Synthetic Chemistry

of Insect Pheromones
and Juvenile Hormones

Composition of Bulgarian
Rose Flower Concrete

The Structure
and Biogenesis
of its Components

Chalcone Epoxides
In Flavonoid Chemistry

K non

B stoianova-ivanova

GY. LITKEI



RECENT DEVELOPMENTS
IN THE CHEMISTRY
OF NATURAL CARBON

COMPOUNDS

Volume 9

The 9th volume of the series
comprises three independent
parts being of interest to organic
chemists, biochemists, phyto-
chemists and biologists.

The synthesis of insect phero-
mones and juvenile hormones,
commanding an ever increasing
interest, is reported in great
detail by K. Mori. His presen-
tation includes a large number
of synthetic schemes and equa-
tions utilizing all the achieve-
ments of modern organic chem-
istry.

The review by B. Stoianova-
Ivanova deals with changes in
the composition of Bulgarian
rose flower processed by extrac-
tive methods as compared with
the older technique of steam
distillation. Both products, i. e.
rose wax and absolute, have been
analyzed in detail for saturated
and unsaturated aliphatic hy-
drocarbons, fatty acids, alcohols,
ketones, diols, etc., leading to
conclusions on the biosynthesis
of plant waxes.

Chalcone epoxides, deemed to
be important intermediates in
the biosynthesis of flavonoids
are reported by Gy. Litkei. In-
vestigations on the Algar-
Flynn-Oyamada reaction are
separately discussed, and a new
mechanism, revising older ones,
is forwarded for its interpreta-
tion.

AKADEMIAI KIADO

Publishing House
of the Hungarian Academy of Sciences

Budapest









RECENT DEVELOPMENTS IN THE CHEMISTRY OF
NATURAL CARBON COMPOUNDS



RECENT DEVELOPMENTS IN THE CHEMISTRY OF
NATURAL CARBON COMPOUNDS

VOLUME IX

Editors of the Series:
R. Bognar, V. Bruckner, Cs. Szantay

Consultant Editors:
S. J. Angyal (Sydney), Z. Csdrss (Budapest), Z. Foidi (Budapest),
A. Gerecs (Budapest), D. Ivanov (Sofia), N. K. Kochetkov (Moscow),
K. Mothes (Halle), Yu. A. Ovchinnikov (Moscow), F. Sorm (Prague),
W. Treibs (Heidelberg), B. 0. L. Weedon (London), J. Wrobel (Warsaw

AKADEMIAI KIADO
PUBLISHING HOUSE OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST 1979



SYNTHETIC CHEMISTRY
OF INSECT PHEROMONES AND JUVENILE
HORMONES

by
K. MORI

Department of Agricultural Chemistry, University of Tokyo
Tokyo, Japan

COMPOSITION OF BULGARIAN
ROSE FLOWER CONCRETE
THE STRUCTURE AND BIOGENESIS
OF ITS COMPONENTS

by
B. STOIANOVA-IVANOVA

Department of Organic Chemistry, University of Sofia
Sofia, Bulgaria

CHALCONE EPOXIDES
IN FLAVONOID CHEMISTRY

by
GY. LITKEI

Institute of Organic Chemistry, Kossuth Lajos University
Debrecen, Hungary

AKADEMIAI KIADO
PUBLISHING HOUSE OF THE HUNGARIAN ACADEMY OF SCIENCES
BUDAPEST 1979



Series ISBN 963 05 0702 1
Vol.9 ISBN 963 05 1632 2

© Akadémiai Kiadd, Budapest 1979

PRINTED IN HUNGARY



CONTENTS

K. Mori

Synthetic chemistry of insect pheromones and juvenile hormones

I, General iNtrodUCTION .......ccoiiiiiieiee e 1
R BT ENCES ..t 12
Il. Synthetic methods useful in insect chemistry 13
L INtroduCtion ... oo s 13
2. Stereoselective routes to disubstituted olefins 13
3. Stereoselective routes to trisubstituted olefins 18
4. Other useful MethodS. ..o 31
RETEIENCES. ..ttt sttt nen K71
I11. Synthesis of insect pheromones... 35
L INTrOAUCTION oottt 35
2. Pheromones with .E-olefinic linkage..........ccooevviveieiencincce e, 39
3. Pheromones with Z-olefinic linkage..........cccocevni. 41
4. Pheromones with conjugated diene system 47
5. Pheromones with non-conjugated diene system 55
6. Pheromones with triene System .......cccocvveiveceiiienens e @
7. Pheromones with a carbonyl group........ e 92
8. Pheromones with intramolecular acetal linkage .........ccccoovviviieicienenn. 06
9. Monoterpenoid PRErOMONES .......ccciiiiieieiririiee e 74
10. Pheromones belonging to homomonoterpenoids, degraded
sesquiterpenoids and diterpenoids 85
11. Queen substance of honeybee 94
12. Nitrogen heterocycles as pheromones 96
13. Optically active pheromones......cccociieiiiicisesse e 98
14. Pheromones as targets in organic synthesis 119
REFEIENCES ot 116
IV. Synthesis of insect juvenile hormones ........cccceevvvenen. 124
L INErOAUCTION ittt 124
2. Non-stereoselective syntheses of juvenile hormones ..o 126
3. Stereoselective syntheses of juvenile hormones ...........ccccccveeveievecieiiiinns 146

4. Syntheses of optically active juvenile hormones........cccccoeeeviiiciecicnnn, 171



CONTENTS

5. Syntheses of juvabione and dehydrojuvabione........cccccceovviveienne. 183
6. Juvenile hormones as targets in organic synthesis 202
R BT ENCES .ttt bbbttt 202
V. Concluding reMarKS.......ccceiviirieiieeseiee ettt 204
RETEIENCES ottt bbb 209
B. Stoianova-lvanova
Composition of Bulgarian rose flower concrete
The structure and biogenesis of its components
Lo INErOAUCTION oot 213
I1. Concrete from Bulgarian oil-bearing rose. General characteristics .............. 215
I11. Composition of wax from rose flower concrete and the structures
OF 1S COMPONENTS. ..o 217
1. Quantitative changes in the components of the wax during the
development of the buds iNto fFIOWETrS........ccoviiiciiic e 218
2. Composition and structure of the long-chain aliphatic hydrocarbons ... 223
3. Composition and structure of the long-chain fatty acids.......ccccovvevinnen 231
4. Composition and structure of the long-chain fatty alcohols ...................... 237
5. Composition and structure of the long-chain fatty ketones........c.cc....... 243
6. Composition and structure of the long-chain fatty diols........cccooeeenne 248
7. Composition and structure of the long-chain aliphatic lactones............. 252
8. Composition and structure of the cyclic compounds........cccovveinininnene. 254
IVV. Composition of absolute from rose flower concrete and the structures
of its components .......cccecveiiiieinenieee, 263
1. General characterization of the absolute 263
2. Composition of the paraffin hydrocarbons ..........c.cccccoeviiiiiniiiciien, 266
3. Composition of the olefinic hydrocarbons.........ccoccoviiiiicciiciiicecee 267
4. Composition of the ester fractionsS.......ccoccovevciicicscie s 268
5. Composition of the fractions containing terpene alcohols and other
low molecular COMPOUNGS ...c.ccooiiiiiiicee s 269
6. Composition and structure of the free fatty acids.......cccceeeen.n. 269
7. Composition and structure of the long-chain primary alcohols 272
8. CyCliC COMPOUNTS ..ottt 273
V. Biogenesis of the long-chain components of natural waxes..........ccccccveevnienae 274
1 Biogenesis of normal long-chain hydrocarbons 274
2. Biogenesis of long-chain ketones and secondary alcohols ..........cc.cc.......... 281
3. Biogenesis of long-chain aldehydes and primary alcohols.......c.c.cccovnnee 282
4. Biogenesis 0f 1ong-chain diolS ... 283
5. Biogenesis of long-chain paraffins with an even number of carbon
atoms and of fatty acids with an odd number of carbon atoms.............. 284

R BT ENCES ..ottt sttt sb et be e beebeereereentenrens 288



CONTENTS

Gy. Litkei

Ghalcone epoxides in flavonoid chemistry

Lo INtrOdUCTION oot 296
TI. Chalcone epoxides in flavonoid chemistry 296
1 Oxidation of ehalcones .......... 296
2. Conversions of 2'-OR-chalcone ePOXides......ccccoeeieiiinieieneiiceee e 31,3
3. Rearrangement rections of flavonoids involving aryl or aroyl

LT To T U (o] PRSP USROS 342
4. Structure study of chalcone epoxides 348
I11. Other epoxides in flavonoid chemistry 359
1 Flavene epoxides............... 369
2. AUFONE EPOXIAES .oiviieieiterietisiete sttt ettt sa et e b sesbe e e besneseabe e 361
3. Flavindogenide EPOXITES ...t 361
IV. The Algar-Flynn-Oyamada reaction .. 363
1. Synthesis of 3-hydroxyflavanones.........cccoviieiiiiiiiciccee e 363
2. Synthesis of 3-hydroxyflavones ... 363
3. The early concept of the AFO reaction........cc.ccceeevvenenene. 370
4. Structure investigation of 2'-substituted ehalcones 374
5. Oxidation studies with 2'-hydroxychalcone and flavanone.................... 380

6. Oxidation experiments with 2'-hydroxy-6'-methoxychalcone
and 5-methoxyflavanone ... 394
R EIEIMCES ..ottt ettt 401
Index to Synthesis of Insect Pheromones and Juvenile Hormones ................... 409
Index to Composition of Bulgarian Rose Flower Concrete .........ccccceeivvervevennen, 414

Index to Chalcone Epoxides in Flavonoid Chemistry.....c.ccccoovvvvveinieieviiinnannns 417






K. MORI

SYNTHETIC CHEMISTRY
OF INSECT PHEROMONES AND JUVENILE
HORMONES






I. GENERAL INTRODUCTION

For many years scientists wondered at the spectacular scenes of meta-
morphosis, aggregation and mating of insects. During the past two decades
it has gradually become clear that these biological phenomena are regulated
by chemical substances known as insect hormones and pheromones. Insect
chemistry, the study of natural products of insect origin, is now regarded as
an established branch of natural products chemistry. Butenandt and his
associates were the pioneers. It was about fifteen years ago when they
established the structure of a-ecdysone (1) fl], the moulting hormone, and
bombykol (2) [2], the sex pheromone of the silkworm moth, Bombyx mori.
In 1967 Roller and his co-workers completed the structure elucidation of the
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juvenile hormone of the Cecropia moth, Hyalophora cecropia, now known
as JH | 3) [3].

The presentations of these unique structures were indeed challenges to
synthetic organic chemists, which were answered by a flood of syntheses.
This provided ample supplies of otherwise inaccessible natural products and
opened the way to the practical uses of these hormones and pheromones to
improve the welfare of mankind.

There are many monographs both on insect hormones and pheromones
[4-7]. However, none of them is written with a special emphasis on synthetic
aspects and therefore they are inadequate as a reference material for those
who want to synthesize insect hormones or pheromones. The aim of the
present article is to provide a compilation of synthetic works in insect
chemistry. As the major synthetic problem in this field is the stereoselective
construction of an olefinic linkage, the chapter entitled “synthetic methods
useful ininsect chemistry” mainly deals with the methods of olefin forma-
tion. Then “synthesis of insect pheromones” is detailed according to the
classification of pheromones mainly based on the type of compounds.
The chapter on the “synthesis of insect juvenile hormones” describes the
syntheses of the Cecropia juvenile hormone, juvabione and related com-
pounds. As the trend in modern synthetic organic chemistry is to develop
new methods for providing optically active compounds in stereocontrolled
manners, syntheses of optically active compounds are treated comprehen-
sively- It is hoped that the present review will be useful not only to synthetic
organic chemists, but also to entomologists who wish to prepare by them-
selves compounds of their own interests by the established methods. The
style employed in the present article is the rapid visual retrieval of infor-
mation, which is particularly satisfactory in describing organic syntheses.

The syntheses of moulting hormones are excluded from the present
article, for there is an excellent short review on this subject [8].

REFERENCES

. Huber, K., Hoppe, W., Chem. Ber., 98, 2403 (1965).
Bute)nanut A., Hecker, E., Hopp, M., Koch, W., Treblga Ann. Chem., 658, 39

(196

601I7I96( H>Dahm K. H., Sweely, C. C, Trost, B. M., Angew. Chem. intern. Ed.,
esworth, V. B., “Insect Hormones”, Oliver & Boyd, R. &R. Clark Ltd.,

Edburoh 187,

. Stama, K., Romanuk, “Insect Hormones and Bioanalogues”, Sprin-

ger-Verlag, Wien and New York (19 4).

U‘P.w!\ﬂ—\
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fi. J(acol))son, M., “Insect Sex Pheromones”, Academic Press, New York and London
1972).

7. Birch, M. C, (Ed.), “Pheromones”, North-Holland Publ. Co, Amsterdam (1974).

8. Nakanishi, K., Goto, T., Ito, S., Natori, S., Nozoe, S., (Eds), “Natural
Products Chemistry”, Vol. 1, pp. 525-532, Kodansha, Ltd., Tokyo (1974).

Il. SYNTHETIC METHODS USEFUL IN INSECT CHEMISTRY

1 INTRODUCTION

Before the advent of pheromone and juvenile hormone chemistry, the
stereoselective construction of di- and trisubstituted olefins was of only
limited interest to terpene and oil chemists. During the past decade the
situation has changed and we now have many ingenious new methods as
well as modifications of older methods for olefin syntheses. Two excellent
reviews are available concerning the stereoselective synthesis of olefins
[1, 2]. In the following section, reactions are collected which have been
used, or may be useful, in insect chemistry.

2. STEREOSELECTIVE ROUTES TO DISUBSTITUTED OLEFINS

A . Synthesis of E-olefins

(i) Metal-ammonia reduction of acetylenes. The reduction of acetylenets
with sodium in liquid ammonia is the standard method [Equation (I)] [3].

("H2),0THP
R—C=C—(CH2,0THP >  P=C\ @

WWarthen and Jacobson recommend the use of a large volume of liquid
ammonia to minimize the recovery of the starting acetylenes [4].

(ii) Lithium aluminium hydride reduction of acetylenes. The reduction of
propargylic alcohols to allvlic alcohols with lithium aluminium hydride
usually proceeds in an excellent yield [Equation (2)] [5].

/0. H CH2OH
R—C=C—CHDOH  ——>- A HO > V=C/ ©

R7 H
R H
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(in) Reductive elimination of allylic substituents. A-Homoallvlic alcohols
can be prepared from acetylenes by the route shown in Equation (3). The
key stereoselective step (97% 77?-isomer) is the reductive elimination of the
allylic r-butoxy group [6]. A highly stereoselective synthesis of £7-olefins
employs the reduction of a phosphonate ester as the key step [Equation (4)]
[7]. The yields are moderate to excellent.

Bu'O Bu'O
CsHCH C=C CH20H -—--m--in-ar-pd > C3HICH—C=C—CH20H  --—--—--- >-
L1AIH4/Di ’GM ®
Ao S CHaCHAOM
0 H
Me
C=CHCH2P(OEt)2 - > c= CHCH—P‘OEt)Z ---------- >
/ ] Kx / |
R 0} R R 0} (4)
MeCHR H

o TR
H R

(iv) Rearrangement of allylic dithiocarbamates. This method is applicable
to the synthesis of various alkenol sex pheromones [Equation (5)] [8].
The yield is excellent.

H
S <i*K (C H 2JmMe
I. LiNPr) 4 A
ANS-C-NM e2 2 Me(CH)m  ~

NMe2
B $ LN ~ A 1 | (5)
------ *. Me(CH2mC=CCH2CNMe2 ; ucH/AOTUP Me(CH2mC= CC(CH2)m+ OTHP —»
H S-CI-N M e2
S
LI EINHI *m Me(CH2NC=C(CH2),0THP Me(CH2)MC=C (CH 2),,0Ac

(v) The Wittig olefin synthesis. The Schlosser modification of the Wittig
reaction as shown in Equation (6) gives Ar-olefins in 60-72% yield with
96-99% stereoselectivity [9, 10].
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(vi)  Utilization of organoaluminium compounds. Disubstituted i7-alkenes
can be prepared by the reaction of .E-alkenyl trialkylaluminates with alkyl
halides and sulfonates [Equation (7)] [11]. The yield is good (44-79%) for
allylic halides and moderate (41-44%) for primary halides. Secondary and
tertiary halides gave poor results. E-Vinyl iodides are obtainable in 94%
stereoselectivity as shown in Equation (8) [12]. Reaction with dialkyl
lithium cuprate (RZCuLi) converts the iodide to E-olefin. A vinylalane is
converted to E-homoallylic alcohol in a yield of 81-88% [Equation (9)1 [13].
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(vii) Utilization of organotin compounds. E-Allylie alcohols can be prepa-
red from propargyl alcohol via an organotin compound [Equation (10)]
[14].

H CH20THP

HC=CCH20THP + BUjSNH v > ‘c=c/ LB
Bu"Sn H
H  CHz0THP H  (CH2n H (10)
c=C — Br(CH;),Br—» c=¢c c=C
I I
Li H THPOCHz H H CH20THP

(viii) Utilization of organoboranes.  "*-Conjugated dienes are obtainable
via hvdroboration [Equation (11)] [15].

H H
| / \
H—-B C CccC
I \ / HCeaCR 11 _/ H
RC=CCl + H— BH2 - > c=c —" > - J >
o 'R tece
?‘ AR
cl
R 11
\ /H (11
c—C H R H
NeOMe > =C PrOCoH v =c H
i PO P=%
n~\ R H ’
OMe H R

B. Synthesis of.Z-olefins

(i) Hydrogenation of acetylenes. This is the standard method for the pre-
paration of aZ-olefin [Equation (12)]. Lindlar’s palladium catalyst is widely
used for this purpose [16]. However, 5% palladium on barium sulfate in
methanol containing a small amount of quinoline [17] or P-L nickel in
ethanol containing a small amount of ethylenediamine [18] are two alter-
natives whose use is gradually prevailing. P-2 nickel seems to be the best
catalyst for stereoselective reduction with a Z : E ratio as high as 200 : L

R_C=C_R H2/Lindlar-Pd or Pd-BaS04 or P-2 Ni -m R_éi: CY_ R (t2r

(ii) The Wittig olefin synthesis. The Wittig olefination carried out in
DMSO is known to give a Z-disubstituted olefin as the major product
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[Equation (13)] [19, 20]. The use of salt-free ylid solution is recommended
for the preparation of 2-olefins [Equation (14)] [21]. The ylid solution is
prepared by treating a phosphonium salt with sodium bis-trimethylsilyl-
amide in THE. The formation of a 2-olefin is favoured by a low reaction
temperature (98% 2 at —78°C; 84% at -fl00°C). The use of potassium in
HMPA as the base also favours the 2-olefination [Equation (15)] [22].
The stereochemistry of the Wittig reaction is discussed by Schlosser [23]
and by House [24].

) nucn
R—CH=PPhj + RCHO : RC=CR (~90%2Z) (13)
[ o 1 o THF
R—CH2—PPhj Xe + NaN(SiMejh _ B » RCH= PPh3 - >
(salt free)
04)

— > RC= CR (98%Z, 2%£)
[r—CbhPPhj] Xe H*pX > RCH= PPhj RCHQ -»» RC= CR'  (15)

(in) Utilization of organoboranes. 2-Olefins (98-99% 2) can be prepared
from disubstituted acetylenes by hydroboration-protonolysis [Equation(16)]
[25]. 2-Vinyl iodides are obtainable from iodoacetvlenes by the same process
[Equation (17)] [26]. They are convertible to 2-olefins by treatment with
organocopper reagents.

i H B-P-j), H H
R-C-C-K -lkiduU. )-< A > < (16)
R R R R

“l 45»_« o 1

C. Carbon-carbon Linking Reactions

(i) Alkylation of acetylenes. Alkylation of acetylenes gives disubstituted
acetylenes which are the starting materials for both E- and 2-olefins. The
traditional procedures are listed in a monograph [27]. Recently a convenient
and efficient procedure for the alkylation was proposed independently by
two groups [Equation (18)] [3, 28]. The procedure is particularly convenient

2 B.D.C.
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for a small scale preparation. The yield is excellent if the alkylating agent
is a primary, unbranched halide. An interesting 1,3-disubstitution reaction
of 1,3-dilithiopropyne may be useful in pheromone synthesis [Equation (19)]
[29].

HC-C-(CH?2),0THP »  Me(CH2nC=C(CH2),0THP
< 25°C, a few min.
Me(CH2nC -CH IcSItOWHMPA \Y Me(CH2NC=C(CH2t,OTHP (18)
MeC=CH 2 BuYi/MejNtCHjhNMe; “m LICHX =C L} __13_u:'!?_>[/_hg)_(glp_e____>
----------- > BunCHX=CLi — CH° >m Bu"CHX=CCHH 19

(ii) Grignard coupling with allylic acetates. An acetoxvl group occupying
allylic position can be replaced by the hydrocarbon moiety of a Grignard
reagent. The replacement is regio- and stereoselective [Equation (20)] [30].

3. STEREOSELECTIVE ROUTES TO TRISUBSTITUTED OLEFINS

A. Olefins from Acetylenes

(i)Lithium aluminium hydride reduction followed by iodination. This method
is based on the iodination of the vinylalane intermediates of lithium alu-
minium hydride reduction of propargylic alcohols [Equations (21) and (22)]
[31, 32]. The resulting iodo alcohol may be transformed into various isopren-
oids such as farnesol [31] and santalol [32] by treatment with organocopper
reagents. An interesting double iodination procedure has also been reported
[Equation (23)] [33].
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(21

(22)

(ii) Addition of organocopper reagents to acetylenic esters. This method invol-
ves the conjugate addition of organocopper reagents to a,/?-acetylenic esters
at low temperatures [Equation (24)] [34, 35]. The improvement and modifi-
cation of this reaction are reported with full experimental details [Equations
(25) and (26)] [36]. In order to obtain high stereochemical purity in the
olefinic product, it is important that the reaction temperature is maintained
near —78°C during the addition of the acetylenic ester to the reagent and
during protonation of the vinylcopper intermediate. Conjugate addition of
the organocopper reagent is reviewed by Posner [37].

2%
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R COjMe
R-C=CCO02Me + RjCulLi Hrfz » f=Q @ >
—100°C R’ Qu —loot
(24)
OjMe R H
NT v o
--------- A [C=S + >=N
R H R' COjMe
(97-99.8%) (0.2~3%)
e COjMe
o _ . —78°C, THF or ether N\/ J
MeC-CC02ve + BinCulLi - N nch.CH.nm,, » /C=C\ 25>
(0.6 eq.) 82—84 % Bu" H
. Cul, MC:NCH2CH2NMC:, ether Ll 4
- 4 'o- - ™ e o J 4 X » -
Z:£ =595

(in) Utilization of vinylcopper reagents. Addition of an organocopper rea-
gentto an acetylene gives a vinylcopper reagent whose copper can be replac-
ed by an alkvl group [Equation (27)] [38].

Me H
EtCu MgBn I McCpaCH --mmmmmmmn A C=c "
2. CH20CH:2CH:CI / \ 85%
Et CH20(CH2)2ClI
«% @)

Me p

___________ N = 4
Et  CHjOH

(iv) Stereoselective addition of hydrogen halides to acetylenes through intra-
molecular processes. Methyl 6-iodo-2-hexynoate undergoes 1,4-iodide shift
in refluxing trifluoroacetic acid [Equation (28)] [39]. This process is useful in
preparing the key intermediate for juvenile hormone synthesis [39].

/NN cf,co2h CFjCOOAMAAANAN-CChM e
1 reflux, 50h. 100% ~

CO2MC (28)

----- *e  HON ~ \ [/ 'AN [/ CO2Me Z:£ = 5:95
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B. Substitution with Organocopper and Related Reagents

(i) Reaction of organocopper reagents with B-phenylthio-<x.,3-unsaturated es-
ters. The phenylthio group can be replaced by an alkyl group of an organ-
ocopper reagent with retention of the original olefin geometry [Equation
(29)] [40] and [Equations (30) and (31)] [41].

(M) Reaction of organocopper reagents with R-acyloxy-a.,R-unsaturated esters.

The acvloxy group can also be replaced by an alkvl group |Equation (32)]
142],

(in) Reaction of organocopper reagents with alkenyl halides. The coupling
between organocopper reagents and alkenyl halides proceeds stereospecifi-
callv with retention of configuration in the substrate | Equation (33)] [43].
This is used in several syntheses of juvenile hormones [cf. Equation (23)].

(33)
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(iv) Reaction of organocopper reagents with allylic acetates. Reaction of
lithium dialkyleuprate with acyclic allylic acetates leads to displacement of
the acetoxvl group with allylic rearrangement to give A-trisubstituted
olefins [Equations (34) and (35)] [44].

(v) Reaction of organocopper reagents with allylic epoxides. Lithium dialkvl-
cuprate reacts with allylic epoxides to give allylic alcohols with moderate
stereoselectivity | Equations (36) and (37)] [45, 46]. Incidentally, this type of
a./S-unsaturated epoxides is known to be reduced stereoselectively (Equation
(38)] 147]. Substitution reactions using organocopper reagents have been
reviewed recently 148].

E:Z=92:8



C. Claisen and Related Thermal Rearrangements

(t) The Claisen rearrangement. The stereoselectivity of this rearrangement
was carefully studied by Faulkner [Equation (39)] [49, 50], who suggested
the chair form of cyclohexane as a model for the transition state. The transi-
tion state shown in Equation (40) with an equatorial R2is more stable than

that with an axial R2 This results in the formation of 99% A-olefin [Equa-
tion (40)] [49, 50].
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(ii) The Claisen ortho ester rearrangement. This version of the Claisen rear-
rangement is simpler to perform (one instead of two operations) and the
overall yield, as well as stereoselectivity is satisfactory [Equation (41)]
[51]. The Claisen rearrangement has been reviewed recently [52].

E.Z= >98 :<c2
(tit) Thermal 1,5-prototropic shift. This reaction is used in a synthesis of

juvenile hormone [Equation (42)] [53].
OSiMegj

(iv) Thermal cleavage of vinylcyclopropanes. This reaction is also used in a
synthesis of juvenile hormone [Equation (43)] [54].

D. Cleavage of Cyclopropyl Carbinols

(i) Cleavage of secondary cyclopropyl carbinols. Julia synthesized homoally-
lic bromides by the treatment of cyclopropyl carbinols with 48% hydrobro-
mic acid. The reaction is stereoselective in the case of secondary cyclopropvl
carbinols giving ~-disubstituted olefins [Equation (44)] [55], although its
application in pheromone syntheses is still scarce.
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(it) Cleavage of tertiary cyclopropyl carbinols. A tertiary cyclopropvl car-
binol rearranges to a mixture of K- and Z-olefins [Equation (45)] [55].

(in) Cleavage of tertiary cyclopropyl carbinols with an ethynyl substituent.
The stereoselectivity in the case depicted in Equation (44) isattributed to the
relative stability of the transition state A. It is therefore natural that the
tertiary cyclopropyl carbinol with an ethynyl substituent undergoes stereo-
selective rearrangement [56, 57, 58], since the ethynyl group is less bulky

than alkyl groups. This reaction is used in a synthesis of juvenile hormone
[Equation (46)] [59].

(iv) Johnson smodification.The stereoselectivity in the synthesis of trisub-
stituted olefins was improved by employing secondary carbinols as starting
materials [Equation (47)) |6(1|.
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(v) Cleavage of cyclopropyl epoxides. This reaction affords bifunctional
trisubstiiuted 2?-olefins [Equation (48)] [61].

E. Other Methods in Olefin Synthesis

(i)Orignard addition to x-chloroketones. At low temperatures (from —75°C
to —95°C), an a-chloroketone prefers anti-parallel conformation of the
chlorine and oxygen atoms. Addition of a Grignard reagent to the least
hindered side is favoured, yielding a mixture of chlorohydrins in which
one of the diastereomere predominates (80-85%) [Equation (49)] (62, 63].
The chlorohydrin can be converted to R'-olefin via an epoxide [Equat ion (50)1

162,63].

(it) The Wittig olefin synthesis. The alkylation of a /8-oxido-phosphonium
vlid gives an AJ-dlefin [Equation (51)] [64]. This reaction was further modi-
fied to provide stereoselective syntheses of allvlic alcohols [Equation (52)]
165], which proved useful in juvenile hormone synthesis [Equation (53)]

154],
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(in) Inversion of olefin geometry. An olefin ca» be converted to its geomet-
rical isomer via an epoxide by the phosphorus betaine method [Equation
(54) ] [66]. This is also applicable in juvenile hormone synthesis ~Equation

(55) 1] [66]. Trimethylsilylpotassium deoxygenation of epoxides is reported
to proceed with the inversion of stereochemistry [67].
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F. Carbon-carbon Linking Reactions

(i) Alkylation of a sulfur-stabilized carbanion followed by reductive cleavage
of the carbon-sulfur bond. A carbanion stabilized by a phenyl thioether
[Equation (56)] [68] or a phenylsulfone [Equation (57)] [69] group can be
alkylated in a good yield. The activating groups can be removed by reduc-
tion. This method is useful in isoprenoid synthesis in general.
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(1) Use of sulfoxide rearrangement. ~-Olefins can be prepared by alkylation
of a sulfoxide-stabilized carbanion with alkyl halides followed by rearrange-
ment [Equations (58) and (59)] [70].

(in) Utilization of sulfones and organopalladium compounds. Farnesol has
been synthesized by this interesting method devised by Trost [Equation (60)]

[71].
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(iv) y-Alkylation of a,R-unsaturated acids, a,R-Acetylenic and olefinic acids
can be alkylated to effect chain lengthening. The operation is simple, but
regio- and stereoselectivities are only moderate [Equations (61) and (62)]
[72].

(v) Utilization of organocopper reagents. Substitution of the bromine atom
in.E-4-bromo-3-methyl-2-buten-I-ol by organocopper reagents gives *-olefins
[Equation (63)] [73]. Isoprene can be converted to the required bromo-
alcohol in a good yield [73]. Conventional carbon-carbon linking reactions
are not included in this review. Alkylation of a-allyl nickel complexes is a
versatile carbon-carbon linking reaction with moderate stereoselectivity [74].



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 31

4. OTHER USEFUL METHODS
A. Methods for Pheromone Synthesis

(i) Conversion of alkyl chlorides to bromides. For the alkylation of acety-
lenes [see Equations (18) and (19), (p. 18) alkyl chlorides are not so reac-
tive, in general. Therefore an efficient method is desirable for the conver-
sion of chlorides to bromides. A new procedure employs ethyl bromide
as the source of bromine [Equation (64)] [75]. The high volatility of ethyl
chloride, the by-product, is the drivingf orce for the completion of the reac-
tion.

CI(CH26OTHP ~ m 0~ EBr-——->.  Br(CH260THP (64)

N (solvent)

Me
60~70°C, 5days
84%

(ii) Conversion of tetrahydropyranyl ethers to acetates. Many pheromones are
acetates of long chain alcohols. The tetrahydropyranyl (THP) group is the
most commonly employed protecting group in the course of pheromone
synthesis. The direct conversion of THP ethers into acetates can be achieved
in 85-92% yield [Equation (65)] [3].

nnTIm AcCl—AcOH (1:10)
ROTHP 35~40°C, overnight ROAc (65)
85~ 92 %

(Hi) Conversion of THP ethers to bromides. It is possible to carry out the
direct conversion of THP ethers to halides [Equation (66)] [76].

+ Xe - >a ROPPhjX +
90'4y ROATT
PPhjX
(66)
+ HX + O e *m RX + Ph®=0
° R= MC14H33, X=Br, 87% yield

(iv) Carbonyl-olefin metathesis. Photochemical cycloaddition and thermal
rearrangement are coupled to yield A'-olefinic aldehydes [Equation (67)] [77].
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H
(0] + e,cHO C U
N B
H H
A 270—340 C A n " noo(87)
ft Et >95% e

overall yield: 40—50%

(v) Solid phase synthesis. The first application of solid phase synthesis in
the pheromone field has recently been reported [Equation (68)] [78]. The
solid phase synthesis gives comparable or better overall yields than previous
methods, uses inexpensive symmetrical diols as starting materials, and has

C—Cl +  HO(CHNGOH  -weeme > (p)- O(CH2BOH --—nmv *u

v

P = Polymer
O (2% cross-linked divinylbenzene-styrene polymer)

£sv >O0<*dehi SassS— -

0]
______________ > (P V A AV o —0(CH2)6CHC(CH)Me —o ~ > (68)
o)
----------- » Me(CH2)T=C(CH2)60H ACe->
H
N
————————————— >m c=¢C

Me(CH2)j (CHr)60Ac
overall yield: 27%
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the potential of being adapted to an automated procedure. It is questionable,
however, whether this method is applicable for a large scale preparation of
pheromones required in field tests.

R. Methods for Juvenile Hormone Synthesis

(i) Oxidative esterification of allytic alcohols. Farnesol and its homologues
are popular intermediates in juvenile hormone syntheses. Transformation
of these compounds to methyl farnesoate and homologues needs a very
mild method to avoid isomerization at the C-2 double bond. Corey’s oxi-
dative esterification method is particularly suited for this purpose [Equa-
tion (69)1 [79].

51 mg >99% pure

(rm) Selective formation of terminal bromokydrin. The terminal epoxide
function is a common feature in naturally occurring juvenile hormones.
Selective oxidation of polyolefins was studied by van Tamelen 180, 81].
The highly selective formation of a terminal bromohydrin was observed
during the attack of N-bromosuccinimide to squalene in aqueous ethylene
glycol dimethyl ether (DME). The solvent can be substituted by aqueous

i-butanol or aqueous tetrahvdrofuran (THF). An example is shown in
Equation (70) [82].

3 E.D.C
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I11. SYNTHESIS OF INSECT PHEROMONES
1 INTRODUCTION

Fifteen years have passed since the first synthesis of bombykol, the sex

pheromone of the silkworm moth, Bombyx mori, was published bv Butenandt
and his co-workers. From the beginning, synthetic approach was very
important in pheromone researches because of the limited availability of
natural pheromones from insects (usually no more than a few milligrams).

3%
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The roles of synthesis in insect pheromone researches may be classified as
follows [1]. (i) A synthesis can give the final proof of the proposed structure
including the olefin geometry and the relative as well as absolute stereo-
chemistry. (n) A simple and efficient synthesis can provide sufficient mate-
rial for biological study, including field tests, (Hi) The synthesis of a number
of analogues and stereoisomers clarifies the structure-activity relationship.
Analogues of practical importance may be created by this approach.

The number of pheromones isolated from insects is rapidly increasing.
Four recent reviews are useful to a novice in pheromone chemistry [2-5].
Pheromones are scattered among various types of volatile compounds
ranging from alkanes to nitrogen heterocycles. The present review deals
with the synthesis of pheromones having a certain novel structural feature.
For example, the synthesis of alkanes is not treated.

The stereochemical aspects of pheromone synthesis are discussed in full
depth. Recent studies on structure-activity relationships have revealed the
importance of stereochemistry in pheromone perception by insects. Indeed,
three types of isomerism, geometrical, stereo- and optical isomerisms, have
all been shown to affect the biological activity as described below.

A. Biological Activity of Bombykol and its Geometrical Isomers

Butenandt et al. [6, 7] and Truscheit and Eiter [8] synthesized all of the
four possible geometrical isomers of bombykol (1) and compared their
attractancy to male silkworm moth, Bombyx mori. The results are shown in
Table I.

Table 1
Biological Activity of Natural Bombykol
and Synthetic Geometrical Isomers of 10, 12-Hexadecadien-I-ol

@ct/lvilty Eiter [9]
ml)* iter
Santh 7

Butenandt [6]
Butenan

10 z, 127 1 1

10z, 12E 103 10-* 10«
10E, 127 101> [OaNid 10"
10E, 12E 10 100 10
Natural bombykol 10 1° 10 1° 10-,°

* The activity is expressed by “die LockstoSeinheit sLE)." This is the lower limit
of the pheromoneé concentration e[;l/l/ml) to which 50% of the ‘test insects show reaction.

The biological activity as well as physical properties of (10 E : 12Z) —1042-
hexadecadien-1-ol were almost identical with that of natural bombykol.
The geometry of the diene system in bombykol was thus established as
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10A : 12Z by these synthetic works. It should be noted that the other three
geometrical isomers possess only moderate or weak biological activities.
A highly stereoselective synthesis of the most active isomer is therefore of
paramount importance both scientifically and practically.

HHHH o H_H
BU'C= C—C= C— (CHiPOH BuC= ﬁ—C= C— (CHrbOH
12 10
HHH H H
BW'C= C—C= ﬁ—(CthpOH BurC= ﬁ—c: |(_3|—(CHrbOH
Bombykol 1
H H H _
El—C—C= C—CHi)idOAc Et—C—C= E'—(CHZ)IOOAC
2 3
H H H H H H H
BU"C - C(CH2X = C(CH260AC BunC = |C_|(CH2)2C= C(CH260Ac
4 5

B. The Pheromone of Red-banded Leaf Roller (Argyrotaenia velutinana)
and its Geometrical Isomer

Roelofs-et al. identified (Z”-11-tetradecenyl acetate (2) as the sex phero-
mone of red-banded leaf roller moths (Argyrotaenia velutinana) [9]. They
then demonstrated that a large amount of the (11A)-isomer (3) is inhibitory
to the pheromone action [10]. Here again the stereochemistry was shown to
be important. Roelofs’s argument on this subject was based on his bioassay
results with many pheromone analogues, some of them acting inhibitory,
while others synergistically [10]. Subsequently Klun et al. [11] and Beroza
etal. [12] reported a very interesting observation that a small amount of the
opposite geometrical isomer was critical to pheromone attraction. Klun
found that a geometrically pure preparation of 2 was very weakly attractive
to the moth and that the presence of 7% of the (1127?)-isomer (3) was neces-
sary for maximum activity [11]. Previous syntheses of 2 employed either
the WVittig reaction or the Lindlar semi-hydrbgenation, and neither of them
was 100% stereoselective. It is therefore obvious that a highly pure geomet-
rical isomer isrequired to discover this kind of very subtle biological phenom-
ena. Beroza’s relevant work was on the pheromone of the oriental fruit
moths, Grapholitha molesta. The biological activity of the synthetic phero-
mone, (Z”-8-dodecenyl acetate increased twenty-five times by the addition
of a small amount of the (8l7)-isomer [12].
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C. Gossyplure, the Pheromone of Pink Bollworm Moth
(Pectinophora gossypiella)

In this case the pheromone consists of a mixture of two geometrical iso-
mers in an equal amount: (1Z : 117)-7,11-hexadeeadienyl acetate (4) and
its (7Z : 11Z)-isomer (5) [13]. Neither of them is biologically active by itself
alone. This suggests the existence of two different receptor sites on the
pheromone receptor of the pink bollworm moth.

D. The Pheromone of Dendroctonus Bark Beetles

Two stereoisomers of 7-methyl-5-methyl-6,8-dioxabicyclo[3.2.1]octa n
were isolated from the frass of the western pine beetle (Dendroctonus brevi-
comis) [14]. Only one of them, earo-brevicomin (6), is biologically active as a
component of the aggregation pheromone of the western pine beetle. The
other isomer, eWo-brevicomin (7), is inactive to the western pine beetle and
even inhibits the olfactory response of flying male and female southern pine
beetles (Dendroctonus frontalis) to the female-produced pheromone, fron-
talin (8) [15]. In this case the endo-exo stereoisomerism was of utmost
importance for biological activity. This necessitated the stereoselective
synthesis of these pheromones.

9 (S)—(+) 10 (*)—)
E. Biological Activities of the Optical Isomers of Pheromones

ez0-Brevicomin (6) and frontalin (8) are chiral molecules. They, therefore,
can exist in two enantiomeric forms. Very recently both enantiomers of
these pheromones were synthesized enabling the biological evaluation of the
isomers [16, 17]. The biologically active isomers were (\R :5S : IR)-(-\-)-
ezo-brevicomin (6) and (IS : 5/1)-(—)-frontalin (8) [18]. In these cases only
one enantiomer of the two optical isomers possesses pheromone activity.
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Sulcatol is the aggregation pheromone produced by males of Gnathotrichus
sulcatus [19]. Both (S)-(-\-)-sulcatol (9) and the (R )-(-) isomer (10) were
synthesized [20]. Surprisingly, neither of them was biologically active.
However, when combined to give a racemic mixture, synthetic sulcatol was
more active than the natural pheromone which consisted of a mixture of
65% of 9 and 35% of 10 [21]. This situation is somewhat similar to that
encountered in the case of gossyplure, and suggested the presence of enantio-
mer-specific active sites on the receptor proteins in the same or different
cells of Gnathotrichus sulcatus.

The above examples well illustrate how important is the concept of stereo-
chemistry in pheromone synthesis, which is undoubtedly one of the frontiers
in applying the modern methodology of synthetic organic chemistry.

A very readable review on the sex-attractant receptor of moths is to be
referred to [22] before going into the individual treatise of the pheromones.

2. PHEROMONES WITH E-OLEFINIC LINKAGE

A. (E)-2-Hexenyl Acetate (11)

This is the sex pheromone of Indian water bug (Lethocerus indicus) and
serves to excite the female immediately before or during mating. Its synthe-
sis is shown in Scheme 1 [23]. Pattenden, however, states that 11 is neither
sex- nor species-specific [24].

PPCHO +  CHACOED2  —— - PNC=CCOR  — >

H
-------- ™ PNC= CCHIOH  —oriooeee> PmJE'=cH—CHzoAc
11

Scheme 1

B. (E)-7-Dodecenyl Acetate (12)

This is the sex pheromone of false codling moth (Cryptophlebia leucotreta)
[25]. Syntheses by Berger et al. [25] and Henderson et al. [26] are shown in
Schemes 2 and 3, respectively.
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CICH2,OTHP  ——u*co *m  1(CHREOTHP RrC=CLi
BU"C=C(CH260THP — ” pH BU"C=C(CH260H —"bdy >
BVIrE':CIZ_fCH%OH e Y 5'=C|£|CH360AC

12
Scheme 2
BrCHDBOTHP  —BwCaCll v Bu"C=C(CH26OTHP ~ — — —*~
Bw‘ézﬂCHaeoTHP L S Bm"@:ﬂCHaGOAc
A
12
Scheme 3

C. (E)-ll-Tetradecenal (13)

Eastern spruce budworm (Choristoneura fumiferana) uses this compound
as its sex pheromone [27]. Two syntheses are reported as shown in Schemes 4
[27] and 5 [28]. The latter employs the highly stereoselective phosphonate
method (Equation 4).

. Na H _ i1Ma.
EtC=C(CH2ioOH —u —> EtC= C(CH2)ioOH — TdUD

H
EtC=C(CH2CHO
13

Scheme 4
t BI'l
MeCH= CHCH2RP(OEY)2 ~  -—--- 2 Br(CH)0oTHP >  MeCH=CHCH(CH2tOTHP
0=P(0Et)2
H + H
--------------- > BC= C|ZSCH3ioOTHP H > BEC= ﬂCHZ)ioOH —Q°- >
73%pverall yield

H
EIC=C(CH2$CHO

13
Scheme 5
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3. PHEROMONES WITH Z-OLEFINIC LINKAGE

A. Mnscnlure, (7)-9-Tricosene (14)

This is a sex pheromone isolated from the cuticle and faeces of the female
house Hy (Musen domestica) and attracts the male fly [29]. The first syn-
thesis was carried out by the Wittig reaction to give 85% of (7)- and 15% of
(A> isomers (Scheme 6) [29]. This Wittig synthesis was later modified bv
using potassium in HMPA as the base, to give 94% of (Z)-olefin plus 6%
of the (E”-isomer (Scheme 7) [30]. The second type of synthesis employs
Lindlar semi-hvdrogenation of the acetylene (Scheme 8) 131]. The use of the
naturally occurring erucie acid as the starting material yields the pheromone
only in two steps (Scheme 9) 132]. This strategy was further modified by
using the cheap oleic acid as the starting material (Scheme 10) [33]. The
mixed Kolbe electrolysis of oleic and n-heptanoic acids gives museallire in
14% yield. (Scheme 11) 134|.

® 1 Bu"Li/DMSO H H
Pb3P(CH2),3Me - 2. Me(CH:)ijCHO M<*CH2)12C = C (C H 2)7Me
Br° £:Z2= 15:8
14
Schnur 6
H H
Ph3P(CH2)8\Ve ----2. Me"emLcHO----Me(CH2) I2C=C(CH2)7Me
Bre 1 E.Z. 6:94
Scheme 7
Me(CH)i2C=CH ----2. MeK'T'bBI[ --------- Me(CH2)I2C=C(CH2)7Me
H: Lindlar Pd

> Me(CH)IX = CCHYMVE

14
Scheme S

o]

h h MeLi h h H
Me(CH2)7C= C(CH)NCO2H e > Me(CH)7C= C(CHINCMe

—--NiH~KO0H mm  Me(CH2TC= C(CH2|2Ve

Scheme it
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O
H H Me(CH24U H H
Me(CH27C=C(CH27CO02H el A > Me(CH27C= C(CH27C(CH2):Me
----- N2H,~ KOH--—--Me(CH2)TC= C(CH2)|2Me
Scheme 10
Me(CH27C = C(CH27C 02H + Me(CH25C 02H - Kolbt electrolysis------- n
H H 0
Me(CH2)TC=C(CH2):2Me
Scheme 11

B. Disparlure, (Z)-7,8-Epoxy-2-methyloctadecane (15)

The gypsy moth, Porthetria, dispar is a serious despoiler of forest. The sex
pheromone was extracted from 78 000 tips of the last two abdominal seg-
ments of female moths and shown to be an epoxide 15 [35]. The first synthe-
sis employed the Wittig reaction (Scheme 12) [35]. As small as 2 pg of (Z)-
epoxide (15) was active in laboratory bioassay. A highly stereoselective
version of this Wittig synthesis is reported by Bestmann (Scheme 13) [36].
Two syntheses via acetylenic intermediates are recorded (Scheme 14) [37,
38]. A synthesis by Chan and Chang employs organosilicon compounds,
but the stereoselectivity is low (Scheme 15) [39]. The olefinic precursor,
(Zj-2-methyl-7-octadecene, is present in the female sex pheromone gland of
the gypsy moth and inhibits male attraction to disparlure [40]. The synthe-
sis of optically active disparlure will be discussed later (see Schemes 133
and 134, p. 104—106).

MerCH(CH23CH=CH2 — ~— % MeCH(CH25Br  -—-— - >

- 1 Bu"Li/DMSO H H
Me2CH(CH?2)5PPh3 — 2. Me(CH;)qCHO Me2CH(CH24C = C(CH2,Me

a BG
6ICO)H H H

Me2CH(CH24C —C(CH29VE
0]
5 £:Z2= 15:8
Scheme 12
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Me2CH(CH22MgBr - 8  MeXCH(CH2sOH  ——— — —>m  Me2CH(CH2Br

~-— —>  MeXCH(CH2)5PPh3

KHVPA— >a  MexCH(CH24CH=PPh3

Bre
O
------ CHWAD I\/Ie2CH(CH34lc_|= IC_|(CHZ)QVE ..
Scheme 13
Me(CH2)oC=CH Me(CH2)9aC—C(CH2)4CHMe2 »
cl
V4
oL,
Me(CH2XC = C(CHACHME2 ~ ---emmmmemmmmeemmeeee > 15
Scheme 11
Me2CH(CH2)3Li M~AbNMe. > Me2CH(CH2)4CHS,Ph3 , M@ORO >
Li 50%

H H H H
Me2XCH(CH24C= C(CH29Me - >- Me2CH(CH24C - X (C H 29Mve
£:Z2=1:1

(0]
Scheme 15 5

C. (ZJ-7-Dndecenyl Acélaié (16)

This is the sex pheromone of the cabbage looper (Trichoplnsia ni) 141 |.
The 'synthesis is straightforward via acetvlenic intermediates (Scheme 1)
[41]

Me(CH2)IC=CH -jy S a > +Me(CH2L -C (CH2A [~ >
3. H+
H-tiPd H H I';aitj
Me(CH2)ICNC(CH2xCOH - Me(CH2 = C(CH2)sCO02H >

H H H H
Me(CH2 3= C(CH2eOH >-  Me(CH2X = C(CH2)B0AC
Scheme Id 16

43
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D. (Z)-8-Dodecenyl Acetate (17)

Oriental fruit moth, Grapholitha molesta, unes this compound as the sex
pheromone (42]. The structure was confirmed bv syntheses via both the
Wittig and the acetylenic routes [42]. A recent synthesis employs evclo-
hexane-1,3-dione as a Ce-svnthon (Scheme 17) 143].

0]
PmC=CCH2* i |
T | KOH W
PrrC=CCH®Br  -—-- B \ | nzh,
PriC=C(CH2)6C02H — —.  Prt-QCHjbOH  —-
Pr'C= C(CH),0H Pr*C=C(CH2)70Ac
17
Scheme 77

K. (Z)-9-Tetradecenyl Acetate (18)

This is the pheromone of fall armyworm, Spodoptera frngiperda [44] and
smaller tea tortorix, Adoxophyes fasciata 145]. The first synthesis used methyl
mvristolate as the starting material (Scheme 18) (44]. The second synthesis
was based on the conventional acetylene chemistry (Scheme 19) |46], and
the third one was a partial synthesis from 16 (Scheme 20) |47|. A Wittig
synthesis is also recorded (Scheme 21) [48].

T

H H I liaiHi H
Bu"C= C(CH2)7C02Vle N >- BurC=

C(CH2)80AC
18
Scheme IS
CICH28THP ~ ~n2nH >  HC=C(CHJ&®THP  —. ™ 2—*.
Bu"C=C (CH280THP - HyPd-CaCO3 >  BurC= C(CH280THP

AcCl H HI
— =Y 3 Bu'C= C(CH.)®AC

Scheme IIf
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H H i PBr, H H
BurC= C(CHr)60H —-2 NeCHQ ;Et2-—-- BurC= C(CH2)6CH(COdEt)2

i nn- H H i LAIH*
----------------- >*  BurC=C(CH2)7Co 2H — — »  BurC= C(CH280Ac

2. H 2. AcCl

3. heat

Scheme 20

H H
Bu'CH= PPtb + OHC(CH280AC ----nh-rt""---->8 BuC=C(CH2)80Ac
18
Scheme 21

F. (2)-ll-Tetradecenyl Acetate (2)

Red-banded leaf roller, Argyrotaenia velutinana [9], and the smaller tea
tortorix [45] use this compound as the pheromone. The synthesis was carried
out either through acetylenic intermediates [9] or by employing the Wittig

reaction (Scheme 22) [9, 45].

EtCHO + Pha@(CHanOAc _NOE e EC= C(CH2jio0OAC
2

Bre
Scheme 22

0. (2)-lI-Hexadecenal (19) and (Z)-Octadecencd (20)

The striped rice borer, Chilo suppressalis, is a serious pest of rice in Asian
countries. Its female sex pheromone is a 5 : 1 mixture of 19 and 20 [49].
They were obtained by the conventional acetylene route (Scheme 23) [49].

BU'C=CH +  Br(CH2,00THP  —'~NH >- BU"C=C(CHR)ioOH

BU"C= C(CH2,CHO

H/Und~ RI >  BUC= C(CH2)I,OH
19

21 (as the acetate)

BUC—CH -f Br(CH2,20THP 7 —-->m  BU"C=C(CH2iH

BurC= C(CH2,,CHO

— H--1O-FRb—->»  BI'C= C(CH),O0H - GQ2CHN-—--A
20

Scheme 23
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H. (2)-1I-Hexadecenyl Acetate (21)

This is the pheromone of the purple stem borer, Sesamia inferens, a
noctuid moth whose larvae attack a wide range of graminaceous crops [50].
The pheromone isthe acetate of (Z) -11-hexadecenol as depicted in Scheme 23.

I. (2)S-Decenoic Acid (22)

The sex pheromone of the furniture carpet beetle, Anthrenus flavipes, was
identified as 22 (Scheme 24) [51].

Me(CH)C=CCH2XCHDH  —' > «  Me(CH)5C=CCH2C02H
Hz/Pd—C H H
CsHgN—ElOH > Me(CH28C = CCH2CO2H
22
Scheme 24
J. (2)-14-Methyl-8-hexadecen-I-ol (23)

and Methyl (Z)-14-Methyl-8-hexadecenoate (24)

These are the sex pheromones produced by female dermestid beetles,
Trogoderma inclusum [52]. The first [52] and the second [53] syntheses
employed the Wittig reaction (Schemes 25 and 26). The third synthesis
utilized an interesting Cope rearrangement reaction (Scheme 27) [54].

The synthesis of optically active pheromones will be described later (see
Scheme 130, p. 100).

Me
_x Cliri I, BzHs ) iPlin —-Pb3P = CHCHO ~mmee
MeCH CHMe 2. (H=cHcHo ~ ~(CH~CH
Et
Me Me
\_ 1 Reduction \ © OHCUYCHr~*COTMc
;oA 2. HBr / 3 TLC (Si02—Ag*)
£t 3. PhjP Et Bre Separation
I\QG H H 1:41lu H H
CH(CH24C= C(CH)eCO2Me  -———-- ~4(012)40= C(CH2YTOH
Et Et
24 23

Scheme 25
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Me Me
JCHC=CBr  — o=@ H > JCHC=*C-C=C CH:0H ——— >
Et Et
Me Me ®
\ Cr0,'2 CsHsN _ V. , 4 111N PthS\(/JIHBmO;Me N
CH(CH2ACHOH -~ i >- CH(CH24CHO NaOMe.DMF
Et Et
Me M H H
CH(CH24C= C(CH26COMe  ----— >- /CH(CH24C = C(CH2TH
Et Et
Scheme 26
Scheme 27

4. PHEROMONES WITH CONJUGATED DIENE SYSTEM
A. Bombykol, (10E : 12Z)-10,12-hexadecadien-I-ol (1)

Bombykol was the first pheromone isolated from insects. Its isolation [55]
and structure elucidation [56] were fully described in 1961. Neither the
Butenandt [6,7] nor the Eiter [8] synthesis was stereoselective. Separations
ofthe intermediates were required as shown in Schemes 28 [7], 29 [7],-30 [8],
31 [8] and 32 [8]. Borane chemistry was successfully applied in a recently
reported stereoselective synthesis (Scheme 33) [57]. Another stereoselective
route was an application of organocopper and related carbanion chemistry
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(Scheme 34) [58]. Thus various syntheses of bombykol are the reflexion of
the synthetic methodology available at the time of their achievements.
The recent two syntheses are remarkable on account of their high stereo-

selectivities.
prrBr --NaC"CH ~» pr*C=CH - >-  Prt"CCHzOH — — — >=
Ph,p ® Et/EXOH w
Pr*C=CCH2Br PrmC=CCH2PPhj E n
Br9

Pr"C=CCH = CH(CH28C 02Et Pr"C=CC = C(CH2S 0%t

EZ

Pl"—C=C—C= C(CH28CO02Et  — '
H

H H H
Pr"—C= C—C= C(CH2),0H

1
Scheme 28

CH2= CH(CH2)8C 0 2Et LUAK > CH2= CH(CH2,0H

0
................... >- CH2CH(CH2),0THP

CH2-CH (CH2),0H
0

0]

- e™ > Prt=CCH=CH(CHz)soH

Pr"C=CCH2CH(0H)(CH290THP
2. H*

Pr"C~CC=C(CH2»OH 'HRIH>  PrC= C—C= G(CHJ,OH

Scheme 29



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 49

Pr'CAC|CH20H  ----- ”;/Lind'ar~Rk---->-  PrmC= CCH20H —PBri > Pr*C=CCH:Br
-T WLi > Pr*C= CCH = PPhi ----OHC(CHgn)3C02 Mme >
Pr'C= C-CH = CH(CH28C02Me -y ~ L ,) > — "N 'Kko>
Pr'C= C-C = C(CH2,0OH Scheme 30
Me02CkCHhCHO  + Ph3P = CHCOrMe =~ —--mmemeeemeeee >-
N H H 1 Separation
Mc02C(Cbh)8C = ﬁCOZMe + Me02C(CH28C=CCO2Mc - TwW - A
£ Mno3 H Ac?_
HO(CH2)C = E—CHZOH -------------- >a HO(CH29C = S—CHO ------- >
oHcl- ocHgmoRe  — Progi =P e prd=dldlc (CHAH
H ~H
+ Pr*C=C—C= C(CH2®LH
H H
Scheme 31

HC=CCH2CH(CH28 02Vle —-HC=CCH2CH(CH28C 0 2Ve

OH Cl

N—uy
_____ HC=CCH=CH(CH2sC02Me " >- HC=CCH=CH(CH2XTHP
E:Z=7:3 2(T J
— > Pr‘*C—CCH= CH(CH29OH =  ---mmmmm coeemmmmeeeee >-
3 H+ ' epn

H H H
PrC=C—C= ﬁ— (CH29%0H
1 (Urea adduct and recrystallization)

Scheme 32

4 E.D.C
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(I el § (X n _/H

HC=C(CH290SiMej o - £=9
H (CH2)90SiMes .
c=cpr"
Pr'c=ClJi N I l;/THF, —78~25°C
THF hexare . / 2. 3N NaOH, 25°C, 63 % ~
—50°C, Ih =C

H (CH2)90SiMes

H ij-)-)—BH, 0°C, IhLIAIH
PrniC =C —C=C(CH2)s0SiMes >- >-
£ 1
"NCOjHI THF
reflux
H H H
Pr"C=C—C= C(CH2)%H
H
1
Scheme 33
I. CuBr
L, NFWor, 2.ch=ch _ »H H . I. LIAIR,
Pr MgBr 3 BrC=CCH20SiMei PrC—C C-C-CH 2H 2. Aco
4. HjO* 65% 93%

PTT= ¢ —, = ¢ —choac 12 7BrMg(CH2)80CHOET

3 Hjo+ Me 1
75%

1Pnih THF _ifl'r
— >a PI’"C:C—%|:C(CH2>OH
Scheme 34

B. (8B : 10E)-8J0-1)odecadien-I-ol (25)

Roelofs et al. isolated this compound as the pheromone of the codling
moth, Laapeyresin pomonella, a notorious pest of apple orchards [59].
Although there is a dispute between Roelofs et al. [59] and McDonough et al.
1601concerning the pheromone of this moth, 25 is now commercially avail-
able as an effective agent for “the insect monitoring system. "The first synthe-
sis (Scheme 35) 159] used the Wittigreaction and the later syntheses (Schem-
es 3 101| 37 [62] and 38 [63]) utilized the Orignard reaction for the

construction of the carbon chain.
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MeC= CCHBr — — >e MeC:CCHZEPhS = N O MIPM === [ =
H H re 2. 0riC(CH2)sC02Me
I n i
MeC= ﬁ -C = CH(CH2eCO2Ve — — — MeC=C-C |f| C(CH%'OH
25mE:Z=3:1aC8
Scheme 35
OH .
H thf H 1 s
> — MgBr + MeC= CCHO _Ne > MeC=CCH—
H 60% H
B B R S "HiEHaome 2
90% THF, —5°C
Ei,Ei: ZJE\ = 9:1 2. H+
H H
MeC= C—C= C(CH27OH
H H
25 .
Né&hetne 3b
i PBra
Me'E,l=C—E=C—COZH —L'NHa—x Me5|= C—é_'= CCHXOH - —-e
H H H H
MeC= C-C = CCH2Br " thK hmpa0™' > MeC= C-C=C(CH2T™H
H H 2. TsOH/MeOH H H
25
Schemr 37
OMs
MeC= '(_3|—C: E'CH — 22 l\ll\lép‘{O-txo'l'l-P———— > MeC= ('?_|—C: ?_'—CH(CHQGOTHP

—mY H >+ MeC=C—C—G(CHTOH

Scheine 3H

C. (K)-Doilecadienyl Acetate (26)

The red-bollworm moth, Diparopsis castanea, is a major cotton pest in
south-eastern Africa. The most potent of the sex pheromones produced by the
virgin female was shown to be ( A"-9,11-dodecadienvl acetate (26) by Nesbitt

4%
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etal. [64]. The components of the pheromones are 9,11-dodecadienvl acetate
(E :Z = 80: 20), (Ej-9-dodecenyl acetate, 11-dodecenyl acetate and dodec-
anvl acetate. The synthesis by Nesbitt el al. uses the Wittig reaction
(Scheme 39) [65]. The second synthesis employs the Grighard coupling
reaction (Scheme 40) [62]. In the Nesbitt synthesis, purification of the E-
isomer was carried out by converting it to sulfolane, which was readily
separated from the unchanged Z-isomer. The A-oiefin was regenerated by
lhernial decomposition.

CH2= CHCHZ2PPh, ~ f;ohclchu.OAc > CH2=CHCH=CH(CH280Ac
70% E.Z- 60:40 2 days
/ n-Octane . H
y /4 — 7M------- > CH2= CH-C = C(CH28Ac
S (CH280ACc h
02 26
Sehen»* lii
liAIH Q PRr
ch2=chc=cco2h —— 4 > CH2=CHC=CCH2DH —~ >
H H
CH2= CHC=CCH2Br ... 1iHMigHMPA°THP-----*m  CH2=CH —C=C(CH280Ac
H 2. TsOH/MeOH H
3. ACO/C5H5N 26
Srhnne |ll)

1) (7E : flZ2)-7,i>1hxiecwHcnyl Acélaié (27)

The «ex pheromone of the grape vine moth, Lobesia hotrana, is shown to be
27 16]. A synthesis by Deseoins involves a new method of stereoselective
synthesis of a conjugated diene with E, Z-geometrv. Dicobalt octacarbonyl
was used as the protecting group for the triple bond 167J. The bulkiness of
this protecting group makes the .lulia cleavage of the cyclopropane ring
stereoselective (Scheme 41) (cj. Equations (44) and (45), p. 25) [68]. The
synthesis is shown in Scheme 42 |69]. Another synthesis employed the ortlm
ester (Maisén rearrangement as the key step, although it was only 80%
stereoselective (Scheme 43) [70]. The triple bond was reduced by hyd-
roboration (c/. Equation (16), p. 17).
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EtC=CC = C(CH2)60THP

EtC=CC=C(CH22Br — CIMg(CH240THP >
H H
H H H
------------------- >e EtC=C— CH= C —KCH260Ac
27
Srhr.hH' 42
EtC=CMgBr + CH2=CHCHO - >- EtC=C~CHCH=CH2_EI\/tI;((,‘)(2%Me),
OH heat

EtC=CCH = CH(CH2X02Me |I. EtC=CCH=CH(CH2)jBr

El:Z=4:1
Li,U n . H 1 (M—)> BH
Li(CHZ)ﬁEHBET """ > EtC=C—C= Q(CHZ)&)R """ . AcOH | R >
! 3. CCIjCOjH
THp _jC@* R= H, E-isomer :cryst.
H H H Acj0 H H H
EtC=C—C=C(CH260H — TT~— > EtC=C—C=C—(CH260Ac
H ¢,H5N H
27

Scheme -13

A
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E. (OZ:11E)-9,11-Tctradccadienyl Acetate (28)

This compound is a major component of the sex pheromone of Spodoptera
litura, a serious pest of vegetable crops in Japan [71]. It has also been isolat-
ed from the Egyptian cotton leafworm, Spodoptera littoralis [72, 73]. The
first synthesis was non-stereoselective (Scheme 44) [71]. The second synthe-
sis was 80 - 90% stereoselective and carried out independently by two
groups (Scheme 45) [74, 75]. The Wittig olefination in DMSO was used to
generate the Z-olefin and the undesired E,E-diene was removed as an
adduct with tetracyanoethylene. Another component of Spodoptera littoralis
pheromone is (9Z : 12E)-9,12-tetradecadieny lacetate whose synthesis will be
described in Schemes 51-53.

BifCHIbOTHP - V/~H,Na HC=C(CH280THP P >
1 TsCl/base
PrnCHC=C(CH28THP  -—— 3. Aclo/CUIIN A EtCH= CHC= C(CH280Ac

2.GLC separatlilon EiC=C—C=C(CH]),0Ac

28
Scheme 44
H ) NaH H H H
EtC= CCHO + PhP(CH2»OAc — DMSO > EtC=C—C= C(CH)8®Ac +
H Bre
28 (80-90%)
NC CN

+ EC= |C—|_C= |C_2|(CH2)&AC N ==A N ->e Et— /\ ) — (CH2®AC

10~ 20% (NQ2 (CN)2
Removed by chromatography

Scheme 45
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F. (3E :5Z2)-3,5-Tetradecadienoic Acid (29)

This is the pheromone of black carpet beetle, Attagemis megatoma, and
synthesized as shown in Scheme 46 [76].

Me(CH2)7C=CH - ch*! chcho > Me(CH27C=C-CHCH = CH2 —N —V
OH
H 1 CuUCN H H H
Me(CH27C " C -C = CCH2Br - YMeoH-HCt------ n Me(CHY7C=C-C=C-CH 2X0H
H 3 KOH H
4. Hj/Lindlar-Pd 29
Scheme 46

5. PHEROMONES WITH NON-CONJUGATED DIENE SYSTEM

A. Gossyplure, a Mixture of (7Z : 11Z)-7,11-Hexadecadienyl Acetate (4)
and its (7Z : 11E)-lsomer (5)

The pheromone produced by female pink bollworm moth (Pectinophora
gossypiella) , a severe cotton pest in the United States, was studied for many
years. In 1973 Hummel et al. identified it to be a 1: 1 mixture of 4 and 5
and named it gossyplure [13]. Their synthetic procedure was not disclosed,
although they mentioned the bioassay of synthetic compounds. A synthesis
reported by Bierl et al. [77] was rather complicated and based on the cou-
pling of two allylic halides to construct the carb<jn chain, which proved to be
unsatisfactory. Their paper, however, contains a lot of biological data. The
second synthesis by Sonnet was stereoselective in synthesizing 4 but not so in
preparing 5 as shown in Scheme 47 [78]. The stereoselective Z-Wittig ole-
fination was achieved by the use of w-butyllithium in HMPA-THF mixture
as the base. The third synthesis by Mori et al. was based on a Grignard
coupling reaction and it is highly stereoselective in preparing both isomers
(Scheme 48) [79]. The next two examples illustrate the two different strategies
in employing the Wittig reaction. Bestmann et al. synthesized the two iso-
mers separately by the stereoselective Z-olefination method developed by
them (Scheme 49) [80]. Anderson and Henrick, however, obtained gossyplure
by controlling the reaction conditions to give the two isomers in 1: 1 ratio
(Scheme 50) [81]. This is convenient for practical purpose. It is also interest-
ing to note their utilization of 1,5-cyelooctadiene as a precursor of a Z-
olefinic aldo ester.
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ClGR®THp LCH > Hc=c(cH60THp . a(@H)a------

l. Ph#
C1(CH23C=C(CH260THP 2. BU"Li/lHMPA-THF
3. BU'CHO
4. ACL
H H H
BiT C= C(CH2)2C=C (CH 260Ac — Undlar-Pd Bn"C= C(CH2)2C = C(CH260AC
4
HNO;, 70—75°C
T
Bn"C= C(CH2)2C}=C(CH2)60Ac — Badar pd  >-  BunC = C(CH2X =|c(C H 260Ac
H ' H
5% E 5
Scheme 47
Bu"C=CCH20H _ Bu"C=CCH2Br  -—
Bu"C==C(CH2X =CH 1B "C'H™ OTHI Jh--mmmmn >
3. TsOH/MeOH
1H/P-2NI H_H _
BunC=C(CH2).C=C(CH 2)60H 2 ACOICsHsN Bu'c = c(CH z)rg— F(CHZGOAC
4
H H
BANC=CCHOH - — > Bu"C= CHCHZOH - — >a Bu'C= C|_(I_‘,HZBr
HesceH,MgBr B,"C=CITH,3,r=rH 1 BU-LI/THF-HMPA
THF, 63 % A C(CH2X CH 2 Br(CHQ80THP A
3. TsOH/MeOH
H 1 H3/P-2 Ni H H H
BunC = C(CH2)2C = C(CH2)60H 2 Ac,0 C;H.N-—- BurC = C(CH22C = C(CH2)60Ac
5
Scheme 48

B. (9Z : 12E)-9,12-Tetradecadienyl Acetate (30)

This was first isolated and synthesized by Jacobson et al. as a pheromone
of the southern armyworm moth (Spodoptera eridiana) [82]. This insect also
uses fZ"-9-tetradecenyl acetate (18) as the pheromone. Later 30 was found
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PhjPiCHjbCOIEt - 1 NeJg(@Mesh— >-  Bu"C= C(CH22C02Et — >-
Br0 2. BAIMHO
H H u u A
BfC=C(CH)Q®OH —~ — > Bu"C=C(CH23Br  --—-- 3 ohqgchU co. ei—-
H H H H . liAIH H H H H
BAaC= C(CH)2C= C(CH23C02EL — —> BarC= C(CH22ZC= C(CH2)60AC
4
H m H H H
BunC= C(CH2)3PPh3 £ BaC=C(CH2)2C= C(CH)60AC
H Bre H
5
Scheme 49
BUQQH _ [ 1 DMSO I I Pb(0AC>4
o) Mo(CO)6 [ | air | | EtOH
0 (e} OH
H H BunCH=PPhi H H H H
OHG(CHHC=C(CH22 I >-  BunC=C(CH22C= C(CH2)2C02Et
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Scheme 50

lo be the pheromone of the almond moth (Cedra cautella) and the Indian
meal moth (Plodia interpunctella) [83, 84]. Jacobson’s synthesis is shown in
Scheme 51 [82]. Brady’s synthesis started from 1,9-decadiyne as shown in
Scheme 52 [85]. Bestmann’s synthesis is a combination of the Julia cycloprop-
ane cleavage and the Wittig reaction (Scheme 53) [86].
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C1(CH280THP —pC - > HC=C(CH280THP B >m
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H H H
MeC= CCHX = C(CH2)s0Ac
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Scheme 53

C. (6E :11Z2)-6,ll-Hexadecadienyl Acetate (31)
and (6E :112)-6,l1-He. idecadienal (32)

These were isolated and synthesized by Kochansky et al. as the sex
pheromone of the wild silk moth, Antheraea polyphemus [87]. The pheromone
is a 90 : 10 mixture of 31 and 32. The synthesis is shown in Scheme 54.



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 69

HC=C(CHr)3OTHP - > BU"C==C(CH2)THP e — >
Bu"C= C(CH23THP * Bu"C=C(CH23Br  -— HC»qCH,),0THP >
Bu'C = C(CH2X =C(CH2SOTHP 2. AO ADH-—— 7
BunC = C(CH2I==((CHYSOAC  — | | |3~ >8  BUu"C=C(CH2X = G(CH24CHO
H CjHiN
31 32
Scheme 54

D. (3Z:132)-3,13-Octadecadienyl Acetate (33)
and (3E : 13Z)-3,13 Octaderadienyl Acetate (34)

The female peach tree borer, Sanninoidea exitiosa, uses (3Z : 132)-3,13-
octadeeadienyl acetate (33) and the female lesser peach tree borer, Synan-
thedon pictipes, uses its (3E : 132Z)-isomer (34) as sex pheromones [88].
These compounds are the largest pheromones isolated thus far from a lepi-
dopterous species. S. exitiosa males did not respond to the (3E : 132Z)-isomer
and low concentrations of it in the (3Z : 13Z)-isomer did not interfere with
their response to the (3Z : 132)-isomer. In contrast, even very low concen-
trations of the (3Z:132)-isomer (1%) in the (3E:13Z)-isomer signifi-
cantly inhibited the response of S. pictipes males. The synthesis is shown
in Scheme 55 [88].

uru Bu'C= CNa ~ rf'—l"-l"XfIé/»l 1 Nal/acetone

rur
CI(CH2)8l lig. NHj Buc

C(CH2C1 2. NaC= C(CH2jOTHP >
lig. NH,
3. IH\ MeOH
i h/Ad H H H H
Bu"C=C(CH2)8C=C(CH220H 2 AGO— Bu"c = C(CH28& = C(CH2)20Ac
33
BurC=C(CH2&Cl H/Pd » Bu'C= C(CH2&l m.L,C-CH.H,N(CHibNH 7
>V 7
0
purb= E'(CH2)80=C(CH2)20H ““LI’ Z‘gSH'— > gt c'?CHZ)BCH: C(CHADAC

Scheme 55 A
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6. PHEROMONES WITH TRIENE SYSTEM
A. (3Z:6Z : 8E)-3,6,8-Dodecatrien-I-ol (35)

This is the trail-following pheromone for a southern subterranean termite.
Termite trail-following substance is secreted by the sternal gland of various
species of termite workers to mark the source of suitable wood to other
workers of the same species. The synthesis was non-stereoselective and
carried out as shown in Scheme 56 [89]. The minimum amount of the phero-
mone required to stimulate the worker termites to follow was 0.01 pg.

Pr-CHO +  BrCHT=CH - s-  Pr'CHCHX= CH 2konhleon A
OH
ey _ 1 EtMBBr S _ I EtMgBr
PMCH=CHC=CH VT PI"CH= CHC=CCHXACH -t -
3. CuCl 2\
0
Pr'CH= CHC:CCH,C"CCHECHZ)H ----- 1 H/Lindiar -Pd----"

2. GLC separation

H H H H H
PrnCH= C—C=C—CH2—-C= C—CHXH2H
35
iScheme 56

B. Methyl (2E)-(—)-2,4,5-Tetradecatrienoate (36)

Horler isolated this (—)-allenic ester from the male dried bean bettle,
Acanthoscelides obtectus, as a sex pheromone [90]. This unique structure
attracted the attention of many chemists and four different syntheses have
been reported. The key features of the syntheses are, of course, in the for-
mation of the allenic linkage. The first synthesis was achieved by Landor
employing a reductive elimination reaction (Scheme 57) [91]. The second
synthesis used the addition of an organocopper reagent to an acetoxyacetyl-
ene as the key step (Scheme 58) [92]. The third synthesis employed the
coupling of two acetylenic units with concomitant elimination of a mesyloxy
group (Scheme 59) [93]. The latest synthesis was the simplest one, using
the new organocopper chemistry (Scheme 60) [94]. The synthesis of the
optically active pheromone remains to be accomplished.
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.1 BuLi I. Bu'Li ether
H2c = C= CcH2 J n_QHn'Br---—--—-- > n-C8H,7CH=C = CH2
—70------ 70T . Ih
[n-CSHJC: C=CH]s-CuLi - il IUCCB,FE'J%E = C= CHC=CCO02Me L
D% 36
Scheme 60

7. PHEROMONES WITH A CARBONYL GROUP

A. Undecanal (37)

There are some aldehydes among insect pheromones; they are com-
mercially available or easy to prepare. A synthesis of undecanal (37) is
shown in Scheme 61 [95]. It is the pheromone produced by the male greater
wax moth, Oalleria mellonella [96].

|
n-CioH2iBr + LiC

n-CiOH2i CH I jT - X*on7.Gdro > n-C,,H2,CHO

Scheme 61

B. Manicone, 4,6-Dimethyl-4-octene-3-one (38)

The alarm pheromones present in the mandibular glands of Manica mutica
and Manica bradleyi are dominated by manicone (38)with two minor keton-
es, 4-methyl-3-hexanone and 3-decanone [97]. The first synthesis was
achieved by conventional aldol condensation (Scheme 62) [97]. The second
synthesis employed an organocopper reagent (Scheme 63) [98].

Me 9 n Me
Vh—CHO + EZX=0 —— > Etc—C=C—CH
gt lJIe 4Et

97% £38

Scheme 62
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synthesis ok insect pheromones and juvenile hormones

C. 3,11-Dirncthylnonacosan-2-onc (39)
and 29-Hydroxy-3,1l-dimethylnonacosan-2-one (40)

From the cuticular wax of sexually mature females of the German cock-
roach, Blattellagermanica, Nishida et al. isolated 39 and 40 as the sex phero-
mone which elicited wing-raising and direction-turning response from the
male adults at the first stage oftheir sequential courtship behaviour [99,100].
The stereochemistry of 39 and 40 is unknown. The first synthesis of 39 by
Nishida et al. is shown in Scheme 64 [99, 101]. Scheme 65 illustrates the
synthesis by Schwarz et al. [102] whose clever use of the stabilized ylid and
conversion of a THP ether to a bromide are noteworthy. The third synthesis
by Burgstahler et al. is summarized in Scheme 66 [103]. The latest Zoecon
synthesis is an application of organocopper chemistry (Scheme 67) [104].
The synthesis of 40 was achieved by Nishida et al., in close analogy with
the synthesis of 39, as shown in Scheme 68 [200].

MeCOCHXO0ZEt - > MeCOCH(CH26Br  — >
coxa
MeCO(CHDTBr nC,H,CH= pphr——"  N-CIHECH= C(CH)TB
I
Me
cox
----- Repefecot A N-C17H35CH —C(CHI)7—C—COME  —mmememmmees A
Me Me
n-C,7™H,5CH=C(CH27CHCOMe H/Pd > I'I-C.BH3’\I)KC|1F|3CHCOME
Me Me Me Me

Scheme 64 39
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Me COorve
excess Br(CH2)6Br /QTIL . HBr/AcOH w
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Scheme 68

D. (Z)-6-Heneicosen-ll-one (41)

This is the sex pheromone of Douglas fir tussock moth (Orgyia pseudotsu-
gata), which is a severe defoliator of fir forests in western North America
[105]. The synthesis by Smith et al. was based on the alkylation of a 1,3-
dithiane (Scheme 69) [106], while Mori et al. employed the Eschenmoser
ring cleavage of an epoxvketone as the key reaction (Scheme 70) [107].

‘m BuT-i/THF
n-CiOH2iCH 2 n-C’H,C-C<CHXCI n_cKH2I'C(CH2)jC =C —CjHn
[e]
QRASGUGR O nchhoblchdiEadtd, — —NBE g
90 %
™ OH
n-CioH2iCH(CH2jC=CC3H,1 = - AP > n-CioH2iCH(CH2jC=CCjHn
0
B o1~ 76 A »m n-C,0H2IC(CH2)3 =C C 3H,
&5 4
Scheme 69

5 K.D.C



8. PHEROMONES WITH INTRAMOLECULAR ACETAL LINKAGE

These acetal pheromones are asymmetric. In this section the discussion
is restricted to the synthesis of racemates. For the synthesis of optically
active compounds, see Section I11. 13,

A. exo-Brevicomin,
exo-7-Ethyl-3-methyl-6,8-dioxabicyclo[3.2.1]Octane (6)

Silverstein et al. isolated ezo-brevicomin (6) as the principal aggregation
pheromone in the frass of the female western pine beetle, Dendroctonws
brevicomis [14]. They achieved two different syntheses of its racemate
(Schemes 71 and 72) [108]. One of them (Scheme 72) was stereoselective.
The second synthesis employed thermal rearrangement of an epoxyketone
as the key step (Scheme 73) [109]. A synthesis by Mundy et al. used a Diels-
Alder reaction (Scheme 74) [110]. A unique electrochemical synthesis gave
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exo-brevicomin in moderate yield (Scheme 75) [111], A recent synthesis
used the Eschenmoser fragmentation as the key step (Scheme 76) [112].
This synthesis is stereoselective, although somewhat lengthy.

0]

Br(CH)®Br +  MeCCHXCOXEt

>

or CH2= CH(CH@Z(iMe + HBr
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0
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B. endo-Brevicomin,
endo-7-Ethyl-3-methyl-6,8-dioxabicyclo[3.2.1]Octane (7)

This stereocisomer was also isolated by Silverstein et al. as a biologically
inactive component of the frass [14]. Later work showed it to be a phero-
mone inhibitor to the southern pine beetle, Dendroctonus frontalis (see Section
I11. 1) [15]. This endo-isomer was a by-product of non-stereoselective syn-
theses of exo-brevicomin [108, 110]. Wasserman’ epoxy ketone rearrange-
ment was about 90% stereoselective to give 7 (Scheme 77) [109]. The re-
cognition of this substance as a pheromone inhibitor, which may be useful
as an agrochemical, prompted synthetic works and four stereoselective syn-
theses were reported. All of them employ the epoxidation of pure E-olefins
as the key step. Kocienski and Ostrow generated the E-olefin by the Birch
reduction (Scheme 78) [112]. Look’s synthesis employed a preformed
E-olefinic alcohol as the starting material (Scheme 79) [113]. An interesting
catalytic synthesis was reported by Byrom et al. in which the .E-olefin was
generated by the dimerization of butadiene (Scheme 80) [114]. Kondo’s
phosphonate method [see Equation (4), p. 14] was applied to prepare an
E-olefin (Scheme 81) [115].
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H 1 TsCI/CsH,N H_
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3. 0H, —CO02
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Scheme 80

C. Frontalin, 5,5-Dimethyl-6,8-dioxabicyclo[3.2.1]Octane (8)

Extraction of about 6500 hindguts of male western pine beetle, Dendroc-
tonus brevicomis, led to the isolation .of frontalin (8). Kinzer et al. synthesized
this compound by the Diels-Alder reaction (Scheme 82) [116]. D’Silva’s
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synthesis also employed a similar approach (Scheme 83) [117]. The Mundy
synthesis, too, used the Diels-Alder reaction (Scheme 84) [110]. The fourth

synthesis was based on a linear and building-block type approach (Scheme
85) 118],
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9 1 , 0

Scheme 85 (cont'd)

D. n-Multistriatin,
2,4-Dimethyl-5-ethyl-6,8-dioxabicyclo\3.2.1]Octnne (42)

Pearce et al. showed that the attractant for the smaller European elm
bark beetle (Scolytus multistriatus) was a mixture of ( )-4-methyl-3-
heptanol, (—)-a-multistriatin (42) and a sesquiterpene, ( )-a-cubebene
[119]. All three compounds were isolated from the volatile mixture collected
by aerating elm bolts infested with virgin female beetles. Individually each
compound was inactive in the laboratory bioassay, but a mixture of all three
showed activity nearly equivalent to that ofthe original extract. The synthe-
sis was carried out by Pearce et nl. in two different wavs: Scheme 86 [119]

and Scheme 87 [120]; the latter Diels-Alder approach coupled with a detailed
NMR analysis [121] enabled them to assign formula 42 to the biologically
active a-isomer of 2,4-dimet,hyl-5-ethyl-6,8-dioxabiovelo|3.2.1 [octane.



9. MONOTERPENOID PHEROMONES
A. Ipsenol, 2-Methyl-6-methylene-7-octen-4-ol (43)

Ipsenol (43), ipsdienol (44) and cis-verbenol (61) are the monoterpene
aggregation pheromones isolated from the frass produced by male California
ftve-spined Ips (Ips paraconfusus) [122]. The first synthesis of ipsenol was
carried out by the dithiane alkylation as shown in Scheme 88 to give 0.45 g of

Scheme

80% pure 43 [123]. Vig’s synthesis was based on a building block-type
approach (Scheme 89) [124]. Katzenellenbogen and Lenox devised a simple
synthesis, although it was not so easy to prepare the required bromide
(Scheme 90) [125]. The latest synthesis was based on an interesting applica-
tion of cyclobutane chemistry (Scheme 91) [126]. The synthesis of optically
active ipsenol will be described in Section I11. 13
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B. Ipsdienol, 2-M ethyl-6-mcthylene-2,7-ocl(uHen-4-ol (44)

Silverstein synthesized this trienol by dithiane alkylation (Scheme 92)
[123]. Extension of Katzenellenbogen’s ipsenol synthesis to ipsdienol 44 was
particularly successful (Scheme 93) [127]. This paper also describes an
improved synthesis of the intermediate, 2-bromomethvl-1,3-butadiene.
Mori developed a synthesis of ipsdienol (44)from myrcene, a readily available
monoterpene hydrocarbon (Scheme 94) [128]. However, the synthesis was
not regioselective and separation from 2-methvl-6-methylene-3,7-octadien-2-
ol was necessary. Recently, Garbers and Scott reported another synthesis
(Scheme 95) [129]. A synthesis of (R)-( [-ipsdienol will be described later.
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44
Scheine 95

C. Orandisol, cis-2-Isopropenyl-I-methylcyclofmtnne Ethanol (45)

This is one of the pheromones elicited by male boll weevils, Anthonomus
grandis. The volatile components of the pheromone complex were obtained
by steam distillation of the crude extracts of 4500 000 weevils and 54.7 kg
of weevil faeces [130]. This cyclobutane compound attracted the attention
of many chemists and several syntheses appeared. The popular approaches
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utilize photochemical cycloaddition reactions as exemplified by the first
synthesis (Scheme 96) [130, 131]. The relative stereochemistry of grandisol
was established by this synthesis. The second and stereoselective synthesis
was carried out by the Zoecon chemists as shown in Scheme 97 [132].
Gueldner et al. then published a shorter synthesis (Scheme 98) [133]. The
final dehydration step, however, was not regioselective. A similar approach
has been recently reported which is both regio- and stereoselective (Scheme
99) [134]. Another photochemical synthesis involves a new fragmentation
of an ozonide (Scheme 100) [135]. The first example of the non-photochemi-
cal approach used catalytic dimerization of isoprene as the key step (Scheme
101) [136] and yielded (%)-grandisol in two steps. The transformation of
carvone into (x )-grandisol differed from the above syntheses in that it
employed an efficient intramolecular cyclization for the formation of the
cyclobutane ring (Scheme 102) [137]. The overall yield of grandisol from
eucarvone was 20%. Stork’s epoxynitrile cyclization was successful in
generating the correct stereochemistry of grandisol (Scheme 103) [138].
An intramolecular cyclization of a chloro ester was also reported to yield the
pheromone (Scheme 104) [139]. The Trost synthesis was a unique application
of his secoalkylation reaction, but somewhat lengthy (Scheme 105) [140].

Scheme 96
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D. (E)-3,3-Dimethyl-N11*cycloheocaneacetaldchyde (46),
(2)-3,3-Dimelhyl-Ai't-cyclohexaneacelaldehyde (47)
and (Z)-3,3-Dimethyl-Ax-cyclohexnnceth(tnol (48)

These monoterpenes are also the components of the pheromone produced
by male boll weevils [130, 131]. Tumlinson el al. synthesized them as shown
in Scheme 106, 1131]. Babler’s synthesis employed the modified Wittit;
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reaction to attach the side chain (Scheme 107) 1141|. Kor that purpose

Pelletier used acetylene (Scheme 108) (142). A biogenetic-tvpe synthesis of
these monoterpenes was reported by Bedoukian and Wolinskv (Scheme 10ft)

[H3].

Scheme, WS

Scheme. W<)



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 86

10. PHEROMONES BELONGING TO HOMOMONOTERPENOIDS,
DEGRADED SESQUITERPENOIDS AND DITERPENOIDS

A. (2Z :6Z)-7-Methyl-3-n-propyl-2,6-decadien-I-ol (49)

This is said to be the sex pheromone of the codling moth [60]. Apart
from this claim, the interesting tetrahomoterpene structure of 49 attracted
the attention of chemists and several syntheses have been reported. The
synthetic strategies used for this compound were similar to those used for
juvenile hormones. Cooke’s synthesis is shown in Scheme 110 [144]. The
final stage of the synthesis was the application of Vedejs’s new method for
the inversion of olefin geometry [see Equation (54), p. 27]. Another synthesis



Scheme 110 (conVd)

was reported simultaneously by Katzenellenbogen (Scheme 111) [145, 146].
The reaction with di-n-propylcopper lithium had to be carried out at low tem-
perature, otherwise the 2JMsomer was generated. The third synthesis used
the photorearrangement as the key step (Scheme 112) [147]. This synthesis
was not stereoselective and the desired (Z, Z)-product was obtained by GLC
separation. An additional stereoselective synthesis was reported using an
organocopper reagent and dianion alkylation (Scheme 113) [148].

Srhr.me 111
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B. (2E : 6E)-1ft-Hydroxy-3,7-dimethyl-2,6-decadienoic Acid (50)

Meinwald isolated this compound as a major component in the “hairpen-
cil” secretion of the male monarch butterfly (Danaus plexippus) [149].
Its methyl ester acetate (50') was prepared by degradation of racemic JH |11
(Scheme 114) [149].
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This is one of the comi>onents of the hairjiencil secretion of the male (Jueen

butterfly (Danaits yilippus bcrcnicr) and was prepared from fames«! as
shown in Scheme 115 1150].

1). (K)-3,7-1Hincthyl-2-octene-1,H-<iiol (52)

Meinwald isolated this compound as one of the components of the hair-
pencil secretion of the African monarch butterfly, Dawins chrysippns 1151].
It was synthesized from geranyl acetate (Scheme 116) 1151]. The configura-
tion of the asymmetric carbon isunknown. Johnson devised a short, stereo-
selective synthesis of these degraded terpenes utilizing a modification of the
Claisen ortho ester rearrangement (Scheme 117) [152]. Another synthesis of
52 used the Norrish type | photorearrangement (Scheme 118) [153].
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E. (2E :6E)-3,7-Dimethyl-2,6-decadiene-1,10-dioic Acid (53)

Extraction of hairpencils of about 6500 male monarch butterflies (panaus
plexippus) gave 11.8 mg of a solid identified as 53 [154]. A synthesis was
accomplished starting from farnesol (Scheme 119) [154].

53 (m.p. 93—96 C)
Scheme 119
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F. Neocembrene A (54)

Birch et al. isolated this macrocyclic diterpene hydrocarbon as a termite
trail pheromone of Nasutitermes exitosus, N. Walkeri and N. yraveolus [155].
The stereochemistry was elucidated by Sukh Dev [156]. Two syntheses
were achieved utilizing different modes of polvene cyclization (Schemes 120
[157] and 121 [158]).

Scheme 120
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Scheme 121
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11. QUEEN SUBSTANCE OF HONEYBEE

Butler and co-workers isolated (Ej-9-oxo-2-deeenoic acid (55) as the
“queen substance” of honeybee Apis mellifera [159, 160]. Queen honeybees
secrete a material which, distributed through the colony, affects the bees
in two ways, inhibiting the development of ovaries in workers and influenc-
ing their behaviour by inhibiting queen rearing (that is, queen-cell con-
struction). Butler’s synthesis is shown is Scheme 122 [160]. Barbier et al.
employed cycloheptanone as the starting material (Scheme 123) [161].
Bestmann’s synthesis involves a unique application of ylid chemistry as
shown in Scheme 124 [162]. A photochemical fragmentation reaction was
used by Doolittle et al. to synthesize 55 (Scheme 125) [163]. Recently
Trost devised an efficient modification of the Butler synthesis by applying
novel organosulfur chemistry (Scheme 126) [164].

HOX(CH)7COH ~ — ' f Cb > Me0ZC(CH26CHBrC02Me N
3. MeOH
(6]
HO2C(CH25C= CCOaMe A > MeC(CH2,C =¢ c o ame - >
0]
| H
MeC(CH2)SXC = IglcozH
55
Scheme 122
o] 0
o ]
1 O3/AcOH, 0°C _
2 7n n MeC(CH25CHO CiHN T > - MeC(CH23C = ¢ CO2H
heat
20 % overall yield 55 m.p. 51— 54 C

Scheme 123
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H 02C(CH2)5C 0 2H 53°%/H" V HO02C(CH2sCO2Et - >e
85%
0
EtSCCKCHzbCChEt — -|_Ph3P = CHC(CH2)5C 02E tP A --->
° 1 i00' °
Mec(CH25c 02H — 2 BN > MeC(CH25COSEt — Ra"CYN'-—>
0 0
MeC(CH2)5CHO Pb3P=CHCOrMe > MeC(CH2),C =C C 02Me
H
o)
NeZC03 A~ ] H
[ J > MeC(CH2)3C = CCO2H
54 % H
55
Scheme. 124
OH c1
C ><|p 0
1 HXCL I 1 hr |
J - Sh 1 [ > MeC(CH2sCI ~ —---—--m-
| ' | 1Bl
d e > O 28
MeC(CH2)XCI DMSO MeC(CH2jC=CH 3 H*
0]
WTHEN §. nflir-1 I
Me/g?é”jjc —CCOZTII él'h,. ————————— > MeC(CH23 = CCOH
H
55
Scheine 125
.. O r“oH
socli [ —OH
H02C(CH2)7C 0 2Me Me,CULi--rmmrmmn > MeC(CH2)7C 02Me CtHt, TsOH >
Ether, —78°C
81%
O 1uinGF V @
MeC(CH27C 02Me -———-- thf,-nrc > MeC(CH26CHCO02Me — ewH-HD
2. MeSSMe
HMPA
0
| COH, HD
o) SMe 69 % o)
Me-Ph CalQ, I
MeC(CH2)6C HC02Me — no°C leh — A MeC(CH2)3C = CCOrMe

86% °
55
Scheme 126
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12. NITROGEN HETEROCYCLES AS PHEROMONES
A. 2,3-Dihydro-3-methyl-IH-pyrrolizin-lI-one (56)

This heterocyclic ketone (56) was isolated by the Meinwalds as one of the
two major components ofthe hairpencil secretion ofa male Trinidad butterfly
Lycorea ceres ceres [165]. Later this was also isolated from the queen but-
terfly, Danaus gilippus berenice [150] and from the African monarch,
Danaus chrysippus [151]. The synthesis is shown in Scheme 127 [165].
In the case of D. gilippus berenice, electro-physiological and behavioural
studies indicate that this heterocyclic ketone 56 serves as a pheromone.
The role of other compounds such .as 50-53 remains unknown.

Scheme 127

B. Methyl 4-Methylpyrrole-2-carboxylale (57)

This is the volatile trail pheromone from the leaf-cutting ant, Atta
cephalotes [166]. A synthesis bv Sonnet is shown in Scheme 128 [167].

Scheme 12S
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C. 5-Melhyl-3-butyloctahydroindolizine (58)

'Phis is a trail pheromone of the Pharaoh ant, Monomorium pharaonis [168].
The synthesis of several sterecisomers of 58 was reported by Oliver and
Sonnet (Scheme 120) |160).

80 20

7 K.D.C
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13. OPTICALLY ACTIVE PHEROMONES

Pheromone chemistry had never been discussed in three dimensions until
1973. Many pheromones are optically inactive aliphatic compounds. The
geometrical isomerism was the chief concern of those who were working
in the pheromone field.

However, there are also chiral pheromones. Their absolute stereochemis-
tries ought to be established. Difficulties are often encountered in assigning
the absolute stereochemistry ofa natural pheromone, because it is obtainable
in only minute amounts. A synthesis starting from a compound of known
absolute configuration is the best way to settle this problem. In 1973 Mori
first demonstrated the utility of this approach by synthesizing the antipodes
of the dermestid beetle pheromones (23 and 24) [170, 171]. Since then a
number of pheromones have been synthesized in optically active forms as
detailed below. Now pheromone chemistry has been brought into the world
of three dimensions.
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There was another reason which stimulated the synthesis of optically
active pheromones. It was related to the theory of olfaction. Wright’s
vibration theory of olfaction predicted the unimportance of optical isomer-
ism in pheromone perception [172]. From the generalization that no instanc-
es were known in which one of a pair of optical isomers had an odour and
the other did not, Wright inferred that the primary process of olfaction
must be a physical rather than a chemical interaction [173]. The slight
differences reported in the odours of some optical isomers, he thought, might
have resulted from different levels of purity. According to Wright’s theory,
the vibrational frequencies of an odorous molecule in the fair infrared region
(500-50 cm-1) determine the'quality of an odour whereas such factors as
volatility, adsorbability and water-lipid solubility determine the strength of
the odour [174]. On the other hand, Amoore emphasized the importance of
molecular shape in determining the quality of odour [175]. His stereochemi-
cal theory is an example of the lock-and-key concept so well known in en-
zyme and drug theory. An odorous molecule must possess a stereostructure
complementary to the sites of the receptors. In fact, a highly significant
correlation existed between molecular shape and ant alarm pheromone
activity [176]. In Amoore’s theory, two enantiomers should be different in
their odours, for they are not superimposable.

In 1971 the odour differences between extremely purified (R)-(-—)-carvone
and its (S [-isomer were reported simultaneously by two groups [177,
178]. The (R)-( -)-isomer had the odour of spearmint, whereas the antipode
was of caraway odour. Anyway, both enantiomers were odorous. More
clear-cut results were obviously preferable to settle the dispute between
Wright and Amoore. If we study chiral insect pheromones, the relationship
between stereostructure and olfaction would be clarified more quantitatively
than by employing human noses.

In 1974 three groups reported their works along these lines. Silverstein
investigated the alarm pheromone of Atta texana [179, 180]. Marumo worked
on disparlure, the gypsy moth pheromone [181, 182]. Mori studied exo-
brevicomin, the western pine beetle pheromone [1, 16, 18]. In these three
cases, only one enantiomer of the pheromone was biologically active. This
was in full accord with Amoorer’s stereochemical theory.

It is now evident that the syntheses of chiral pheromones are worth-
while achievements both chemically and biologically.

7*
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A. (S :2)-(-\-)-14-Methyl-8-hexadecen-I-ol ((-)-)-23)
and Methyl (S : Z)-(-{-)-14-methyl-8-hexadecenoate ((-f)-24)

These dermestid beetle pheromones were levorotatory [52]. Their absolute
configurations, however, were unknown. Mori synthesized /Si-pheromones
starting from commercially available (£,)-(-(-)-2-methylbutanol [170, 171].
The synthesized S-pheromones were dextrorotatory. Therefore the natural
pheromones are shown to possess [-configurations (Scheme 130) [170].



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 101

B. (S)-(-\-)-4-Methyl-3-heptanone ((+ )-59)
and its Antipode ((—)-59)

This compound was identified as the principal alarm pheromone of the
leaf-cutting ant, Atta texana, without specification of chirality [183]. The
synthesis of the (TJ"-ketone utilized the resolved )-methylallylacetic
acid as the key intermediate (Scheme 131) [179, 180]. The (R”-ketone was
prepared from (R)-(—)-2-methylpentanoic acid (Scheme 131). The (S)-(-\~)
enantiomer ((+ )-59) was about 400 times more active than the (R)-(—)-
enantiomer ((—)-59) on workers of Atta texana. The (—)-isomer showed no
inhibition of the activity of the (+ )-enantiomer. The natural pheromones
isolated from Atta texana and Atta cephalotes were both dextrorotatory.
Hence the natural pheromone is (<S)-(-f )-4-methyl-3-heptanone. A synthesis
of the (R)-{—)-isomer from (#,)-(+ )-citronellic acid will be described in
Scheme 145 [184].
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C. (IR :5S : 7R)-(-\-)-exo-Brevicomin ((-f)-6) and its Antipode ((—)-6)

This pheromone possesses three asymmetric carbon atoms and therefore is
a highly asymmetric bicyclic compound. However, its 0.05% hexane
solution was reported to show no optical rotation between 350 and 250 nm
[14] This observation hampered further study on the absolute stereochem -
istry of the pheromone until 1974,when both enantiomers were synthesiz-
ed. The synthesis started from d-( )-and L-(+)-tartaric acids. The route to
(|R - BiS: 7A)-(+ )-eato-brevicomin ((+)-6) from d-(—)-tartaric acid s
shown in Scheme 132 [16] The (-|-)-18omer was active on Dendroctonus

CO 2H CChEt CH20R
HOCH I, EtOH/H* ROCH i. LIAIHA MeOCH NaCN
HCOH 2 «% A82° hcor irtfo% HCOMe ° No*°
CO2H COjEt CH20R
M-( )—Tartaric acid R=H, R=Me R=H, R=Ts
(2S:35)
CH2CN CH2C0 2Me CH2CO2H
I I I
MeOI'H McQH MeOCH leg, KOH MeOCH 1 B2Ht
HCOMe & o, HCOMe 2% HCOMe 240
CH2CN CHrCOrMe CH2CO0 2Me
CH2CH20TS Et Et
. ,J-U | 1 MeCOCH2C 02Et |
MeBCH 1 UAIH4 MeOCH NaOEt MeOCH
HCOMe 2 HCOMe 2. BalOHh HCOMe
3. LiBr 1 32 %
CHrcorMe 70 5% CH2CW2Br (CH2)3COMe
O Et 0
11 12
CroO, HCO-CH NaOH 1 1 1
AcOH HCOCH 2 «e
(<h°3 ° 44
COMe (Nss :7TA)-(+)-6
[o]d +84. le(ether)
L-(+)-Tartaric acid N (ISP :7S)-(—)-6,

Md — 80.0° (ether)

Scheme JS2
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brevicomis, whereas the antipode was inactive [18]. Two notable features of
the synthesis are discrimination of the two carboxyl groups and demethyla-
tion by chromic acid oxidation. (The demethylation was unsuccessful with
boron trichloride.) After the completion of the synthesis, Silverstein et al.
reinvestigated the natural pheromone and found the (-t-)-isomer in cold
trap condensates from aerated ponderosa pine logs infested with western
pine beetles \cf. Ref. 18].

D. (7R :8S)-(-\-)-Disparlure ( (+)-15) and its Antipode ( (—)-15)

This gypsy moth pheromone was isolated in so small amounts that its
optical rotation could not be determined. The first synthesis by Marumo
et al. started from L-(-|]-)-glutamic acid as shown in Scheme 133 [181].
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The synthesis, however, was not stereoselective and required tedious separa-
tion of the diastereomere at the hydroxylactone (A) stage. The optical
purity of the hydroxylactone was checked by NMR method. The hydroxy-
lactone (A) was shown to contain 5.8% of its enantiomer. Two enantiomers
of the /rane-analogues were also prepared by this synthesis. EAG and behav-
ioural responses of the gypsy moth to these enantiomers revealed that cis-
-(+)-disparlure was the most effective. The racemic disparlure came second,
while cis-(—)-disparlure inhibited the activity of the cta-(+ )-isomer.
irawa-Disparlures were not significantly different from the control [182].

The second synthesis by Mori et cd. was stereoselective and started from
1( )-tartaric acid as shown in the Scheme 134 [185]. An intermediate in the
brevicomin synthesis (see Scheme 132) was utilized in this case, too. In this
synthesis the tosyloxy alcohols, the immediate precursors to disparlure
enantiomers, were obtained as crystalline compounds. Disparlure enantio-
mers were, therefore, obtained in optically pure forms. Field tests by J. P.
Vité confirmed the inhibitory action of (—)-disparlure.
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E. (IS :5R)-(—)-Frontalin ((—-8) and its Antipode ( (-f-)-8)

This pheromone has two asymmetric carbon atoms. The structure was
proposed without specification of chirality. The synthesis started from
levulinic acid as shown in Scheme 135 [17]. The pheromone was obtained in
optically pure form. After the completion of the synthesis, Renwick et al.
[186] and Silverstein et al. [cf. Ref. 18] showed that the natural pheromone
was the (—)-enantiomer ( (—-8). The biological activity of exo-brevicomin
and frontalin enantiomers was studied in detail by Wood et al. [18]. The
flight response of both sexes of Dendroctonus brevicomis to a mixture of
myrcene, (+)-frontalin and (1R, 5S, TR)-(-{-)-exobrevicomin ( (+ )-6) and
to a mixture of myrcene, (15, 5R)-(—)-frontalin (( —-8) and (x [-exo-
brevicomin was significantly greater than the response to the same mixtures
in which the antipodes were substituted. The flight response to these two
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mixtures was also greater than the response to the ternary mixt ure of myrcene
(x)-frontalin and (£)-ea;o-brevicomin. When evaporated with ponderosa
pine terpentine, ( )-frontalin was active in the field, whereas its antipode

was not.
F. (IS : 2R :4S :5R)-(~)-ix-Multistriatin (( )-42)

The natural pheromone is levorotatory [187]. Since the relative stereo-
chemistry of a-multistriatin had been deduced as 42, it was enough to
determine the absolute configuration of only one carbon atom in order to
establish the absolute stereochemistry. This was accomplished by starting
the synthesis from (RJ-(-\- )-glyceraldehyde as shown in Scheme 136 [188].
The final separation was carried out by preparative GLC. The synthesized
a-multistriatin was levorotatory. Therefore the natural pheromone possesses

S: 2R :4S : 5R-stereochemistrv.



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 109

O. (S)-(~)-1psenol ( (- )-43) and its Antipode ( (-(-)-43)

Natural ipsenol, isolated by Silverstein et al. from the frass of Ips paracon-
fusus was levorotatorv : [a]p —17.5° = 0.7° (EtOH) [122]. The synthesis
started from leucine involving a chiral epoxide and a chiral a-methvlene-y-
lactone as intermediates (Scheme 137) [189, 190]. (Sj-(-\-[-Leucine yielded
(—-ipsenol. The natural pheromone was therefore of ~-configuration.
Similarly (R)-(—] leucine gave the (+ [-antipode. The biological activity
of the enantiomers was studied by Vité et al. [191]. The five-spined engraver
beetle Ips grandicollis aggregated only in response to the (8)-{ —-isomer.
The antipode proved nearly inactive. The biological activity of the racemate
was inferior to the (7?))-(—{-isomer when released in comparable quantity,
but there was no indication of definite response inhibition by the (R)-(-\-)-
isomer.

H. (R)-(—yipsdienol (( )-44)

Natural ipsdienol was dextrorotatory : [a]p  10° = 0.9° (MeOH) [122].
The synthesis of [A]-ipsdienol started from (R7 (+ [-glveeraldehyde aceton-
ide as shown in Scheme 138 [192] via a chiral epoxide. The synthesized
(R)-ipsdienol was levorotatory. The natural pheromone was therefore of
A-configuration. In this case the synthetic pheromone was not optically pure
(ca. 50% optical purity) and unsuitable for biological study. The carbo-
hydrate starting material such as glyceraldehyde is of limited utility,
because of inaccessibility to the antipodal series. Hence it may be difficult
to obtain (-- [-multistriatin or (-f [ ipsdienol from carbohydrates.

I. (IR :4S :5R) -(-\-)-2-Pinen-4-ol ( (+ [trans-Verbenol.
(+)-60) and its Antipode ( (—-60)

traws-Verbenol (60) was shown to be present in the hindguts of the bark
beetles, Dendroctonus brevicomis and D. frontalis [193] and later isolated from
the hindguts of female Dendroctonus ponderosae as a population aggregation
pheromone [194]. However, it is not clear whether the pheromone is dextro-
rotatory or levorotatory. The pure enantiomers of trans-verbenol were
synthesized from a-pinene (Scheme 139) [195]. Fairly optically pure trans-
verbenol was converted to the 3/?-acetoxyetienate (A) which was repeatedly
recrystallized to effect purification. Eemoval of the steroid portion by
reductive cleavage yielded optically pure trans-verbenol (60).






SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 111



J. (IS :4S :5S)-2-Pinen-4-ol ( (S)-cis-Verbenol, (SJ-61)
and its Antipode ( (R)-61)

cie-Verbenol (61) was first isolated from the male frass of a bark beetle,
Ips paraconfusus, as a component of the aggregation pheromone [122].
Later it was found among other bark beetles such as Ips latidens [196] and
Ips calligraphus [197]. (If? : 4S: 5f?)-2-Pinen-4-ol (‘irans-verbenol, 60)
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was converted to (IR : 4R : 5i?)-2-pinen-4-ol (cis-verbenol, 61) as shown in
Scheme 140 [198]. In this case, too, the crystalline 3/S-acetoxyetienate of
cis-verbenol was repeatedly recrystallized. The optically pure (1R : 4R :5R)-
2-pinen-4-ol was dextrorotatory in chloroform, but levorotatory in methanol
or in acetone. Since the natural pheromone is known to be dextrorotatory in
methanol or in acetone, it is (IS : 4$ : 5S)-2-pinen-4-ol or ('Sj-cie-verbenol.
The biological activity of both enantiomers of cis-verbenol was tested on
Ips typographies and on Ips calligraphus. Only (Sj-cis-verbenol proved to be
active [199]. Deploying the isomers at equal rate, (7?/)-cis-verbenol does not
interfere with the response of Ips calligraphus to (8,)<»<verbenol. However,
released at a tenfold higher concentration, (Rj-cis-verbenol strongly inhibits
response to the (S”.-isomer [199].

K. (IR :2S)-(-\-)-Grandisol ( (-f)-45)

Natural grandisol is known to be dextrorotatory, [aJo + 50° + 10° [131].
A synthesis of (IR :2A)-grandisol (45) from (IS : 5$)-(—)-/?-pinene was
accomplished by Hobbs and Magnus as shown in Scheme 141 [200, 201].
The synthesized grandisol was dextrorotatory : [a]*16+ 14.7° (hexane).
The natural grandisol is therefore 11? : 2S. The key feature of the synthesis
was the selective functionalization of the “em-dimethyl groups and the
photochemical ring cleavage reaction. The final product was purified as a
crystalline p-nitrobenzoate.
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IR:2S 45 m.p. 73—74°C
[n]p5+14.7 (hexane)

Scheme 141 (cont’d)

L. (S)-(-\-)-Sulcatol, 6-Methyl -5-hepten-2-ol (9),
and its Antipode (10)

This is a population aggregation pheromone produced by males of Gnatho-
trichus sulcatus, an economically important ambrosia beetle in the Pacific
coast of North America [19]. By detailed NMR analysis using the MTPA-
ester method, the natural pheromone was shown to be a 65 : 35 mixture of
the ($)-(+)- and (4)-(—{-enantiomers. The racemate was obtained by the
sodium borohydride reduction of 6-methyl-5-hepten-2-one [19]. Mori
synthesized both enantiomers in optically pure state starting from glutamic
acid (Scheme 142) [20]. In laboratory and field bioassays, G. sulcatus respond-
ed to sulcatol only when both enantiomers were present. Response was
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greater to racemic sulcatol than to a mixture (65 : 35) ofthe (S*-(+ )- and
(R)-(- )-enantiomers, the naturally occurring isomeric ratio. This fact

implicates the presence of enantiomer-specific active sites on the receptor
proteins in the same ot different cells [21].

M. (S)-(-\-)-Mnnicone ((+ )-38) and its Antipode (( )-38)
Manicone (38) is one of the alarm pheromones of ants. The structure was

proposed without specification of chirality [97]. (‘E/l-(-|]-)-Manicone ( (+ )-38)
and its antipode were synthesized by Banno and Mukaiyama employing the

8x
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titanium tetrachloride-promoted reaction of 3-trimethylsilyloxy-2-pentene
with (<S%(--) or (R)-( - )-2-methvlbutanol. The £-isomer was 97% optically
pure, while the #A-isomer was of 60% optical purity (Scheme 143) [202].

N. (SR :4R) threo-(+ )-4-Methylheptan-3-ol ( (+ )-62)

( )-4-Methylheptan-3-ol (( )-62) and a-multistriatin (42) are beetle-
produced pheromones responsible for the aggregation of the smaller Euro-

pean elm bark beetles, Scolytvs mvlfisfrintvs (119]. The relative and absolute
stereochemistry of ( )-62 was clarified by synthetic means. Firstly, racemic

threo-(62) and eryiAro-4-methylheptan-3-ol (63) were prepared from nerol and
geraniol, respectively, as shown in Scheme 144 f184]. The natural pheromone
was identical with the threo-isomer on the basis of IR, NMR and GLC.
Secondly, (3R :4A)-!/ireo-4-methylheptan-3-ol (62) was synthesized from
(R)-(-\- )-citronellic acid as shown in Scheme 145. The synthesized alcohol
was dextrorotatory. The natural and levorotatorv pheromone therefore
possesses (3S : 4iS)-absolute stereochemistry, antipodal to (+)-62. The
optical purity of the synthetic product was checked by its conversion to the
optically pure antipode \(R)-( )-59] of the alarm pheromone of Attn
texann \(Sj-( + )-59]
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14, PHEROMONES AS TARGETS IN ORGANIC SYNTHESIS

We have now analyzed the various syntheses of about sixty insect phero-
mones. The challenges posed by structural chemists are fully .answered bv
synthetic chemists culminating in stereospecific and chiral syntheses.
Nature’s diversity tobe revealed by pheromone chemists will continuously
provide new targets for ingenious syntheses and stimulate new ideas among
synthetic chemists.
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IV. SYNTHESIS OF INSECT JUVENILE HORMONES
1. INTRODUCTION

C. M Williams’s pioneering work to find juvenile hormone (abbreviated to
JH) activity in ethereal extracts of the abdomina of the adult male giant
silk moth, Hyalophora cecropia, was the key to the subsequent chemical
investigation of juvenile hormones [1]. In 1965, Roller et al. isolated the
first juvenile hormone from this source [2, 3] and in 1967 proposed its
structure except for the stereochemistry of the oxide ring [4]. Its first
synthesis soon followed and the plain structure of the juvenile hormone was
firmly established as 1 [5]. Soon afterwards a new juvenile hormone was
isolated from the same source by Meyer et al. [6, 7] and shown to be 2.
The third juvenile hormone was isolated from an organ culture of corpora
allata of the tobacco hornworm moth, Manduca sexta and identified as 3 [8].
These juvenile hormones are now called JH 1 (1), JH Il (2) and JH I11 (3),
respectively [9]. The absolute stereochemistry of the oxide ring was later
determined as shown in the formulas. The earlier stage of juvenile hormone
research is reviewed by Roller and Dahm [10].

These structure assignments were followed by large number of syntheses.
The non-stereoselective syntheses were devised mainly for large-scale
preparations of juvenile hormones to test their possible use as agrochemicals.
This aspect will be treated in Section IV. 2. The stereoselective syntheses were
of more academic nature at first to develop new olefination reactions, but
later modified to be usable as preparative means. This phase will be discussed
in Section V. 3. The necessity for an efficient stereoselective synthesis can be
understood by examining the following data on the structure-activity rela-
tionship of juvenile hormone stereoisomers (Table Il). The natural (2K :
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_ * TU (Tenebrio unit) is defined as the minimum amount of a JH-ac-
tivc substance which will induce a positive response in 40% of the
Tenebrio molitor pupae injected.

6E : 10Z)-isomer is the most active one, while the (2Z : (iZ)-isomers are
almost inactive on the yellow mealworm, Tenebrio molitor. It is therefore
important to synthesize only the most active isomer. The syntheses of chiral
juvenile hormones were important in establishing the absolute stereo-
chemistry of juvenile hormones and at the same time in estimating the

biological activity of both enantiomers. This will be detailed in Section 4.
Natural products with juvenile hormone activity are also present in the

plant kingdom. Sldma and Williams reported the existence of “the paper
factor” in American papers and balsam firs which inhibited the normal
metamorphosis of a bug, Pyrrhocorris apterus [11]. Bowers et al. isolated this
compound and named it juvabione [12]. This was identified as methyl
todomatuate (4) [12]. The syntheses of this and related natural products
either as racemates or in optically active forms are detailed in Section I1V. 5.

Williams’s argument on juvenile hormones as the third generation pesti-
cides [13] caused a great deal of investigations concerning the synthesis and
biological evaluation of juvenile hormone analogues. This aspect will not be
treated here, because there are too many juvenile hormone analogues with
varying degrees of practical applicability. However, our ownwork on juvenile
hormone mimics will be reviewed very briefly in Chapter V (Concluding
Remarks).

There are many reviews on juvenile hormone chemistry and biology
[14-18]. Staal’s review on juvenile hormone mimics summarizes the present
status of applied researches [18].
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2. NON-STEREOSELECTIVE SYNTHESES
OF JUVENILE HORMONES

The existing syntheses are summarized chronologically with specification
of the key reactions used. A synthesis published with experimental details is
marked by an asterisk.

A. The First Synthesis of Dahm, Trost and Roller
Wadsworth-Emmons reaction —

The first synthesis of the racemic JH | was carried out by employing the
Wadsworth-Emmons reaction three times, as shown in Scheme 146 [5].
Separation ofthe geometrical isomers was carried out after each condensation
reaction. This synthesis yielded all of the possible sterecisomers of JH 1. The
(2E : 6E : 102)-isomer was identical with the natural JH 1. The products
were also used to study the structure-activity relationship.

B. The Second Synthesis of Dahm, Trost and Roller
Julia cleavage and Wadsworth-Emmons reaction

This synthesis utilized Julia’s cyclopropane cleavage reaction at the first
stage (Scheme 147)' [19]. This provided the (2E : 6E : 10E)-isomer which
was not identical with JH 1.

C. The USDA Synthesis
Julia cleavage, Wadsworth-Emmons and Wittig reactions —

A group of workers in Agricultural Research Service, Beltsville, published
two syntheses as shown in Schemes 148, and 149 [20]. They obtained a
stereoisomeric mixture as the final product, which was used for their biologi-
cal studies.

D. Synthesis by Mori et al.*
Carroll and Wadsworth-Emmons reactions —

This synthesis involved the Carroll reaction and the Wadsworth-Emmons
reaction in the key olefination steps resulting in a sterecisomeric mixture of
JH I (I3 JH 11 (2) and its position isomer (5) as shown in Scheme 150 [21].
The pure (2E :6E) and (2Z : 61?)-5 were prepared by securing the pure
(61?)-ketone (A) which could be obtained by purification as its crystalline
semicarbazone (Scheme 151) [22].
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E. Synthesis by Cavill et al.*
Wittig and Wadsworth-Emmons reactions —

Cavill in Australia devised an interesting synthesis starting from furan
(Scheme 152) [23]. Although the synthesis is lengthy, separation of the
isomers was executed whenever a mixture was produced to obtain about
@ mg of pure racemic JH | (1). Another interesting feature of this work was
the utilization of not an olefin but a glycol system as the precursor of the
terminal oxide ring. This prevented the formation of 6,7-epoxide or diepoxide
sometimes resulting in the final epoxidation stage of other syntheses.
Separation of the desired 3,4-iAreo-triol (A) from the undesired 3,4-erythro-
isomer was effected by chromatography over alumina-boric acid (30 : 1)
with chloroform-methanol as an eluent.

F. Synthesis by Pommer et al*
Carroll, Wittig and Reformatsky reactions —

Pommer et al. at BASF, FRG, reported a synthesis of JH | stereoiso-
meric mixture (Scheme 153) [24]. They also utilized the Carroll reaction
twice.

G. Synthesis by Schulz and Sprung
— Wittig reactions —

The Schering workers synthesized (x)-JH | by utilizing the Wittig
reactions in the construction scheme C, £ Ce -f C5+ C2(Scheme 154) [25].
Each isomer was separated by distillation through a spinning band column.

H. Synthesis by Atherton and Pfiffner
Acetylene chemistry and Wadsworth-Emmons reaction —

The Hoffman-La Roche synthesis used techniques familiar in vitamin A
synthesis. All the stereoisomers of JH | were prepared and separated by
column chromatography or fractional distillation (Scheme 155) [26, 27].
Very useful NMR and GLC data of every stereoisomer are included in this
work [27].
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I. Synthesis by Findlay and MacKay*
— Claisen rearrangement, Wittig and Wadsworth-Emmons reactions —

This New Brunswick synthesis aimed at conciseness, convenience and
economy to provide JH materials in suitable quantities for biological
study; it was executed as shown in Scheme 156 [28, 29, 30]. Separation of
each isomer was carried out by preparative GLC. By this synthesis (+ )-JH |
and (x)-JH Il (Scheme 157) were obtained.

J. Synthesis by Anderson et al.*
— Organocopper chemistry —

This synthesis, originating from the Zoecon Corporation, Palo Alto, is an
application of organocopper chemistry [see Equation (35), p. 22] as shown
in Scheme 158 [31, 56]. Although these reactions made possible the con-
version of farnesol into JH | stereoisomers, the desired (2 :6E :10z)-
trienoic ester could not be obtained.

K. Synthesis by van Tamelen and McCormick
— Organocopper chemistry —

This synthesis is similar to 2-J but differs from it by utilizing an allylic
chloride instead of acetate as the substrate for the substitution by the
organocopper reagent (Scheme 159) [32]. This synthesis produced the desired
(2E : 6E : 10Z)-trienoic ester together with other geometrical isomers.

L. Synthesis by Mori etal*
— Julia cleavage and Wadsworth-Emmons reaction —

This is a general method of synthesis devised for the rapid and efficient
preparation of JH | and its analogues with different alkyl groups on the
carbon chain to give stereocisomeric mixtures. The synthesis is straight-
forward and proceeds in good or moderate yield as shown in Scheme 160 [33]
for the synthesis of a stereoisomeric mixture of (£)-JH I. Some practically
important JH analogues have been prepared by this method.
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M. Synthesis by Cochrane and Hanson*
— Julia cleavage and Wadsworth-Emmons reaction

A paper from Sussex contains two JH syntheses. One of them, similar to
the other syntheses (2-B, 2-C, 2-E) is shown in Scheme 161 [34]. This afforded
a stereoisomeric mixture of (£)-JH 1. The other synthesis is similar to

Corey’s stereoselective synthesis, hut lacks high stereoselectivity; it is
shown in Scheme 162 [34].

Scheme 161



SYNTHESIS OF INSECT PHEROMONES ANO JUVENILE HORMONES 143

N. Synthesis of 11 by Mori et al.*
- Julia cleavage and Wadsworth-Emmons reaction

This is a modification of the earlier Mori synthesis (2-L). The (Z)-Cr-alco-
hol obtained as depicted in Equation (46) was used as the starting material
as shown in Scheme 163 [35]. The intermediate ketone was purified as the
semicarbazone to give a pure crystalline derivative of the (5E : 9Z)-ketone.
The desired (2E : QE : 10Z)-trienoic ester was obtained by preparative GLC.
Racemic JH 11 prepared by this synthesis served as the starting material
for the microbial preparation of the chiral JH Il (see Scheme 195, p. 181)
[78].

0. Synthesis by Frater
- Claisen and Cope rearrangements

This synthesis utilized both the ester enolate Claisen rearrangement
[36, 37] and the Cope rearrangement. The route is shown in Scheme 164 [38].
Unfortunately the reactions are not stereoselective and result in stereo-
isomeric mixtures.
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3. STEREOSELECTIVE SYNTHESES OF JUVENILE HORMONES

The existing syntheses are summarized chronologically with specification
of the key reactions used. A synthesis published with experimental details
is marked by an asterisk.

A. Corey’s First Synthesis
— Acetylene chemistry and organocopper reagent —

This famous stereoselective synthesis started from p-methoxytoluene as
a precursor of the (LOZ)-olefinic linkage as shown in Scheme 165 [39]. The
notable feature of this synthesis is the utilization of orgdnocopper com-
pounds. Areview by Corey himself on his syntheses of juvenile hormones is
available [40]. Although highly ingenious, the synthesis is too lengthy to be
useful as a preparative method of preparing juvenile hormones for biological
studies. The lengthiness is a common feature of the earlier stereoselective
syntheses.
B. The First Zoecon Synthesis
— Fragmentation reaction —

This synthesis is quite unique in the respect that the stereochemistry of a
fused ring system is transcripted into the olefin geometry by fragmentation
(Scheme 166) [41]. Thus from a hydrindenedione the key (5E :92)-CIS
ketone was prepared stereoselectively. The stereoselective ring cleavage of
the bicyclic intermediate is shown in Scheme 167.

C. Johnson’s First Synthesis
—Julia cleavage —

The Johnson modification [see Equation (47), p. 25] of the Julia cyclo-
propane cleavage reaction was utilized in Johnson’s syntheses of (+)-JH |
(Scheme 168) [42] and (x)-JH Il (Scheme 169) [43]. These syntheses
employed no exotic reagent and proceeded smoothly. The final products
were 92-95% pure (2E : 6E : 10Z)-isomers.

D. Johnson’s Second Synthesis
— Claisen rearrangement —

This synthesis is based on the stereoselective olefinic ketal Claisen rear-
rangement (Scheme 170) [44].
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E. The Second Zoecon Synthesis*
— Chloroketal Claisen rearrangement —

A maodification of 3-D was reported by the Zoecon-Stanford group employ-
ing a chloroketal instead of the olefinic ketal in Johnson’s synthesis (Scheme
171) [45, 46]. This modified route does not involve the conventional trienoic
ester precursor.

F. Corey's Second Synthesis
— Modified Wittig reaction —

Corey and Yamamoto developed a highly stereoselective and concise
synthesis of (i)-JH I, JH I, JH Ill and the position isomer 5 of JH 1.
This depended crucially on the utilization of /3-oxido phosphonium ylides
[see Equations (51) and (52), p. 27] [47, 48]. The Z-C8-alcohol [see Equations
(43) and (53) p. 24, 27] was used as the starting material for the synthesis
of (£ )-JH | and Il [49] by the routes outlined in Scheme 172. The synthesis
of (J;)-JH 111 and 5 is shown in Scheme 173 [50].

G. van Tamelen’s Synthesis
—Biellmann coupling

Racemic JH | was synthesized by coupling the Ce- and Cu- synthons
utilizing Biellmann’s procedure for squalene synthesis [see Equation
(56) p. 28]. The route is shown in Scheme 174 [51, 52]. The same coupling
was used independently by Mori et al. [58] and bvGrieco [60] to synthesize
(£)-JH 1.

H. Mori’s First Synthesis*
Julia cleavage

This synthesis is based on the stereoselective ring cleavage of alkyl
ethynyl cyclopropyl, carbinol [see Equation (46) p. 25] and is a modifica-
tion of the non-stereoselective synthesis by Mori et al. (2-L). The route
is shown in Scheme 175 [53, 54].
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Scheme 172
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I. The Third Zoecon Synthesis*
Ortho ester Claisen rearrangement

This is a conversion of methyl epoxygeranate into (+ )-JH 1avoiding the
intermediacy of the conventional trienoic ester whose epoxidation can be
troublesome when one works on a large scale. In this synthesis the oxide ring
is generated via the chloroketone as shown in Scheme 176 [55]. The inter-
mediate aldo ester has been prepared by two different routes.

J. The Fourth Zoecon Synthesis*
Wittig and organocopper chemistry

Since methyl farnesoate is readily available, its conversion into racemic
juvenile hormones is highly attractive. The Zoecon group reported the con-
version of (i)-JH 111 to (i)-JH 11 (Scheme 177) [56]. (x)-JH LU was also
transformed into the 1(LLkisomer of (£)-JH 11 (Scheme 178) [56]. (£)-JH 11
was then converted into a 1: 1 mixture of (x)-JH | and its (6Z)-isomer
(Scheme 179) [56]. A good preparative method of methyl farnesoate is also
included in this paper.

K. Mori’s Second Synthesis*
Biellmann coupling

This synthesis, like van Tamelen’s, utilized the Biellmann coupling. (£)-
JH I'l was synthesized from geranyl acetate as shown in Scheme 180 [57, 58].
A synthesis of (+)-JH 111 was also carried out by employing the coupling
reaction (Scheme 181) [59]. (£)-JH Il was converted to (x)-JH Il by the
conventional method [59].

L. Orieco’s Synthesis
Biellmann coupling

Grieco reported the derivation of useful intermediates for the synthesis of
() JH 11 from nerol and geraniol as shown in Scheme 182 [60].
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Scheme 182

M. Rondo's Synthesis
— Organosulfur chemistry —

Kondo et al. reported an interesting synthesis of (x)-JH 1 based on the
condensation of dihydrothiopyrans. The sulfur atoms could easily be removed
by reductive desulfurization. This synthesis yielded (+ )-JH | (Scheme 183)
and the key Cl>ketone (Scheme 184) [61]. Two quite similar syntheses
followed shortly afterwards [62, 63].

N. The Roussel-TJcla\ Synthesis by Toromanoff et al.
— Organosulfur chemistry —

This route is shown in Scheme 185 [62]. The bis-sulfoxide was used which
was easier to alkylate than Kondo’s bis-thiopyran.
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O. Synthesis by Stotter and Hornish
— Organosulfur chemistry —

This synthesis from the University of Texas at Austin is quite similar to
Rondo’s and shown in Scheme 186 [63].

(£)-3H 1 Scheme 186
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P. Mukaiyama’s Synthesis
Organosulfur chemistry and organocopper reagent —

Organocopper reagents substitute a /S-thiophenyl group in a, /J-unsaturated
esters as shown in Equations (30) and (31). This was utilized by Mukaiyama
et al. for the synthesis of juvenile hormones [64, 65]. Scheme 187 outlines the

synthesis leading to (x)-JH | [64].

Scheme 187
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Q. The Yamamoto-Sharpless Synthesis
— Organocopper chemistry —

Yamamoto, Sharpless et al. developed an interesting olefin synthesis
starting from an allvlic alcohol as shown in Scheme 188 [66]. The vanadium-
catalyzed epoxidation yielded only erythro-epoxy alcohol and thence a Z-
olefin. This reaction was used in a synthesis of (+ )-JH | as shown in Scheme
189 [66], starting from farnesol via van Tamelen’s intermediate (cf. Scheme
159 p. 140).
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4. SYNTHESES OF OPTICALLY ACTIVE JUVENILE HORMONES

As the biological activities of the synthetic juvenile hormones were
found to be almost equal to those of the natural hormones, the guestion
arose whether the latter were racemic or optically active. In 1970 isolation
of the natural hormones was achieved by Meyer et al. from Hyalophora
cecropia on a scale that permitted measurement of the optical rotation of the
pure juvenile hormone preparation [67]. Since the difference between JH |
and Il involves a carbon atom which is relatively distant from the chiral
centre C-10, it seemed unnecessary to separate the preparation into its two
components. The measurement was performed with 1.3720 mg of a pure
preparation that consisted of 90.2 mole % of JH | and 9.8 mol % of JH 11
and a plain positive ORD curve was observed. The rotation at 589 nm was
estimated by extrapolation and found to be [a]g; + 7°. Since there is no
reason to presume different configurations for the two juvenile hormones, the
determined values are considered representative for the ORD of both JH |
and Il. Theoretical considerations were attempted to tentatively assign
(104 : 1ISj-stereochemistry to JH 1 and Il [67]. Later Meyer applied
Horeau’s method to the threo-a-glycol derived from the juvenile hormones
and concluded that the juvenile hormone possesses (U)R : 1LS")-stereo-
chemistrv [68] (Scheme 190).

The above observation prompted the efforts of chemists to synthesize
optically active juvenile hormones. The first objective was of course to
establish firmly the stereochemistry of the natural juvenile hormones. The
second one was to learn something about the biological activity of the anti-
podes of the natural products.

The syntheses detailed below are based on (i) the resolution of starting
materials; (it) microbial resolution or chiral reactions, and (in) utilization



of chiral starting materials. These are three representative methods of chiral
syntheses.

These studies established the (10A : II1$)-stereochemistry of the juvenile
hormones in 1971. 1t is still very difficult to synthesize optically pure juvenile
hormones, and there exist some uncertainties concerning the biological
activities of the antipodal juvenile hormones. The synthesis of 100%
optically pure enantiomers of the juvenile hormones is still a challenge to
synthetic chemists.

A. Synthesis by Lome and Johnson

This work was carried out according to the previous stereoselective synthe-
sis, utilizing chloroketal Claisen rearrangement (3-E, Scheme 171, p. 154);
however, optically active starting materials were employed. The synthesis is
shown in Scheme 191 [69]. The first phase was the preparation of both enan-
tiomers of a-chloro-a-methylbutvric acid (A) which was converted to the re-
quired chloroketals (B). Subsequent operations leading to (-f-)-and ( )-JH |
were same as those outlined in Scheme 171. Since the absolute configuration
of A was unknown, it was impossible to assign the absolute configuration of
JH I by this synthesis alone. The stereochemical assignment was accomplished
by Nakanishi et nl. by applying their new CD method, using tris(dipivaloyl-
methanato) praseodymium. The synthetic (+)-JH | was shown to possess
(10A : 11»"-configuration [70, 71]. In Scheme 191 the absolute configurations
of the intermediates are depicted according to this conclusion. The bioassay
of these synthetic JH enantiomers showed that (-f-)-JH I, [af® + 12.2°,
was approximately nine times more active than the ( )-isomer on the wax
moth, Galleria mellonella. On Tenebrio molitor, the (-f-)-isomer was 6-8
times more active than the enantiomer. However, the synthetic levorotatory
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and unnatural JH 1 was not optically pure, and might have contained up to
19% of the (+ )-isomer, which could account for most, or even all, of the
observed biological activity. Hence further work must be done before
ijuantitative conclusions can be reached regarding the biological activity of

(—-JH.



B. Synthesis by Faulkner and Petersen

Faulkner and Petersen accomplished the synthesis of both enantiomeric
forms of JH | from starting materials of known absolute configuration thus
establishing the stereochemistry of natural JH 1. This synthesis, published
simultaneously with that of Loew and Johnson, was thoughtfully designed
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and employed hydroxyketal enantiomers (B) of known absolute configuration
in the ketal Claisen rearrangement as shown in Scheme 192 [72, 73]. 3-Meth-
yl-1-pentyn-3-ol (A) was resolved into two enantiomers. The (—-enantio-
mer ( (—-A) was converted to the known (R)-(—)-a-hydroxy-a-methyl-
butyric acid (C). A-Configuration was therefore assigned to the (—{-acetyle-
nic alcohol ( (—-A) and (-)-2,2-dimethoxy-3-methylpentan-3-ol ( (—5-B).
The (—-hydroxyketal ( (—-B) was of 92% optical purity while its antipode,
(-(-)-B, had an optical purity of 85%. The synthesis of JH | starting from

)-B resulted in its (10R : lliS)-isomer which was contaminated with
25% ofthe (10A : lI<S)-isomer. This sample was dextrorotatory : [a]u + 4.8°
(CHCIj). Since natural JH 1 was also dextrorotatory, it was concluded to have
the (10A : 11”-configuration.

C. Microbial Derivation of JH 11l by Marumo et at.

Since 1971 Marumo et al. studied the fungal metabolism of (£ [-epoxyfar-
nesol, (£)-JH 11l and related compounds to obtain chiral metabolites.
Optically fairly pure (+)- and (—-epoxyfarnesol were prepared from (-)-
10,11-dihydroxyfarnesol obtained by the metabolism of (z)-HO,11-epoxy-
farnesol by Helminthosporium sativum [74]. The absolute configurations of
these products were determined as shown in Scheme 193 [74, 75] by convert-
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($)-(-)
t«r]D— 1.83° (¢ 1.70, MeOH)
Scheme VJ3 (cant’d)

ing ( )-10,lI-dihydroxyfarnesol (A) into a bicyclic ketone (C) via (+)-
epoxyfarnesol acetate (B). The ketone (C) exhibited a positive Cotton effect
in its ORD curve. This unequivocally established the /3-orientation of the
epoxide ring in (+ )-epoxvfarnesol (B) as depicted in the formula (A-configu-
ration). (R)-(-\-)-JH 111 and its antipode were prepared from methyl (S)-
(' )-10,ll-dihydroxyfarnesoate of fungal origin, but the optical purity of
JH 11l thus obtained was unsatisfactory. In an earlier experiment the
synthetic fA)-(-[)-JH 11l had s + 3.7° (MeOH) and its antipode
showed [a]D 3.2° (MeOH) [76]. In a recent experiment purer samples
were prepared by metabolism with a fungus Colletotrichum nicotiauae
(Scheme 194) [77]. The optical purities were about 90%, [aJo + 5.75°
(MeOH) for (R)-(+)-m IIl and [a]D- 5.44° (MeOH) for the (S)-(-)-
isomer [77]. This inability of fungi to produce 100% optically pure products
led Marumo to attempt a chemical resolution via the 3/3-acetoxyetienyl
ester of ethyl 10,11-dihydroxyfarnesoate. The diastereomere were separated
by TLC and yielded optically pure (A%(-|-)-JH 111 ethyl ester and (SJ-
m-JH 111 ethyl ester. Their juvenile hormone activity was assayed on the
allatectomized fourth instar larvae of the silkworm Bombyx mori. The natur-
al (-f-)-form exhibited a strong activity, whereas its (—)-enantiomer had
only a weak activity, about one-fiftieth (1/50) of the (-(-)-isomer. This small
but distinct activity was thought to originate from the (—)-enantiomer
itself. The remarkable difference in the activity between the two enantiomers
indicated that there must beastrict relationship between the stereochemistry
of the hormone and the chiral nature of the receptor of insects.



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 179



D. Microbial Derivation of JH 11 by Marumo et al.

Starting from (£ )-JH 11 prepared by Mori et al. (2-N), Imai and Marumo
obtained (+)-JH Il and its antipode. (+)-JH Il was reduced with lithium
aluminium hydride to (% )-10,11-epoxyhomofarnesol. This was shaken
with the precultured mycelia of Helminthosporium sativum to give seven
metabolites as shown in Scheme 195 [78]. The acids were purified as methyl
esters. One of them was identified as (10$ : IA)-(—-JH 11, [<]0—12.8°,
and the (10$)-dihydroxy ester was converted to (10A : [1$)-(+ )-JH 11,
[«(]D+ 11.7°. These values, when compared with that of Johnson’s (+)-JH
I (+12.2°), indicated the high optical purities of these metabolites, although
no direct proof of this was provided.

E. Synthesis of (R)-(-\-)-10,11-Epoxyfarnesol by Yamada et al.

(S)-(-\- )-Glutamic acid was converted to ("/?+(+)-10,11-epoxyfarnesol as
shown in Scheme 196 [79, 80]. The synthesis was somewhat lengthy but
afforded the final product with an [a]D value as high as + 6.7° (cf. + 1.81°
for the fungal metabolite [74]). An obvious extension of this work to the
synthesis of JH 111 has not yet been reported.
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6. SYNTHESES OF JUVABIONE AND DEHYDRO.TUVABTONE

Before discussing the individual syntheses, it seems necessary to summa-
rize the present conclusion on the stereochemistry of natural (-|-)-juvabione,
because there is considerable confusion in the literature data in this respect.

(+ )-Juvabione (4), first isolated by Bowers et al. [12], was identified as the
methyl ester of a known sesquiterpene, (-(-)-todomatuic acid (6). This bisa-
bolene-type acid was discovered by Tutihasi in 1940 [81]. Momose proposed
its correct plain structure in 1941 [82]. Nakazaki and Isoe [83] assigned the
(4R : Ti2)-absolute stereochemistry, as represented by 6, based upon
comparisons of the molecular rotations ([il/]D) of the acid and its derivatives
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with those of other sesquiterpenes of known absolute stereochemistry.
However, this assignment was questioned and revised as AR : 1'S by Pawson
and co-workers [84-86] in connection with their synthetic studies coupled
with an X-ray analysis of a synthetic intermediate (vide infra, 5-E). The
revision was widely accepted and (+ [-juvabione was depicted as 7 in many
publications including some 1976 papers [102, 107]. Recently this conclusion
was challenged by two independent groups surveying sesquiterpenes with
juvenile hormone activity in Canadian Douglas fir (Pseudotsuga menziesii).

Sakai and Hirose isolated methyl (-f-)-todomatuate, [a]* + 67.7° (CHCL13),
and identified it with an authentic sample of Isoe by direct comparison of
UV, IR, NMR, MS, ORD and CD [87]. Surprisingly, the ORD and CD
curves of Sakai’s methyl (-(-[-todomatuate were different from those of
“natural (+ [-juvabione” reported by Pawson et al. [86]. Instead, they
coincided with those of j-epijuvabione” with (4R : 1'A)-stereochemistry
[86]. Therefore methyl (+ )-todomatuate isolated from the Douglas fir as
well as Isoe’s authentic todomatuic acid and Bowers’s (+ )-juvabione have
the same (4R : I'A[-absolute stereochemistry. Rogers et al. [88, 89] also
isolated (4- [-todomatuic acid from Douglas fir as the methyl ester, [a]2]

65.9° (CHCIj), whose CD curve was identical with that reported by
Pawson et al. for “(-(- [epijavabione” [86]. It therefore became clear that the
authentic sample of “natural (+ [-juvabione” used for the identification
by Pawson et al. was not methyl (+ [-todomatuate. Cerny supplied the
authentic “natural (-(-[-juvabione” which was isolated from Czechoslovakian
balsam fir, Abies balsamea [90, 91]. It yielded, upon hydrolysis, an acid
melting at 64-65°C [86, 90, 91], while the melting point of (-f [-todomatuic
acid was reported to be 57-59°C [12, 81-83]. The compound isolated by
Cerny et al. [90, 91] and identified as the (4R : I'<S)-isomer by Pawson et al.
[86] was erroneously named and assumed to be “(-(-[-juvabione.” Evidently
it is (4R : 1'$)-(-(-[-epijuvabione. Thus there must exist in nature at least
two epimers of juvabione, the (4R : 1'A)-form being found in North America
[12, 87, 88] and the (4R :17?)-form found in Europe [90, 91]. This case
study of juvabione stereochemistry is particularly instructive for natural
product chemists. They should never neglect a direct comparison of their
compound with an authentic sample not only on the basis of conventional
spectral and chromatographic methods, but also by chiroptical methods to
ensure stereochemical identity. If the Czech group had directly compared
their “(-(-[-juvabione” with Bowers’s original (+ [-juvabione, the confusion
might not have taken place. Rogers and Manville isolated another compound
from the Douglas fir, eis-dihvdrotodomatuic acid, which showed juvenile
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hormone activity as the methyl ester (8). This new compound also possessed
(I'A)-stereochemistry [88, 89].

In conclusion, (+)-juvabione is the isomer with (4R : I'A)-stereochemistry
(4), while the (4R : I'&j-isomer is (-f)-epijuvabione (7). All the synthetic
works described hereafter were reinterpreted in the light of this conclusion
and formulas in the original papers were revised when necessary.

A. Mori's Synthesis of (£ )-Juvabione and (zt)-Epijuvabione

The first synthesis of racemic juvabione was achieved in 1967 (Scheme 197)
[92, 93]. It was non-stereoselective and generated a diastereomeric mixture
°f (x)-todomatuic acid (A) and (z)-epitodomatuic acid (B). Their methyl
esters (i.e., (x [-juvabione 4 and (+ [-epijuvabione 7) were inseparable by
GLC and showed identical spectral (IR, NMR, UV) properties. However,
they could be separated as their semicarbazones. An acid obtained from the
crystalline semicarbazone was also crystalline. In the original paper [93]
this was thought to be (+ )-todomatuic acid and widely accepted as such.
But it actually was (+ [epitodomatuic acid (B) considering both the revision
of stereochemistry and the stereoselective syntheses by Birch et al. [99]
and Ficini et al. [105]. The oily semicarbazone yielded oily (+ )-todomatuic
acid (A). Bioassay on Pyrrhocoris apterus indicated that both (x [-juvabione
and (z [-epijuvabione were biologically active [93]. The full paper records
detailed IR and NMR data of these racemic compounds [93].

B. Ayyar’s Synthesis of a Mixture of (x )-Juvabione
and (x )-Epijuvabione

Soon after the announcement of Mori’s synthesis, Ayyar et al. reported a
similar but independent synthesis of a stereoisomeric mixture of (%)-
juvabione and (% [-epijuvabione (Scheme 198) [94, 95]. However, they did
not separate the diastereomeric mixture of todomatuic acids but purified it
as /S-benzylthiuronium salt to obtain only one acid of m.p. 65-66°C which
was undoubtedly the same compound as Mori’s crystalline acid. Thus their
“(% [’juvabione ” obtained by methylation of non-crystalline “todomatuic
acids” was a mixture of (£ [-juvabione and (x [-epijuvabione which was
inseparable by various chromatographic means.
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R= OEt, R= OH
R= Cl, R=NMe2
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C. Synthesis of a Mixture of (+ )-Dehydrojuvabione
and [z)-Epidehydrojuvabione by Mori et al.

(-j-)-Dehydrojuvabione was isolated by Cerny et al. as a coi.gener of their
“(-j-)-juvabione” [90, 91]. Although no careful chiroptical study has been
made on (+ [-dehydrojuvabione and its derivatives, it probably belongs
to the same stereochemical series as that of Cerny’s “(+ )-juvabione” on
biogenetical grounds. Therefore, (+[ dehydrojuvabione probably possesses
(4R : I'/S)-stereochemistry as depicted in 9. This should be proved in the
future. Mori et al. synthesized a stereoisomeric mixture of (x[-dehydro-
juvabione (9) and (% [ epidehydrojuvabione (10y starting from an inter-
mediate used in the synthesis of (x [-juvabione as outlined in Scheme 199
[96, 97]. The synthesis was straightforward and yielded a stereoisomeric
mixture of dehydrotodomatuic acids, one of which crystallized. The stereo-
chemistry of this crystalline racemate could not be decided but tentatively
assigned as depicted (C) in analogy with (+ [epitodomatuic acid. The final
product was indistinguishable from the natural (+ [-dehydrojuvabione on
the basis of IR, NMR and GLC and showed juvenile hormone activity of the
same order [97].

D. Birch's Synthesis of a Mixture of (i )-Juvabione
and (x)-Epijuvabione and Synthesis of (£)-Epijuvabione

Birch and co-workers developed a synthesis of a mixture of (+ [-juvabione
and (z [-epijuvabione [98, 99]. This synthesis could be modified to yield
only (£ [-epijuvabione by separating an intermediate. Firstly, their synthe-
sis leading to a diastereomeric mixture is outlined in Scheme 200 [99].
The relative stereochemistry at the two asymmetric centres was generated by
a Dields—Alder reaction between I-methoxy-I,3-cyclohexadiene and (E)-6-
methyl-2-hepten-4-one. The reaction, however, was not stereoselective
and yielded two adducts in equal amounts. The mixture underwent an acid-
catalyzed a, /~-fragmentation to give the required bisabolane-type carbon
skeleton. The remaining conventional operations gave a mixture of (x[-
juvabione and (% [ epijuvabione in 55% vyield from the starting 6-methyl-2-
hepten-4-one. This is an efficient synthesis indeed.

Fortunately the Diels-Alder adducts were separable into two pure iso-
mers by fractional distillation and one of them, with the higher boiling
point, served as the starting material for the synthesis of (£[-epijuvabione
(7) as shown in Scheme 201 [98, 99]. After the separation step, the synthesis
was stereoselective, although non-regioselective at the dehydration stage
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of the hydroxy ester. The relative stereochemistry of the Diels-Alder adduct
was assigned by NMR. The lower-boiling adduct showed a high-field methyl
signal at b = 0.76 ppm (d, J = 7 Hz). This can only be assigned to an endo-
methyl group, which falls within the shielding cone of the olefinic bond.
In contrast, the higher boiling adduct displays a resonance at 6 = 1.03
ppm (d, J = 7 Hz) corresponding to a non-shielded methyl group with
ezo-configuration. This assignment determined the stereochemistry of the
final product to be that of (£)-epijuvabione (7), as depicted. Actually, the
hydrolysis of their final product gave (+ )-epitodomatuic acid with m.p.
66-67°C. A synthesis starting from the lower-boiling adduct should lead to
()-juvabione (4).

E. Syntheses of Natural (-{-)-Juvabione,
its Enantiomer ( )-Juvabione,
and their Diastercomers (+ )- and (-)-Epijuvabione
by the Hoffmann-LaRoche Group

Pawson et al. synthesized all of the four possible stereoisomers of juvabione
in optically pure state [85, 86]. They published ORD and CD spectra of
their synthetic juvabione isomers and these data were especially important
in the subsequent stereochemical studies on (+ )-juvabione and related
natural products. As stated previously, the nomenclature used in this paper
should be revised considering recent works of Sakai and Hirose [87]. Thus
“(-f [-juvabione” in this paper is actually (+ )-epijuvabione and “(+) epi-
juvabione” is (+ [-juvabione. The correct names will be used hereafter.

Pawson employed (R)-(-\-)-limonene and its antipode as the starting
materials of known absolute configuration (Scheme 202). Hydroboration of
(R)-(-\-)-limonene gave a diastereomeric mixture of (-f)-(4li)-j)-I-menthen-
-9-ols, whose 3,5-dinitrobenzoates were fractionally crystallized to effect



SYNTHESIS OF INSECT PHEROMONES AND JUVENILE HORMONES 193



separation. The less soluble, higher-melting diastereomer (A) was assigned
the (4R : 8./"-configuration on the basis of the single-crystal X-ray analysis
of the p-iodobenzoate (A") [84]. The subsequent steps as shown in the Scheme
202 led to (-f)-epijuvabione (7). The same sequence of reactions converted
the (4R : 8<S)-alcohal (B) to (-f)-juvabione (4) which could not be distinguish-
ed from (+ )-epijuvabione by GLC, TLC, IR, UV, NMR or MS comparison.
However, the ORD and CD spectra of 4 and 7 were quite different. The CD
spectrum of (+)-juvabione (4) showed a negative maximum at 291 nm,
whereas the CD spectrum of (4-)-epijuvabione (7) had a positive maximum
at this wavelength. Starting from (S)-(—)-limonene, (—)-juvabione and
(' )-epijuvabione were synthesized. (+ )-Juvabione and (—)-epijuvabione,
which have the *-configuration B to the carbonyl group, showed a negative
Cotton effect in their ORD spectra and a negative maximum in their CD
spectra in the carbonyl region. (-(-)-Epijuvabione and (—)-juvabione, having
the »”-configuration R to the carbonyl group, had positive ORD Cotton
effects and positive CD maxima. Thus, in these cases, the sign ofthe carbonyl
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Cotton effect is determined solely by the configuration at the /3-carbon atom.
The Hoffman-La Roche synthesis is the only existing synthesis of optically
pure juvabiones and has made possible to distinguish between (-(-)-juva-
bione and (-f)-epijuvabione, by finding out their differences in chiroptical
measurements.

It should be noted that these four stereoisomers did not reveal any large
differences in the activity as shown below [100] (Table I11). (-(-)-Juvabione
seems to be most active.

Table 111

Biological Activity of Stereoisomers of Juvabione

Test- animals
Compound
Pyrrhocoris Dysdercus
apterus cingulatus
(4R : Juvabione 1* 0.08
4 1S)( )-Juvabione 8 1
4|’> IE)- -f) E uuvablone 3 05
puuvablone 3 0.6
zb) -Juva |one 1 0.4

* The values of juvenile hormone activity are expressed in unite of ug of
the compound per insect which causes, by topical application in acetone, for-
mation of larval-adult intermediates. Théz nomenclature of the compounds is

revise

F. Synthesis of a Mixture of ( )-Juvahione and (—)-Epijuvabione
by Farges and Vesehambre

To avoid difficulty encountered by Pawson et al. in oxidizing the allylic
methyl group originating from limonene (see Scheme 201), Farges and
Vesehambre employed (S)-(—)-perillyl alcohol as the starting material
(which has an allylic hydroxymethyl group) as outlined in Scheme 203 [101].
(Pawson et al. attempted to use perillaldehyde, but its optical purity was
unsatisfactory for the preparation of optically pure juvabione [86]). The
hydroxyl group of perillyl alcohol was protected as the p-methylbenzyl
ether which could be cleaved under mild conditions. Steps shown in the
Scheme led to a mixture of (—-juvabione and (—)-epijuvabione of unknown
optical purity.

13*
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0. Stereoselective Synthesis of (£ ) -Epijuvnbione by Ficini et al.

In the course of her extensive investigation on ynamines [102], Ficini
discovered a stereoselective fragmentation reaction of amino-bicyclo[4.2.0]
octenones such as A or B to give stereochemicallv pure keto-acids such as C
or D. The steric course of the reaction differs according to the reaction
conditions and it was possible to control the stereochemistry of the keto-
acids by using different conditions as shown in Scheme 204 (103, 104].
Starting from the keto-acid C, Ficini et al. completed the first stereoselective
synthesis of (z)-epijuvabione [105]. At that time, the acid C was thought
to have the correct stereochemistry leading to (% )-juvabione. However,
in view of the present knowledge of the juvabione stereochemistry, the acid
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D will lead to (+ )-juvabione. The route is shown in Scheme 205. The synthe-
sis led in 11 steps to (x)-epijuvabione in an overall yield of 13%, starting
from the keto-acid C, or 6% starting from cyclohexenone. Ficini briefly
commented on another stereoselective synthesis of (£ )-epijuvabione utiliz-
ing an a, /~-fragmentation process (Scheme 206) in her review on ynamine
chemistry [102].

H. Trost's Synthesis of a Mixture of (-(-)-</uvabione
and (-\-)-Epijuvabione

In order to illustrate the utility of his new acyl anion equivalent, 2-
methyl-thioacetic acid, Trost synthesized a mixture of (-f-)-juvabione and

(-f)-epijuvabione starting from (-f)-perillaldehyde as outlined in Scheme
207 [106].
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7. Synthesis of a Mixture of (£)-Juvabione and (+.)-Epijuvabione
by Negishi et al.

Application of Brown’s hydroboration-carbonylation reaction provided
the simplest, efficient synthesis of juvabione stereoisomeric mixture [107].
The synthesis started from (£ )-perillartine (perillaldehyde oxime) as shown
in Scheme 208, and it was completed in as few as 5 steps. The product thus
isolated was shown to be a nearly 1 : 1 mixture of juvabione and epijuvabi-
one as judged by the 13C-NMR spectrum. The methyl and methylene carbon
atoms adjacent to the acyclic asymmetric carbon atom exhibit closely
appearing doublets at 16.42 and 16.52, and 47.79 and 47.91 ppm (relative to
tetramethylsilane), respectively. Several other carbon atoms including the
two asymmetric methine carbon atoms also exhibit doublets. Attempts to
observe the two isomers separately by GLC, HPLC or 'H-NMR remained
unsuccessful. Crystalline (x )-epitodomatuic acid, m.p. 64-65°C, was ob-
tained.
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6.  JUVENILE HORMONES AS TARGETS IN ORGANIC SYNTHESIS

A review on juvenile hormone synthesis is almost equivalent to a review
on the synthesis of trisubstituted olefins. The study on juvenile hormone

synthesis has greatly increased our knowledge of chemistry of olefins and
will continue in doing so.
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V. CONCLUDING REMARKS

We have surveyed various syntheses of insect pheromones and juvenile
hormones which undoubtedly manifest the power of modern synthetic
chemistry in executing stereoselective or chiral syntheses. The methodology
will continue to progress in the future, and less expensive stereoselective
syntheses will be made possible. For optically active compounds, more
practical and efficient methods of asymmetric syntheses and resolutions
will be developed. The stereoselective synthesis of juvabione with correct
absolute stereochemistry is a challenging problem in the juvabione field.
A particularly interesting problem is the generation of the correct absolute
configuration of the asymmetric carbon atom on the free-rotating side
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chain. Apparently, the interesting molecules in insect chemistry will continue
to be the targets of many synthetic efforts.

Finally it seems appropriate to make a short comment on the practical
aspects of insect chemistry, although it is not the purpose of this article to
review the flood of synthetic works on so-called “JH-mimics” or the use of
pheromones as insect monitoring systems. The comment is based largely
on the work of Mori et al. During 1969-1970 several JH-mimics were
synthesized by the route outlined in Scheme 160 of Chapter IV. Their
insecticidal activities were tested on rice stem-borer (Chilo suppressalis)
and mosquito (Culex pipiens) [1]. None of them was satisfactory as an
insecticide. However, scientists in the Zoecon Corporation, Palo Alto,
U.S.A., were successful in killing mosquito larvae by their JH-mimics.
Their insect growth regulator ZR-515 (Altosid, 1) was extraordinally effective
and its ID%0 value on the last instar larvae of the yellow fever mosquito,
Aedes aegypti, was 0.00014 ppm, while that of (+)-JH | was as large as
0.15 ppm [2]. The insecticidal use is the major trend in applications of
JH-mimics.
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In 1971 Akai and his co-workers found an increased accumulation of silk
protein accompanying juvenile hormone-induced prolongation of larval
life in the silkworm Bombyx mori utilizing Mori’s synthetic juvenile hormon-
es [3]. The implication of this discovery is quite clear: JH-mimics can be
used to increase the yield of silk. Nihmura et al. continued and developed
this investigation using Mori’s JH-mimics and established a practical
method of utilizing JH mimics in silkworm rearing [4]. The significance of
this work became even greater when it was found that silkworm fed on
artificial diets instead of the traditional and costly mulberry leaves, could
produce ordinary or even bigger cocoons when JH-mimics were administered
orally [4]. The JH-mimics such as 2, 3 and 4 (as sterecisomeric mixtures)
were particularly active on Bombyx mori and 0.3 yg per larva of these
compounds effected 20-30% increase in the yield of silk when orally admin-
istered [4, 5 6] Akai reviewed his work on the influence of the juvenile
hormones on the growth and metamorphosis of Bombyx larvae [7]. Mori et al.
concluded their works on the synthesis of JH-mimics by a paper entitled
“The effect of molecular chain length on biological activity of juvenile
hormone analogs” [8]. It was found that both the size of the terminal

Fig. 1. Workers feeding silkworms with artificial diets containing a juvenile hormone
analogue
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Fig. 2. Silkworms do not eat mulberry leaves, but prefer artificial diets

Fig. 3. Cocoons are harvested
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Fig. 4. Bigger cocoons (left) are produced
by JH treatments*.
*Figures 1—4 were made available by the
courtesy of Dr. M. Nihmura, Chuo-Sanken
Co., Sayama City, Saitama, Japan

Fig. 5. The pheromone trap baited with
3,13-oetadecadienyl acetate attracted
many cherry tree borers shown by
Ken#'i Mori. ]
(By the courtesy of Otsuka Pharmaceuti-
cal Co., Ltd. and Fukushima Prefectural
Horticultural Experiment Station, Japan)

alkyl group and the molecular chain
length are important for high juve-
nile hormone activity. The optimal
chain length for high activity in
Bombyx mori was shown to be 17
atoms. Figures 1-4 are photographs
showing the practical application of
JH-mimics in silkworm rearing in
Japan. Noteworthy is the use of a
pasty artificial diet instead of mul-
berry leaves as shown in Figures 1
and 2.

The practical use of insect pher-
omones is illustrated by Figure 5;
the author himself is showing the
pheromone traps in a peach orchard
baited with a 1:1 mixture of
(32 :132)- and (3E : 132)-3,13-0c-
tadecadienyl acetates (0.8 mgeach).
Numerous cherry tree borers (Sy-
nnnthedon hector Butler) are caught
on the sticky plates. The number of
the trapped moths reflects the popu-
lation density of this insect in the
orchard and gives information useful
in pest control.

In conclusion, the syntheses of
insect pheromones and juvenile hor-
mones are academically fascinating
as well as practically important and
are full of future potentialities.

This review covers the literatures
published before June 1976.

The author would like to express his gratitude to Professor Cs. Szantay for inviting
him to write this article. His thanks are due to Professor M. Matsui, the Dean, Facult
of Agriculture of the University of Tokyo, for encouragement. He thanks his wife
Keiko Mori for typing the manuscripts not only of this review, but also almost all of his

papers on synthetic chemistry.
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B. STOIANOVA-IVANOVA

COMPOSITION OF BULGARIAN
ROSE FLOWER CONCRETE
THE STRUCTURE AND BIOGENESIS

OF ITS COMPONENTS






I. INTRODUCTION

Since the remote past people have always been enchanted by the beauty
of roses and their fragrance and have always shown great interest in the
plant. It is known from ancient Egyptian inscriptions that roses were
familiar as early as in the reign of Rameses Il in that country. Egyptians
extracted products for embalming from roses, thus preserving the bodies
of the dead.

In Greek mythology roses were dedicated to Aphrodite and Dionysius;
Sappho wrote songs about the rose being a symbol of beauty, love and
youth. The Romans also admired roses [1].

Egyptians, Hellenes and Romans used the rose as a universal medicine.
Rose preparations were prescribed for treatment of fever conditions, heart
and brain ailments, jaundice, toothache, wounds and burns, tuberculosis,
etc. [I].

It is believed that Syria is the homeland of Rosa damascena Mill. In the
past it was cultivated in the environs of Damascus. Probably, via Turkey
it was brought over to Bulgaria when the Ottomans invaded the Balkan
Peninsula. Hadji Kalpha, the Ottoman geographer, is the only one to give
information in writing on the introduction of the rose into the Balkan
Peninsula in his book “Rumelia and Bosnia”. In it mention is made of rose
gardens in the environs of Adrianople [2].

It is only for 300 years that roses have been grown as a commercial crop
in Bulgaria. Having found shelter in the Valley of Roses, from a primitive
form (a hybrid of Rosa gallica and Rosa canina), it has been cultivated as a
variety, known under the name Rosa Kazanlik all over the world at present.

The Valley of Roses is protected from the cold winds of the north, and
from the warm summer winds which blow from the south drying both
land and vegetation. The vast forests which cover the slopes of both moun-
tain massifs (the Balkan Range and the Sredna Gora Mountains) help to
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retain moisture in the soil and air. Numerous rivulets and streams, rushing
down from both massifs into the Toundja and Strema rivers, are brimful
of water in May when roses blossom. They also maintain the air moisture in
the Valley of Roses. It is mainly under the effect of these factors that
considerable changes have taken place in the evolution of Rosa damascena
Mill., transforming the stamens into petals and thus, from a rose of few
petals, it has become a thirty-petal oil-bearing rose. It is in this way that
the rose crop, specific to Bulgaria, has been developed. And at present, just
as in the past, Bulgaria occupies the foremost place in the production of
rose oil among countries making essential oils [3].The fact that the quality
of Bulgarian rose oil, obtained by hydrodistillation, is unsurpassed and
highly appraised all over the world is of no lesser significance.

Interest in rose oil is growing also from a therapeutical point of view.
The curative properties of Bulgarian rose oil for gallbladder and liver
ailments, for spastic conditions of the stomach muscles and for bronchial
asthma are well-known.

Thus it is not strange that the Bulgarian oil-bearing rose and the products
obtained from it have been of interest since the past up to present times to
both foreign and Bulgarian researchers [4, 5]. The first studies by Markow-
nikoffand fteformatski on the composition of stearoptene from the Bulgarian
rose oil [6] merit attention. Subsequent studies by Guenther, Gamier,
Gieldemeister, Hoffmann and Naves are particularly valuable.

P. Raikov [7] is considered as the pioneer of these studies among Bulgar-
ian researchers. In 1898 a standard method of determining the freezing
point of rose oil was suggested by him. A. Zlatarov has also contributed to
these studies: Yet, these initial researches in Bulgaria were only accidental
ones. It was as late as 1951 that regular studies on the composition of rose
oil, obtained from the Bulgarian oil-bearing rose, wére launched under the
guidance of D. Ivanov [8-17].

In their report to the Third International Essential Oil Congress, N. Niko-
lov and I. Ognyanov note that in spite of the effort of foreign and Bulgarian
researchers to establish the composition of Bulgarian rose oil, it contains
still unidentified micro-components and the evaluation of its properties is
still determined by the skilful olfaction of experts, dealers in perfumes [3].
These micro-components could be of significance not only for their excellent
perfumery properties, but also in respect of the therapeutical properties of
rose oil and of preparations made from it.

Concrete and its components (wax and absolute) is another important
product of the Bulgarian oil-bearing rose. They just like rose oil, obtained
by hydrodistillation, also find large-scale application in cosmetics, perfum-
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ery and dermatology, and are commercial products of first rate signifi-
cance. Literature data relating to them are, however, very scanty, and their
composition is almost unknown.

This paper summarizes the results of our investigations on the composition
of the wax and absolute from concrete of the Bulgarian oil-bearing rose.
Along with this, certain conclusions are drawn concerning the biogenesis of
the straight-chain wax components. The conclusions are based mainly on
the correlations in the quantitative relations of the components, on analogies
in the structures of these components and also on results obtained from the
follow-up of the changes in the composition of the wax during the period
the bud develops into a flower.

II. CONCRETE FROM BULGARIAN OIL BEARING ROSE.
GENERAL CHARACTERISTICS

The concrete isobtained from rose flowers by extraction with a light organ-
ic solvent (usually petroleum ether) [18, 19] and subsequent removal of
the solvent.

It is believed that the preparation of rose flower concrete is a more modern
method for the isolation of aromatic (having a pleasant odour) substances
of the rose than their isolation by steam distillation. The rose concrete
(“essence de rose concrete’) contains both readily volatile components
(possessing the pleasant smell of the rose flower) and also not readily volatile
components (mainly paraffins) which serve to retain the volatile components
of the flower. The separation of the concrete into “wax” and “absolute”
is done by dissolution in hot alcohol (saturated solution) and cooling of the
solution to 0°C. Under these conditions, the higher molecular and, due to
this, not so readily volatile, components which are not readily soluble in
alcohol, are precipitated. The latter are filtered off and constitute the wax.
Absolute (“essence de rose absolue™) is obtained from the filtrate by eva-
poration of the solvent. It contains more low-molecular components, and
hence the more readily volatile components of the concrete.

Both concrete and absolute are used in perfumery and cosmetics on a
large scale. According to the data quoted by Guenther [18], the amount of
the rose concrete produced exceeds that of the distilled rose oil. The main
centres for the production of concrete are in the Grasse region in France,
and to a lesser extent, in Morocco. However, Rosa centifolia is only grown
in both countries. The flowers of this rose proved to be unsuitable for steam
distillation (hydrodistillation), since they yield an insignificant amount of
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distilled oil. The Bulgarian oil-bearing roses, Rosa damascena Mill, and in
part Rosa alba L. may be processed either by hydrodistillation or by extrac-
tion with a light organic solvent. The preparation of concrete in Bulgaria
was introduced by Charles Gamier, who in 1904 built an equipment for the
extraction of rose flower, consisting of six rotating extractors. His example
was followed by some of the big producers of rose oil in Bulgaria, and there
were 32 sets of such equipment in Bulgaria in 1938. The production of
concrete in this country reached the 2000 kg mark in the next few years.
It was established that one kilogram of concrete was obtained from 400 to
450 kg of rose flower, and about 520 g of absolute was obtainable from one
kilogram of concrete [20].

The concrete thus isolated from Bulgarian rose flowers constitutes a light-
yellow to dark-brown wax-like mass, having the typical aroma of roses.
According to Walbaum and Rosenthal [21], concrete of Bulgarian rose
flowers has a freezing point 41-46.5°C, (44.4°C on an average) and an acid
number between 31 and 56. In the opinion of Guenther, the data concerning
the composition of concrete and absolute are scanty, since they have not
been studied carefully, unlike the rose oil obtained by steam distillation.
It is noted, however, that phenylethyl alcohol, which is an insignificant
component of the rose oil when obtained by hydrodistillation of the flower,
is an important component of the products obtained by extraction. Glichitch
and Naves [22] subjected Bulgarian concrete from roses to steam distillation
under reduced pressure and obtained a volatile oil which contained 63.7%
of phenylethyl alcohol, 22.1% of citronellol, and 13.7% of geraniol and
nerol. According to Naves [23] insignificant amounts of eugenol, eugenol
acetate and traces of a ketone are contained in the rose concrete.

It is obvious from what has been stated so far that the concrete is one of
the main products in the processing of rose flower. It is also evident that the
composition of the concrete, as well as that of the products obtained from it,
wax and absolute, have not been sufficiently studied.

Our studies relate mainly to the composition of the wax, since it is the
component of the concrete which has been investigated to a lesser extent.
A more profound study of the composition of the wax, including its micro-
components, is certainly indispensable also in view of our desire to contribute
to the settlement of the widely discussed problem of the biogenesis of the
straight-chain components of plant waxes and, in particular, of normal
hydrocarbons with even and odd numbers of carbon atoms. The composition
of the absolute, although not studied methodically so far, should logically
be close to that of the rose oil, to the composition of which the greatest part
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of studies has been dedicated. In the case of the absolute the main question
is the difference between its composition and the composition of the rose
oil obtained by hydrodistillation, as well as the presence of other, not so
readily volatile components, lacking in the rose oil. The latter are contained
in the concrete, and as a result of certain solubility in alcohol, they may pass
in part or entirely into the absolute.

We likewise believe that a detailed investigation of the concrete of rose
flower may throw light on the contents of certain micro components of the
rose oil, which have not been detected so far, and whose significance has been
mentioned in the preface.

[11. COMPOSITION OF WAX FROM ROSE FLOWER CONCRETE
AND THE STRUCTURES OF ITS COMPONENTS

The first data in the literature on the composition of wax from rose flower
are those reported by Prophete [24]. He studied wax from French rose
flowers in the region of Grasse. An attempt was made to carry out a complete
investigation of the wax: general characteristics, study of the composition
of acids, alcohols and hydrocarbons. At the state of technique at that time,
however, Prophete was unable to identify the alcohols, the acids and the
unsaturated hydrocarbons. His data on the content of saturated hydrocar-
bons are more complete. He reported that he was able to isolate the normal
saturated hydrocarbons C30, CZ/, Cx C23 C2 C2, C20 and Cie and he even
indicated their percentage. In our opinion [25], however, and also according
to Naves and Mazuyer [26], the hydrocarbons isolated by Prophete were
only mixtures. As far as unsaturated hydrocarbons are concerned, Prophete
noted only the isolation of two bromides, having m.p. 27°C and 38.5-39°C.

Simultaneously with our first studies on the wax from concrete of the
Bulgarian rose flower, Chibnall, EI Mangouri and Piper [27], in 1954,
published investigations on the components of long-chain paraffins in the
wax of rose flower concrete. The results of studies on the paraffins having
a chain longer than 21 carbon atoms are presented in this paper. In the
course of these investigations, using fractional vacuum distillation, the
authors separated the mixture of higher paraffins contained in the wax of
rose flower concrete into a large number of fractions. They carried out a
detailed analysis of each of these fractions by determining the melting
point, the point of transformation, and by X-ray measurements; they then
compared the data obtained with the corresponding values of pure paraffins
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and their mixtures. They showed that paraffins with an odd number of
carbon atoms from C2Lto C% are contained in the wax, but they did not
establish definite data on the presence of paraffins with an even number of
carbon atoms. In their opinion, there are also small amounts of paraffins
with a chain length shorter than C2L in the wax, but they have not been
described. Studies on rose wax were carried out simultaneously with ours
also in the Institute of Organic Chemistry and Biochemistry in Czechoslo-
vakia by Sorm and his co-workers [28-31]. The results of these investigations
will be discussed simultaneously with our results in the corresponding

passages.

1. QUANTITATIVE CHANGES IN THE COMPONENTS OF THE WAX
DURING THE DEVELOPMENT OF THE BUDS INTO FLOWERS

Unlike other researchers who have investigated the composition of the
wax from rose flower, we have also carried out parallel studies on the wax
from concrete of rose buds and rose flowers, collected by us from the same
bushes, in order to obtain data on the dynamics of component formation.

Rose flowers, big and small buds were simultaneously picked from the
same bushes on a field in the village of Zelenikovo (District of Plovdiv)
early in June, 1963. The crushed flowers and the cut buds were extracted
with petroleum ether free of unsaturated compounds [32]. The amounts of
wax and absolute from all three samples are presented in Table I.

Table |

Wax and Absolute Contents in Rose Bud
and Rose Flower Concrete

Contents per 100 g oi concrete

Concrete f r 0 m

wax " absolute | losses
Rose flowers 3844 j 5390 | 7.66
Big buds 38.97 ! 51.89 9.14
Small buds 38.03 I 49.30 12.30

The results indicate that wax contents in all three concretes are almost
the same. Differences are smaller than one per cent, and they fall within the
limits of experimental error inherent in the method used for the separation
ofthe concrete into wax and absolute. The percentage of the absolute isolated
from all three types of concrete seemingly increase from the small buds to the
flowers. If, however, the percentage of the absolute and the losses during its
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isolation are added up, as the latter decrease from the small buds to the
flowers, equal values are obtained also for the percentage of the absolute.
The rise in losses from the flowers towards the small buds may be explained
by a higher content of readily volatile compounds in the absolute from the
buds.

The results for the changes in the concrete, wax and absolute during the
development of the individual bud to flower are presented in Table 11,
based on data that 100 g of small buds, big buds and rose flower contain
on an average 85, 75 and 36 pieces of each, respectively.

Table 11
Content of Concrete, Wax and Absolute in 100 Numbers of Small Buds,
Big Buds and Flowers

Content per 100 flowers or buds
Initial material

concrete wax absolute
fe) ©
Rose flowers 0.9591 0.3688 0.6169
0.2097 0.0765 0.1364
Big buds 0.7494 0.2921
0.1763 0.0935
Small buds 0.5731 0.2180

Comparisons show that during the growth of the bud and its transforma-
tion into a flower, the amount of concrete and the amounts of wax and absolu-
te, obtained from it, increase. Moreover, the wax content increases to a
lesser extent than the amount of the absolute, and this is more markedly so
particularly towards the completion of the bud development into flower.
The same ratio is preserved when the losses during the isolation of the
absolute are taken into account. This course of the changes shows that the
components of the wax, the long-chain aliphatic compounds are formed
chiefly at the initial stages of bud development, while the components of the
absolute (acyclic terpene compounds) are formed mainly in the final stages.

Results of the determinations of certain characteristic numbers of the
waxes studied are shown in Table I11.

These data show that the content of free acids remains almost unchanged
during the growth of the bud into a flower. The largest amount of free and
ester-bound acids is present in the wax from rose flowers, and the least inthe
wax from concrete of small buds. The amount of unsaturated compounds
increases in the process of the development of buds into flowers.
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Table 111

Characteristic Numbers of the Waxes from Rose Buds
and Rose Flowers

Acid Saponifica- Ester lodine

Wax from concrete of number  tion number  number number
Rose flowers 10.21 44.07 33.86 38.23
Big buds 10.17 43.75 33.58 34.27
Small buds 1011 40.62 30.51 32.86

The characteristic numbers established for the wax from rose flowers and
those determined by us for wax from another harvest [25] are very close to
each other. A comparison of the general characteristics of the wax from the
concrete of Bulgarian rose flower with those obtained from French rose
flower [24] shows that the Bulgarian wax possesses higher saponification,
acid, ester and iodine numbers (Table 1V).

Table 1V

Characteristic Numbers of Wax from Concretes from Bulgarian
and French Rose Flowers

Wax from concrete of nl’?‘n%ider tlsg oqufriﬁ%_er nEr%gtrer r:l?r%iggr

Bulgarian rose flower (from the environs of the
town of Kazanlik), 1938 11.00 48.50 37.50 24.00
Bulgarian rose flower (from Zelenikovo), 1963 10.21 44.07 33.86 38.23
French rose flower (from the region of Grasse) 3.15 29.80 26.65 13.60

Results of the simultaneous investigation of the unsaponifiable and
saponifiable substances and of free acids [33] in all three waxes, carried
out on ion-exchange resin [34] (Wofatit SBW), are shown in Table V.

Table V

Content of Unsaponifiable and Saponifiable Substances
and Free Acids in Wax from Buds (Small and Big)
and Rose Flower (Percentage of Wax)

Kind of I i1 Unsggfénifi— Saponifiable  Free acids Losses
Rose flowers 67.80 12.80 372 15.68
Big buds 68.02 9.56 344 18.98

Small buds 71.16 8.36 4.16 16.32
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These results show that a considerable part of the waxes is lost during the
separation and processing of the samples. However, our experiment to
separate a model mixture, containing higher fatty ester and acid on Wofatite
SBWV, indicated insignificant losses (only about 1%). This gave us grounds to
suggest that the losses presented in Table V should be due to products
formed during saponification, which were not extracted by the organic sol-
vent. Using the method of Smnllin [34], we established with the aid of
paper-chromatography that all three samples studied contained considerable
amounts of glycerol. According to literature data, up to our investigations
no glycerides have been detected in wax from rose flower.

The results of a group chromatographic analysis of the neutral wax from
all three samples on aluminum oxide, checked by IR spectra, are presented
in Fig. 1.

Hydrocarbons Alcohols

Paraffins and olefins Esters

B - Carbonyl compounds Lactone %

< 31 >5}< AL 226 251 %69
Petroleum Benzene Benzene- Ether Ethanol Ethanol-
ether ether 1:1 acetic

acid 1.1

Fig. 1. Group chromatographic analysis of neutral wax on aluminium oxide

Complete separation of the hydrocarbons from the oxygen-containing
compounds of the wax samples has been achieved by means of group analysis.
A part of the carbonyl compounds has also been isolated in the pure state.
It is worthwhile noting that these are the first spectral data on the presence
of a carbonyl compound (probably ketone), as well as of a secondary alcohol
and lactone in rose flower wax.

The separation into paraffins and olefins has been achieved by means of
oxidation with performic acid, hydrolysis of the epoxy compounds obtained,
followed by chromatographic separation of the paraffins and glycols.
Quantitative data of the group analysis of the three wax samples, as well
as those giving the amounts of paraffins and olefins in the hydrocarbon
fraction are presented in Table VI.
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Table VI
Components of Three Wax Samples, %

Petroleum ether Benzene e‘?ﬁenrz?ne\: Ether Ethanole  aci c:e ttelt a-
Wax trom not 1:1
Paraffins Olefins Carbonall Carbonyl compounds, Lactone
) compounds esters, alcohols
. i

Rose flowers 45,51
38.60 | 691 0.17 6.43 20.72 1.20 19.05

Big buds 49.46
41.07 | 8.39 0.19 7.78 21.76 0.76 17.78

Small buds 47.52
4020 1 731 018 7.66 22.05 1.0 17.98

These data show that the percentage of hydrocarbons is the highest in the
wax obtained from big buds, and the lowest in the wax obtained from rose
flower. It is seen from Tables V and VI that during the development of the
buds to flowers, the amount of unsaponifiables generally decreases (that of
the hydrocarbons shows a maximum in the case of big buds), while the
amount of saponifiables increases. Taking into account the fact that 45 days
are needed for the transformation of a barely noticeable bud into one with
a diameter of 5 mm (small buds), 15 days for the transition of the latter
into big ones with a diameter of 12-15 mm, and 3 days for the development
of the big buds into rose flowers, it is clear that the most significant changes
in the amount of unsaponifiables (of hydrocarbons in particular), as well as
of saponifiables occur during the transition of the big buds into rose flower.
That can clearly be seen in Fig. 2

Fig. 2. Change of the amounts of hydrocarbons, unsaponifiables, saponifiables and free
acids during the development of the buds into flowers. / — Hydrocarbons,
Il — unsaponifiables, 111 — saponifiables, 1V — free acids
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The results obtained from these investigations, namely, that the percent-
age! of unsaponifiables is the highest in the case of small buds, and the
amount of the hydrocarbons abruptly drops during the transition from big
buds into flowers, make possible the assumption that even though unéxpect-
ed, the hydrocarbons are not the final products in the metabolism of the
wax components. Actually, as early as 1934, Chibnall and Piper assumed
in one of their papers [35] that the ketones are final products in the metab-
olism of the waxes, and not intermediate ones. In 1970 Kolattukudy, using
labelled atoms, confirmed reliably this inference from our results.

2. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN ALIPHATIC HYDROCARBONS

In 1926 Prophete [24] isolated saturated hydrocarbons from rose wax
and demonstrated that they contained also unsaturated ones. However,
data had been published on the content of hydrocarbons in stereoptene*
from rose oil before him [6, 11-13, 37-42].

In the course of our initial studies on the composition of hydrocarbons
in the wax from rose concrete [25], the conventional methods were used.
It was with their aid that we were able to isolate and establish, in broad
outlines, the qualitative and quantitative compositions of the hydrocarbons
in the mixture and especially of those present in larger amounts. Later on,
using the possibilities of separation and identification offered by thin-layer
and gas-liquid chromatographies, we studied again the composition of the
hydrocarbons from the wax of rose concrete in greater detail. Thus, we were
able not only to determine the complete qualitative and quantitative com-
positions of the paraffinic and olefinic hydrocarbons, but also to detect an-
other type of hydrocarbon, alkadienes with conjugated double bonds,
which had not been established as components of plant waxes before our
investigations.

* Stereoptene is a product from rose oil obtained by hydrodistillation. It precipi
tates when the rose oil is dissolved in 70% alcohol and the solution is cooled in ice.
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A . Composition and Structure
of the Long-Chain Paraffinic Hydrocarbons

Our first investigations of paraffinic hydrocarbons, using conventional
methods, dealt with the wax obtained by large-scale preparation of absolute
from concrete [25]. The hydrocarbons were isolated from the unsaponifiables
by column chromatography. They constitute 34.5% of the wax, and 56%
of the unsaponifiables. The presence of the following paraffinic hydrocarbons
was established. C3\, Cjq, 0n, CA, C2 CB, O2»t 2, and Cjg. Howrever, we
were unable to give a reliable estimation of the amounts in which they were
represented in the hydrocarbon mixture.

Later on, we carried out a comparative study of the saturated hydro-
carbons in buds and flower, using modern methods of the investigation of
natural products [43]. In this case the concrete from small buds, big buds
and flower was obtained by us, the buds and flower being collected from the
same bushes; for the 1963 harvest in the village of Zelenikovo, District of
Plovdiv, and for the 1968 harvest in the town of Karlovo [32, 33]. The
separation of saturated from unsaturated hydrocarbons was achieved by
means of column chromatography of the hydrocarbon mixture on silica gel,
impregnated with silver nitrate, by the method employed by Rousseva-
Atanasova and lanak [44]. It was found that the total amount of paraffins
in the wax from buds amounted to 39.12%, and that of olefins to 7.46%; in
the wax from flower these values were 37.59% and 7.23%, respectively. The
results agreed well with those obtained by us in the separation of paraffins
and olefins by means of transforming the latter into epoxy compounds [33];
in that case we found 40.21% paraffins and 7.31% olefins in the wax of
buds, and 38.60 and 6.90%, respectively, in the wax of flower. These results
showed that during the development ofthe buds into flowers the paraffin :ole-
fin ratio remained practically unchanged.

Results obtained by treatment of the mixture with urea indicated that in
both waxes studied the content of strongly branched hydrocarbons was
insignificant, about 0.1%. Subsequent processing on molecular sieve of the
hydrocarbons obtained from urea adducts from the waxes both from buds
and flower, indicated a content of slightly branched hydrocarbons below
1%. The fact is noteworthy that in our experiments with molecular sieve,
we were unable to desorb the hydrocarbons from the sieve even after pro-
longed extraction. Only about 50% of the hydrocarbons retained on the
sieve could be desorbed. As there is no guarantee that the degree of desorp-
tion is equal for all the individual homologues in the hydrocarbon mixture,



COMPOSITION OF BULGARIAN ROSE FLOWER CONCRETE 226

Table VII
) Percentage Composition of Normal Paraffins
in the Wax from Rose Buds and Rose Flower Concrete

Number of Wax of Wax of Number of Wax of Wax of
C-atoms buds flowers C-atoms buds flowers

17 0.4 0.6 25 8.7 6.8
18 0.2 traces 26 0.8 0.7
19 13.9 18.4 27 21.6 18.9
20 17 2.2 28 1.2 11
21 12.2 17.3 29 12.8 113
22 0.9 0.8 30 traces traces
23 12.3 12.6 31 12.3 8.8
24 1.0 0.6 32 — —
33 traces —

we performed a gas-chromatographic study of the saturated hydrocarbons
from both waxes immediately after their treatment with urea.
The individual compositionsof the hydrocarbons arepresented inTableVII.
It is seen that there is no significant difference in the individual composi-
tions of the hydrocarbons in the two waxes. Paraffins with odd-numbered
carbon atoms are prevalent, CZ being predominant, followed by C19 Of the
even-numbered hydrocarbons the amounts of C20 and are the highest.
Table VIII

Normal Paraffins in the Wax from Flowers
of Two Harvests Prior to Treatment with Urea, %

Nnger of Harvest 1963 Harvest 1968

-atoms
19 16.8 145
20 2.2 2.3
21 15.8 148
22 0.9 11
23 9.6 122
24 11 18
25 7.0 75
26 2.3 14
27 19.2 211
28 — 15
%8 15.2 126
31 6.6 9.1

In order to see to what extent the ratios of the individual members remain
constant, we carried out gas-liquid chromatography of the paraffins from
rose flower of two different harvests, and moreover, from roses picked in

15 a.D.c.
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two different localities in the Valley of Roses. The results are presented in
Table VIII. They show a good repetition and confirm that CZ is the pre-
dominant hydrocarbon in the wax from rose flower.

As already mentioned, studies on the composition of paraffins from the
wax of rose flower (Rosa damascena MillJ were carried out also in the
Institute of Organic Chemistry and Biochemistry of the Czechoslovak
Academy of Sciences by Wollrab et al. [28, 45, 30]. A comparison of their
results on the individual composition of n-paraffins with our data shows
that Wollrab et al. found the amount of hydrocarbon C3Lto be the highest,
whereas in our case it is CZ7. It was because of this difference that we per-
formed studies on the paraffinic hydrocarbons from two different harvests,
prior to and after treatment with urea, and got a good repetition of the
results. The most probable reason for the difference, as well as for others to
be mentioned further on, in our opinion, is that we used wax obtained by
us personally from rose flower, while Wollrab et al. dealt with wax whose
origin was not certain, as it was obtained from a factory in the GDR.

They also found insignificant amounts of paraffins with branched chain.
They showed by gas-liquid chromatography that probably two types of
branched-chain paraffins were present belonging to two homologous series:
2-methyl and 3-methylparaffins for one, and dimethylparaffins containing
either one methyl group each at both ends of the chain, or both methyl
groups at one end of the chain, for the other series.

B. Composition and Structure of the Long-Chain Olefinic
Hydrocarbons

Olefins in the wax of the oil-bearing rose, just like the paraffins, have
been studied by us in two stages. Initially, we used conventional methods
[46]. Later on, the results obtained mainly for the individual composition
of unsaturated hydrocarbons were revised using modern methods for the
isolation and identification of hydrocarbons in natural products [43].

The separation of unsaturated and saturated hydrocarbons was effected
by column chromatography on silica gel impregnated with silver nitrate
and checked by thin-layer chromatography on silica gel, also impregnated
with silver nitrate. The data of thin-layer chromatography indicated the
presence of two types of olefins: cis and trans [47], the cis compounds being
present in a larger amount. Moreover, thin-layer chromatography revealed
that the unsaturated hydrocarbon fraction of the wax also contained another
type of unsaturated hydrocarbons with a lower rRj value than that of the
olefins, indicating the presence of more unsaturated hydrocarbons than
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olefins. The separation of the olefinic hydrocarbons from these more un-
saturated ones was accomplished by preparative thin-layer chromatography.
The presence of cis- and frawe-olefins was also confirmed by IR spectra
(maximum at 730 cm-1 and at 960 cm-1). Likewise, it was shown by the
IR spectra that the double bond was mainly due to —CH= groups (maxi-
mum at 3010-3030 cm-1).

Since it was difficult to establish the individual composition of the olefinic
hydrocarbons by direct gas chromatography owing to the lack of standards,
they were hydrogenated in the presence of Adams catalyst in glacial acetic
acid. The paraffins obtained were gas-chromatographed at a programmed
temperature from 100 to 275°C. The data on the gas-liquid chromatography
of the hydrogenated olefins from bud and flower waxes are presented in
Table IX.

Table 1X

Paraffins Determined by Gas-liquid Chromatography
in the Hydrogenated Olefin Fractions from Rose Bud
and Rose Flower Waxes, %

Number of Wax of Wax of Number of Wax of Wax of
C-atoms buds flowers C-atoms buds flowers

19 3.3 3.0 26 2.3 19
20 0.4 0.3 27 215 245
21 34 3.2 28 3.7 3.7
22 0.7 0.4 29 335 34.8
23 8.8 6.0 30 0.8 0.8
24 14 13 31 7.6 85
25 11.2 9.6 32 - —
33 14 21

It follows from the results obtained that there is no significant difference
in the individual content of olefins in the two waxes. The olefins, just like
the paraffins, are present in the homologoiis series CI3C33 Odd-numbered
members are prevalent, CBand CZ being the dominant ones.

Our results for the presence of olefinic hydrocarbons in wax from rose
flower compared with those of Wollrab et al. [45] agree well in showing the
predominance of C2 and CZ olefins, as well as that of the cis compounds.
Moreover, by means of ozonization Wollrab [30] obtained data on the con-
tent of cis-alkenes with 5and 7 carbon atoms.

15*
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C. Composition and Structure of the Long-Chain Diene
Hydrocarbons

As mentioned above, during the separation of the hydrocarbon mixture
from the wax of rose flower into saturated and unsaturated hydrocarbons,
it was observed that, in addition to cis- and trans-olefins, also other com-
pounds with lower 2?y-values were contained in the unsaturated hydro-
carbon fraction. The latter were isolated by preparative thin-layer chro-
matography [48]. After removal of the solvent in a stream of nitrogen gas,
11.2 mg (0.2% of the wax) of these hydrocarbons was isolated. Using thin-
layer chromatography on silica gel-gypsum and petroleum ether as the
mobile phase, they showed a spot in the front, an indication that they were
actually hydrocarbons. Their IR spectrum had a maximum at 1640 cm-1,
970 cm-1, 3020 cm*“1, and a slight splitting of the peak at 1380 cm-1. The
UV spectrum in pentane had a maximum at 221 nm (e 19.500). These data
pointed to the presence of a system of conjugated double bonds. The lack
of a broad absorption band in the IR spectrum at 1580-1650 cm-1 was an
indication for the absence of a polyene chain, while the absence of absorption
at 990 cm-1 and 910 cm-1 showed the lack of a terminal methylene group
Therefore, the isolated unsaturated hydrocarbons must be dienes, having
a system of conjugated double bonds, but not at the end of the chain.

Since the results of investigations of wax from rose flower by us and
other researchers, as well as of other plant waxes have shown that paraffinic
and olefinic hydrocarbons are usually present as homologous series, we
expected that the diene hydrocarbons, isolated by us for the first time,
would also represent a homologous series. This assumption was confirmed
by hydrogenation of the isolated fraction of the diene hydrocarbons and
gas-liquid chromatography of the hydrogenation products. The latter was
carried, out with programming from 100 to 300°C. The results are given in
Table X. These results show that the isolated product is a mixture of con-
jugated alkadienes in which members with odd and even numbers of
carbon atoms in the Cu-C3range are present. Moreover, the odd-numbered
members are present in a higher amount than the even-numbered ones in
the CIFC3range. The C19 (%, CZ, C2 and C5 hydrocarbons (arranged in a
descending order of their amount) are prevalent. The paraffins identified in
the Cu-CB range originate possibly from the diene hydrocarbons with
branched chains, since after hydrogenation the hydrocarbon mixture was
purified from the unsaturated hydrocarbons before gas-liquid chromatog-
raphy. The IR spectrum, showing the splitting of the peak at 1380 cm-1,
is in agreement with this assumption.
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Table X

Hydrocarbons Determined by Gas-liquid Chromatography in
the Hydrogenated Alkadiene Fraction

Number of Number of Number of

C-atoms o C-atoms n C-atoms Io
Xj 0.4 X10 0.3 A 6.9
Cu 12 Xu 0.7 2 0.7
X2 0.2 X2 13 Gi 4.7
X3 12 Ch 31 (o7} 1.0
Ccr 3.2 X1 traces (073} 6.0
X4 11 X4 0.9 Cij 13
Xj 0.8 Cl 4.6 G 8.2
Xe 0.3 X5 0.8 C3 2.3
CB 4.5 C, 31 Col 9.3
X, 0.5 X6 traces (620) 11
X8 13 CB8 11 C 2.8
X9 15 Co 14.2 X7 traces
CcM 4.5 (020] 2.9 c3B 0.8

To corroborate the fact that the conjugated alkadienes are contained in
rose flower and are not formed by dehydration of the corresponding a, 8-
glycols under the catalytic action of the aluminium oxide, we carried out
an experiment with a model mixture. To this end we converted o'lefins from
the wax into a, /3-glycols by oxidation with performic acid and subsequent
hydrolysis. The glycols were chromatographed on a column of aluminium
oxide under the same conditions. The course of the chromatography was
followed by thin-layer chromatography. No formation of dienes was estab-
lished.

No alkadienes have been reliably identified in natural waxes so far.
Certain experimental facts observed in studying waxes have been inter-
preted by their authors as an indication of the presence of alkadienes,
however, no reference to conjugated double bonds [30] has been made.
Thus, the results obtained by us, show for the first time the presence of
conjugated alkadienes as components of plant waxes.

The simultaneous presence of straight-chain saturated, olefinic and diene
hydrocarbons in the wax of rose flower and the fact that in all three homol-
ogous series the hydrocarbons having an odd number of carbon atoms are
prevalent with a particularly good correlation ofthe amounts of the dominant
paraffins and olefins, make it possible to assume a biogenetic relationship
among them.

The distribution curves of all three types of hydrocarbons in the wax
from rose flower are presented in Fig. 3.
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Fig. 3. Distribution curves of paraffins (1), alkaldienes (2) and olefins (3) in wax from
rose flower

In addition, as it may be seen, the amounts of olefins with both even and
odd numbers of carbon atoms in the C1IC2 range continuously increase.
CX, CZ7 and CX of the odd-numbered olefins, and C», CZ and C% of the
even-numbered ones are prevalent. These results give us grounds to assume
a biogenetic relationship between them where the length of the chain is
changed by one carbon atom.
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3. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN FATTY ACIDS

The study of the acids in rose flower, like that of the hydrocarbons, was
made by us in several stages during the 1962-1970 period.

Prophete [24] had studied the fatty acids in the wax from French rose
flower before us. He proceeded, however, with the classical methods of
separation and was unable to identify the acids. He showed only that 62.3%
of saturated acids and 37.4% of unsaturated ones were contained in the
water-insoluble acid fraction. Simultaneously with us, Wollrab [30] carried
out investigations on the composition of fatty acids in the wax from Rosa
damascena Mill, of a non-specified origin.

The results presented in Table V showed that the wax from Bulgarian
rose flower contained 67.80% of unsaponifiable, 12.80% of saponifiable and
3.72% of free acids. Our first study of the acids [49], both free and ester-
bound, was made by means of paper chromatography using the method of
Kaufman. In this way we obtained qualitative indications for the presence
of the saturated fatty acids Cg, C10, C12 Cle, Ci8and C.

Later on, utilizing the possibilities offered by gas-liquid chromatography,
we revised our first investigations. Simultaneous studies on the acids occur-
ring in rose buds and rose flower were carried out, too [50, 51]. These

i i i i
100 80 60 40 20 0
Time (min)

Fig. 4. Chromatogram of methyl esters of ester-bound fatty acids in wax from small
buds (1), big buds (2), rose flowers (3) and standards (4)
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investigations were done with wax from concrete, prepared by us [32]. The
ester-bound acids from all three waxes (from small buds, big buds and rose
flower) were isolated using the procedure described above [49]. They were
transformed into methyl esters by treatment with diazomethane. The esters
were subjected to gas-liquid chromatography on a non-polar immobile
phase under programming of the temperature [50]. Methyl esters of the
stearic, palmitic and behenic acids, methylated under identical conditions,
were used as standards. The chromatograms of the methyl esters of acids
from small buds, big buds and rose flower are given in Fig. 4.

The data giving the composition of ester-bound acids are presented in
Table XI.

Table X1

Ester-bound Acids in the Wax from
Small Buds, Big Buds and Rose Flower, %

Number of Wax_ from Wax from Wax from

C-atoms small buds big buds rose flower
C., 0.55 0.6 0.7
C.2 04 0.8 10
C, 14 traces 0.5
cu 3.0 31 37
C5 13 traces 05
c;6* 10N

Clb 171 20.7 214
C, traces traces 0.2
c 18.0 22.3 20.7
CB 10.3 17.9 22.0
n. — — traces
Ci 4.

¢, 111 153 155
(0] traces 0.8 13
c 2.3

Cj 91 13.3 10.3
c4 3.3 - -
C4 31 5.2 2.2
(o7 [) traces — —
C6 traces traces

« Unsaturated acids with the corresponding number of car-
bon atoms are designated with c

These results show that w-fatty acids with even and odd number of
carbon atoms in the C10-CZrange are contained in the waxes from small
and big buds and from rose flower. The odd-numbered acids are present in
insignificant amounts. Cle and Ci8are prevalent among the even-numbered
acids. Yet, while in both kinds of buds the amount of stearic acid is lower
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Table X111

Gas-liquid Chromatography of Methyl Esters
of the Free Acids in Rose Bud
and Rose Flower Waxes of the Same Origin

Rose buds Rose flower
Number of Calculated for Calculated for
C-atoms
free acids, wax, free acids, wax,
% % % %

1 2 3 4 5
G3 16 0.067 0.1 0.004
X* 0.3 0.013 traces traces
X, 1.6 0.067 0.6 0.022
(03} 4.0 0.166 3.3 0.123
X, 13 0.054 13 0.048
Xt 14 0.058 0.6 0.022
X5 1.6 0.067 18 0.067
C10. 35 0.146 4.3 0.160
X6* 18 0.075 0.1 0.004
X, 0.5 0.021 0.9 0.034
X8 0.8 0.033 18 0.067
Cu. 2.6 0.108 44 0.164
X* 0.2 0.008 01 0.004
X10 0.8 0.033 13 0.048
CIr 14 0.058 2.7 0.100
X U — i — 0.6 0.022
C3 0.8 0.033 13 0.048
C'* 0.4 0.017 0.6 0.022
dt 0.7 0.029 11 0.041
cu 0.6 0.025 0.9 0.034
Clh 0.5 0.021 0.9 0.034
Ch 0.2 0.008 traces traces
X2 0.3 0.013 0.3 0.011
Cl6 217 0.903 235 0.874
C,.. 11 0.046 0.7 0.026
C, 0.6 0.025 0.6 0.022
(0413} 35.3 1.469 26.3 0.978
CIg 1.7 0.320 0.8 0.365
X3 1.3 0.054 —

C,, 0.7 0.029 0.7 0.026
. 0.8 0.033 0.9 0.034
Q) 11 0.046 24 0.089
. 0.4 0.017 0.4 0.015
car 0.2 0.008 0.6 0.022
c2 0.5 0.021 — —
(024 0.6 0.025 2.4 0.089
CM 0.2 0.008 0.3 0.011
M 0.2 0.008 11 0.041
(023} 0.1 0.004 traces traces
0.1 0.004 0.3 0.011

 Peaks of unidentified acids, presumably_those having an iso struc-
ture, are marked by X and the corresponding index.
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than that of palmitic acid, in the case of rose flower this relation is reversed.
Several unsaturated acids (marked by C' in Table XI) are present chiefly
in the wax from small buds, where their total amount is 38.7%. Only C8is
represented in a considerable amount in the wax from big buds and rose
flower. The changes in the ratios of the unsaturated acids Cle and Ci8 to
their corresponding saturated analogues in the samples of all three waxes is
likewise of interest. The amount of Cie is smaller than that of Cie, while
the amount of C(8 is greater than that of Ci8in the wax from small buds.
Of the unsaturated acids, only C(8 remains in the samples of big buds and
rose flower, its content still being higher than that of Ci8in the rose flower
sample. These results give grounds to assume that a transformation from
unsaturated into saturated acids occurs during the development of the bud
into flower, and the latter are esterified at the same time.

The free acids of the waxes from small buds and from rose flower (col-
lected from the same bushes) have been isolated by means of ion-exchange
resin. Thin-layer chromatography of the methyl esters on silica gel and
silica gel/silver nitrate, as well as the IR spectra, indicate the presence of
saturated and unsaturated acids. The results of gas-liquid chromatography
of their methyl esters on a non-polar phase (SE-30) at programmed tempera-
ture are presented in Table XII. Gas-liquid chromatography of the sam-
ples on a polar phase (PEGS), as well as chromatography of a sample of the
methyl esters of the free acids from rose wax prior to and after hydroge-
nation (Fig. 5) indicated that the acid, marked as Clg. in the Table, was
actually a mixture of three unsaturated Ci8acids: oleic, linoleic and linolenic
(Table XIII).

Table X111

Contents of Oleic, Linoleic and Linolenic Acids in Ci18*
Unsaturated Acid

Rose buds Rose flowers
Number of Calculated for Calculated for
C-atom s
C, wax, Cl8, wax,
% 5% % 1 '8
CIS, | 3.6 0.053 6.3 0.062
Ci82 63.2 0.928 46.2 0.456
C183 33.2 0.488 47.1 0.461

* Cigj is the sum of Ci8unsaturated acids
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Fig. 5. Gas-liquid chromatography of unhydrogenated (A) and hydrogenated (H)
sample from rose flower wax

The results obtained from a comparative study of the free acids in the
waxes from rose buds and rose flower show that the free acids in these
waxes do not differ in their qualitative compositions. Both saturated and
unsaturated acids are present in homologous series in the CgC2Zrange with
even and odd numbers of carbon atoms. The total amount of unsaturated
acids in the wax from rose buds is 51.8% in relation to the acid mixture
and 2.18% in relation to the wax, while that of the saturated ones is 35.4%
and 1.49%, respectively. The total amount of unsaturated acids in the wax
from rose flower is 43.7% calculated for the acid mixture and 1.63% in
relation to the wax, while that of the saturated ones is 45.9% and 1.71%,
respectively. Hence, a transformation of unsaturated free acids into satu-
rated ones occurs during the development of the bud into a flower. The C18
unsaturated acids are prevalent in both waxes. Their amount is higher in
wax from buds, 35.3% in relation to the acid mixture, and 1-47% in relation
to wax, while in the wax from rose flower, it is 26.3% of the acid mixture or
0.98% calculated for the wax. Of the saturated acids, the highest is the
amount of palmitic acid in both waxes. I1ts amount remains almost permanent
in both waxes.
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A comparison of the results obtained for the free acids in waxes from
buds and from flower (Table XII) with those of the ester-bound acids in
the same waxes (Table XI) shows that the same acids are present as free
and as ester-bound ones. There are differences, however, in a quantitative
respect. Thus, the content of free unsaturated acids in the wax from rose
buds in relation to the acid mixture is 51.8%, and that of the ester-bound
unsaturated ones 38.7%. The content of free unsaturated acids in the wax
from rose flower is 43.7%, while that of ester-bound unsaturated acids is
20.7%. It follows from this comparison that during the development of
buds into flowers, the unsaturated acids remain mainly in the free state. On
the other hand, it is further seen that the saturated acids C18 C20, C2and
C2undergo a transformation chiefly into esters during the development of
the buds into flowers. For instance, stearic acid in the free state in waxes
from rose buds and rose flowers, is 7.7% and 9.8%, respectively, whereas it
occurs eeterified in the same waxes in 10.3% and 22%, respectively. The
C2 saturated acid as a free acid in rose buds and rose flower represents 1.1
and 2.4%, respectively, and in ester form 11.1% and 15.5%.

It should be noted that the acids in rose flower wax (free and ester-bound
ones) have also been studied by Wollrab [52]. There is a very significant
difference, however, in the results obtained by him and those established by
us. The most important difference consists in the fact that he did not find
unsaturated acids in the wax studied by him. In our opinion, the main
reason for this must lie in the initial material. We worked with a wax
from Bulgarian rose flower concrete, which we personally isolated from the
plant material picked by us while Wollrab studied a wax supplied to him
by a factory in the GDR. In his paper, quoted above, he writes in a foot-
note: “1 am indebted to Dr. E. Adler, Chemische Fabrik Miltitz, GDR, for a
gift of the sample analyzed here”. Another reason could be found in the
fact that he used a different procedure for the isolation of the acids, whereby
the unsaturated acids were probably polymerized to resin-like products, as
mentioned in his paper.

Before the advent of up-to-date chromatographic methods for the identi-
fication of fatty acids, it was claimed that only acids with an even nimber
of carbon atoms were present in natural products. It was gas-liquid chroma-
tography which made it possible to establish reliably that natural products,
inchiding plantwaxes, actually contain homologous series of normal saturated
acids with even and odd numbers of carbon atoms, those with even number
being dominant. As an exception, the presence of Ci5 fatty acid has been
established as a dominant one in Brassica oleracea so far.
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4. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN FATTY ALCOHOLS

In most plant waxes the alcohols, both free and bound as esters, are
normal saturated primary alcohols in the range and possess mainly
an even number of carbon atoms. It is also known that in addition to the
primary alcohols, also straight-chain higher secondary alcohols are found
in plant waxes, in the free state exclusively, but chiefly with an odd number
of carbon atoms. The latter are either symmetric or asymmetric. There are
also data on primary alcohols with branched chain, mainly iso and anteiso
compounds [53].

Studies on the composition of alcohols in rose flower wax likewise were
carried out by Prophete for the first time [24]. Using classic methods, he
believed he had established the presence of a pseudoceryl alcohol and he gave
only the molecular formula of two others.

Our first investigations [54] on the composition of higher alcohols in rose
flower wax were done with a wax supplied by the Bulgarska Roza Enter-
prise. It was the same wax with which also the first studies on the hydro-
carbon composition were carried out. The investigation dealt with the total
alcohols of the wax (both free and ester-bound). Firstly, the free acids were
removed, and the neutral wax was saponified. The alcohols, contained in
the unsaponifiables, were isolated by column chromatography on aluminium
oxide. The higher fatty alcohols were obtained in the form of a solid, colour-
less mass, fatty to touch, m.p. 62-68°C. An attempt was made at identify-
ing these alcohols by paper chromatography of their xanthogenates, yet
preliminary comparative experiments indicated that this method was suit-
able for lower alcohols only. The results, presented in Table XIV, were
obtained by oxidation of the alcohols according to Bashkirev et al. [55] and

Table X1V

Paper Chromatography of the Acids Obtained
by Oxidation of the Alcohols in Rose Flower Wax

Standards lif Sgt%s(}fwe P,
CIHMCOOH 0.73 1st spot 0.72
CIH3,COOH 0.65 2nd spot 0.66
C2IH13COOH 0.58 3rd spot 0.59
CraH41COOH 0.52 4th spot 0.53
CHEICOOH i 045 5th spot 0.45

GijHjiCOOH 039  6th spot 0.39
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identification of the acids with the aid of paper chromatography by the

method of Kaufmann and Das [56]. o
These first results for alcohols In rose flower wax called for a revision,

since they were only of a qualitative character. Later on we developed fur-
ther our initial investigations, carrying out a simultaneous comparative
study of the long-chain alcohols in the buds and flower [57], as this was done
in the cases of the hydrocarbons and acids in the same waxes.

Moreover, we already possessed indications based on IR spectral data

that free alcohols, both primary and secondary, were contained in rose
flower wax [33]. The detection of secondary alcohols in plant waxes was of
interest also from the point of view of their biogenesis.

The total primary and secondary alcohols from rose buds and rose flower
were isolated by column chromatography on aluminium oxide of the unsapon-
ifiables of the respective wax and subsequent elution with solvents of
increasing polarity. The secondary alcohols were eluted with benzene/ether
97 : 3 and in thin-layer chromatography on silica gel/gypsum they gave a
spot with an Rj value higher than that of the standard primary alcohol.
The IR spectra showed maxima at 1100 cm-1 and 3640 cm-1. The primary
alcohols were eluted very loosely by a gradient elution with benzene/ether,
chiefly at higher ether contents. They were isolated in the pure state by
means of preparative thin-layer chromatography on silica gel/gypsum with
chloroform as a solvent. The purified product had an R/ value similar to that
of an octadecan-I-ol standard. The IR spectrum had maxima at 1050 cm-1
and 3640 cm "L Samples of the unsaponifiable wax from rose buds and rose
flower were chromatographed in a similar manner after removal of the free
acids from the wax, using the ion-exchange resin Wofatit SBW in order
to isolate the free primary and secondary alcohols.

As it has been known for a long time that higher primary alcohols are
components of the esters in waxes, it was of interest to examine whether
the secondary alcohols in the wax from rose buds and rose flower also partic-
ipated in the composition of esters. For this purpose a pure ester fraction,
isolated by column chromatography of the neutral wax from rose buds
and rose flower, was saponified. It was shown by means of thin-layer
chromatography that the alcohols isolated from the unsaponifiables were
only primary. Using thin-layer chromatography on silica gel impregnated
with silver nitrate, with chloroform as the solvent, it was shown that the
isolated total primary alcohols, free primary alcohols and secondary alcohols
were saturated. To determine the individual composition of the isolated
alcohol fractions (total, free primary and secondary) from rose buds and
rose flower by gas-liquid chromatography, they were each transformed into
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paraffins. The reduction was effected according to Downing etal. [58]: reduc-
tion of the iodides with lithium aluminium hydride. The results of the gas-
liquid chromatography under programmed temperature of the paraffins,
obtained by the reduction of the corresponding alcohol fractions, are pre-
sented in Table XV. On the basis of these results, the distribution curves of

Table XV
Composition of the Alcohols in Rose Buds and Rose Flower Waxes, %

Total mixture of Free primary alcohols Free secondary alcohols
Number of primary alcohols
C-atoms Rose bud  Rose flower Rose bud  Rose flower  Rose bud ]I_ Rose flower

wax wax wax wax wax | wax
cu — — 04 — 0.1 —
Ch — 0.1 0.1 — 0.1 0.1
Cle — 0.1 0.1 — 0.1 0.4
C, 04 0.3 0.1 0.6 0.1 10
CBB 0.3 14 04 0.2 0.1 0.8
Cco 0.2 1.0 0.5 0.3 0.1 12
(020] 6.8 21.8 17 31 0.6 12
0zl 16 2.6 31 0.5 15 2.2
c2 14.8 116 8.9 15.8 38 39
2.7 25 59 14 5.4 4.0
(o7} 20.9 26.9 139 18.2 6.2 49
(023 2.9 2.1 8.5 6.4 6.3 4.6
(023) 15.6 12.0 144 155 5.7 49
Car 3.7 18 9.4 39 7.2 5.2
C3B 143 8.6 139 20.2 5.0 4.7
C* 34 14 6.0 11 2.9 5.2
(6<0] 8.5 18 7.5 7.1 15 34
o 0.9 — — — — N
i 1.0 35 2.7 33 52.5 50.0
(0% 18 14 19 19 0.1 0.3
C3B traces traces 04 — 0.7 18
av — — 02 — =] -

the total primary alcohols in waxes from rose buds and rose flower, as well
as those of the free primary alcohols in the same waxes have been plotted
(Fig. 6).

It is seen from the distribution curves of the total primary alcohols that
during the development of the bud into a flower, the amount of the C0
alcohol increases considerably, while that of C24increases to a lesser degree.
From the fact that their amounts as free alcohols in buds and flowers are
much lower than in the total mixture, it follows'that they are synthesized
intensively during the development, being transformed into esters at the
same time.
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Fig. 6. Distribution curves of free and total primary alcohols in waxes from buds
and flowers

J1-Total primary alcohols in rose bud wax ((1)). Total primary alcohols in rose flower
wax (2

It follows from the distribution curves of the free alcohols that during
the development of the buds into flowers, the amount of the even-numbered
primary alcohols within the C20-C30 range increases, while that of the odd-
numbered ones decreases. In the secondary alcohols, found only in the free
state, a prevalence of the odd-numbered ones is observed only above CY-
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Fig. 6. iS-b'revt primary alcohols in rose bud wax (1). Free primary alcohols in rose
flower wax (2)

The amount of CaL is remarkably high. The amount of secondary alcohols
in buds in the C15C2 range is smaller than that in the rose flower, while
in the C"-Cag range it is bigger and increases abruptly both in the buds
and in the flower at C3L These data on the secondary alcohols and the fact
that they are present only in the free state in rose buds and rose flower, may
be interpreted as an indication that they play a considerable part in the
biogenetic transformations of the straight-chain components of the wax:
they are continuously synthesized and continuously transformed into other
components.

Our further studies resulted in the establishment of the presence also of
unsaturated secondary alcohols in rose flower wax [59]. In the column
chromatography of the unsaponified was, followed by thin-layer chromatog-
raphy, in the ether fraction we observed, in addition to the spots for the

16 a.D.c.
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primary and secondary alcohols, still another spot, located in between them.
The latter was isolated by preparative thin-layer chromatography. Its IR
spectrum had a maximum corresponding to a secondary hydroxyl group
(1100 cm-1 and 3640 cm-1), as well as a maximum due to a double bond
at 1640 cm-1. The ratio of the methyl and methylene groups at 1380 cm-1
and 1470 cm-1 was typical for compounds with a long straight chain.

The mass spectrum revealed the presence of a homologous series of unsatu-
rated secondary alcohols in the CI8C3lrange (Table XVI).

Table XV

Mass Spectral Data of Unsaturated
Alcohols in Rose Flower Wax

Number ol M+ M-H.0 M—111
C-atoms
19 0.2 11 0.5
20 0.2 10 05
21 0.3 16 21
22 0.2 1.0 2.0
23 15 5.0 15
24 1.0 13 13
25 0.3 1.0 12
26 0.3 0.8 0.9
27 0.3 1.0 0.3
28 0.6 2.3 0.6
29 0.5 2.5 0.6
30 — 0.3 0.1
31 10 12.0 65.0

The main features in the spectra of these compounds are oxygen-contain-
ing ions, obtained as a result of the fragmentation of the /3-bond in relation
to the oxygen atom, and the ions corresponding to (M—H20)+ [79]. The
member C3Lis present in the largest amount, while the rest occurs in insignif-
icant quantities. The ions 339+ (65% of the base peak) and 141+ (11%)
correspond to the fragmentation of the most abundant member C3l, in
which the hydroxyl group should be in position 9 (Scheme 1).

The very intensive peak at m/e 111 indicates a fragmentation during
which the positive charge of the ion formed is stabilized through resonance;
hence, the most probable position of the double bond in the predominant
member is C-6. This has been confirmed by comparing the mass spectra of
unsaturated and saturated secondary alcohols, isolated from the same wax.
The mass spectrum of the saturated alcohols shows that here also hentria-
contan-9-ol is the predominant member. Owing to the lack of a double
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------ > 14T
HjC—(CH2)2|- -CH- -CHr-CH =CH—(CHib—CHj
(o] mm— > 11>
e L
------ > 143
H3C-(CH2)2| - -CH - -CH2CH 2-CH2(CH24-CH,
o] N J— > 103
cic | —

Scheme 1. Mass-spectral fragmentation of unsaturated and saturated secondary alcohols
from rose flower wax.

bond and the possibility of stabilization by resonance, however, the ratio
of the ions 143+ and 113+, corresponding to the ions 141+ and 111+ of the
predominant unsaturated secondary alcohol, is different. The ion 113+ is
much less abundant than the ion 143+, while the ions 111+ and 141+ are
equally abundant in the spectrum of the unsaturated alcohols.

According to literature data, unsaturated secondary alcohols have not
been found as components of plant waxes so far.

Simultaneously with us, saturated alcohols (primary and secondary) in
Rosa damascena Mill, have been studied by Wollrab [52]. In this case, too,
just like with the hydrocarbons and the acids, there are differences, especially
in the amounts of the individual members, which we ascribe to the same
reasons as mentioned for the hydrocarbons and acids. In certain other data,
however, there is an agreement between our and Wollrab’s results, namely
secondary alcohols are found only in the free state, the secondary alcohol
Catis markedly prevalent and the hydroxyl group is in position 9. Moreover,
the position of the hydroxyl group was demonstrated in a different manner:
Wollrab used a mass spectral study of the ketones obtained by oxidation
ofthe secondary alcohols, whereas we employed direct mass spectral investi-
gation of the secondary alcohols.

5. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN FATTY KETONES

The establishment of carbonyl compounds in waxes is of great importance
because of the interest attached to the biogenesis of plant wax components,
and the biogenesis of normal hydrocarbons in particular. As shown, the
latter are contained in a considerable amount in the wax of the Bulgarian
oil-bearing rose.

16*
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According to literature data, palmitone has been found in the wax from
Sandalum album [60]. Nonacosan-15-one has been isolated from the leaves
of Brassica oleracea [61]. According to Kreger [62], the presence of asym-
metrical ketones has not been reliably established in plant waxes. Later on,
nonacosan-10-one, however, was found in the surface lipids of Brassica
oleracea leaves [63].

The product isolated by us from the benzene-ether and ether fractions
during column chromatography of rose bud and rose flower waxes had, after
recrystallization from alcohol, m.p. 76-77°C [64]. The IR data — strong
absorption at 1720 cm-1 —indicated the presence of ketones. The negative
result of the attempted oxidation of this product with silver oxide, as well
as resistance to saponification confirmed the presence of a ketone.

The ketonic character was also confirmed by the preparation of an oxime,
m.p. 51.8-52.5°C. Its IR spectrum had maxima due to the azomethine
group at 1640 cm-1 and to the hydroxyl group at 3610 cm-1, just like in
the case of the oxime of palmitone.

According to its melting point and that of its oxime, the ketone isolated
by us was close to ginnone, nonacosan-10-one, a ketone obtained from
ginnol (nonacosan-10-ol) found in the wax of Ginkgo biloba L. This prompted
us to carry out a Beckmann rearrangement of the oxime. The amide obtained
had m.p. 82.5-84°C, a value very close to the melting point of the amide
from ginnone. The amide thus obtained was further hydrolyzed. In an
attempt at identifying the acid part by paper chromatography according to
the method of Kaufmann and Nitsch [65], we were surprised to get numerous
spots. With the aid of standards —normal acids with even and odd number
of carbon atoms —the acids L"q Cjg, Cjj,C\, w2m "d CAawere
identified. Also the odd-numbered acids C13and Chwere identified only by
their Revalues (without standards).

NMR spectroscopy demonstrated the presence of ketones with relatively
long alkyl groups. The presence of a methyl group adjacent to the carbonyl
group was excluded.

Since it is impossible to obtain more than two acids by the Beckmann
.rearrangement of the oxime of one ketone, it follows from our first result
that not less than 6 ketones must be contained in the product isolated by us.

Taking into consideration the great significance of the reliable establish-
ment of the presence of a homologous series of ketones in waxes, as well as
the determination of their structures to elucidate the biogenesis of hydro-
carbons in plant waxes (the hypotheses of Chibnall et al. [66] and of
Kreger [62]), we continued our investigations on the composition and struc-
ture of ketones in rose flower wax [62a]. Since direct gas-liquid chromatog-
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raphy of the ketones (which would have yielded the most reliable results
on their individual composition) was not possible at that time because of
the high boiling point (above 400°C), we reduced the ketones to hydro-
carbons and identified them by gas-liquid chromatography. We also carried
out a mass spectral investigation of the ketone mixture. The results of the
gas-liquid chromatography of the hydrocarbons obtained from the reduction
of the ketones are presented in Table XVII.

Table XVII

Gas-liquid Chromatography Data
on the Quantitative Composition
of Ketones in Rose Flower Wax, mole-%

N&mber of Ketones N(Lgmber of Ketones
atoms -atoms

17 0.4 27 6.8
18 0.2 28 2.8
19 34 29 8.3
20 10 30 2.8
21 2.9 31 55.5
22 10 32 2.6
23 2.3 33 32
24 12 34 12
25 2.4 35 0.8
26 22

The results in Table XV 11 show that the wax contains a homologous series
of all the 19 ketones in the C~-C” range with even and odd numbers of
carbon atoms. The ketones with an odd number of carbon atoms, particularly
C3, Cwm, CZ7, COand C33 are present in a considerably greater amount than
those with an even number of carbon atoms. We noticed in the gas-liquid
chromatogram a splitting of the peak C33 and chromatography of a larger
sample of the mixture showed a similar splitting of the peaks Cn, C30 and
C2 This splitting of the peaks can only be caused by the presence of branched
chain hydrocarbons (ketones, originally) containing the same number of
carbon atoms. It cannot be due to the unsaturated hydrocarbons because,
prior to gas-liquid chromatography, the mixture was purified from unsatu-
rated compounds on a silica gel-silver nitrate column.

The data on the mass spectral investigation of the ketones at a low
ionizing energy are presented in Table XV II1. These data confirm the results

obtained by gas-liquid chromatography for the presence of a homologous
series in the range quoted above. As the fragmentation under electron
impact of higher ketones has not been studied so far, we assumed that the
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Table X V 111

Mass Spectral Data of Ketones of Rose Flower Wax

Number of (M—15)+ Structure of carbon
C-atoms chain

17 0 Normal

18 31 Branched and normal
19 3.9 Branched and normal
20 19 Branched and normal
~ 0 Normal

22 35 Branched «md normal
23 0 Normal

24 18 Branched and normal
25 6.2 Branched and normal
'26 14.3 Branched and normal
27 34 Branched and normal
28 1.4 Branched and normal
29 0 Normal

30 6.2 Branched and normal
31 0 Normal

32 320 Mainly branched

ketones would behave similarly to higher paraffins [28]. It has been shown
that paraffins with a straight chain give a very intensive molecular peak,
+

while the peak (M—15)+ is lacking and the relationship----l-\_h-_;----is
close to zero. When a methyl group is present as a side chain, the ratio of
(yi__i5)+

the abundances —"M-l_""is about 3. When two and more methyl groups

are present, this ratio is higher. For five of the ketor.es studied by us

(Table XV11I) this ratio is zero, so that we can assume that the ketones C17,

C~.C33.C* and C3Lhave a normal chain and are not admixecigslith branched-
+

chain ketones. For all the other ketones the ratio-----Tl\-/I;---- is greater

than zero, an indication for the presence of ketones with side chain methyl

groups. Moreover, the percentage of branched chain ketones appears to be

considerable.
: e i5)+ . :
The high ratio----- I—\;I—J;————=32 for the ketone C2 shows with certainty

that its main component is the branched chain ketone, probably containing
a quaternary carbon atom.

In continuation of our investigations we made a comparative study of
the ketones in waxes from rose buds and rose flower [67]. The gas chromato-
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graphic data on the individual composition of the hydrocarbons obtained
from the hydrogenation of the ketones in both waxes, as well as data from
the mass spectral study of the ketones carried out with a high ionizing
energy, indicated that there occurred no considerable changes in the quali-
tative and quantitative compositions of the ketones during the development
of the bud into flower. The main component is CIOH&CO (molecular weight
450). The mass spectral data show that it is not n-hentriacontan-16-one
(palmitone), but an isomer with a different position for the carbonyl group.
According to Beynon et al. [68], for asymmetrical ketones a stronger inter-
molecular reaction M+ -f H is more characteristic than for symmetrical
ketones. In point of fact, the ratio M/M -f 1 for palmitone is 3, while in
the case of our ketone, this ratio is 2.66.

To determine the position of the carbonyl group, the peaks for a- and B-
splitting were sought. While in palmitone a-splitting produced a maximum
at m/e 239 (the transition 450 —239 was confirmed by a metastable peak
with m/e 127.5), in our case this peak was absent, while at the same time
peaks with m/e 337 and mje 141 (the transition 450 337 was confirmed
by the metastable peak 252.2) were present. This a-splitting may only be ex-
plained by the followirg structure of the ketone studied: C8H 7- CO—C/ HA.
Actually, peaks with m/e 113 (C8H 1) and with m/e 309 (CjjHy are found
in the spectrum, which also are due to the a-splitting.

The /~-splitting likewise confirms this structure. There are peaks at m/e
352 and m/e 156 in the spectrum, while in the case of palmitone, this splitting
leads to a fragment with m/e 254. The two carbon chains are normal, which
follows from the slight intensity of the peaks (M+ —15) and (M+—29) as
compared with the molecular peak. The weak peaks at m/e 239 (a-splitting)
and m/e 254 (“-splitting) allow the assumption that the ketone mixture
studied contains about 1- 2% palmitone.

The mass spectral data at high ionizing energy confirm that in the cases
of mixtures consisting of normal and branched-chain ketones, the latter
contain a methyl group as a side chain. Moreover, these data now indicate
more definitely that the branched ketones C30, cw, CZ7and Cz2 contain this
group in the C-2 position (isopropyl group). The mass spectral study again
confirmed that the Cketone is most markedly branched.

The presence of asymmetric ketones in plant waxes was reliably con-
firmed by our investigations on the structure of the ketones in rose flower
wax. Moreover, ketones with a branched chain were found for the first time.
A comparison of our results of the individual composition of the unsatu-
rated secondary alcohols, saturated secondary alcohols and ketones (Tables
XV, XVI and XVII) in rose flower wax indicate that members with an
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odd number of carbon atoms are the dominant ones in all three homologous
series. In addition, the homologue C3L is present markedly in the largest
amount in all three homologous series. Moreover, the mass spectral investi-
gations of the position of the functional group demonstrate that it is in the
prevalent unsaturated secondary alcohol, in the corresponding saturated
alcohol, as well as in the ketone, equally in position 9. This gives us serious
grounds to consider that a biogenetic relationship is possible between these
compounds. Our results from the studies of the ketones, and especially the
lack of ketones with a CO-group in position 2, are in disagreement with the
scheme of Kreger [69] for the formation of ketone in plant waxes by
co-oxidation of palmitone, followed by /3-oxidation, decarboxylation and
reduction.

A comparison of the position of the functional group in the homologous
series mentioned above with the position of the double bond in linoleic acid,
which is contained in the same wax in a considerable amount (Table XI11),
permits the suggestion that the latter may be a precursor in their forma-

tion (Scheme 2).
HOOC-(CH2)7-CH=CH—CH2—CH=CH—CH24-CHj

CH3-(CH2)2-CH-CH2CH=CH-(CH24—CH3
OH

HC—(CH)3—CH—€ H 2—CH2-€H2{CH24-CHj
OH

HsC— (H)2Z-e—COHP- CH2 CH 2+€H)4-CHs

0

Scheme 2. Comparison of the structures of the predominant unsaturated secondary
alcohol, saturated secondary alcohol afnlql keltpne f_:jom rose flower wax with the structure
of linoleic acid.

6. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN FATTY DIOLS

Thin-layer chromatography of benzene-alcoholic and alcoholic eluates
from column chromatography of unsaponified rose flower wax revealed spots
which corresponded to substances more polar than the primary alcohols
detected in the wax so far. One of them had the same R/ value as that of
higher aliphatic glycols obtained by the oxidation of olefins from rose flower
with performic acid and subsequent hydrolysis. This substance was isolated
by preparative thin-layer chromatography [70].
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Cas

Fig. 7. Gas-liquid chromatography of paraffins obtained by the reduction of glycols

After recrystallization, the compound melted at 71-72°C. Its IR spectrum
showed maxima due to a secondary hydroxyl group at 1100 cm-1 and
3640 cm-1, as well as an intensive band corresponding to hydrogen bonds
in the region 3200-3500 cm-1, indicating diol groups. The NMR spectrum
of this fraction had signals for CH3protons at 0.9 § a CH2signal centred at
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1.3 6, CHOCHOW (m) at 1.4 6, UH (s, br, 2H) at 2.1 6 and CHOH (ni 2H) at
3.45 6. The NMR spectrum of the acetyl derivative showed signals for CH3
(tr, J = 6.5 Hz) at 0.85 Q CH2 at 1.28 Q CHXTHOAc (m) at 1.47 Q OAc
(2s, 6H) at 2.05 Sand 2.06 Oand CHOAC at 5.02 6 (m, 2H).

Gas-liquid chromatography of the hydrocarbons obtained by reduction
of the glycols according to Downing et al. [71] has shown that a homologous
series of diols is present in which, just like in the case of hydrocarbons, the
odd-numbered members are prevalent in the C13C3interval (Fig. 7).

The mass spectrum of the fraction confirmed the presence of a homologous
series of straight-chain diols. The observation by Beynon et al. [68] that the
most intensive ions in the mass spectrum of diols arose from a-cleavage to
the hydroxyl groups served as a basis for its interpretation. The mass spec-
trum also showed hydrocarbon fragments C,H2n+1 and CrH2n 1, as well as

M—18 ions.
The mass spectrum further confirmed that diols with an odd number of

carbon atoms were the major constituents with the diol being predomi-
nant. This fact was established by a comparison of the mass spectrum of
diols with that of their acetyl derivatives. Accurate spectral measurements
at a high resolution of the M+ of the and C3L homologues also showed
that they corresponded to diols (Table XIX).

Table XIX

Mass Spectral Fragments Subjected
to High Resolution Analysis

Experimental Deduced Calculated
m/e mass empirical mass
formula

468 468.4888 C"HNOj 468.4906
440 440.4552 CM"HNQJ 440.4593
440.3615 CIHI8) 440.3654

353 353.3763 CVMHAD 353.3783
334 334.3583 CMH& 334.3599
325 325.3469 CQHA 325.3470

The mass spectrum of the diol fraction was sufficient to deduce the struc-
ture of the predominant  diol. The high abundance of the ions M—115
at m/e 325 (10% of the base peak at m/e 69) and M—87 at m/e 353 (10%)
was an indication for a y-position of the two hydroxyl groups, i.e. the
compound is honacosan-5,8-diol (Scheme 3).
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Scheme 3. Mass spectral fragmentation of nonacosan-5,8-diol.

A further proof of this structure is the ratio of the abundances of the
peaks at m/e 115 (9.7%), 101 (9.7%), 87 (51.6%) and 73 (9.7%), which is
exclusively in favour of the ion 87. Further fragmention of the ions m/e 325
and 353, with a loss of mass 19, results in the ions 306 (10.6%) and 334 (9.7%),
respectively. This pattern of fragmentation is supported by the presence of
metastable peaks at mse 289 and 317 for the transitions 325 306 and
353 -> 334, respectively, and also by the accurate mass measurement of the
ions of mse 353, 334 and 325 (Table X1X). The ion of mse 325 is also derived
from m/e 353 by the loss of m/e 28.

The fact that the mass spectrum gives evidence for the presence of hentria-
contanediol with a 6, 9-position of the hydroxyl group also merits attention
(peaks at mse 339 (M—129, 2.8%) and mse 367 (M—101) ).

The ester fraction isolated by column chromatography from rose flower
wax was saponified in order to establish whether diols were present in an
esterified form. Thin-layer chromatography of the isolated neutral product
did not show the presence of diols.

An investigation of the wax from rose buds was carried out in a similar
manner. It showed that this wax also contained diols. According to the IR,
NMR and mass spectral data, there is no considerable difference in the
qualitative and quantitative compositions of the diols from rose buds or
rose flower, as we have observed in the case of the other components of
these two waxes.

So far no long-chain y-diols have been found in natural waxes of plant
and animal origin and, in general, in natural products. Sturke [72] reported
the isolation of adiol fromaCarnaubawax which was characterized as penta-
cosanediol, but the positions of the hydroxyl groups were not given. Later
on, Murray and Schoenfeld [73] identified Cn, C2and Cwm a, a>-diols in the
same wax. Downing et al. [58] studied in detail the composition of the unsa-
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ponifiable part of wool-, bee- and Carnauba waxes. From all three waxes
fractions of diols were isolated which, according to the authors, were
a, B- in wool wax, a, as- in Carnauba wax, and their type in the bee wax
was not specified. Downing [58] found a, /3-diols in the unsaponifiable part
of Vernix caseosa. Mazliak [75] isolated a fraction of a, a)-diols from the
skin wax of an apple variety. Dodova Angelova and Ivanov [76] identified
a, - and a, co-diols also in the skin wax of certain apple varieties, chiefly as
homologues with an even number of carbon atoms. In 1967 Vulfson etal. [77]
found butane-1,4-diol in lipids from yeast.

It is well known that in plant waxes acids, primary alcohols and aldehydes
are present mainly with an even number of carbon atoms, and the biogenetic
relationship between them has been experimentally proved. Other straight-
chain components of plant waxes, such as hydrocarbons, secondary alcohols
and ketones are present as homologues mainly with an odd number of
carbon atoms and a biogenetic relationship exists between them, too. To
the latter compounds now one should add y-diols. It is interesting that y-
diols, just like secondary saturated and unsaturated alcohols in rose flower
wax, are present only in the free state. The fact that a, 8- and a, co-diols
occur in plant waxes chiefly with an even number of carbon atoms, whereas
the y-diols present have an odd number of carbon atoms, suggests a different
pattern of their biogenesis.

7. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN ALIPHATIC LACTONES

Thin-layer chromatography of an ether fraction from the column chroma-
tography of unsaponified wax showed the presence of two new types of
compounds, which migrated between the primary and secondary aliphatic
long-chain alcohols. One of these new fractions was found to be a homologous
series of unsaturated secondary alcohols [59] (see p. 241). The second unknown
substance was isolated also by means of preparative thin-layer chromatog-
raphy on silica gel-gypsum [78].

The IR spectrum ofthis material showed an absorption band at 1785cm-1,
corresponding to a carbonyl group of a five-membered lactone ring, as well
as a maximum at 1150 cm-1 due to a C—O bond. The ratio of the peaks
for the methyl and methylene groups at 1380 cm-1 and 1470 cm-1 was
typical for straight long-chain compounds.

Signals for the protons of methyl and methylene groups in a straight
chain were present in the NMR spectrum of the substance at 0.8 S and
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1.2 b, respectively. The overlapping triplet and multiplet for protons of the
two CH2groups in the lactone ring were in the range 2.08 Oto 2.56 b. The
multiplet of the CH group of the lactone ring appeared at 4.3 6.

The IR and NMR spectral data have shown that the material isolated
must have the structure of a lactone of a y-hydroxy acid, with a relatively
long aliphatic chain. The mass spectral data presented in Table XX con-
firm this assumption and show the presence ofa homologous series of lactones
with a general formula:

CH3 (CH J1 §:°

where n = 17, 18, 19, 20, 21, 22 and 23. The main fragment was the ion with
a mass of 85 (100% abundance), which is due to the a-cleavage of the lactone
ring. The M—H 2 fragments are typieal of straight chain y-lactones having
more than 3 carbon atoms in the side chain, while the M—2H2 fragments
characterize lactones having more than 6 carbon atoms [79]. Evidence for
the M—18 M—36 transition was the presence of metastable peaks at
rmje 341, 327 and 313, corresponding to the most abundant lactones C2,
CX%and C24 There were also peaks due to the M-C 0 2ions.

Table XX
Mass Spectral Data of Lactones of Bulgarian Rose Wax

C., M % M—H,0 % M—2H,0 % M—85 %
tn 338 0.1 320 0.3 302 0.02 253 0.1
n 352 0.2 334 0.6 316 0.03 267 0.1
Qu 366 3.0 348 11.0 330 3.0 281 05
C™M 380 2.0 362 11.0 344 4.0 295 1.0
CM 3% 6.0 376 39.0 358 120 309 10
C, 408 0.3 390 2.0 372 0.5 323 0.5
do 422 0.2 404 10 386 0.3 357 10

In order to prove whether there is a relationship in the chain lengths of the
lactones represented in larger amounts and the saturated higher fatty acids
isolated from the same wax, a mass spectrum of the acids was taken. Molecu-
lar peaks corresponding to the acids C2, Clv C4, C25, C2% CZ7 and CB were
present, the most abundant being those of he even-numbered acids C24
(9.4% of the base peak) and C2 (1.3%). The peak of the odd-numbered acid
C2 (1.3%) was also abundant. The fact that the most abundant lactones
correspond to the most abundant acids leads to the assumption that there
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exists a direct biogenetic relationship between these two classes of rose wax
components. It is logical to assume that the corresponding hydroxy acids
should also be present in the rose wax.

A comparison between the structures of the predominant members of the
series of unsaturated secondary alcohols [59], saturated secondary alcohols
[57] and ketones [67] found in the rose wax, on the one hand, and the most
abundant lactone, y-hexacosanolactone, on the other, reveals a structural
analogy between them (Scheme 4).

HiC—CH)Z—CH-CH2—CH=CH-(CH24—CH
CH

Hbc —(CH2)21— CH—CH2-C H 2—CH2-(CH2)4s — CH3
OH

HE—CH)2—¢ -CH.—CH—CH2(CH4—CHj

0

HaC—(CH2) 2i — o

Scheme 4. Comparison of the structures of unsaturated secondary alcohols, saturated
secondary alcohols, ketones and lactones from rose flower wax.

So far, lactones have not been found in Rosaceae. However, y-lactones
with a shorter chain have been found in other plants, such as strawberries
[80, 81] and apricots [82].

8. COMPOSITION AND STRUCTURE
OF THE CYCLIC COMPOUNDS

A. Aromatic Compounds: Benzoic Acid and 2-Phenylethanol

When the free acids from rose flower wax, isolated under mild conditions
(by means of 5% NaHCO03 at 50°C), were kept for a long period of time at
room temperature, colourless needles with m.p. 119-120°C appeared on the
surface of the acids. The appearance of crystals and the m.p. led to the sup-
position that the substance could be benzoic acid. Since the presence of
benzoic acid in plant wax was a possibility unexpected by us, we isolated
fresh amounts of free acids by treating the wax with 5% NaHCO03 After
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acidification with HC1, the free acids were extracted with pure ether free of
any aromatic compound.

The fraction of free acids thus isolated was subjected to sublimation and
they yielded a sublimate, having the same m.p. as in the preceding case. The
IR spectrum confirmed the presence of an aromatic acid (maxima at 1700,
1610, 1590, 1500 and 690 cm-1), and the spectrum was found to be fully
identical with that of an authentic sample of benzoic acid; mixed m.p.
determination showed no depression.

According to the references available, the presence of benzoic acid has
not been shown so far in the flower of the oil-bearing rose. Its presence in the
wax, and hence in the concrete from the flowers of the Bulgarian oil-bearing
rose, may be one of the factors in the therapeutic effect of the concrete when
it is used in the production of preparation in dermatology, cosmetics and
stomatology.

In one of our earlier papers on the composition of the acids of the wax
obtained from rose flower, we used paper chromatography in a non-polar
phase [49]. In addition to the spots of the saturated fatty acids, we also
observed a spot which we assumed to be due to Unsaturated hydroxy-
acid.

Later on, by using the possibilities offered by thin-layer chromatography,
we made an attempt to isolate that most polar substance accompanying the
free acids of rose flower wax. For this purpose, we effected the methylation
of a free acid sample with diazomethane. The acids were then subjected to
thin-layer chromatography on silica gel, prior to and after methvlation.

The results indicated that the substance of interest to us had a lower Re-
value than that of hydroxy fatty acids. In addition, while the ~/-values of
the acids changed (after methylation they were close to the front of the
solvent), the substance studied retained its Rf-value.This was the first indica-

tion that it was not an acid.
The IR spectral data showed the presence of a free hydroxyl (maximum at

3640 cm-1), aromatic CH (3040, 3070 and 3090 cm-1), monosubstituted
aromatic ring (maxima at 1610, 1590, 1503, 740 and 705 cm-1), aliphatic
CH (2955 and 2880 cm-1) and aliphatic CH2 (1450 and 1430 cm-1).

The NMR spectrum contained one proton signal at $2.06 (OH); twotrip-
lets at d 2.76 (CH2Ph) and 6 3.74 (CH20H); one singlet at ©7.18 (5 Ph
protons). The results from the IR- and NMR spectra gave us grounds to
suggest that the substance studied should be 2-phenylethanol. This was con-
firmed by a comparison of the IR- and NMR spectra of the compound isolat-
ed with those of authentic 2-phenylethanol, as well as by the data of thin-
-layer chromatography.
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The purity of the chromatographically pure 2-phenyiethanol was checked
by means of gas-liquid chromatography. It showed that 2-phenylethanol
constituted 98.9% of the substance isolated. The two other insignificant
peaks corresponded to citronellal (0.5%) and geraniol (0.6%).

It is known that 2-phenylethanol is contained in the flowers of the oil-bear-
ing rose and it is one of the main components of the absolute from rose
flower concrete, since it is soluble in ethanol. Its presence in rose flower wax,
even though in insignificant amounts (0.57% of the wax) may be explained
by a possible absorption by the other wax components.

B. Polycyclic Compounds

Column chromatography of the unsaponified wax of rose flower, followed
by thin-layer chromatography using various solvent systems also gives
spots indicating the presence of unknown substances, present in insignif-
icant amounts, in addition to the compounds already established in the wax.

In an effort to carry out adetailed study of the rose flower wax, we alsounder-
us as well as by other authors [51]. These results seemed to suggest that the

compounds we isolated had cyclic structure. The positive reactions of the
substances with Liebermann-Burchard or Salkovsky reagents confirmed the
IR data on their cyclic structure.

According to literature data, many steroids and terpenoids have been
isolated from plants so far, but they are found in superficial waxes only on
very rare occasions [83]. Thus the detection of polycyclic compounds in
took the identification of these micro-component substances, taking into
consideration the greater possibilities offered by modern research methods.

In view of the very low contents of the unknown substances, a larger
amount of the wax was treated. The substances in question were present
mainly in the eluates obtained with benzene, benzene-ethanol and ethanol
during column chromatography. By means of preparative thin-layer
chromatography pure substances were isolated. The IR spectra of all of the
isolated substances were recorded in potassium bromide, in carbon tetra-
chloride or in carbon disulfide.

Data of the IR spectra of the isolated products — maxima with low
intensity at 735 cm-1 for methylene groups, more than 4 in a straight chain,
ratio of methyl and methylene groups non-typical of compounds with a
straight chain, in some cases 1: 1, 1.5: 1and 2:1, presence of 5-membered
and 6-membered lactone rings, and the simultaneous presence of several
types of carbonyl groups — came as a surprise, inasmuch as hitherto only
compounds with open chain had been found in the wax of rose flower by
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rose flowers is of great interest. So far only mono- and sesquiterpene com-
pounds have been found in this plant material. Moreover, the therapeutic-
action of rose flower and of the products obtained from it [84] may be
connected with the presence of compounds havim a cyclic structure (tri-
terpene and steroid type).

(i) Pentacyclic dihydroxytriterpenoid. One of the substances isolated, which
was present in relatively larger amount, became the object of our initial
study. Its IR spectrum showed a maximum of weak intensity at 735 cm-1,
1: 1ratio of the methyl and methylene groups, and maxima of weak inten-
sity for adouble bond at 1645 cm-1 and 1012 cm-1. Maxima at 1050 cm-1
and at 3640 cm-1 (in carbon tetrachloride and carbon disulfide) were also
present. The NMR data were typical of polycyclic compounds (e.g. steroids
and triterpenes). The mass spectrum of this compound had M+ = 442,
corresponding to the molecular formula C30H5002 The typical peaks in
the upper part of the spectrum were M+—HZ2D (mle 424), M+—=2HD
(m/e 406), M+-H20-CH3 (me 409), and M+ -2H2D CH3 (m/e 391).
According to all mass spectral data the substance is a pentacyclic dihvdroxy-
triterpenoid, similar to y-taraxasterol or betuline. An indication of its
similarity to betuline-type compounds is the peak for a vinyl double bond
in the IR spectrum (3098 cm-1). The first hydroxyl group is in the cycle
Aor B (possibly in position 3, typical of triterpenes and steroids). An indica-
tion of this are peaks at m\e 207 and m/e 189 (base peak).

lhe second hydroxyl group is at another part of the molecule. It is not
primary because there is no M+-31 peak (M+- CH20H). According to the
high M HZ peak, the hydroxyl group must be secondary or tertiary,
(it) Ursolic acid. In order to isolate one of the more polar substances, we
somewhat modified the method used. The non-saponified wax was dissolved
in light petroleum and the solution repeatedly extracted with methanol.
The residue of the methanolic extract was chromatographed on a silica gel
column. A positive reaction for triterpene compounds was found in the
fractions eluted with benzene—ether (5:1). A chromatographically pure
substance was isolated from them by preparative thin-layer chromatography.
Its A/value coincided with that of standard ursolic and oleanolic acids;
the m.p. (from EtOH) was 286-287°C.

17 x. D.cC.
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The IR data were in agreement with the assumption of a triterpene acid
possessing a double bond and a hydroxyl group in position 3. Mass spectros-
copy indicated a molecular peak at m/e 456, and two main fragments of
m/e 207 (45% abundance) and m/e 248 (100%), resulting from a retro
Diels-Alder fragmentation (Scheme 5), typical of Al2oleanenes and 12
ursenes [86, 87]. lons corresponding to the fragments at m/e 438 (M—H2)
and m/e 423 (M—H2 —CH3) were also present. The ion of m/e 248, after the
loss of mass 45 (COOH), resulted in the ion of m/e 203 (60%) (for 248 —»203,
a metastable peak at m/e 166.5). The very high abundance of the ion of
m/e 203 confirmed the position of the —COOH group at C17[88]. A very
intense peak at m/e 133 was also present, resulting from the ion of m/e 203,
after the loss of mass 70 (for 203 — 133, a metastable peak at 87.5). In



COMPOSITION OF BULGARIAN ROSE FLOWER CONCRETE 259

Scheme 6. Mass spectral fragmentation ofjgns of m/e 203 from ursolic and oleanolic
acids.

Budzikiewicz’s paper [86] the structure of the fragment ion of m/e 70 is
not discussed. Moreover, there are no data on the mass spectral differentia-
tion between ursene and oleanene compounds. In our opinion, the fragment
70 is formed as a result of a transfer of a hydrogen atom from C20, leading
to a stable olefinic structure (Scheme 6). A fragmentation of this type in
the case of oleanolic acid would lead to an unstable cyclopropane ion with
a mass of 70, due to the presence of a quaternary carbon atom in the E
ring. The difference in the stabilization of fragment 70 should lead to a
considerable difference in the abundance of the ion of m/e 133 in the case
of ursolic acid and oleanolic acid. The mass spectra of standard ursolic and
oleanolic acids confirmed the correctness of our assumption. There is no ion
of m/e 70 in the spectrum of oleanolic acid. The fragment 133 is much more
abundant in the case of ursolic acid (53%) than in that of oleanolic acid
(20%). Conversely, the ion 203 is more abundant in the mass spectrum
of oleanolic acid (85%) in comparison with the same ion from ursolic acid
(60%). In addition, the more abundant ion of m/e 133 in the case of ursolic
acid corresponded to the more abundant 119 ion. The mass spectrum of the
substance isolated from rose flower concrete, fully coincided with that of
authentic ursolic acid. This was also confirmed by the NMR data. In the
NMR spectrum in CDC13 of ursolic acid and of our product the signal of
the protons of the methyl groups of C8 and C30 at b 0.85 was a doublet,
while the same signal in the NMR spectrum of oleanolic acid was a singlet.

The presence of ursolic acid has not been established in rose flowers
heretofore. Zimmermann [89] found this acid in the leaves of certain other
species of Rosaceae. The presence of ursolic acid in the flower of the oil-

17>
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bearing rose (Kosa damascena Mill.) may be of significance in elucidating
the active principle of this rose and of the products obtained from it.

We believe that the considerable difference in the abundance of the

fragments 133, 203 and 70 in the mass spectra of ursolic acid and olean™ic
acid, established by us, can be used for their mass epecu» linerentiation.
This may be of great importance in cases where only a very small amount
of the product studied is available and identification by other techniques is
impossible.
(in) Callitrisic acid and sterols [90]. Thin-layer chromatograms of benzene
and benzene-ether fractions obtained by column chromatography of rose
flower wax showed the presence of spots of unknown substances with posi-
tive Liebermann-Burchard reaction. One of them was isolated from the
benzene-ether fraction. According to its Rj value, it was situated between
the spots of references of betuline and ursolic acid. The IR spectra showed,
besides the maxima for CH3 and CH2 groups in a ratio inherent to cyclic
terpenoids, the presence of a trisubstituted benzene ring (710, 760, 830,
1510, 1610 cm-1, also 3000-3100 cm-1), carboxyl group (1710 cm-1, also
2400-2800 cm-1) and hydroxyl group (3200-3600 cm-1). The mass spectra
showed M+ of m/e 300. High resolution measurement gave the formula
C2Hjoo 2 Among all the compounds having this formula, dehydroabietic
acid and callitrisic (4-epidehydroabietic) acid are the only ones in accordance
with the IR data of the isolated substance.

A mass spectral investigation of diterpenes of the type of podocarpa-
8,11,13-trienoic acid (in ester form), carried out by Enzel and Wahlberg [91]
showed a difference between the mass spectra of dehydroabietic and 4-epide-
hydroabietic acids. It appeared mainly in the abundances of the ions M—15
(m/e 285). In the case of 4-epidehydroabietic acid, this ion is nearly as abun-
dant as the base peak at 239 (100%), whereas in the mass spectrum of dehydro-
abietic acid the same ion (M -15) is only 20%. Enzel and Wahlberg, however,
do not discuss the question of the possible mass spectral differentiation of
these two acids on the basis of the difference in the abundances of the ion
M—15 (m/e 285). We suggest that this difference can be used to establish
the configuration at C4 of the diterpene acids of unkown stereochemistry.
The intense loss of a methyl group at C10 in the case of compounds with
axial COOH (as 4-epidehydroabietic acid) is probably caused by a partial
compensation of the resulting positive ion at C10 by the carbonyl group of
the COOH. According to the Dreiding model of 4-epidehydroabietic acid,
the distance between the carbonyl group of the COOH at C4and the methyl
group at C10 is equal to the C—€ bond length. It allows the mentioned
compensation of the positive charge. In the case of the equatorial acid



COMPOSITION OP BULGARIAN ROSE FLOWER CONCRETE 261

(as dehydroabietic acid) that distance is greater, and no compensation can
be expected.

The pattern of fragmentation (Scheme 7) thus fully coincides with the
structure of 4-epidehydroabietic acid. This pattern is proved by high resolu-
tion measurement and by the presence of metastable peaks, confirming
each of the transitions mentioned below:

for M+ 300 85 m* at m/e 270.3
for M+ 285 —839 m* at m/e 200.3
for M+ 239 97 m* at m/e 162.3.

me 197(41%)

Scheme 7. Mass spectral fragmentation of callitrisic acid.

The high resolution measurement data enabled us to explain the origin
ofthe ion with m/e 197 and thus to expand the scheme proposed.

Callitrisic acid was established as a natural product by Carman and
Deeth [92] as a component of the resins of Callitris collumelaris. It was
found in the resins of other Callitris species by Gough [93] and by Ghuah
and Ward [94]. Up to now, callitrisic acid has not been found in Rosaceae.



262 B. STOIANOVA-IV.4NOVA

From a biogenetic point of view, the presence of a.diterpenic compound
(callitrisic acid) in the Bulgarian rose concrete is not so unexpected, since
monoterpene [18] and triterpene [85] compounds have been found so far.

Another substance unknown up to now to occur in Rosaceae was isolated
by means of thin-layer chromatography from the benzene fraction of the
rose wax. It showed positive Liebermann-Burchard reaction. In compara-
tive thin-layer chromatography its R/ value coincided with that of ~-sito-
sterol used as reference. The IR spectrum had the characteristic maxima
for [3sitosterol. The NMR spectrum contained the methylene eminence,
characteristic of sterols, signals for CH3at 0.6 b, 0.77 band 0.92 b, a multiplet
for CH—OH centred at 3.4 b (axial OH group) and signals for CH=CH
and >C=CH in the 5-5.25 6 region. Gas-liquid chromatography showed
the presence of three sterols: /3-sitosterol (62.3%), stigmasterol (29.1%) and
an admixture of an unidentified sterol which, according to its retention
time, might be campesterol. After silylation, the gas-liquid chromatogram
showed no change either in the percentage or in the retention time.

Since the presence of sterols in the oil-bearing rose concrete, and in
Rosaceae in general, was stated for the first time, it was interesting to estab-
lish whether there are sterols occurring in an ester form as well. The ester
fraction of the rose absolute was isolated by means of column chromatogra-
phy and thin-layer chromatography. The fraction gave a positive Lieber-
mann-Burchard reaction. After saponification, thin-layer chromatography
ofthe neutral part showed the presence of sterols and primary fatty alcohols.
In the acid part, terpene acids were detected (ursolic and callitrisic acids
mainly).

/S-Sitosterol and stigmasterol occur frequently in plants, but they are
rarely found in superficial waxes [83]. Their presence in rose flower concrete,
as well as that of other polycyclic compounds established by us, could be
of importance for the elucidation of the physiological activity of the oil-
bearing rose and of the products obtained from it [95]. It is noteworthy
that dehydroabietic acid, an epimer of callitrisic acid, has an antinicotinic
activity [96].

Thus far only mono- and sesquiterpene compounds have been found in
Bulgarian rose flower concrete. The results obtained by us have shown for
the first time that it contains also di- and triterpene compounds, although
only as micro-components.

As the summarized result of our investigation on the wax from rose
flower, the presence of the following cyclic compounds has been established:
benzoic acid, 2-phenylethanol, ursolic acid, callitrisic acid, a pentacyclic
dihydroxytriterpene of betuline type, /3-sitosterol and stigmasterol.
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IV. COMPOSITION
OF ABSOLUTE FROM ROSE FLOWER CONCRETE
AND THE STRUCTURES OF ITS COMPONENTS

1. GENERAL CHARACTERIZATION OF THE ABSOLUTE

The composition of absolute from Bulgarian rose flower concrete has not
been investigated in detail so far. The same applies to the composition of
the absolute produced in Morocco in significant amounts in the past few
years. An industry of products from roses has been developing in that
country, using a rose supposed to be also Rose damascena Mill., which has
undergone an evolution under the effect of the special local climatic condi-
tions [97].

The only data in the literature on the absolute from the Bulgarian oil-
bearing rose refer to some of its physical constants [98]. According to these
data, it represents a viscous liquid of a green-brown colour. It has a strong
fragrance, typical of the rose, which is mild and more permanent than that
of the rose oil produced by hydrodistillation.

Specific gravity 0.9682-0.9916
Optical rotation -f-9°40'—f-14°25'
Refractive index 1.50633-1.51566
Acid number 3.5-11.2
Ester number 19.6-30.9
Ester number after acetylation 211.9-243.2
(acetylation number)
Total alcohols as geraniol 69.3-81.8%

As can be seen, the absolute from the Bulgarian oil-bearing rose is dextro-
rotatory, whereas the rose oil produced by means of steam distillation is
laevo-rotatory. The substances causing dextro-rotation are obviously non-
volatile with steam, because when an absolute is distilled by steam a laevo-
rotatory distillate is obtained (—0°54' to —2°42".

It is rather logical to expect that the chemical composition of the absolute,
not studied methodically so far, should be close to that of rose oil, on whose
composition extensive investigations have been carried out. According to
data published by Gildemeister and Hoffmann [4], Bulgarian rose oil con-
tains the following components: ethanol, 2-phenylethanol, geraniol, nonyl-
aldehyde, carvone, farnesol and aliphatic hydrocarbons (8- 10%). It was
reported that the hydrocarbons C17 Cle, CD and C2L[11, 12], as well as the
unsaturated hydrocarbon eicosene-10 [13] are also present in the stearoptene
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from rose oil. It has been established that rose oil also contains acetaldehyde,
salicylaldehyde, propylaldehyde, citral, cinnamaldehyde and phenylacetal-
dehyde [14, 15]. Later on, the composition of rose oil stearoptene was de-
fined more accurately [47, 99]. It was found that the saturated hydrocar-
bons were in the Cl4to CBrange, C19being prevalent, while the unsaturated
olefinic hydrocarbons were in the CI5to C2 range, with CB9 as the pre-
dominant one. Traces of methanol and nonyl alcohol were also present in
rose oil, aswell as traces of acetic acid and valeric acid, both free and bound
as esters [16].

In 1959 a new component of a cyclic structure, named “rose oxide”, was
isolated from Bulgarian rose oil. 1t possessed a specific rose odour. Initially,
a structure with a tetrahydrofuran ring was ascribed to it, but later on
it was found that it was (methyl-2-propen-I)-yl-2-methyl-4-tetrahydro-
pyran.

Being very important in contributing to the rose odour, great interest
has been attached to its synthetic preparation [100, 101, 102]. In addition,
also the aliphatic terpene hydrocarbon myrcene has been found in Bulgarian
rose oil [103].

A standard for rose oil, based on experimental data collected from many
years of rose oil analysis, has been elaborated in Bulgaria, concerning chiefly
its physico-chemical constants [3]:

1. Mobile transparent liquid.

2. Yellow to yellow-green colour.

. Odour, typical of rose oil.

. Specific gravity at 30°C 0.848-0.861.

. Refractive index at 25°C 1.4530-1.640.

. Number of polarization in 100 mm tube —2.2° to —4.8°.
. Freezing point 16.5°-23.5°C.

. Ester number 7.2-17.2.

. Acid number 0.92-3.75.

10. Saponification number 8.0-21.0.

11. Ester number after acetylation 197-233.3.
12. Free alcohols, as geraniol 62.9-75.5%.
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13. Alcohols, bound, as geraniol 2.0-4.7%.
14. Total alcohols, as geraniol 65.8-78.2%.
15. Stearoptene 15-23%.

Our investigations on the composition of the absolute have been carried
out with 22 g of absolute, obtained by us from 41 g of concrete from
Bulgarian rose flower, picked and extracted also by us [104].

The sample of absolute was chromatographed on a silica gel column.
Elution was effected with hexane, CHC13, Et20, EtOH and MeOH as detailed
in Fig. 8 which shows the manner in which the isolation of the fractions
and the identification of the components were done. On the basis of thin-
layer chromatography, the fractions of the same composition were com-
bined; they are denoted by Roman numerals in Fig. 8.

2. COMPOSITION OF THE PARAFFIN HYDROCARBONS

According to thin-layer chromatography on silica gel G and silica gel-
silver nitrate, Fraction | contained paraffins (2% of the absolute). The IR
spectrum showed maxima only for methyl and methylene groups at 1385
cm-1, 1470 cm-1 and 2860-3000 cm-1.

Gas-liquid chromatography of the isolated paraffins revealed the presence
of a homologous series in the Cu-C3 range. The odd-numbered members

Table X X1

Gas-liquid Chromatography of the Paraffins
from Rose Absolute

Number of of Number of o Number of o/
C-atoms ° C-atoms 0 C-atoms
1 18 18 25 26 0.9
X, 2.9 19 3.6 27 0.8
13 53 20 2.8 28 0.2
Xr 2.0 21 184 29 0.6
X3 3.6 22 2.2 X5 0.2
15 6.6 23 24.7 30 0.7
16 2.8 24 33 X6 0.6
17 81 25 58 31 0.3

prevailed. The main components were C23 C21, C17and CI1S(decreasing order
of their amounts) (Table XXI). A comparison with the composition of rose
wax paraffins, where CZ is predominant [43], shows that lower molecular
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weight paraffins prevail in the absolute. This can be expected, taking into
account the manner in which the absolute is obtained. A comparison with
the composition of stearoptene from rose oil, where Cle is predominating,
reveals that in the steam distillation of rose flower hydrocarbons with still
lower molecular weight are distilled over.

The peaks indicated with X are probably due to branched-chain paraffins.

3. COMPOSITION OF THE OLEFINIC HYDROCARBONS

According to the IR data, Fraction Il (5.3% of the absolute) contained
unsaturated hydrocarbons (maxima not only for CH3 and CH2 but also
for CH=CH at 1650 cm-1 and 3020 cm-1). The fraction gave a blue colour
with Liebermann-Burchard reagent. This reaction gave us grounds to
assume that in this fraction, in addition to the expected unsaturated hydro-
carbons found in the stearoptene from Bulgarian rose oil so far [47] and
in the wax from concrete, also terpene hydrocarbons were present. Gas-
liquid chromatography, carried out under conditions suitable for terpene
hydrocarbons, showed peaks coinciding with those of authentic a-pinene,

Table XXI1

Gas-liquid Chromatography of the Olefins
from Rose Absolute

Number of of Number of o/ Number of %
C-atoms ° C-atoms ° O-atoms
|
X, 01 X13 0.1 X3 0.4
p 13 0.5 18 0.8 X2 13
X2 0.1 p 18 0.4 23 132
X3 0.1 X4 0.1 X5 0.2
X4 0.2 19 25.7 Xj* 0.3
X5 0.1 p 19 8.4 24 0.9
V H 0.6 X5 0.1 X,, 0.1
X6 0.1 20 0.8 Xjg 0.9
X, 0.1 X% 0.8 25 3.0
X8 0.4 X 15 Xs 0.2
X9 0.2 X8 18 X3 0.3
p 15 15 21 35 27 32
X10 0.1 p 21 7.7 X3l 0.3
Xu 0.1 X1 33 29 30
X1 0.1 XD 0.2 X2 0.1
T 16 0.5 X2 0.3 31 0.5
17 2.7 22 17
V 17 45 X2 0.2



268 B. STOIANOVA-IVANOVA

camphene, sabinene, /J-phellandrene, limonene and y-terpinene. In the total
mixture of olefinic hydrocarbons, the terpene hydrocarbons were present in
insignificant quantities: a-pinene 0.5%, camphene 0.2%, sabinene 0.5%,
limonene 0.5%, /3-phellandrene 1.5% and y-terpinene 1.2%. In order to
identify the rest of the peaks, gas-liquid chromatography was combined
with mass spectrometry. The results given in Table XXII showed that a
homologous series of olefins in the C12C3L range was present in Fraction
I1, with the odd-numbered members prevailing. Most abundant were: Cle,
C3 C2, CZ, COand C5 Among the even-numbered members C2 was pre-
dominant. A comparison with the rose wax olefins shows that lower molecular
olefins prevail in the absolute.

In this respect a greater analogy is found with the olefinic hydrocarbons
of stearoptene, where also C19is predominant.

The peaks marked with p in the Table are due to lower paraffins which
have remained as contaminations in the olefin fraction, since owing to their
low molecular weight they are hard to elute. Several of the first peaks,
designated with X, belong to the already established monoterpene hydro-
carbons. Some of the other peaks, also marked by X, are probably due to
isomeric hydrocarbons with different positions of the double bond, as well
as to diene hydrocarbons found by us in rose flower wax [48].

4. COMPOSITION OF THE ESTER FRACTIONS

Thin-layer chromatography of Fraction 111 (0.03% ofthe absolute) showed
a spot coinciding in its Rj value with a standard of higher fatty acid ester.
The IR spectrum of the isolated pure substance confirmed the presence of
an ester (maxima at 1745 cm-1 and 1260 cm-1). After the saponification
of the ester, thin-layer chromatography of the acid and neutral parts
indicated the presence of esters of higher fatty acids with primary fatty
alcohols. Their insignificant amounts in the absolute of rose flower, although
they are markedly present in the wax, should be due to their lower solubility
in ethanol owing to their higher molecular weight.

Another ester component (according to its 1R data) was isolated from
Fraction IV. It gave a positive Liebermann-Burchard reaction (red colour).
Thin-layer chromatography of the acid and the neutral parts obtained after
saponification of this ester fraction revealed the presence of terpene acids
(mainly ursolic and callitrisic acids), found by us as micro-components in
rose flower wax, and primary fatty alcohols and sterols. Therefore, there
are two types of esters present in the absolute: esters of higher fatty acids
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with primary fatty alcohols and sterols, and esters of terpenic acids with
primary fatty alcohols and possibly likewise with sterols. The insignificant
quantity of the isolated ester fraction (0.07% of the absolute) did not allow
a more detailed investigation.

6. COMPOSITION OF THE FRACTIONS CONTAINING TERPENE
ALCOHOLS AND OTHER LOW MOLECULAR COMPOUNDS

Thin-layer chromatography of Fractions V-1X (60.8% of the absolute)
eluted with CHC13 showed spots giving positive reactions with the Lieber-
mann-Burchard reagent (red colour). Their Rf values coincided with those
of authentic monoterpene alcohols (geraniol, nerol), phenylethyl alcohol and
/3-sitosterol. These fractions were combined and analyzed by means of IR
spectroscopy. Maxima were found for CH3 and CH2 groups (1380 cm-1,
1470 cm-1 and 2800-3000 cm-1), for benzene ring (710, 760, 1510, 1610,
1525, 3020 and 3070 cm-1), for OH group (1050, and 3200-3500 cm-1), and
for C—O group (1715-1735 cm-1). Gas-liquid chromatography confirmed
the thin-layer chromatographic results concerning the main components of
the Bulgarian rose absolute, which are well known: phenylethyl alcohol,
cironellol, geraniol, nerol, citral, nonylaldehyde and geranyl acetate.

Thin-layer chromatography of Fraction X (7.5% of the absolute), eluted
with ether, showed the presence of a spot with an Rf value corresponding to
a primary fatty alcohol; further spots were situated between those of
authentic betuline and ursolic acid. Some of the spots gave red colour
with the Liebermann-Burchard reagent. The IR spectrum had indications
of a very complex composition: presence of OH group, benzene ring, COOH
group and lactone ring. Fractions XI (8.8%) and X1 (1.2% ofthe absolute),
eluted with EtOH and MeOH, respectively, showed an analogous compo-
sition.

6. COMPOSITION AND STRUCTURE
OF THE FREE FATTY ACIDS

Fractions X, X1 and XII were combined. Free acids were isolated by
means of ion-exchange resin Wofatit SBW and then methylated with diazo-
methane. The esters of fatty acids were separated from those of the terpene
acids by preparative thin-layer chromatography. Thin-layer chromatog-
raphy on silica gel G-silver nitrate of the methyl esters of the fatty acids



270 B. STOIANOVA-rVANOVA

showed the presence of esters of saturated and unsaturated acids with one,
two and three double bonds.

The composition of the free acids was established both by gas-liquid
chromatography of their methyl esters on a polar and non-polar phase and
by mass spectrometry of the acids themselves. The gas-liquid chromatogra-
phy data, given in Table XXIII, revealed the presence of a homologous

Table XXI111

Gas-liquid Chromatography of the Methyl Esters
of the Total Free Acids

Number of o/ Number of of
C-atoms ° O-atoms
10 0.1 18 15.6
u 0.1 18:1 3.8
12 0.3 19 0.2
13 0.2 18:2 0.6
14 2.8 20 4.7
15 0.8 18:3 04
16 58.0 21 0.5
16:1 18 22 24
17 45 23 15
16 :2 0.6 24 12
25 0.1
26 10

series in the C10-CZ range, in which the members with even number of
carbon atoms predominated. Palmitic acid was the most abundant among
the saturated acids, and oleic acid among the unsaturated ones. The percent-
age of the saturated acids in the total mixture of free acids was 66.3%,
according to thin-layer chromatography.

The mass spectral data (Table XXIV) of the isolated fatty acids made
it possible to draw certain conclusions on the structure of the carbon chain.
Furthermore, the mass spectrum showed that the acid range was much
wider, extending from C9to C2 The most predominant members were the
same as those detected by gas-liquid chromatography. In comparison with
the content of fatty acids in rose wax [51], more lower members are found
in the rose absolute.

In the mass spectrum, ions typical for higher fatty acids M+ and
M- COOH, as well as ions due to hydrocarbon fragments occurred. The
most prominent re-arrangement ion with m/e 60 (67.5% of the base peak
at m\e 43) was an indication that the major part of the acids had a straight
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Table XX1V
Mass Spectral Data on the Free Acids of Rose Absolute

Number of M M—2 v—H v—b M]B
C-atoms % % % % M Carbon chain
%

9 2.8 0.0 16.7 8.2 3.7 Normal and branched
10 2.8 0.6 8.2 11.2 5.1 Normal and branched
11 3.2 0.7 6.4 12.8 5.8 Normal and branched
12 1.6 0.5 3.7 16.5 9.9 Normal and branched
13 3.7 0.5 2.9 6.0 1.7 Normal and branched
14 2.5 0.6 2.3 18.0 7.2 Normal and branched
15 2.8 0.6 3.0 7.5 2.3 Normal and branched
16 41.0 0.8 1.6 8.9 0 Normal
17 1.0 0.6 1.7 5.3 0.5 Normal
18 27.8 0.9 2.2 2.0 0.7 Normal and branched
19 2.2 0.4 1.2 1.0 0.6 Normal and branched
20 8.3 0.4 1.2 0.8 0.1 Normal
21 14 0.2 0.8 0.3 0.2 Normal
22 3.0 0.6 0.7 1.0 0.3 Normal
23 1.2 0.2 0.5 0.9 0.8 Normal and branched
24 44.5 0.3 0.4 0.9 0.2 Normal
25 0.8 0.0 0.5 0.7 0.8 Normal and branched
26 1.7 0.2 0.3 0.5 0.3 Normal
27 0.6 0.5 0.3 0.5 0.9 Normal and branched
28 1.2 0.4 0.1 0.5 0.4 Normal
29 0.6 0.2 0.2 0.5 0.9 Normal and branched
30 0.8 0.0 0.5 0.2 0.3 Normal
32 0.3 0.0 0.0 0.0 0.0 Normal

y

chain (Scheme 8). The comparatively abundant ion of mse 74 (10.5%) might
be due to the presence of branched-chain acids - a methyl group in ..
position.

H2
Ha2c ~ H
e >- H2C -COOH2 + C2H4
n m/e = 60
Il
(¢}
H2
CHs
H2C H I
------------------- HC—COOH?2 + C2H4
H3C-HC”*OH mle= 74
I
(¢}

Scheme 8. Mass spectral fragmentation of normal and a-methyl-branched fatty acids.
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The ratio characterizes the degree of branching of the carbon

chain [62a]. As seen from Table XXIV it is the members C12 Cl4, Cn and
C1owhich contain a methyl group as a side chain in the highest proporlion.
It is an interesting fact that there is greater branching in the case of the
odd-numbered acids above the member C19

No a-methyl-branched long-chain fatty acids have been found in plants
so far. Such an acid with a relatively short chain (a-methyl-butvric acid)
is present in the essence from strawberries.

7. COMPOSITION AND STRUCTURE
OF THE LONG-CHAIN PRIMARY ALCOHOLS

After the removal of the fatty acids from Fraction X, a substance having
the same Rfvalue as a primary fatty alcohol, used as standard, was isolated
by preparative thin-laver chromatography. The IR spectrum confirmed
the presence of OH group (maxima at 1050 cm-1 and 3640 cm-1). The
isolated primary alcohols were acetylated and analyzed by gas-liquid
chromatography (Table XXV). As shown in the Table, the alcohols occur

Table XXV
Gas-liquid Chromatography of the Alcohols of Rose Absolute

Number of o Number of ol Number of o

C-atoms ° C-atoms 0 C-atoms
10 0.9 19 1.2 24 11.0
14 0.9 20 17.9 25 2.8
15 12 21 a7 26 6.8
16 0.5 22 39.2 27 25
17 1.2 23 3.8 28 4.3
18 12

in a homologous series in the CI0-CBrange. In this case, just like in rose
wax, the even-numbered members prevail, yet the predominant ones have
lower molecular weights (C2, C20 and C24) than the alcohols preponderant
in rose wax (C", C4and C2)
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8. CYCLIC COMPOUNDS

After removal of the fatty acids and the primary alcohols from the ether,
ethanol and methanol fractions, very small quantities of material remained.
In thin-layer chromatography they gave red spots when sprayed with
Liebermann-Burchard reagent. Two of them proved to be identical with
ursolic acid [85] and callitrisic acid [90], already found by us as micro-
components of the wax. In addition, two cyclic compounds were isolated:
one with a 5-membered lactone ring, and the other with a 6-membered
lactone ring (based on the IR spectra). The structures of these compounds
are not yet elucidated.

Our investigations on the composition of the absolute from Bulgarian
oil-bearing roses are mainly of a qualitative nature. However, they offer
an idea about the quantities of some groups of compounds: hydrocarbons,
alcohols, acids and others, as well as about the ratio of the individual
members of the various homologous series. It should be borne in mind,
however, that during the treatment of the absolute some components of
this complex mixture may undergo certain changes, such as oxidation
(aldehydes) and partial polymerization (unsaturated hydrocarbons, un-
saturated fatty acids), as well as a loss of or decrease in the amounts of
volatile components during isolation.

Special emphasis should be placed on the fact that during the study of the
absolute from concrete of the oil-bearing rose, we have established for the
first time that monoterpene mono- and dicyclic hydrocarbons: a-pinene,
camphene, sabinene, /i-phellandrene, limonene and y-terpinene are present
in Bulgarian rose flower. All these hydrocarbons are substances with a
pleasant fragrance, and in spite of their low quantities, they doubtlessly
contribute to the typical and unique odour of the Bulgarian rose oil and
absolute. According to literature data, monoterpene hydrocarbons have
been found in the Moroccoan rose, too [97].

In the absolute from the Bulgarian rose, we have also been the first to
establish the presence of a-methyl branched fatty acids and this is their
first proven occurrence in a natural product.

We believe that monoterpene hydrocarbons, as well as the a-methyl
fatty acids are not inherent to the absolute only. Most probably they are
present in other products of the oil-bearing rose as well; for instance, mono-
terpene hydrocarbons occurring in rose oil. One of the reasons why they have
now been found in the absolute is that a bigger sample of it has been treated.
This has made possible the concentration of some of the micro-components
by column chromatography in the corresponding fractions. Moreover, the

18 R. D. C.
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components possessing a more polar nature pass into the absolute during
the separation of the concrete into wax and absolute.

As is seen, the study ofthe composition ofthe absolute from the Bulgarian
rose flower has led to an extension of the range of homologous series of
paraffins, olefins, alcohols and fatty acids, present in the oil-bearing rose,
due to the identification of lower members. The main reason for this is the
higher solubility in ethanol of the members with a lower molecular weight.

V. BIOGENESIS OF THE LONG-CHAIN COMPONENTS
OF NATURAL WAXES

The experimental results obtained by us and discussed so far gave us
grounds to draw certain conclusions and inferences on the biogenesis of
the long-chain components of natural waxes. Current data indicate that this
problem is very complicated and still not fully elucidated. An evaluation of
the biogenetic significance of the results reported by us would be difficult
without giving first a picture of the present state of knowledge about the
biogenesis of these compounds.

1. BIOGENESIS OF NORMAL LONG-CHAIN HYDROCARBONS

The authors who first identified some components of plant waxes, were
also the first to suggest hypotheses for their formation. As early as 1929,
Clenshaw and Smedly-Maclean [105] established the presence of hentria-
contane in spinach leaves. They proposed a head-to-head condensation
mechanism of palmitic acid to account for its formation. Simultaneously
with them Channon and Chibnall [61] found nonacosane and nonacosan-15-
one in cabbage leaves and assumed a similar mechanism for their biosynthe-
sis: head-to-head condensation of pentadecanoic acid [61] (Scheme 9).

From that time on, C8 compounds occurring in cabbage leaves became
the basis for discussion on the biosynthesis of wax components, and Brassica
oleracea the main plant for experiments, for the solution of this question.
However, somewhat later Channon and Chibnall discarded their hypothesis,
since the C1Sacid had not been found in nature. Moreover, the intermediate
products assumed, such as the corresponding ketones, secondary alcohols
and olefins were found only in a very limited number of cases at that time.
In 1934 Chibnall and Piper [35] proposed another scheme on the basis of
results obtained by them in studying animal and plant waxes. It possessed,
however, the same weak points, since it operated with a hypothetical
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CI3H27—CH2—COOH  + HOOC—CH2—CI3H27 ~ ------

------------- > CisH27— CH:2-C O —CH2—C:H2r

------------ . CI3H27 — CH2—CH—CH2—CI3H7
OH

----------- *m  Cl3H27— CH2—CH=CH— C13LI7

----------- » CisH2r —CH2—CH2—CH2—CisH27
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Scheme 9. Scheme of Channon and Chibnall for the biogenesis of long-chain normal

hydrocarbons [61].

unsaturated acid and could not explain the formation of tritriacontan-17-ol
and the corresponding ketone, found by Kreger [69].

Striving to explain the formation of this alcohol and ketone, Kreger
again returned to the condensation mechanism and evolved a new scheme
[69], according to which tritriacontan-17-one and the tritriaconten- 17-ol
may be obtained as a result of the condensation of two molecules of stearic
acid. As is seen, this scheme involves the intermediary formation of methyl
ketones (Scheme 10).

Scheme 10. Scheme of Kreger for the formation of tritriacontan-17-one [62].

18«

CHj—(CH2)is—COOH  + HOOC—(CH2)is—CH3

T
CH3-(CH2)is-C O —(CH2)is—CH3

Double cu-oxidation

T
HOOC—CH2—CHz—(CH2) is — CO—(CH2)is—CHz—CH2—COOH

& - Oxidation

HOOC—CHz—CO—(CHz)is— CO —(CHz)is— CO—CH2— COOH

Decarboxylation

CH3—CO —(CHz)is— CO—(CH2)is—CO—CHs

Reduction

CH3—CH2—(CHz)is— CO—(CHz) m—CH2—CH3
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CHo—(CH2i3—CH2—COOH == > CH3(CH2i3—C00H
2CH3(CH2,3—COOH  —----— » CH3(CH2,3—CO-(CH2B—CH3 v >

----------- > CH3-(CH)BBCH-(CH2,3CH3 - >
OH

........... > CH3-(CH2),3CH2—HCH)B—CHs

Scheme 11. Formation of C2-hydrocarbon from palmitic acid through head-to-head
condensation mechanism.

Later on, using methyl ketones labelled in the carbonyl group, we demon-
strated that they were not intermediates in the formation of paraffins
from higher fatty acids [106].

Other schemes, more or less probable, have also been proposed forthe
biogenesis of the wax components. It has been shown with the aid of labelled
atoms that the precursors of the straight-chain wax components are the
fatty acids. It is now an established fact that the activated acetate is
transformed into palmitic acid through malonylcoenzyme A, which yields
the remaining 14 carbon atoms [107]. It has likewise been found that the
labelled acetate is incorporated in u-heptane in Pinus jefrei [108] and that
growing cabbage leaves rapidly incorporate the exogenous labelled acetate
in their surface lipids [109]. However, the explanation of the biosynthetic
pathways of wax components with a long-chain (C0-C40) still presents
considerable difficulties. For a better understanding of the biosynthesis of
these compounds we are greatly indebted to Kolattukudy for his consistent
and tenacious investigations by means of labelled atoms.

In his studies Kolattukudy obtained experimental results which are at
variance with a head-to-head condensation mechanism as proposed in its
initial form. According to that mechanism, the n-Cahydrocarbon is formed
from palmitic acid after its preliminary transformation into pentadecanoic
acid (Scheme 11).

From this pathway it would follow that palmitic acid fully loses its
carboxylic carbon atom, while Kolattukudy’s results show that in all n-Ca
compounds of Brassica oleracea the whole carbon chain of palmitic acid is

Included.
The same hypothesis, applied to the biosynthesis of the n-C3l alkane

requires that the n-Cl acid 1-14C should yield a product, whose activity
should be half of that of the product obtained from n-Cie acid U -14C. The
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2CH3—(CH2)i4-COOH  -remememees > CH3—(CH2[4—CO—(CHQ[4—CH3  —eemmmeees
-------------- > CH3—(CH214-CH2-(CH 2,4— CH3
2CH3—(CH2)i4—COOH  ---rmrmemens . CH3-(CH2,4-CO-(CH2MU—CH3  — %>

.......... > CHs—(CHRi4—CH2—(CHRi4—CH3

Scheme 12. Expected results from experim_ednts with |-4C-and U-#C-labelled palmitic
acid.

results of experiments carried out with spinach and pea leaves [110],
however, have shown that the activities are the same in both cases (Scheme
12).

In addition, the intact carbon chains of the Cieand C18 acids are incorpo-
rated into ra-nonacosan-15-one. Experiments for the time course of incorpo-
ration of labelled acetate into the ~ compounds of Brassica oleracea indicate
that the specific activity of the alkane is always the highest, followed by
that of the ketone. The secondary alcohol has a much lower specific activity.
All this is in contradiction with the precursor-product relationship of the
condensation mechanism [109, 111]. Moreover, all attempts to establish
interconversion between the compounds of Brassica oleracea failed.

On the basis of this experimental evidence against the head-to-head
condensation mechanism, in 1966 Kolattukudy put forward an elongation-
decarboxylation mechanism in an attempt at elucidating the results from
experiments with labelled atoms [112] (Scheme 13).

Scheme 13. Elongation-decarboxylation mechanism of alkane biosynthesis.
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According to this hypothesis, the acetate is transformed into palmitic
acid in the chloroplasts. Later on the n-Cie acid, linked to coenzyme A or
to an acyl-carrier protein (ACP) becomes a substrate of the enzyme com-
plex for elongation-decarboxylation, and after the elongation of the Cle
acid to C0 or to C2, the product undergoes decarboxylation to give the
paraffin C2 or C3L

This hypothesis is in good agreement with certain facts established by
Kolattukudy, namely, that trichloroacetate at low concentrations definitely
inhibits the synthesis of paraffins and long-chain fatty acids, whereas the
synthesis of common fatty acids, Cleand C18 remains unaffected. Conversely,
the synthesis of the common fatty acids (Cl6and C18), which is dependent on
photosynthetic processes, is stimulated by light and is inhibited by 3-(4-
chlorophenyl)-l,I-dimethylurea (CMU). The synthesis of alkanes is un-
affected by light and CMU. The exogenous radioactive precursors introduced
which label the alkanes, also label the long-chain fatty acids in the leaves
of spinach, pea or cabbage [109, 110].

The fact that stearic acid 18-MC is incorporated in the n-C17 paraffin is
evidence in favour of a direct decarboxylation process [113]. Likewise, the
labelled Cie acid yields the Ci alkane, accompanied by C17 alkane which,
in turn, suggests elongation prior to decarboxylation.

In spite of numerous experimental results which may well be explained
by the elongation-decarboxylation mechanism, there are also others which
do not agree with it. Thus, for instance, the exogenous labelled acid C30 can-
not be incorporated into the CX paraffin of Brassica oleracea. Owing to
this, the conclusion about the direct decarboxylation ofthe acids to paraffins
is still considered as insufficiently reliable. In addition, some doubt in that
mechanism arises also from results reported by Macey and Barber [53].
These authors compared the wax composition of certain pea and cabbage
mutants. In cabbage, the CISacid, which is characteristic of the normal
glaucus form, is markedly less in the mutant forms and this corresponds
well with the decrease in the CAcompounds. In the case of two pea mutants,
the decrease in the amount of the C2acid reflects the decrease in the quan-
tity of the C3l hydrocarbon; two other mutants, however, give an entirely
different relationship, thus a direct precursor-product relationship is miss-
ing here [114].

Moreover, Kolattukudy visualizes the formation of nonacosan-15-one in
cabbage leaves by the oxidation of the C30 acid at the Ci6 carbon atom.
In 1970 Macey and Barber [115] established, however, that in addition to
nonacosan-15-one, also nonacosan-14-one (about 16% of the ketone mixture)
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was present. These researchers assumed that these two ketones may be the
products of the following condensation reactions:

Cu acid -f Ct5 acid nonacosan-16-one.
Cu acid + Cl6acid nonacosan-14-one.

In this way the necessity of taking into account also the condensation
mechanism in the biogenesis of wax components has emerged again. It is
only by some condensation mechanism that the biogenesis of corinemycolic
acid
CH3(CH2u-CH-CH-COOH
dn cui

in the wax from Mycobacterium tuberculosis may be explained [114].

Obviously, this compound may be formed by the condensation of two
molecules of palmitic acid and subsequent hydrogenation.

Recently, Kolattukudy has returned again to the idea of the condensation
mechanism, by putting forward an acceptor-donor mechanism. This is
actually a head-to-head condensation, yet occurring between two different
(unequal) fatty acids, with specific decarboxylation of one of the acids
(Scheme 14).

X
5°2
/ 0 /
Acceptor” C17H35—c 1 Reductive
C|7TH35— C-CH-C10H21 decarboxylation  *
°v \ cn.
“Donor” /C—CHZ-C Jaim HO
»

HO

———————————— >a Cl7H35—CH2—CI—1|2—(310|i|21
C29 Paraffin
Scheme 14. Acceptor-donor condensation mechanism for the synthesis of alkanes.

Direct experimental evidence for the specific decarboxylation of the donor
acid has been obtained by Albro and Dittmer in recent years by studying
olefins from Sarcina lutea (116-119). They have established the presence
of unsaturated hydrocarbons with methyl groups in iso- and antiiso posi-
tions at both ends of the chain, and they believe that hydrocarbons of such
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a type may only be obtained by a condensation pathway. Based on their
in vivo and in vitro experimental results, they assume an acceptor-donor
mechanism for the formation of olefins [120] (Scheme 15). They find that
palmitaldehyde is rapidly incorporated into the hydrocarbon under suitable
conditions [120].

(Donor) Rd-CHr-CO-SCoA

*
Rd-CH2—CO—X

Vo e *m Ra—CH—CH—CH2—Rd

Ra—CH='CH—0O —CH2
*
! CIHOCOR

CHJOCOR™

1

(Acceptor) Ra—CH2—'CO—SCoA

Scheme 15. Acceptor-donor condensation mechanism for the synthesis of olefins in
Sarcina lutea.

Moreover, they succeeded in isolating an intermediate product and identi-
fied it as a neutral plasmalogene. In confirmation of this scheme, they
established that exogenous labelled plasmalogene takes part as the acceptor
moiety in the synthesis of the olefin three times more readily than palmitic
acid itself.

The scheme by Stumpf [121] for the biogenesis of hydrocarbons, in which
aldehydes are the intermediary products, is also noteworthy:

R—CHj—CHj—C00H agigbta»R—CH;—CHO— »
R—CHj—CH,—OH--—-- PR—CH=CHj-—- PR-CHj-CH,

The main argument for this mechanism was the fact that a-oxidizing
enzymes have been found in leaves of plants. According to the mechanism,
there is a biogenetic relationship between paraffins and olefins. An experi-
mental result, reported by Kolattukudy is also in support of such a pathway;
it was found that in Brassica oleracea, fed with labelled acetate, the aldehyde
fraction showed a considerable decrease in radioactivity, while paraffins,
ketones ar.d secondary alcohols had increased activity. Moreover, aldehydes
have been found in many plants. In our opinion, Stumpf’s mechanism
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can explain only with difficulty why aldehydes with an even number of
carbon atoms are dominant in plant waxes as it supposes transformation of
the even-numbered acid into an aldehyde by means of a-oxidation and
subsequent decarboxylation.

2. BIOGENESIS OF LONG-CHAIN KETONES
AND SECONDARY ALCOHOLS

Some of the possible pathways for the formation of ketones and secondary
alcohols have already been interpreted when discussing the biogenesis of the
hydrocarbons. It has been pointed out that, according to Channon and
Chibnall’ scheme of 1929, secondary alcohols and ketones are intermediates
in the formation of hydrocarbons. We quoted also Kolattukudy’s consider-
ations to explain the formation of nonacosan-15-one by oxidation of the
elongated C3) acid. It is seen that most of the hypotheses have tried to
account for the presence of symmetric ketones, and more explicitly, of
nonacosan-15-one in Brassica oleracea. However, in recent years, asymmetric
ketones have also been found in waxes both by us [62a, 64, 67] and by
Macey and Barber [115]. This has led to new difficulties in the elucidation
of the biogenesis of the wax components, and has given rise, as we have
already seen, to recurrence again to a mechanism based on condensation
processes.

In relation to the biogenesis of secondary alcohols and the question to
what extent they are precursors of paraffins, it is of interest to discuss
certain results obtained by Wollrab and by us almost simultaneously,
when studying the composition of the wax from the oil-bearing rose.

Wollrab found hentriacontan-9-ol as the prevalent homologue of second-
ary alcohols, and hentriacontane, as the predominant representative of
normal paraffins present in the same source [31]. On the basis of these
results, he assumed a biogenetic relationship between secondary alcohols
and hydrocarbons. Our investigations on the composition of the wax in
Bulgarian rose flower confirmed Wollrab’s result on the content of secondary
alcohols, hentriacontan-9-ol being the prevalent homologue [57], moreover
we have shown that also a homologous series of ketones with hentriacontan-
9-one as the dominant homologue was present [67]. In view of Wollrab’s
result, that C3Lis the prevalent paraffin, we assumed a biogenetic relation-
ship among these three classes of compounds: secondary alcohols, ketones
and paraffins.

Later on our own investigations indicated, however, that of the paraffins
it was not C3l, but CZ which was predominating [43]. At the same time,
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Wollrab identified the olefins hentriacont-7-ene and nonacos-5-ene in the
wax from rose flower and assumed that the secondary alcohols hentria-
contan-9-ol and nonacosan-7-ol, present in the wax, could be formed from
the olefins mentioned above by their hydroxylation in allylic position [31].

Recently, in the wax from rose flower we have also established the pres-
ence of a homologous series of unsaturated secondary alcohols, hentria-
conten-9-ol being the predominant component, with the probable position
of the double bond at C-6 [59].

It is our belief that the simultaneous presence of unsaturated secondary
alcohols, saturated secondary alcohols and ketones with hentriaconten-9-ol,
hentriacontan-9-ol and hentriacontan-9-one, respectively, being the pre-
dominant members in the wax, is convincing evidence for a biogenetic
relationship of these compounds. The detection of hentriaconten-9-ol makes
even more possible the pathway proposed by Wollrab for the formation of
secondary alcohols from unsaturated hydrocarbons. Further, it is obvious
that the oxidation of hentriacontan-9-ol would result in the formation of
hentriacontan-9-one. Such a pathway for the formation of ketones is in
support of the assumption that they are not intermediates in the biosynthe-
sis of paraffins. This conclusion has also been confirmed by the negative
result obtained by us in feeding rose bush branches with hentriacontan-9-
one, labelled in the carbonyl carbon atom, as an attempted precursor to
hentriacontane [106].

3. BIOGENESIS OF LONG-CHAIN ALDEHYDES
AND PRIMARY ALCOHOLS

It has been established that both of primary alcohols and aldehydes pres-
ent in plant waxes, the members with an even number of carbon atoms are
prevalent. For a long time it has been known that the same holds true also
for the fatty acids in the waxes. This fact has given grounds to assume that
the fatty acids are precursors of the primary alcohols and aldehydes. Later
on, by means of 4C-labelled compounds, it has been found that the acids
C2Clg are transformed into fatty alcohols [122, 109]; further, on the basis
of the correlation between the chain length of the aldehydes and alcohols it
is accepted that the aldehydes could be intermediates of the reduction
process of acids to primary alcohols [123].

The results obtained by us in a study of the aldehydes and acids in three
decorative roses showed a complete correlation among them concerning
the most prevalent homologues in one of the roses. In the two other, acids,
present in considerable amounts, correspond to the aldehydes of the same
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chain length present also in considerable amounts [124, 125]. Two possibili-
ties of the formation of aldehydes are under discussion: direct reduction of
the carboxyl group of the acid, or «-oxidation of the acid to the a-keto-acid
and subsequent decarboxylation [126, 127]. According to Kolattukudy, the
latter mechanism is improbable, because it would result in aldehydes with
odd-numbered carbon atoms, and this is inconsistent with all the experi-
mental results on the composition of aldehydes in plant waxes obtained so
far. Kolattukudy [128] has demonstrated the transformation of a fatty
acyl-coenzyme A into a fatty alcohol, catalyzed by acyl-coenzyme A reduc-
tase and aldehyde reductase.

It should be noted that in the course of our investigations on the composi-
tion of waxes from decorative roses [124] we established that along with
saturated aldehydes, unsaturated aldehydes were also present in them.
Such compounds had not been detected in plant waxes previously. The
unsaturated aldehydes Cu:1 and C182have been identified. They are probably
formed by the same pathway as the saturated ones, but from the correspond-
ing unsaturated C8 (oleic and linoleic) acids. Hence, it is very probable that
they contain the double bonds in the same positions as oleic acid and
linoleic acid, respectively.

4. BIOGENESIS OF LONG-CHAIN DIOLS

In addition to primary and secondary alcohols, even though more rarely
and not in large amounts, diols have also been found in the waxes; they are
a, 00 [122, 73] and a, /S-diols [71, 129]. Dodova-Angelova and lvanov have

identified both a, B- and «, co-diols in the wax from apples [76]. The predom-
inance of members with an even number of carbon atoms in «, R- and

a, co-diols gives grounds to assume that they are biogenetically related to
the long-chain fatty acids. It is presumed that the biosynthesis of the a, eo-
diols takes place through co-oxidation of the corresponding acids and sub-
sequent reduction of the two carboxyl groups. As for «, /J-diols, it is believed
that they are products of a reduction of a-hydroxyacy1-coenzyme A [123].

As already stated, we have recently established for the first time the
presence of a, y-diols in the wax from concrete of the Bulgarian oil-bearing
rose. This is also the first case of finding this type of compound in plant
waxes [70]. The fact that in the a, - and «, co-diols found so far the even-
numbered members prevail, whereas in the case of the «, y-diols homologues
with odd-numbered carbon atoms are predominant, gives us grounds to
assume that the biogenetic pathway of the formation of the latter is different
from those of the a, - and a, co-diols. Since in the wax from rose flower we
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established the presence of a homologous series of dienes with conjugated
double bonds, we believe that they can be precursors of the a, y-diols.
In our opinion, the transformation of the dienes with conjugated double
bonds into a, y-diols could take place by a biogenetic pathway analogous
to that assumed for the formation of secondary alcohols from olefins, which
has already been discussed in the section on secondary alcohols:

R—CH,—CH=CH—CH=CH—CH—R' — *
..... »R—CHj—CH—CH—CH=CH—CH,—R '~ »

S
----- #R—CHj—CH—CH2—CH—CH—CH—R'
oH o

The intermediate products in this biogenetic pathway are unsaturated
secondary alcohols with an n -)- 3 position of the hydroxyl group to the
double bond; as already stated, in the case of the unsaturated secondary
alcohols, hentriaconten-9-ol with a double bond probably at position 6 is
the prevalent homologue.

5. BIOGENESIS OF LONG-CHAIN PARAFFINS
WITH AN EVEN NUMBER OF CARBON ATOMS AND OF FATTY ACIDS
WITH AN ODD NUMBER OF CARBON ATOMS

The detailed studies on the composition of waxes, made possible through
the application of the modern methods of analysis (mainly thin-layer
chromatography, gas chromatography and mass spectrometry) have led to
the discovery of new classes of long-chain compounds usually present in
small amounts, in these natural products. Thus, while in the past it was
believed that in nature, and more precisely in plant waxes, only even-
numbered acids and odd-numbered hydrocarbons could be found, gas
chromatography has reliably confirmed the usual presence, although in
small amounts, also of odd-numbered acids and even-numbered hydro-
carbons.

As it has been emphasized in Section V.I, the problem of the biogenesis
of odd-numbered hydrocarbons (the main components of many plant
waxes) is not yet fully elucidated, in spite of persistent and profound
investigations by many researchers. Owing to this, the biogenesis of odd-
numbered acids and even-numbered hydrocarbons has been little discussed
so far. Even in the latest review articles on the biogenesis of plant waxes
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by Kolattukudy [123] and Hamilton [130], the biogenesis of even-numbered
hydrocarbons and odd-numbered acids is not treated at all.

According to reference data [131], odd-numbered acids are formed by the
same pathway as the even-numbered ones, but in their synthesis propionyl-
ACP (acyl-carrier protein) takes part instead of the malonylcoenzyme A. As
far as the biogenesis of the hydrocarbons with an even number of carbon
atoms is concerned, there is practically only one mechanism, which has been
suggested by Wanless et al. [132] (Scheme 16).

R-CH2-CH2-CH2COOH [?-Oxidation > R—CH2—CO—CH2—COOH
Oxidation i -coi
R—CH2—CH2—CO —COOH R—CH2—CO—CHzs
—Co02 ~Reduction
R—CH2—CH2—CHO r- ch2—CH2—CHzs

R—CH2—CH2—COOH

Oxidation

R—CO-CH2-COOH - -~ cQ2 > R-CO-CHs3 RedUCtiON > R—CH2—CHs
R contains an even number of carbon atoms

Scheme 16. Biosynthesis of even-numbered and odd-numbered paraffins according to
Wanless et at. [132].

These authors assume that a long-chain even-numbered acid is the pre-
cursor of both even-numbered and odd-numbered hydrocarbons. Through
/3-oxidation and decarboxylation it gives rise to the formation of odd-
numbered hydrocarbons; by «- and subsequent /3-oxidation followed by
decarboxylation even-numbered hydrocarbons are formed.

The weak point of this scheme is the assumption that methyl ketones
are intermediate compounds both in the formation of odd-numbered and
even-numbered paraffins. However, it has been established with the aid of
labelled atoms that methyl ketones do not play the part of intermediary
products in the biosynthesis of the paraffins [106].

On the basis of the results obtained for the individual composition [43] of
the long-chain hydrocarbons in the wax from the oil-bearing rose flower, we
presumed a biogenetic relationship between paraffins and olefins. Further
on, we established a correlation between the predominant odd-numbered
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and even-numbered olefins. Thus C5 CZ and C2 are dominant of the odd-
numbered olefins, while C4 Cxand Cy respectively, of the even-numbered
ones. On the basis of these facts we assumed that the even-numbered olefins
and their next higher odd-numbered homologues possess a common precur-
sor and, in the course of the biosynthesis, the olefins having an odd number
of carbon atoms undergo shortening of the chain by one carbon atom,
resulting in the formation of the corresponding even-numbered olefin. Later
on, studying the composition of the hydrocarbons of three decorative
roses [133], we established a similar relationship both in the case of the
paraffins and olefins. Among the odd-numbered homologues, CZ is the
prevalent member of the paraffins in all three roses. The hydrocarbons C23
C3 and CX are also present in considerable amounts. Among the even-
numbered paraffins C4, C% and CBare predominant. Of the olefins C5 CZ
and COoccur preponderantly of the odd-numbered ones, while C4, C2 and
Cx among the even-numbered ones. This relationship in the amounts of
the even- and odd-numbered hydrocarbons seems to be of a more general
nature. We observed a similar correlation also in the hydrocarbons of the
brown algae Cistoseira barbata, studied by us [134], as well as in the paraffins
of 12 apple varieties, studied by lvanov and Dodova-Angelova [135], in six
cultivars of Satsuma mandarin studied by Nordby and Nagy [136], as well
as in various tissues of Duncan grapefruit, investigated by Nagy et al. [137].

Taking into account, on the one hand, the possibility of odd-numbered
paraffins being formed by direct decarboxylation of the higher fatty acids,
as demonstrated by Kolattukudy [111], and on the other, the co-oxidation
of higher fatty acids in living cells, reported by Verkade [138], we assumed
that the correlation between the amounts of even- and odd-numbered
hydrocarbons, established by us, as well as the biosynthesis of the even-
numbered hydrocarbons, could be explained by the intermediate formation
of an a, co-dicarboxvlic acid or by the co-oxidation of the odd-numbered
paraffin obtained, according to Scheme 17.

It is not for the first time that the possibility of co-oxidation during the
biogenesis of the components of plant waxes is discussed. Kreger [69] like-
wise assumes a double co-oxidation in the scheme of the formation of tria-
contan-17-ol and tritriacontan-17-one, suggested by him.

In support of our scheme it should be emphasized that a homologous
series of a, co-dicarboxylic acids in the Cl6C2range has been found in the
Japanese wax from Rhus succedanea [139], predominantly with even
numbered members (C0 and C2 being present in the largest amounts),
whereas the odd-numbered ones occur in very small amounts. Moreover,
Kolattukudy lately established that the terminal methyl group of externally
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CH3—CH2—(CH3,—CH2—COOH =———> CH3—CHZ2—(CH2),— CH3
-u- Oxidation La Oxidation
V I
HOOC —CHZ2—(CHJ,—CH2—COOH HOOC —CH2—(CH2),— CH3
) -
—Egz co: —CO2
0 — "
CH3 (CH2, CH2—COOH  -woeee- - e >  CH3—(CH2,—CH3

w=Even number

Scheme 17. Biosynthesis of even-numbered paraffins and odd-numbered fatty acids
according to Stoianova-lvanova et al. [133, 126].

introduced normal hentriacontan-1-14C was oxidized to  COOH in tissue
cuts free of bacteria [140].

The pathway for the formation of the even-numbered paraffins proposed
by us thus provides an explanation also for the biosynthesis of odd-numbered
acids, found most frequently, just as for the even-numbered hydrocarbons
occurring in insignificant amounts. It is obvious from the scheme that the
latter may be formed by eo-oxidation from the odd-numbered paraffins, as
well as by decarboxylation of the dicarboxylic acids. In the latter case it
is sufficient to assume, as it is most probable, that the decarboxylation
does not take place, at both ends simultaneously, but it occurs consecutively.
It is evident that the decarboxylation of one carboxyl group will thus
result in an acid with an odd number of carbon atoms, and of the second
will give rise to a hydrocarbon with an even number of carbon atoms.
In accordance with this assumption are the results of the study of the acid
compositions of the three decorative roses [125], where the even-numbered
acids C2and C24 present in the largest amounts, are matched by consider-
able amounts of the odd-numbered C2Land CZBacids. Furthermore, a similar
correspondence between the odd- and even-numbered homologues has also
been fgjind in the case of those components (aldehydes and alcohols) of
the oil-bearing and decorative roses, whose biogenetic relationship with the
higher fatty acids has already been proved. Thus, considering the homol-
ogous series of the aldehydes in all three decorative roses [124], the pre-
vailing even-numbered acids, C2 and C2 are in correspondence with the
most widely represented even-numbered aldehydes (C2and C2); of the odd-
numbered compounds the C2L and aldehydes predominate. A similar
relationship between the amounts of odd- and even-numbered members
has also been observed by us in the homologous series of the primary
alcohols in the wax from the oil-bearing rose [57].
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The pathway of the formation of even-numbered hydrocarbons and odd-
numbered acids in plant waxes suggested by us should, naturally, be veri-
fied experimentally by using labelled compounds. The results of experi-
ments carried out by other authors with labelled substances so far, however,
have not presented facts, to our knowledge, which would contradict our
proposition.

At the same time when this scheme for even- and odd-numbered alkane
biosynthesis was proposed, Khan and Kolattukudy demonstrated the
enzymic transformation of exogenous labelled C2 acid into C3L and C
alkanes, and into C3L acid. Thus experimental evidence has been found
to show that odd- and even-numbered alkanes have a common pre-
cursor [141].

The study ofthe composition of rose wax, carried out by us and the detec-
tion of new classes of long-chain compounds present as micro-components,
poses a number of new biogenetic questions; the biogenesis of long-chain
hydrocarbons with conjugated double bonds, of unsaturated secondary
alcohols, and of a,y-diols —all established by us for the first time as wax
components. The biogenesis of unsaturated secondary alcohols, however,
as well as that of dienes with conjugated double bonds requires additional
investigations, in order to establish reliably the positions of the double
bonds.
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I. INTRODUCTION

For some time past, the investigation of the oxidation reactions of chal-
cones has been a vigorously studied field of flavonoid chemistry. Under both
in vitro and in vivo conditions, 2'-hydroxychalcones of lower state of oxida-
tion may give rise to different flavonoids having a higher oxidation number.

The results of flavonoid chemistry were summarized in the 1960s in
several monographs [1-12]. In recent years it has been shown that 2'-
-hydroxychalcones are intermediates in flavonoid biogenesis [13-21]. Several
authors have suggested that the various flavonoids are formed in plants
through chalcone epoxides [22-27]. Epoxides are also considered to play
the part of intermediates in the mechanism of several reactions (e.g., the
Algar-Flynn-Oyamada reaction), but the literature contains hardly any
information on the chemistry of chalcone epoxides.

Although some epoxides had already been isolated from plants [6] and
the chemistry of compounds containing an oxirane ring was well known
[28-31], recent interest in the chemical investigation of chaloone epoxides
was aroused by the researches of Bognar, started in the sixties.

The present paper summarizes results in the chemistry of chalcone epoxides
and of the Algar-Flynn-Oyamada oxidation, achieved during the last
decade (1963-1973).
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II. CHALCONE EPOXIDES IN FLAVONOID CHEMISTRY
1. OXIDATION OF CHALCONES
A . Oxidation by Peroxides and Peracids

(i) Role of the hypothetical epoxide intermediates. Chalcones containing no
hydroxyl substituent are oxidized by alkaline hydrogen peroxide to chalcone
epoxides; this process, called the Weitz-Scheffer reaction, has long been
known [32, 33].

Epoxides are also formed in the base- or acid-catalyzed [34] condensation
of phenacyl halides and aromatic aldehydes (Darzens reaction).

In the course of the alkaline hydrogen peroxide oxidation of 2'-hydroxy-
chalcones or flavanones, the products are 3-hydroxyflavanones, 3-hydroxy-
flavones and other compounds (Algar-Flynn-Oyamada reaction). The same
derivatives are obtained by the condensation of 2-hydroxyphenacyl halides
and aromatic aldehydes (Gowan-Hayden-Wheeler reaction). 2'-Hydroxy-
chalcone dibromides react with alkalis to give flavones, 3-hydroxyflavones or
aurones (Emilewicz-von Kostanecki reaction or Rasoda-Limaye reaction).
It is a common feature of these reactions that, depending on the substituents
in rings A and B of the chalcone and on the reaction conditions, aurones are
also formed.

The mechanism of the Algar-Flynn-Oyamada [5, 35, 36], Gowan-Hay-
den-Wheeler [37], Rasoda-Limaye [38], and Emilewicz-von Kostanecki
[39-41] reactions was explained postulating 2'-hydroxychalcone epoxide
as an intermediate. The role of this hypothetical common intermediate of the
reactions has not been proved; only 3-hydroxyflavanone is known as an
intermediary product.
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The formation of 2'-hydroxychalcone epoxides was similarly supposed
[42] in the oxidation of o-hydroxydibenzoylmethanes by peracids, also
affording 3-hydroxyflavone.

(ii) 2'-Hydroxychalcone epoxides. 2'-Hydroxy-5'-methyl-4-methoxychal-
cone epoxide was first prepared by Verma and Bokadia [43], in a very poor
yield, by the oxidation of chalcone with monoperphthalic acid.

Yokoyama and Nohara [44] having made a detailed study of the oxidation
of chalcones with perbenzoic acid found that phenyl migration occurred
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and, through intermediary products, a part of the molecule was oxidized to
benzoic acid, benzaldehyde and phenol. The starting chalcone was partly
recovered.

Synthesis of the unstable 2'-hydroxychalcone epoxide was first achieved
by Ramakrishnan and Kagan [45] in 1970, by the Fries rearrangement of

phenyl epoxycinnamate. Under the conditions of the experiment the epoxide
is converted into 3-hydroxyflavanone. The epoxide can also be prepared, be-
sides other products, by the m-chloroperbenzoic acid oxidation of 2'-
hydroxychalcone [45]. The isomeric flavanone fails to react with peracids.

2'-Hydroxychalcone epoxide is an unstable compound; even light occa-
sions its conversion to 2'-hydroxydibenzoylmethane and 3-hydroxyflava-
none; when exposed to air, it is transformed to 3-hydroxyflavone.

(iit) 2'-Acetoxychalcone epoxides. Using a modification of the Rasoda-
Limaye reaction, Marathey [46, 47] was the first to prepare unstable 2'-



CHALCONE EPOXIDES IN FLAVONOID CHEMISTRY 299

acetoxychalcone epoxide analogues from 2'-aeetoxychalcone dibromides with
sodium carbonate, through the intermediate a-bromo-/?-hydroxydihydro-
chalcone (bromohydrin). Similarly, the corresponding aurone was obtained
from 2'-acetoxy-5',6'-benzo-4-methoxychalcone dibromide.

Later, other researchers [38, 48-50] also synthesized 2'-acetoxychalcone
epoxides through the bromohydrins. Fischer and Arit [49] found that the
action of water on an erythro-chalcone dibromide results in the erythro-
-bromohydrin only if ring B of the molecule contains an electron-releasing
substituent in the para position. When using agueous sodium carbonate,
the intermediates could not be isolated, only 3-hydroxyflavarones were
obtained. On the other hand, the bromohydrin with sodium acetate in
acetone solution gave <rana-2'-acetoxy-4-methoxychalcone epoxide; the
latter was converted by sodium carbonate to the 3-hydroxyflavanone.
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The bromohydrin derivative was synthesized by Bien et al. [48] from 2'-
-hydroxychalcone and N-bromoacetamide (NBA) inaqueous tetrahydrofuran
solution, in the presence of a catalytic amount of perchloric acid. The reac-
tion, however, was accompanied by bromination in the aromatic nucleus.

In similar circumstances, 2' hydroxychalcones undergo only nuclear
bromination resulting in 2'-hydroxy-3,5-dibromochalcones. If the 2'-hydrox-
yl group is protected by acetyl or benzyl substitution and if the molecule
contains a p-methoxy substituent, the bromohydrins, and from these, the
trans- 2'-OR-chalcone epoxides (R = CH3CO; CHZCeHs) are obtained.

Treatment with acetyl hypobromite (AHB) in chloroform gives a-bromo-

f3acetoxydihydrochalcones; no nuclear bromination occurs [48].
According to the investigations of Zimmerman and Ahramjian [51], the

mechanism of the Darzens condensation also involves the halohydrin.
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The first step consists of the formation of a carbanion from the phenacyl
halide, followed by the addition of the aldehyde, resulting in the halohydrin
and finally in the /rans-epoxide.

0 H 0 H ég@
Ar-!-CI-H __C_2-|,Qg__>_ Ar-(!-CLQ + R >

Hlg Hlg H
O HO9 0
L1 1, —Hgo 7/ \
------------ > Ar-C-C-CI-Ar > Ar-C-CH—CH-Ar
Hig H

Ballester and Blanco [52] synthesized 2',4',6'-trimethoxy-3-nitrochalcone
epoxide from the diastereomeric chlorohydrins in the presence of alkali.

In the course of the alkaline peroxide oxidation of 2'-acetoxy- or -benzoyl-
oxychalcones the protective group was split off [35] and, similarly to the
Algar-Flynn-Oyamada reaction, the formation of chaleone epoxide could
not be detected. Gormley et al. [53, 54] oxidized 2'-tosyloxychalcones in
alkaline medium at room temperature to obtain 2'-tosyloxy-chalcone
epoxides. However, Wurm [75] recently obtained only 3-hydroxyflavanones
in this reaction.

(iv) 2'-Methoxychaleone epoxides. In 1932 Baker and Robinson [55], then
Algar and McKenna [56] synthesized 2'-methoxychalcones by the methyla-
tion of 2'-hydroxychalcones. Alkaline hydrogen peroxide oxidation of the
products gave 2'-methoxychalcone epoxides in high yields.

Removal of the protective methyl group from the epoxides is difficult,
thus the conversion of these compounds to flavonoids cannot be studied.

These experiments were almost forgotten until the 1960s when biosynthet-
ic studies and work on the elucidation of reaction mechanisms again focused
attention on chaleone epoxides.
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(v) 2'-OR-chalcone epoxides. (R = CHZ6H5; CH20CH3). A paper by
Bognar and Stefanovski [57] in 1962 gave fresh impetus to the research of
chalcone epoxides. It was found that the hydroxyl group in 2'-hydroxy-
chalcones could be protected by a benzyl or p-nitrobenzyl group, and alka-
line peroxide oxidation of the resulting 2'-OR-chalcone gave a stable 2'-OR-
chalcone epoxide (R = CH2COH5or p-N02- CeH4—CH?2) in high yields.

Treatment of these epoxides with acid reagents makes possible the prep-
aration of 3-hydroxyflavanone or the chlorohydrin [I-(2'-OR-phenyl)-2-
hydroxy-3-chloro-3-phenylpropan-l-one].

These results have shown that chalcone epoxides are important inter-
mediates in flavonoid chemistry, but they can be prepared only if the
2'-hydroxyl group of the chalcone is protected by a group stable to alkali.

The most widely used oxidizing agents for chalcones are hydrogen perox-
ide [32, 33, 58], sodium peroxide [59], sodium hypochlorite [60] and <-butyl
hydroperoxide [249, 345, 346]. The bases applied are alkali hydroxides
[32, 36, 61], triethylamine, ammonium hydroxide [62], sodium tungstate
[63] or tetramethylammonium hydroxide [64].

As shown by kinetic studies [64], the rate of epoxide formation in alkaline
hydrogen peroxide depends on the pH (Fig. 1).
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Fig. 1. Dependence of the rate of oxi]glaﬁion of 2'-benzyloxychaleone as a function
of the pH

The oxidation takes place also at rather low pH values, but it occurs
most rapidly at pH 12-14. Kinetic studies revealed that the rate of oxida-
tion is also influenced by the substituent in ring B of the chalcone. A linear
correlation was found between the Hammet o* value of the substituent
and the rate of oxidation (Fig. 2).

Fig. 2. Dependence of the rate of oxidation of 2,-benzyloxy-4-R-chalcones as a function
of the <7*substituent constant

Electron-withdrawing substituents enhance the reaction rate, and the
chalcone epoxide is readily formed. As recently shown by Khandual et ai.
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[65], in the oxidation with chromic acid the substituents in ring B of the
chalcone have an opposite effect:

4-OCH, > 3-OCH, > 2-OCHs > 4Cl > H > 3-NO, > 4-NO,

These results indicate that the oxidation mechanism involves the electro-
philic attack of chromic acid on the C=C double bond, resulting in epoxide
formation.

It has been found that 2'-benzyloxychalcone epoxides are only formed
in the alkaline peroxide oxidation if the starting chalcone has no free
hydroxyl group in the p- or p* position. In the presence of such a group,
the chalcone is degraded by hydrogen peroxide [66]. However, as Dean
and Podimuang [67] have shown, 2'.6'dimethoxy-4'-hydroxychalcone
does give the epoxide.

The inactivating effect of the free hydroxyl group in alkaline solution
may be due to the formation of phenoxide or enolate ion [67].

According to Bunton and Minkoff [68], the oxidation of a,/?-unsaturated
ketones starts with the nucleophilic attack of a hydroperoxide anion, giving
rise to a carbanion:

However, overlap control by the carbonyl group can only take effect if
the acyl group is coplanar with the C-2 and C-3 atoms, thus electron delo-
calization is possible and cis addition [69] may result in the formation of the
trans epoxide.
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According to Kinetic studies, the electron character of the substituent in
ring B has influence on the cie addition (Fig. 2). The presence of an electron-
attracting group favours nucleophilic attack by the peroxide anion on the
/3-carbon atom.

Temple [70] found that the reaction rate is also influenced by the rate
of formation of the peroxide anion which, in turn, depends on the pH
(Fig. 1), as follows:

H,0,+ OH-~ OOH--f HjO.

In contrast with the alkaline oxidation of benzalacetones [70], the oxi-
dation of 2'-OR-chalcones gives epoxides only; no side reactions occur.
Epoxide formation, however, is determined by steric and other constitution-
al factors of the molecule [66]. 2,6-Disubstituted chalcones, similarly to
chalcone analogues containing a naphthyl group instead of ring B, are
oxidized very slowly. Anthracene and pyrene analogues do not react even
at high temperatures. Similarly, no epoxide is formed if ring B of the mol-
ecule is replaced by a 2-pyrrolyl-, N-methyl-2-pyrrolyl- [66] or a 1-phenyl-
pyrazolyl [59] group. As has been found recently, 3,5-di-<-butylchalcones
do not give epoxides either; the molecule suffers oxidative degradation
yielding 3,5-di-i-butylbenzoic acid [71].

The electron character of the a-substituent in the chalcone may also
influence epoxide formation; thus an a-nitro group will promote [72, 73].
whereas an a-methoxyl group hinders [74] epoxide formation.

A great number of chalcone epoxides have been synthesized by the alka-
line hydrogen peroxide oxidation of 2'-OR-chalcones and their analogues.
The protective groups used are benzyl [43, 50, 57, 66, 72, 73, 76-92], me-
thoxymethylene [83, 84, 87, 93-96] or tosyl [53, 54, 75].

The 2'-substituted chalcone epoxides are stable, well-crystallized com-
pounds. The oxirane ring, mainly in p-methoxv-substituted chalcone epox-
ides, is opened on warming the compounds in ethanol solution [91], and an
a-hydroxy-/3-ethoxydihydrochalcone js obtained. As shown by Parthasa-

20 R.D.c.
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rathy and Sharma [97], chalcone epoxides may undergo photo-oxidative
decomposition on standing; thus irradiation with a mercury lamp of a
methanolic solution of 2'-benzyloxy-3,4,4'-trimethoxychalcone epoxide led
to decomposition to 2-benzyloxy-4-methoxybenzoic acid and veratral-
dehyde [97].

o o o
\ . :
Ar-d_dilchar s Ar-gl-CIH-CH—Ar --------- >
&
P b5
------ Ar- ¢ —CH—CH-AF  —eee> A[-C-C-CH —Ar' —v>m

o

........... Ar—COOH + CO + Ar'CHO

B. Oxidation in the Presence of Metal lons

Japanese researchers [98, 99] made a detailed study of the oxidation
reactions of 2'-hydroxy-4-methoxychalcones in glacial acetic acid, with
manganese (I11) acetate and lead(IV) acetate as the oxidizing agents. With
either agent, the main product of the reaction was the cis and trans aurone
derivative. It is suggested that the first product of the oxidation is Ar—0 —
Mn(OACc)2 after which homolysis of the oxygen - metal bond gives rise to
the Ar-O radical and manganese(ll) acetate. Attack by the radical on the
«"carbon atom may directly give the aurone derivative.
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Oxidation occurs only in the presence of a 4-methoxy substituent. Oxidiz-
ing 2'-benzyloxy-4,4'-dimethoxychalcone in a similar way, the product
was a mixture of I-(2'-benzyloxy-4'-methoxyphenyl)-2-acetoxy-3-(4-me-
thoxyphenyl)propane-I,3-dione and en/<Aro-2,3-diacetoxy-I-(2'-benzyloxy-
-4'-methoxyphenyl)-3-(4-methoxyphenyl)propan-l-one [99].

A=CH2C6H5

Recently it has been found [100] that the first step of the oxidation gives
/S-hydroxychalcone as an intermediate and a benzyl derivative is also a
product of the reaction.

Roux et al. [101] oxidized a-methoxychalcones with lead(lV) acetate in
glacial acetic acid to obtain a mixture of 2-(a-acetoxy-4-methoxybenzyl)-
-2,4,6-trimethoxy- and 2-hydroxy-2-(a-hydroxy-4-methoxybenzyl)-4,6-di-
methoxycoumaran-3-one; the latter was further oxidized to 2-acetoxy-2-
(4-methoxybenzoyl)-4,6-dimethoxybenzo[b]furan-3[2H]-one.

20~
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In the experiments of Dean and Podimuang [67] 2',4-dihydroxychalcones
were oxidized with potassium ferricyanide; formation of the resulting au-
rones was thought to involve a free radical mechanism.

Pelter et cd. [102] reported that 4'-hydroxyflavones were additional prod-
ucts of the oxidation reaction; they found that chalcones containing a
4-methoxy substituent did not react.

Recently Roux et al. [101,103] studied the alkaline K3e(CN)0 oxidation of
2',4-dihydroxy-4', 6'-dimethoxychalcone in the presence of 3,5-dimethoxy-
phenol. The free radical mechanism of the reaction was proved by the for-
mation of aurone and a benzofuran derivative. It is suggested that the free
radical is formed firstonthe 2'-hydroxyl group, and its attack on the a, B



CHALCONE EPOXIDES IN FLAVONOID CHEMISTRY 309

double bond results in a resonance-stabilized radical; this can give benzo-
furan with the phenoxyl radical, or is transformed into aurone by the
oxidative loss of the C-2 hydrogen atom.

0CH3

Under similar conditions, 2'-methoxymethoxy-4-hydroxy-4',6'-dimeth-
oxychalcone does not react with alkaline K3Fe(CN)e.

The first successful use of thallium(111) acetate in methanol for the oxida-
tion of chalcones was achieved by Ollis et al. [104-106]. It was found that
the chalcones were converted with some rearrangement into |,2-diaryl-3,3-
dimethoxypropan-I-one, which is a transient product decomposed by acids
to deoxybenzoin:

o

Ar—C—CH=CH—Ar" ——mmmv >-Ar-CI—CH—Ar' ------- sl ->-Ar—C-CH2—Ar’
CH(OCH32
The oxidation of 2'-hydroxychalcones gives flavones and coumaranones.
The formation of the latter compounds shows that the intermediate of the
reaction is the dimethylacetal derivative, which is converted to coumara-
none [106].
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If the 2'-hydroxyl group is protected, oxidation to flavone cannot occur;
thus the reaction product is I-(2'-benzyloxy-4'-methoxyphenyl)-2-(4-
methoxyphenyl)-3,3-dimethoxypropan-l-one, from which removal of the
protective group gives 4',7-dimethoxyisoflavone as the sole isolable product
[105]. 6,7,2'-Trimethoxy-3',4'-methylenedioxyisoflavone (milldurone) and
4,7-dimethoxy-3',4'-methylenedioxyi8oflavone (lettadurone) were synthe-
sized similarly in satisfactory yields, though longer reaction times (3 days)
were necessary.

In the meantime McKillop etal. [107, 113] found that chalcones in metha-
nol solution, in the presence of perchloric acid or boron trifluoride etherate,
are rapidly oxidized by thallium(l11) nitrate (TTN) to the dimethylaceta!
derivatives. The method was applied by Farkas et dl. [108, 109] to the
oxidation of 2'-hydroxychalcones; in this way isoflavones were directly
prepared in satisfactory yields (30-80%). The conversion was not accom-
panied by side reactions.
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Gottsegen [110] and Antus [111] used the TTN oxidation to achieve the
successful total synthesis of a number of naturally occurring isoflavones
and flavonoids of novel type.

The mechanism of the oxidation by thallium(IIl) nitrate probably in-
volves thallylation on the carbonyl group, being the site of the greatest
electron density. The complex thus formed has a highly polarized positive
/3-carbon atom, thus addition of the nucleophilic methanol becomes possible
[106, 111].

Simultaneously with this step, the initially co-ordinative thallium-oxygen
linkage becomes a covalent bond; this is followed by heterolysis of the oxy-
gen-thallium bond and aryl migration.

According to recent investigations [112] the course of the TTN oxidation
is changed by the presence of a 5'-substituent in the chalcone molecule:
aryl migration does not occur and a semiquinone derivative is obtained.
This effect, however, can be suspended by acetylation of the 2'-hydroxyl
group.

Horhammer et al. [114] successfully achieved the oxidation of 2’,3,6-
trihydroxy-4-methoxychalcone to the 2'-hydroxy-4-methoxy-3,6-dioxo-
chalcone analogue by means of Fremy salt.

No oxidation or rearrangement takes place if there is an inactivating
substituent such as an NO2group in ring A or B of the chalcone. Further,
substituents sensitive to oxidation (e.g. OH, NH2) must be protected [107].
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Oxidations in the para positions can also be effected in flavones.

C. Enzymic Oxidation

Rathmell and Bendall [115] investigated the hydrogen peroxide oxida-
tion of 2',4',4-trihydroxychalcone in the presence of horseradish peroxidase
catalyst; the optimal pH was found to be 7.5 and the reaction gave, with
the consumption of one atom oxygen and presumably by free radical me-
chanism, 3,7,4'-trihydroxyflavone and 4',6-dihydroxy-2-(a-hydroxybenzyl)
coumaranone. The latter product readily transforms into aurone in anon-
enzymic reaction. q

In 1960 Seshadri andThakur [116] isolated a quinochalcone (carthamone),
which gave carthamin on reduction.
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They found that oxidation of carthamin in the presence of peroxidase gave
the quinochalcone. Peroxidase oxidation attempted later by Obara and
Onodéra [117] did not yield the quinochalcone, but using nitric acid as
oxidizing agent, 2',3',6'-trihydroxychalcones readily gave the correspond-
ing quinochalcones, either in alcohol or in glacial acetic acid.

2. CONVERSIONS OF 2'-OR-CHALCONE EPOXIDES
A. Reactions with Hydrogen Halides

Bognéar and Stefanovski [57] treated 2'-benzyloxychalcone epoxide
with hydrogen chloride in ether, or with hydrogen bromide and hydrogen
iodide in acetic acid, or with hydrogen iodate in acetone, to obtain 3-hy-
droxyflavanone in each case. When hydrogen chloride in ether was used,
I-(2'-benzyloxyphenyl)-2-hydroxy-3-chloro-3-phenylpropan-l-one (the chlo-
rohydrin) was also present as a by-product formed in 10% yield. Substituted
2'-benzyloxychalcone epoxides with HC1 in ether gave, depending on the
substitution pattern of the starting epoxide, 3-hydroxyflavanones, chjoro-
hydrins, or |,3-diarylpropan-1,2-diones, and in some cases mixtures of the
chlorohydrins and 3-hydroxyflavanones [89, 90]. 0

Seshadri et al. [78] showed that the 1,2-diones were formed from the chlo-
rohydrins in a secondary reaction; they also detected the formation of
small amounts of formyldeoxybenzoins and isoflavones in these reactions.
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According to Chopin and Durual f77], epoxides carrying ro substituent in
ring B give only 3-hydroxyflavanones when treated with hydrogen chloride
in glacial acetic acid.

2'-Benzyloxy-2,4-dichloro-, -4-nitro-, and -4-carboxychalcone epoxides
do not teact with HCL in ether, even after long reaction times [90]. This
indicates that these p-substituents deactivate the oxirane ring, thus they
hinder the reaction [33, 94].

Examination of the reaction products has shown that if the substituent
in ring B has a positive Hammett spvalue (a ]> 0), the 3-hydroxyflavanone
derivative will be produced, whereas if it is negative (a < 0), the reaction
results only in the cleavage of the oxirane ring without removal of the pro-
tective group, and the main product will be the chlorohydrin [89, 90].

When the a constant is between (- 0.3 and —0.3, the reaction follows
both courses: the 3-hydroxyflavanone and chlorohydrin derivatives are
obtained together. If the phenyl rings A or B are replaced by a five- or
six-membered heteroaromatic or condensed ring system, the reaction
product is always the chlorohydrin.

Indian [80] and French [50] researchers reported that a substituent in
position 4' in ring A of the chalcone molecule did not influence the direction
of the reaction; the only product isolated was the 3-hydroxyflavanone
derivative. On the other hand, in the presence of a 4-methoxy substituent,
Seshadri et al. [78] found the chlorohydrin to be the sole product.

Recent investigations [92] have shown that the electron character of a
5'-substituent can modify the course of the reaction. Thus on treatment
with HC1 in ether, 2'-benzyloxy-5'-methoxy- as well as -5'-methylchalcone
epoxides give 3-hydroxy-6-methoxy- and -6-methylflavanone, respectively,
whereas 2'-benzyloxy-5'-chlorochalcone epoxide affords the corresponding
chlorohydrin.

0]
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As shown by the results, depending on the Hammett a value of the 5'-
substituent, and in contrast with the effect of ring B described above, if
a <, 0, the product is 3-hydroxyflavanone, and when a > 0, the chlorohy-
drin is obtained. Yet the presence of a a < 0 substituent in ring B can sus-
pend this directing influence of the C-5' substituent, e.g. 2'-benzyloxy-4,5'-
dimethoxychalcone epoxide gives the chlorohydrin as the only isolable
product. The directing influence of a C-5' substituent is also seen in the
chalcone flavanone isomerization [118]

Epoxide derivatives containing methoxy groups in the 3,5- or 6'-positions
did not give crystalline products in this reaction. Hydrogen chloride in
ether caused darkening of the reaction mixture and thin-layer chromatog-
raphy revealed the presence of several ill-defined compounds. Seshadri
et al. [82] suggested the formation of polymeric products and also the
occurrence of other reactions.

Oyamada and Baba [93] reported that 2'-methoxymethoxychalcone
epoxides with methanolic hydrochloric acid invariably gave 3-hydroxyflava-
nones, independently of the substituents present. A similar result was
obtained by Enebéack [94], who used sulfuric acid in methanol. On the
other hand, Chopin and Pineau [84,95] found later that in the presence of
a p-methoxy substituent the protective group is split diF, the oxirane ring
suffers cleavage, and 3-hydroxyflavanone is formed in a low yield (8%)
only.

Recently the conversions of 2-nitrochalcone epoxides with HCL in ether
have also been investigated [119,120]; the reaction was found to yield 1,3-di-
hydroxy-2-phenvlquinoline-4 [1H]-one.

(i) Structure determination of chlorohydrins. Cleavage with hydrochloric
acid of the oxirane ring of a chalcone epoxide may give an a-hydroxy-/?-
chloroethane or a-chloro-y?-hydroxyethar.e derivative ard, depending on
whether the ring opening occurs with inversion or retention, an erythro or a
fAreo-chlorohydrin may result.

Earlier House [121] proved that the chlorohydrins obtained from the
epoxides of a, /3unsaturated ketones had a-hydroxy-/3-chloroketone struc-
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ture; the formation of the analogous chlorohydrins from 2'-substituted
chalcone epoxides was supposed by Bognar and Stefanovski [57].

An example for elucidating the structure of chlorohydrins is shown inthe
case of the product obtained from 2'-methoxychalcone epoxide [122, 123].
This chlorohydrin can be prepared from the epoxide with HCL in ether, or
with tin(IV) chloride in anhydrous benzene. When hydrogen bromide is
used, a bromohydrin is obtained, but this is unstable and suffers decompo-
sition on standing, with the loss of HBr.

Halohvdrins lose hydrogen halide at elevated temperatures (140-150°C)
to give a halogen-free compound. In the case of the above chlorohydrin,
this product proved to be I-(2'-methoxyphenyl)-3-phenyl-propane-I,2-
dione, identical with the compound made by Enebéck and Gripenberg [124]
from the corresponding chalcone epoxide with alkali.

Sodium acetate in ethanol gave two chlorine-free products which were
separated by fractional crystallization. Physical properties showed one of
them to be identical with the above dione prepared by thermal treatment
and the other, having a positive ferric chloride colour reaction, was the eno-
lic desmotropic form of the former.

The structures of these products were also proved by the reaction with
o-phenylenediamine; both tautomers gave 2-(2'-methoxyphenyl)-3-ben-
zylquinoxaline in high yield.

The reaction product was also identical when the dione or its enolic tauto-
mer was treated with phenylhydrazine: a well crystallized, osazone-type
bis-phenylhydrazone was obtained.
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In a study of the conversions of chlorohydrins prepared from different
substituted chalcone epoxides, Chopin and Durual [50] obtained only 1,2-
diones on treatment with sodium acetate in glacial acetic acid. 2'-Benzyl-
oxychalconeepoxide with tin(IV)chloridegavethechlorohvdrin [57], where-
as 3- or 4-methoxy-substituted epoxides did not yield a homogeneous,
isolable product [50]. The mixture obtained, however, could be converted
into the 1,2-dione with sodium acetate in acetic acid.

The transformation experiments afford evidence that the chlorohydrins
are really a-hydroxv-/?-chloro derivatives, since the elimination of hydrogen
chloride results in a compound with its two oxygens being attached to
neighbouring carbon atoms. This structure is unequivocally proved by the
formation of the quinoxaline derivative [122, 123].

In the knowledge of these reactions, the structure of the halogen-free
product obtained from I-(2'-p-nitrobenzyloxvbenzoyl)-2-phenvlethylene-
chlorohydrin with sodium acetate, was successfully elucidated. Earlier this
compound had been supposed to be the corresponding ««-chalcone epoxide
[57]. Thermal decomposition of the chlorohydrin gave the same substance
as treatment with sodium acetate. The product reacted with o-phenvlene-
diamine to yield a quinoxaline derivative. The infrared spectrum showed
the absence of hydroxyl groups, and the ferric chloride colour test was
negative. Thus the chalcone which had been thought a ««-chalcone epoxide
was shown to be I-(2'-p-nitrobenzyloxyphenvl)-3-phenvipropane-l,2-dione
122, 123].

Further evidence supporting the structure of this substance was obtained
by reaction with acetic anhydride and pyridine, when the dione and the
chlorohydrin derivative equally gave the monoacetate of the enolic form.
This experiment also showed that hydrogen chloride elimination from the
chlorohydrin could occur under the conditions of acetylation.

Cleavage of the ring of iraws-epoxides leading to chlorohydrin may take
place with inversion on the C-3 atom (trans cleavage), or with retention of
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the configuration (cis cleavage) to give an erythro- and //reo-chlorohvdrin,
respectively.

Opening of the oxirane ring with retention is thought by Wasserman and
Aubrey [125] to follow SN mechanism., occurring through an oxonium ion
pair, with participation of the carbonyl group.

On the other hand, House and Rverson [126] have suggested that the
protonated oxirane ring may open directly, according to the “fourcentre”
mechanism, with retention, and without participation of the carbonyl

Lirovp.

According to the interpretation of Brewster 1127], cis opening of the
oxirane ring can only take place if the formation of a carbonium cation is
possible.

The formation of the erythro chlorohydrin, involving inversion and trans
cleavage, is a proton-catalyzed SN2 reaction. The oxygen of the epoxide
molecule binds the proton bv a co-ordinate linkage, then attack bv the
chloride anion on C-3 loosens the C-3-0 bond and results in its rupture.
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Erythro chlorohydrins are formed in alcoholic hydrochloric acid [121],

and undergo cyclization to lIrans epoxide when acted upon bv alkali [128.
129].

On the other hand, threo chlorohydrins cannot give cis epoxides, since
this is prevented by the syn configuration of the bulky phenyl and benzoyl

groups, thus 1,2-an/i elimination of hydrogen chloride may lead, through
the enolic form, to the 1,2-dione derivative.

Since the chlorohydrins gave 1,2-dione derivatives with the elimination
of hydrochloric acid [122], it follows that cleavage by HCL in ether or by
tin(1V) chloride of the oxirane ring of 2'-OR-chalcor.e epoxides gives the
/Areo-a-hydroxv-/?-chloro derivative. This was also supported by the NMR
studies of Reicfiel and Neubauer [129]. The coupling constant of the erythro
chlorohydrins is 4 Hz. while that of threo isomers is 2 Hz.

(it) Cyclization ofepoxides to 3-hydroxyflavanones. As shown by experiment,
treatment with HC! in ether of <raws-2'-benzvloxychalcor.e epoxides gave
the threo chlorohydrin only if the Hammett op value of the substituent in
ring B was negative. In the opposite case the protective group was split
off as well, and cyclization gave rise to 3-hydroxyflavanone as the main
product.
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This latter reaction may be rationalized by supposing that the first step is

(a) cleavage of the protective group, or

(b) opening of the oxirane ring and the formation of chlorohydrin, or

(¢) elimination of the protective group and cleavage of the oxirane ring,
followed by cyclization to 3-hydroxvflavanone.

These assumptions, however, can be rejected, since the benzyl group is
not split off either from 2'-benzyloxychalcone or from the chlorohydrin
under the experimental conditions used, and thus a cyclic compound cannot
be produced [57, 90].

In explaining the formation of the cyclized product, Bognéar and Stefa-
novski [57] suggested that the protective group is split off simultaneously
with the cleavage of the oxirane ring, as a result of internal nucleophilic
substitution. The process starts with the coordinate binding of a proton.
An electron-attracting substituent in ring B (a  0) enhances affixing of
the proton, thus nucleophilic attack by the etherealC-2' oxygen and cleav-
age of the protective group may ensue.
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If ring B contains an electron-releasing substituent (a < 0), the electron
density on the /3-carbon atom is increased and internal nucleophilic attack
is hindered; therefore, a three chlorohydrin is produced, either by the “four-
centre” mechanism [126], or by cis addition as suggested by Brewster [127].

The following experimental facts may be cited in support of the notion
about the decisive directing role of the nucleophilicity of the ethereal C-2'
oxygen and the electron density on the /3-carbon atom.

(@) Enebédck [94] and Oyamada [93] found that 2'-methoxymethoxy-
chalcone epoxides invariably give 3-hydroxyflavanones, independently of
the nature of the substituent in ring B. This shows that the electron-releas-
ing methoxymethvlene group increases the nucleophilicity of the ethereal
C-2' oxygen, thus the cyclic product is readily formed; however, the pos-
sibility of previous elimination of the acid-sensitive methoxymethylene
group cannot be excluded, either.

(b) A p-nitrobenzyl blocking group decreases the electron density on the
ethereal C-2' oxygen atom, therefore cyclization cannot take place; only the
oxirane ring is opened and, according to Bognar and Stefanovski [57], these
derivatives give chlorohydrins.

(©) The influence of C-5' substituents in the epoxides described above
can also be explained in terms of the nucleophilic character of the C-2'
ethereal oxygen. An electron-withdrawing substituent will reduce the
nucleophilicity, thus attack by the chloride anion and formation of the
chlorohydrin will be predominant, whereas an electron-releasing substituent
will favour internal nucleophilic attack. The latter effect may, however, be
modified by a substituent in ring B, thus electron density on the /3-carbon
atom must at any rate be taken into account when considering the reaction
route [92].

(d) As in some cases (when a is between - 0.3 and —0.3) both the
chlorohydrins and the cyclized products (3-hydroxyflavanones) are formed,
two competing reactions must run parallel [66].

(e) 1t was found [72] that the presence of an electron-attracting group
attached to the a-carbon atom of the epoxide molecule also facilitates elim-
ination of the protective group and the occurrence of cyclization. Thus
2'-benzvloxy-a-nitrochalcone epoxide gives, probably through the 3-hy-
droxy-3-nitroflavanone derivative, 3-hydroxyflavone [72]. The process is
not influenced by the ring B substituent [73].

2l a.o.C.



The opening of the epoxide ring and cyclization to flavanone may take
place with inversion or retention. If the cyclization occurred with reten-
tion, the trans diaxal C-2-H and C-3-OH groups of the newly formed
3-hydroxy-3-nitroflavanone would be favoured in an elimination reaction
[128]; the result of the trans elimination of water would be 3-nitroflavone.

This latter reaction is also informative as regards the stereochemical
course of the cyclization of 2'-benzyloxychalcone epoxides with acids.

Since actually nitrous acid and not water is eliminated, it follows that
the ring formation takes place with inversion on the C-3 atom.
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Bognéar and Stefanovski [57] also supposed inversion during the forma
tion of the pyranone ring from 2'-benzvloxychalcone epoxide. In the course
of this reaction chalcone epoxides give the more stable 3-hydroxyflavanone
with trans configuration and (2a) : (3a) conformation.

The structure of 3-hydroxyflavanone and the reaction mechanism are
also confirmed by the chemical and spectral properties of the product.

21*
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2'-Benzyloxychalcone epoxides give the same 3-hydroxyflavanones as
obtained in the alkaline hydrogen peroxide oxidation of 2'-hydroxychal-
cones.

The structure of the product prepared by the latter reaction was proved
by Bognar and Réakosi [130] and also by other authors [131].

Trans-3-hydroxyflavanone derivatives cannot be dehydrated, but they
are readily dehydrogenated [131]. This is the evidence for the trans axial-
equatorial steric positions of C-2-H and C-3-OH, whereas C-2-H and C-3-H
are trans diaxial, favouring elimination [130-132]. The latter statement
was confirmed by NMR studies reported by Clark-Lewis et al. [133].

The isomeric C-2-H, C-3-H-as-3-hydroxyflavanone is unstable; as shown
by Indian researchers [134], it is readily isomerized to the more stable
trans derivative.

B. Cleavage of the Oxirane Ring by Acidic Agents

In the reaction with hydrochloric acid in ether, the reactivity of 2'-benzyl-
oxychalcone epoxides and the course of the conversion are primarily de-
termined by the electron structure of the oxirane ring and by the substit-
uents present. This fact has been amply corroborated in several other
reactions. Such studies were made with differently substituted 2'-benzyloxy-
4-R-chalcone epoxides (R= OCH3, a= —0.27;, R=H, a—0; R = N02
a = 0.78), and it was found [91] that a part of 2'-benzyloxy-4-methoxy-
chalcone epoxide is converted to 2'-benzyloxy-a-hydroxy-/S-ethoxy-4-
methoxydihydrochalcone even by simple recrystallization from ethanol.
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This conversion can be made complete by warming in the presence of
sulfuric acid. Thus treatment with methanol and sulfuric acid of 2'-benzyl-
oxy-4-methoxy-,-4-methyl- and -4-isopropylchalcone epoxides gave the
corresponding dihydrochalcones, whereas 2'-benzyloxy- or 2'-methoxy-
methoxychalcone epoxides yielded the 3-hydroxyflavanones [66]. Very
little or no conversion was obtained with 2'-benzyloxy-4-nitro- and -24-
dichlorochalcone epoxides. Similarly, 2'-methoxymethoxy-4-nitro- and -2,4-
dichlorochalcone epoxides, containing an acid-sensitive protective group,
do not react with methanolic sulfuric acid, either. A stabilizing effect of
the p-nitro grouj) has also been shown in other reactions of chalcones [135].

On the other hand, the presence of a p'-nitro group facilitates the opening
of the oxirane ring [136]. Yet, fission of the oxirane ring of Irane-4-nitro-
chalcone epoxides can be readily accomplished with thiophenol to give
a-thiophenylchalcone through intermediary products.

O O 0 OH
Ar—C—OH—CH—C,H4—p—NO; — >Ar-C-CH-OH-Ar" HC/ACOH>
SC,,Hs
0 cl 0
- Ar-C-CH-CH-Ar" (CH)N>Ar-O —C=CH—CeH4—3—NO*
SIC,,HS SIC,HS

The presence of a 4-methoxy substituent also renders the chlorohydrin
unstable; recrystallization from ethanol or reaction with sodium acetate do
not result in dehydrohalogenation, but the same dihydrochalcone is obtained
as from the epoxide [91].
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In contrast with earlier results reported by Eneback [94], Pineau and
Chopin [95] have recently found that treatment with H2504 in methanol
of 2'-methoxymethoxy-4-methoxychalcone epoxide, a compound sensitive
to acids, results only in methanolysis and removal of the blocking group;
cyclization to 3-hydroxyflavanone is slight (6%). The latter reaction prob-
ably occurs through the dihydrochalcone derivative produced in a second-
ary process; evidence for this is the cyclization of the dihydrochalcone to
3-hydroxy-4-methoxyflavanone, achieved by Pineau and Chopin [84] by
means of polyphosphoric acid or concentrated sulfuric acid.

Aubry and Chopin [96] also found that chalcone epoxides having a 2'-
methoxymethoxy protective group react with acids first undergoing pro-
tonation in the oxirane ring, followed by fission; the next step is the removal
of the blocking group. Ifring B is unsubstituted and ring A has the resorcine
substitution pattern, the products are 3-hydroxyflavanones. It can be assum-
ed that the protonated oxirane ring is opened by SN2 attack of water or
methanol to give the product with threo conformation; this is then followed
by attack of the 2'-phenolate anion leading to <raw«-3-hydroxyflavanone.
If the erythro isomer was also formed, this should give rise to cre-3-hy-
droxyflavanone.
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o) o o OH 0
I/ \ , H+ 1 e |
Ar-C-CH—CH—Ar - -«  Ar-C—CH—CH—Ar - > Ar-C—CH—Ar
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Ar—C—CH—CH—A" Ar-CA?-CHr-Ar'
1 [ Hf
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In strongly acidic medium attack with SNL mechanism by the 2'-pheno-
late anion on the transient carbonium cation is also a possibility. In this
case the formation of both cis- and fran«-3-hydroxvflavanone is expected.
As shown by experiment, the way of conversion of 2'-methoxymethoxy-
chalcone epoxides is also determined by the solvent used [95]. With acid
reagents in an aprotic solvent thecarbanion is converted to 1,2-dione deriv-
atives or formyldeoxybenzoins, whereas in protic solvents it is rather
solvolvsis that will predominate:

2'-Benzyloxychalcone epoxides containing no methoxy substituent react
with hydrogen chloride in alcohol or in glacial acetic acid, as well as with
sulfuric acid in methanol, to give 3-hydroxvflavanone, but 4-methoxy-
substituted derivatives afford the chlorohydrin or dihydrochalcone deriv-
ative [57, 81, 95].

When 2'-benzyloxy-4-methoxychalcone epoxide is treated with glacial
acetic acid in alcohol, the product is the monoacetate. Its structure is con-
firmed by synthesis of the same compound from the chlorohydrin with

silver acetate.
Epoxide = = -------meemeemmeeeeeeee >- Chlorohydrin

Enebédck [94] synthesized a-methoxychalcones-by the methylation of
1,2-diones; removal of the protective group then gave 2-benzyl-2-methoxy-
coumaran-3-one.
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Chopin et al. [81] treated the dione or its chlorohydrin with hydrogen
chloride in glacial acetic acid to obtain 2-hydroxy-2-benzylcoumaran-3-one

which can be dehydrated to aurone, or rearranged in the presence of alkali
to coumaran-2-one.

The conversion to 2-hydroxy-2-benzylcoumaranone is influenced by the
substituents in the molecule [81].

2'-Benzyloxy-4-methoxychalcone epoxide is acetylated by acetic an-
hydride in pyridine to a diacetate which is identical with the product ob-
tainable from the chlorohydrin with silver acetate and acetic anhydride.

Chlorohydrin

The diacetate is also accessible by acetylation of the glycol monoacetate.
When the epoxide is acetylated with acetic anhydride in the presence of
sodium acetate, the a-acetoxychalcone derivative is a by-product formed
in 10% yield, besides the diacetate. This compound is probably produced
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by the elimination of acetic acid from the glvcol monoacetate under the influ-
ence of sodium acetate [91].

A similar result was reported by Clark-Lewis and Jeminson [85]. The
a-acetoxychalcone derivative can also be prepared from the chlorohvdrin
and dione by means of acetic anhydride in pyridine.

The above authors [85] achieved the cyclization of 6'-methoxy- a-acetoxy-
chalcones to aurones.

If the substituent constant in ring B is greater than zero (a >0), the oxi-
rane ring is not cleaved by acetic anhydride; thus 2'-benzyloxy- or -4-
nitrochalcone epoxides donot react with acetic anhydride. These experiments
also show that the presence of an electron-releasing substituent in p-position
in ring B is one of the conditions required for opening of the oxirane ring.
Such a substituent renders this ring unstable promoting its fission and the
formation of a carbonium ion of transient existence; this ion undergoes
further conversion suffering attack from an alcoholate. Acetate or chloride
ion, or occasionally with the elimination of a proton.
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Formation of the carbonium ion favours cis addition (121], thus the
products expected are the threo derivatives. NMR studies by Pineau and
Chopin [95] have recently shown that the erythro isomers are also produced
in various reactions.

The poor stability and the reactivity with nucleophilic reagents of chloro-
hydrins with 4-methoxy substituents can also be attributed to the effect
of the electron-releasing group.

Recent studies have shown [92, 96] that the stability of the oxirane ring is
also effected by a 6'-methoxv substituent. 2'-Benzvloxy-6'-methoxy-chal-
cone epoxide reacted with hydrogen chloride in methanol and, without
removal of the protective group, 2'-benzyloxy-a-hydroxy-/?,6'-dimethoxy-
dihvdrochalcone was obtained. As shown by NMR spectroscopy, the prod-
uct was the isomer having threo configuration. The same compound can be
prepared with sulfuric acid in methanol. In the case of 6'-methoxychalcorie
epoxide containing the acid-sensitive methoxymethoxv protective group,
methanolic sulfuric acid removed this group, and opening of the oxirane
ring gave rise to 2'a-dihydroxy-6'/3-dimethoxydihydrochalcone.

Such 6'-methoxvdihydrochalcone derivatives were cyclized by French
researchers [84, 95, 96] to 3-hydroxvflavanones.

The special reactions of 6'-methoxy-substituted chalcone epoxides are
probably due to steric factors.

The stability of the oxirane ring towards nucleophilic agents depends
particularly on the substituent present in ring B; in the case of o > 0, the
oxirane ring is stable and is not cleaved by nucleophilic reagents, or rather
it is possible but vigorous conditions are required; a substituent constant
a < 0 renders the epoxide ring unstable.

C. Cleavage of the Oxirane Ring by Alkaline Agents

Baker and Robinson [55] reported that alkaline treatment of 2'-methoxy-
chalcone epoxides gave directly the benzilic acid derivative; in the experi-

ments of Enebdck and Gripenberg [124], a-hydroxvchalcones were also
obtained. This unstable enolic form may readily be converted in the presence
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of piperidine to the more stable 1,2-dione, which then gives the benzilic
acid.

Analogously, 2'-methoxymethoxy- or 2'benzyloxychalcone epoxides
also afford a-hydroxychalcones; removal of the protective group results in
2-hydroxy-2-benzylcoumaranones and subsequent dehydration yields au-
rones [81, 92, 94].

Collins and Neville [137] studied the rearrangement of isotopically
labelled chalcone epoxides and found that the carbonyl groups of the
intermediary 1,2-diketone were not equivalent. By converting p-substituted
epoxides, they have shown that the 2-hydroxy-2,3-diphenylpropionie acid
derivative is produced by migration of the benzyl group in ring B [138].



332 OY. 1NTKE1

According to Dodwadmath and Wheeler [33], if the.epoxide contains a
nitro substituent in ring B, treatment with alcoholic alkali does not give a
benzilic acid derivative.

Irish authors [53, 54] reported that alkali in nitrogen atmosphere effects
the cleavage of the protective group from 2'-tosyloxychalcone epoxide and
3-hydroxyflavanone is obtained; in the presence of air the product is 3-
hydroxyflavone.

If the epoxide has also a 6'-methoxy substituent, the reaction leads to a
mixture of 3-hydroxy-5-methoxyflavanone and 4-methoxyaurone.

Treatment with alkali of 2'-acetoxy-[38, 46-48, 50] or 2'-hydroxychalcone
epoxides [43, 45] also results in 3-hydroxyflavanone.

The conversion of 2'-methoxymethoxychalcone epoxides with urea in the
presence of alkali was investigated [139, 140]; the products obtained were
5-(2'-methoxymethoxyphenyl)-5-benzylhydantoins. It has been assumed
that the intermediate of transitory existence was a 1,2-dione derivative
which reacted with urea after rearrangement to benzilic acid. The yield of the
hydantoin derivative depends on the nature ofthe substituent in the epoxide.

Treatment with thiourea gives 5-phenyl-5-benzyl-2-thionhydantoin in an
analogous reaction [139]. When no alkali is present, the epoxides react
with thiourea and guanidine to give 2-amino-4-aryl-5-(a-hydroxybenzyl)
triazoles and 2-amino-4-benzovl-5-phenylimidazolines, respectively [141].
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Opening of the epoxide ring was also investigated with morpholine and
piperidine [142, 143]. It has been found that secondary amines effect
fission of the oxirane ring by SN2 mechanism, affording d,l-erythro-a-
hydroxy-/9-amino-/?-phenylpropiophenone [144].

o
C H  CO-C6H5
> A CW C\ CBHS s2 > /N-C-C—OH
C6H5 O  H C6H5  H

A detailed study was made of the reactions of chalcone epoxides with
hydroxylamine [145, 146]. In alkaline medium 4-hydroxyisoxazolines,
whereas in weak acidic solution the intermediate l-aryl-2-benzylethylene-
oxide oximes are obtained.

The intermediary oxime may give 4-hydroxyisoxazoline in both alkaline
and acid medium [147].
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Bodforss [148] and others [123, 142, 149, 150-154] investigated the
reactions of chalcone epoxides with hydrazine hydrate and phenylhydrazine.
These reactions afforded 3,5-diphenylpvrazole derivatives through the inter-
mediary 4-hydroxypyrazolines.

In some cases the corresponding 4-hydroxypyrazoline could be isolated
[123, 151-154], and it was dehydrated to the pyrazole by thermal treatment
[154], or in the presence of acid [153, 155, 156]. According to recent studies
[144], chalcone epoxide analogues give only 3,5-diphenylpyrazoles. Also in
the presence of alkali, epoxides afford only 3,5-diphenylpyrazoles on treat-
ment with hydrazine hydrate or phenylhydrazine [157].

Cromwell [142] reported that cis- and <raw«-chalcone epoxides did not
react in the same way with phenylhydrazine. The cis isomer was less reactive
and it gave the pyrazole whereas the trans compound afforded a stable
4-hydroxypyrazoline in a much quicker reaction; cis elimination of water
from this product can be achieved only with difficulty.
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Erythro- and /Areo-chlorohydrins also react with hydrazine hydrate;
the products are the stereocisomeric 4-hydroxypyrazolines [123, 151, 173].

From <Areo-chlorohydrins the same stereoisomeric 4-hydroxypyrazolines
are obtainable as from irana-chalcone epoxides [151, 153].

D. Reduction of Chalcone Epoxides

2'-Methoxychalcone epoxide can be selectively reduced with 1 mole of
hydrogen, resulting only in cleavage of the oxirane ring [122, L23]. The
same compound is obtained when the chlorohydrin derivative is hydrogenated
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under identical conditions; only the halogen atom is removed and I-(2'-
methoxyphenyl)-2-hydroxy-3-phenylpropan-l-one is produced.

On catalytic hydrogenation with 2 moles of hydrogen, both the epoxide
and chlorohydrin give the same product, I-(2'-methoxyphenyl)-1,2-dihv-
droxy-3-phenylpropane. The same diol can be synthesized by converting the
epoxide with lithium aluminium hydride in ether solution [122, 123].

It has been found that the epoxide ring is opened by hydrogenation to
give a hydroxyl group on the a-carbon atom neighbouring the carbonyl
group. This is proved by the fact that reductive dehalogenation of the
chlorohydrins with a-hydroxy-/3-chloro structure gives the same «-hydroxy-
ketone or wic.-diol as the reduction ofthe epoxides.

Bhrara et al. [78] hydrogenated 2'4'-dibenzyloxv-4-methoxychalcone
epoxide in glacial acetic acid to obtain formononetin and 2,4-dihydroxy-
phenyl-/?-acetoxy-a-hydroxy-/?-(4-methoxyphenyl)ethvl ketone.
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The LiAlIH4 reduction of 2'-benzyloxychalcone epoxides also gave the
1,2-diols in the experiments of Bokadia et al. [43, 158] and Chopin and
Piccardi [159, 160]. NMR spectroscopy showed that the products were the
erythro isomers. However, when the reduction was effected with KBH4, a

7 : 3 mixture of the trans-erythro and trans-threo epoxyalcohols could be
obtained [159, 160].

When a mixture of LiAlH4and AICI3 (1 : 7) is used as the reducing agent
of 2'-benzyloxychalcone epoxide, the protective group is split off and
2,3-tfrows-3,4drans-flavan-3,4-diol is formed [43, 158]. According to recent

investigations [160], the 2,3-fr<ms-3,4-ci« isomer is also a product of the
reduction.

Both flavan isomers are also accessible by acid treatment of the isomeric
epoxyalcohols [160].

Catalytic hydrogenation of cis- or irans-2-nitrochalcone epoxides is a
new route for synthesizing 2-hydroxy-2-phenylquinolines [142].

2 r.D.C
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K. Reactions with Lewis Acids

In synthesizing the unsubstituted chalcone epoxide, Weitz and Scheffer
[58] reported in 1921 that the product was isomerized bv hydrochloric acid
to a /J-ketoaldehyde.

Later it was shown that real structure of the product was 1,3-diphenvl-1,2-
propanedione [161], yet treatment with sulfuric acid in acetic acid gave
indeed, the /J-ketoaldehyde derivative.

The fact that chalcone epoxide afforded this /9-ketoaldehyde derivative
held out promises of a new isoflavone synthesis.

Starting with an epoxide, Baker and Robinson [55] were the first to
synthesize a deoxybenzoin and its formyl derivative, in 1932. 2'-Methoxv-
chalcone epoxide or the dione obtained from it was treated with .alkali; the
resulting glycolic acid derivative was decarboxylated. Subsequent oxidation
afforded 0-methoxydeoxybenzoin. Formylation and removal of the protec-
tive group led to isoflavone, although in a poor yield.
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Algar and McKenna [56] applied the method of Weitz and Scheffer [58]
to synthesize o-methoxvformyldeoxybenzoin, but the yield of isoflavone
was very low (4%), since demethvlation also caused splitting off of the
formyl group, thus the main product was o-hydroxydeoxvbenzoin. It was
shown that hydrogen bromide in acetic anhydride or acetic acid, as well as
hydrogen iodide in acetic acid gave no isoflavone at all; only aluminium
chloride was effective.

These methods did not find wide application since they afforded the iso-
flavone in a rather laborious way and in low yields. Chalcone epoxides con-
taining the less stable benzyl protecting group appeared more promising
for the preparation of isoflavone derivatives.

Treatment of a solution of 2'-benzyloxv-4-methoxychalcone epoxides
in glacial acetic acid with hydrogen bromide [80] or concentrated sulfuric
acid [89, 91] results in simultaneous removal of the blocking group, and
4'-methoxvisoflavones are obtained in a much better yield.

A number of years ago House et al. [126, 162] investigated the isomeri-
zation of chalcone epoxides to formyldeoxybenzoins by means *bf boron
trifluoride etherate. This method was adopted by Indian authors [27, 80]

22+



340 ov- litkei

and other researchers [50, 80, 91] for the successful synthesis of isoflavones
from 2'-OR-chalcone epoxides.

The reaction with concentrated acid or boron trifluoride etherate repre-
sents an advantageous new isoflavone synthesis as the previous steps can be
readily achieved in almost quantitative yield.

Application of the method to variously substituted chalcone epoxides has
revealed that 2'-benzyloxychalcone epoxides with cone. HZS04 or HBr in
acetic acid, or with boron trifluoride etherate may give not only isoflavones,
but also 3-hydroxyflavanones, depending on the substituent of the starting
epoxide [80, 89, 90].

In the course of these reactions neither the appearance of deoxybenzoin
derivatives nor the simultaneous formation of isoflavone and flavanone
derivatives could be detected. The epoxides containing C-3, C-5- or C-6'-Te-
thoxy substituent inring B and A, respectively, gave a reaction mixture
whose composition could not be established, similarly to the reaction with
hydrogen chloride in ether; the same applies to derivatives carrying a con-
densed or heterocyclic ring instead of ring B [89]. As in the case of hydro-
chloric acid, the reaction route depends on the Hammett ap values of the
substituents. According to experimental evidence, the epoxides give isofla-
vones only if ring B has an electron-releasing substituent (a < 0). If a > 0,
solely 3-hydroxyflavanones are obtained.

Several authors reported [50, 77, 79, 80] that if ring A of the epoxide
contained a 4'-methoxy substituent and ring B was unsubstituted, treat-
ment with boron trifluoride etherate afforded only 3-hydroxyflavanone.
However, the same reagent gave rise to 3-hydroxyflavanones and isoflavones
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in the presence of an electron-releasing (a m<0) and electron-attracting
(er > 0) 0-5' substituent, respectively [92].

A comparison of the experiments made with Lewis acids and hydrochloric
acid has shown that the chalcone epoxides giving chlorohvdrins with HC1 in
ether, yield isoflavone derivatives with boron trifluoride etherate or con-
centrated sulfuric acid.

2'-Benzvloxv- or 2'-methoxymethoxychalcone epoxides carrying a 6'-
methoxy substituent, did not give an isolable product with boron trifluoride
etherate [92]. Recently Gormley and O’Sullivan [54] allowed 2'-tosyloxv-6'-
methoxychalcone epoxide to react with boron trifluoride etherate at low
temperature to obtain 2-tosvloxy-6-methoxyformyldeoxybenzoin. However,
removal of the protective group from this product did not yield the isoflavone
derivative, as the formyl group was also split off under the reaction condi-
tions applied; thus 2-hvdroxy-6-methoxydeoxybenzoin was produced.

(conversion to a slight extent of 2'-benzyloxy-4-methoxychalcone epoxides
to formyldeoxybenzoin or isoflavone derivatives was demonstrated by
Bhrara et al. [78], effecting the reaction with HC1 in ether, HBr in acetic-
acid, and also with glacial aceticacid. These compounds are formed, however,
only as by-products, the main products being the corresponding chloro-
hydrin, 1,2-dione or glycol monoacetate derivatives.

The (Areo-chlorohydrin resulting from 2'-benzyloxy-4-methoxychalcone
epoxide can be converted with boron trifluoride etherate to 4'-methoxy-
isoflavone; the yield is 30% [66].

The reactions of chalcone epoxides with Lewis acids widened the field of
possible uses of the epoxides, and opened the way to new syntheses of
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different 3-hydroxvflavanones and isoflavones. Several natural isoflavones
have been synthesized from the appropriately substituted chalcone epoxide
with boron trifluoride etherate; examples are: daidzein [27], formononetin
[27, 50, 78], cabreuvin, 7,8,3'4'-tetramethoxyisoflavone [80], 3'-hydroxy-
formononetin [88], pseudobaptigenin [27], afrormosin, cabreuvin [82, 163],
7,4' dimethylangolensin [27], and 3",4"-dihydrodurmillone [164].

3. REARRANGEMENT REACTIONS OF FLAVONOIDS
INVOLVING ARYL OR AROYL MIGRATION

In flavonoid chemistry several reactions are known which lead to deriv-
atives of different type and oxidation number, formed by aryl or aroyl
migration. Interest is also attached to these rearrangement reactions from
the biogenetic point of view since they may represent models of the for-
mation of the different flavonoids from a common precursor in the plant.

A. Rearrangements of Cyclized Compounds

As early as 1926, Freudenberg and Carrara [165] showed that treatment
of 5,6,3",4'-tetramethylcatechin with phosphorus trichloride gave an iso-
flavene derivative. They found that the reaction involved arvl migration.

Later Clark-Lewis and Korvtnyk [166] prepared 2-ethoxyisoflavan from
flavan-3-tosyl ester.
Lithium aluminium hydride reduction of 3-hydroxyflavan derivatives led
probably via the epoxides [167] to 2,3-diarylpropan-I-ol; the reaction
involves benzyl migration.
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Oxidation of flavanone with lead tetraacetate gives, among other products,
isoflavone [168].

Dean and Podimuang [67] synthesized the corresponding 2-methyliso-
flavone by dehydrating 2-(a-hyuroxvhenzyl)-2,4,6-trimethylcoumaran-3-one
with sulfuric acid. This rearrangem >t is characterized by benzoyl mi-
gration.

A detailed study was made of the benzilic acid rearrangement of 3-hy-
droxyflavanone derivatives effected by alkali, which gives, among other
products, 3-benzalcoumaran-2-ones [70, 169]. Nevine et al. [137,138]show-

ed bv isotopic studies that this rearrangement takes place with benzyl
migration.
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B. Rearrangements of Chalcones

In recent years, oxidation experiments with thallium(l11) acetate in
methanol, made by Ollis et al. [104-106] have shown that |,2-diaryl-3,3-di-
methoxypropan-l-ones can be prepared by the rearrangement of chalcones
(p. 309).

Using 14C-labelled chalcone, it was shown that the rearrangement involved
aryl migration [106].

C. Conversions of Chalcone Epoxides

The isomerization by acids of chalcone epoxides to formyldeoxybenzoin
derivatives may take place with aryl- or aroyl migration. This rearrangement

comprises the transient formation ofa carbonium cation, after opening ofthe
oxirane ring.
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Evidence against aryl migration is the experimental fact that on cleavage
of the oxirane ring by acids, the hydroxyl group is found in every case
attached to the a-carbon atom [89].

House [170] and others [106] used unsubstituted chalcone epoxide label-
led with 14C in the a-position to prove aroyl migration unequivocally. The
[a-14C]-formvideoxybenzoin derivatives were prepared by means of Lewis
acids from [/5-MC]-4'-methoxy-, -4,4'-dimethoxy- and -2',4'-dimethoxy-
chalcone epoxides by Grisebach and Barz [171]; these reactions also afforded
evidence for the migration of the aroyl group. The deoxybenzoins were
identified after deformylation as the 2,4-dinitrophenylhydrazones. It was
found that the formyldeoxybenzoin made from 2'.4'-dimethoxychalcone
epoxide failed to undergo deformylation even under rather vigorous condi-
tions. Chopin and Piccardi [86] treated 2',4'-dibenzyloxy-4-methoxy-
(N-4C]-chalcone epoxide with boron trifluoride etherate followed by de-
benzvlation with hydrochloric acid in acetic acid to obtain directly 7-
hvdroxy-4'-methoxy-[3-14C]-isoflavone.

Considering the fact of aroyl migration, House [172] suggested the follow-
ing possibilities to explain the formation of formyldeoxybenzoin, the final
product of the reaction is shown on p. 346.

Route 1 can at once be excluded, as it has been shown [172] that unsatu-
rated esters do not give formyldeoxybenzoins under similar conditions.
Decision between routes 2 and 3 may also elucidate whether the reaction
is an intramolecular or intermolecular process. By the parallel conversions
of unsubstituted chalcone epoxide and p.p'-disubstituted chalcone epoxides,
House [172] has proved unambiguously that the rearrangement is an
intramolecular reaction. He has also shown that using an equivalent amount
of the reagent (boron trifluoride etherate), reaction route 4 is also operative,
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and a fluorohydrin is formed, from which the formyldeoxvbenzoin is obtain-
able.

Kinetic measurements have shown [126] that the rate of conversion of p-
substituted chalcone epoxides to formyldeoxybenzoins depends on the
Hammett a value of the substituent. An electron-releasing substituent
(a < 0) increases the rate of isomerization, which is in agreement with the
Studies made with 2'-benzyloxy-4-R-chalcone epoxides [90], and the reaction
yields formyldeoxybenzoin or isoflavone derivatives. If the substituent is
electron-attracting (<*;>), the rate of isomerization is lower and the 2'-benzyl-
oxy-4-R-chalcone epoxides do not give isoflavones, but only 3-hydroxy-
flavanones [90].

The kinetic studies [126] also revealed that in the reaction of the epoxides
with boron trifluoride etherate, the decomposition of the primary boron
complex is followed by a slow rate-determining process:

The two-directional reactions of 2'-benzyloxy-4-R-chalcone epoxides with
Lewis acids indicate that the course of the conversion and thus the reaction
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mechanism is determined by the stability of the complex formed. If the
complex is stable, the oxirane ring is opened simultaneously with the nucleo-
philic attack by the C-2' ethereal oxygen, and the product is 3-hydroxy-
flavanone.

In the opposite case, when the conversion ofthe complex with opening of the
oxirane ring is a rapid process, the intramolecular aroyl migration takes
place through an intermediary product, and this is followed by debenzylation
and the formation of isoflavone [66]. Since the aroyl migration also occurs
in the chlorohydrins, the intermediary products can be the corresponding
fluorohydrins.
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However, the formation of fluorohydrin could not be detected daring the
reaction, probably it reacts directly with the excess of boron trifluoride ether-
ate to give the isoflavone derivative [172].

The experiments have also shown that the reaction route is governed
by the nucleophilicity of the C-2' ethereal oxygen atom. If the (a< 0)
effect of the substituents in ring A increases the nucleophilic character of
this atom, the opening of the oxirane ring is accompanied by simultaneous
cyclization to 3-hydroxyflavanone. In the opposite case the oxirane ring is
cleaved and the end-product of the rearrangement reaction is an isoflavone
derivative [92].

Elucidation of the isomerization reactions of chalcone epoxides leading to
isoflavones has also importance from the point of view of flavonoid biogenesis.
As the acid-catalyzed rearrangement takes place with aroyl migration in
contrast with aryl migration occurring in the biogenetic process, it follows
that the formation of isoflavones from chalcones in the plant does not involve
the chalcone epoxide intermediate, or if it does, the reaction route must be

different.

4. STRUCTURE STUDY OF CHALCONE EPOXIDES

The direction of the conversions with acid reagents of 2'-substituted chal-
cone epoxides is decisively influenced by the electron structure of the mole-
cule, particularly of the oxirane ring. The various substituent effects and the
electron distribution in the molecule may be studied by spectroscopic meth-
ods [173-175] and by quantum chemical calculations [176, 177].

Lutz and Weiss [178] have stated that the oxidation by alkaline hydrogen
peroxide of both cis- and frans-chalcones gives stable trans-chalcone epox-
ides. Thecisisomer isthe unstable form, which was first prepared by Wasser-
man and Aubrey [179] from |,3-diarylpropyne(2)-l-one.
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According to IR and NMR evidence, the epoxides made by alkaline
oxidation are all trans isomers [89, 90], therefore the spectroscopic work
has been restricted to these stable compounds. The aim of the investigation
was to study the following problems:

(@) the formation and stability of the conformers:

(b) the interaction of the oxirane ring and the carbonyl group;

(¢) interactions through conjugation between the oxirane ring and the
aromatic system.

A. Spectroscopic Studies

Cromwell [142] used spectroscopic methods to prove the existence of
hvperconjugational interaction between the oxirane ring and the ac-carbonyl
group. The binding electrons of the epoxide ring may interact with the n
electrons, enhancing the polarization of the carbonyl group. The electron

structure of the oxirane ring as pictured by Cromwell [142] is illustrated in
Fig. 3.

Fig. 3. Structure of the oxirane ring

It has been shown [180] that a steric prerequisite of ensuing conjugation
is that the orientation of the bonds be perpendicular to the plane of the
three-membered ring, i.e. the axes of the p,, orbitals of the interacting groups
must be parallel to, and in nearly symmetric arrangement with the “bent
bond” binding electrons (Fig. 3).

Cromwell and Graff [180] characterized hyperconjugation by the follow-
ing resonance structures:
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Several authors have reported the infrared spectroscopic investigation of
chalcone epoxides [142, 181]. These studies dealt mainly with the carbonyl
stretching vibration; the influence of the steric effect of the 2'-OR group
on the conjugation and on the appearance of the characteristic bands of the
oxirane ring was not examined.

According to the IR spectra, the vco values of 2'-OR-chalcones plotted
against the a* values of the 4-R substituents give a linearly increasing
connection, when recorded either in the solid state (KBr) or in solution
(CCl4) (Figs 4, 5).

These correlations show that the oxirane ring is in conjugation with both
the carbonyl group and the aromatic ring, and a substituent in ring B may

modify the electron distribution, and therefore the reactivity, of the epoxide
molecule.

As recently shown by Sohar and Sipos [182], a similar linear relationship
exists between the wave number values of the carbonyl stretching vibration
in 4'-substituted chalcone epoxides and the electron affinity of the substitu-
ent. In the presence of a 4'-R-substituent, a connection is expected between
the electronegativity of the substituent and the rco or «-ar-c(o) values,
since this part of the molecule has the same structure as in the corresponding
acetophenone or chalcone, where such relationships have been detected
repeatedly [183-186].

As shown by measurement, the vAr_c(0) value of 4-R-chalcone epoxides in
the range 1200-1300 cm-1 is not affected by the electronegativity of the
substituent.
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Fig. 4. Dependence of wo as a function ofa)* in 2'-benzyloxy-4-H-chaleone ejxixides
r

Fig. 5 Dependence of wvco as a function of a* in 2'-benzyloxy-4-R-chalcone epoxides
(in CC14)

The vcovs. o~ values obtained in solids did not give a linear relationship.
This is in agreement with the results of Cromwell et al. [142, 181] showing
that in the solid state <raws-4-R-chalcone epoxides exist in the non-conjugat-
ed gauche form.

According to Soviet authors [187], the dipole moments of p- and p’'-
substituted chalcones also indicate the gauche conformer to be the stable
form.

When the spectra are recorded in solution, a double carbonyl band can be
assigned, which is indicative of an equilibrium of conformers [142, 181].
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The more intense band with the higher frequency must be due to the gauche
rotational isomer, while the band of lower frequency can be assigned to the
cisoid form. The latter is the conjugated form. When the wave number values
of higher frequency appearing in the double carbonyl bands in carbon
tetrachloride are plotted against the a* values of the 4-R group —as it was
done in the case of the KBr spectra —no characteristic distribution is obtain-
ed. This indicates the existence of the non-conjugated gauche form.

gauche cisoid

According to the experiments —and at variance with the statements of
Cromwell et al. [181] —the dependence on the substituent of the jeo band
assigned to the conjugated cisoid form with lower frequency cannot be given
unequivocally, since the bands often appear as “shoulders”, thus their
exact positions cannot always be determined. A different result is obtained
(Figs 4 and 5), if a bulky 2'-OR substituent is present. The vco values as a
function of the a* of the 4-R-substituents in ring B revealed a linear relation-
ship in the spectra taken both in the solid form and in solution, and only one
band can be assigned to carbonyl. The experimental facts can be explained
bv supposing that, owing to the steric effect of the 2'-OR group, these
compounds exist in the cisoid conformation in the solid state also. Because
of the same steric effects, only one of the conformers, the conjugated one, is
present in solution; no equilibrium of the conformers is attained.

In the case of 2',6'-disubstituted chalcone epoxides, also only one carbonyl
band can be observed. It is surprising, however, that the carbonyl frequency
of 2'-benzyloxy-6'-methoxychalcone epoxide is found at 1714 cm"1 This
is indicative of the formation of the non-conjugated gauche form. Since the
corresponding 2'-benzyloxy-6'-methoxychalcone does exist also in the
conjugated form (i'to 1662), it appears that steric effects suspend coplanaritv
in these epoxides, this being signalled by a considerable increase of the
carbonyl stretching frequencies.

The interaction between the oxirane ring and the aromatic system can
also be studied by examining the oxirane bands of chalcone epoxides. The
epoxide bands can be assigned in the regions 1200-1300 cm-1 and 800-
910 cm-1, which are assumed to correspond to the symmetric (raring)) and



CHALCONE EPOXIDES IN FLAVONOID CHEMISTRY 363

asymmetric (raring)) stretching vibrations, respectively, of the oxirane
ring [188].
The following band regions are characteristic of trans chalcone epoxides:

I[cm->] IH[cm~1] Hifcm™1] IV[em™*] Vem-']

1400+10 123020 89015 790+15 590+20
On the basis of analogies, bands Il and I11 are the symmetric and asym-
metric vibrations, respectively, of the oxirane ring. Band | is probably a
comyiled vibration, whereas bands IV and V can be assigned to the deforma-

tion vibration of the oxirane ring [188]. It has been found that the 4-R-sub-
stituents of ring B characteristically influence the appearance of bands 11

FU. 6. Dependence of igring)ii a®a function of<* in 4-R-chalcone epoxides (in CCl4)

Fit). 7. Dependence of rine)l( as a function of a* in 2'-bcnzyloxy-4-R-chaleone
epoxides (in CC14).

23 R.D.C.
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and I11. No such effect is observed in the case of the other bands. Similarly,
the presence of a 4'-R substituent in ring A is of no consequence.

The wave number values of band |1 of 4-R- and 2'-benzyloxy-4-R-chalcone

epoxides plotted against a* of the R substituent show a linearly increasing
relation (Figs 6 and 7).

Similar relations are obtained for the vyas(ring)iii bands (Figs 8 and 9),
but the relation has a linearly decreasing trend.

Fiy. H Dependence of ias(ring11las a function of <* in-4-R-chalcone epoxides (in CCl4)

Fit/. 1. Dependence of »wrineHIl as a function of a* in 2'-benzyloxy-4-R-chalcone
epoxides (in CClt)

The ringju and vas<ring)iii vibrations of the oxirane ring according to
Tobin [188] are shown in Fig. 10.
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Fig. 10. The w(rimg)n and vas(ring)lll vibrations of the oxirane ring

In interpreting the relations of opposite trend, one must take into account
the “bent bond” character of the linkages in the oxirane ring [142, 180] and
the fact that quantum chemical calculations show maximum electron
density in the outer sphere of the ring, and minimum electron density inside
the ring [189-191].

It may be assumed that with increasing electron-attracting character of
the substituent in ring B, the electron density about the oxygen atom is
reduced, the lone electron pairs are drawn inside the ring and, exerting some
binding character, they stabilize the ring. As a consequence of the higher
electron density, the forces inhibiting the essentially “breathing” raring)!i
vibration become stronger, thus the frequency of the vibration is increased
(Figs 6, 7). On the other hand, for raring)iii the force inhibiting the vibration
is reduced since the electron density along the direction of the movement
of the oxygen atom is decreased, thus the frequency of the vibration becomes
lower (Figs 8,9). The correctness of these assumptions have been substanti-
ated by quantum chemical calculations [176, 177].

The results of IR spectroscopy are in agreement with recently published
NMR and mass spectrometric data [182, 192, 193].

B. Quantum Chemical Calculations

The spectroscopic studies have afforded information about the confor-
mation of 2'-OR-chalcone epoxides and about the conjugational relationship
between the oxirane ring system and the carbonyl group [173-175]. As shown
by synthetic work, the direction of the reactions of 2'-OR-chalcone epoxides
is decided by the electron distribution determined by the 4-R substituent.
These statements have been confirmed by the determination of the quantum
chemical parameters [176, 177] of chalcone epoxides with different Hammett
Upvalues (a = 0; —0.27; 0.78).

3B*
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Fit/. 77. Net (a + 1) charge distributior;tcif 2'-benzyloxychalcone epoxide (in -e
units

Figure 11 shows the total (a -f n) net charge distribution of 2'-benzyloxy-
chalcone epoxide calculated by the method of Del Re et al. [194-196]
and bv the bI-SCF LCAC MO method [197-199].

According to the calculated values, the oxygen atom of the oxirane ring
has a higher negative charge (—0.21985) than the 2'-C ethereal oxygen
( 0.05114). It means that with acid reagents the protonation of the epoxide
oxygen is more likely, and further reaction takes place only when this
protonation has been accomplished. The charge densities on the a- and /3
carbon .atoms of the oxirane ring are extremely different (0.02916 and
0.15526, respectively). These data are in agreement with the experimental
facts which showed that the opening with hydrochloric acid of the oxirane
ring of chalcone epoxides gives solely the a-hydroxv-/3-chloro derivatives
(chlorohydrins) [122, 123]. According to charge density calculations it is
evident that the chloride anion attacks the /3-carbon atom.

The characteristic quantum chemical indices listed in Table I (f: n\,
SSj; pE”OMO; FE,lemo) indicate that the a-carbonatom is favoured in the
case of electrophilic, whereas the /3-carbon for nucleophilic attack. This is in
agreement with the empirical facts. Chalcone epoxides do not give benzal-
coumaranones (aurones) by direct cyclization, since nucleophilic attack can
only occur on the /3-carbon atom.

4-R-substituents in ring B characteristically influence, according to their

o+1

character, the charge distribution (£ Q) and quantum chemical indice
of the atoms of the oxirane ring (Table I). It is found that the carbon atoms



Table |

Calculated Quantum Chemical Indices of 2'-Benzyloxychalcone Epoxides

H OCH, NO,
) X 3 y . ; y « ; y

Y-1Q( 0.02916 0.15526 0.21985 0.00559 0.14716 0.21956 0.04762 0.16030 0.21905
/, 0.53322 0.41175 0.93664 0.54191 0.40368 0.93585 0.53022 0.41283 0.93329
-, 0.63188 0.53093 0.00695 0.63660 0.52167 0.00721 0.64214 0.53179 0.00744
£E£,[ 1] 1.52488 1.00294 1.29389 1.67489 0.98991 1.31125 1.45658 1.00566 1.28294
ogH°M° 0.73979 0.40288 0.37259 0.74440 0.32378 0.32766 0.72070 0.41728 0.37806
FELEM® 0.54729 0.65814 0.00061 0.52134 0.66931 0.00105 0.55864 0.58646 0.00008
v Q —total net charge

fi — free valence index

AL, —atomic autopolarizability

SSi —superdelocalizability

jpijHOMb  _ fronti electron deneity on the highest occupied molecular orbital

FELemo  — frontal electron deneity on the lowest empty molecular orbital
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of the epoxide ring are most negative if a 4-methoxy substituent is present;
with a 4-nitro substitution the charge density is decreased. These data also
show quantitatively that the oxirane ring is in conjugational interaction
with the aromatic ring B. At the same time the data support the infrared
spectroscopic results (Figs 6-9), according to which the tendency of the
\a(rinj)ii and rasrg)ii[ bands is determined by the charge density on the
oxygen atom in the oxirane ring. Calculations indicate that increasing
electron-attraction results in lower electron density about the oxygen atom,
and this is accompanied by a characteristic change of the bands of the
oxirane ring.

As seen from Table I, the Hammett a value of the 4-R-substituent also

affects the charge density ] of the /3-carbon atom of the oxirane ring.
When the OCH3 —»N 02substituent exchange is made, the charge density on
the /3-carbon atom drops from 0.14716 to 0.16030, resulting in increased
proneness to nucleophilic attack. The same inference can be drawn from the
other reactivity indices (Table 1), which substantiate the different mecha-
nisms of the reactions with acids of 2'-benzyloxy-4-R-chalcone epoxides,
mentioned earlier. 1t has been supposed [89, 90] that the course of the
reaction and the end-products are decided by the charge density on the
/3-carbon atom, as it conclusively affects the possibility of internal nucleo-
philic attack by the 2'-C ethereal oxygen. A higher charge density on the
/S-carbon atom (a < 0) inhibits nucleophilic attack, whereas decreasing
charge density (a > 0) will favour the same; subsequent cyclization can
give the 3-hydroxyflavanone derivative. Calculations have confirmed the
correctness of these assumptions, and have also shown that quantum chemi-
cal computations can be successfully applied to such investigations of
flavonoid chemistry.

The work done on chalcone epoxides has both theoretical and practical
significance. The epoxides are starting materials in the synthesis of the
members of many classes of the flavonoid compounds.

By proper choice of the reagent and of the substituents in the epoxide
moleeule, the different flavonoid derivatives can, in most cases, be prepared
in satisfactory yields.
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Similarly, many conversions of the reactive oxirane ring are also possible,
thus, e.g., heterocyclic derivatives can be synthesized.

Another important field is the investigation of the little studied chalcone
aziridines, the analogues of the epoxides. A comparison of the chemical
properties of 2'-OR-chalcone aziridines (R = CH2CeH5; CH20CH3) with
the epoxides [200—202] reveals differences in their reactions, yet aziridines
are also suitable starting materials for the synthesis of the cyclic 3-amino-
Havanones.

1. OTHER EPOXIDES IN FLAVONOID CHEMISTRY
1 FLAVENE EPOXIDES

Interest is attached to flav-3-ene epoxides because of their significance in
the synthesis of flavan-3,4-diols and other derivatives [203, 204]. Cis-flav-3-
ene epoxide was postulated as an intermediate in the synthesis of 2,3-cis-3,4-
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<raws-flavan-3,4-diol from 2'-hydroxychalcone dibromide. It is supposed
that the chalcone dibromide is cyclized to <ra/is-3-bromoflavanone; this is
reduced to <rems-<mii«-3-bromoflavan-4-ol, which gives the flavan-3,4-diol
derivative with acetic anhydride and potassium acetate through an inter-
mediary cie-epoxide.

(7is-flav-3-ene epoxide was successfully isolated by Vickars (205].

2,3-YretB-3,4-cr8-inay-3-ene epoxide was made by Bolger et al. [203], by
treatment of 2,3-cia-3,4-/raas-4-acetoxy-3-bromoflavan with methanolic
potassium hydroxide.

The oxidation of flav-3-ene with peracetic acid [206] or hydrogen peroxide
in the presence of potassium hydrogen carbonate in benzonitrile also gives
2,3-Iratt«-3,4-c*Vflav-3-ene epoxide 1207]. The success of this latter oxidation
depends to a large extent on the nature of the substituents in ring A
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2. AUKONE EPOXIDES

The synthesis and conversions of aurone epoxides were studied in detail by
Wheeler and his group [208-211]. It was found that depending on the reac-
tion conditions and the substituents, the products are 3-hvdroxyflavones,
2-aroylcoumaranones or 4-hydroxy-3-phenylcoumarines.

Since 3-hydroxyflavone is obtainable from aurone epoxides, it indicates
that this compound can be formed from aurone dibromide with alkali
through the epoxide as intermediate.

3. FLAVINDOOENIDE EPOXIDES

In recent years several publications have dealt with the synthesis 1212,
213] and possible conversions [214-216] of 3-arvlideneflavanone epoxides.
On treatment with Lewis acids they give benzoxepine-3,5-dione; their
reduction with lithium aluminium hydride and subsequent dehydration
affords naturally occurring haematoxylin derivatives [214].
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3-Arylidenechromanone epoxides are structurally related to 3-arylidene-
flavanone epoxides. Using such compounds, Farkas et al. [217] achieved the
synthesis of the racemic form of natural eucomol.



CHALCONE EPOXIDES IN FLAVONOID CHEMISTRY 363

IV. THE ALGAR-FLYNN-OYAMADA REACTION

3-Hydroxyflavanones and 3-hydroxyflavones play an important part in
flavonoid chemistry. They are very widespread in nature in the form of
glycosides, and under laboratory conditions they can be converted to many
different derivatives.

Several synthetic procedures are known for the preparation of these two
types of compounds; the most important ones are listed below.

L SYNTHESIS OF 3-HYDROXYFLAVANONES

Oxidation of flavanones or 2'-hydroxychalcones with one of the following
reagents
Fenton’s reagent [218]
lead tetraacetate [168, 219]
potassium permanganate [220]
alkaline hydrogen peroxide [36, 61, 221]
iodine and silver acetate [222];
treatment of 3-bromoflavanone with silver acetate [223];
reaction of 2'-hydroxy-a-methoxychalcone ivith acid [168, 224];
treatment of 2'-acetoxychalcone dibromide with
—silver acetate [38]
acetone and sodium carbonate [38];
from 2'-hvdroxychalcone dibromide with alkali [225, 226];
synthesis from o-hydroxyphenacvl halide and aromatic aldehyde in the
presence of alkali [37];
reduction of 3-hydroxyflavones with
Raney nickel [227]
—zinc and hydrochloric acid
sodium hydrogen sulfite and sodium carbonate [228];
treatment of 2'-OR-chalcone epoxide with acid [57, 90];
reaction of 2',a-dihydroxy-/J-methoxvdihvdrochalcone with acid [95, 96];
from 3-aminoflavanone with acid [229].

2. SYNTHESIS OF 3-HYDROXYFLAVONES

Reaction of isonitrosoflavanone with acid [230];
from aurones witli
alcoholic potassium hydroxide [231]
hydrogen cyanide [37];
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treatment of co-methoxyacetophenone with acid anhydride [232];
dehydrogenation of 3-hydroxyflavanone bv means of
Pd/C and cinnamic acid [233, 234]
alkaline hydrogen peroxide [62, 233]
- air in alkaline solution [235, 236]
air in acid medium [228]
potassium carbonate [227]
bismuth acetate [237]
iodine, potassium acetate and acid [131]
N-bromosuccinimide [238, 239]
dimethyl sulfate and. potassium carbonate |240]
sodium sulfite and alkali [241, 242]
magnesium bisulfite or calcium bisulfite [243, 244];
reaction of o-hydroxydibenzoylmethane with formic acid [42];
conversion of fiavindogenides with alkaline hydrogen peroxide [36].
Only a few of the methods listed find use in the practical synthesis of
3-hydroxyflavanones or 3-hydroxvflavones. The usual method of prepara-
tion for these two types of compound is the oxidation with alkaline hydro-
gen peroxide of the appropriate 2'-hydroxvchalcone or flavanone deriva-
tive, reported in 1934 by Algar and Flynn [36] and, independently, by
Ovamada [61]. This important reaction has found widespread application

and is known in the literature as the Algar-FIlvnn-Oyamada (AFO) reac-
tion 1245].

The reaction product obtained in the experiments of these authors was
the 3-hvdroxyflavone. Murakami and Iris [62], and later Reichel and
»Stendel [221] isolated 3-hydroxyflavanone, the intermediate of the re-
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action, and showed that 3-hvdroxyflavone was formed from this by further
oxidation.

The AFO reaction also proved suitable for the synthesis of 3-hydroxy-
flavone glycosides from chalcone glycosides [221, 246-248].

Several authors [249-251] reported the condensation of o-hydroxvace-
tophenones with an aromatic aldehyde in the presence of alkaline hydrogen
peroxide or sodium peroxide [249]; this modified AFO reaction takes place
without the isolation of the intermediates.

In 1948 Geissman and Fukushima [35] attempted the total synthesis of
natural kaempferol by the alkaline oxidation of 2'-hydroxy-4'4,6'-trime-
thoxychalcone; instead of the expected product, however, 4,4'6-trime-
thoxybenzalcoumaran-3-one (an aurone) was obtained.

The fact that the AFO reaction may also afford an aurone derivative
was often ignored initially; this gave rise to conflicting publications about
the structures of the oxidized products [252-254].

Systematic investigations showed later that aurones are formed only
from chalcones which contain a 6'-methvl or 6'-methoxy substituent [255].
However, if a 4-hydroxyl group is also present in the chalcone molecule,
only 3-hydroxyflavanone or 3-hydroxyflavone is obtained instead of the
aurone derivative [236, 255-259]. Similarly, the 3-hydroxyflavone is the

oxidation product from 2'4-dihydroxy-6'-carbethoxymethoxychalcone
[260].
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Venturella and Bellino [261] reported that not only the 4-hydroxyl, but
also the 2-hydroxyl group is responsible for the course of the reaction. On
the other hand, a 6' substituted chalcone containing a C-2- or C-4-methoxyl
group also gave, under the conditions of the AFO reaction, the corresponding
3-hydroxyflavanone and 3-hydroxyflavone derivatives [259, 261] apart
from the main product aurone.

Later it was found that 6'-substituted-2,3- or -3,4-dihalogenchalcones also
afford aurone and 3-hydroxyflavone derivatives [262, 263], whereas 2-, 3- or
4-nitro-6'-methoxychalcones fail to undergo oxidation [263].

Recently Dean et al. [264] have shown that under the circumstances of
the AFO reaction of 2'-hydroxy-2-nitrochalcones, hydrogen peroxide does
not take part in the process, but the base effects the cyclization of the
starting material, through the flavanone carbanion, to the corresponding
10-hydroxy-2-methyl-1IH-[I]-benzopyrano[3, 2b]-indole-1l-one.
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Similar derivatives are obtained from 6'-methoxy-2-nitrochalcones [264].
On the other hand, 2',6'-dihydroxv-3'- or -5'-nitrochalcones yield aurones
|265].

If no C-6'-substituent is present, chalcones containing nitro [265-267],
acetamido [268, 269], dimethvlamino [266], sulfonvl [270], sulfonamido
[75], carboxyl [47, 271], p-phenvl [272], benzoyl group [273] or halogen
atom [274-278] in ring A or B, as well as chalcone analogues with hetero-
cyclic or condensed ring [279-283], and the vinylogues of chalcones [67],
all afford the corresponding 3-hydroxyflavone as a result of the AFO
reaction.

Farkas et al. [285] used polyhydroxychalcones with protected hydroxyl
groups except for the C-2'-OH; thus oxidation with 5-30% hydrogen perox-
ide in the presence of 10- 20% sodium hydroxide or sodium peroxide gave
the 3-hydroxyflavones in the best yields (20-40%).

The course of the AFO oxidation is not unambiguous in 2-methoxy- or
2,6-dimethoxychalcones, since the aurone derivatives are also formed [284].

However, 2,6-dimethyl- or -dihydroxychalcones give the corresponding
3-hydroxyflavones [2, 67].
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In the course of further studies, Wheeler et al. [286-288] found that the
oxidation of 3'-methoxychalcones afforded, in addition to the 3-hydro.xy-
flavone, 2-benzyl-2-hvdroxycoumaran-3-one (“hydrated aurone”)as a result

of a secondary reaction, and the main product was 2-arylbenzofuran-3-
-carboxylic acid.

To explain the formation of the latter products, the following possibilities
were considered [288].
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In the course of the AFO oxidation of 2-hydroxyfurfurylideneacetophe-
nones, A. Rao and N. Rao [289] observed the formation of coumaran-3-ones
or 2-(2-furyl)-3-hydroxychromones, depending on the substituent.

Ri=H

R2; R3=NH2
Br
OH
OCH3s

Adams [71] oxidized 2'.4-dihydroxvchalcone: the product, besides the
3-hydroxyflavone, was 2-(4-hydroxyphenyl)benzofuran-3-carboxylic acid

24 R.D.vV.
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in 32% vyield. 1f ring B carries alkyl groups, the reaction is specific and the
3-hydroxyflavone is obtained as the sole product.

The AFO reaction is not limited to 2'-hydroxychalcone derivatives: it
also occurs with the isomeric flavanones [61, 62, 221, 290, 291]. Yet, these
reactions fail to take place if a C-2' or C-5 hydroxyl group is present [284];
notwithstanding”, recently Chopin and Dellamonica [344] obtained an
aurone by the alkaline hydrogen peroxide oxidation of 5-hydroxy-3'4'-
dimethoxy- 7-neohesperidosylflavanone.

3. THE EARLY CONCERT OF THE AFO REACTION

The sometimes controversial experimental facts resulting from the AFO
reactions required an explanation: several concepts were put forward to
interpret the results.

Algar and Flynn [36] supposed that the intermediate of the reaction was
the corresponding chalcone epoxide or peroxide. This assumption was
adopted by Geissman and Fukushima [35], and they also explained the
aurone formation.

According to this concept, in chalcone epoxides containing a C-6'substit-
uent, steric effects would induce the phenolate anion to attack on the
a-instead of the /5-carbon atom; the intermediary product would thus be
a 2-hydroxy-2-benzylcoumaran-3-one derivative, which could give aurone
by the elimination of water.
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This hypothesis was accepted by most researchers, although proving the
existence of the chalcone epoxide intermediate remained unsuccessful.

In the previous chapters we dealt in detail with the synthesis and conver-
sion of 2'-0R-chalcone epoxides. Such epoxides can be prepared under the
conditions of the AFO reaction and, owing to the presence of the 2'-protec-
tive group, they are stable compounds. On removal of the blocking group,
the flavonoid derivatives which are the products of the AFO reaction can
also be obtained. However, these further reactions were effected under
conditions other than those of the AFO reaction, therefore all this afforded
only indirect evidence for the possible intermediate role of chalcone epoxides.

In 1942 Reichel and Stendel [221] interpreted the mechanism of the AFO
reaction by assuming that the chalcone gives a mesomeric anion when acted
upon by the alkali; on this a hydroperoxide anion is added. Intramolecular
cationotropic hydroxyl migration and the addition of a proton gives rise to
a glycol derivative; subsequent elimination of a hydroxide ion then affords
3-hydroxyflavanone. In the presence of a suitable acceptor (H202 or 02),
the hydrogen anion with its electron pair is detached from the C-2 atom,
followed by proton elimination from C-3; the final result is thus 3-hydroxy-
flavone.

Reichel’s concept excluded the intermediary formation of a chalcone
epoxide, but failed to explain how aurones are produced.

24*
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In 1965 Dean and Podimuang [67] also rejected that, chalcone epoxides
are intermediates, since they found that the internal deactivating effect of
the phenolate anion produced in alkaline medium from hydroxychalcones
hinders the attack of the peroxide anion, thus no chalcone epoxide can be
formed.

It was shown that 4'-or 4- and 2-hydroxychalcones do not give an epoxide
with alkaline hydrogen peroxide, but the molecule suffers decomposition by
slow oxidation. At the same time 2',2-dihydroxychalcone is readily oxidized
to 2',3-dihydroxvflavanone; the deactiviting effect of the phenolate anion
does not prevail.

It was considered further evidence that in the oxidation of 2'-hvdroxy-2,5',
6-trimethylchalcone, if the intermediate were the epoxide, the steric effect
ofthe C-2 and C-6 substituents would compel the phenolate anion to attack,
rather, the a-carbon atom, thus the product should bean aurone. In reality,
however, only the 3-hydroxvflavone derivative was obtained.
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Similarly, only flavonols were the products of the oxidation of 2'-4-dihy-
droxy-3,5-di-i-butylchalcones [71]. On the other hand, the oxidation of 3,5-
di-tf-butylchalcone did not give the epoxide either, but the compound was
oxidized to 3,5-di-M)utyl-4-hydroxybenzoic acid. Therefore, it was suggested
[67] that oxidation in the course of the AFO reaction is either preceded by
cyclization (1), or both reactions occur simultaneously (11) to yield the end-
product 3-hydroxyflavanone.

This concept comprises the 2'-hydroxychalcone 7— flavanone isomeriza-
tion, and the simultaneous nucleophilic attack by the peroxide anion.

Dean and Podimuang [67] found that the oxidation of 2',6'-dimethoxy-
4'-hydroxychalcone, in contrast with the case of 4'-hydroxychalcone, gave
the epoxide; this indicated that in C-6'-substituted derivatives —for steric
reasons ,the phenolate anion produced in alkaline medium does not
inactivate the carbonyl group, thus attack by the peroxide anion may give
rise to the formation of the epoxide.

The formation of aurone was rationalized as follows [67]. “One consider-
ation is that the rotation of the carbonyl group out of the plane of the
phenolic ring increases the distance of the phenolic oxygen atom from the
/3-position more than that from the a-position; another is the steric repul-
sion between the 6'-substituent and the carbonyl oxygen, which favours the
product with the smaller heterocyclic ring.”

At the same-time it was reported [6] that at higher temperatures when
steric effects cease to operate, the oxidation products are only 3-hvdroxy-
flavones, and no aurones are obtained.

An attempt was also made to explain the formation of the 3-hydroxv-
flavone produced in the oxidation of 2'.4-dihydroxy-3,4',6'-trimethoxy-
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chalcone. According to Dean [6, 67], this reaction is due to the effect of the
4-phenolate anion.

This argument is controversial, since the inactivating effect of the 4-
phenolate anion on the chalcone carbonyl group is left out of consideration.
If this is also taken into account, in accordance with the oxidation of 4-
hydroxychalcone, then epoxide cannot be formed at all. The assumption
is also refuted by the fact that the oxidation of 2',3-dihydroxy-4',6'-
dimethylchalcone also gives flavonol, although the effect of the 3-phenolate
anion is different from that of the 4-phenolate anion.

It has been proved that the AFO reaction does not occur by free radical
mechanism [67]; this mechanism is involved only*in the oxidation of 4-
hydroxychalcones to aurones. Oxidation by free radical mechanism results in
aurones even from such chalcones which always yield the 3-hydroxyflavone
under the conditions of the AFO reaction [67, 98, 99, 101, 103].

4. STRUCTURE INVESTIGATION
OF 2'-SUBSTITUTED CHALCONES

The literature contains many references to the structure investigation of
unsubstituted chalcones, yet little information is available concerning the
structure of 2'- or 2',6'-disubstituted chalcones. These two groups of deriv-
atives have several distinctly characteristic chemical properties. The elu-
cidation of their structural problems is at the same time a contribution to
the explanation of the AFO reaction mechanism.

Rotational Isomerism of Chalcones

A number of experimental facts provide evidence for the conjugational
interaction between the carbonyl group and the double bond, as well as the
aromatio,ring [184].

In chalcones two geometric isomers, and for each, two conformations
(rotamers) favouring conjugation can be conceived. These are shown below
with the appropriate relative interatomic distances and van der Waals
radii [292-294].
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The relative stability of the conformers is determined by factors of sterio
and rotational hindrance [292, 293]. The 3,4-cis-isomers are unstable, al-
though a trans-chalcone can be converted to a cie-chalcone [295, 296].

There have been several IR spectroscopic studies [293, 297, 298] and
dipole moment measurements [293, 294] concerning the rotational isomerism
in solution of chalcones substituted in the 4- and 4'-position. It was found
that iraws-chalcones exist in solution in the trans-s-cis (1) and trans-S troms
(2) conformations, while in the solid state the trans-s-cis- (1) conformation is
present. This is proved by the IR spectra obtained in solution, which have
double carbonyl stretching vibration bands in the region 1630-1700 cm-1;
the band with the higher frequency is assigned to structure 1. At equilibrium
conformer 1 is preponderant as this arrangement is favoured by both steric
factors and conjugation [293, 297]. This has also been confirmed by X-ray
diffraction measurements [299, 300].

In 2'- and 2',6'-substituted chalcones the space requirement of the substitu-
ents may influence the conditions of rotational isomerism, since rotation
about the arvl-CO bond may give rise here to further conformational
isomerism. As shown by Table Il and Fig. 12, the structure of the region
between 1570 and 1700 cm-1 is different if the spectrum is recorded in KBr
(or in liquid film) as compared with the spectra in solution [174]. The solution
spectra show band splitting, or the appearance of a new “shoulder”, except
2'-benzvloxy-6'-methoxychalcone (10, and 2'-hydroxy-6'-methoxychalcone
(11,. This reveals that in solution 2'-substituted chalcones may also be
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Table 11

Characteristic Frequencies of 2'- and 2',6'-Substituted Chalcones in the
Region 1570-1700 cm-*

Product R Rx KBr (cm-1) (Xl« (cm-1) CHCL, (cm-1)
5 H H 1642 1583;1570; 1642; 1642; 1619;
1619; 1587 1585
6 CH3 H 1660; 1647sh 1611;1580; 1663; 1657; 1640sh;
1648sh; 1606;1584 1603; 1580
7 CHjOCH3 H 1664; 1650sh 1613;1582; 1665; 1660; 1641sh;
1643sh; 1604; 1578 1600; 1577
8 COCH3 H 1670; 1639 1609;1580; 1672; 1667; 1642,
1640; 1608; 1578 1604; 1575
9 CHjC6H 5 H 1657 1610;1590; 1660; 1655, 1640,
1643sh; 1604; 1576 1601; 1575
10 CHjGHj OCHj 1662 1631;1598; 1662; 1650; 1630sh;
1630; 1610sh; 1598 1597
11 0CH3 OH 1640; 1630 1593;1578; 1640; 1638; 1623sh;
1626; 1585 1580

present as both trans-s-cis and trans-s-trans rotational isomers. The band
with higher frequency (1640-1680 cm-1) may be assigned to the vibration
of the trans-s-cis form, whereas the adsorption of lesser intensity, and often
appearing as a “shoulder” between 1620 and 1650 cm-1, must be due to
the’carbonyl stretching vibration of the trans-s-trans form.

The intense broad band between 1580 and 1620 cm-1 can be assigned to
the stretching vibrations of the C=C bond (these vibrations probably
conceal the skeletal vibration bands of the mono- and disubstituted aro-
matic rings). The sharp band between 1570 and 1585 cm-1 is due to the
skeletal vibration of the monosubstituted B-ring [301].

The common occurrence of the rotamers is also proved by the fact that the
veo bands assigned to the trans-s-cis form undergo, in genera! a-smaller
shift than the corresponding bands of the trans-s-trans form, when the
solvent CCl4 is replaced by CHC13 [302].

The experience that chalcones which carry a bulky OR substituent in the
2'-po8ition (R = H; CH3; CH20CH3; CHZCeH5) can exist in solution in both
the s-cis and s-trans forms, may afford information about the possible
conformations of fraw8-2'-OR-chalcones.
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ig. 12. Spectra of 2'-substituted chalcones in the region 1600-1700 cm-1

377
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Since rotation about the bond connecting the aromatic ring and the car-
bonyl C-atom is hindered owing to conjugation, the steric position of the
2'-OR group in relation to the carbonyl can be illustrated by formulae
12 and 13.

If the compounds were to exist in form 12 only, then solely the s-cis
conformation could be present in solution, and a single vco absorption
would be observed since the bulky 2'-OR group would stericallv hinder the
formation of 14.

This steric effect also operates to a lesser extent in the case of 12, and
it is the smallest in form 13. Thus the formation of the s-trans conformer
15 can be deduced from 13.

The equilibrium of the conformers (13 ~—% 15) is characterized by the
corresponding wog absorptions (Fig. 12).

It is known [303-305] that 2' hydroxychalcone derivatives can form very
strong chelates between the hydroxyl and carbonyl groups even in the
solid state; this also confirms the existence of 13 and 15. According to Sabata
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and Rout [303] the resonance form 16 should also be considered for 2'-
substituted chalcones, which constitutes further evidence for the existence
of rotamer 13.

Form 16 is stabilized by Coulomb interaction. The experiments provided
evidence for such an effect [174]. It was found that the vco frequency was
also influenced by the character of group R. As shown by Table II, the
polarity decrease of i»0 as a function of the character of group R is the
following:

H < CH,< CHjCeH6< CHjOCHj < COCH3.

The decrease of the polarity of the carbonyl group, i.e. the frequency, is
more pronounced if a less electron-donating substituent is present.

In the case of 2',6'-disubstituted chalcones no essential change in the band
structure can be observed within the region of the carbonyl stretching vi-
bration. A band is found at about 1630 cm-1 in both the solid state and solu-
tion, but this is due to the skeletal stretching vibration of the vicinally
trisubstituted aromatic ring [301]. As shown by experience, the formation of
rotamers cannot be detected in these disubstituted chalcone derivatives;
probably they exist only in the trane-s-cis conformation (17).

The appearance of the s-trans form is hindered by the steric factors discus-
sed above. The carbonyl stretching vibration frequencies of 2'-6'-disub-
stituted chalcones show also that conjugation between the carbonyl group
and the aromatic ring is not suspended by the introduction of the newer
substituent on account of its possible steric effect, in contrast with the case
of the corresponding epoxide. Any decrease in coplanarity would cause a
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marked increase in the carbonyl stretching vibration frequency (about
1690 cm-1) as has been shown by Dinya [185] in the corresponding aceto-
phenones. Eneback [94] demonstrated by UV spectroscopy that in 2'-6'-
disubstituted chalcones, steric factors do not effect the coplanaritv of the
aroyl group. In non-ionized derivatives this is due to hydrogen-chelate
formation.

The effect of the substituent was also studied in p- and p'-substituted
chalcones by spectroscopic and dipole moment measurements [293, 297,
298, 306, 307]. It was found that the vco and Hammett av values of 4-sub-
stituted chalcones are in a linear relation [297, 298]. This connection can
also be demonstrated by the determination of the pKuw+ values of 2'-
benzyloxy-4-R-chalcones [308].

At the same time, the nature of the substituent in the p-position also
influences the formation of rotational isomers [298].

Spectroscopic studies afford evidence for the possible structures of 2'- and
2',6'-disubstituted chalcones. It has been established that in the former
case there is an equilibrium between the s-cis and s-trans conformers, either
in solution or in the solid state, but the 2',6'-disubstituted chalcones exist
- owing to steric effects  only in the s-cis conformation.

The facts that the stable form of 2',6'-disubstituted chalcones is the s-cis
conformation and that substituents do not suspend the conjugational inter-
action between the carbonyl group and aromatic ring, indicate a necessity
of confirming or revising Dean’s hypothesis [67] of the oxidation reactions
of chalcones.

5. OXIDATION STUDIES WITH 2'-HYDROXYCHALCONE
AND FLAVANONE

In the course of a study of the oxidation reactions of 2'-hydroxychalcone
and flavanone, Reichel and Stendel [221] found by isolation of the products
that the amount of the base is of decisive importance in the AFO reaction.
In the presence of 0.001 M alkali and hydrogen peroxide, 2'-hydroxy-
chalcone is more rapidly isomerized to flavanone, than oxidized to 3-hy-
droxyflavanone. At higher alkali concentrations, however, the conversion to
3-hydroxyflavanone is the quicker process. It was also shown that the direct
oxidation of flavanone does not take place; this reaction only occurs with
2'-hydroxychalcone.

It is known [309] that the components ofthe AFO reaction have character-
istic and different UV spectra. This property gave the opportunity to study
the oxidation reaction by UV spectrophotometry [64, 310, 311].
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A. The Chalcone y > Flavanone
Equilibrium in Alkaline Medium

According to measurements made in different pH ranges, at low pH values
oxidation does not occur at all, but, asa result of the 2'-hydroxychalcone
flavanone isomerization, an equilibrium characteristic of the given pH value
is attained. As shown in Fig. 13, at pH 9.57 2'-hvdroxvchalcone as well as
flavanone gives an equilibrium mixture of identical composition, and hydro-
gen peroxide does not take part in the reaction.

Fig. 13. Isomerizatibn of 2'-hydroxychalcone and flavanone at pH 9.57

The experiments have shown that at various pH values in each case the
determining factor and the first phase of the reaction is the 2'-hydroxv-
chalcone flavanone isomerization, i.e. the formation of the equilibrium
mixture.

Similar results are published by Ferreira et al. [101], who found that 2'-
hydroxy-a-methoxychalcones or the isomeric flavanones are rot oxidized by
hydrogen peroxide in the presence of sodium acetate, only the equilibrium is
shifted favouring chalcone formation.

The composition of the equilibrium mixture has been determined at dif-
ferent pH values by several researchers [118, 309, 312]. It has been shown
that at pH 8—20the equilibrium is on the side of flavanone, whereas at higher
pH values 2'-hydroxychalcone is predominant.
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The 2'-hydroxychalcone flavanone or flavanone 2'-hydroxychal-
cone isomerization at pH >9.75 is accompanied by the appearance of a
new band at 420 nm in the UV spectrum. Its change with time is indicative
of the attainment of an equilibrium.

Exactly the same results are obtained when starting either with 2'-
hydroxychalcone or flavanone, in the presence or absence of hydrogen per-
oxide. The new band appearing at 420 nm is due to dissociation or the forma-
tion of phenolate anion [94, 309].

The occurrence of dissociation, the formation of phenolate anion is also
proved by the identical spectra recorded in tetramethylammonium hydroxide.
This is significant, as in the presence of tetramethylammonium hydroxide
complex formation and any secondary reaction can be excluded.

As shown by the spectroscopic studies, in the realm of higher pH values
the dissociation of 2'-hydroxychalcone is a rapid process, whereas the con-
version of the dissociation product or the attainment of an equilibrium can
be followed readily by spectroscopy.

In order to determine the composition of the equilibrium mixture, the
properties of the so-called “chalcone sodium salt”, formed from 2'-hydroxy-
chalcone or flavanone in the presence of sodium hydroxide, were investigated.
This “chalcone sodium salt” obtained from 2'-hydroxychalcone with sodium
hydroxide in agueous ethanol or with sodium ethoxide in anhydrous ethyl
alcohol is a dark yellow substance, barely soluble in water. It is more readily
soluble in organic solvents, e.g. it can be recrystallized from toluene.
As shown by elementary analysis, the molecule contains one atom of
sodium [66].

The IR spectrum of the “chalcone sodium salt” has a band which can be
assigned to the carbonyl group; at the same time regions indicating a cyclized
product can also be found. The compound can be deuterated, and the spectra
reveal that besides 2'-OD-chalcone, flavanone is also present. On dilution
the “chalcone sodium salt” is converted to flavanone, either in aqueous or
alcoholic solution.

The spectral and other properties of the “chalcone sodium salt” indicate
that the dissociation of 2'-hvdroxychalcone in strongly alkaline medium is
accompanied by a structural change, as suggested by Dean [67]. The appear-
ance of a band at 420 nm, excitable with the less energy, is indicative of
conjugation. This structural change is also seen from the NMR spectra.
Comparison of the NMR spectra of 2'-hydroxychalcone (Fig. 14) and the
“chalcone sodium salt” (Fig. 15) shows considerable shift of the aromatic
protons in the latter.
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Fig. 14. NMR spectrum of 2'-hydroxychalcone (DMSO-de)

Fig. 15. NMR spectrum of “the chalcone sodium salt” (DMSO-D,,)

A similar change is observed in the case of o-hydroxyacetophenone (Fig.
16) and the sodium salt (Fig. 17) made from it.
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Fig. 16. NMR spectrum of o-hydroxyacetophenone

Fig. 17. NMR spectrum of the “sodium salt” of o-hydroxyacetophenone

According to the experimental results, above pH 9.75 the equilibrium
mixture is formed after the dissociation of the phenolic hydroxyl group,
its composition is determined by the pH of the medium.
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This shows that the pH-dependent stability of the “chalcone sodium salt”
determines any further conversion. In strongly alkaline medium the equilib-
rium is shifted towards the “chalcone sodium salt” and there is little
dissociation; at lower pH values or on dilution, however, flavanone is formed
or the equilibrium mixture of 2'-hydroxychalcone and flavanone, correspond-
ing to the given pH value, is obtained. This explains the ring cleavage of
flavanones in alkaline medium [313, 314], and isomerization of 2'-hydroxy-
chalcone in dilute alkali solution [315]. In the course of the equilibrium
isomerization of a-methoxychalcones to 3-methoxyflavanones, Ferreira
et al. [101] also observed that x/?-un.saturated ketones in the presence of a
base are stabilized by resonance.
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B. Formation of 3-Hydroxyflavanones

As shown bv spectroscopic studies, the oxidation reaction begins only after
the equilibrium mixture has been formed (Figs 18 and 19). This process can

be followed spectroscopically, though results of studying the reaction order
point to a complex process.

Fi(j. 1S. 2'-Hydroxychalcone in the presence of 0.01 N NaOH and H.O» (first part
of the reaction)

Fir/. 19. 2'-Hydroxychalcone in the ?resence 0f 0.01 N NaOH and H2 2 (second part
of the reaction)
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According to TLC and preparative studies [221], the oxidation reaction is
determined by the amount of the alkali present. Slight oxidation takes place
in the presence even of a catalytic amount (0.01 mole) of sodium hydroxide;
both 2'-hydroxychalcone and flavanone give thus 3-hydroxyflavanone. If
the quantity of the alkali is increased (0.1-0.5 mole), the presence of 3-hy-
droxyflavone can also be detected, though the main product is still 3-hy-
droxyflavanone. One mole of sodium hydroxide is not sufficient for
completing the reaction; for this at least three moles of alkali are required.

In the presence of even greater amounts of alkali, decomposition also
occurs accompanied by secondary and other oxidation reactions. Thus
Cummins et al. [288] isolated and identified the derivatives of benzoic acid
and of o-hydroxyacetophenone produced in the oxidation.

The fact that 2'-hydroxvchalcone is oxidized to 3-hydroxyflavanone only
at higher pH values (pH >9.75) shows that the corresponding chalcone
epoxide cannot be an intermediate in the AFO reaction since the oxidation
to 2'-benzyloxvchalcone epoxide does occur at lower pH values as well. At
the same time, structural changes may take place in alkaline medium, and
this  in agreement with the epoxidation reaction mechanism proposed bv
Bunton and Minkoff [68]  will hinder chalcone epoxide formation.

When the oxidation reactions are carried out in the presence of tetra-
methylammonium hydroxide, the composition of the reaction mixture is
similar to that obtained with sodium hydroxide; also the use of tetramethyl-
ammonium hydroxide leads to the characteristically pH-dependent equi-
librium reaction mixture, either from 2'-hydroxychalcone or flavanone. If
an excess of tetramethylammonium hydroxide is used, the equilibrium is
shifted towards the dissociated chalcone but, as shown by spectroscopy and
TLC, similarly as in alkaline medium, a cvclized product is also present in
the reaction mixture. The oxidation reaction is slow in dilute solution,
whereas in concentrated solutions, in the presence of at least three moles
of tetramethylammonium hydroxide, oxidation occurs very rapidly.

The investigations have shown 164] that the oxidation of 2'-hydroxy-
chalcone or flavanone to 3-hydroxyflavanone is primarily determined by
the amount of the base present. This proves that the mechanism of the
oxidation reaction is similar to the a-oxidation of aliphatic ketones, which
is also decided by the pH of the medium and the quantity of the base used.

25ano.cC
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There are many references in the literature concerning the mechanism of
the a-oxidation of different aliphatic ketones effected in acid or alkaline
medium [316-320]. According to these, the reaction is controlled by the
rate of the reversible enolization of the carbonyl group [316, 317, 320],
this being a function of the alkali concentration. The oxidation takes place
through the enolic form. The enolization initiated by the metal ion is a slow
process, but ensuing oxidation occurs rapidly. This was proved by Ellis [323]
using the example of oxidizing a ketone and its magnesium enolate. Re-
cently the enolization of acetophenones has also been demonstrated and
studied [321, 322].

The oxidation of chalcones, similarly to that of aliphatic ketones, may
occur through the enolized form, which is here the enolized flavanone
derivative.

These investigations supported Dean’s hypothesis [67] and showed at
the same time that chalcone epoxide is not an intermediate in the AFO
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reaction. This has also been confirmed by Philbin et al. [74, 324] during a
study of the oxidations of 2'-hydroxy-a-methoxy-(or methyl-)-chalcones.
They found that if ring A in the chalcone has the phloroglucinol substitu-
tion pattern, the reactions give 2-(a-hydroxybenzyl)-2-methoxycoumaran-3-
one, whereas in the absence of the 6'-substituent flavonols are produced.

During the oxidation of a-methylchalcone, the intermediary 3-methyl-3-
hydroxyflavanone is not converted to 3-hydroxyflavone [325]. A study of
the stereochemical properties of the coumaranones produced in the oxida-
tion has shown that they are erythro isomers. If the intermediate were the
/rone-chalcone epoxide, cyclization involving inversion at the a-carbon atom
would result in iAreo-coimaranone.

Further evidence is offered by the fact that the AFO oxidation of 2'-
tosyloxy-a-methoxychalcone does not give an epoxide. The formation of an
epoxide intermediate is also excluded by the fact that the methanolysis
of aurone epoxides results in coumaranones with erythro and three con-
figuration, whereas the product of the AFO reaction of a-methoxychalcones
is only the erythro isomer.

25*
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C. Formation of 3-Hydroxyflavones

The intermediate of the AFO reaction is 3-hydroxyflavanone which is.
oxidized in the presence of the base to 3-hydroxyflavone. The base is a
catalyst in the autocatalytic oxidation [221].

According to experiment, 3-hydroxyflavanone gives in a secondary
reaction a 3-hydroxyflavone which binds the base. During the reaction
an unstable intermediate (“sodium salt”) is formed, which contains two
atoms of sodium according to elementary analysis [64].

UV spectroscopy has shown that 3-hydroxyflavanone is dehydrogenated
above pH 105 to 3-hydroxyflavone. The factor responsible for this conver-
sion is not the hydrogen peroxide, but the pH of the medium. It was found
that the reaction occurred only in the presence of 0.5 mole of oxygen
[326, 327].

The dehydrogenation can be followed spectroscopically, as a new band
appears at 410 nm (Fig. 20), which points to a dissociation or enolization
process, similar to the case of 2'-hydroxychalcone.

Fig. 20. Conversion of 3-hydroxyflavanone in the presence of 0.01 N NaOH (pH 12.13)

The dehydrogenation occurs in the presence of tetramethvlammonium
hydroxide in the same way as with sodium hydroxide.

The intermediate “sodium salt”, which has an intense yellow colour,
affords 3-hydroxyflavone with acid or on dilution. The intermediate is un-
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stable; on standing in the presence of alkali and hydrogen peroxide it under-
goes oxidative decomposition.

The IR spectrum of the “sodium salt” is diffuse and it has not the charac-
teristics of flavone spectra. The compound is converted by deuterium oxide
to 3-OD-flavone.

In the early interpretation of the oxidation of 3-hydroxyflavanone it was
supposed, considering the stereochemical aspects [131, 132], that 3-hydroxy-
flavone may result from the trans elimination of the diaxial hydrogen atoms.
However, the spectroscopic results, the formation of the intermediary
“sodium salt” and its properties cannot be unequivocally explained by this
early concept of the reaction mechanism.

Weissberger et al. [328-333] elucidated the mechanism of the conver-
sion of benzoin to benzil in alkaline medium. The process starts with enoliza-
tion, which depends on the amount of the alkali (1). Further conversion may
occur through the ene-diolate (2), followed by irreversible oxidation (3).

g
i .,

Ar—CH—C—Ar" ¥ OH' v - Ar—C=C—Ar' + HD 1
oH O O o
i . , . |1

Ar—é:cl—Ar £ OH V Ar-C=C—Ar + HX 2
.5 = 59

Ar—C:é—’Ar -------- [ Y — >  Ar-C—C—Ar' + HX2 3

It has also been shown that formation of the ene-diolate is hindered by the
presence of an o-methoxv substituent [328, 329].

Recently the conversions of aromatic a-ketones, in alkali have been the
subject of several investigations, and in some cases the formation of the
free radical anion 4 has also been demonstrated by ESR spectroscopy
[334-337].

Q Q'
A =C—ar 4

The stability of the free radical anion is largely determined by the sub-
stitution pattern in the aromatic ring and by the reaction conditions [334].
The conversion by alkali of 3-hydroxyflavanone to 3-hydroxyflavone is
structurally analogous to the formation of benzil from benzoin. The occur-
rence of enolization, which depends on the alkali concentration, was proved

y
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spectroscopically; isolation of the intermediary “sodium salt” and the ex-
amination of its properties gave evidence for the formation of the ene-
diolate (2) [64]. The presence of the free radical anion could not be detected
by ESR measurements [66]; this can be due to a very low concentration
of free radicals, or their rapid further reaction.

Dévid, Bognar and Rékosi [338] determined the pH-dependent rate con-
stants of the oxidation of 3-hydroxvflavanone in alkaline medium (Table I11).

Table 111

The pH-Dependent Rate of Oxidation
of 3-Hydroxyflavanone and Percentage
of 3-H%droxyflavone

in the Equilibrium System [327]
pH II £(sec_| *10-%) ‘3—Hydroxyf|avone, %
9 0.145 i 26
10 0.577 j 86.4
11 3.460 100

1N NaOH very quick 100

3-Aminoflavanone possessing basic character is oxidized to 3-amino-
flavone and hydrolyzed to 3-hydroxyflavone at lower pH values and more
rapidly than 3-hvdroxyflavanone (Table 1V).

Table 1V

The pH-Dependent Rate Constants
of the Oxidation of 3-Aminoflavanone
and the Percentage
of 3-Aminoflavone Produced [327]

pH Itsee-1 *10—3 ,1-Aminoflavone, %
8.2 0.239 j 66
9.2 0.39 72.8
10.3 1.03 86.4
11.1 6.93 93.5
11.8 40.00 100
0.1 N XaOH very quick 100

It was found that in the pH range 8-12 a mixture of 3-aminoflavone and
3-hydroxyflavor.e, whereas above pH >11 only 3-aminoflavone was formed.
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UV spectroscopic studies revealed that the hydrolysis of 3-amino-
flavanone precedes oxidation.

The irreversible oxidation of 3-hydroxyflavanones to 3-hydroxvflavones,
similarly to the dehydrogenation of a-hydroxvcarbinols (acylcarbinols), may
occur through the ene-diolate, or ene-diolate anion, and the product is the
corresponding dicarbonyl derivative, or its more stable tautomeric form,
the 3-hydroxvflavone, which is present in alkaline medium in ionic form |66]
as shown by UV spectroscopic evidence.

The hydroperoxide formed in the dehydrogenation reaction was detected
by Reichel and Stendel [221] by means of the enzyme catalase. It can be
supposed that during the dehydrogenation of 3-aminoflavanone etiolate
formation is promoted bv the a-amino group, thus the reaction may occur
at lower pH values and more rapidly [327].
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As the dehydrogenation of 3-hydroxyflavanone occurs with tetramethyl-
ammonium hydroxide in the same way as with alkali, the suggestion that
3-hydroxyflavone is formed in the AFO reaction by reduction of the metal
ion, can be excluded.

It has been proposed by Pelter et al. [102] that chalcones or fiavanones
in plants give an enolic intermediate when acted upon by metal ions, and
the oxidative elimination of the metal ion may lead to the corresponding

3-hvdroxyflavone.

6. OXIDATION EXPERIMENTS WITH
2-"HYDROXY-6"METHOXYCHALCONE
AND 5-METHOXYFLAVANONE

It has been reported in the literature [35, 255] that the expected product
of the AFO reaction of 6'-methoxy-substituted 2'-hydroxvchalcones is the
corresponding aurone derivative.

The change of the UV spectrum of 2'-hydroxy-6'-methoxychalcone or
5-methoxyfiavanone in the presence of sodium hydroxide or tetramethyl-
ammonium hydroxide is similar to that of the spectra of 2'-hydroxychalcone
or flavanone 164].

In the presence of a base, the chalcone i—= flavanone equilibrium mixture
is formed, but the appearance of the band at 420 nm, characteristic of the
dissociation of the hydroxyl group, is not unambiguous; at the same time
there is a hypsochromic shift of the original band at 320 nm to 295 nm.
(A hypsochromic shift is also observed with 2'-hydroxychalcone, but this
amounts only to 12 nm.) A similar difference is found in the spectra of the
corresponding 2-hvdroxyacetophenones in the presence of a base.
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Fig. 21. NMR spectrum of 2'-hydroxy-6'-methoxychalcone

Fig. 22. NMR spectrum of the “sodium salt” of 2'-hydroxy-6'-methoxychalcone
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This alteration of the UV spectra can be attributed to the effect of the
6'-methoxy substituent. According to Enebéack [94], the coplanarity of
2'-hydroxy-6'-methoxychalcone ceases in alkaline medium since protolysis
breaks down the hydrogen chelate. Thus the spectral change of the non-
conjugated system differs from that of conjugated chalcones.

On the other hand, the NMR spectrum of the “sodium salt” (Fig. 22)
from 2'-hvdroxy-6'-methoxychalcone (Fig. 21) shows a similar shift as
observed in the “sodium salt” of 2'-hydroxychalcone (Fig. 15).

Though the oxidation experiments conducted under different conditions
can be followed spectroscopically, they do not give homogeneous end-prod-
ucts. As shown by TLC, the reaction mixtures contain as many as four to
six components [64, 66]. Isolation and identification showed the main prod-
ucts to be 4-methoxyaurone and 3-hydroxy-5-methoxyflavanone, accom-
panied by smaller amounts of 3-hydroxy-5-methoxyflavone and 2-hydroxy-
6-methoxybenzoic acid. The reaction mixture also contains the starting
chalcone and the corresponding flavanone, especially if the alkali concentra-

tion is low.

Likewise, the oxidation of 2'4-dihydroxy-3,4',6'-trimethoxy-3',6-di-
methylchalcone gives at least four products [339].
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Oxidation experiments in the presence of tetramethylammonium hy-
droxide gave the same results as the use of sodium hydroxide, with the only
difference that 2-hydroxy-6-methoxybenzoic acid, produced by oxidative
decomposition of the molecule, was obtained in a higher quantity. Varia-
tion of the reaction conditions (solvent, molar ratio of the base) slightly
modified the proportion of the main products, but the reaction was never
unambiguous.

At variance with Dean’s results [6,67], the use of higher temperatures
did not result in a straight reaction either; aurone derivative was obtained
in each case [64, 66].

It appears that aurone formation is a secondary process in the AFO
reaction of 6'-methoxy-substituted chalcones.

Spectroscopic as well as preparative studies have revealed that 3-hydroxy-
5-methoxyflavanone on treatment with a base is only partly dehydrogenated
to give the corresponding flavonol; the main product of the reaction is
4-methoxyaurone. This fact shows that, in agreement with the references
cited above [328, 329], the formation of the ene-diolate (2) or free radical
anion (4) is hindered by the presence of an o-methoxy substituent, thus the
rate of flavonol formation is reduced, and the preferred reaction product is
the aurone.

Aurone formation was explained through the chalcone epoxide by Geiss-
man and Fukushima [35] and Dean and Podimuang [67], but the two hypo-
theses differed as regards the further conversion of the epoxide. According
to the first, the intermediate is 2-hydroxy-2-benzylcoumaranone, whereas in
Dean’s opinion it is 2-(a-hvdroxybenzvl)-coumaranone.
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Gripenberg and Juselius [169, 340] found that 5-methoxyflavanone deriv-
atives could be converted to the corresponding aurones through 2-hydroxy-
2- benzylcoumaranone derivatives; however, there is spectroscopic and
chromatographic evidence that, under the conditions of the AFO reaction,
3- hydroxy-5-methoxyflavanone does not give 2-hydroxy-2-benzyl-4-me-
thoxycoumaranone, and no 4-methoxyaurone can be obtained from the
latter. This experimental evidence shows that the mechanism of the AFO
reaction involving the chalcone epoxide as an intermediate, as proposed by
Geissman and Fukushima [35], is incorrect.

Recently, Donnelly et al. [312, 341] have also proved that no epoxide is
formed during the oxidation. In a study of the properties of a-phenylchal-
cones (5) “it was considered that coulombic repulsion of the a-phenyl group
by the phenoxide ion would outweigh the steric effect of a 6'-methoxyl
group and lead to preferential cyclization at the /3-carbon atom to give
chromanones.”

The base-catalyzed cyclization and oxidation reaction of 2'-hvdroxv-a-
phenylchalcone (5) occurs readily (Table V).

Table V

Conversion of a-Phenylchalcones
at Different pH-Values (Yields, %)

Product pH 8 pH 9 pH 10 pH 11
| -~

5 84 60 0 14.5

6 16 40 100 53.6

7 1 0 0 0 31.9

At a higher pH the oxidation takes place also with atmospheric oxygen
(Table VI), which is due to the effect of the a-phenyl group promoting
enolization.
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Table VI

Conversion of o-Phenylchalcones to 3-Hydroxyflavanones
(pH 13.2; Yield of 7, %)

Product  Time, h. o, | A Nt AFO

7 24 73 63 0 U8

The alkaline hydrogen peroxide oxidation of chalcone 8 gives a 1:1
mixture of 2,3-dihydro-2-hydroxy-2,3-diphenylnaphtho[2,I-b]piran-I-one
(9) and 2-(«-hydroxybenzyl)-2-phenylnaphtho[2,I-b]furan-I-[2H]-one (10).
This reaction is not selective even at elevated temperatures.

a-Hydroxybenzylcoumaranones have also been obtained in the oxidation
of other chalcones [115, 342], which are converted by alkali to the corre-
sponding aurones. It can be supposed that under the conditions of the AFO
reaction the y-pyrone ring of the primary product 3-hydroxy-5-methoxy-
flavanone is opened by the alkali; the 2-(«-hydroxybenzyl)-4-methoxy-
coumaranone formed then by cyclization is dehydrated to yield 4-methoxy-
aurone (see p. 400).

Japanese researchers [343] have shown by X-ray analysis that the aromat-
ic character and planarity of the y-pyrone ring is changed on the effect of
a substituent in position 5. Such a substituent renders the ring thermo-
dynamically unstable. This also supports the concept of the formation of
the more stable aurones from 5-methoxyflavanonols with alkali.



This hypothetical mechanism may also explain the experimental fact that
the AFO reaction of 4-hydroxy-substituted 6'-methoxychalcone does not
lead to aurone formation [236, 255-259]. Evidently, in this case the electron-
donating p-hydroxvl group in ring B promotes the enolization of the
carbonyl group and the formation of the ene-diolate (2); the o-methoxyl
group remains in this case without effect, therefore only 3-hydroxyflavone
is obtained as the final product.

Recently Ferreira et al. [101] found that the steric effect of the sub-
stituent in 6'-methoxychalcones is of little importance. They do not exclude
the possibility of the oxidation occurring by free radical mechanism, when
the 6'-methoxvl group stabilizes the 2'-phenoxy radical.
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The elucidation of the mechanism of the AFO reaction may help in
clarifying other reaction routes, such as that of the Rasoda-Limaye and
Gowan-Hayden-Wheeler reactions. It is a common feature in all the three
reactions that in the presence of a 6'-methoxv substituent the final product
is the aurone derivative instead of the corresponding 3-hydroxvflavone.
3-Hydroxyflavanone is assumed to be a common intermediate in these
reactions; this may give not only 3-hydroxyflavone and aurone, but also
the other products obtained in the course of AFO reactions, such as “hydrated
aurone”, 2-arvlbenzofuran-3-carboxvlic acid, etc.

© 00 N O
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Synthesis of Insect Pheromones and Juvenile Hormones

Abies balsamea 184
Acanthoseelides obtectus 60
Acetylenic esters 19
Adoxophyes fasciata 44

Aedes aegypti 205

African monarch butterfly 89, 96
Alarm pheromone 99, 115
y-Alkylation 30

Alkylation of acetylenes 17
Almond moth 57

Antheraea polyphemus 58
Anthonomus grandis 77
Anthrenus flavipes 46

Apis mellifera 94
Argyrotaenia velutinana 37, 45
Armyworm moth 44, 56

Atta cephalotes 96, 101

Atta texana 99, 101, 116
Attagenus megatoma 55

Bark beetle 110, 112, 116

Biellmann coupling 153, 158

Bis-geranyl 28

Black carpet beetle 55

Blattella germanica 63

Boll weevil 77, 83

Bombykol 11, 36, 47, 48

Bombyx mori 11, 35, 36, 178, 206, 208

endo-Brevicomin 38, 69

ea;o-Brevicomin 38, 66, 67, 99, 107, 108

(1A :5S : 1R)-( +)-ea;0o-Brevicomin 102
107

Cabbage looper 43

California five-spinned Ips 74

Canadian Douglas fir 184

Carbon-carbon linking reactions 28

Carbonyl-olefin metathesis 31

Carroll reaction 126, 132

(A)-(—)-Carvone 99

(S)-( +)-Carvone 99

Cecropia 12

Cedra cautella 57

Chilo suppressalis 45, 205

Chiral pheromones 98, 99

a-Chloro-a-methylbutyric acid 172

Chorietoneura fumiferana 40

(-R)-(+)-Citronellic acid 116

Claisen ortho ester rearrangement 24

Claisen rearrangement 22, 52, 137, 143,
146, 153, 172

Cleavage of cyclopropyl epoxides 26

Codling moth 50, 85

Colletotrichum nicotianae 178

Cope rearrangement 46, 143

Cryptophlebia leucotreta 39

(—)-a-Cubebene 73

Culex pipiens 205

Czechoslovakian balsam fir 184

Danaus chrysippus 89, 96

Danaus gilippus berenice 89, 96
Danaus plexippus 88, 91
1,9-Decadiyne 57

3-Decanone 62

(Z)-3-Decenoic acid 46

(7E : 9Z)-7,9-Dedecadienyl acetate 52
Dehydrojuvabione 183, 188
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Dendroctonus brevicomis 38, 66, 71, 102,
107, 110

Dendroctonus frontalis 38, 69, 110

Dermestid beetle 46

Dialkyl lithium cuprate 15, 22

Dicobalt octacarbonyl 52

2.3- Dihydro-3-methyl-IH-pyrrolizin-I-
-one 96

cie-Dihydrotodomatuic acid 184, 185

(—)-10,ll-Dihydroxyfamesol 178

(—)-2,2-Dimethoxy-3-methylpentan- 3-
-ol 176

(E)-3,3-Dimethyl-d,0-cyclohexanacet-
aldehyde 83

(Z)-3,3-Dimethyl- N1Gcyclohexanacet-
aldehyde 83

(2)-3,3-Dimethyl-zll,*-cyclohexanetha-
nol 83

(2E :62?)-3,7-Dimethyl-2,6-decadiene-
-1,10-dioic acid 91

(2E :64)-3,7-Dimethyl-2,6-decadiene-
-1,10-dioic 89

5.5- Dimethyl-6-,8-dioxabicyclo[3,2, ljocta-
ne 71

2.4- Dimethyl-5-ethyl-6,8-dioxabicyclo
[3,2,IJoctane 73

3,II-Dimethylnonacosan-2-one 63

(22)-3,7-Dimethyl-2-octene-I,8-diol 89

4.6- Dimethyl-4-octene-3-one 62

Diparopsis castanea 51

Disparlure 42, 103, 105

(7R : 8S)-(+)-disparlure 103, 105
(1S :8R)-(—)-disparlure 103, 105

(8E :10i?)-8,10-Dodecadien-I-ol 50

(ED)-9,lI-Dodecadienyl acetate 51,52

(32 :6Z :822)-3,6,8-Dodecatrien-1-ol 60

(Z)-8-Dodecenyl acetate 37, 44

Douglas fir tussock moth 65

Dried bean beetle 60

Eastern spruce budworm 40
o-Ecdysone 11
Egyptian cotton leafworm 54
Epidehydrojuvabione 188
Epijuvabione 184, 188, 192, 194, 197,
200, 201
(—)-epijuvabione .192, 194, 195
(+)-epijuvabione 192, 194, 195, 200

K. MOM

Epitodomatuic acid 185, 188, 192, 201

(+)-10,ll-Epoxyfarnesol 176

(B)-(+)-10,llI-Epoxyfarnesol 180

(+)-10,11-Epoxyhomofarnesol 180

(2)-7,8-Epoxy-2-methyloctadecane 42

endo- 7-Ethyl- 3-methyl-6,8-dioxabicyclo
[3.2.1] octane 69

exo-7-Ethyl-3-methyl-6,8-dioxabicyclo
[3.2.1] octane 66

Eucarvone 78

European elm bark beetle 73

Farnesol 18, 89, 91
Formation of terminal bromohydrin 33
Fragmentation reaction 146
Frontalin 38, 71, 107
(I»S : 5B)-(—)-frontalin 107
(If? : 5S)-( +)-frontalin 107
Fruit moth 37, 44
Furniture carpet beetle 46

Galliera mellonella 62, 172
German cockroach 63
Giant silk moth 124
L-(+)-Glutamic acid 103
(R)-( +)-Glyceraldehyde 110
Gnathotrichus sulcatus 39, 114
Gossyplure 55
Grandisol 77, 78, 113
(I8 :2S)-(+)-grandisol 113
Grape vine moth 52
Grapholitha molesta 37, 44
Grignard addition to a-chloroketones 26
Grignard coupling with allylie acetates 18

Gypsy moth 42

Helminthosporium sativum 176, 180
(Z)-6-Heneicosen-ll-one 65

(6E : 11Z)-6,ll-Hexadecadienal 58

(1022 : 127)-10,12-Hexadecadien-l-ol 47

(6E :11Z2)-6,lI-Hexadecadienyl acetate
58

(7z : 11Z2)-7,ll-Hexadecadienyl acetate
38, 55

(Z)-11-Hexadecenal 45
(Z)-ll-Hexadecenyl acetate 46
(2J)-2-Hexenyl acetate 39
Honeybee 94
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House fly 41

Hyalophora ceropia 12, 124, 171

Hydroboration 16

(2E : 61£)-10-Hydroxy-3,7-dimethyl-2,6-
-decadienoic acid 88

29-Hydroxy-3,1l-dimethylnonacosan-2-
-one 63

(i?)-(—)-a-Hydroxy-a-methylbutyric
acid 176

Indian meal moth 67

Indian water bug 39

Inversion of olefin geometry 27

Ipsdienol 74, 76, 110
(1?)-(—)-ipsdienol 110

Ipsenol 74, 76
(S)-(—)-ipsenol 110
(/?)-(+ )-ipsenol 110

Ipa calligraphus 112, 113

Ipa grandicollia 110

Ipa latidena 112

Ipa paraconfuaua 74, 110, 112

Ipa typographies 113

cie-2-lsopropenyl-1-methylcyclobutane

ethanol 77
Isprene 30, 78

Julia cleavage 126, 137, 142, 143, 146, 163
Juvabiono 12, 125, 183—186, 188, 192,194,
197, 200, 201, 204
(—)-juvabione 192, 194, 196
(+)-juvabione 192, 194, 195, 200
Juvenile hormone 12, 13, 20, 21, 2427,
33, 124
JH | 124, 126, 132, 137, 142, 146,
153, 158, 166, 169, 170-174
JH 1l 124, 126, 137, 143, 146, 163,
158, 171, 180
JH 11l 124,153,158,176,178,180

Laspeyresia pomoneUa 50
Leaf-cutting ant 96, 101
Lethocerua indicue 39

(R) -(—)-Leucine 110
(S) -(+)-Leucine 110
(R)-(+)-Limonene 192
(£)-(—)-Limonene 194
Lindlar’s palladium 16

Lithium aluminium hydride reduction
13, 18
Lobesia botrana 52

Lycorea ceres ceres 96

Manduca sexta 124

Manica bradleyi 62

Manicone 62, 115

(R)-(—)-manicone 115

(£)-( +)-manicone 115

Manmca midtica 62

(+)-(41?)-p-1-Menthen-9-o0l 192

Metal-ammonia reduction 12

1- Methoxy-l,3-cyclohexadiene 188

(R) -(—)-2-Methylbutanol 116

(S) -(+)-2-Methylbutanol 116

5- Methyl-3-butyloctahydroindolizine 97

Methyl (S)-(—)-10,11-dihydroxifame-
soate 178

Methyl farnesoate 33

(—)-4-Methylheptan-3-ol 116

(R)-(—)-4-Methyl-3-heptanone 101

(<S)-( +)-4-Methyl-3-heptanone 101

6- Met,hyl-5-hepten-2-0l 114

(1J)-6-Methyl-2-hepten-3-one 188

(S :2)-(+)-14-methyl-8-hexadecen-I-ol
100

(2)-14-Methyl-8-hexadeeen-1-01 46

4-Methyl-3-hexanone 62

Methyl 6-iodo-2-hexynoate 20

2- Methyl-6-methylene-2,7-octadien-4-ol
76

2-Methyl-6-methylene-7-octen-4-ol 74

Methyl(Z)-14-methyl-hexadecenoate 46

Methyl(«S : Z)-( + )-14-methyl-8-hexade-
cenoate 100

Methyl 4-methylpyrrole-2-carboxylate
96

Methyl myristolate 44

(2)-2-Methyl-7-octadecene 42

3- Methyl-l-pentyn-3-o0l 176

(2Z :62Z)-7-Methyl-3-n-propyl-2,6-deca-
dien-l-ol 85

Methyl(2A)-(—)-2,4,5-tetradecatrienoate
60

Methyl todomatuate 125, 184

Monarch butterfly 88, 91

Monomorium pharaonis 97
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Monoterpenoid pheromones 74

Mosquito 205

Moulting hormone 11

(+)-Multistriatin 110

a-Multistriatin 73, 116

(1S : 21 : 4S : 5R) -(—)-a-Multistriatin
108

Musca domestica 41

Muscalure 41

Myrcene 76, 107

Nasutitermes exiiosus 92
Nasutitermes graveolus 92
Nasutitermes Walkeri 92

(370 : 132)-3,13-Octadecadienyl acetate
59

(3Z :137)-3,13-Octadeeadienyl acetate
59

(Z)-Octadecenal 45

Organocopper reagents 17—20, 22

Orgyia pseudotsugata 65

Oxidative esterification 33

(77)-9-Ox0-2-decenoic acid 94

Peach tree borer 59

Pectinophora gossypiella 55

(+)-Peri)laldehyde 200

(S)-(—)-Perillyl alcohol 195

Pharaoh ant 97

Pheromone 13, 14, 18, 24, 31, 32, 37-40,
43, 45

Pine beetle 38

(1S : 5S)-(—)-/?-Pirtene 113

(1A : 4S : 5S)-(+)-2-Pinen-4-0l 110

(IS : 4R :5S)-(-)-2-Pinen-4-ol 110,
112, 113

Pink bollworm moth 38, 55

Plodia interpunctella 57

Porthetria dispar 42

Propargyl alcohol 16, 18

Pseudotsuga menziesii 184

Purple stem borer 46

Pyrrhocorris apterus 125, 185

Queen butterfly 89, 96

Rearrangement of allylic dithiocarba-
mates 14

Red-banded leaf roller 45
Red-bollworm moth 51
Reductive elimination 14
Reformateky reaction 132
Rice stem-borer 205
Roller moth 37

Sanninoidea exitiosa 59
Santalol 18
Scolytus multistriatus 73, 116
Sesamia inferens 46
Silkworm moth 11, 35, 36, 178, 206
Sodium bis-trimethylsilylamide 17
Southern pine beetle 69
Spodoptera eridiana 56
Spodoptera frugiperda 44
Spodoptera litura 54
Spodoptera littoralis 54
Sqtialene 28
Stripped rice borer 45
Subterranean termite 60
Sulcatol 39, 114
(4)-(—)-sulcatol 114
(S)-(+)-sulcatol 114
Sulfoxide rearrangement 29
Synanthedon pictipes 59

D-(—)-Tartaric acid 102

1-(+)-Tartaric acid 102, 105

Tea tortorix 44, 45

Tenebrio molitor 125, 172

Termite trail pheromone 92

(3E :5Z)-3,5-Tetradecadienoic acid 55

(92 : 1277)-9,12-Tetradecadienyl acetate
54, 56

(92 : 1177)-9,ll-Tetradecadienyl
54

(77)-11-Tetradecenal 40

(Z)-1l-Tetradecenyl acetate 37, 45

(Z)-9-Tetradecenyl acetate 44, 56

Tetrahydropyranyl group 31

Thermal cleavage of vinylcyclopropanes
24

Thermal 1,5-prototropic shift 24

Tobacco hornworm moth 124

(+)-Todomatuic acid 183

Trichoplueia ni 43

(Z2)-9-Tricosene 41

acetate
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Trinidad butterfly 96 (-R)-cie-Verbenol 112, 113
Trogoderma inclusum 46 {S)-cis-Verbenol 113
(+)-<rane-Verbenol 110, 112
Undecanal 62
Utilization of organoaluminium com-
pounds 16
of organoboranes 16, 17
of organocopper reagents 30
of organopalladium compounds 29
of organotin compounds 16
of sulfones 29
of vinylcopper reagents 20

Wadsworth-Emmons reaction 126, 132,
137, 142, 143

Wax moth 62, 172

Western pine beetle 66, 71, 99, 103

Wild silk moth 68

Wittig olefin synthesis 14, 16, 26

Wittig reaction 126, 132, 137, 153, 168

cie-Verbenol 74, 112, 113 Yellow mealworm 125
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Composition of Bulgarian Rose Flower Concrete

Acetaldehyde 264

Acetic acid 264

Acid number 216, 220, 263, 264
Aliphatic lactones 252
Antinicotinic activity 262
Azomethine group 244

Beckmann rearrangement 244

Behenic acid 232

Benzoic acid 254, 255, 262

Betuline 257, 262

Brassica oleracea 236, 244, 274, 276-278,
280

Butane-1,4-diol 252

Callitris collumelaris 261
Callitrieic acid 260-262, 268
Camphene 268, 273

Carvone 263
3-(4-Chlorophenyl)-1,1-dimethylurea 278
Cinnamaldehyde 264
Cistoseira barbata 286

Citral 264, 269

Citronellol 216, 256, 269
a-Cleavage 250, 253
Conjugated double bonds 229
Cyclic terpenoids 260

Dehydroabietic acid 260—262
Diazomethane 232, 255, 269
a,co-Dicarboxylic acid 286

Diene 228

a-Diols 251, 252, 283
/9-Diols 252, 283
y-Diols 251, 252, 283
tu-Diols 252, 283
Diterpenes 250

Eicosene-10 263
4-Epidehydroabietic acid 260, 261
Ester number 220, 263, 264
Ethanol 263

Eugenol 216

Eugenol acetate 216

Famesol 263

Fatty acids 221, 231, 232, 253, 255, 269,
270, 273, 278, 279, 284

Fatty alcohols 262

Fatty diols 248

Fatty esters 221, 268

Fatty ketones 243

Five-membered lactone ring 256, 273

Freezing point 216, 264

Geraniol 216, 256, 263, 264, 266, 269
Geranyl acetate 269

Oinkgo biloba L. 244

Ginnone 244

Glycerol 221

0,/3-Glycols 229
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Hentriacontan-9-ol 242, 281, 282
Hentriacontanediol 251
Hentriacontan-9-one 281, 282
n-Hentriacontan-16-one 247
Hentriacont-7-ene 282
Hentriaconten-9-ol 282, 284
n-Heptane 276
y-Hexacosanolactone 254
a-Hydroxyacyl-coenzyme A 283

lodine number 220
lon-exehange resin 234, 238

y-Laetones 253, 254

Liebermann-Burchard reagent 266, 260,
262, 267-269, 273

Limonene 268, 273

Linolenie acid 234, 248

Lithium aluminium hydride 239

Malonylcoenzyme A 276, 285

Methanol 264

(Methyl-2-propen-I)-yl-2-methyl-4-tetra-
hydropyran 264

a-Methyl-butyric acid 272

Mycobacterium tuberculosis 279

Nerol 269

Nonacos-5-ene 282
Nonacosan-5,8-diol 250, 251
Nonacosan-7-ol 282
Nonacosan-10-one 244, 274, 277
Nonacosan-14-one 278, 279
Nonacosan- 15-one 244, 274, 278, 279, 281
Nonyl alcohol 264
Nonylaldehyde 263, 269
Normal paraffins 225, 226
Number of polarization 264

Octadecan-l-ol 238
Oleanolic acid 257, 259
Olefinic hydrocarbons 227
Oleic acid 234

Optical rotation 263

a-Oxidation 285

~-Oxidation 285

co-Oxidation 286, 287

Oxidation with performic acid 221
a-Oxidizing enzymes 280
Ozonization 227

Palmitic acid 232, 234, 235, 274, 275, 278,
279

Palmitone 244, 247

Paper chromatography 231 237

Pentadecanoic acid 274, 275

/9-Phellandrene 268, 273

Phenylacetaldehyde 264

2-Phenylethanol 254-256, 262, 263

Phenylethyl alcohol 216, 269

o-Pinene 267, 268, 273

Pinus jefrei 276

Podocarpa-8,11,13-trienoic acid 260

Propylaldehyde 264

Pseudoceryl alcohol 237

Primary fatty alcohols 237—243, 248,
252; 269, 272, 273, 282

Refractive index 263, 264

Rhus succedanea 286

Rosa alba L. 216

Rosa centifolia 215

Rosa damascena Mill. 216, 226, 231, 243,
260, 263

Sabinene 268, 273

Salicylaldehyde 264

Salkovsy reagent 256

Sandalum album 244

Saponification number 220, 264

Sarcina lutea 279, 280

Satsuma mandarin 286

Secondary fatty alcohols 237—239, 241—
243, 247, 252, 277, 280, 281

~-Sitosterol 262, 269

Six-membered lactone ring 256, 273

Specific gracity 263, 264

a-Splitting 247

~-Splitting 247
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Stearic acid 232, 236, 279
Stereoptene 223

Steroids 256
Stigmasterol 262

yj-Taraxasterol 257

Terminal methylene group 228
Terpenoids 256

y-Terpinene 268, 273

B. STOIANOVA-IVANOVA

Triterpenoids 257
Tritriacontan-17-ol 275, 286
Tritriacontan-17-on 275, 286

Unsaturated alcohols 243, 24s
Ursolic acid 257, 259, 262, 268

Valeric acid 264
Vemix cascoaa 252
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Chalcone Epoxides in Flavonoid Chemistry

ct-Acetoxychalcone 328

2'-Acetoxychalcone dibromides 299

2'-Acetoxychalcone epoxides 298, 300,
332

2'-Acetoxy-2-(4-methoxybenzoyl)-4,6-
-dimethoxybenzo[b]£uran-3[2H]-one
307

2- a-Acetoxy-4-methoxybenzyl)-2,4,6-
-trimethoxycoumaran-3-one 307

Afrormosin 342

Algar-Flynn-Oyamada reaction 296,
363-401

3- Aminoflavanone 369, 392

3-Aminoflavone 392

2- Arylbenzofuran-3-carboxylic acid 368

3- Arylidenechromanone epoxides 362
3-Arylideneflavanone epoxides 361
Aurone epoxides 361
Aurones 296, 366, 370, 396, 399
from chalcones 306, 308, 312, 328,
331
chalcone epoxides 332
2-hydroxy-2-benzylcoumaran-3-
-one 328

Benzalacetones

oxidation 306
3-Benzalcoumaran-2-ones

from 3-hydroxyflavanones 343
Benzilic acid 330
Benzoin, benzil conversion 391
2-Benzyl-2-hydroxycoumaran-3-one 368
2-Benzyl-2-methoxycoumaian-3-one 327

2-Benzyloxy-4-methoxybenzoic acid 306
2'-Benzyloxy-2,4-dichlorochalcone epox-
ide 325
2'-Benzyloxy-4,4'-dimethoxychalcone
oxidation of 307
2'-Benzyloxy-4,5'-dimethoxychalcone
epoxide 315
2'-Benzyloxy-4-isopropylchalcone epox-
ide 325
2'-Benzyloxy-6'-methoxychalcone 375
2'-Benzyloxy-4-methoxychalcone epox-
ide
reaction with acetic anhydride 328
ethanol 324
glacial acetic acid 327
Lewis acids 339
2'-Benzyloxy-6 '-methoxychalcone epox-
ide 330, 352
2'-Benzyloxy-4-methylchalcone epoxide
325
2'-Benzyloxy-5'-methylchalcone epoxide
314
1-(2'-Benzyloxy-4'-methoxyphenyl)-2-
-acetoxy-3-(4-methoxyphenyl)propane-
-1,3-dione 307
1-(2,-Benzyloxy-4'-methoxyphenyl)-2-
-(4-methoxyphenyl)-3,3-dimethoxy-
propan-l-one 310
2'-Benzyloxy-4-nitrochalcone epoxide
325
2'-Benzyloxy-3,4,4 '-trimethoxychalcone
epoxide 306
a-Bromo-/J-hydroxydihydrochalcones
(bromohydrin) 299, 316
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Cabreuvin 342

Carthamin 312

Carthamone 312

Chalcone aziridines 369

cie-Chalcone epoxides 317, 334, 348

irans-Chalcone epoxides
dipél moments 351
electron distribution 365
isomerization 339, 344
labelled 345
reactions 333—335
rearrangements 331
rotational isomers 352
spectroscopic studies 349

2'-OR-Chalcone epoxides
charge distribution 356
degradation 306

reactions 305, 313, 319, 324, 325,

335, 339,
synthesis 300, 302
Chalcone glycosides
oxidation 365
Chalcones
analogues of 305
in biogenesis 295
isomerization 315, 381
oxidation 302, 304, 306, 309—313,
344, 367
rotational isomerism 374
2'-OR-Chalcones
conformations 376
rate of oxidation 302, 303
Chalcone sodium salt 382
Chlorohydrins
from epoxides 313, 316
reactions of 316, 329, 335, 336
structure of 315, 318
Coumaran-2-ones 328
Coumaran-3-ones
from chalcones 309, 312, 327
dehydration 343
rearrangement 343

Daidzein 342
Darzens reaction 296
mechanism of 301
Deoxybenzoines
from epoxides 338

erythro-2,3-Diacetoxy-1-( 2 benzyloxy-
-4'-methoxyphenyl)-3-(4-methoxy-
phenyl)propan-I-one 307
1.2- Diaryl-3,3-dimethoxypropan-I-one
309
1.3- Diarylpropan- 1,2-diones
from epoxides 313, 338
chlorohydrins 313, 316
methylation of 327
2',4'-Dibenzyloxy-4-methoxychalcone
epoxide 336
2'4'-Dibenzyloxy-4-methoxy- [/?- AC]-
-chalcone epoxide 345
3.5- Di-i-butylchalcone 305, 373
Dihydrochalcones 324
3"4"-Dihydrodurmillone 342
2.3- Dihydro-2-hydroxy-2,3-diphenyl-
naphtho [2,1-b] piran-l-one 399
2',4-Dihydroxy-6'-carbethoxymethoxy-
chalcone 365
2',2-Dihydroxychalcone 372
2'4-Dihydroxychalcone 308, 369
2',4-Dihydroxy-3,5-di-t-butylchalcone
373
2',4-Dihydroxy-4',6'-dimethoxychalcone
308
2',a-Dihydroxy-6',~-dimethoxy dihydro-
chalcone 330
2',3-Dihydroxy-4',6'-dimethylchalcone
374
2',3-Dihydroxyflavanone 372
4',6-Dihydroxy-2-(a-hydroxybenzyl)-
-coumaranone 312
1.3- Dihydroxy-2-phenylquinoline-4[1H]-
-one 315
2',4-Dihydroxy-3,4',6'-trimethoxychal-
cone 373
2'.4-Dihydroxy-3,4',6'-trimethoxy-3'6-
-dimethylchalcone 396
2',6'-Dimethoxy-4'-hydroxychalcone 304,
373
4'7-Dimethoxyisoflavone 310
4,7-Dimethoxy-3",4'-methylenedioxyiso-
flavone 310
4'7-Dimethylangolesin 342
3.5- Diphenylpyrazoles 334
2.6- Disubstituted chalcones 305
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Emilewicz-Kostanecki reaction 296
Epoxyalcohols 337
2-Ethoxyisoflavan 342

Flavanone

enolized 388

isomerization 381

oxidation of 343, 370
Flavan-3-tosyl ester 342
Flavene epoxides

cis-flav-3-ene epoxide 369

2,3-trans-3,4-cie-flav-3-ene epoxide

359
Flavindogenide epoxides 361
Flavones

from chalcones 309, 311, 312
Flavonoides 369

biogenesis of 296, 348
Fluorohydrin 346
Formononetin 336, 342
Formyldeoxybenzoines

from epoxides 313, 327, 338, 346
Fries rearrangement 298
2-(2-Furyl)-3-hydroxychromones 369

Gowan-Hayden-Wheeler reaction 296,
401

Haematoxylins 361
Hydantoins
from epoxides 332
o-Hydroxyacetophenone 383, 387
2-Hydroxy-2-benzylcoumaran- 3-ones 370
dehydratation 328, 331
synthesis of 328, 331
2-(a-Hydroxybenzyl)-coumaranon 397
2-(a-Hydroxybenzyl)-4-methoxycouma-
ranone 399
2-(a-Hydroxybenzyl)-2-phenylnaphtho
[2,1-b]furan-I-[2H]-one 399
2,-Hydroxyehalcone epoxides 370, 397
conversion of 296, 332
in biogenesis 295
synthesis of 298
a-Hydroxychalcones 330
/J-Hydroxychaleones 307
o-Hydroxydibenzoylmethane 297

2'-Hydroxy-3,5-dibromochalcone 300
5-Hydroxy-3",4"'-dimethoxy- 7-nechesper-
idosylflavanone 370
a-Hydroxy-/S-ethoxydihydrochalcone 306,
324
3-Hydroxyflavan 342
3-Hydroxyflavanones 296, 299, 387
from epoxides 313, 319, 326, 332, 340
rearrangement of 343
synthesis of 363
4'-Hydroxyflavone 308
3-Hydroxyflavones 390
sodium salt of 390
synthesis of 321, 332, 363, 390
3- Hydroxyflavon glycosides 365
2-Hydroxyformononetin 342
2-Hydroxyfurfurylideneacetophenones
369
2-Hydroxy-2-(a-hydroxy-4-methoxyben-
zyl)-4,6-dimethoxycoumaran-3-one
307
4- Hydroxyisoxazolines
from chlorohydrins 335
from epoxides 333
2-Hydroxy-6-methoxybenzoic acid 396
2'-Hydroxy-a-methoxychalcone 381, 389
2'-Hydroxy-4-methoxychalcone 306
2'-Hydroxy-6 -methoxychalcone
oxidation 394
sodium salt of 395
2- Hydroxy-6-methoxydeoxybenzoin 341
2'-Hydroxy-4-methoxy-3,6-dioxochal-
cones 311
3- Hydroxy-4-methoxyflavanone 326
3-Hydroxy-5-methoxyflavanone 332, 396
3-Hydroxy-6-methoxyflavanone 314
3-Hydroxy-5-methoxyflavone 396, 397,
400
7-Hydroxy-4'-methoxy[3-14C]-isoflavone
345
10-Hydroxy-2-methyl-11H-[1]-benzopy-
rano[3,2b]-indole-ll-one 366
3-Hydroxy-6-methylflavanone 314
2'-Hydroxy-2-nitrochalcones 366
3-Hydroxy-3-nitroflavanone 321
2'-Hydroxy-a-phenylchalcone 398
2-Hydroxy-2-phenylquinolines
from epoxides 337
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2'-Hydroxy-4',4,6 '-trimethoxychalcone
365
2'-Hydroxy-2,56 -trimethylchalcone 372

Isoflavenes 342
Isoflavones
from chaleones 310, 311
chlorohydrinee 341, 347
coumaranones 343
1.2- diones 341
epoxides 313, 338, 347
labelled 345

Kaempferol 356
Lettadurone 310

6'-Methoxy-a-acetoxychalcone 329
4- Methoxyaurone 332, 396, 399
2'-Methoxychalcone epoxide 335, 338
a-Methoxychalcones 305, 307
synthesis of 327
3-Methoxyflavanone 385
5- Methoxyflavanone 394
4'-Methoxyisoflavone
from chlorohydrine 341
1.2- dione 341
epoxide 339
glycolmonoacetate 341
2'-Methoxymethoxychalcone epoxide
reactions 315, 325, 330, 332
2'-Methoxymethoxy-2,4-dichlorochalcone
epoxide 325
2'-Methoxymethoxy-4-hydroxy-4',6'-di-
methoxychalcone 309
2'-Methoxymethoxy-4-methoxychalcone
epoxide 326
2'-Methoxymethoxy-4-nitrochalcone
epoxide 325
3-Methyl-3-hydroxyflavanone 389

2-Methylisoflavone 343

2- Nitrochalcone epoxides 315, 337
<rane-4-Nitrochalcone epoxides 325
a-Nitrochalcones 305

3- Nitroflavone 322

a-Oxidation 388

Peroxidase 312, 313
a-Phenylchalcones 398
Phenylepoxycinnamate 298
Protective groups 305
Pseudobaptigenin 342

Quinochalcones 312, 313
Quinoxalines 316

Rasoda-Limaye reaction 296, 298, 401

7,8,3",4'-Tetramethoxyisoflavone 342
6,6,3",4'-Tetramethylcatechin 342
Thyonhydantoins 332
2'-Tosyloxychalcone epoxide 332
2'-Tosyloxy-o-methoxychalcone 389
2'-Toeyloxy-6"'-methoxychalcone epoxide
341
2,,4" 4-Trihydroxychalcone 312
2',3,,6-Trihydroxychalcone 313
3,7,4'-Trihydroxyflavone 312
3,6,2'-Trihydroxy-4-methoxychalcone
311
4,4',6-Trimethoxybenzalcoumaran-3-one
365
6,7,2"'-Trimethoxy-3',4'-methylenedioxy-
isoflavone 310

Weitz-Scheffer reaction 296
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