to
each of the forty flasks containing a 24 hours culture
of A.niger in 100 ml. Czapek—Dox medium enriched with
0.5~ corn steep liquor at pH 4.5. The mixture was
incubated at 28° for 24-72 hours depending upon the
rate of conversion. After the necessary transformation
period, the fermentation mixture was filtered and the
mycelium and the broth were extracted with ether and
n—butanol as described in the previous chapter. The
n—butanol fraction on evaporation yielded 0.5 to Q7%)
of products which consisted mainly of normal mould

products.

Oxygenated products from “"—carene and carane

The concentrates after removal of ether did not
show any appreciable change in the |.R.spectra with those
of the starting hydrocarbons. However, in the case of

zJN—carene, 0.5-1n of a viscous high boiling liquid (VI)
was obtained after fractional distillation of the

concentrate.

I.R.spectra: 1653 cm“~(weak band) and a shoulder

at 1613 un“li K-unsaturated C=0).
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Oxygenated product from humulene

The ether extract from the pooled cultures to
which humulene was added after washing with aqueous
sodium carbonate, water and drying (7.1 g.) was chroma-
tographed over (200 g.) neutral alumina (grade I11). The
column was developed with petroleum ether (60-80®),
benzene and chloroform. Unreacted humulene was obtained
from the petroleum ether fraction. The benzene and chloro-
form mixture eluates gave 32 mg. of a solid alcohol which
was recrystallised from petroleum ether to the constant

melting point,140—-43°.

The product was probably an artifact due to an
acid catalysed cyclisation of humulene, Since a similar

product was obtained in traces from control flasks.
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TRANSFCIMATICN  0? oC—SAKTALENE



Transformations of the Sesquiterpene

Hydrocarbon— gC——Santalene

DISCUSSION

In the purification of sandalwood oil, 1015%
of the essential oil from the plant is obtained as
hydrocarbons of little or no perfumery value, & -
santalene comprising 40-50" of this hydrocarbon frac-
tion, Since it has been established from work reported
in Chapter 1V that a hydroxyl group could be introduced
in a position allylic to a double bond atleast in case
of C(f—pinene, it seemed desirable to find out whether

—santalene (1) could be converted by this strain of
A.niger to the commercially useful allylic alcohol,

—santalol (I11),

| H
It should be mentioned here that a chemical

transformation of this hydrocarbon to o*-santalol has not

been reported yet in literature.

The sesquiterpenic hydrocarbon, cM™—santalene (1) ,

CI5% 4jis one of the constituents of East Indian sandalwood
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oil, obtained from the wood of SantaliM album.56 It
is tricyclic and a derivative of tere-—santalic acid.
Its constitution has been conclusively established by
the extensive investigations of Semmler and collabora-

torst» ’

The general procedure and the techniques for
the fermentation and the extraction processes were
similar to those already mentioned in ithe proceeding

chapters.

Briefly, incubation of A.niger withixsantalerfi
afterdSO—hour growth period, followed by extraction of.
the culture filtrate and the acetonised mycelium with
ether yielded a mixture of both acidic and neutral
products. The acidic products were removed from the
neutral as the soluble sodium salt which on further
acidification, extraction and solvent distillation
yielded a brownish solid mass (111), which was difficult
to crystallise from the usual organic solvents. Purifi-
cation by the sublimation technique was,therefore,resor-

ted to.

Compound, m , obtained pure (mrp. 152-54°)
after repeated sublimation iIn vacuo at 140-45° (bath
temperature)/30—-36 mm. pressure, analysed for CioNl472*
The I1.R.spectriim indicated the presence of a carboxyl

group (2660 cm””™ and 1706 cm”’l).
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Figure 1

(a) Comparative infrared spectra of isolated tere-—santalic
acid with that of authentic sample (—).

Cb) Comparative infrared spectra of isolated tere-—santalol(—)
with that of synthetic tere—santalol(—-).

(c) Infrared spectra of the liquid alcohol, V.
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From these characteristics, it was possible to
identify Compound, 111, as tere—santalic acid, by
comparing its physical constants and |I.R. spectrum with
those of an authentic sample. The mixed melting point

of both the samples was undepressed.

W.

The neutral fraction from the fermentation
mixture yielded a small amount (0,5-17) of solid alcohol,
~107M167N  (IV) which was i1dentified as tere—santalol Dby
its mixed melting point with an authentic sample and by

comparative |.R. spectra.

The neutral fraction further yielded a liquid
Cib5 alcohol (1-2%) which indidated the presence of a
hydroxyl group (3400 cm-1), a double bond (1660 cm"l)
and a tricycline system (855 and 880 cm“l) in the I.R.
spectrum. Eventhough the microanalytical data were
in good agreement with those of*<;*—santalol (21), the
I.R.spectrum showed marked differences in the finger
print region. From these data the tentative conclusion
was made that the hydroxylation is on the terminal double
bond in the side chain leading to a tertiary alcohol.
A probable structure which would not be incompatible

with the physical data is; o 'CH3



The above experiments were started with the
intention of converting oc-santalene to <-santalol.
No trace of t<-santalol could be detected amonggthe
transformation products. Perhaps, A«niger may not
be a suitable organism for this conversion and a

study of vafious other microorganisms in this respect

may yield the desired result



experimental

The fermentation and extraction procedures
were the same as those used for “pinene. Forty 500ml.
Erlenmeyer flasks, each containing 100 ml, growth
medium were Inoculated with A»nlger spores and incu-
bated on a rotary shaker at 27.5°. After a 30-hours
growth period, «C-santalene 121-123°/ 10 mm. Hg

D + 10,8° was added (0.2 mi/100 ml. medium) and the

transformation was allowed to proceed for 24 hours.

The contents of the forty flasks were pooled,
filtered, the mycelium was acetonised and the mycelium
and the filtrate WEIE extracted with ether. The ethereal
extracts were washed with 57 sodium carbonate solution
to separate neutral and acidic components from the extra-
cts. The ether extract was washed with distilled water,
dried over anhydrous sodium sulphate and the solvent
distilled off to give a residue (Al) (4.25 gm.), which
was further fractionated into different fractions by

chromatography on grade 11 alumina.

The aqueous fraction was acidified with concen-
trated hydrochloric acid, extracted with chloroform,
washed with distilled water and dried over sodium sulph-
ate. On evaporation of the chloroform extract a solid

mass (I11) (825 mg.) was obtained.
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Solid, 111, was best purified by sublimation
at 140-145° under water pump pressure (30—-35 mm.) to
give the pure product (705 mg.) with a constant melting
point, 152-154°, The physical characteristics are

shown in Table 1.

TABLE |

Properties of Solid 111

solid 111
Molecular formula *N1ON14*N2
Microanalysis;
Found c, 71.86; H, 5.%
Calcd. C, 72.26; H, 8.497
m, p. 152-54°
neutral equivalent 16K+ 3)

— 63.17° (C,3.32 in benzene)

I.R. spectrum "Amax 2@®°

Vmax 1706 cm-1

From microanalysis, |I.R.spectra and the neutral
equivalent data the solid Compound, Ill, was identified
as tere-—santalic acid. Mixed melting point with an

authentic sample was undepressed (152-54°),
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Separation and identification of the neutral fraction

Residue, Ai (4.25 g.) was adsorbed on a neutral
Grade Il alumina column (175 g.) and was eluted with
graded solvent mixtures. n—Hexane, benzene:ether (1;1)
mixture and ether eluted out unreacted —santalene (1)
(3.25 g.), solid alcohol (1V) (25 mg.) and a liquid

alcohol (V) (100 mg. respectively.

The solid Alcohol, 1v, (25 mg.) was purified b~
sublimation at 90-95® under water pump pressure(30—35 mm)

to the constant m.p. 108-110°.

I.R. spectra: ’'V*ax cm“”~  —OH- absorption.

Compound, 1V, was identified as tere-—santalol
by comparing its I.R,spectra and melting point with
those of an authentic sample prepared by lithium alumi-

niijm hydride reduction of tere—santalic acid.

The liquid Alcohol, V,(100 mg.) purified by
distillation under reduced pressure (140-45*/6 mm.) had

the following characteristics:

Molecular formula NLBNG*N

Analysis: Found C, 81.24; H, 11.29n
Calcd, C, 81.76%, H, 10,98".

b.p. 140-45®/6 ram

tetranitromethane test positive
in chloroform.

I.R.spectra: 3700 cm“~(OH absorption);

1660 cm“I(tri or tetrasubstituted

double bond); 855 & 880 cm—I(a tri-
cycling ring system).



CHAPTER AR

TRANSFORMATION OF CA1'4PHENE AI'D

/6—SANTALBNE
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Transformations of Gamphene and -—Santalene

DISCUSSION

Camphene, (1), CioHig, is the only crystalline
bicyclic monoterpene hydrocarbon occurring in nature.
The 1-isomer was first isolated by Gobolov57 from the
essential oil Abies sibiria, the racemic and the two

optical isomers were later shown to be widely distri-

buted iIn nature,™

The bicyclic sesquiterpene, y3 —santalene,Il.,
C’\gH94, occurs in East Indian sandalwood oil, obtained
from the wood of santalum .ivum.56 This isomer always
occurs together with the /X.—isomer and can be separated
from the latter by repeated fractional distillation

through an efficient column.

The fermentations were usually carried out by
adding the substrates (100 rag camphene/100 ml, medium
and 180 ng N _santalene/100 ml. medium) to a 30-hour
culture of the fungus. A 24 hour., transformation period
was allowed and the oxygenated products were isolated by

the usual solvent extraction procedure as described in

the previous chapters*

With camphene as the substrate, the experimental

strain of A.niger produced two new compounds (a) a neutral



compound (I11) in bl% yield and (b) an acidic compound
(1v) in 30~ yield. It is interesting to note that the
same acid (1V) was also obtained from the fermentation
of fh —santalene iIn 35" yield. However, in this case no

other neutral compound could be isolated.

The crude Acid, 1V, could be isolated only as
its corresponding Anhydride, V, since the free acid was
highly unstable even under mild conditions. Anhydride,

V, was purified by distillation under reduced pressure

(80-88°/3 mmo.

Controls run under strictly comparable conditions
without the addition of camphene or—-santalene did not
yield any of the transformation product® but only small
amounts of high boiling substances possibly mould acids,
which solidified on standing at room temperature. The
latter could be eliminated by fractional distillation
taking advantage of its high boiling point in the region
of 180-19013 mm. On the other hand, the transformation
product distilled in the region 80-887/3 mm. and remained
as a liquid. Thus the latter could be isolated free from

contaminating mould products.

Structure of the liquid Anhydride, V

The constitution of Anhydride, V, was established

by oxidative degradation and by its eventual synthesis.



Compound, V, analysed for The
neutral equivalent” determined by dissolving in sodium
hydroxide followed by titration with standard acid®
was 96 (+2). The compound was optically inactive
and found to be unsaturated as shown by decolori-
sation of bromine solution in carbon tetrachloride

and a weakly positive tetranitromethane test.

The 1.R.spectra indicated the presence of

(1) a five membered ring anhydride (1848 cm’lI,
1813 cm“l and 1764 cm“")j

(in) a tri or tetra substituted double bond(1670 cm-1
and a weak band at 830 cm”l) possibly conjugated
with a carbonyl system, and

(ii i) a straight chain containing at least four

methylene groups (735 cm“l).

The u.v. spectra ( Amax £3.81—,
end absorption, “max ~13 mj, logb6 4.21) also supported
the existence of a tri or tetra substituted double bond
in conjugation with the carbonyl system. In agreement
with this conclusion, the liquid anhydride failed to
consume perbenzoic acid showing that the double bond
is inert to acid catalysed epoxidation due to conjugation

with the carbonyl group of the anhydride moiety.
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FUEOUENCY CM"
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(a) Infrared spectra of Anhydride, V (as liquid film).
(b) Infrared spectra of Imide, VIII (in Nujol mull).
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Kuhn—Roth determination indicated the presence
of at least two C.methyl groups. On catalytic hydrogena-
tion in glacial acetic acid in the presence of platinum
oxide catalyst, Liquid, V, absorbed one mole of hydrogen
and yielded a saturated liquid, VI, (C~MiH"gOs). The
absence of 1670 cm™” absorption in the |I.R.spectra and
negative tetranitromethane test indicated that the
double bond had disappeared. The liq.uid Anhydride, V,
on the other hand, failed to absorb any hydrogen when
hydrogenation was carried out in alcohol medium showing
that the double bond i1s placed in a hindered and rigid

position.

Attempts to dehydrogenate Compound, v, with
selenium were unsuccessful indicating the absence of
any 6-membered cyclic system in the liquid anhydride.

On reduction with excess of lithium aluminium
hydride, the liquid anhydride, (VJ yielded a liquid diol,
A11A22A2j (VIl) still containing one double bond, *positive
tetranitromethane test and bands at 1670 cm—~l and 829 cm—

in the I.R. spectra).

Compound, V, gave a mono-2,4—dinitrophenyl—
hydrazone (m.p. 148-50°) which showed strong ultraviolet
absorption at 325 mu characteristic of non-conjugated
phenyl—-hydrazones showing that either the carbonyl

reacting with phenyl hydrazine is not in conjugation
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with the double bond or, the double bond may have

shifted out of conjugation during the reaction.

A partial structure can be assigned to

Anhydride, V, on the basis of the above experimental

evidence.
0 —exo or endo-cyclic double bond

I
_C_

NIN16

!
- 2-C-CH3
0 _ (CH2)4

Partial structure of Anhydride, V
The position of the double bond.arxi,tte paraffin
side chain and the nature of the five membered cyclic
ring system were further determined by ozonolysis
studies on both the anhydride and its crystalline

derivative, Imide, VIII.

Anhydride, V, yielded an ammonium salt on
treatment with aqueous aramonia which on distillation
under reduced pressure afforded a crystalline Imide,VIII,
ANLINLTA2N m.p. 60-61°). The same imide was obtained
in somewhat poorer yields but in a purerform by heating
the anhydride with urea. Compound, V111, showed chara-

cteristic I|.R.absorption(p. 78) of a five membered ring
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imide (3140 cm"”; 1760 and 1725 cm-1) and the
absence of any trisubstituted double bond at 820-840

ciD" region.

On saponification and acidification, the pure
imide (VIIl) yielded Anhydride, V. The similarities
bf the physical constants and superimposability of
the I,R.spectra of the original anhydride and that
derived from the imide indicated conclusively the
homogeneity of the original liquid anhydride, (V) and
that no basic structural rearrangements had occurred

during the treatment.

Ozonolysis of Anjyydride, V, resulted in the
formation of a mixture of neutral and acidic carbonyl
compounds which were converted to their 2:4-dinitro-
phenylhydrazones. From the acidic fraction”2;4—dinitro—
phenylhydrazone of keto-caprylic acid, 1X,(128-30°)
was isolated and identified by microanalysis, melting
point, mixed melting point and comparative I,R.spectra

with an authentic sample,

Ozonolysis of the imide, VII], afforded a stable
crystalline Ozonide, (m.p. 46-48°) which showed the

presence of an ozonide system (1056 cm-") in l.R.spectra.

59
Criegee has shown after studying more than
20 ozonides of various types that this peak is due to

C=C stretching frequency of the ozonide system and has



also reported that five membered substituted cyclic

imides form stable ozonides.

FRELENCY QT

Figure 2
(a) Infrared spectra of Ozonide, X (in nujol mull).

(b) Infrared spectra of Diketoimide, XI (in nujol mull),
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Owing to the relatively greater stability
of this ozcnide, milder methods of decomposition
such as addition of water, reduction with zinc and
hydrochloric acid proved unsuccessful. More drastic
methods of reductive decomposition had, therefore, to
be resorted to. On hydrogenation with active palladium-—
calcium carbonate the ozonide yielded Diketo imide, Xl,
(CIHIHI704N, m.p. 92-95®). The |.R.spectrum showed the
presence of —NH( 32.40). cO-NH-CO (1761 cm“~) and

C=C (1711 cm“”™) groupings Iin the molecule.

On alkaline hydrolysis Compound, XI, gave
rise to <<-ketocaprylic acid (IX) and pyruvic acid,
both identified through their 2>4-dinitrophenylhydra—

zones and comparative paper chromatography with authentic

samples.
Ozonolysis of anhydride and imide
Anhydride, Imide, VI
C.,H,603 CiiHiyOgN CijHi~OgN
(46-48°)
H2(Pd
CHjICHkC-COOH | (P
CuH.~O”N
+ Other products Y
{92-95°)
HOH

CH3(CH2)5 C-COOH

+ CH,-C-COOH

|



Bhattacharyya and coworkers™® have reported
that Anhydride, V, on chromic acid oxidation give a
mixture of acids which could beseparated and identi-
fied as caproic (Xli), heptanoic (X111),acetic (XI™ )

and propionic (XV ) acids.

In view of the above experimental evidence
the liquid Anhydride, V, and the solid imide, VIII,
can be represented by sisructures V, orVa andVIlII,

respectively*

CH3 (CH2YICH= /
(or)
CHA- CH- CH-C-

Ya

CH3(CH2)5"" /
NH

CH3-—C-

~wr O
The proton n.m.r, spectra of the liquid anhydride,

however, is in complete accord with the Structure, V,
and indicated that both Anhydride™ V* and imide VIII™ have

similar structures.

On the basis of the absence of vinyl proton

(3—-6Tregion) and the presence of C=C—CH3 at 8.1T
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Structures v and virr could be assigned to the anhydride

and imide® respectively.

A niger

I ‘CHj
CAMPHENE
CH3(CH2)4 ch= c
P
CH3—CH
CH3(CH24— C— CHZ20H L oa
My
CH~-CH-CHoOH C
2'5 COx
CH3 — c- -CO
Vily
O’
CH3(CH25-cC CO,
o~ \
»NH
i. /
CH3-C- mCO
HglPd)
CH3(CH2)5- C -------- cO \
0
0 NH

CH .-C- o4

CH3(CH2)s C

CH3(CH2)5 C-COOH

\ % * Other products
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ANHYDRIDE

IMIDE

Figure 3

NMR spectra of An|iydride, V and Imide, VIII
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WAVELENGTH (MICROMS)

Figure 4

Infrared spectra of Hydroxydicarboxylic acid,XVII
(in nujol mull).
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Structures V and VIIlI for the anhydride and
imide~respectively”®were further confirmed by synthesis.
The primary step consisted of a cyanohydrin synthesis
on ethyl-n—hexyl—-acetoacetate. The cyanohydrin (XVI)
was hydrolysed without isolation to the corresponding
hydroxy dicarboxylic acid (XVII) (C3}H009j m.p.132-34°),
which on refluxing with thionyl chloride and pyridine
yielded the anhydride as characterised through its 2,4—

dinitrophenylhydrazone. The yields were, however, low.

O cCgH.s CeH|3
CHj- C- CH - COOC2H5 > CH - COOC2H5
CN OH S Z r

HOH
(CHglg C-------CO Pyridine CH,- C- CH c00c2H5
\
Socu COOH  OH
CH3-C -co/
iz; sm .

A comparison of the physical constants and I1.R.
spectra of the synthetic anhydride with those of
Anhydride, V, conclusively established the structure
of Anhydride, V, as the anhydride of 2 nonene 2,3-—

dicarboxylic acid.
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Figure 4

(a) Comparative infrared spectra of synthetic Anhydride, —m
with that of isolated Anhydride, V.(—o

(b) Comparative infrared spectra of 2,4—dinitrophenyl-
hydrozone derivatives of both synthetic Anhydride, VI (—)

and isolated Anhydride, V.



The 2,4—dinitrophenylhydrazone of both the
mould metabolite and the synthetic compound proved
to be identical through analysis, mixed melting point

and I.R.spectra.

The question arises whether Anhydride, V, 1is
a true transformation product or an artifact. The six
carbon side—chain is obviously difficult to derive from
any part of the terpenoid hydrocarbon, and presumed to
be synthesised from substrates other than terpenes. The
citraconic acid carbons may on the other hand have their
origin in the ( ¢« ) marked carbon which are common in

both the terpenoid hydrocarbons.

An identical anhydride, methyl hexyl maleic
anhydride has been obtained by Dhavlikar®”® of this
laboratory on micfobiological degradation of the sesqui-
terpene hydrocarbon, longifolene which has the same basic
ring system as camphene and /i—santalene. Work on the
rates of transformation of the initial hydrocarbon, has
also shown that the rate of formation of the anhydride,
closely follows that of the disappearence of longifolene
from the medium. However, this cannot be regarded as
absolute proof that the transformation products are truly
derived primarily from the substrate as there is a possi-
bility that substrates of a camphene type might have

induced the organism to produce the anhydride by a meta-

bolic fchift.



Biosynthesis of compounds such as caperatic
acid (XVIIl) and roccellic acid (XIX) by lichens
has been reported by Mitzo Asano®" and Kennedy.
This presumably takes place in the case of lichens
by an aldol condensation of the fatty acid residues
with a suitable acid from the tricarboxylic acid
cycle. The condensation of octanoate or its equivalent
with pyruvate may be visualised to give rise to

Anhydride, V.

CH: (CHg~ CH-COOH CH3(CH2)||-CH-COOH
HO-C-COOH CH: -CH-COOMH
CHgCOOH
M K 2 1K

Whether Anhydride, V, is truly a product of
terpenoid transformation or an artifact can be settled
only by the use of labelled compounds. Such investi-
gations are beyond the scope of the present exploratory

studies.

Characterisation of the neutral product

The neutral fraction (l111) which was obtained
on removal of the solvent was chromatographed on neutral
alumina column. The chloroform—alcohol mixture (4*1)
eluted a colorless, fragrant liquid (XX) which distilled

at 70—-74® (bath temperature)/30 mm. Hg. Liquid, XX,which
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analysed for CQElZOZ showed the presence of both hydroxy

and carbonyl absorption in the l.R.spectrum(p, 91).

The presence of both the hydroxyl and carbonyl
groupings in the molecule was proved by making the
benzoate derivative and hydrolysing it. The liquid
which was regenerated after hydrolysis of the ester
also showed the presence of —-OH and —CO groupings In

the molecule.

From the 1.R. and the microanalysis data, the
only structure admissible for this compound is that of
an aliphatic acyclic compound with —-OH and —-CO functions.
The yield of this hydroxy carbonyl compound (XX) was
small and variable. In some fementations only traces
of XX could be isolated. Further studies on its struc-

ture was, therefore, discontinued.
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Figure 5

(a) Infrared spectra of Liquid, XX.

(b) infrared spectra of the benzoate derivative of
Liquid, XX.



EXPERIMENTAL

Fermentation

The experr‘mental conditions employed in the ,
present investigation were essentially the same as
those used for (<—pinene. Briefly, the mould under
investigation was cultured in an energy rich synthetic
Czapek—Dox medium under aerobic conditions in forty-
shake cultures at 28® for 24 to 30 hours. The hydrog
carbonscamphene (m.p. 51-53°; + 85.6*"), 100 mg./
100 ml., and/3—-santalene (b.p. 125-30™/7 mm. s ?(/£)—29.8°),
180 mg./1I0O0 ml. were added to the respective cultures

and incubated for a further period of 24 hours.

The methods used for determining the optimal
conditions for the fermentation correspond to those
developed for the microbial transformation of <xl—pinene.
With camphene as the substrate a transformation period
of 24 hours was found to be optimum as far as the yield
of the acidic material was concerned. The incubation
temperature was maintained at 27.5® and the initial

concentration of the substrate was 100 mg./I00 ml,

With/3—-santalene which was added after a thirty-
hours growth period at 27.5° the rates of oxidation wase
found to be higher and the mould could metabolise 0,2%(Y/Y)
of added ~ —santalene 1n 24 hours. In the actual fermen-

tation experiments a level of 180 mg/l10O0 ml. was used.
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Extraction

| The method of extraction of the fermentation
mixture has been described in detail in the earlier
chapter, in short, the acetonised mycelium and the
culture filtrate from forty shake cultures were
extracted with ether and the constituents of the
solvent layer were separated into acidic and neutral

components by extraction with 5* sodium carbonate

solution.

The ethereal layer (A) containing the neutral
fraction was dried over anhydrous sodium sulphate, eva-
porated and the residual oil (A1) was fractionated on a

neutral alumina column.

The aqueous layer (600 ml.) containing the
acidic product, fs the sodium salt was acidified with
concentrated hydrochloric acid and extracted thrice
with 100 ml, portions of chloroform. The combined
chloroform extracts were washed with distilled water
and dried over anhydrous sodium sulphate. Evaporation
of the solvent gave in 30" yield, a highly viscous
yellow oily liquid (1vj "2.79 g.), which was purified
by repeated distillation under reduced pressure to
yield the pure Compound, V, ((120-25°- bath temperature /

3 mm. HQ).
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The sesquiterpene hydrocarbon, —santalene,
also yielded the same Compound, V, in 35" yield from
the aqueous sodium carbonate fraction after acidifi—

cation, chloroform extraction and evaporation of the

solvent.

Physicochemical studies on Compound, V

The purified Compound, V, had the following

properties as listed in Table 1.

TABLE |

Physical characterisation of Compound V

Compound, V

Molecular formula cl1H1603

Microanalysis: Found C, 67.32; H, 8.22 %
calcd. c, 67.08; H, 8.12 %

Kuhn—Roth—deterraination 1.7 moles — C—CH3
Found CtCHs 23.42n
Calcd. 2(C—CH3) 27.04n
for (

b. p. 85-87®/ 3 mm.

j4d 0

neutral equivalent 98 (+ 2)

|I.R.spectra i) 1848, 1813, and 1764 o1

a five membered ring anhydride.
11) 1670, and 830 cm“l — a tri or
tetrasubstltuted double bond

ill) 735 cm"l —a straight chain conta-
ining at least four CHZ2 groups.

thw. spectra i) ~max 249 n~; log ~ 3.81
ii) “max 213 m~ log0 4.21
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Hydrogenation

A solution of the liquid anhydride (600 mg.)
in glacial acetic acid (10 ml.) was hydrogenated at
23° under atmospheric pressure in the presence of
platinum oxide (12 mg.) catalyst. One mole of hydrogen
was taken up in two hours indicating the presence of
one double bond. After hydrogenation was complete
(2 hours), the catalyst was filtered off, the solvent
was diluted with water and extracted thrice with 30 ml,
portions of ether. The ether layer was thoroughly washed
with distilled water till free from acetic acid and
dried over sodium sulphate. On distillation an oil(VIl)

was obtained which analysed for CnH]_g03.

Analysis Found; C, 66.32; H, 9.01~

Calcd.for C, 66.64; H, 9.15,".

OiiHieOs
I.R.spectra Absence of 1670 amd 829 cm""
bands.
tetranitromethane test
(in chloroform) negative

Reduction of V,with lithium aluminium hydride

Into a well dispersed suspension of lithium
aluminum hydride (500 mg) in anhydrous ether (25 ml.)
cooled in an ice—bath, a solution of Anhydride, V,

(250 mg.) in ether was introduced with vigorous stirring.
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After stirring for one hour in the ice bath the reaction
mixture was refluxed at 35° for 1 hour. The mixture was
then chilled in an ice bath and cautiously decomposed
with cold water. The ether solution was decanted off and
the precipitate extracted thrice with small volumes of
ether. The combined ether extracts were washed first
with 5% sodium carbonate solution, then with distilled
water and finally dried over anhydrous sodium sulphate.
Evaporation of the ether yielded a colorless liquid

Diol, VII, which distilled at 150-53° (bath temperature)/

1.0 mm. Hg. The liquid analysed for C|2E22A2*

Analysis Found: C, 71.0; H, 13.0n
Calcd.for "
*N1IN321N2 7 70.—2;H, 11.9n.
I.R.spectra i) "WYX absorption

Vmax 10 and 829 CM~" - tri

or tetrasubstituted double bond,

Preparation of the Imide of V

The liquid anhydride (500 mg.) was dissolved in
ammonium hydroxide (3—4 ml.) and heated on a sand bath
at 130° for 15 minutes. After evaporation of excess of
ammonia, the resultant ammonium salt was distilled under
reduced pressure (195-98®— bath temperature/l mm.). The
viscous colorless distillate (415 mg.) was solidified

on standing. The product was crystallised from n—hexane

to give 350 mg. of the pure Compound, VIII (m.p.60—-61°).



Analysis Found; C, 67.39; H, 8.69; N,6,
Galcd. for 67.66; H, 8.78; N,7.17".
CIIHi~OgN ’ o
Imide, VIIIl, was also prepared by heating the

anhydride with urea. This procedure yielded a purer

product.

Compound, V, (2(X) mg.) was heated with urea
(75 mg.) at 160® until the evolution of ammonia ceased
as indicated by a litmus test paper. The residue was
then extracted thrice with chloroform, in lots of 20 ml,
each time, and the solvent then removed by distillation.
The residual material (168 mg ) was distilled under
reduced pressure (200®@— bath temperature/l mm. Hg) and
the product crystallised twice to give 115 mg. of the

pure analytical sample (VIII) (m.p. 60-61®). The

properties of Compound, VIII, are listed beloVv/;
Analysis Found: G, 67.71; H, 8.71; N,6.98"
CiiHiyOgr =’ »’ N,7.177.
m. p. 60-61®
W d 0
I.R. spectra i) cm—l  —(NH).
il) "‘"max 1760 cm“1(CONHCO)and

i) ITmax 1708 cm“1(C=0).
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Saponification of Imide, VIII,to Anhydride, V

The imide (250 mg.—, ra.p. 60-61°(™ was heated
for 4 hours on an oil bath at 140® with a solution of
4 N sodium hydroxide (40 ml.)» After saponification
the solution was diluted and extracted with chloroform,
to remove the unsaponified imide. The aqueous layer
was made acidic with concentrated hydrochloric acid and
extracted thrice with chloroform. The chloroform extracts
on solvent removal follov/ed by distillation furnished

Anhydride,V  (120-25° — bath temperature/3 mm.).

Analysis Found: C, 66.58*, H, 9.3~

Calcd.for
cl1H1603

2,4-Dinitrophenylhydrazone of Anhydride, V

To a refluxing methanolic solution of 2,4—dinitro—
phenylhydrazine (200 mg.) containing 6-—7 drops of concen-
trated sulphuric acid, Anhydride, V,(150 mg.) was added.
The clear yellowish orange colored solution, thus obtained
was left at O® and the crystalline product collected
after 2-3 hours (crude m.p. 142-46°) was recrystallised

o
thrice from ethanol to give yellow needles, m.p. 148-50 .

Analysis Found: N, 14.72

Calcd. for
N1LT7N20067M4
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u.v. absorption —\max* N4 .25
(characteristic of non-conjugated phenyl hydrazones
Indicating that only one of the C=0 of the phenyl-

hydrazone is in conjugation with the double bond).

Ozonolysis of Anhydride, V

A solution of the anhydride (400 mg.'5 in purified
ethyl acetate (40 ml.) was ozonised at -20® till no more
ozone was absorbed (2 hours;potassium iodide test). The
solvent was removed under suction at room temperature and
the residual syrup was decomposed by adding 26 ml. of
distilled water, heated on a water bath for 1 hour and
left aside for cooling. The aqueous solution was repeatedly
extracted with ether and the combined ethereal extracts
were washed with Y% sodium carbonate to separate neutral
and acidic fractions. The acidic fraction on acidification
with concentrated hydrochloric acid, extraction with
chloroform and evaporation of solvent yielded a viscous
Liquid, IX. This was converted into its 2,4—-dinitro—
phenylhydrazone, which after three crystallisations
from alcohol was obtained as fine yellow orange needles

(128-30®).

The analytical data and the melting point of the
2, 4—dinitrophenylhydrazone indicated the identity of IX
as OiJ—ketc caprylic acid. There was no depression in the

mixed melting point of the two 2,4-—dinitrophenylhydrozones.
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Ozonolysis 9 'the Imide

Imide, VIII, (500 mg.) on ozonolysis in the
Same manner as described earlier afforded a stable
crystalline Ozonide, X, (positive starch iodide test)
which was crystallised from petroleum ether (40-60®)

to the constant melting point 46-—-48®.

Analysis Found; C, 54.4; H, 7.1; N, 5.57
I.R. spectra (1) Vmax 3000 NH— absorption
(ii) "Vmax 1723 and 1700 cm“” absorption

due to cyclic ring imide.

(iii) '"max 1056 cm~lI absorption due to

ozonide system.

Decomposition of Ozonide, X

The ozonide (480 mg.) was taken up in ethyl-
acetate (50 ml.) to which freshly prepared active
palladium catalyst on calcium carbonate (75 mg.) was
added. Hydrogen was bubbled through the mixture at room
temperatureand atmospheric pressure for 2 hours. On
evaporation ofethylacetate in vacuo a crystalline
product was obtained which was recrystallised four times

from n—hexane to the constant melting Diketo-—imide, XI,

(375 mg.).



Analysis Found; N, 5,82 %

Galcd. for

m. p. 92-95°

I.R.spectra 1) 2240 am”™~ NH absorption
ii) —CO—HH—-CO- absorption
iii) l/\qu cm“* —G=0. absorption.

Hydrolysis of the Diketo iraide, XI

The diketoimide (375 mg) vas taken up In a
saturated bariumhydroxide solution (100 ml.) and stirred
for 24 hours at room temperature (27-28°). The solution
v;as acidified and extracted with chloroform. The chloro-
form extract was evaporated under reduced pressure to
yield a mixture of keto acids (300 mg.) v/hich were conver-
ted to their corfesponding 2.,4-dinitrophenylhydrazone
derivatives. The 2.,4—-dinitropheny]Jiydra2ones were separa-
ted by fractional crystallisation and were identified as
those of C<-keto caprylic acid, 11X, (128-30°) and pyrulziic
acid (m.p. 213-15°) by comnaring melting points and paper
chromatograms®*  (n—butanol—-ammonia water) with authentic

samples,

Total synthesis of Anhydride, V

The first step consisted in the preparation of

ethyl—-n—hexyl—acetoacetate.
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In a 1 liter two—necked flask fitted with an
efficient double surface condenser and a separating
funnel, sodium (5 g.) was added slowly to anhydrous
ethanol (150 ml.) with occasional cooling of the flask.
When the reaction had subsided, ethylacetoacetate(25 ml)
was added. Stirring was continued and the flask was
heated slowly. Hexyl bromide (35 ml.) was added drop-—
wise through the separating funnel and the mixture was
continuously stirred and refluxed till neutral to moist
litmus (48-52 hours). The reaction mixture was then
cooled and the solution was decanted from the precipitate
of sodium bromide. The precipitate was washed with
absolute alcohol and the washings were combined with
the decanted solution. The excess of alcohol present
was distilled off. The residual liquid, ethyl-n—hexyl

acetoacetate (15 g>) was distilled in vacuo.

Analysis Found: C, 67.17; H, 10.48~
Calcd.for c, 67.25; H, 10.35".
Gl2H2203

b. p. 120-220/0.5 mm.

preparation and hydrolysis of cyanohydrin(XVI)

A solution of ethyl-n—hexyl—acetoacetate (8 g.)
in anhydrous ether (15-20 ml.) was added slowly with

moderate stirring at -10° to liquid hydrocyanic acid
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(3—4 ml.) containing saturated aqueous potassium cyanide
(2 ml.) and conessine dimethobromide (10 mg.)» The mixture
was left at O® for 30 hours and then at 24® for 7-8 hours.
It was then poured into 20% (W/V) hydrochloric acid (70 ml.)
previously cooled to 0~. The solution was left for 3 days
at O® and after removal of excess of hydrocyanic acid by
aeration was heated first to 50° for 2 hours and then to

100® for 20 hours.

After cooling, the solution was extracted thrice
with ether and the combined ethereal extracts were washed
with In sodium hydroxide to remove any acidic component
as i1ts soluble sodium salt. The alkaline extract was then
acidified with concentrated hydrochloric acid, extracted
with chloroform and the solvent distilled when a viscous
liquid (XVII) was obtained. This was then distilled under
vacuum (200° — bath temperature/3 mm.) which solidified
on standing (250 mg.). Cn repeated crystallisation from
n—hexane, Compound, XVII, was obtained as white, flat,

hexagonal crystals, m.p. 130-34®.

Analysis Found; C, 56.7*, H, 8,84".
Galcd. for C, 56,88;H, 8.6~
A"11%0°5

m. p. 132-34®

I.R.spectra (i) 'Vmax 3450 cm—-1 —-OH absorption

(i1) Vjnax 2790 cm“~ —CH stretching vibrations
of COCH-

(1i1) Yjjiax 1690 and 1670 cm"l — C=0 vibrations
of COCH.
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Dehydration of Hydroxy acid, XVII® to Anhydride,?

The hydroxy acid (XVII) (250 mg.) was heated
at 150° in presence of thionylchloride (2 ml.) and
pyridine (5 drops) for 4 hours. The residue was extracted
with chloroform and washed repeatedly with In sodium
hydroxide. The alkaline extracts on acidification,
extraction with chloroform and removal of the solvent
by distillation furnished a liquid (V]) which was purified
by distillation UHder vacuum (120-25°- bath temperature/

3 mm.).

Analysis Found; G, 67.63; H, 8.12,~
Cii—HieOg" C, 67.33; H, 8.23~.

It gave a 2,4—-dinitrophenylhydrazone derivative,
(m.p, 148-50®). Mixed melting point with a sample of
2,4—dinitrophenylhydrazone of Anhydride, ?, (m.p.148-50°)

was undepressed.
Analysis Found; C, 54.6 ¢« H, 5.2; K,14.48",

Calcd . for
Cf‘7HPOO%N4 G, 54.25; H, 5.36;N,14.89",

A comparison of the physical properties, u.v. and
I.R. spectra of the synthetic Anhydride, Vi, and its
derivative with those of Anhydride, V, conclusively

proved the structure of the anhydride.
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Characterisation of the neutral product(XX)

The neutral fraction (II1l; 1.9 g.) was chroma-
tographed over a neutral grade Il alumina (50 g.) and
was eluted using mixtures of graded solvents. n—Hexane
and chloroform alcohol mixture (4;1) eluted unreacted
camphene (500 mg.) and liquid (XX— 238 mg.) respectively.
Liquid, XX, which was further purified by distillation

under reduced pressure had the following properties:

Analysis Found; C, 61.2; H, 10.7"»
Calcd.for
C, 61.1; H, 10.35".
C6H1202
b. p. 158—-61°/725 mm.
I.R.spectra (i) "max ~500 cm“1 hydroxyl

absorption
(i) Vmax 1700 cm~" Carbonyl(C=0)
absorption
3,5-Dinitrobenzoate of Liquid, XX, was prepared

by refluxing the Compound, XX (100 mg.) with freshly
prepared 3,5—dinitrobenzoyl chloride (150 mg.) In
presence of 3—-4 drops pyridine on a steam bath for
45-60 minutes. The resultant mixture was cooled and
decomposed with saturated aqueous sodium carbonate. The
solid material was then filtered, washed with distilled
water and recrystallised from aqueous ethanol(80" v/v),

m.p. 91-93°,
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From the above physical data the only plausible
partial structure for this liquid may be that of a@n

aliphatic acyclic compound with -OH and -GO functions.



CHAPTER VIl

PROBABLE MEGIHIANISMS OF

TRANSFORMATION OF TERPENES



Probable mechanisms of transformation of terpenes

From the nature of products obtained by fermen-
tation of terpenoid hydrocarbons with A»niger the primary
step in these transformations appears to be the introdu-
ction of oxygen function in these hydrocarbons. These
oxygenation processes will be discussed with reference

to the accepted mechanism of oxygen transfer reactions.

It should be made clear that no systematic
enzymic studies have been made to elucidate the actual
mechanism of transformations. Some preliminary mano—
metric studies indicated that d<-pinene inhibits the
rather persistent endogenous respiration of the mould
and a long time is needed to overcome this inhibition.
The endogenous energy source in the fungal cells is
quite large and the addition of the terpenoid hydrocarbon
did not enhance the rate of oxygen uptake to any Signi-
ficant extent even after the preliminary inhibition was

overcome.

In order to understand the nature of these
oxygenation ,and oxidation processes it might be relevant
to recapitulate briefly some of the postulates developed
for some similar transformations in aromatic compounds

and steroids which have been studied in greater detail.
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The oxygenating enzymes

According to Mason” the enzymes involving
directly or indirectly molecular oxygen can be divided
into three broad classes viz., (1) the oxygen transfe-
rases (2) mixed function oxiddses and (3) electron

transferases.

Of these, the first two classes are directly
concerned with the oxygenation processes in biological

system.

The "oxygen transferases'* catalyse the consumption
of one mole of oxygen per mole of the substrate i1n such a

manner that both the atoms of the consumed oxygen appears

in the product.

A + 02 Enzyme”™ "Og

or 2A+ 02 @ ————— A SAO (not observed).

Usually the oxygen transferases are responsible
for the oxidative cleavage of aromatic rings, common
examples being pyrocatechase, 3-hydroxyanthranilic acid
oxidase, protocatechuic acid oxidases etc. The only
enzyme of this class which is concerned with a direct
oxygenation process is lipoxidase. Lipoxidase occurs
widely in nature and is involved in the oxidation of
unsaturated fatty acids containing methylene interrnipted

cis—double bonds. One of the mechanisms proposed for



- 108 -

lipoxidase action™® is that the primary step consists
in reduction of molecular oxygen to the reactive hydro-
peroxide radical which attacks a double bond in the
fatty acid chain. The adduct loses a hydrogen radical
to some suitable acceptor leaving the conjugated hydro-
peroxide which can undergo subsequent transformations.

OOH

CH = CH-CH2-CH= CH-—— > - CH= CH- CHg-CH-CH-

N

|
—CH= CH-CH = CH-CH -

Lipoxidase also represents awvique case of oxygen
transfer where no metals seem to be involved in the

process of activation of oxygen.

The mixed function oxidases comprise of two
different but interdependent catalytic activity, viz.,
(i) reduction of one atom of oxygen in the oxygen mole-
cule coupled with (ii) a specific oxygenation with the

other atom of oxygen.

Two similar sets of equations can be formulated
to explain the overall transformationsjdepending on”which

one of the above activities prece”des the other.
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Scheme 1
Enzyme + Og ——— "~ EnzymewOg
Enzyme + AH ———> AoOH + Enzjrrae—"0
Enzyme ~ 0O +DHg — Enzyme + D + HgO*

where AH is the substrate and DHg is the
electron acceptor.

Scheme 11

Enzyme+DHg — ~ EnzymevO + D + Hgo

Enzyme N 0O +AH ——— > Enzyme + AOH

A large number of enzymes including the steroid
hydroxylases, afomatic ring hydroxylating enzymes,
squalene oxidocyclase, the phenolase complex, luciferase,
etc. belong to this class. Thecharacteristic features
of the mixed function oxygenation are that atmospheric
oxygen is directly incorporated into the product without
exchange with the medium and that the enzymes require
the presence of other electron donors such as reduced
pyridine nucleotides besides the substrate for functioning,

Hyano and coworkers™”™ were able to show by studies
with HgO and O" ' that the hydroxyl group introduced
by the adrenal steroid 11/J-hydroxylase into steroidal
substrates is derived entirely from 0A 1 and is not
even exchangeable with the hydroxyl of the medium.
Identical conclusions h/a also been drawn in studies

with different aromatic hydroxylases,68 the squalene

hydroxylase™ and steroid 7/2)and 11 (“hydroxylases from
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7 . .
moulds. 0 The absolute sterecspeciflcity of the oxygena-
tion processes has been established in the last two
systems by the demonstration that the epimeric 72 and lly”?

hydrogens remain unaffected in these reactions.

It is logical to presume that the hydroxylation
of terpenes by A. niger is brought about by mechanisms
similar to those observed in the case of steroids. There
are some broad similarities in both the oxygenation
processes. The experimental conditions necessary are
essentially identical. Both these oxygenation processes
are characterised by a high degree of stereospecificity.
Furthermore, the experimental strain of A.niger has
been shown to hydroxylate steroids such as progesterone

?
and 18—hydroxyprogesterone71 at the 11~ position.7

No studies have yet been made so far to ascertain
whether the enzymes responsible for the oxygenation of
terpenes are adaptive or constitutive. In the case of
steroids, however, indirect but convincing evidence
has been obtained about the adaptive nature of the
hydroxylating enzymes.73 The enzymes in Pseudomonas

capable of oxidising camphor also appear to be substrate-—

induced,'™

It would, therefore, not be out of place to
discuss the terpene transformations reported here iIn

the light of known mechanisms.



Types of oxygenation

Mechanically the types of oxygenation observed

so far can be divided into three arbitrary categories.

1) Oxygenation at allylifc or activated positions;
example - formation of verbenol from X.—pinene.

2) oxygenation on a double bond; example -
formation of sobrerol from Xr—pinene.

3) oxygenation at a chemically inert position;
example - formation of 2—-nonene-2,3—dicarboxylic acid

from camphene.

The nature of active oxygen

It is still not certain whether the reactive
species of oxygen in most of the hydroxylating systems
iIs an ion or a free radical, in some cases, however,
from the chemical nature of the products a diaghosis
iIs possible. Lipoxidase which utilises molecular oxygen
and some peroxidase oxidases75 which oxidise aromatic
compounds using hydrogen peroxide as the electron
acceptor obviously operate through free radical
intermediates. The products formed in these peroxi-
datlve reactions are often identical to those obtained

. . . i 76 . .
by ferricyanide oxidation, a process icnomn to involve

single electron transfers.
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CH, CH3
Peroxidose™
or
H202
A K3Fe(CN)a OH
............... >
L-COOH J

The nature of the products in aromatic hydroxy—
lation brought about by the enzymes from liver micro—
somes indicate that an electrophilic oxygen may be

the reactive species,

oh™ The electrophilic hydroxyl, OH™, has been
implicated in many organic reactions. Although OH*
is known to exist in the mass spectrograph, Coulson
has pointed out from theoretical grounds that OH*

would be extremely unstable iIn aqueous sytems." M

Enzyme/"Fem¥(2 and Enzyme'‘pe - ot

It has been observed, hov/ever, that most of the
oxygenating enzymes, excepting perhaps lipoxidase,
require a metal ion such as iron and copper as an
integral component. Based on the behaviour of iron
in autoxidation, Mason has proposed that an electrophilic

species such as Enzyme/~Fe O*™ may be the active
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hydroxylating species. Evidence for the existence
of such higher valence states of iron has been provided
by George.The tetravalent oxygenated iron species
is pcesijmed to be derived through a two-—electron redu-
ction of the pentavalent complex, Enzyme » Fe-Og™***,

through the following sequence of reactions.

Enzyme+02 — " Enzyme 02

Enzyme/~Fe'*"“Op + DH2 — ~ Enzyme~Fel* 0O

The probable mechanisms for the oxidation of_terpenes

Unfortunately from the nature of the products
derived in the current investigation no clearcut
diagnosis is possible about the nature of active oxygen,
Both the types of reactive oxygen—free radical or

cationicwill, therefore, have to be considered.

) radi™l_i*£hanisms — A free radical
lipoxidase type of mechanism for oxygen activation
can be postulated to explain the formation of verbenol

and verbenene from()C—-pinene,

4- 0 ;0 + .00H
"H
+ *00H , + HO-OH
'H
HO-OH' :20H«
+ OH*
\"
' OH
H H
Verbenol
+ »00H
‘Y k.>LO—-0H

H
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The hydroperoxide can be hydrolysed to verbenone

by acid,

and the ketone stereospecifically reduced to cis-—

verbenol by an alcohol dehydrogenase type of mechanism.

Mixed mecl™anisra — It 1s also possible to visualise
a mixed mechanism invoiving a metal which can withdraw
from or donate to a free radical to convert it to a

cation or an anion.

RH + O2
OOH. + e -> OOH'
R'" + e
R + HgO ROH + H'
O0H~+ h™ H202

lon_ic mech™n”sms — An ionic mechanism involving
an incipient G or Mason’s electrophilic oxygenating

species can also be formulated for verbenol formation.

The molecule ofc(™—pinene can be visualised to
be held on to the enzyme surface with the two allylic

hydrogens at position 10 and Sc”as in the figure |1,
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In the above model the pro;.imity of the catalytic
site of the enzyme (present to be as Fe =0) to the
3y™H may bring about a hydroxylation by either of the

two mechanisms.

In this pathway it is presumed that in species
111 the 0 —— C bond is formed and the C —— H bond is

broken, one following the other.

b)

OH

En

Hl
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In the second pathway the incipient carboniiim
ion as in(V)reacts preferentially and instantaneously
with the incipient hydroxyl liberated from the complexed
iron. The collision probability of this vicinal hydroxyl
with the carbonium ion would be overwhelmingly greater
than any other CH from the medium. This argument can
be justified from the observed behaviour in intramole—
cular catalysis. For instance the hydrolysis of aspirin80
is independent of hydrogen ion concentration over a wide

range of pH (4-8) and is predominantly due to an intra-

molecular attack by the vicinal carboxylate ion.

It should be noted that the enzyme substrate
model (1) also predicts that the more hindered cis-
verbenol would be the reaction product from ~>(—pinene.
It also explains why atmospheric oxygen is directly
incorporated without exchange with the hydroxyls of
the medium. Furthermore, this model can be extended

to the case of steroid hydroxylation even at an inert

position such as 11.

The formation of sobrerol can be explained by
postulating an attack of an electrophilie ' oxygen
(or a free radical oxygen followed by a protonaticn)
on the double bond as the initial step. The opening
of the epoxide ring and the subsequent rearrangement

can then follow by a nonenzymatic acid catalysed process.
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concepts to the case of (—santalene the primary step
can be visualised to be an oxygenation on the double
bond followed by further oxygenation eventually leading

to tere-santalic acid.
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In support of this mechanism the isolation of
A Cib intermediate with a tertiary hydroxyl such as

in (VI) may be taken into consideration.

Oxidation of camphene and P> _santalene

It has been mentioned earlier that it was not
possible to ascertain whether 2—nonene-2,3-dicarboxylic
acid is a true transformation of camphene or—-santalene,
Hov/ever, assuming that the five—carbon dicarboxylic acid
portion is actually derived from these terpenoid substra-
tes one can postulate a mechanism for its formation
based on the type of reaction involving a bond shift

which leads to sobrerol formation from —pinene oxide.

fl. S*"NT»LCW d
cM,(ay,cM—c—— QO

CH,—CH——éd CH-e— @ ——
kKo

i C~ 1=

ct(cv N h, 1
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The only difficulty with this mechanism is
tnat the formation of the primary carbonium ion by a

bond shift in step 2 would be a high energy process.

In conclusion, it can be said that the justi-
fication of all these mechanistic interpretations
would have to wait until more data are available about
the nature of enzymes involved and the mode of oxygen
activation in these transformations. At the present
moment it is not even possible to predict the course
of oxygenation and the products obtained by the action

of microorganisms on a given terpenoid substrate.



CHAPTER 1X
SUMMARY
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SUMMARY

It has been known for sometime that the yields
of some essential oils from plant material are affected
by the microbial infection of the oil bearing plant. A
cause and effect relationship has been suspected between
the yield of oxygenated terpenes of importance in the
industry and the fungal infection in the case of Agar—
wood. NO clearcut evidence is, however, available
about the capacity of the microorganisms to transform
the terpenoid hydrocarbons to oxygenated compounds. The
present studies were undertaken in order to investigate
tne ability of microorganisms, particularly fungi, to
convert simple terpenoid hydrocarbons, such as 4<-pinene,
M —_carene, carane, humulene, X and santalenes, and

camphene.

1. From a sample of infected agarwood, six strains
of fungi, identified as (1) peniclllium-steckii, (2)
Geotrichum Sp, (3,4,5) Aspergillus versicolor, (6)
Gladosporium Sp. were isolated using standard techniques.
After a preliminary screening of these six isolates In
addition to six strains of fungi from N.G.I.M. collection,
with respect to their ability to metabolise ~—pinene, a

strain of Aspergillus niger was selected for furtaer

investigations.
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2. Tnis experimental strain of A.niger was found
to metabolise <X-pinene (0,5%) in 4-8 hours. From the
fermentation broth and the mycelium, three oxygenated
derivatives were isolated by solvent-extraction, solvent—
solvent distribution fractional distillation, bisulphite
treatment and chromatogfaphy viz., (i) d-cis—verbenol,
CioHieO, b.p. 112®/14 mm. Hg + 64°, p.nitrobenzoate
88—-90*"); (ii) d-verbenone, G] oHi40, b.p. 1107/16 mm. Hg

+ 223°, u.v. absorption “max 253 nju log 63.81);
and (iii) d-trans—sobrerol, Cionis02 (m.p. 145-46®,
+ 1520.

3. Compared to™—pinene, carane and "M-carene as
well as the large ring sesquiterpene, humulene, proved
to be relatively resistant to oxygenation by the experi-
mental strain of A.niger. However, in the case of
N—carene a volatile oil was obtained from the fermen-
tation mixture in quantities insufficient for further

chemical studies,

4. The sesquiterpene hydrocarbon, —santalene,
was degraded mainly to an acid having the formula,
clOH1402 (m»P* 152-54°) which was identified as tere-—
santalic acid. From the neutral fraction an alcohol
CioHigO (m.p. 112-114°) was isolated in poor yields

and identified as tere-santalol.
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5. Gamphene and *"—santalene, however, proved to
be easily oxidisable by this mould. An identical
dicarboxylic acid, which could be isolated only as the
liquid anhydride, CIIHieOs (©«P— 89-90°/3 mm.) was
obtained from the fermentation mixture. The liquid
anhydride absorbed one mole of hydrogen on catalytic
hydrogenation in presence of acetic acid and platinum
oxide catalyst indicating the presence of one double
bond. Kuhn—Roth degradation of the anhydride showed
the presence of two G.methyl groups. The crystalline
imide (60—-61°) prepared from the anhydride by treatment
with ammonia gave a crystalline ozonide (46-—48°) which
could be decomposed only by palladium on calciuai carbo-
nate in presence of hydrogen yielding a diketo-—imide
(92-95°). cn further alkaline hydrolysis this compound
gave rise to <X-keto caprylic acid and pyruvic acid, both
identified through their 22 —-dinitrophenylhydrazones and
comparative paper chromatography with authentic samples.
In view of the above experimental evidence the liquid
anhydride was identified as the anhydride of 2-ri.onene
2 ,3—dicarboxylic acid. This structure for the anhydride
was further confirmed from the n.m.r. spectra and total
synthesis,

6. The mode of microbial attack on terpenoid hydro-
carbons is discussed with reference to kwoir*n oxygen

transfer mechanisms in other biological systems.
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