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I have great pleasure in delivering this lecture in memory of Dr. S. 8.
Bhatnagar. He was a great man and a great chemist. His main interest
was in the field of application of science to technology and he dedicated all
his later years for this purpose. I have therefore chosen as the subject of my
lecture one of applied interest.

Insects constitute the natural enemies of mankind. Our world is teem-
ing with crores and crores of insect population. Biologists have recorded
about 900,000 species and in total number they are 80 per cent of all the
animals in this world. It has been estimated that they are responsible for
half of all human deaths and diseases and that they destroy a third of all
that is grown and stored as food. Therefore all steps should be taken to
eliminate the insect menace.

A major development of the present century is that of selective in-
secticides, selective in the sense that they are toxic to insects and compara-
tively non-toxic to human beings and domestic animals. The discovery of
the Derris root and pyrethrum flowers was a great advance in this direction.
They continue to be important, even at the present time in spite of the large
development of synthetics, because they do not leave toxic residues nor do
they produce insect resistance. They have been used in various forms, such
as powder for dusting and as petroleum extracts for spraying. A number of
closely related compounds called rotenoids occur in various species of Derris
and allied leguminous plants. Among them Rotenone is the most important
and most powerful insecticide. Considerable study has therefore been made
of its properties and reactions, leading to a clear picture of its structure.
Subsequently attempts have been made to synthesize it.

Our interest in this subject began during the last world war when the
Japanese forces occupied Indonesia and Malaya and cut out all supply of
Derris from these areas. Our work was carried out on the following lines:

(1) Survey and isolation.—A study was made of Derris and related plants
available in India, their insecticidal potency and chemical composition. In
this line Prof. S. Rangaswami and Prof. N. V. Subba Rao have achieved
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Fres, A-D. A, Derris elliptica plant.
B. Derris elliptica leaf.
C, Derriz elliptica roota,

D. Rotenone crystal,
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Fias, BE.¥. E. Derris scandens.
F. Tephrosia purpurea.
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Fres, G-H., . Derris robusta,
H. Tephrosia purprren leaves and pods.

considerable success. Besides rotenoids, several non-rotenoids with toxic
properties have been isolated and studied and a new group of 4-hydroxy-3-
pheny!l coumarins have been added to natural products.

(2) Structures and insecticidal properties.—This work has been continued
by us over a long period and many useful results have been obtained. This
has led to the discovery of simpler compounds having adequate toxicity.
In this study we have employed small fish as experimental animals and the
‘turning time’, i.e. the time taken for them to lose balance and turn upside
down, as index of toxicity.

(3) Synthesis of rotenoids.—In regard to this aspect, a number of workers
from different nationalities have been engaged, notably British, Japanese and
Indian.

The first comprehensive review on the constituents of Derris and other
rotenone-bearing plants appeared in 1942, just when we started our work,
The properties of rotenone had been studied in detail and its constitution was
well understood. The key compound which was of considerable help in the
study of the complex structure was tetrahvdrodehydrorotenone. Rotenone
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underwent easy dehydrogenation to yield dehydrorotenone. This could be
subjected to catalytic hydrogenation which involves rupture of a ring leading
to the formation of a simpler structure which is tetrahydrodehydrorotenone.
It could be conveniently split into two parts, one of which is derric acid
representing the right half and the other is tetrahydrotubanol representing
the left half of the molecule. These two accounted for the whole skeleton
of rotenone and attempts were made to put them together. This was first
achieved by Prof. A. Robertson in Liverpool, thus providing good support for
the constitution of rotenone itself.

Rotenone Tetrahydrodehydrorotenone

CHART-}

Fission products

HO OH  HO,CH,C
OCHs
OCHg
Tetrahydrotubanol Derric acid
CHART-2

The fission products, derric acid and tetrahydrotubanol, were first syn-
thesized. The synthesis of derric acid was achieved starting from 2-hydroxy-
4, 5-dimethoxybenzaldehyde. This was converted into the phenoxy acetic
ester which when subjected to the azlactone procedure gave derric acid nitrile.
Hydrolysis of the nitrile yielded the acid. Tetrahydrotubanol was first
synthesized starting from 4-methyl umbelliferone and passing through four
steps. An alternative synthesis used 2, 6-dimethoxyphenyl cyanide and had
a lesser number of steps. The two halves were combined by the Hoesch syn-
thesis, and subsequent double-ring closure using sodium acetate and acetic
anhydride gave tetrahydrodehydrorotenone (chart 1).
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, Synthesis of derric acid

HyCO OH HE OCH,COOCHg
——
HyCO CHO  HyC HO

1 Azlactone
procedure
_ H4CO CH,COOH
Derric acid -
H3CO CH)CN
CHART-3
Tetrahydrotubanol
CO.C‘.HQ(fso)

CHg OCH3
Gngnard

1 Clemmensen
l reduction
. 2.Demethylation
C,Hqliso)
CO.0, 0.0 HO OH
3 Steps
Z —
Hy Tetrahydrotubanol
CHART-4
CgHyy ROZCH2C0
~OCH,
CHy

Tetrahydrodehydrorotenone

CHART-S
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Rotenone also could be degraded into two parts, which are derric acid
mentioned earlier and tubanol which is more complex as compared to tetra-
hydrotubanol. Its synthesis was far more difficult and involved a large
number of steps. Using methyl-3-formyl-B-resorcylate as the starting
material and passing through a number of stages, tubanol hydrate was syn-
thesized. The two halves were combined under conditions of the Hoesch
reaction and further dehydration yielded the well-known acid, derrisic acid,
containing all the carbon atoms of rotenone. This acid underwent double-ring
closure to yield dehydrorotenone.

Synthesis of dehydrorolenone

\é:jOZCH:, OZCH3

Tubanol hydrate

RCN

¢«—— Derrisic
acid

0 H3
CHART-6

Dehydrorotenone to rotenone

o) 0 0
Wf&'ﬁ‘_‘g |
G-IH

Oppenauer
oxidation

‘ H
. | | 0 0
CHART-7

The next step of conversion of dehydrorotenone into rotenone was difficult
to accomplish and could not be carried out over a number of years because
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the preferential reduction of the double bond in the pyrone ring was un-
successful. The attempted reduction affected the ethylenic group outside
the ring also yielding dihydrorotenone. It was only a few years back that
two Japanese workers, Miyano and Matsui, obtained an unexpected success.
They used sodium borohydride for the reduction of dehydrorotenone. From
the knowledge available at that time it was considered to be an unsuitable
reagent for this purpose. But, unexpectedly, it worked very well, reducing
the double bond and the carbonyl group, yielding the corresponding chroman-
4-0l. This could be preferentially oxidized by means of the Oppenauer
reagent (aluminium isopropoxide and acetone) to yield rotenone. It is
remarkable that the reactions are stereospecific and yield the required natural
product.

All that has been discussed above is, according to the practice of the
structural chemist, followed by that of the synthetic chemist who has succeeded
in fitting together the two parts after they have been individually built up.
But the yield of the final product, rotenone, obtained after 19 steps in the
synthesis, was negligible. In programming synthesis of natural products we
have always experienced that the best and most effective methods are those
that follow possible routes of their biogenesis. In this connection we should
pay homage to the genius of Sir Robert Robinson who firmly laid the foun-
dation for this growing branch of biogenetic studies. An analysis of the
rotenone skeleton reveals the following:

CH, CH
(l)\% 2

CHART-8

(1) A C5 unit constituting the furan part.—Our detailed survey has shown
that the isoprene unit (CgHg) occurs very widely in association with various
aromatic systems and takes several forms. Even the simpler furan ring
needing only two extra carbon atoms seems to arise from the Cg unit by a
process of oxidative loss of C; followed by ring closure.

(2) An isoflavanone unit forming the main core of the molécule.—The
discovery of the isoflavanone, padmakastein from the Indian wood, Prunus
puddum, and of the related compounds, ferreirin and homoferreirin from other
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woods, provide justification for this idea. Even earlier, a number of isoflavones
were known, but rotenone iz an isoflavanone derivative and hence ‘the
importance of the discovery of these new reduced compounds. They give
colour reactions characteristic of rotenoids.

(8) A single C atom.—This completes the skeleton for an additional pyran
unit built on to the isoflavanone. The appearance of this single C required
careful understanding. In certain chromone derivatives, e.g. khellin, visnagin
and khellol, an extra carbon side-chain is present. It was considered that in
cagse this type of side-chain could occur in isoflavanone derivatives it would
lead to the formation of rotenoids.

The plan of synthesis of rotenoid skeleton based on these ideas was
carried out in three stages. The first two relate to the building up of four
ring systems, chromenochromones and furanoisoflavones, starting from suit-
able isoflavones, and finally the synthesis of the pentacyclic system embodies
these two procedures.

Ferreirin R=H

Homoferreirin R =CHj Sophorol .
O~
OCH, Chy
Neotenone Khellol
CHART-9

As the essential first step, effective methods of isoflavone synthesis have
been studied continuously in our laboratories and the scope of these methods
has been assessed. The most recent ones are the Farkas method of formyl-
ation of desoxybenzoins and the epoxide method of converting chalkones
into isoflavones. Similarly reduction of isoflavones to isoflavanones has also
been continuously examined, but these cannot be discussed here. The building
up of the tetracyclic systems was done as follows:

(1) Chromenochromones—Two methods of approach were followed for
embodying a single C atom into a chromene ring and these are indicated in
the formulae given below. In the first method (chart 10) the 2-methyl iso-
flavone was the starting material. It was demethylated and then acetyl-
ated and subjected to N-bromosuccinimide reaction to give the 2-bromomethyl
compound. This on deacetylation followed by ring closure gave the required
product. In the second approach (chart 10) 2, 4-dihydroxy-2'-methoxy
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desoxybenzoin was subjected to isoflavone ring closure, using ethoxyacetyl
chloride. The resulting ethoxy methylisoflavone on reaction with hydrogen
bromide followed by ring closure gave the chromenochromone.

(2) Furano isoflavones—The alternative tetracyclic system can vary
considerably. In a few, as in rotenone, there is a dihydrofuran ring with a
side-chain of three carbon atoms, in certain isomers like deguelin a pyrene ring
with a gem dimethyl group and in simpler cases, like elliptone, a furan ring
without any substituent, accounting for only two carbon atoms. All these
variations arise in Nature from an isoprenyl or dimethyl allyl group. In our
building up of this skeleton we have used instead the simpler allyl substituent
(chart 11). It undergoes ring closure in presence of hydrogen bromide to an

Building of tetracyclic system

1.Chromenochromone g
3
HO O__cFACH; AcO O S OAc
e (LT

CHART-{O

«-methyl dihydrofuran derivative which could be dehydrogenated with NBS.
But when subjected to ozonolysis or OsO,-periodate reaction followed by
dehydrative ring closure, a simple furan ring is formed (chart 11). The steps
are indicated in the following formulae. A number of compounds of this
type have been made with different degrees of substitution in other parts of
the molecule. :

(3) As alvready mentioned, combination of the above two procedures yield-
ed pentacyclic systems. The simplest example, desmethoxydehydroelliptone,
was prepared through the steps indicated in the following formulae (chart 12).

In the above scheme the furan ring has been built up as the last stage.
The alternative of building up the pyran ring last has also been successfully
explored. There are difficulties in the application of these syntheses to actual
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cases of rotenone and other naturally occurring rotenoids. We have therefore
been examining possibilities of simplification, adopting suitable deviations.
One such has led to the synthesis of elliptone which is the simplest of penta-
cyclic rotenoids. Here the principle adopted is to take out one carbon atom
from furano-isoflavone and add two in an ether system which could be made to

undergo ring closure.

H=C —
s T

CHART-1}
Pentacyclic compounds CHF(I:H
CH-CH=CH, — cu,
HO
— —_

Desmethoxy

CHART-12 dehydroelliptone

As an essential preliminary this work required partial demethylation of
the methoxyl in the 2’-position of an isoflavone. This was earlier accom-
plished in our laboratory in connection with the synthesis of homo-ptero-
carpin, a component of pterocarpus woods (see chart 13). The different stages
in the synthesis of elliptone are pictorially represented below (chart 14). Asa
simpler example, the synthesis of munduserone has also been carried out (chart
15). It is a tetracyclic rotenoid occurring in the West African plant Mundulea
sericea, which has the reputation of being poisonous to crocodiles. It

7
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represents the simplest compound among the naturally occurring rotenoids
and has marked fish toxicity.

It may be useful here to reconsider possible methods of biosynthesis and
develop a picture of the sequence of formation of these compounds. An
7.2,4'-Trimethoxy isoflavone to homopterocarpin

H3CO

O Y LY oo

H{O

) 0.
QQrg W
o]

CHART-(3

Synthesis of elliptone

Dehydroelliptone OCH3

. o H
— u CHART-14
H

O
Etliptone

~

effort was made by me in this direction in 1955 in an International Calloquium

held at Lyons devoted to oxygen heterocyelic compounds and was further

developed in the book on the Chemistry of Flavonoids and in lectures. There

are a large number of steps by which flavonoids are evolved and the sequence is
7B
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indicated by their association in natural sources. The conclusions have been
supported by laboratory experiments and by experiments with plants, using
tracer technique. The first three steps are represented by chalkones, fla-
vanones and 3-hydroxyflavanones. According to the tracer studies of Grise-
bach, chalcones give rise to isoflavones involving phenyl ring migration. It

HyCO 0

Munduserone
CHART-IS

Present ideas of biosynthesis

CHg

CHART-16

was first considered that the epoxide was the possible intermediate (chart 17).
But a careful study of the epoxide’s reaction has shown that it does not agree
with what is happening in the plant. After consideration of all the possibilities,
it was argued by Chibber and myself that the ring migration is most possible at
the 3-hydroxy flavanone stage, which I had emphasized earlier as an important
intermediate. This has been experimentally examined in recent tracer
studies; but the results are inconclusive. It would appear that the correct
stereochemical conditions have not been obtained. We could, however,
reasonably extend the sequence of evolution of rotencids in the following
manner: Chalcone — flavanone — 3-hydroxyflavanone — isoflavone — isofla-
vanone (chart 17A).

At this stage I feel that the earlier idea of a methyl or carbinol in the
2-position of an isoﬂavanpne as providing the single carbon for the new
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chroman ring has to be given up. In none of the rotenone-bearing plants do we
get 2-methyl substituted isoflavones or isoflavanones. But we have examples
of the related 2’-methyl ethers occurring; for example, in Derris malaccensis
toxicarol is accompanied by toxicarol isoflavone and the rotenoid dolineone
occurs along with the closely related isoflavanone, neotenone (chart 9), and the
isoflavone (dehydroneotenone) in Pachyrrhizus erosus (yam beans). It seems to
be reasonable to visualize that the methoxyl group in 2’-position interacts with

ROGAORY
(O
0

CHART-17

sHy
0
—_— —y
0
CHART-{7A

the carbon atom at the 2-position of the isoflavanone undergoing oxidation to
form the chroman ring. An analogy for this idea is the formation of methyl-
enedioxy compounds from guaiacol units by this process of oxidation. The
CH, group in the 2-position along with the neighbouring ether oxygen is
like an —OCH,; group on an aromatic system and capable of taking part in
oxidation. The ready formation of an enol structure in the isoflavanones
could further enhance the reactivity of the 2-position.

It may be useful to compare here the structure of the important non-
rotenoids (4-hydroxy-3-phenyl coumarins) which occur in the place of
rotenoids in several Derris species and related plants. Their evolution seems
to be roughly parallel; but they lack the 2’-methoxyl and hence do not form
the chroman ring. All the same the tendency of the 2-position to get oxidized
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exists in them also, and it proceeds here to the carbonyl stage yielding the
4-hydroxy coumarin (chart 18).

As an outcome of the above synthetic studies and also of the investiga-
tion of structure toxicity relationship, a large number of simpler analogues
have been tested using fish as experimental animals. Some simpler com-
pounds exhibit marked activity and these are quite easily made. The struc-
tures of the most important of them are given below.

H,C=HC
N CH=CH,

CH,
HayCO 0 FH3 0._CHy
QLIS
G

CHART-19

Before I conclude I may remark that the success in the discovery and
production of simpler synthetic substitutes for rotenone has not been compa-
rable with the parallel case of pyrethrins, where allethrin has established itself
as o success. But then the difference between pyrethrin I and allethrin in

8
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structure is small; the success is in a large measure due to the efficiency of
the synthetic operations. We may still hope for greater success in the discovery
of rotenone substitutes also in the near future if more active work is done.

Hy
==1—R
0—-0
HyC =0
C=HC

HC

Pyrethrind R, CHyCH=CH-CH=CH,
Allethrin R, CHy-CH=CH,

CHART-20



