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ABSTRACT 

This thesis, which is divided into three main 

sections, deals mainly with the transannular cyclisation 

reactions of some alicyclic dienec. 

In the first part of the thesis, the synthesis and 

cyclisation reactions of germacrene, a possible inter-

-mediate in the biosynthesis of certain classes of 

sesquiterpene, are described. Germacrene, a cyclodecane 

sesquiterpene, can be converted to sesquiterpenes of the 

selinane and elemane types. 

The second section is concerned with the related 

medium-ring sesquiterpenes, humulene and caryophyllene. 

The mechanisms of the formation and decyclisation of some 

tricyclic humulene derivatives are discussed. Also 

described are the reduction reactions of two brominated 

humulene derivatives, and some attempts to convert 

caryophyllene to humulene. 

Finally, a new method for the preparation of 

1,4-dienes by the lithium in liquid ammonia reduction 

of suitable acetoxy-dienes is described. 1,4-Dienes 



fulfilling certain geometrical requirements give the 

product of honoconjugate 1,5-addition on treatment with 

bromine or hypobromous acid. 
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GERMACRENE 
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INTRODUCTION AND REVIEW 

A protonated form of the triene (I) ("germacrene") 

was first proposed as a key intermediate in the 

biosynthesis of some sesquiterpenes by Ruzicka1 in 1953. 

His ideas were developed later by Barton and de Mayo2l and 

Hendrickson3.These authors suggested that (i) germacrene was 

a precursor of cyclodecane sesquiterpenes (ii) cyclisation 

between C-2 and C-7 would lead to sesquiterpenes with a 

selinane skeleton (V) (iii) cyclisation between the C-2 and 

C-6 positions would give guiane (VI) derivatives, and (iv) a 

Cope rearrangement involving the Q2 and 41;;,6  double bonds 

would lead to the elemanes (VII). It is also possible that 

germacrene could give rise to cadinane sesquiterpenes (VIII) 

in nature by cyclisation between C-1 and C-6 after migra- 

tion of the Q2 double bond to the 4 position. However, 

since the acid-catalysed cyclisation of farnesol (IX) 

gives firstly bisabolene (X) and subsequently a mixture 

of hexahydrocadalenes (XI)1  , it seems likely that a six-

-membered ring intermediate is involved in this case. 
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Cyelisation Reactions of cyclodecano Ses.uiter ones 

The cyclisation of A2  ,CA6 -cycJocleaadd.one sesqui- 

-terpenes under acid conditions gives products with a 

sell nano skeleton (V). Sorra
4 

and Bhattacharyya5 have 

both reported the conversion of costunolide (XII) to the 

tricyclic lactone (XIII), and Ognjanov
6- 

has converted 

germacrone (II) to the mixture of bicyclic ketones (XIV). 

Bhattacharyya has similarly cyclised the costunolide 

7 derivatives (XVII and XVIII). 

Acid treatment of epoxy cyclodecane seseuiterpenes 

also induces cyclisation. For example, pyrethrosin (XIX), 

a 6,7-epoxide, gives the diol (XX) when treated with 

boron trifluoride
8
, and the diacetates (M) with acetic 

o 
anhydride - toiuenesulphonic acid'. In contrast, boron 

trifluoride treatment of dihydroparthenolide (X=), a 
(X0,1) 

2,3-epoxide, gave a cyclisation product\with a guiana 

skeleton (Vi)10.  

Elemanes (VII) have been obtained by the pyrolysis 

2 6 ,6,1 
of 	,ZN-cyclodecadiene sesquiterpones. Germacrone (II)," 

dihydrogermacrene (XV)7, dihydrocostunolide (XVII)
12

, 

and mothoxydihydrocostunolide (XVIII? all undergo 
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(XXI) 
	

(XXII) 

(XXIV) 
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facile Cope rearrangements to give the product in which 

the methyl and hydrogen substituents of the newly-formed 

carbon-carbon bond are trans. 

We could therefore predict that (i) treatment of 

germacrene with electrophilic reagents, or its 6,7-

-epoxide (XXIV) with acid, should give a selinane 

derivative (ii) acid treatment of its 2,3-epoxide (XXV) 

should give a guiane derivative, and (iii) pyrolysis 

should give V-elemene (XXVI). The capacity of germacrene 

to act as an intermediate in the biosynthesis of three 

classes of sesquiterpene would thus be demonstrated. 



aa=x (XXX) 
H=X (XIXX) 
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DISCUSSION 

The Synthesis of Germacrene  

The naturally-occurring ketone, germacrone (II) (in 

zdravetz oil from Geranium macrorhizum L.), was used as 

the starting saterial for the synthesis. The obvious 

route to germacrene was the Woiff-Kishner reduction of a 

hydrazone derivative of germacrone (II), but although 

various hydrazines were tried13  , none gave a derivative, 

probably as a result of steric hindrance. 

In the successful synthesis, germacrone (II) was 

4 
reduced to the corresponding alcohol (III)

1 
 which was 

subsequently acetylated. The n.m.r. spectrum of the 

acetate (TIT) showed four methyl groups on double bonds 

(two each at T 8.50 and 8.24), a sharp singlet due to the 

acetate methyl (r 8.08), an eight-proton absorption 

(7' 8.00-6.91), and a three-proton absorption (r 3.80-4.40) 

due to two vinyl protons and a methyne proton adjacent 

to acetate. Reduction of the acetate (IV) with lithium 

in liquid ammonia gave, after chromatography, essentially 

pure germacrene. Its n.m.r. spectrum showed four methyl 
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groups on double bonds (two each at 7 8.52 and 3.31), a 

ten-proton absorption (1'8.17-7.15), and a broad absorption 

due to the two vinyl protons centred at 7 5.33. The 

isomer of germacrene with an endocyclic double bond 

(XXVII) is not formed to an appreciable extent in the 

reduction (<5`,,, according to the n.m.r. spectrum) but 

there is some evidence to suggest that the intermediate 

anion would not mesomerise under the reaction conditions1  

Germacrene, a colourless oill  was stable if stored 

under nitrogen at 00, but readily autoxidised and 

polymerised in air at room temperature. 

Cyclisation Reactions of Germacrene 

N-Bromosuccinimide in aqueous acetone which had 

been used successfully as an electrophilic cyclising 

agent for humulene (XXVIII)
16, gave a crystalline 

bromohydrin when germacrene was treated with one mole 

under similar conditions. The n.m.r. spectrum of the 

bromohydrin showed the presence of two quaternary 

methyls (7'8.90 and 8.01), two methyls on double bonds 

(7- 3.33), and a deshielded axial proton at 	6.13 
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(X portion of ABX system, tif,x  JBx  =16.5 c/s)17. 

Treatment of the bromohydrin with ozone produced acetone 

but the hydroxyl group was not oxidised by Jones' 

reagent. From this information, the structure (XXX) was 

1 8  
tentatively proposed and has since been confirmed in 

the following manner. Reduction of (XXX) with lithium 

in liquid ammonia gave the alcohol (XXIX) in which the 

signal at 7 6.13 in (XXX) had disappeared, thus proving 

that the bromine was secondary. The equatorial nature 

of the hydroxyl group was shown by subsequent dehydration 

of (XXIX) with phosphorus oxychloride to give the diene 

mixture (XXXI) containing4(20% of the isomer with the 
• 
endocyclic double bond19. The Carbon skeleton and ring- 

-junction stereochemistry were confirmed by converting 

the alcohol (XXIX) to the known ketone (XXXIII)
20. This 

was achekved by hydroxylating the double bond of (XXIX) 

with osmium tetroxide and cleaving the resulting triol 

with periodate. The ketol (XXXII) thus obtained was 

dehydrated with phosphorus oxychloride in -pyridine to 

give (XXXII') identical in all respects with an 

authentic specimen kindly supplied by Professor 
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J.A.Marshall. 

Germacrene underwent a facile Cope rearrangement 

when heated above 120°  to give the previously undescribed 

11-elemene (XXVI) in quantitative yield. The n.m.r. 

spectrum showed a quaternary methyl (7 8.96), three 

methyls on double bonds (7 3.37), four olefinic protons 

at 7 5.34-4.96, and a single olefinic proton at 7'4.25 

(pair of doublets, J=17 and 10 c/s.). Treatment of 

(XXVI) with one mole of N-bromosuccinimide in aqueous 

acetone gave the diol (XXXIV) which was converted to the 

bromohydrin (XXX) with zinc18. The stereochemistry of 

(XXVI) was thus confirmed. 

The above reactions have shown that germacrene is 

capable of being converted to selinane (V) and elemane 

(VII) sesquiterpenes. We were unable to obtain any 

evidence for the presence of guiane (VI) derivatives 

in the reaction products from the cyclisation with 

hypobromous acid, but Brown18 has recently obtained the 

diol (XXXV) by the acid-induced cyclisation of germacrene 

2,3-epoxide (XXV). 



( IAX.XX ) 
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The Mechanism of the Cyclisation Reactions  

The X-ray crystallographic determinations of the 

structures of cis,cisl cis-1,4,7-cyclononatriene21 and its 

silver nitrate adduct22, and transl trans,trans,-1,5,9-

-cyclododecatriene23 and its nickel (II) complex
24

, 

show that the hydrocarbons are not distorted by complex 

formation. It is therefore reasonable to assume that the 

parameters found for olefins in their silver nitrate 

complexes will accurately reflect their structures prior 

to reaction in solution. The conformation (XXXVI) 

adopted by germacrene in its silver nitrate adduct 
 

provides further evidence for this theory. The endocyclic 

double bonds are both nearly perpendicular to the "plane" 

of the ring with their '7'c-orbitals set up for easy 2,7 

ring closure. It is clear from the stereochemistries of 

(XXVI) and (XXX) that germacrene must have adopted the 

conformation (XXXVI) immediately prior to their 

formation. 



- 20 - 

Biosynthetic Work 

Work is at present in progress
26 to determine 

whether germacrene labelled with tritium at 0-9 is 

incorporated into the selinane sesquiterpene, santonin 

(XXXVII) (from Artcbmtsia species). 
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EXPERIMENTAL 

Melting points were determine on Kofler hot-stage 

apparatus. Infra-red s!?ectra were determined on a Unic:un 

SP 200 spectrophotometer, the liquids 	films, the 

solids as Nujol mulls. Nuclear magnetic resonance s-dectra 

were determined on a Varian A 60 instrument using carbon 

tetrachloride or deuterochloroform solutions. 

Analyses were carried out by the staff of the 

Imperial College Microanalytical Laboratory. 

Ethereal extracts were dried with anhydvous sodium 

sulphate; petroleum ether refers to the fraction, b.p. 

40-600; alumina, unless otherwise stated refers to Spence 

Grade "H" neutral alumin7L. 

Zdravetz oil was obtained fro Propritary Perfumes 

Limited, Ashford, Kent. 
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Purification of Germacrone (II)  

Zdravetz oil was melted on the steal b -Ith and the 

crystals whichseparat on cooling were recrystallised 

from methanol to m.p. 56-7
o
. 

Germacrol (III)
14 

A solution of germcrone (II) (5.50g.) in dry ether 

(220 ml.) was added with stirring to a suspension of 

lithium aluminium hydride in ether (220 ml.) at 00. The 

reaction mixture was then refluxed for 30 min., cooled to 

00, and excess hydride decomposed with ethyl acetate 

followed by saturated aqueous ammonium chloride. 'dater was 

added and the ether layer separated, dried and evaporated. 

The liquid product obtained was chromatographed on 

alumina (150 g.), the fraction eluted by benzene - 

ethanol (3:1) containing germacrol (III) (5.09 g., 92%). 

Germacrol Acetate (IV)  

A mixture of germacrol (III) (5.00 g.), Analar 

acetic anhydride (5 g.), and Analar pyridino (30 ml.) 

was allowed to stand at room temperature overnight. After 

subsequent removal of the solvent in vacuo at room temp-

-erature, the liquid residue was chromatographed on 
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alumina (150 g.) to obtain germacrol acetate (4.83 

8176),1? 	1730, 1240 cm-1., in the fraction eluted by max 

bonzene. 

Germncrene (V) 

Lithium (0.50 g.) was added to a solution of germa-

-crol acetate (IV) (4.50 g.) in anhyr:Lrous liquid ammonia 

(600 ml.) and purified dioxan (50 ml.) and the mixture 

stirred for 4 hr. Ammonium chloride was added to discharge 

the blue colour of the solution and the ammonia allowed 

to evaporate overnight. The residue was partitioned 

between ether and water, and the ether layer dried and 

evaporated. The liquid residue was purifie,'. by passage 

through an alumina 	using petroleum ether as oluent. 

Thegermacrene (2.40 g., 68%), b.p. 105o/0.1 mm., was 

stored under nitrogen at 0°  (Found: C, 88.3; 	11.8%. 

C
15
H24  requires C, 8 .2; H, 11.8/). 

Germacrene Bromohydrin (XXX)  

N-Bromosuccinimide (940 mg.) was added over 10 min. 

to a well-stirred sus7oension of germacrene (1.08 g.) in 

acetone (1CJ !1l.) and water (4 ml.) at 0°. Stirriug was 

continued at 0°  for a further 30 min. and the crystalline 
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bro,nohydrin (XXX) (220 	14%) filtered off. M.p. (from 

acetone) 180°; y 	3400 cm-1. (Found: C, 59.5; H, 8.2; max 

Br, 26.5%. C
15
H25BrO requires C, 59.8; H, 3.3; Br, 26.5%). 

Overnight treatment of the bromohydrin with Jones' 

reagent gave a mixture of recovered starting m=aterial 

and a more polar lompound. 

Acetone (identifies' PS its 2,4-dinitrophenyl-

-hydrazonc) was obtained by ozonolysing the brorJohydrin in 

methylene chloride at 00. 

>s_Elemene (XXVI)  

Germacrene was quantitatively converted to S-elemene 

(XXVI) by boiling under reflux at 15 mm. pressure for 

3 hr. The product was purified by passage through an 

alumina column (Woelm Grade I) using petroleum ether as 

eluent.s:.-.1emene, a colourless oil, had b. p. 1180/15 mm., 

n25 1.5031,V max 
 1640, 915, 395 cm-1. (Found: C, 88.1; 

H, 12.0%. C15-  
H24 requires 0, 88.2; H, 11.3%.). 
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HUMULENE 
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INTRODUCTION AND REVIEL4 

The Structure of Humulene  

Humulene (I) was first isolated by Chapman1 from hop 

oil (from Humulus hupulus L.) and was later shown to be 

present in poplar buds (Populus nigra L.)2. It has since 

been isolated from many sources. In particular, Deussen3 

established the identity of humulene and "ix-caryophyllenen 

from oil of cloves by a comparison of the melting- 

-points of their solid derivatives. 

Quantitative hydrogenation and titration with 

perbenzoic acid showed the presence of three double bonds 

thus proving humulene monocyclic. The absence of ultra-

-violet absorption showed that the double bonds were 

not conjugated while oxidative degradation indicated that 
4 

humulene was a 1,1,4,8-tetramethylcycloundecatriene . 

The nature of the carbon skeleton was confirmed by Sorm 

et al.5 who synthesised 1,1,4,8-tetramethylcyclo-__ 

-undecane by two routes and proved it identical with 

hexahydrohumulene by a comparison of infra-red spectra 

and physical constants. However, the precise location of 
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the three double bonds was a source of conjecture for 

almost a decade. This could be attributed to the 

impure nature of the humulene used by workers in the 

field for their degradation experiments. Fractional 

distillation or available chromatographic techniques 

were inadequate for the purification of the hydrocarbon. 

The problem was not resolved until 1961 when Sutherland
6 

isolated humulene as its crystalline silver nitrate 

adduct C15 H24° 2PgNO , 
and regenerated the pure 

- 	3 

hydrocarbon by steam distillation or treatment with 

aqueous ammonia. The well-resolved n.m.r. spectrum 

confirmed that (1), originally proposed by Clark and 

Ramage7, represented the true structure of humulene. The 

trans stereochemistry of the double bonds, which 

Sutherland°  and Naves9  had predicted on theoretical 

grounds, was confirmed by two independent X-ray 

crystallographic investigations
10'11 on the silver 

nitrate adduct of humulene. 
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9/ 
Ne/ 

7' 
6 	

14 

(I) X=Me 
(II) X=CHO 
(III) X=CH2OH 

(iv) X=H 
(v) X=40 

(XVIII) X=H 
(XIX) X=Br 
(XX) X=:O 
(XXI) X=OH 
(XXII) X=0Ac 

(VI) X=Br; Y=OH 
(VII) X=Y=OH 
(VIII) X=:0; Y=OH 
(IX) X=:O; Y=C1 
(X) X=Br; Y=C1 
(XI) X=Y=C1 
(XII) X=OAc; Y=OH 
(XIII) X=N:C(Br)Me; Y=OH 
(XIV) X=C1; Y=OH 
(XV) X=OH; Y=C1 
(XVI) X=OH; Y=6) 
(XVII) X=H; Y=OH 



aNO=X (IXXX) 
TO=X (XXX) 

=x (IIIAXX) 
IO=X (IIIXX) 
..ta=x 	(IAXX) 
HO=X 	(AXX) 

9V0=X (AIXX) 
H=X (IIIXX) 
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c==mac 

e 	t G L Mg, 
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The Synthesis of Humulene  

Two key intermediates in the synthesis
12  were the 

phosphonium salt (XXXII) and the aldehyde (XXXIII). 

Wittig condensation between (XXXII) and (XXXIII), 

followed by removal of the pyranyl and mesitoyl 

protecting groups, gave the diol (XXXIV). Subsequent 

bromination, giving (XXXV), and cyclisatiun by nickel 

carbonyl gave the isomer of humulene with a cis 1,2 

double bond, i.e. (XXXVI) Irradiation in the presence 

of diphenyl disulphide converted (XXXVI) to humulene. 

......"/-",„ 
i i 	1 	. -."........ .)..„„ 

-'°' 	' 0HaC 	ri... -- 
1.< 

C 11:), O St- 	r-  h3  P 
(XXXII) 

(XXXIV) X=OH 
(XXXV) X=Br 
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Cyclisation Products of Humulene  

)s:)(..-Caryophyllene Alcohol (XXXVII)  

The acid-catalysed hydration of crude caryophyllene 

(the hydrocarbon constituents of oil of cloves) 

generates a--caryophyllenealcohol in low yield. It has 

now been shown13 that the alcohol (XXXVII) is in fact a 

cyclisation product of humulene, which is a minor 

constituent of clove oil; pure humulene generates the 

alcohol in high yield whereas pure caryophllene (IV) 

gives none. 

The structure was deduced chemically by Nickon et a1.14  

and has since been confirmed by X-ray analysis.13  

o(-Caryophyllene alcohol is probably generated from 

humulene by the,,following sequence: 

(XXXVIII) 	 (XXVII) 



e<-caryophyllene alcohol on treatment with acid. 

> 	_1 

11 

OH 
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In an ingenious synthesis, Corey15 prepared an 

intermediate of type (=VIII) which rearranged to 
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(ii) Bromohumulene (XIX), Bromohydroxyhumulene (VI), and  

Related Compounds  

The:treutment of humulene with one mole of N-bromo- 
- 

-succinimide in aqueous acetone gave the bromide (XIX) 

("bromohumulenel') and the bromohydrin (VI) 

("bromohydroxyhumulene"), each in 24% yield. 

Bromohumulene consumed three moles of hydrogen and 

formed a diepoxide (XXIX) which gave formaldehyde in 

good yield on ozonolysis. The presence of three double 
methylene 

bonds, one of them in an exocyclic)grouping was thus 

confirmed. The conversion of (XIX) to a mixture of 

humulene and rhumulene (XVIII) with lithium in liquid 

ammonia proved that no skeletal rearrangement had occurred 

in its formation. The location of tir, bromine atom was 

., established by oxidation with dimethyl sulphoxicke17  to 

give a mixture of carbonyl compounds in the ratio 9:2. 

The minor component was shown to be identical with an 

authentic specimen of the ketone (XX)18, while the major 

component was aldehydic and its ozonolysis products were 

consistent with it having the structure (II). All 

attempts to solvolyse bromohumulene to the known 
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alcohol (XXI)18 
were unsuccessful. 

The n.m.r. spectrum of bromohydroxyhumulene was 

consistent with it having one of two possible alternative 

tricyclic structures containing a cyclopropane ring. The 

structure (VI) was established chemically and has since 

been confirmed by an X-ray crystallographic investig-

-ation19  which also established the stereochemistry at 

the asymmetric centres. 

The bromohydrin (VI) can be converted into several 

related compounds in which the tricyclic carbon 

skeleton has remained intact (rather surprisingly in 

some cases), but a few derivatives can be decyclised to 

give compounds possessing th c carbon skeletons of 

caryophyllene (IV) or humulenc. 

Solvolysis of bromohydroxyhunulene in aqueous 

acetone buffered with sodium bicarbonate to neutralise 

the acid produced gave the corresponding diol (VII). 

This reaction was fairly fast and was facilitated by the 

well-known effect of a neighbouring cyclopropane ring
21 

 . 

Oxidation of (VII) gave a ketol (VIII) which was 

converted without fission of the cyclopropane ring to the 
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chloroketone (IX) by hydrogen chloride in chloroform. 

The cyclopropane rin of (IX) could, however, be 

cleaved under more polar conditions viz. hydrogen 

chloride in methanol, to give the dichloroketone (XXX) 

which has a caryophyllene skeleton. The 2,4-dinitro-

-phenylhydrazone of the related ketone (XXXI) was 

obtained by treating (IX) with Brady's reagent. The 

bromohydrin (VI) and the diol (VII) gave the bromo-

-chloride (X) and the dichloride (XI) respectively when 

treated with hydrogen chloride in chloroform. Both 

dihalides (X and XI) were solvolysed to the dial (VII) 

in acetone - aqueous sodium bicarbonate. 

Acetylation of (VII) gave the hydroxy-acetate (XII) 

which was dehydrated (phosphorus oxychloride) to a 

liquid acetate (XXIV), characterised as the crystalline 

alcohol (XXV). (X.0.) could also be obtained by dehydra-

-tion of bromohydroxyhumulene to give the bromide (XXVI) 

which was solvolyscd to (XXV) in acetone - aqueous 

sodium bicarbonate. The chloride of this series, (:,:VII), 

was prepared by treating the diol (VII) with phosphorus 

oxychloride in pyridine. Reduction of the bromide (XXVI) 



- 39 - 

with lithium aluminium hydride in tetrahydrofuran gave 

a hydrocarbon mixture containing the tricycle (XXIII) 

(50%), caryophyllene. (IV) (30%) and humulene (10%). 

(XXIII) could be decyclised to humulene by percolation 

through Grade I silica gel. 
4-ot—meA 

Only monocyclic products were obtained by treating 

the diol (VII) with acidic acetone. A mixture of 

isomeric allylic alcohols (III and XXI) was obtained. 

They were easily characterised by oxidation (manganese 

dioxide) to the aldehyde (II) and the ketone (XX) which 

had been obtained previously from bromohumulene (vide 

supra).  
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DISCUSSION 

The hechanisms of Cyclisation and Decjclisation of the 

Tricyclic Derivatives of Humulene 

(i) Cyclisation  

Before the completion of the X-ray crystallographic 

studies19, we could only speculate on the stereo-

chemistry of bromohydroxyhumulene. The trans nature of 

the junction between the cyclobutane and cyclo-octane 

rings had been proved conclusively by the conversion of 

(VI) to caryophyllene (IV)16, the stereochemistry of 

which had been known for some time20  . Bearing this in 

mind, the structure (XXXIX) seemed the most likely. It 

was assumed that after formation of the bromonium ion 

(XLI), attack by hydroxyl at C-8 would lead to (XXXIX) 

by a concerted series of trans additions to the double 

bonds. An alternative stereochemistry (XL), with a trans- 

fused cyclopropane ring was also theoretically possible 

but was rejected on the grounds that the sterically 

least-strained product was more likely to be formed. 

Subsequently, the X-ray work19 showed that, in fact, 
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cis addition had taken place on the A1 double bond, so a 

concerted cyclisation mechanism had to be rejected. It now 

seems likely that the homoallylic ion (XLI) rearranges to 

the cyclopropylcarbinyl ion (J,ILIII) via a bicyclo-

-butonium ion21b and subsequent attack by hydroxyl on 

(XLIII) leads to bromohydroxyhumulene. The- other main 

product of the humulene 	hypobromous acid reaction, viz. 

bromohumulene, could be formed by elimination of a 

methyl proton from either of the ions (XLI and XLIII). 

In the discussion on the mechanism of the 

cyclisation reactions of germacrene (vide supra), it 

was pointed out that the conformations adopted by 

olefins in their silver nitrate adducts are probably 

identical to the conformations they take up immediately 

prior to reaction in solution. A similar situation 

exists in the case of humulene. It is clear from a 

consideration of the conformations of humulene (XLV) in 

its silver nitrate adduct10, and bromohydroxyhumulene 

(XLVI)19  that humulene must have adopted the conform-

-ation (XLV) immediately before cyclisation. 

As in germacrene, the planes of the endocyclic 
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double bonds of humulene are nearly perpendicular to the 

plane of the cycloundecatriene ring In particular, the 

7' orbitals of the /S1  andiN
4 

bonds are ideally situated 

for the formation of the 2,4 bond. 

(ii) Decyclisation  

The yield of bromohydroxyhumulenc from the humulene 

hypobromous acid reaction was found to be strongly 

dependent on such factors as acidity of the reaction 

medium, the ratio of acetone to water used as solvent, 

the rate of addition of 11-bromosuccinimide, and the 

speed of isolation of products. The yield could be 

optimised by adding the 1.-bromosuccinimide over one 

minute to humulene suspended in acetone - water (4:1) 

at 00  and quenching the reaction immediately by 

extracting the products into chloroform. If stirring 

was continued for one hour after the final addition of 

N-bromosuccinimide the product composition was altered. 

Although there was no change in the yield of bromo-

-humulene, most of the bromohydroxyhumulone had been 

solvolysod to the diol (VII). Decyclisation of the 

tricyclic products took place if the stirring was 
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continued overnight and the major product was now the 

monocyclic alcohol (III). The decyclisation must be 

catalysed by the acid liberated in the solvolysis of the 

bromohydroxyhumulene because the diol (VII) was stable 

in aqueous acetone buffered with sodium bicarbonate. 

Bromohydroxyhumulene, the diol (VII), and the allylic 

alcohol (X I) all gave a mixture of (.a) and (III) 

(major component) when treated overnight with acidic 

aqueous acetone, so it was clear that the following 

sequonce o reactions was taking place 

H H H 

CH,CH 
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Bromohumulene, which coula conceivably have given rise 

to (XXI) was recovered unchanged from acidic acueous 

acetone. 

Dromohydroxyhumulene is solvolised to the dial (VII) 

at the same rate in both neutral and basic media and is 

converted to the bromo-imine (XIII) in acetenitrile
2L 

These facts are consistent with the solvolysis reactions 

at C-5 taking place by an :J,:1 process (acetonitrile is 

too weak a nucleophile to displace bromine by 	attach). 

N.m.r. evidence indicates retention of configuration at 

C-5 in the solvolysis reactions. The proton at C-5 forms 

the X portion of an Aai!.-  system and the J;a1-11x  values 

far (VI), (VII), (X), and (Xi) are similar (18, L. c•,o , 18, 

and 18 c/s resRectively). These values are of tho order 

of magnitude expected for 	;i-oton coupled to its 

neighbours by an axial-sairel and axial-equatorial 

intoraction23. In passing, it may be mentioned that the 

configuration at C-8 in (X) and (XI) is not known for 

certain but is most liely to be that shown. It is 

noteworthy that the diol (XLVII) (the C-5 epimer of (VII), 

prepared by reducing (VIII) with sodium borohydridu) 
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has a J11X _+JBX value of only 9 c/s. 

The solvolysis of the dichloride (XI) to the diol 

(VII) takes place in two distinct stages. The hydroxy-

-chloride (XIV) is formed rapidly and is converted to 

(VII) in a much slower reaction. The methyl at C-8 in 

(XIV) is not deshiulded as is the C-8 methyl of (X) and 

(XI), so the alternative structure (XV) for the 

hydroxychloride can be rejected. It can be seen (Table 

1) that the C-8 chloride of (XI) is solvolysed at a 

Table 1  

Half-lives in acetone (4):water (1), concn. 0.025M, 

at 20°. 

Compound 	t1  (min.) 	k x 106  (sec.
-1
) 

2 

(VI) 13 830 

(XXVI)  99 110 
(XXVII)  3600 3.3 

(XI) 24 500 

(xIV) 900 13 

(x) 34' - 

*Time for formation of one mole of acid 
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similar rate to the C-5 bromide of (VI), while the C-5 
of (XIV) 

chloridis hydrolysed at 1/69 of this rate. The presence 

of a C-8 hydroxyl group has a considerable influence in 

enhancing the rate of solvolysis and a comparison of the 

rates for the pairs (VI) and (XXVI), and (XIV) and (XXVII) 

shows this effect clearly. Because of this, Greenwood
22 

proposed the formation of the ether (XLVIII) as the 

first step in the solvolysis of (VI) and claimed to have 

obtained evidence for its transient existence. However, 

we .now regard the formation of (XLVIII) as extremely 

doubtful. 

The high yields of diol (VII) obtained by the 

solvolysis of the halides (VI), (X), and (XI) are 

somewhat surprising when one considers that the 

cyclopropylcarbinyl ion intermediate could, in principle, 

give rise to three cyclopropylcarbinol, three cyclo-

butanol, and six allylcarbinol products
21b. The product 

composition would, of course, be dependent on the steric 

and thermodynamic factors controlling the rate of 

interconversion of the intermediate ions, but, as yet, 

there are no rules for predicting the outcome of a 
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reaction of this type. 

The decyclisation of (VII) probably proceeds by the 

route shown below. The reversible acid-promoted 

ionisation at C-8 to give (XVI) is followed in a slow 

rate-determining step by rupture of the 1,9 bond 

resulting in the formation of a cyclopropylcarbinyl 

cation (XLIV). Subsequent elimination of a methyl proton 

gives the alcohol (XXI) which largely rearranges to 

(III). The initial ionisation cannot be rate-determining 

because a C-3 carbonium ionic formed in the colvolysis 
X 	Xi 

of the bromochloride (At) and the dichloride (X) in 

aqueous acetone--sodium bicarbonate. If ionisation at 

C-8 was the rate-determining step for the decyclisation 

one would expect a high yield o: monocyclic products 

but instead the major product is the diol (VII). It is 

unlikely that the C-8 carbonium ion (XVI) decyclises 

directly to (X-.Za) because the !\1 bond would then be 

formed by a cis E2 elimination. 
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The solvolysis rate for the bromo-alkene (XXVI), 

although slower than that of the bromohydrin (VI), 

indicated that the ion (XXVIII) might be generated in 

non-protonic solvents. In fact, ionisation was 

sufficient in boiling tetrahydrofuran (but not boiling 

ether) for reduction with lithium aluminium hydride to 

take place. The resulting mixture of hydrocarbons 

contained the tricyclic product (XXIII), caryophyllene 

(IV), and humulene 
1v.  The tricycle (XXIII) and 

caryophyllene are simply the result of hydride ion attack 

on (XXVIII) at C-5 and C-2 respectively. The humulene 

could, in principle, be formed directly by hydride ion 

attack on the exocyclic methylene of (XXVIII) but this 

is unlikely because a cis E2 elimination would be 

necessary. (XXVIII) probably rearranges first to the 

homoallylic cation (V) which is then reduced to humulene 

either directly or via the allyl ion (XLIX). 

The tricyclic hydrocarbon (XXIII) probably 

decyclises to humulene on silica gel by a mechanism 

similar to that proposed for the acid-catalysed 

decyclisation of the diol (VII). Protonution of the 
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exocyclic methylene, followed by fission of the 1,9 bond 

gives the cyclopropylcarbinyl cation (XLII) which trans  

eliminates a proton from C-5 to give humulene. A similar 

trans elimination to give an endocyclic double bond is 

not possible in the case of the ion (=V),an inter-

-mediate in the decyclisation of (VII), and so, as we 

have mentioned previously, a proton is eliminated from 

the methyl group. 

Reduction of Bromohumulene (XIX) and the 

Bromoalkene (XXVI) 

(i) Dromohumulene  

The reduction of bromohumulene with lithium in 

liquid ammonia gave hydrocarbon products. From the n.m.r. 

spectrum of the mixture it appeared that the products 

were (3-humulene (XVIII) (major component) and humuleno 

in the ratio 2:122In order to obtain definite proof of 

this, it was necessary to separate the isomers. 

Preparative layer chromatography using silica gel - 

silver nitrate plates was tried, but resulted in failure 

owing to the easy oxidation of (3-humulene on the plate, 
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Humulene, identified as its silver nitrate adduct
6 

and 

by its spectral properties, could, however, be isolated 

from the plate in pure form. Confirmation of the 

presence of (-humulene in the reduction product was 

eventually obtained indirectly by comparing the n.m.r. 

spectra of the mixture, humulene, and pure ?-humulene. 

The latter was prepared by reducing (XIX) with chromous 

sulphate in aqueous dimethylformamide. 

The reduction of (XIX) by lithium aluminium hydride 

also gave a mixture of the two isomeric humulenes (I and 

XVIII), this time in a 1:1 ratio. This is a further 

example (cf. dimethyl sulphoxide exidation16) of the 

readiness with which (XIX) reacts by an N2' route. 

(ii) The Bromoalkene (XXVI)  
**I ••••••••••••• 

The object of these reductions was the specific 

synthesis of the tricyclic hydrocarbon (XXIII). The 

rather tedious separation procedures that Greenwood
22 

had to employ in order to isolate (11;diI) from the 

hydrocarbon mixture formed by the reduction of (XXVI) 

with lithium aluminium hydride, would thus be avoided. 

The results of the reductions are summarised in Table 2. 
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Table 2 

Reducing Agent 

Humulene 

Products (%) 

Tricycle Caryophyllene 

LiA1H4/THF
22 

10 30 50 

Na/NH3  40 0 40 

Mg/Et20 40 0 10 

Na/Et0H 5 0 50 

Zn/AcOH* 0 0 0 

*Only the solvolysis product, the alkene acetate 

(XXIV), is formed.  

The Attempted Conversion of Caryophyllene to Humulene 

The reduction of bromohydroxyhumuleno with lithium 

aluminium hydride in tetrahydrofuran gave (according to 

the n.m.r. spectrum) a mixture of the alcohols, (L) 

(70%) and (XVII) (30A. Dehydration of this mixture 

with phosphorus oxychloride in pyridine gave a complex 

mixture of hydrocarbons containing humulene (10%) but 

no caryophyllene (IV). Although the original aim of this 

series of reactions i.e. the conversion of humulene to 

caryophyllene,had not been acheived, a possible route 
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for carrying out the reverse transformation from (IV) to 

(I) had been found. Humulene could, in theory, have been 

formed from either of the alcohols (L and XVII) in the 

phosphorus oxychloride dehydration, so it seemed possible 

that an 8-hydroxy derivative of caryophyllene could be 

decyclised under similar conditions. As the total 

synthesis of caryophyllene had already been reported
24,  

the conversion of caryophyllene to humulene would ipso  

facto constitute a total synthesis of humulene. 

8-Hydroxycaryophyllene (L) was readily prepared by 

treating nor-caryohyllene ketone (LI)24 with methyl 

magnesium iodide. However, humulene was not obtained on 

dehydration with phosphorus oxychloride. A second 

8-hydroxy derivative (LII) was synthesised by treating 

the ketol (LIV)25  similarly with methyl magnesium iodide. 

Subsequent treatment of its monoacetate (LIII) with 

phosphorus oxychloride did not give the desired 

decyclisation product (XXII). 

Since the Grignard reagent would be more likely to 

react with (LI) and (LIV) from thecK-face of the 

molecule, the failure of the above reactions was 
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attributed at this stage to the 0-hydroxy group having 

the wrong stereochemistry for facile elimination. 

Accordingly, the oxido-alcohol (LVI) was prepared by 

reducing caryophyllene di-epoxide (LV)
26 with lithium 

aluminium hydride. Dehydration of (LVI) again failed to 

give the required product viz. humulene 4,5-epoxide 

(LVII). 

Meanwhile, Greenwood
22 had prepared the pure 

hydroxy-tricycle (XVII) by reducing bromohydroxy- 

humulene with lithium borohydride 	acetonitrile. 

Phosphorus oxychloride treatment of (XVII) gave a 

hydrocarbon mixture containing humulene (50A. It was 

now clear that the humulene formed by dehydrating the 

mixture of (L) and (XVII) arose exclusively from (XVII). 

Ue could therefore conclude that a tricyclic carbon 

skeleton was necessary for decyclisation to occur. 

Biosynthetic Implications 

Humulene, which can be derived directly from the 

farnesyl cation, is probably the biosynthetic precursor 

of caryo'phyllene, as well as zerumbone (LVIII) and 

longifolene (LIX). A direct conversion of humulene to 
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caryophyllene would involve electrophilic attack by the 

biological equivalent of protonation on the least 

nucleophilic double bond. In the light of our experience, 

initial protonation to give 	which subsequently 

rearranges to caryophyllene, would be more attractive 

from a chemical stand-paint. 
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EXPERIMENTAL 

Melting-points were determined on a Kofler hot-

-stage apparatus. Infra-red spectra were recorded on a 

Unlearn SP 200 spectrophotometer, the liquids as films 

and the solids as Nujol mulls unless otherwise stated. 

Nuclear magnetic resonance spectra were determined on a 

Varian A 60 instrument using carbon tetrachloride or 

deuterochloroform solutions. 

A Pye Argon Chromatograph (1 GA. column) was used 

for the gas-liquid chromatographic analysis of 

hydrocarbon mixtures. 

Analyses were carried out by the staff of the 

Imperial College microanalytical laboratory. 

Organic solutions were dried with magnesium 

sulphate; petroleum ether refers to the fraction, 

b.p. 60-80°, for crystallisations, or the fraction, 

b.p. 40-60°, for other purposes; alumina refers to 

Spence C+rade 	neutral alumina; silica gel, unless 

otherwise stated, refers to Woelm Grade I neutral 

silica gel. 
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Crude humulene oil (35 humulene) was obtained from 

The Glidden Co., Jacksonville, Florida. 

Purification of Humulene (I)  

Crude humulene oil (75 ml.) was dissolved in 

petroleum ether (75 ml.) and extracted with 50 aqueous 

silver nitrate (3.x30 ml.). The aqueous extracts wore 

'combined, decomposed with excess 830 ammonia, and 

extracted with ether. The ether extract was dried, 

decolorised (charcoal), and evaporated giving humulene 

(14 g.) containing ca. 5% impurity, but sufficiently 

pure for our purposes. 

Bromohydroxyhumulene (VI)  and Bromohumulene (XIX)  

N-Bromosuccinimide (4.00 g.) was added over 1 min. 

to a well-stirred mixture of humulene (4.303 g.), 

acetone (20 ml.), and water (5 ml.) at 0°. The reaction 

was quenched immediately by the addition of chloroform 

and the organic layer was searated, washed (2N aqueous 

sodium hydroxide, water), dried, and evaporated. 

Petroleum ether was added to the dark oily residue to 

precipitate bromohydroxyhumulene (VI) (1.412 g., 
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(from petroleum ether) 134°. 

Evaporation of the mother liquor from the above 

preparation gave an oil which woe chromatographed on 

alumina to give bromohumulene (XIX) (1.44 g., 24A 

in the fraction eluted by petroleum ether. M.p. (from 

methanol) 48°. 

The Diol (VII)  

Bromohydroxyhumulene (VI) (500  mg.), dissolved in 

acetone (20 ml.) was stirred with saturated aqueous 

sodium bicarbonate (5 mi.) for 1 hr. Water (20 ml.) was 

then added and the product extracted into chloroform. 

The extract was dried and evaporated. Petroleum ether 

was added to the residue and. theAnsolublediol (VII) 

(340 mg., 86A collected. M.p, (from chloroform - 

- petroleum ether) 205- 
 
0 

The Hydroxy-Ketone  

The diol (VII) (1.00 g.) was stirred overnight with 

Analar acetone (100 ml.) and an 8K solution of chromium 

trioxide in 10N sulphuric acid (1 ml.). Water (150 ml.) 

was added and the resulting solution extracted with ether 

(2 X100 ml.). The extracts were combined, washed 
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(saturated aqueous sodium bicarbonate, water), dried, 

and evaporated. The residue was chromatographed on 

alumina to obtain the liquid hydroxy-ketone (VIII) 

(510 mg., 52) inthe fraction eluted by chloroform. 

(VIII) could be converted to a solid solvate, m.p, 52-4°, 

by treatment with petroleum ether. 

The Diol (XLVII)  

Sodium borohydride (200 mg.) was added, with ice-

-bath cooling, to a solution of the hydroxy-ketone (VIII) 

in methanol (5 ml.) and water (0.5 ml.) and the mixture 

stirred overnight at room temperature. water was added 

and the product extracted into chloroform. The extract 

was washed (11 aqueous sodium hydroxide, water), dried 

and evaporated. The residue,the diol (XLVII), was 

recrystallised from petroleum ether - chloroform. M.p. 

106°, 1>max  3350 cm71  (Found: C, 75.25; H, 10.95cib. 

C15H2602 requires C, 75.6; H, 11,0%.). 

The Bromochloride (X)  

A rapid stream of dry hydrogen chloride was 

bubbled through a solution of bromohydroxyhumulene (VI) 
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(500 mg.) in chloroform (10 ml.) for 45 min. The 

residue obtained after evaporating the solvent was 

recrystallised from petroleum ether to give the pure 

bromochloride (X) (374 rig., 70%), m.p. 147-50°. 

The Dichloride (XI) 

A rapid stream of dry hydrogen chloride was 

bubbled through a solution of the diol (VII) in 

chloroform (10 ml.) for 45 min. The residue obtained 

after evaporating the solvent was recrystallised from 

petroleum ether to give the pure dichloride (XI) (129 mg. 

29%), m.p. 145-6°. 

The Bromoalkene (XXVI) 

Phosphorus oxybromide (1 g.) was added to a 

solution of bromohydroxyhumulene (VI) (250 mg.) in 

Analar pyridine at 0o and the mixture stored in the 

refrigerator overnight. The pyridine was removed in 

vacuo at room temperature and the residue partitioned 

between ether and water. The ether layer was washed 

(2N sulphuric acid, saturated aqueous sodium bicarbonate, 

water), dried,and evaporated. The residue was treated 

with petroleum ether and the solid material filtered 
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off. The filtrate was evaporated giving an oil which 

was distilled to obtain the bromoalkene (XXVI) (80 mg., 

29%), b.p. 74°/0.4 mm. 

The Chloroalkene (XXVII)  

Phosphorus oxychloride (1 ml.) was added to a 

solution of the diol (VII) (500 mg.) in Analar pyridine.  

(10 ml.) at 0°  and the reaction mixture stored in the 

refrigerator overnight. The pyridine was removed in 

vacuo at room temperature and the residue partitioned 

between ether and water. The ether layer was washed 

(2N sulphuric acid, saturated aqueous sodium bicarbonate, 

water), dried, and evaporated. The residue was treated 

with petroleum ether and the solid material filtered 

off. The filtrate was evaporated giving an oil which 

was distilled to obtain the chloroalkene (XXVII) (150 mg. 

50), b.p. 1000  (bath temp.) /0.4 mm. 

The  Hydroxrchloride (XIV) 

A solution of the dichloride (XI) (560 mg.) in 

acetone (80 ml.) and water (20 ml.) was allowed to 

stand at room temperature for 2;1,- hr. The resulting 

solution was partitioned between chloroform and water 
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and the organic layer dried and evaporated. The residue 

(490 mg.) was fractionally crystallised from petroleum 

ether to obtain pure hydroxychloride (XIV), m.p. 140-2°, 

3650, 3500 cm . (chloroform solution) (Found: max 	
1 

 

C, 70.3; H, 9.5%. C15H25C/0 requires C, 70.15; H, 9.8%). 

Determination of the Half-lives for the Solvolysis of 

the Halides, (VI), (X), (XI), (XXVI), and (XXVII)27  

The halide (0.025 mole for monohalides, 0.0125 male 

for dihalides) was dissolved in Analar acetone (8.00 ml.) 

and water (2.00 ml.) added. The solvolysis was followed 

by withdrawing 1.00 ml, aliquots at suitable intervals. 

Each aliquot was pipetted into petroleum ether (70 ml.) 

which was extracted with water (3x 20 ml.). The combined 

aqueous extracts were titrated against W/100 aqueous 

sodium hydroxide using methyl red indicator. 

Reduction of Bromohumulene (XIX) 

(a) Bromohumulene (XIX) (0.50 g.) in dry ether 

(20 ml.) was added to a solution of lithium (0.75 g.) in 

anhydrous ammonia (600 ml.) and the mixture stirred for 

32 hr. Ammonium chloride was added to decompose excess 
lithium and the ammonia allowed to evaporate overnight. 
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The residue was partitioned between ether and water. The 

organic layer was dried and evaporated giving a mixture 

(350 mg.) of humulene (I) (33) and q.-humulene (XVIII) 

(67%) (by n.m.r.). The humulene, identified as its silver 

nitrate adduct6, m.p. 176o (decomp.), was separated by 

preparative layer chromatography on Merck Kieselgel 

GF254 impregnated with silver nitrate, but the 

0.-humulene oxidised on the plate. 

(b) A solution of chromous sulphate (prepared by 

stirring chromic sulphate octahydrate (5 g.) in water 

(32 ml.) overnight with zinc dust (1.5 g.)) was 

decanted into a solution of bromohumulene (XIX) (450 mg.) 

in dimethylformamide (20 ml.). The reaction was 

instantaneous and exothermic. After cooling, the 

solution was diluted with water and extracted with ether. 

The extract was washed (water), dried, and evaporated 

giving pure 8-humulene (XVIII) (250 mg., 77%), silver  

nitrate adduct, m.p. 208-9°  (decomp.). 

(c) Bromohumulene (XIX) (220 mg.), lithium 

aluminium hydride (200 rag.) and dry ether (50 ml.) were 

heated together under reflux for 4 hr. Excess reagent 
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was destroyed with water (saturated ethereal solution), 

followed by N sulphuric acid. The ether layer was 

searated, washed (saturated aqueous sodium bicarbonate, 

water), dried, and evaporated giving a 1:1 mixture of (I) 

and (XVIII) (by n.m.r.). 

Reduction of the Bromoalkene (XXVI)  

(a) A solution of (=VI) (300 mg.) in dry ether 

(20 ml.) was added to a solution of sodium (1.5 g.) in 

anhydrous ammonia (600 ml.) and the mixture stirred for 

3 hr. Ammonium chloride was added to discharge the blue 

colour and the ammoni.a allowed to evaporate overnight. 

The residue was partitioned between ether and water and 

the ether layer was dried and evaporated giving a 

hydrocarbon mixture (163 mg.). G.l.c. showed the presence 

of humulene (40) and the tricyclic hydrocarbon (XXIII) 

(4o). 

(b) The bromoalkene (XXVI) (200 mg.), magnesium 

(0.5 g.), iodine (trace), and dry ether were heated 

together under reflux for 1 hr. Water, then N sulphuric 

acid, was added to decompose the Grignard compound. The 

ether layer was washed (saturated aqueous sodium 



-68- 

bicarbonate, water), dried, and evaporated to give a 

hydrocarbon mixture containing humulene (40) and the 

tricyclic hydrocarbon (XXIII) (10%). 

(c) Sodium was added to a solution of the bromo-

alkene (XXVI) (160 nig.) in absolute ethanol (10 ml.) 

at a rate sufficient to keep the solvent refluxing 

gently. Addition was continued until the contents of the 

flask could no longer be stirred. Ethanol was added to 

redissolve solids and the resulting solution part-

-itioned between ether and water. The ether layer was 

washed (water), dried, and evaporated giving a hydr-

carbon mixture containing the tricycle (XXIII) (50%) and 

humulene (5%). 

(d) The bromoalkene (XXVI) (300 mg.) was stirred 

overnight in glacial acetic acid (8 ml.) with activated 
zinc dust (2 g.). The resulting solution was filtered 

and dissolved in ether. Saturated aqueour sodium 

bicarbonate was used to remove acetic acid from the 

ethereal solution which was subsequently washed (water), 

dried, and evaporated. The residue was the solvolysis 

product (XXIV) (260 mg.), identified. by its i.r. 
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spectrum. 

Bromohydroxyhumulene (VI) 4- Lithium Aluminium Hydride 

Bromohydroxyhumulene (VI) (495 mg.) in dry 

tetrahydrofuran (30 ml.) was added with ice-bath 

cooling to a suspension of lithium aluminium hydride 

(0.7 g.) in dry tetrahydrofuran (30 ml.) and the 

mixture heated under reflux overnight. Excess reagent 

was decomposed with ethyl acetate followed by saturated 

aqueous ammonium chloride. The tetrahydofuran layer was 

separated and the aqueous layer extracted several times 

with ether. The combined organic solutions were dried 

and evaporated. The residue (358 mg.), a mixtue of 

(XVII) (30) and (L) (70/,) (by n.m-r,) gave a mixture of 

hydrocarbons on dehydration (phosphorus oxychloride or 

silica gel) containing humulene (10A and the tricycle 

(XXIII) (5). 

The Synthesis and Dehydration of Some 8-Hydroxy 

Derivatives of Carysp.hyllene (IV)  

(a) Horcaryophyllene ketone (LI)
24 was treated with 

a slight excess of methyl magnesium iodide to obtain 

crude 8-hydroxycaryophyllene (L). Overnight dehydration 
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with phosphorus oxychloride in pyridine at 0°  did not 

give humulene. 

(b) Treatment of the ketol (LIV)25  (444 mg.) with 

methyl magnesium iodide (slight excess) in ether Lave 

the liquid diol (LII) (403 mg.). Overnight acetylation 

of (LII) (330 mg.) with acetic anhydride - pyridine 

gave the 12/droxy-acetate (Lill), yield (after 

recrystallisation from petroleum ether), 300 mg., m.p. 

109-10°. Phosphorus oxychloride - pyridine or silica gel 

dehydration of (LIII) did not give the acetate (XXII). 

(c) Caryophyllene diepoxide (LV)
26 was reduced to 

the oxido-alcohol (LVI) by overnight treatment with 

lithium aluminium hydride in refluxing tetrahydrofuran. 

P complex mixture, which did not contain humulene 

4,5-epoxide (LVII), was obtained by treating (LVI) with 

phosphorus oxychloride in pyridine. 
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1,4-DIENES  
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INTRODUCTION AND REVIE  

Our work on humulene suggested that homoconjugate 

1,5 addition might be a general reaction of 114-dienes 

if then-orbitals were suitably orientated for 

cyclisation. In fact, there were already one definite, 

and two possible, examples of addition of this type in 

the literature. Norbornadiene (I) adds on bromine to 

give the dibromonortricyclene (II)1, and cyclohexa-1,4-

-diene2 and cyclo-octa-1,4-diene3  had both been 

observed to take up one mole of bromine easily, but a 

second mole was taken up only under relatively 

vigorous conditions. It was possible that in the last 

two reactions the first mole of bromine reacted with 

homoconjugate 1,5 addition to give a bicyclic dibromide. 

The cyclopropane ring of the addition product would 

then constitute a site of relatively low reactivity for 

electrophilic attack by the second mole of bromine. It 

was also encouraging that evidence for 7;-orbital 

interaction had been found in cyclohexa-1,4-diene
4a 

and 

the 1,4-diene system of the thujic acid molecule (III)5. 
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In order to determine the generality of the 

homoconjugate 1,5 addition reaction, it was necessary to 

synthesise a series of 1,4-dienes with varying structural 

features. However, only two general synthetic methods 

were known and neither could be applied to the synthesis 

of cyclic 1,4-dienes. The first of these syntheses was 

developed by Board and collaborators
6 who prepared three 

1,4-dienes by the following route: 
Br 

RCH2  CHO-HC1
Tft_9.11 ;•RCH2.CHC1.0Et------;RCHBr.CHDre0Et 

21hgni:RCHBr.CHR'.0Et 	Zn >RCH:CHi0 

R = H, Me, or Et 
	

R' = CH2.CH:CH 2  

In the second general method, a mono-olefin is condensed 

with a conjugated diene in the presence of dichlorobis-

(tributylphosphine)nickel(II) as catalyst1. By this 

means, a wide variety of acyclic 1,4-dienes has been 

prepared. A mixture of bis(acetylacetonato)iron(II) and 

triethylaluminium can also be used as the catalyst'. 

The Birch reduction which can only be used for the 

preparation of cyclo-hoxa-1,4-dienes is well-known and 

has been amply reviewed elsewhere9. 
It was therefore clews that a new general synthesis 
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was needed for our purposes. A pointer to a possible 

general synthetic route had, however, been provided by 

Drown10. He reduced isogermacrone (IV)
11 

to isogermacrol 

(V) which was subsequently acetylated to give (VI). 

The lithium in liquid ammonia reduction of (VI) gave the 

corresponding 1,4-diene, isogermacrene (VII), 

specifically and almost quantitatively. It was therefore 

possible that the reduction of 3-acetoxy-1,4-dienes 

by lithium in liquid ammonia would constitute a general 

synthesis of 1,4-dienes. 5-Acetoxy-1,3-dienes which 
S umE 

would give rise to thu\pentadienyl carbanion intermediate 

might also be suitable. Furthermore, there was the 

advantage that both types of acetate could be readily 

synthesised by straightforward routes from commercially-

-available starting materials. 

Accordingly, several acetoxy-dienes of the above 

types were prepared and an investigation into their 

reduction commenced. If the synthesis was successful, 

the addition of bromine or hy-pobromous acid to the 

1,4-diene products was to b,, tried. 
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DIJCUSSION  

Cyclohexa-1,4-diene  

The diene was synthesised by the Birch reduction 

of benzene12 and its crystalline dibromide obtained by 

subsequent treatment with one mole of bromine in 

chloroform The n.m.r. spectrum of the dibromide showed 

a four-proton signal (7.  7.6-6.6) and two two-proton 

absorptions (r-  5.5 and 4.4). These data are consistent 

with the dibromide having the structure (I/III), i.e. it 

is the product of simple, not 1,5 homoconjugate, 

addition. Our n.m.r. evidence confirms the conclusions 

drawn previously by van Tamelen13 from i.r. and chemical 

data. However, the treatment of cyclohexa-1,4-diene with 

one mole of hypobromous acid was more satisfactory. The 

product was non-homogeneous but the n.m.r. spectrum was 

still quite informative. In particular, the appearance 

of two signals of equal intensity at 7' 9.10 and 3.75 

was indicative of the presence of the product of 

homoconjugate 1,5 addition viz. the bromohydrin (X) 

(30%). It was also possible to infer the presence of the 
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(III) 
co" H  

H (IV)  X=:O 
(V)  X=OH 
(VI)  X=OAc 

.4„ (VII)  X=H 

(VIII) X=Br 	(X) 
(IX) X=OH 

H 

(XI) X:0 
(XII) X=OH 
(XIII) X=0Ia.c 
(XIV) X=I-I 

(XVI) X=:O ( XIX) 
	

(XX) X=Br 
(XVII) X=01-I 
	

(XXI) X=0Ac 
(XVIII) X=OAc 
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simple addition product (IX) (30%). 

Cholesta-1,4-dien-3-one (XI) Series  

The dienono (XI) was reduced with lithium aluminium 

hydride to the corresponding alcohol (XII)14 and 

subsequent treatment with acetic anhydride in pyridine 

gave the acetate (XIII). The reduction of (XIII) with 

lithium in liquid ammonia gave a mixture of two hydro-

-carbons. The mixture did not absorb in the u.v. and 

therefore did not contain a conjugated diene. It was 

possible to estimate from the n.m.r. spectrum that the 

required 1,4-diene (XIV) (90) was the major component 

of the reaction product. The minor component was a 

mono-olefin. 

Eucarvone (XVI) Series 

Eucarvol (XVII) was prepared from D-carvonc (XV) 

via eucarvone (XVI) by the method of Corey15. Acetylation 

of (XVII) gave (XVIII), the n.m.r. spectrum of which 

showed two quaternary methyls 	8.94 and 8.84), a 

methyl on a double bond (%' 8.21), the acetate methyl 

(7' 7.90), and a four-proton signal (1 4.5) due to the three 

olefinic protons and the proton adjacent to the acetate 
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group. Reduction of the acetate (XVIII) with lithium in 

liquid ammonia gave a 3:1 mixture of the required 1,4-

-diene (XIX) (major component) and a mono-olefin. 

Treatment of the mixture of hydrocarbon products 

with one mole of bromine water, gave, not surprisingly, 

a non-homogeneous product. However, in the n.m.r. 

spectrum, all the absorption due to olefinic protons 

had disappeared suggesting that homoconjugate 1,5 

addition had taken place. It was not possible to confirm 

this from the spectrum as the region where the cyclo-

propane protons would be expected to appear was obscured 

by the methyl signals. 

Cyclo-octa-1,4-diene  

In this case, we decided to try reducing a bromide 

(XX) as it was more accessible than the corresponding 

acetate (XXI)16, and should give rise to the same 

pentadienyl anion. However, the product of reduction 

with lithium in liquid ammonia was a mixture of two 

easily autoxidised dimers. Hydrogenation of the mixture 

gave the corresponding saturated hydrocarbons which had 

a molecular weight of 220 (by mass spectrometry) and 



(IIAXXX) 

11  

0VO=X 	(AXXX) 
HO=X (AIXXX) 
0:=X (IIIXXX) 

rH 

9  

(IAXXX) 

(IIYXX) 

0V0=X 	(XXX) 
HO=X (XIXX) 
0:=X (IIIAXX) 

(IIAXX) 

H=X (IAXX) 	
iH 

oVO=X (AXX) 
HO=X (AIXX) 
0:=X (IIIXX) ( IIXX) 

- 
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were therefore tricyclic. The reduction of cyclo-octa-

-1,5,5-triene under the same conditions gave a similar 

mixture of dimers but the product in this case was 

almost entirely cyclo-octene. 

Having failed to obtain the required diene from 

(.,X), we now tried reducing the acetate (XXI). Excess 

lithium in liquid ammonia again gave diners, but cyclo-

-octene was produced in low yield (15%). A mixture of 

dimers and cyclo-octene was also obtained when (XXI) was 

reduced with excess calcium in liquid ammonia, or with 

excess lithium in liquid ammonia in the presence of a 

proton donor, ethanol. We were, however, able to obtain 

low yields of cyclo-octa-1,4-diene by reducing the 

acetate (XXI) in liquid ammonia with two moles of 

lithium, either on its own or in the presence of ethanol 

or ammonium chloride. Excess lithium - ammonium chloride 

- liquid ammonia gave a similar result. Small amounts 

of cyclo-octene were also produced in all four 

reductions. The treatment of (XXI) with sodium in 

ethanol, however, gave a good yield of a 1:1 mixture of 
cycio - 

cyclo octa 1,/1 diono and an unidentified compound. 
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As none of the above reductions was satisfactory, 

the reduction of (XX) with other reagents was attempted. 

Zinc - acetic acid or magnesium in wet ether were 

unsuccessful, but lithium aluminium hydride in ether 

gave a good yield of a 4:1 mixture of cyclo-octa-1,4-

-diene (major component) and cyclo-octa-1,3-diene. The 

1,4-diene was readily separated from its conjugated 

isomer by extraction with 30% aqueous silver nitrate at 

o 3 5o 	. 

Reasonable quantities of the required 1,4-diene 

having been obtained, it was now possible to prepare a 

sample of its dibromide3for n.m.r. examination. The 

spectrum showed clearly that the dibromide had the 

bicyclic structure (XXII), with the methylene protons of 

the cyclopropane ring appearing as a triplet (7'9.1). 

The protons on the carbon bearing bromine appeared at 

r 5.4-4.9 and the remaining eight protons between Y 8.5 
and 7.5. A mixture of compounds showing the character-

-istic high-field signals due to cyclopropane protons, 

was obtained by treating cyclo-octa-114-diene with one 

mole of bromine water. 
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Zerumbone (XXIII) Series 

Zerumbone (XXIII) was reduced to zerumbol (XXIV) 

with lithium aluminium hydride17, and subsequent 

treatment with acetic anhydride gave the acetate (XXV). 

Its n.m.r. spectrum showed two quaternary methyls 

Cr 3.91), two methyls on double bonds ('r 8.59 and 8.39), 

the acetate methyl (7' 8.04), a six-proton absorption 

Cr 8.3-7.6), and a five-proton absorption (7'5.4-4.6) 

due to the four olefinic protons and the proton next to 

acetate. The acetate was reduced in three ways, the 

same hydrocarbon products being obtained in all cases. 

The reducing agent used was excess lithium in liquid 

ammonia either on its own or with a proton donor 

(ethanol or ammonium chloride). The yield of the 

required 1,4-diene, viz. humulene (XXVI) was fairly low, 

but it was easily isolated from the other hydrocarbon 

products for characterisation by extraction into aqueous 

silver nitrate. The main product appeared to be the 

diene (XXVII) which, as expected, showed no u.v. 

absorption, did not undergo a Cope rearrangement, and 

showed two signals due to methyls on double bonds 
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`r 8.47 and 8.37). 

Our conversion of zerumbone to humulene is a more 

convincing proof of the all trans nature of the double 

bonds of zerunbone than that of Dev18. 

-Ionone (XXVIII) Series  

Nonone (XXVIII) was reduced with sodium 

borohydride to the corresponding alcohol (XXIX), the 

n.m.r. spectrum of which showed two quaternary methyls 

(7' 9.02), the terminal methyl of the side-chain ( - 8.76, 

doublet, J=7 c/s), a methyl on a double bond (7'8.36), a 

six-proton absorption (t 8.6-7.8), the hydroxyl proton 

ft 7.01), the proton next to hydroxyl (multiplet 

centred at -e 5.75), the olefinic proton, Ha, (pair of 

doublets, J=16 and 6 c/s, centred at 7- 4.62), and the 

other olefinic proton, Hb, (doublet, J=17 c/s, centred 

at Y4.01). The acetate (XXX) was prepared from (XXIX) 

by treatment with acetic anhydride in pyridine. Its 

n.m.r. spectrum showed two quaternary methyls (7- 9.05), 

the terminal methyl of the side-chain (doublet, J=7 c/s, 

centred at Y 8.80), a methyl on a double bond (7'8.38), 

the acetate methyl CY 8.06), a six-proton absorption 
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(7.  846-7.8), a two-proton absorption (multiplet, 7'5.0-

-4.4) due to Ha and the proton next to acetate, and a 

doublet (J-15 c/s, centred at r 3.9) due to Hb. 

Reduction of the acetate (XXX) with lithium in liquid 

ammonia gave a 1:1 mixture of the required 1,4-diene 

(XXXI) and the mono-olefin (XXXII). Treatment of this 

hydrocarbon mixture with one mole of bromine water 

reduced the alefinic absorption only slightly so it was 

unlikely that homoconjugate 1,5 addition had occurred. 

The cyclopropane region was again obscured by the 

methyl signals. 

Pseudoionone (XXXIII) series  

Reduction of pseudoionone (XXXIII) with sodium 

borohydride gave the corresponding alcohol (XXXIV). The 

well-resolved n.m.r. spectrum showed a doublet due to 

the terminal methyl (J=7 c/s, centred at r 8.72), three 

methyls on double bonds (7" 8.38, 8.32, and 8.24), a four-

-proton signal centred at r 7.9, the hydroxyl proton 

(-r 7.56), the proton next to hydroxyl (multiplet, 

centred at'r 5.70), and the following four one-proton 

absorptions: Ha, pair of doublets (J=15 and 6 c/s), 
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centred at 7'4.44; Hb, pair of doublets (J=15 and 

10 c/s), centred at 7'3.58; He, doublet (J=10 c/s), 

centred at 1-  4.21; Hd, multiplet, centred at 7'4.91. 

Treatment of (XXXIV) with acetic anhydride in pyridine 

gave the acetate (XXXV). Its n.m.r. spectrum showed a 

doublet due to the terminal methyl (J=6.5 c/s, centred 

at 7'8.70), three methyls on double bonds (7'8.45, 8.38, 

and 8.31), the acetate methyl (7'8.07), a four-proton 

absorption (centred at I- 7.9), a further four-proton 

absorption (7'5.2-4.1) due to Ha, H0, Hd'  and the proton 

next to acetate, and a pair of doublets (J=14 and 11 c/s, 

centred at 73.55) due to Hb. Reduction of the acetate 

(XXXV) with lithium in liquid ammonia gave a mixture of 

three hydrocarbons containing ag--/50% of the required 

1,4-diene (XXXVI). In this case, the products from the 

reduction showed u.v. absorption at 242 mr. This is 

rather difficult to understand, because the two 

conjugated dienes that might reasonably be expected as 

products, (XXXVII) and (XXXVIII), would absorb at a 

lower wavelength. 
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e 

(XxXVIII) 
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Comments  

It would be extremely difficult to try to 

rationalise the results of all the reductions. However, 

the following facts are pertinent to a discussion on the 

subject: 

(a) 1,4 and 1,5-dienes can be converted to their 

conjugated isomers by alkali metal amides in liquid 

ammonia (lithium amide will be present in the reaction 

mixtures mentioned above after reduction has taken 

place). Even the position of the double bond of a mono-

-olefin can be changed19. 

(b) 1,3-dienes are reduced to mono-olefins by 

alkali metals in liquid ammonia. The reduction can be 

by0T and/oroCc;addition of hydrogen but the presence of 

alkyl substituents at the 2 or 3 positions of the 1,3-

-diene system, tends to suppress the former
20
. 

(c) In hexahydronaphthalene systems, U-shaped 

pentadienyl carbanions are more stable than sickle or 

W-shaped anions by 2-5 kcal4b. Molecular orbital 

calculations suggested that this would be true for all 

systems21, but it has been shown recently22b that the 
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simple pentadienyl anion takes up a W-conformation in 

solution. In the U and sickle-shaped forms of the anion, 

the charge density is generally greater on the central 

carbon atom and therefore protonation will tend to be 

favoured at that position4c  . However, the presence of 

alkyl substituents in the system tends to increase the 

relative charge density on the terminal carbonst  

especially if the latter are primary
22
. In W-shaped 

anions, protonation is favoured on the terminal carbon 

atoms  

(d) 1,4-Dienes in which there is appreciable 

7<-orbital overlap, e.g. norbornadiene (I), are reduced to 

the mono-olefin by sodium or lithium in liquid ammonia23. 

This is due to the interaction between the orbitals 

causing the energy of the lowest unoccupied molecular 

orbital of one of the double bonds to be raised while 

that of the other is lowered. The double bond with the 

unoccupied orbital of lower energy will consequently be 

able to accept electrons more readily and be reduced 

without difficulty. A characteristic of these systems is 

u.v. absorption at a higher wavelength and of greater 
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intensity than is normally found for isolated double 

bonds23'24. It is possible that the mono-olefinic 

products obtained in the above reductions arise as a 

result of interaction of this type. 

(e) In allyl anions of the type (XXXIX), in which 

the terminal carbon is disubstituted, there is evidence 

to suggest that there is effectively no charge 

delocalisation in liquid ammonia
25. This would explain 

why the reduction of isogermacrol acetate (VIff gave 

isogermacrene (VII) specifically, because both terminal 

carbon atoms of the intermediate pentadienyl anion are 

disubstituted. Therefore, the negative charge would 

reside wholly on the central carbon atom. 

(f) Alkali metal - ammonia reductions of 1,3-dienes 

have been observed to give dimers26'27. The tricyclic 

dimeric products from the reduction of 5-bromocyclo-

-octa-1,3-diene (XX) possdbly arise by an allowed 

concerted cyclo-addition involving (2+4) or (4+6) 

7i-electrons
28
. 

With the exception of cyclohexa-114-diene dibromide 

(VIII), the product of homoconjugate 1,5-addition was 
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obtained from all the cyclic 1,4-diones on treatment with 

bromine or hypobromous acid indicating that there is a 

significant interaction between then-orbitals. Dreiding 

models of the six-, seven-, and eight-membered ring 

1,4-dienes show that as one goes up the series the 

dihedral angle between the planes of the double bonds 

decreases, with consequent increase in orbital overlap 

and facilitation of cyclopropane ring formation. 
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EXPERIMENTAL 

Infra-red spectra were determined on liquid films 

using a Unicam SP 200 spectrophotometer. Ultra-violet 

spectra were run in ethanol using a Unicam SP 800 

spectrophotometer. N.m.r. spectra were recorded on a 

Varian A 60 instrument using carbon tetrachloride or 

deuterochloroform solutions. Mass spectra were run on an 

A.E.I. MS 9 instrument. 

The analysis was carried out by the staff of the 

Imperial College microanalytical laboratory. 

A Pye Argon Chromatograph or a Perkin-Elmer F 11 

was used for the gas-liquid chromatographic analysis of 

hydrocarbon mixtures. 

Petroleum ether refers to the fraction, b.p. 40-60°; 

alumina refers to Spence Grade "H" neutral alumina. 

.Cyclo-octa.L.11.3-diene was obtained from the Aldrich 

Chemical Co., Inc., Milwaukee, Wisconsin. Cholesta-1,4-

-dien-3-one, D-carvone, zerumbone, and -ionone were 

obtained from Koch-Light Laboratories, Colnbrook, Bucks. 

Pseudoionone was obtained from Hailwood Chemicals Ltd., 
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Staines, Middlesex. 

Cyclohexa-1,4-diene DibroLiide (VIII) 

Cyclohexa-1,4-diene was prepared by the Birch 

reduction of benzene
12 and treated with bromine (1 mole) 

in chloroform to obtain the dibromide2. The structure, 

(VIII), was confirmed by n.m.r. spectroscopy. 

Cyclohexa-1,4-diene -t- Hypobromous Acid 

The diene in acetone (4) : water (1) was stirred 

with N-bromosuccinimide (1 mole) at 0o until all the 

reagent had been consumed. The resulting solution was 

partitioned between chloroform and water, and the organic 

layer washed (2N sodium hydroxide, water), dried (MgS0 ) 

and evaporated giving a non-homogeneous oily residue. 

N.m.r. examination confirmed the formation of a 

cyclopropane compound. 

Synthesis and Reduction of 3-Acetoxy-cholesta-1,4-diene 

Cholesta-114-dien-3-ol (XII), prepared by reducing 

the corresponding ketone (XI) with lithium aluminium 

hydride14, was treated with acetic anhydride in pyridine 

overnight at 0°. Evaporation of the solvent at room 
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temperature in vacuo gave the crude acetate (XIII),vmax  

1730, 121+5 cm-1., which was used for the reduction 

without further purification. 

Lithium (1 g.) was added to a solution of the 

acetate (XIII) (50 mg.) in dry ammonia (500 ml.) and dry 

ether (50 ml.) and the mixture stirred for 4 hr. After 
solid ammonitm chloride and 

the addition ofi ether (200 ml.) the ammonia was allowed 

to evaporate overnight. The residue was partitioned 

between ether and water and the ether layer separated, 

dried (Na
2SO),and evaporated. The residue was 

chromatographcd on alumina to obtain the hydrocarbon 

products (30 mg.), which showed no u.v. absorption, in 

the fraction eluted by petroleum ether. T.l.c. 

examination showed the presence of two compounds, of 

which the major component (90% according to the n.m.r. 

spectrum) was cholesta-1,4-diene (XIV). 

The Synthesis and Reduction of Eucarvol Acetate (XVIII)  

D-Carvone (XV) was isomerised to eucarvone (XVI) 

and subsequent reduction with sodium borohydride gave 

the alcohol (XVII)15 The overnight treatment of (XVII) 

with acetic anhydride in pyridine at 0°, followed by 
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evaporation of the solvent in vacuo at room temperature, 

gave the acetate (XVIII),)}  max 
1730, 1245 cm 1. 

The acetate (XVIII) (200 mg.), in dry ammonia (500 

ml.) and dry ether (50 ml.) was treated with lithium 

(1 g.) and the mixture stirred for 4 hr. Ammonium 
.chloride was added to decompose excess reagent and, after 

the addition of ether (200 ml.), the ammonia was allowed 

to evaporate overnight. The residue was partitioned 

between ether and water and the ether layer separated, 

dried (Na2SO4)' and evaporated. The residue was 

chromatographed on alumina to obtain, in the fraction 

eluted by petroleum ether, the hydrocarbon products 

(120 mg.) which showed no u.v. absorption. T.l.c., 

g.l.c., and n.m.r. examination showed the presence of 

the 1,4-diene (XIX) (75%) and a mono-olefin (25%). 

The hydrocarbon mixture was shaken with bromine 

water (1 mole) until decolorisation was complete. The 

products were extracted into chloroform, which was dried 

(MgSO4) and evaporated giving an oily residue. N.m.r. 

examination suggested the presence of a cyclopropane 

compound. 
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5-Bromocyclo-octa-1,3-diene (XX) + Lithium in Liquid 

Ammonia  

5-Bromocyclo-octa-1,3-diene (XX) was prepared by the 

bromination of cyclo-octa-1,3-diene with N-bromosuccin-

-imide16. Lithium (5 g.) was added to a solution of the 

bromide (XX) (12.13 g.) in dry ammonia (500 ml.) and 

dry ether (50 ml.) and the mixture stirred for 4hr. 

Ammonium chloride was added to decompose excess reagent 

and, after the addition of ether (200 ml.), the ammonia 

was allowed to evaporate overnight. The residue was 

partitioned between other and water and the ether layer 

separated, dried, and uvaported. The oily residue 

(8.12 g.) was chromatographed on alumina, to obtain, in 

the fraction eluted by petroleum ether, the easily-

-autoxidised hydrocarbon products (5.01 g.). T.l.c. and 

g.l.c. examination showed the presence of two major 

components. Hydrogenation (Pt/Et0H) gave two products, 

parent ion peak, mass no. 220. 

Cyclo-octa-1 3 5-triene 

5-Bromocyclo-octa-1,3-diene (XX) (1 g.) was heated 

under reflux overnight with dry collidine (10 ml.). The 
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resulting solution was partitioned between excess 4N 

hydrochloric acid and ether. The ether layer was washed 

(saturated aqueous sodium bicarbonate, water), dried 

(MgSO4), and carefully evaporated. The residue was 

distilled giving essentially pure cyclo-oeta-1,3,5-

-triene (200 mg.). 

Cyelo-octa-1,3,5-triene + Lithium  in Liquid Ammonia  

Cyclo-octa-1,3,5-triene (800 mg.) dissolved in dry 

ammonia (500 ml.) and dry ether (50 ml.) was stirred 

with lithium (2 g.) for 4 hr. Ammonium chloride was added 

to decompose excess reagent and, after the addition of 

ether (200 ml.), the ammonia was allowed to evaporate 

overnight. The residue was partitioned between ether 

and water and the ether layer separated, dried (Na2SO4), 

and evaporated. The product (700 mg.) was almost 

entirely cyclo-octene (identified by g.l.c.), which was 

pumped off leaving a mixture of diners (10 mg.). 

Hydrogenation (Pt/Et0H) gave four saturated hydrocarbons, 

parent ion peak, mass no. 220. 
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The Reduction of 5-Acetoxy-cyclo-octa-1,3-diene (XXI)  

(XXI) was synthesised by the solvolysis of the 

bromide (XX) with silver acetate in glacial acetic acid
16. 

(a) Lithium (2 g.) was added to a solution of the 

acetate (XXI) (2.00 g.) in dry ammonia (500 ml.) and dry 

ether (50 ml.) and the mixture stirred for 4 hr. Solid 

ammonium chloride was added to destroy excess reagent 

and, after the addition of ether (200 ml.), the ammonia 

was allowed to evaporate overnight. The residue was 

partitioned between ether and water and the ether layer 

separated, dried (Na2SO4), and carefully evaporated. The 

product (70%) consisted of diner (85%) and cyclo-octeno 

(15%). 

(b) The reduction was carried out as described in 

(a), replacing the lithium by an excess of calcium. The 

product (75%) consisted almost entirely of dimeric 

material with traces of cyclo-octene. 

(c) The reduction was carried out as described in 

(a), with the addition of absolute ethanol as proton 

donor. The product (60%), contained cyclo-octene (90%) 

and dimeric material (10%). 
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(d) The reduction was carried out as described in 

(a), using lithium (2 mole) and ethanol (2 mole) as the 

reducing agent. The monomeric hydrocarbons (30%) were 

separated from the rest of the product by distillation, 

and contained cyclo-octa-1,4-diene (70%) and cyclo-octene 

(30%). A similar reduction using ammonium chloride 

(2 mole) as the proton donor gave virtually the sane 

product composition. 

(e) Reduction as described in (a) using excess 

lithium - nmmonium chloride gave monomeric hydrocarbons 

(10%) consisting of cyclo-octa-1,4-diene (80%) and 

1,11-dicno and an unidentified compound. 

Cyclo-octa-1,4-diene  

The bromide (XX) (8.01 g.) was reduced by over-

-night treatment with excess lithium aluminium hydride 

in refluxing other. Excess reagent was decomposed with 

saturated aqueous ammonium chloride and the ether layer 

separated, dried (Na2SO4), and carefully evaporated. The 
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product (3.80 g.), a mixture of cyclo-octa-1,4-diene (80%) 

and cyclo-octa-1,3-diene (20%),.w_,s distilled and the 

cyclo-octa-1,4-diene extracted out with 50% aqueous 

silver nitrate at 50° 3  

Cyclo-octa-1,4-diene + Bromine  

(a) The dibromide3  was prepared by treating cyclo- 

-octa-1,4-diene with bromine (1 mole) in carbon tetra- 

-chloride. The structure (XXII) was confirmed by n.m.r. 

spectroscopy. 

(b) The 1,4-diene was shaken with bromine water 

(1 mole) until decolorisation was complete. The products 

were extracted into chloroform which was dried (MgSO4) 

and evaporated giving an oily non-homogeneous residue 

showing the high-field signals due to cyclopropane 

protons. 

Zerumbol Acetate (XXV) 

Zerumbone (XXIII) was reduced to zerumbol (XXIV) 

with lithium aluminium hydride17. Overnight treatment of 

(XXIV) with acetic anhydride in pyridine at 0°  gave 

zerumbol acetate (XXV) which was purified by molecular 

distillation at 45o/10-5 ram. V 	1730, 1245, 980 cm-1. max 
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(Found: C, 77.7; H, 9.9%. C17H2602 requires C, 77.8; 

H, 10.0%.). 

The Reduction of Zerumbol Acetate (XXV)  

(a) Lithium (1 g.) was added to a solution of the 

acetate (XXV) (100 mg.) in dry ammonia (500 ml.) and dry 

ether (50 rile) and the mixture stirred for 4 hr. Ammonium 

chloride was added to decompose excess reagent and the 

ammonia was allowed to evaporate overnight. The residue 

was partitioned between water and ether and the ether 

layer separated, dried (Na2SO4), and evaporated. The 

residue was chromatographed on alumina to obtain, in the 

fraction eluted by petroleum ether, the hydrocarbon 

products (35 rig.) which showed no u.v. absorption. 

Humulene (XXVI) (5 mg.), identified by its characteristic 

i.r. spectrum, was separated by extraction with 50% 

aqueous silver nitrate. 

(b) Reduction of the acetate (XXV) (120 mg.) as 

described in (a), but using ethanol as a proton donor 

gave the same hydrocarbon products (60 mg.) containing 

huuulene (XXVI) (5 mg.). The major component of the 

hydrocarbons remaining after extraction of (XXVI), was 



probably the dienc (XXVII) (n.m.r. evidence). It was 

not rearranged by distillation at atmospheric pressure. 

(c) Reduction of the acetate (XXV) (100 mg.) as 

described in (a) but using ammonium chloride as a proton 

donor gave hydrocarbons (60 mg.) containing humulene 

(XXVI) (5 mg.). 

The Synthesis  and Reduction of-Ionol Acetate (XXX) 

Excess sodium borohydride was added with ice-bath 

cooling to a solution of t'-',.-ionone (XXVIII) (2.01 g.) in 

methanol and the mixture stirred at room temperature 

overnight. The methanol was removed in vacuo and the 

residue partitioned between methylene chloride and 

saturated aqueous sodium chloride. The organic layer was 

separated, dried (Na2SO4), and evaporated giving c3-ionol 

(XXIX) (1.75 g.), pure by n.m.r. 

The alcohol (XXIX) was treated with acetic 

anhydride in pyridine overnight at 0°. Evaporation of 

the solvent in vacuo at room temperature gave the acetate 

(XXX), pure by n.m.r. 

Lithium (1 g.) was added to a solution of the 

acetate (XXX) '(500 mg.) in dry ammonia (500 ml.) and dry 
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ether (50 ml.) and the mixture stirred for 4 hr. 

Ammonium chloride was added to decompose excess reagent 

and, after the addition of ether (200 ml.), the ammonia 

was allowed to evaporate overnight. The residue was 

partitioned between other and water and the ether layer 

separated, dried (Na2SO4), and evaporated. The residue 

was chromatographed on alumina to obtain, in the fraction 

eluted by petroleum ether, the hydrocarbon products 

(270 mg.) which showed no u.v. absorption. 0.1.c. and 

n.m.r. examination of the mixture showed that the product 

was a 1:1 mixture of the 1,4-diene (XXXI) and the mono-

-olefin (XXXII). 

Treatment of the hydrocarbon mixture with bromine 

water (1 mole) did not reduce the intensity of the 

olefinic signals in the n.m.r. spectrum significantly. 

The Synthesis and Reduction of Pseudoionol Acetate (XXXV)  

Sodium borohydride (excess) was added with ice-bath 

cooling to a solution of pseudoionone (XXXIII) (4.o4 g.) 

in methanol and the mixture stirred at room temperature 

for 2hr. The methanol was removed in vacuo and the 

residue partitioned between methylene chloride and 
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saturated aqueous sodium chloride. The organic layer was 
evaporated 

separated, dried (Na2SO4), and,Xgiving the pure (by n.m.r,) 

alcohol (XXXIV),Vm,lx  3370, 1660, 970 cm-1. Overnight 

treatment of (XXXIV) with acetic anhydride in pyridine 

at 0°  gave the acetate (XXXV),1) 	1730, 1650, 1240, max 

970 cm 1.  (pure by n.m.r.). 

Lithium (1 g.) was added to a solution of the acetate 

(XXXV) (400 mg.) in dry ammonia (500 ml.) and dry other 

(50 ml.) and the mixture stirred for 4 hr. Excess reagent 

was destroyed with ammonium chloride and, after the 

addition of ether (200 ml.), the ammonia w.s allowed to 

evaporate overnight. The residue was partitioned between 

ether and water and the ether layer separated, dried 

(N-I2 SO4. )' and evaporated. The residue was chromatographed `  

on alumina to obtain, in the fraction eluted by 

petroleum ether, the hydrocarbon products (200 mg.) 

which showed a strong u.v. absorption at 242 ur. N.m.r. 

and g.l.c. examination showed the presence of the triene 

(XXXVI) (40%) and two other products. 
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