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This study of the applicability of the oxy-Cope

ring expansion to the synthesis of medium rings focused

mainly on routes to certLin key intermediates. The

need for a versatile route tock-vinyl cyclic ketones

as oxy-Cope precursors led to an extensive study of

methods suited to regiospecifically installing a vinyl

group on the (K, carbon of a cyclic ketone. Since the

approach to an eleven-carbon ring via the oxy-Cope

reaction is through a seven-membered ring, a versatile

synthesis of substituted 4-cycloheptenones was also

explored and developed. These two routes were combined

for an approach to the skeleton of the natural product

humulene.

The general synthesis of 4-cycloheptenones was

based on the base catalyzed rearrangment of 1-hepten-



6-yn-3-ols to 2-vinyl-5-methylenetetrahydrofurans. The

substituted tetrahydrofurans were converted to the

4-cycloheptenones via the Claisen rearrangement.

1 R1=R2=R3=R4=R5=H

2 R1=R2=R3=H, R4=R5=Me

R1=002Me, R2=R3=H, R4 =R5 =Me

4 R1=R2=(CH2)3, R3=R4=R5=H

5 R1=R2=(CH2)4, R3=R4=R5=1.1

The methods studied for regiospecific vinylation

of a cyclic ketone included the o(- vinylation of cyclic

(3-keto esters, the ot-methylation of 2-ethylidene cyclo-

hexanone and a masked crossed-aldol condensation using

the trimethylsilyl enol ether of a 2-methyl ketone

and a-chloroethyl phenyl sulfide. Finally oxidation

of the sulfide followed by a pyrolysis gave the vinyl

substituent.

A model study of the oxy-Cope ring expansion was

done with 2-methyl-2-vinylcyclohexanone which was pre-

pared by the crossed-aldol route. Addition of a Grig-

nerd reagent to the ketone followed by the anionic oxy-

Cope reaction generated a cyclododecenone in good yield.



Our approach to the synthesis of humulene was

based on the elaboration of compound 2 to v( vinyl

ketone 10. The synthesis of 10 was achieved and the

elaboration of 10 to an elevenmembered ring was then

studied.
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SYNTHESES VIA THERMAL REARRANGEMENTS:
A NEW ROUTE TO 4-CYCLOHEPTENONES
AND APPROACHES TO MEDIUM RINGS

INTRODUCTION

A number of sesquiterpenes possessing a medium

ring (nine to eleven carbons) have been isolated from

natural sources. Several of these have been found to

have anti-tumor or cytotoxic properties. This fact

lends practical importance to the interesting challenge

of synthesizing these molecules. The problems associat-

ed with synthesis of functionalized medium rings are

formidable, stemming principally from the conformation-

al mobility and penchant for undergoing transannular

reactions of these rings. As a result few methods have

been developed for preparation of medium rings. One,

the oxy-Cope route, was developed by Marvell and Whal-

ley in 1969, but had remained unutilized until after

this exploratory study of its potential had been ini-

tiated.

The main object of this study was to develop syn-

thetic routes to compounds which would make possible

an exploration of the oxy-Cope route (Scheme I) to

ten and eleven-membered rings with functionality sim-

ilar to the natural sesquiterpenes. In the approach
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Scheme I

OH

1

envisioned here the carbonyl group formed during the

rearrangement must be converted eventually to a trans

double bond, properly substituted and appropriately

situated. To minimize problems with transannular ring

closures we proposed to investigate solutions to this

non-trivial problem with an eleven-membered ring. Thus

humulene was established as a possible target molecule.

Since the oxy-Cope reaction provides a four carbon

ring expansion, the synthesis of the eleven-meMbered

ring of humulene required a precursor containing a

seven-membered ring. Therefore, a scheme for the syn-

thesis of substituted 4-cycloheptenones was developed,

with compound as the specific target.
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Elaboration of 3 to another key precursor, compound

4, proved to be a major hurdle. This was surmounted by

a procedure which should prove to be generally useful

for the preparation of substrates for the oxy-Cope

reaction.

In addition to being possible intermediates for the

synthesis of eleven-membered rings, 4-cycloheptenones

are components of or precursors to many other terpenes,

both mono- and bicyclic. The synthesis developed here

is very versatile and provides a valuable route to hy-

droazulenone and bicyclo[5.4.0]undecenone skeletons.

While the total synthesis of humulene was not com-

pleted, the foundation permitting a general application

of the oxy-Cope route has been completed, preparation

of some cyclodecenones has been carried out, and a

novel and quite general synthesis for cycloheptenones

has been developed.



HISTORICAL

I. Mediumring Sesquiterpenes

Most if not all naturally occuring sesquiterpenes

that contain a nine, ten, or elevenmembered ring can

be thought of as arising from cationic cyclization/

rearrangements, presumably enzymatically mediated, of

farnesyl pyrophosphate (Scheme II) (1). The basic skel

etons are usually those of the hydrocarbons shown, cary

ophyllene (10), germacrene (8), and humulene (9).

In an interesting experiment, Yamamotoset. al. recently

showed that carbonium ions 6 and 7a are interconvertible,

as might be expected. Generation of 7a in a solvolysis

reaction gave a mixture of germacrene and humulene,

Scheme II

N%'01Dp

5a 6

Or

4

7a
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6 7a

among other products (2). Although in some cases the

hydrocarbons themselves are a major component of nat-

ural oils, in most cases the compounds are more highly

oxidized and occur as alcohols, ketones, esters, or

lac tones.

Some naturally occuring compounds that have been

found to possess biological, i.e. anti-tumor, activity



are derivatives of germacrene and more specifically,

members of the class of sesquiterpenes called the germa-

crolanides. A non-exhaustive list includes eupaserrin

(11) and deacetyleupaserrin (12), liatrin (13), eupacun-

in (14), phantomolin (15), molephantin (16), eupofor-

monin (17), and eupatolide (18) (3-9). As can be

11 R=OAc

12 R=H

14

6
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seen, these compounds are quite similar in structure,

all being dienes and possessing anc4-methylenebutyro-

lactone group as well as at least one other oxygen-con-

taining function. All were isolated by extraction and/

or chromatography, using activity of the various frac-

tions against specific rat or mouse tumors or human can-

cer cell cultures as a guide. Structures were esta-

blished by spectral techniques and in some cases

x-ray crystallography. To date none have been synthe-

sized although it seems likely that work is in progress



on at least one of them. The oc-methylenebutyrolactone

seems to be necessary for antineoplastic activity and

is often enhanced by other oxygen containing functional

groups, according to a recent structure-activity

study (10).

A few syntheses of other medium ring sesquiter-

penes have been achieved. The methods used to form

the medium ring have varied. Cleavage of an intra-

annular bond to form the ring has been used. This

was done chemically in the syntheses of caryophyllene

and hedycaryol by Corey and Wharton, respectively,

and photochemically in the preparation of dihydro-

costunolide by Corey and dihydronovanin by Watanabe

(11-14). A metal-catalyzed allylic coupling reaction

was the ring forming reaction for two syntheses of

humulene which will be discussed in the next section

(15, 16). The humulene ring was also formed by a

metal catalyzed anion-cation coupling reaction in a

third synthesis (17). Ito and coworkers have used the

reaction shown in Scheme III to synthesize hedycaryol

isomers as well as other terpenoids (18-21).

8



Scheme III

19

n-BuLi
DABCO

20

Li
hedycaryols

EtNH
2

SPh EtOH

Wender has recently synthesized isabelin by the

use of a metathetical pathway (22-23). A [2 + 2] cyclo

addition led to compound 21 which was then thermolized

to isabelin (22). Ziegler has made a functionalized

Scheme IV

H

.itto

o 21

9



10

decadienal, though it is not a natural product, through

sequential CopeClaisen rearrangements of compound

al (24). The Cope reaction by itself has been used

by Grieco, who made 24 from santonin, then rearranged

it to achieve a synthesis of costunolide (25). The

23 24

fact that linderalactone (25) and its isomer isolinder

alactone (26) interconvert by a Cope rearrangement was

25 26
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recently exploited by Magnus (26). Finally, the oxy-Cope

reaction has recently been utilized by Still in the pre-

parations of acoragermacrone and periplanone B (see

page 32) (27-28).

II. Humulene

Humulene has been isolated from a variety of

plants, being especially prevalent in hops and oil of

cloves. As mentioned previously, it is biosyntheti-

cally related to germacrene and caryophyllene and is

oxygenated in nature to a variety of derivatives (1).

In the lab, it is prone to undergo acid catalyzed or

metal ion catalyzed carbonium ion rearrangements, most

of which involve trans-annular ring closures and various

hydride or methyl shifts (29-33).

Humulene was first isolated by Chapman from hop

oil in 1895 (34), and its structure remained a mystery

for many years, due to several factors. Its co-occur-

rence with its isomer caryophyllene and the similarity

of its chemistry to that of caryophyllene plus the fact

that it is found as a mixture of the o( and (1 forms all

contributed to its elusiveness (35). Finally, in the

early 1960's, the structures of v. and humulene were

nailed down, closely followed by Corey's initial syn-

thesis (15) (Scheme V).



Scheme V

1. L A H

29
2.11+tMe0H

3, PBr3

OTHP

hv
phIs .

9

CHO

28

THP0

Ar COO

Ni(CO)4

29

31
+ other

products

12



The convergent synthesis was based on the pre-

paration of compounds 27 and 28 followed by combining

them to the open chain skeleton. After conversion to

the dibromide, an allylic coupling with nickel carbonyl

produced compound 11. Photochemical isomerization of

a produced the authentic material. No overall yield

was given.

Vig, et. al. accomplished the second prepara-

tion of humulene which is shown in Scheme VI (16).

Scheme VI

OHC

COIEt
1,( Et0)1P0 =-7

CO2 E t

1. H30*

3,(EtO) P0=7\ CO2 E t

I 14-
CO2,Et

13



1. LAH

;J:Tr3

3. Ni(C0)4
9

14

Whereas Corey used starting materials with the E-tri-

substituted bonds already established, and photochemi-

cally transformed the disubstituted double bond from

cis to trans, Vig's synthesis established the stereo-

chemistry directly. The clever use of the Claisen

rearrangement installed the trans double bond and the

phosphonate-Wittig reactions neatly established the

E configuration at both remaining double bonds. Once

again no overall yield was available from the informa-

tion in this paper.

The third synthesis of humulene was also done

in a stereo-controlled fashion by Yamamoto, et. al. (17).

This is depicted in Scheme VII. The stereochemistry

of the two trisubstituted double bonds was established

by use of the bromo acetate (35) readily available from

geraniol. Use of the palladium complex in effect



Scheme VII

OAc

15

Et AMMe0

1.LAH

2JsCl/pyr

3.K0tBu

1 Me zS /NCS/Et N
3

2 NH NHTs

3,LAH

created an allylic carbonium ion which then coupled

with the enolate at the other end of the chain

in the conversion of 26 to E. The trans double

bond was then formed by specific cleavage of the
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oxetane by the aluminum amide. The overall yield of

humulene based on the previously reported bromo acetate

of geraniol was 9.4%. Yamamoto was also able to ob

tain humulene by another route which utilized compound

1 (2). This is shown in Scheme VIII. Solvolysis or

Scheme VIII tLAH
2.TsCUpyr (1 mol)

3.LAH
4,MeS02,C1

8 + 9_ + other products

basic elimination of the mesylate 40 gave various mix

tures of humulene (8), germacrene (9), and other mat

erials. As mentioned earlier, this is a further con

firmation of the common genesis of the two medium ring

skeletons.

III. Syntheses of 4Cycloheptenones

The 4cycloheptenone moiety is found in nature

directly incorporated into several monoterpenes (1).
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The most common of these are karahanaenone, tropone, and

their various derivatives. In addition, several bicy-

clic sesquiterpenes can be envisioned as synthetically

available from appropriate 4-cycloheptenones (1).

These include the guaianene and psuedoguaianene skel-

etons as well as various azulenes, the himachalene

skeleton, and of course humulene.

Several authors have reported syntheses of mono-

terpenoid 4-cycloheptenones which will be discussed in

the next few paragraphs. Lansbury (see reference 39-

41) has actually synthesized several psuedoguaianenes

usinz a bicyclic 4-cycloheptenone as a key intermediate.

The syntheses of 4-cycloheptenones found in the

literature can be grouped into three basic types. The

first group are those with reactions which form the

seven-membered ring directly from open chain systems.

The second group uses modifications of other rings to

achieve the cycloheptenone, and the third approach

uses the Claisen rearrangement of 2-vinyl-5-methylene-

tetrahydrofurans, which must first be formed from various

open chains.

Formation of the 4-cycloheptenone moiety by

intramolecular reaction of an open chain compound has

been done in several ways. Borch and Ho recently pre-



pared compound 41 from cis-1,4-dichlorobutene and the

dianion of methylacetoacetate (36). Compound 42 was

Scheme IX

2M
NaOMe

O

41 42

CO2Me

then obtained by an intramolecular Sr42 reaction.

The Dieckmann condensation (Scheme X) has been

utilized by some Russian workers (37). Compound 44

Scheme X

Et 02C CO2Et
NaOEt

18

R =Et
1
Pr

1
Bu

1

CO
2Et Pentyl

was obtained with the substituents indicated by that

classic reaction.

Lansbury has utilized the cyclization of a chloro-

dienol to achieve a synthesis of the hydroazulene skel-

eton containing a 4-cycloheptenone (38). Formolysis

of compound 45, followed by hydrolysis gave the



Scheme XI

45

tHOCH

H
30+

46
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desired compound, 46. His subsequent synthesis of the

psuedoguaiane skeleton involved formolysis of a slight

ly different system (39-41). Compound 47 was rearranged

to compound 48 which then was further elaborated to

the desired natural products. Ironically, this acid

catalyzed rearrangement uses the same functionality

we have used to produce similar products (see Discus

sion section). The chemistry involved, however, is

entirely different. Not very often can the same pro

duct be obtained from the same starting materials by

the use of two widely divergent processes. It

should be noted that these routes were developed sim-
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ultaneously and independently by the two research

groups.

The last example in this section is a biomimetic

scheme, designed by Yamamoto, et. al., which uses a

Lewis-acid catalyzed cyclization to produce karahanaen-

one (50) and the fused bicyclic cycloheptenone 52, as

shown (42). Compound 49 was prepared from neryl acetate.

No route to compound 51 was given, but it undoubtedly

is derived from cyclohexanone.

Scheme XII

49

TMS

1,Lewis acids

2,H30+

1, Lewis acids

2*H104.

50
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Direct [4 + 3] cycloaddition reactions have been

used to form the 4cycloheptenone ring. Most of this

work has been done by Noyori in Japan (43-48). The

basic reaction he has developed is shown here. Com

Scheme XIII

53 54

Iron carbonyls

55

pounds a and 54 have been extensively substituted,

mostly with methyl groups. Noyori's approach was

designed primarily to generate an easy entry to the

tropone system (48).

Shimizu and Tsuno have used a cationic cycloaddi

tion reaction to provide a synthesis of karahanaenone

and its isomer (Scheme XIV) (49). A similar reaction



Scheme XIV

OTMS

56 57

1Ag+
------>
2,H30*

22

has also been developed by Hoffman (Scheme XV) (50-51).

Generation of the allylic cation with Zn /Cu couple

followed by addition of isoprene gave 50 and 58.

Scheme XV

O
1. Zn /Cu

1 + 57

Br
2. H30

50 58



The second group of syntheses that will be dis-

cussed are the ring elaboration routes. The oxida-

tion of 4-cycloheptenol to 4-cycloheptenone, as

described by Borch and Ho (36), is actually based on a

two-carbon expansion of cyclopentanone (Scheme XVI).

That preparation of 4-cycloheptenol was developed by

Scheme XVI

59 60 61

62

Pb(OAc)4

KOAc

HOAc

Ac

63

tMel

aoH

CO211

62

OH

64

23



Stork and Cope (52, 53). The best yield of 4-cyclohep-

tenone by oxidation of 64 was evidently obtained using

Corey's reagent consisting of Me2S/NCS/Et3N (36).

Dauben has obtained a 4-cycloheptenone as one of

the products of a cyclopropyl-carbinyl rearrangement

of compound 65 (54). However, this reaction is at best

Scheme XVII

65

HOAc

66 67

24

68
OAc

of limited synthetic usefulness since compound 66, 67,

and 68 are obtained in a ratio of 4.25:4.25:1.5.

Another rearrangement that leads partially to

the desired system was explored by Klein and Rojahn

(55). Boron trifluoride induced rearrangement of the

epoxide derived from limonene (69) gave karahanaenone

Scheme XVIII

other
+ products



and isokarahanaenone (70) as approximately 50% of the

reaction mixture. Eucarvone has also been selectively

reduced and elaborated to various 4-cycloheptenones

(56, 57).

The final route to 4-cycloheptenones is the afore-

mentioned Claisen rearrangement of 2- vinyl -5- methylene

tetrahydrofurans. The preparation of the derivatives

is the key to any synthesis of this type. These rel-

atively recent syntheses were pioneered by several re-

search groups, followed by a careful study of the

reaction by Rhoads and coworkers.

Demole and Enggist (58) utilized an induced cy-

clization of a dienol in their syntheses of 12 and

karahanaenohe (Scheme XIX). Cyclization of nerolidol

Scheme XIX

71

74

NBS

NBS

Br

75

50

25
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(71) and linalool (74) gave the o(-bromomethylvinyl-

tetrahydrofurans which dehydrobrominated with subse-

quent rearrangement when heated in collidine.

Rhoads used the following two routes to the sub-

stituted system (Scheme XX) (59, 60).

Scheme XX

75 77

80

78 79

> 79

An important feature of the reaction that Rhoads,

et. al., carefully investigated was the facile equili-

brium between the endo and exocyclic vinyl ethers 77

and 78 (59, 60). When heated, the two isomers inter-

convert readily. This has proved to be a useful part

of this synthesis. Compound 77 is apparently too

sterically restricted to undergo a Claisen rearrange-



ment and thus will isomerize to 78, then rearrange.

This eliminates that possible side reaction and makes

compounds such as 78 and the resulting 4cycloheptenones

available from routes leading to molecules like 77.

Descotes, et. al., have also prepared cyclohep

tenones by the very similar route shown here (Scheme

XXI) (61). The cyclization of compound 82 occurs in

a variety of ways, but fortunately two of the three

Scheme XXI

27

CO2Et

82

84+85

L.

OH

OH-

84

86

55

85
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products formed in that reaction rearrange to give 55

when heated in base. The rearrangement of compound 84

to 55 is an interesting addition to the other ring

expansion methods and might be classified there as well.

The lack of specificity of the reaction in general to-

wards the formation of 55 somewhat limits this route,

however.

Cyclization via N-bromosuccinimide followed

by dehydrohalogenation and rearrangement in collidine

is really the only Claisen route that has proved to be

of synthetic value. Development of an alternative,

generally useful synthetic route to compounds such as

77 and 78 and subsequently to 4-cycloheptenones thus

assumed an important role in this study.

IV. The Oxy-Cope Reaction

The oxy-Cope reaction is a variation of the ther-

mally induced [3,3] sigmatropic shift observed in 1,5

dienes. The Cope reaction itself, as shown in Scheme

XXII, will usually lead to an equilibrium mixture of

Scheme XXII

RI'A 3 A------ Ri......% ,<.,,..,,,R
3

"....' ***,..--'4%.".
R2.0".."*"..,-R R2 R4

87
4 88



starting material and product. However the oxy-Cope

reaction will almost always be driven to completion be-

cause of ketolization of the product after rearrange-

ment (Scheme XXIII). This has made it useful syn-

thetically for the synthesis of Y,6-unsaturated carbon-

Scheme XXIII

H

89 90 91

29

yls and 1,6-dicarbonyls (available through the 3,4-diol).

Synthetic usefulness of this oxy-Cope process has been

limited somewhat by a competing thermally allowed retro-

ene reaction, Scheme XXIV. The extent to which the

Scheme XXIV

89

rs) 92

side reaction can compete depends on substitution, so

it can be controlled to some extent by choosing the

correct substrate for the rearrangement (62).
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Evans has recently discovered a way to circumvent

this problem while at the same time drastically lowering

the activation energy of the oxy-Cope rearrangement

(63). Converting the alcohol to a metal (Li, Na, K)

alkoxide which then can rearrange to an enolate elimin-

ates any possibility of the retro-ene reaction while

at the same time providing a rate enhancement of at

least 1011 . This procedure has added greatly to the

synthetic utility of the reaction.

If the 3,4 bond of the starting material is in-

corporated into a ring, the oxy-Cope reaction can serve

as a non-reversible 4-carbon ring expansion (Scheme I).

This rationale has been applied to the synthesis of

medium rings by Marvell and other workers, although

some problems have been encountered (63-68).

For instance, the synthesis of 1,5-diene-3,4-diols

such as 94 is much easier than preparation of mono-ol's

like compound 1. Addition of essentially two moles of

vinyl Grignard reagent to the appropriate a,(3-diketone

gives 94 and its analogs readily (68). The thermal

oxy-Cope reaction also works well, although sometimes

the retro-ene process will intervene to form unwanted

side products. However, the medium rings formed in

these reactions will undergo a transannular aldol

condensation to give products similar to 96.
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On the other hand, the products from the rearrange-

ments of 1,5-diene-3-ols are stable and the oxy-Cope reac-

tion works well but the problem lies in synthesizing the

starting materials. The simplest system, compound 1,

can be synthesized fairly readily by the procedure of

Scheme XXVI. However, the use of a cyclopropyl carbinyl

Scheme XXVI
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ring opening makes the sequence non-regiospecific and

the carbene addition limits the functionality that can

be carried along. All in all, this procedure is best

adapted for syntheses of symmetric saturated systems.

Other methods of installing a vinyl group oc to a cyclic

ketone are almost unknown, although some success has

been achieved ata-vinylation of cyclic P-keto esters

(69-70). This step has provided a rather severe limi-

tation to preparation of cyclic precursors for the oxy-

Cope ring expansion.

Still has been the only worker to date to synthe-

size medium ring natural products via the oxy-Cope reac-

tion (Scheme XXVII) (27-28). His first solution to the

(I-vinyl ketone problem was to use a derivative of a

naturally occuring substance with that functionality

already in place. Use of the Evans modification of
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Scheme XXVII
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101

the oxy-Cope led to a good yield (78%) of the desired

compound. Subsequent isomerization of the appropri-

ate double bond then gave (t) acoragermacrone (121).

His next synthesis, that of periplanone B, installed

the o-vinyl group via the route of Scheme XXVIII (28).

The overall yield from compound 104 to 107 was a very

respectable 74%. Addition of vinyl lithium to 107 fol-

lowed by the anionic oxy-Cope rearrangement produced
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EE

106

108

compound 108, which was further elaborated to the

cockroach sex pheremone periplanone B.
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DISCUSSION

I. Synthesis of 4-Cycloheptenones

The work of Demole and of Rhoads had shown that

4-cycloheptenones can be prepared by ring expansion

of 2-methylene-5-vinyltetrahydrofurans. However a

general synthesis of 2-methylenetetrahydrofurans has

not been developed and this poses a number of problems.

One possible solution to the problem centers around the

interesting but little known ring closure of 4-pentyn-

1-ols discovered by Paul and Tchelitcheff and studied

more carefully by Eglinton, Jones and Whiting (71-72).

It appeared to us that 1-hepten-6-yn-3-ols could be con-

verted to the 5-vinyl-2-methylenetetrahydrofurans, and

if the temperature were high enough, rearranged in situ

to the 4-cycloheptenones.

This approach seemed advantageous since the neces-

sary heptenynols should be generally accessible via

addition of the appropriate vinyl Grignard reagent to

a pentynal ( or equivalent ketone). Overall a wide vari-

ety of substitution patterns would be possible. We have

studied the process in some detail with six examples

(Scheme XXIX).
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The syntheses of alcohols 114 and 115 utilized

the simplest carbonyl compound in Scheme XXIX, 4-penty-

nal. Our first attempts to prepare the pentynal were

via oxidations of the readily available 4-pentyn-l-ol.

Use of Collins reagent or Corey's modification of the

Collins reagent (pyrHC1.Cr03) yielded some product,

which could be isolated as a 2,4-dinitro-phenylhydra-

zone from an initial work-up solution. However, the

product isolated after distillation was obtained in very

low yield. Previous reports about the pentynal had indi-

cated an instability, especially to heat. This aldehyde

has been prepared by a variety of methods but only once

has it actually been isolated in decent yield (see table).

Table 1. Literature Preparations of 4-Pentynal

Synthetic
Approach

Isolated Purification and/or
Yield Identification

Ref,

SR + Ni

R LAH

Et

-----..=.-- Li g Et

0

0

only as DNP 73

only as DNP 73

only as DNP 74



Oppenauer
oxidation
of 4-pentynol

carbodiimide
oxidation
of 4-pentynol

25%
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codistilled with 75
parent alcohol,
DNP made

70% distilled, IR 76
DNP

Gelin and Hablot (73) could not distill the com-

pound and claim it forms a condensation product, possi-

bly a trimer, during attempted distillations. However

3ohlmann and Miethe (76), found no problems with the dis-

tillation. Thus it appears that traces of impurities

can catalyze decomposition during distillation. We found

that some samples of 4-pentynal could be flash distilled,

but the product from the chromate oxidations could not.

Our experience indicates that the compound is sensitive

enough to cause real purification problems.

We have no reason to doubt that the carbodiimide

procedure would have worked, but decided that an oxida-

tive procedure which gave the aldehyde with nothing

except gaseous by-products would prove most satisfac-

tory. One route which fitted this requirement used

the retro-ene reaction, Scheme XXX, to dehydrogenate the

alcohol. A further possible advantage to this reaction,
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at least for our purposes, was that any residual reac-

tant would be inert to the organometallic reagent used

in the next step. In actuality this procedure did prove

successful, though it was not a complete solution to all

problems for the sunthesis of 4-pentynal. Pyrolysis of

allyl 4-pentynyl ether in the vapor phase gave a 70%

yield of 4-pentynal, 61% overall from 4-pentynol. The

crude product was better than 90% pure, contaminated by

some colored material, but suitable for direct use

without further purification. It could be flash dis-

tilled at reduced pressure, but unfortunately this did

not separate the impurities from the aldehyde, and was

not normally carried out.

Scheme XXX 1, 500°1,NaN THF

Br
122 85% 108

Once compound 108 was in hand, 114 and 115 were

prepared by addition of the yne-al to a solution of the

proper vinyl Grignard reagent in THF. Although it had

been reported that isobutenyl bromide would not react
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with magnesium in THE (77), we found that initiation

with methyl iodide and maintenance of the reaction

mixture at reflux allowed successful formation of

the Grignard reagent.

The 2,2-dimethyl pentynal 109 is a known compound

which has been made several times (78). The absence

oft(-protons makes 109 a much more stable compound than

108. It was readily prepared by the method of Stevens,

et. al., via alkylation of an enamine of isobutyral-

dehyde (78). This reaction is very sensitive to the

reaction conditionsland the purity of the reactants and

solvents is crucial to achieving a reasonable yield.

Addition of the aldehyde to vinyl magnesium bromide

gave compound 116 in 70% yield.

A carbomethoxy group was introduced onto 116 giving

117 as illustrated by Scheme XXXI. This procedure was

Scheme XXXI

H+

0 3

95%
116

1. Me Li -78

OTHP Z.CIC01Me

LIZ
98%

THP

COXMe
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based on that of Watanabe, et. al. (79). Protection

of the hydroxyl group was necessary during the intro-

duction of the carbomethoxy function via a lithium

acetylide. This was accomplished very smoothly with

dihydropyran. The overall yield from 116 was a very

good 78%.

Alkylation of the pyrollidine enamines of cyclo-

pentanone and cyclohexanone with propargyl bromide was

accomplished by the procedure of Opitz, et. al. (80).

Reaction of 110 and 111 with vinyl magnesium bromide

gave 118 (71%) and 119 (65%).

The structures of these enynols were established

by nmr and it spectroscopy. Compound 114 was obtained

via reaction of a vinyl Grignard with 4-pentynal and

its spectra are in complete accord with the expected

product of this reaction. Presence of three functional
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groups is confirmed by bands in the infrared at 33-3600

(OH), 2100 and 3300 (sharp) (C a CH) and a typical set

of multiplets between 5.0 and 6.1 ppm (CH = CH2). Fur-

ther coupling of the normal ABM pattern of the terminal

vinyl group was indicated though the complex pattern

was not totally analyzed. A triplet at 1.84, J = 2Hz

showed the acetylenic group was part of a CH2C CH

entity, and a triplet of doublets, J = 7 and 2Hz at

2.24 extended this group to a CH2CH2C a CH. Finally a

single proton as a singlet at 1.49 ppm shows that this

is a secondary alcohol. The structure is thus fully

assigned.

Since both 115 and 114 originate from the same type

reaction of 4-pentynal, it will suffice here to comment

on the similarities and differences in the spectra of

115 and 114. In the infrared both exhibit the bands

associated with a terminal C E CH, but unlike 114 com-

pound 115 shows a band at 3650 and a second at 1080

which indicates a secondary alcohol of rather more ster-

ically hindered nature in 115. In the nmr the familiar

pattern of CH2CH2C E CH grouping at 1.80 and 2.24 appears

again in 115, but the terminal vinyl multiplets seen

in 114 have been replaced by a broad doublet (1H,

J = 8Hz) at 5.16 and a broadened singlet at 1.74 (6H).
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Unresolved allylic couplings account for the broad-

ened lines, and the two non-equivalent allylic methyl

groups appear to have accidentally equal chemical shifts.

No doubt exists about the assignment of structure

115.

The spectral data to be discussed here clearly

illustrate the great similarity between 114 and 116.

Bands in the infrared at 3425 and 1080 (CHOH) and 3290

and 2110 (C a CH) confirm the same functions. In the

nmr the striking set of multiplets between 5.08 and

6.02 once again provide evidence of a CH2 = CH - CH

entity. Principal alterations include the appearance

of a one proton doublet J = 7Hz at 3.96 and a six pro-

ton singlet at 0.95. Presence of the triplet J = 3Hz

at 1.90 coupled with disappearance of the triplet

of doublets puts the finishing touches to the struc-

ture assignment for 116.

Compound 117 was not usually isolated because

of its tendency to cyclize very readily. Since the

structure of 123, its cyclized product, was unam-

biguously proved, no attempt was made to obtain a

pure sample of 117.
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Partial structures for 118 and 119 were assigned

purely from spectral information. In the infrared

both compounds showed absorbances at 3450 (broad)

and 1175 cm-1 indicative of hydrogen bonded tertiary

- 1alcohols. Bands at 3300 and 2100 cm (C CH) were

present, and the nmr spectra of both showed essen-

tially identical ABX patterns between 5.00 and

6.05 ppm (CH2 = CH - group). Partially buried

triplets at 1.8 ppm (J ca. 3Hz) gave evidence of the

methylene group adjacent to the acetylenic entity.

It was not possible to show the orientation of the func-

tions or to ascertain the ring size unambiguously

purely from the spectra. These essentials were

inferred from the mode of synthesis.

Taken in sum, these enynols provided a wide range

of reactants to test the value of the proposed route

to cycloheptenones. Rearrangements of the various

enynols rather unexpectedly required a wider range

of conditions than we had anticipated. Originally, we

had hoped that this could be a one-pot reaction, with

the initial base-catalyzed cyclization and subsequent

Claisen rearrangement proceeding sequentially at the
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same temperature. In some cases this indeed proved

possible, while in others it proved better to isolate

the intermediate hydrofuran derivatives.

Study of the cyclization-rearrangement sequence

was initiated with compound 114. Some success was

achieved by converting a small fraction (ca. 5%) of

the neat reactant to its sodium salt and heating at

175° in a sealed tube. The yield (N,30%) of the

desired cycloheptenone 126 (see Scheme XXIX), albeit

modest, probably could have been increased but no fur-

ther studies were made since substituted analogs were of

greater interest and potential synthetic usefulness.

We proceeded therefore to study the reaction of

compound 115. All attempts to convert this material

to either the intermediate tetrahydrofuran or to 3,3-

dimethy1-4-cycloheptenone were totally unsuccessful.

Reactions using neat starting material and a catalytic

amount of sodium hydride at 175 - 225° produced dark

intractable gums from which we could separate no use-

ful products. Further attempts with various solvents

such as THF, DMSO and t-butanol and variation of the

counter ion via bases such as methyl lithium, sodium

hydride, and potassium t-butoxide produced either

similar gums or under conditions aimed at isolation
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of the intermediate tetrahydrofurans (i.e. heating at

80 120°), unreacted starting material.

These results were disappointing but not totally

unexpected. It had been anticipated that the Claisen

rearrangement step for this system might be sterically

hindered because of the terminally disubstituted double

bond. Although molecules with the dimethyl group on the

other double bond seem to rearrange readily (see

Historical section), models indicate that the vinyl

methyls experience considerably more steric interference

with the ring hydrogens as they approach the transition

_
state conformation than would the methylene methyls.

This is illustrated in the drawings below. Changing

the dimethyl group from one double bond to the other

makes a large difference. Evidently vinyl methyls provide

enough hindrance to prohibit the reaction.

,ss %01

CH3

H "wirCH
V S""ehl



This problem has been documented previously by

Bachi in a similar system, i.e. compound la (81). The

0
115
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terminal methyl group in the cis form also provides

serious hindrance in the transition state. It bangs

into the ring protons in the same way that our methyl

appears to. The small percentage of product was be-

lieved to have been derived from the trans isomer.

Failure of both of the enynols 114 and 115 to

form methylenetetrahydrofurans under mild conditions

in the presence of catalytic amounts of base was in-

teresting and rather surprising. We had assumed that

ring closure would proceed via the mechanism illustrated

below (Scheme XXXII). Certainly the cyclization of the

alcoholate to the vinyl anion must be reversible and

the equilibrium unfavorable. However the neutral cyclic

enol ether is very probably more stable thermodynamically
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than is the enynol. It might be that an equilibrium

could be controlled by the entropy term which would

favor the open chain material. Reversal from the

neutral methylenetetrahydrofuran would however require

removal of a vinyl proton by the alcoholate ion, cer-

tainly an event of very low probability. Clearly loss

of the allylic proton adjacent to the oxygen would appear

much more reasonable. Thus we conclude that the basis

for lack of cyclization is kinetic rather than thermo-

dynamic. Naturally this poses the question of whether

121

0



a pure sample of 121 would undergo a Claisen rearrange-

ment, albeit slowly, or whether our lack of cyclohep-

tenone formation is the combined result of two un-

favorable rates.

In marked contrast to these results, the rear-

rangement of 115 proceeded readily. In this case, a

tetrahydrofuran intermediate (122) formed very readily

and was isolated easily. Optimum reaction conditions

were 2% (molar) sodium hydride at 100°.

There are four possible structures which should

be considered for the intermediate tetrahydrofuran.

2.27. 122

49

Spectroscopic evidence showed that the correct struc-

ture must be 122. In addition to a clear-cut ABM

part of an ABMX pattern for the vinyl group, singlets

at 4.45 ppm (1H) and 1.72 ppm (3H) pointed to 122.

Since the geminal dimethyl protons were non-equivalent

(S 0.85, 3H and iS 1.08, 3H) and the infrared spectrum

indicated a vinyl ether (1670 cm-1), the structure 122
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can be assigned with confidence.

This structure must occasion some surprise since

the most acidic hydrogen in 4,4-dimethy1-5-viny1-2-

methylenetetrahydrofuran must be the ring proton at

05. Thus in the event of a post-formation base cata-

lyzed isomerization ils would have to be the proper

product. All of the evidence therefore points to the

very interesting direct isomerization of the ini-

tially formed vinyl anion to the allylic anion directed

by a proximity effect and driven by reduction of the

basicity of the carbanion. Subsequent protonation

gives the trisubstituted double bond.

The best explanation as to why 122 was so

readily formed, when its counterparts from the previous

reactions were not, clearly has a conformational basis.

Alcohols 114 and 115 have an essentially unbranched

open-chain skeleton. As a result one would expect

the major populated conformation to have a completely

extended chain. On the other hand 116 has a gem-di-

methyl group in the middle of the chain, and models

indicate that there are several conformations that are

energetically favorable in which the hydroxyl group and

acetylenic bond are quite close. Any entropic contri-
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bution to the stability of 116 over 122 would be

greatly reduced. In addition, the difference in entro-

pies of activation of the ring closure would lead to

a difference in the rate of that reaction. Thus the

closure of 116 is favored both thermodynamically and

kinetically over that of 114 or 115.

As has been mentioned in the Historical section,

compounds 122 and 1 31 would be expected to be in

equilibrium at temperatures sufficient to promote the

Claisen rearrangement. In fact, passing 122 through

a flow pyrolysis apparatus at 400° gave a moderate

yield of 3,3- dimethyl- 4- cycloheptenone (1) but the best

results (80% yield) were obtained by heating it in

quinoline in a sealed tube.

Compound contains a ketone function which appears

from its low frequency to be in a seven membered ring.

The nmr spectrum contained a singlet at 1.05 ppm (6H)

which indicated two equivalent methyl groups. A fur-

ther singlet at 2.6 ppm (2H) was suggestive of the

group C - CH2 - C = 0 which combined with the geminal

methyls gave Me2C - CH2 - CO as a reasonable moiety.

The presence of the AB part of an ABX2 (JAX =
0)

pattern centered at 5.5 ppm (2H) suggested a

C - HC = CH - CH2 - pattern. Since the ketone



52

is not conjugated the structure of 3 could be assigned

directly as shown.

Normally we made no attempt to isolate 117

but cyclized it to 123 simply by refluxing in tri-

ethylamine following the procedure of Watanabe, et. al.

(79). The structure of al was assigned by use of it

Scheme XXXIII

Etp,A>

014 t 91%

cozni

117 111 127

and nmr data. Presence of an (,R-unsaturated ester in

123 was shown by the infrared absorbances at 1710, 1645

- 1and 1250 cm . The usual ABM portion of an ABMX pattern

between 5.2 and 6.0 was assigned to a CH2 = CH - CH

grouping. A multiplet at 4.28 ppm (1H) was attributed

to the X part of that pattern and its chemical shift

indicated an adjacent oxygen, hence the entity

CH
2

= CH - CH - 0. This proton was not further

coupled so that a reasonable assignment was the frag-

ment CH2 = CH - C - H - CMe2-. The two methyl groups
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were not equivalent (S 0.94 (3H), 1.14 (3H)). A

triplet at 5.22, J = 1.5Hzlindicated an olefinic proton

which was coupled to a pair of protons giving rise to

a multiplet at 3.4. Clearly this suggests a CH = C - CH2

fragment with the CH2 associated with some strongly

deshielding effect. The absence of any other terminal

group except the ester and the vinyl group indicates

the presence of a ring. The results generate the

structure of 123 with the enol ether olefin having an

E configuration, as indicated by the shift of the CH2

protons. This stereochemistry is also in good accord

with the shift of the olefinic proton resonance calculated

from the Tobey-Simon rules (82-83). Ring closure in this

system is certainly favored by the carbomethoxy group

as well as the conformational factors mentioned before.

The desired cycloheptenone 127 was first obtained

in approximately 40% yield by heating 221 in a flow

apparatus at 400° but better yields (ca. 50%) were sub-

sequently obtained by running the reaction in a sealed

tube at 250°. However caution is advised in using this

latter technique since a later sealed tube containing

a fairly large amount (ca. 15 g) of the compound

exploded. The causes of this explosion are unknown

but possibly decarboxylation or other decomposition at
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that temperature gave rise to a large pressure increase.

The flow pyrolysis method, then, is the method of choice

but we did not attempt to optimize the yield.

Compound 127 presented an interesting structural

problem since both it and nmr spectra were more complex

than would be expected for such a structure. Both

spectra clearly indicate the compound exists as a mix-

ture of enol and keto forms in carbon tetrachloride.

The specific resonances for the keto and enol forms

could be assigned in the nmr by varying the concentration

of the substrate in carbon tetrachloride. Resultant

changes in the equilibrium concentrations permitted

clarification of the structural problem. Presence of

both a keto and an enol was indicated particularly by

the infrared bands at 1750, 1710, 1655 and 1645 cm-1.

The enol was confirmed by an absorption at 12.4 ppm

in the nmr. Given this as an indicator the concentration

variation showed the following patterns associated

with it. A singlet at 1.07 ppm (relative 6H), a

singlet at 2.50 (relative 2H), the AB portion of an

ABX2 pattern (relative 2H, JAX = 0, JBX =
6Hz) between

5.1 and 5.7 with the X part as a doublettJ = 6HzIat

2.9 ppm. As was noted in the assignment for 2, this set

denotes the presence of a CH2CMe2 - CH = CH - CH2
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provides strong evidence for the enol form of 127.

Similarly the keto form assignment revolves around

the remaining resonances. These are a singlet at 1.15

(relative 6H), the ABX2 pattern of the CH = CH - CH2

entity at 5 - 6 ppm and 3.00 ppm. The special cir-

cumstance that the X proton resonance at 3.00 ppm

appeared as multiplet and a further multiplet at 2.35

(relative 2H) showed that a chiral center was present

in this molecule. The result clearly is in accord with

the g-keto ester keto form of 127.

We were particulary pleased to find that the two

step process for cyclization to 4-cycloheptenones is

extremely well adapted to preparation of bicyclic

examples. The reactants are readily available and rear-

range without need to isolate intermediates (Scheme

XXXIV). Products are isolable in good yield and

Scheme XXXIV
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simple column chromatography removed the products from

diphenyl ether. The structures of the bicyclic ketones,

both of which have been previously reported (39, 42)

were confirmed by ir, nmr and mass spectroscopy.

In general, this approach to 4-cycloheptenones

is nicely suited for the preparation of a wide

variety of these compounds. The main limitation rests

in the steric inhibition of the Claisen reaction, but

this may be overcome by using an alternate substitution

pattern. Closure to the hydrofurano compound is more

facile when the alcoholic and acetylenic functions of

the starting material are proximate due to conformational

restrictions and this appears to be advantageous in the

overall reaction as well. Aside from some occasional

polymeric material, there are no other products besides

the desired ketones so they are easily obtained from the
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reaction mixture in a relatively pure state. Thus this

synthesis is a valuable addition to methodology now

available for the preparation of 4-cycloheptenones.

II. o(- Vinylation of Cyclic Ketones

The single step which has quite generally

prevented the development of the oxy-Cope route to medium

rings is the 0C-vinylation of a carbonyl compound. No

single solution to this problem has been found and prob-

ably none exists. Assuming the presence of the carbonyl

group in the reactant, one can see two general

approaches - introduction of an intact vinyl group,

or formation of the double bond subsequent to intro-

duction of a precursor group. Routes to be considered

here all belong to the second approach. The first to

be examined was the general application of the phenyl

vinyl sulfoxide method of Koppel and Kinnick (67).

A. Vinylation of 2 Carboethoxycyclohexanone

Recent work has shown that a Michael reaction

followed by an elimination can be used successfully to

introduce a vinyl group on the o(-carbon of (3- ketoesters

such as 2-carboethoxycyclohexanone (69-70). Since we

had developed a synthesis for the necessary ?-ketoester
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127, this led us to an investigation of that process.

If humulene were to be synthesized via 127, the ester

carbon would necessarily have to be converted to a

methyl group somewhere along the line. However the ester

could possibly be utilized as a "synthetic handle" in

other medium ring systems.

We chose first to repeat the work of Koppel and

Kinnick, who reported the addition of the enolate of

2carboethoxycyclohexanone to vinyl phenyl sulfoxide

(69). Pyrolysis of the resulting adduct generated the

desired double bond.

Scheme XXXV

.0E) Op 0
t

140 141 142

This sequence is cleverly conceived and straight

forward to execute in the lab. However it is limited

CO Et,
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by mediocre yields. The initial reaction is the Michael

addition of a relatively stable anion to give a much

less stable anion. Further reaction of that anion has

to be circumvented by supplying a proton to trap the

addition product as it forms. Koppel and Kinnick

accomplished this by adding an additional mole of

(3ketoester to act as a proton source. They report and

we were unable to exceed about a 50% yield, based on

vinyl phenyl sulfoxide. Hence the overall conversion

of (3ketoester was 25%. Though the excess could be

recovered and make recycling possible, we felt it

would be more valuable to study other proton sources.

Probably the most obvious was to use a protic solvent

in the presence of a catalytic amount of base. Initial

efforts in this direction produced direct addition of

alcohol to the vinyl phenyl sulfoxide.

A common rule of thumb for Michael additions is

to use as weak a basic catalyst as possible and in as

small an amount as is convenient. In fact, it was

found that a catalytic amount of either sodium hydride

or tbutoxide added to equimolar amounts of (3ketoester

and vinyl phenyl sulfoxide in THE increased the yield

modestly. We were unable to increase the yield to any

major extent, and starting materials could be mostly
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recovered here as well. Forcing conditions such as

heating for prolonged times gave no better yields.

Similar results were recently obtained by another

group studying this reaction. Bruhn, Heimgartner and

Schmid (84) reported a study of several ring systems

using catalytic amounts of sodium hydride with 1:1

ketoester:sulfoxide and 2:1:1 ketoester:sulfoxide:

sodium hydride. In addition to the desired adducts, they

found addition to the other less activated occarbon of

the ketone.

Scheme MECVI

144a n=5

144b n=8

144c n=11

145a,b,c
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The second stage of the sequence, pyrolysis of

the sulfoxide to a vinyl group, was accomplished by re-

fluxing in toluene. A ca. 60% yield seems to be

typical for that pyrolysis. This method does then con-

stitute a reasonable way to produce an (X-vinyl ketone,

especially with the yield improvement we obtained.

Direct application to the oxy-Cope reaction is still

open to question, since our limited efforts to carry

the ester group intact through the oxy-Cope rearrangement

were not successful (see page 70).

B. Methylation of 2- Etbylidenecyclohexanone

The rationale behind this approach to an d-vinyl

group rests in the well established fact that in al-

most all cases alkylation of a dienolate occurs on the

ck-carbon (85-86). It has been established that a kine-

tically favored enolate, in the case below 148, can

be equilibrated with a more thermodynamically favored

one (85-86). Marvell and Rusay had also previously

shown that enolate 149 could be methylated to 150 (87).

Thus it appeared that one could selectively methylate

2-ethylidenecyclohexanone in the oc-position, as shown

below, if the right reaction conditions were used, thus

converting the ethylidene function to the desired vinyl

group.
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Scheme XXXVII

147

B e

0

150

149

The extensive research into equilibration and

alkylation of enolate ions (85-86) has shown a

strong influence of the counter ion on both pro-

cesses. The results can be reasonably summarized by

noting that the series Li+, Na
+ K+ show a decreasing

covalent character and increasing ionic character for

the bond between the enolate and the counter ion.

Generally enolate-counter ion pairs with more covalent

character equilibrate more slowly and alkylate less
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readily than those of greater ionic character. The

result is unfortunate since an ideal system would equili-

brate relatively slowly but alkylate rapidly. Marvell

and Rusay had shown that the lithium enolate 149 was

an unusually stable one and that rather extreme treat-

ment (added HMPA and heating at 45° for two hours) was

needed to methylate it (87). In this case the dienolate

should be much more stable than the monoenolate, and

since the above result indicated the lithium dienolate

could be alkylated without giving product derived from

the monoenolate, there remained only to find proper con-

ditions for the equilibration of the two enolates.

As a result of this reasoning we tested initially

the preparation, equilibration and methylation of the

lithium enolates of 2-ethylidenecyclohexanone. It was

found that hindered lithamides (diisopropyl, dicyclo-

hexyl) could be used to form 148, the kinetic enolate,

at -78°. Subsequent addition of a slight excess of ke-

tone, then heating at 55
o for an hour in the presence

of HMPA in THF apparently gave 149. This was methylated

by an excess of methyl iodide at 45° for two hours.

The problem was the yield, since the above conditions

gave the best yield (18%) of any of the conditions using

lithium amides. The sole by-product isolated from the
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reaction was a nonvolatile gum. Even at -78 ethylidene-

cyclohexanone seems to be unstable in the presence of

lithamides, immediately turning dark yellow. Obviously

the rather extreme conditions needed to equilibrate the

lithium enolates contribute to the low yields observed.

Accordingly we turned to the opposite extreme and

several experiments were carried out with triphenyl-

methyl potassium to test the effect of potassium as a

counterion. Potassium enolates are known to equilibrate

very rapidly to the most thermodynamically stable isomer

so we envisioned no trouble in equilibrating 148 to 149.

The experimental procedure for these reactions was also

convenient in that the characteristic blood-red color

of the anion could used as an indicator for conversion

of the ketone to the enolate. This gave excellent con-

trol over the stoichiometry of the reaction and allowed

for just a slight excess of the ketone to be added to

facilitate equilibration. Typically a solution of tri-

phenylmethyl potassium in DIM was used at -20°C. Equili-

bration was accomplished at -20° for thirty minutes.

Methylation at room temperature or at -20° gave, in-

stead of the desired product, predominately 6,6-dimethy1-

2-ethylidenecyclohexanone (151). Some 150 was formed,
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along with 152 but both were minor constituents of the

product mixture.

From the products observed with potassium as the

counter ion it appears that either equilibration

was not achieved, or the enolates interconvert so fast,

even at -20°C, that the more reactive one (148) dom-

inates the alkylation reaction. The second alternative

is almost certainly correct since the first product must

be 152 which, after methylation, rapidly exchanges a

proton with unreacted enolates and is methylated

again. Some attempts were made to trap 149 by using

more active methylating agents (dimethyl sulfate and

trimethyloxonium tetraflouroborate) but none met with

success.

In view of these apparently clear cut results the

observations made by using Brown's procedure (88)
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(addition of ketone to a suspension of potassium hydride

in THE at room temperature) should be considered. Addi-

tion of methyl iodide after one-half hour, also at room

temperature, gave 150 in 30% yield, but neither 151

nor 152 were observed. The reason for this anamolous

result is not clear but alteration of the reaction condi-

tions did not increase the yield. Work on this problem

was abandoned when more satisfactory results were found

(see Section "C").

C. Vinylation of Ketones With One cl-Hydrogen

A recently developed (89) sequence for prepara-

tion of o(- methylene ketones provided the idea for yet

another approach to ot-vinylation. This approach is

outlined in Scheme XXXVIII. The key to this method is

the use of an o'- carbon having only a single hydrogen

present. Then instead of sulfoxide elimination proceed-

ing to give a conjugated double bond, the sulfoxide is

forced to eliminate with formation of a vinyl group.

Methods have been developed for preparing the more sub-

stituted TMS enol ethers, so the regiospecificity can

be easily controlled (90).
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2. Nal04

74%

150

155

Scheme XXXVIII was that rarity that worked exactly

as envisioned, and the yield of 150 based on 154 was

46%. The addition product was obtained in 74% yield

and oxidized quantitatively to sulfoxide 155. Pyroly-

sis of that material then gave 150 in 62% yield. While

the overall yield is only adequate, the convenience and

ease of handling provide a positive aspect. Indeed,

this now constitutes the method of choice for prepar-

ation of theseck-vinyl ketones.
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III. Ring Expansions vie the Oxy -Cope Reaction

With the solution to the4,-vinylation problem in

satisfactory form, we turned our attention to the oxy-

Cope route to medium rings. Traditionally the required

1,5-dien-3-ol system has been prepared by addition of

a vinyl Grignard reagent to the proper unsaturated car-

bonyl. No particular problems were anticipated for this

step, since excellent models had been studied previous-

ly (see Historical Section).

A. Studies with o(-Vin yl-ok-Carboetho3gcyclohexanone

At one time it appeared that the only route to

c4 -vinyl ketones might be via compounds of this type,

i.e. al. Thus we began an investigation of the value

of these compounds using 2.13. as a model. Some difficul-

ties with controlled addition of a vinyl Grignard were

anticipated since selective organometallic additions

are not noted for their great success. However no

problems were in fact observed and addition of vinyl

Grignard to 144 gave 157 as a mixture of isomers.(Scheme

XXXIX) .
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The structure of 156 and the fact that it was ob-

tained as a mixture of cis and trans isomers could be

deduced from its ir and nmr spectra. Bands in the ir

at 3500 cm-1 (broad), at 1715 cm-1 and at 1240 cm-1 sug-

gested that the molecule contained both an alcohol and

an ester. The nmr spectrum showed two triplets at 1.20

and 1.24 ppm (3H total) and two quartets at 4.08 and

4.16 ppm (2H total). This suggested two non-equivalent

ethoxy groups. This fact could best be explained by

the presence of different isomers of 156 in the sample.

The occurrence of two multiplets, one at 4.95 - 5.50 ppm

(4H) the other at 6.08 - 6.52 ppm (2H) which appeared

to be intermixed vinyl group ABX patterns pointed to

ron-equivalent vinyl groups. These facts, along with

the method of synthesis, led to assignment of the struc-

ture drawn in Scheme XXXIX. The isomer with the upfield

Scheme XXXIX

CO Et

5/NK4178°
55%

CO Et

156
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absorbances appeared to predominate by a ratio of

about 3 : 2 by visual inspection. One might expect tha

isomer to be the cis form, since approach of the organ-

°metallic should be slightly favored from the side which

sould produce that configuration. The effective bulk

of the DC-vinyl group should be somewhat less than that

of the o(- carboethoxy group.

Two variations were now possible on the further

route from 156 to a ten-membered ring. The carboethoxy

group could be reduced in varying degree prior to re-

arrangement or rearrangement could be attacked directly.

Only the second alternative was studied.

Presence of the ester function could cause a num-

ber of problems in the oxy-Cope rearrangement. Ester

exchange reactions could lead to polymerization, and

proximity effects in a medium ring could lead to

transannular reactions. Since operation in the gas

phase should limit the opportunity for polymerization,

the crude product 156 was passed through a gas phase

pyrolysis apparatus at 400°. Only tars were obtained.

One attempt to cause rearrangement under mild conditions

by using the Evans modification was no more successful.

Further study of this molecule was then abandoned.



B. Preparation of 2,6- Dimethyl- 5- Cyclodecenone

Once a good and potentially versatile synthesis

of 2-methyl-2-vinylcyclohexanone (150) had been worked

out, we converted it to a cyclodecenone by the reac-

tions shown in Scheme XXXX. That particular Grignard

Scheme XXXX

g Br

---_-->
.//' 48%

150 157

KH/18-C -6

T H F

25./ 2.4hr

84%
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reagent was chosen because of its possibilities for use

in the synthesis of the humulene skeleton (see following

section). Adding 150 to an excess of 2-propenyl magne-

sium bromide produced 157 as nearly equal mixture of

isomers in only 48% yield. However 33% of the starting

material was also recovered. Evidently the ketone is

hindered enough that a substantial amount of it is enol-

ized by that Grignard reagent. Some additional work was
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done with 2-methyl-2-vinylcyclohexanone using 2-propenyl-

lithium instead of the Grignard reagent. In fact, this

was found to greatly improve the yield of 157, which

was upped to 88% with none of the starting material

remaining.

The structure of 157 and the fact that it was a

mixture of isomers were established by its it and nmr

spectra. Bands in the infrared spectrum at 3430

(broad) and 900 cm-1 indicated that the molecule was an

alcohol and contained a 1,1-disubstituted double bond.

The nmr spectrum contained singlets at 0.98 and 1.06

ppm which integrated to three hydrogens total. This

indicated that a mixture of two isomers which con-

tained non-equivalent methyl groups must be present.

Another methyl group absorbed at 1.75 ppm, which lead

to the conclusion that its protons must be allylic. The

olefinic protion of the spectrum appeared to contain

two ABX patterns, indicative of non-equivalent CH2 = CH -

groups, between 4.75 and 6.42 ppm. In addition, it

showed a broadened singlet at 4.90 ppm (2H) which in-

dicated a methylene group. The total integration of the

olefinic area added to five protons. These facts all

indicated the structure for 157 which is shown, as well

as the fact that it must be a mixture of cis and trans
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isomers. This was very reasonable when the reaction

which led to 157 was taken into account. The isomers

were present in about equal amounts, which is not unex-

pected since models show there is very little difference

in the effective bulk of a methyl group versus a vinyl.

Compound 157 was then smoothly rearranged as a

mixture of the two isomers to 216-dimethy1-5-cyclo-

decenone (158) using Still's adaptation of the Evans

procedure, as shown (27). The structure of 158 cannot

be completely assigned without bearing heavily on the

reaction scheme leading up to its formation. It must

contain a saturated ketone (1715 cm-1 ) and two methyl

groups, one a CHMe (doublet J = 6Hz, 0.95 ppm) and

the second an allylic type (singlet, 1.69 ppm). A noise

decoupled 13C nmr spectrum confirmed the keto group

(214 ppm) and the presence of two olefinic carbons

(129 and 134 ppm). The methyl carbons resonate at 16.0

and 18.5 ppm, and there also appear seven further satur-

ated carbon peaks. Thus the molecule possesses no sym-

metry. All things considered the structure 158 is quite

acceptable.

C. Approaches to the Humulene Skeleton

Our approach to humUlene was built around an
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oxy-Cope scheme which would utilize ketone 4 as a key

intermediate. The proposed use of 4 to achieve

humulene is illustrated in Scheme XXXXI. The conversion

Scheme =I

160
4

7.1.1111*

of the ketone function in 160 to a trisubstituted double

bond was an area we intended to explore although some

precedent for that transformation does exist (91).

However the initial task was necessarily the synthesis

of 4.
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We originally envisioned the approach to 4 summar-

ized in Scheme XXXXII. Compounds 161 and 162 are known

Scheme III

161

d

162

1

164

and an adaptation of Johnson's ortho-ester Claisen

reaction seemed likely to give 164 readily. However

the failure of compound 115 to rearrange indicated

that the rearrangement of 164 to 4 was probably also

doomed and this route was never seriously pursued.

Since ketone was readily available via our
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4cycloheptenone synthesis, our efforts turned to

elaborating it to 4. We felt that the geminal di

methyl group of might well be bulky enough to

direct both methylation and vinylation to the desired

side of the ketone. As is illustrated in Scheme XXXXIII,

this proved to be the case. Compounds 2 and 165 could

both be deprotonated regiospecifically with a hindered

Scheme XXXXIII

1,LDA/THF
4780

2 Mel

80%
165

167

1.Na104

1,LDA/THF
4f 78°_----->

2,Me3SiC1

91%

. A
61%

OT MS

166
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base and our synthesis of of -vinyl ketones was conven-

iently adapted to the synthesis of 4.

Compounds 165 and 4 were isolated and purified,

while 166 and 167 were used without purification in the

subsequent reactions. The structure of compound 165

was assigned by using both ir and nmr data. The ir

- 1contained bands at 3010 and 1705 cm as well as bands

at 1380 and 1360 cm-1. The former bands indicated a

non-conjugated cycloheptenone while the latter gave

evidence of a geminal dimethyl group. The compound's

nmr spectrum contained a large singlet at 1.05 ppm

which appeared to be superimposed on one peak of a

doublet, J ca. 6Hz, which was centered at 1.07 ppm.

The total integration for the area was nine protons.

This indicated two equivalent methyl groups whose ab-

sorption was imposed on a methyl group which was split

into a doublet. The olefinic portion of the compound

contained the AB part of an ABX2 pattern which was very

similar, both in splitting and in chemical shift, to that

observed in the nmr of compound 1. These facts, and

the fact that gas chromatography showed only a single

isomar of the compound, led to the assignment of the

structure shown, as well as the deduction that alkylation

had taken place only at the number seven carbon.
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The structure of compound 4 was also assigned by

use of nmr and ir data. The ir spectrum showed bands

at ca. 3010, 1705, 1380 and 1360 cm-1 which again in-

dicated a non-conjugated cycloheptenone containing a

geminal-dimethyl group. The nmr spectrum contained two

singlets, one at 1.05 ppm (6H) and the other at 1.20

ppm (3H), which indicated three isolated methyl groups,

two of which were equivalent. The integration of the

olefinic part of the spectrum added to five protons.

These appeared to be a mixture of a vinyl group ABX

pattern with the AB part of an ABX2 pattern very simi-

lar to that already discussed in the spectrum of com-

pound 3. The structure of 4 was deduced from these

facts, as well as its mode of synthesis.

Attempts to elaborate compound 4 to the reactant

for the ring expansion as described in Scheme XXXXI

were not successful. The Grignard reaction with iso-

propenylmagnesium bromide proved to be more of a

problem than had been anticipated. Excess Grignard

with 4 at room temperature gave no reaction. Clearly

4 is a very hindered ketone, as can be seen from even

a two dimensional drawing. Since it appeared that the

ketone was not being enolized by the Grignard, an at-

tempt was made to force the reaction. This led only
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to the decomposition of 4 to unidentified products.

Further study of alternate routes was not attempted.
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CONCLUSIONS

This work, along with previous work of other

groups, has established the oxy-Cope reaction as a pro-

cedure which is generally useful for the synthesis of

unsaturated ten-membered rings. One serious problem

with the approach, i.e. the o(-vinylation of ketones,

has been partly solved. Though this solution is

limited to compounds with only a single hydrogen

on the o(- carbon, it-should not be a serious limitation

since most medium ring natural products contain trisub-

stituted double bonds.

Our study of the oc- alkylation of dienolates

derived from 2-ethylidene ketones did not result in a

satisfactory solution to the above mentioned problem.

However it did provide some interesting insights into

the chemistry of such systems and indicates that the

o(-alkylation route to P,21-enones is limited to cases

where the P,W-ene is at least as substituted as the

oj-ene.

The synthesis of 4-cycloheptenones which was

generally applicable and based on readily available

reactants was perhaps the most significant result

achieved. The procedure is brief, gives satisfactory

yields and is useful with a wide variety of substitu-
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ents, limited only in some cases by steric restrictions.

The process lays the ground work for application of the

oxy-Cope ring expansion to eleven-membered rings, which

appear more commonly in natural products than had pre-

viously been thought.
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EXPERIMENTAL

General Laboratory Procedures

Nuclear magnetic resonance spectra were obtained

on Varian FT-80 (80 MHz) and Varian HA-100 (100 MHz)

spectrometers. Unless otherwise specified, tetramethyl-

silane was used as an internal reference, and the fol-

lowing abbreviations were used: s-= singlet, d = doublet,

t = triplet, q = quartet. Infrared spectra were obtained

on Beckman IR -8 and Perkin-Elmer 727B infrared spectro-

photometers, and polystyrene was used as a standard.

Low resolution mass spectra were obtained from an

Atlas CH7 instrument using a 70 eV excitation potential.

Glpc analyses were performed on a Varian A

90-P3 with thermal conductivity detector. The columns

are specified where use of the glpc is mentioned.
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5- (2-Propenyloxy )-1-pentyne (131)

In a one liter three-necked flask equipped with

dropping funnel, condenser and mechanical stirrer was

placed 20.5 g of a 50% NaH/oil dispersion (0.43 mole)

under nitrogen. The hydride was washed with 50 ml of

dry pentane, which was then removed. The residual hy-

dride was suspended in 200 ml of dry THE and 36.0 g of

4-pentyn-l-ol (1,12) (0.43 mole) was added dropwise with

stirring. After the evolution of hydrogen had ceased,

52.0 g (0.43 mole) of freshly distilled allyl bromide

were added and the reaction was heated at 506 for

twenty hours. Enough water just to dissolve the result-

ing sodium bromide was added. The water layer was sep-

arated and washed with 100 ml of ether. The organic

layers were combined, dried (MgSO4), and concentrated.

Distillation gave 42.5 g (85%) of 131: b.p. 36 - 380

(6 mm); it (neat) 3270, 3060, 2100, 1085 cm-1; nmr

(CC14) S1.50 - 2.00 (m, 3H), 2.28 (triplet of doublets,

2H, Jt = 6Hz, Jd = 2Hz), 3.49 (t, 2H, J = 6Hz), 3.95

(d, 2H, J = 5Hz), 4.90 - 5.45 (m, 2H), 5.50 - 6.20

(m, 1H).
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4-Pentynal (108)

A flow pyrolysis apparatus consisting of a vertical

quartz tube packed with pieces of quartz tubing encased

in an insulated jacket was heated to 500°C. A flow of

nitrogen of approximately 100 ml/min was maintained

through the system, which equated to a contact time of

about one minute. A dropping funnel was used to intro-

duce 20.0 g of compound DI at a very slow rate into

the vaporization column. The product *as obtained by

condensing it in a series of dry ice/acetone-cooled

traps attached to the pyrolysis tube. The crude alde-

hyde obtained from the pyrolysis was quickly flash dis-

tilled, giving 10.1 g of 90% pure 108 (69%): b.p. 54 -

550 (20 mm); ir (neat) 3290, 2835, 2730, 1720 cm-1;

nmr 4 1.91 (t, IH, J = 1.5Hz), 2.38 - 2.80 (m, 4H), 9.75

(s, 1H). (Lit. (76) ir: 3290, 2830, 2730, 1720 cm-1)

Formation of Vinylcarbinols - General Procedure

A vinylmagnesium bromide was prepared by the method

of Normant, using magnesium turnings and vinyl bromide

in dry THF (92). After the Grignard reaction was complete

the appropriate carbonyl compounds in dry THF were added

dropwise to the stirred Grignard reagent at 20*C under
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nitrogen. The reaction was stirred for an additional

hour, then the mixture neutralized with an equimolar

amount of 1.0N HC1. The water layer was separated and

washed twice with ether. The organic layers were com-

bined, dried (MgSO4) and concentrated.

1-Hepten-6yn-3-ol (114)

The above procedure was followed, using 0.12 mole

of both Grignard reagent and aldehyde 108. Distillation

gave 4.5 g (84%) of 114: b.p. 52 - 54° (2 mm); it

(neat) 3360, 3300, 3070, 2100 cm-1; nmr (CC14) S 1.49

(s, 1H), 1.45 - 1.78 (m, 2H), 1.84 (t, 1H, J = 2Hz),

2.28 (triplet of doublets, 2H, Jt = 7Hz, Jd = 2Hz),

4.27 (m, 1H), 5.05 - 5.38 (m, 2H), 5.70 - 6.07 (m, 1H);

anal.calcd. for C
7
H100:

C, 76.33; H, 9.15; found:

C, 75.99; H, 9.14.

4,4 -Dimethyl -1 -hepten -6 -yn-3 -ol (116)

Alcohol 116 was obtained in 70% yield by the general

process, using 0.10 mole of Grignard reagent and 0.10

mole of 2,2- dimethyl -4- pentynal which had been prepared

by the method of Stevens (78): b.p. 53 - 54° (1.2 mm);

it (neat) 3425, 3290, 3075, 2110, 1385, 1365 cm-1; nmr

(CC14) d 0.95 (s, 6H), 1.90 (t, 1H, J = 3Hz), 2.19
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(m, 2H), 2.92 (br s, 1H), 3.96 (d, 1H, J = 7Hz), 5.08 -

5.40 (m, 2H), 5.74 - 6.02 (m, 1H); anal. calcd. for

C
9
H
140: C, 78.21; H, 10.21. found: C, 78.12; H, 10.37.

1-Vinyl-2-(2-propyny1)-cyclohexan-l-ol (119)

The vinyl Grignard reagent described above (0.15

mole) was used for this reaction. Alcohol 119 was ob-

tained in 71% yield from 2- (2- propynyl)- cyclohexanone

(0.15 mole) which had been prepared by the method of

Opitz (80): b.p. 53 - 540 (0.75 mm): ir (neat) 3500,

3280, 3065, 2110 cm-1; nmr (CC1
4
) 6" 1.50 - 2.60 (br m,

13H), 5.00 - 5.45 (m, 2H), 5.72 - 6.05 (m, 1H); anal.

calcd. for C1111160: C, 80.44; H, 9.82. found: C, 80.18;

H, 9.75.

1-Vinyl-2-(2-propyny1)-culopentan-l-ol (118)

Again the general reaction with vinyl Grignard rea-

gent (0.12 mole) was followed. Alcohol 118 was obtained

in 65% yield from 2- (2- propynyl)- cyclopentanone (0.12

mole), which also had been prepared by the method of

Opitz (80): b.p. 53 - 54° (0.75 mm); ir (neat) 3500,

3280, 3065, 2110 cm-1; nmr (CC1
4
)4 1.50 - 2.60 (br

11H), 5.0U - 5.45 (m, 2H) 5.72 - 6.05 (n, 1H); anal.
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calcd. for C10H14 *

' '

0 C 79 96* H, 9.39. found C, 79.82;

H, 9.59.

2-Vinyl -2,3-dihydro-3,3,5-trimethylfuran (122)

Compound 116 (1.0 g, 7.2 mmol) was placed in a

10 ml round-bottomed flask under nitrogen. To this was

added 10 mg of a 57% NaH/oil dispersion (0.24 mmol) and

the mixture was stirred for eight hours at 100°. The re-

sulting liquid was subjected to KUgelrohr distillation

to give 0.82 g (82%) of the furano compound 122: b.p.

approx. 45° (3 mm); it (neat) 3075 (vinyl C - H), 1670

(vinyl ether), 1390, 1370 (gem dimethyl) cm-1; nmr (C014)

S 0.85 (s, 3H), 1.08 (s, 3H), 1.72 (s, 3H), 4.31 (d, 1H,

J = 7Hz), 4.44 (s, 1H), 5.10 - 5.42 (m, 2H), 5.70 - 6.08

(m, 1H); high res. m.s: calc. for C9H140: 138.104.

found 138.105

3,3-Dimethy1-4-cyclohepten-l-one (1)

Compound 122 (0.82 g, 5.9 mmol) was dissolved in

3 g of freshly distilled quinoline and the solution was

sealed in an evacuated, base-washed tube. The tube was

heated at 225° for twenty-four hours, after which the

contents were taken up in 150 ml of ether. The ether

was washed twice with 50 ml portions of 1.0N hydrochlor-

ic acid, then once with 10 ml of saturated bicarbonate
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solution. The organic layer was dried (M004), condensed,

and the residue was distilled ( Kugelrohr), giving 0.66

(80%) of enone 3; b.p. approx. 70° (1 mm); ir (CC14)

3010, 1705, 1350, 1320, 650 cm-1; nmr (CC14) S 1.05

(s, 6H), 2.30 - 2.48 (m, 4H), 2.59 (s, 2H), 5.28 - 5.80

(m, 2H); mass spectrum, ILI (rel.intensity) 138 (22),

123 (10), 110 (12), 95 (54), 81 (100), 79 (35), 67 (43),

57 (38), 55 (29), 53 (22); high resolution mass spectrum:

calcd. for C
9
H
14

0: 138.104. found: 138.104.

2,3,3%,4,6,7-Hexahydro-5(1H)-azulenone (128)

A solution of 1.0 g (6.7 mmol) of compound 118

in 3 ml of dry diphenyl ether was placed in a 10 ml

round-bottomed flask under nitrogen. To this was added

0.22 ml of a 1.6M solution of methyllithium in ether (3.5

mmol) and the reaction mixture was stirred for twelve

hours at 195°C. The product was purified by column

chromatography on silica gel (pentane/ether) followed

by Kugelrohr distillation. This gave 0.51 g (51%) of

the previously reported (39) bicyclic azulenone 128:

b.p. 55 - 60° (0.5 mm); ir (neat) 3040, 1705 cm-1;

nmr (CC14)S 1.10 - 1.95 (m, 4H), 2.00 - 2.57 (n, 7H),

2.57 - 2.95 (m, 2H), 5.64 (m, 1H); mass spectrum, Inta

(rel. intensity) 150 (96), 108 (54), 107 (33), 94 (79),



89

93 (81), 80 (30), 79 (100), 77 (35), 41 (35), 39 (45).

ulndec-1-en-5-one (129)

This material was prepared by the same method as

compound 128. The reaction was heated at 185° for eight

hours. Purification on silica gel gave a 78% yield

of the previously reported (42) ketone 129: b.p. 65

70° (0.5 mm) Kugelrohr: it (neat) 3040, 1705 cm-1; nmr

(0014) 6 1.30 (m, 3H), 1.78 (m, 5H), 2.26 (m, 5H), 2.68

(m, 2H), 5.54 (m, 1H); mass spectrum, m/z (rel. inten-

107 (45),sity) 164 (100), 149 (21), 136 (31), 108 (49),

79 (98), 77 (44), 67 (46), 41 (62), 39 (51).

2- Methyl -2- octen- 7- yn -4 -ol (115)

Isobutenylmagnesium bromide was prepared from 2-

methyl-l-propenyl bromide (ref.77) in the following

manner: In a three-necked round-bottomed flask under

nitrogen was placed 15 ml dry THE along with 2.5 g

(0.104 mole) of magnesium turnings. To this was added

0.5 g of isobutenyl bromide along with about five drops

of methyl iodide. After the reaction had initiated,

a solution of 14 g of the bromide (0.104 mole) in 100

ml of THE was added dropwise. Intermittent heating was

required to prevent cessation cf reaction. After the

addition of the bromide had been completed, the reaction
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mixture was stirred rapidly and heated for an addi-

tional hour. Traces of the magnesium remained.

Dropwise addition of 0.10 mol of aldehyde 108

in THE to the Grignard reagent was followed by a work-

up exactly as described for compound 114 and.gave 115 in

42% yield: b.p. 80-82° (2 mm); ir (CC14) 3650, 3340,

- 12150 cm ; nmr (CC1
4

) £ 1.16 (br s, 1H), 1.50-1.88

(m, 9H), 2.24 (m, 2H), 4.30-4.58 (m, 1H), 5.16 (br d,

1H, J=8Hz); anal. calcd. for C91114): C, 78.21; H, 10.21.

found: C, 80.05; H, 11.03.

4-Cycloheptenone (126)

Compound 114 (85 mg, 0.77 mmol) along with 4 mg

of a 50% NaH/oil dispersion (0.08 mmol) was placed in a

pyrex tube under N2. After evolution of hydrogen had

ceased the tube was sealed under vacuum and heated for

a period of twenty four hours at 175°. After the tube

had been opened, 0.78 mmol of 3-methylcyclohexanone was

added as an internal standard. The reaction mixture

was analyzed by glc (4' x in 5% OV-17 column at 105°C

and 60 mol/min flow). A trace of starting material

was observed along with approximately 28% of compound

126. Collection from this column gave the pure material,

which had spectral characteristics (nmr, ir) identical
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to the literature values (36): it (neat) 3010, 1705

-1cm ; nmr (CC1
4
) g 2.22 - 2.46 (m, 4H), 2.48 - 2.70 (m,

4H), 5.80 (m, 2H).

acid methyl ester (117)

Compound 116 (5.0 g, 0.036 mole) and 20 mg of

p-toluenesulfonic acid were placed in a 25 ml round-

bottomed flask at 0°. Freshly distilled dihydropyran

(3.4 g, 0.004 mol) was added dropwise and the mixture

was allowed to stir for thirty minutes at 0°. The

reaction mixture was diluted with 25 ml of ether and

washed with 5 ml of 10% sodium bicarbonate solution.

After having been dried (M004) the ether layer was con-

centrated. Kugelrohr distillation at 0.2 mm gave 7.6 g

(95%) of compound 1.31.

A solution containing 7.6 g (0.034 mole) of 132

in 100 ml of dry THE under N2 at -78°C was treated with

a solution of 1.6M butyllithium in hetane (24 ml,

0.037 mole). The reaction mixture was stirred at -78°C

for thirty minutes after which 3.0 g (0.037 mole) of

methyl chioroformate was added. The solution was then

warmed to room temperature and stirred for one hour.

The reaction mixture was washed with saturated ammonium

chloride (25 ml) and dried (MgSO4). The solvent was re-
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moved in vacuo giving 9.3 g (984) of compound La.

The above product (9.3 g, 0.033 mol) was mixed

with 100 ml of 0.1N hydrochloric acid in 10;(, aoueous

methanol. The mixture was refluxed for ten minutes,

then cooled and carefully washed with 20 ml of satur

ated bicarbonate solution. The majority of the methanol

was removed by distillation and the residue was taken

up in 150 ml of ether. The ether was washed twice with

50 ml portions of water, then 25 ml of saturated sodium

chloride. The solution was dried (Mg304), and the ether

was removed in vacuo, yielding 5.4 g of product 117

(84 ;0). This material was used without further purifica

tion directly in the next step.

2-(x-Carbomethpxy)-methylene-4,4-dimethy1-

5-viny1-3,5-dihydrofuran (111)

Compound 117 (5.4 g, 0.028 mol) was mixed

with 25 ml of triethylamine and the solution was re-

fluxed for twelve hours. The reaction mixture was taken

up in 200 ml of ether, washed twice with 90 ml portions

of 1.0N hydrochloric acid followed by 20 ml of satur

ated sodium bicarbonate solution. The ether layer was

dried (MgSO4), then concentrated. Distillation (Kugel

rohr) yielded 4.9 g (91%) of 123: b.p. 90-93° (0.2 mm):
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ir (neat) 3070, 1710, 1645, 1250 cm-1; nmr (CC14)

0.94 (s, 3H), 1.14 (s, 3H), 2.95 (m, 2H), 3.59 (s, 3H),

4.28 (d, 1H, J=7), 5.20-5.44 (m, 3H), 5.62-5.98 (m, 1H);

high rest m.s.: calcd. for C11111603: 196.110. found:

196.110.

2Carbomethpxy-6,6dimethy1-4cycloheptenone (127)

Compound 22.2 (1.0 g, 5.2 mmol) was placed in an

evacuated, basewashed, sealed tube and heated at 250°

for sixteen hours. The product was distilled to give

0.49 g (49%) of compound 127. The compound was obtained

as a mixture of the enol and keto forms: b.p. 105°

(0.25 mm); ir (CC14) 3100, 1750, 1745, 1710, 1655, 1645

cm-1 ; nmr (CC1
4

) 6 1.09, 1.15 (two singlets, 6H total),

2.20-3.50 (m, 4.5H total), 3.71, 3.77 (two singlets,

3H total), 5.20-5.85 (m, 2H), 12.5 (s, 0.5H).

CAUTION: An attempt to run this reaction on a

larger scale using approximately 15 g of starting mat

erial led to a violent explosion of the sealed tube.

112Divi 1-2carleacathoe (156)

Compound al (0.5 g, 2.7 mmol) was dissolved in

10 ml of dry THF under nitrogen at 78°C. A solution

of vinyImagnesium bromide (2.7 mmol in 10 ml of THF)
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was prepared and decanted into a dropping funnel under

nitrogen. The Grignard reagent was added dropwise to the

keto-ester over a period of twenty minutes while keeping

ing the temperature at -78°. After addition had been

completed, the reaction mixture was allowed to warm to

room temperature. The mixture was stirred for an

additional hour. The reaction was quenched with an

equimolar amount of 1.0N hydrochloric acid. The water

layer was separated and extracted with 10 ml of ether.

The organic layers were combined and dried over MgSO4.

After evaporation of the solvent, 0.35 g (55%) of com-

pound 156 was obtained as a mixture of cis and trans

isomers: it (neat) 3500, 3070, 1715, 1240 cm-1; nmr

(0C1
4
) S 1.20 and 1.24 (two triplets, 3H total, J=8Hz),

1.30-2.75 (br m, 8H), 3.10 (br s, 1H), 4.08, 4.16 (two

quartets, 2H total, J=8z), 4.95-5.50 (m, 4H), 6.08-6.52

(m, 2H) .

2-Ethylidenecyclohexanone (147)

The method of Mukaiyama (93) was adapted for the syn-

thesis of this compound. A solution of 1-trimethylsil-

oxycyclohexene (8.5 g, 50 mmol) in 75 ml of methylene

chloride was added dropwise to a mechanically stirred

solution of acetaldehyde (2.4 g, 55 mmol) and titanium

tetrachloride (11.0 g, 55 mmol) in 200 ml of methylene
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chloride at -78 °C under nitrogen, The reaction mix-

ture was stirred at -78° for an additional hour then

was mixed with water. It was found that adding small

amounts of water (i.e. 5 ml) and working up the reac-

tion immediately led to mixtures of the intermediate

ketol and 147. Adding larger amounts of water (i.e.

50 ml) and allowing the mixture to stir for an hour

while warming to room temperature gave compound 147

directly. The water layer was removed, and the organic

layer was washed with 50 ml of water, then with 25 ml

of saturated sodium bicarbonate solution. After having

been dried (MgSO4), the organic layer was concentrated

and the product was distilled, giving 4.4 g (71%) of

2- ethylidenecvclohexanone, identified as the trans

isomer by its nmr spectrum: nmr (CC14) £ 1.02 (d, 3H,

J=7), 1.30-2.60 (br m, 8H), 6.60 (quartet of triplets,

1H, Je7Hz, Jt=2Hz). (Lit. (94) for trans isomer, ,y

3.4 (quartet of triplets, Jc1=7, Jt=3)).

2:2tt he xano ne (150)

Preparation of this compound was attempted by

two general routes, oc- methylation of 2-ethylidenecyclo-

hexanone and introduction of a vinyl group to 2-

methylcyclohexanone. Three studies of the first route
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are described below.

Method A

Lithium dicyclohexylamide was prepared by the

method of Normant (95). A mixture of 5 ml of HMPA,

5 ml of benzene and 5.0 g (27.5 mmol) of dicyclo-

hexylamine was stirred rapidly at room temperature with

190 mg (27.5 mmol) of lithium metal (the lithium metal

was flattened into extremely thin disks in a mortar and

pestle under petroleum ether). After the lithium had

reacted (5 - 6 hrs.), the reaction mixture was diluted

with 25 ml of dry THE and cooled to -70 8 C. A solution

of compound 147 (3.7 g, 30 mmol) in 10 ml of dry THE

was added dropwise over the period of 30 min. The reac-

tion mixture was allowed to warm to room temperature,

then was heated to 55° and held at that temperature

for one hour. The temperature was allowed to drop to

45° and 4.3 g (30 mmol) of methyl iodide was added. The

mixture was stirred for two hours. At the end of that

time the reaction mixture was poured into 100 ml of pen-

tane and the solution was extracted twice with 25 ml

portions of 1.0N hydrochloric acid. The pentane solution

was washed three times with 25 ml portions of water,

once with a 25 ml portion of 5% sodium bicarbonate and



97

once with a saturated sodium chloride solution. After

having been dried (MgSO4), the organic layer was concen-

trated and the residue was distilled (Kugelrohr). A

yield of 0.68 g (18%) of compound 150 was obtained,

contaminated with small amounts of HMPA and starting

material: it (neat) 1720 cm 1; nmr S 1.10 (s, 3H),

1.45-2.60 (br m, 8H), 4.80-5.20 (m, 2H), 5.80-6.10

(m, 1H). Lit (87):6 1.09 (s, 3H), 1.5-2.1 (br m, 6H),

2.32 (m, 2H), 5.0, 5.95 (ABX, 3H, JAB 15Hz, JAX143X=

27Hz). The ABX pattern is duplicated in the' multiplets

listed above.

Method B

A dispersion containing 7.8 mmol of potassium

hydride in 20 ml of THE was prepared and a solution of

1.0 g (8.0 mmol) of 2-ethylidenecyclohexanone in 5 ml

of THE was added in one portion. The mixture was stirred

for thirty minutes after hydrogen evolution had ceased.

Then 1.3 g (9 mmol) of methyl iodide was added and the

mixture was stirred for one hour. The mixture was add-

ed to 100 ml of pentane, and the solution was washed

with 10 ml of water, 25 ml of saturated ammonium chlor-

ide solution, 10 ml of water, and finally 10 ml of sat-

urated sodium chloride solution. The dried (MgSO4)
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solution was concentrated and the residue was distilled

(KUgelrohr) giving 0.31 g (29%) of compound 150, along

with small amounts of starting material.

Method C

A solution of triphenylmethyl potassium in DME

was prepared by the method of House (96), and the blood

red solution was titrated to just past its end point

at -20° with neat 2-ethylidenecyclohexanonel An extra

drop of ketone was added to promote equilibration and

the mixture was allowed to stand for thirty minutes. Ad-

dition of methyl iodide was followed by work-up as in

method B. Distillation gave compound 150 as a minor

(ca. 10%) product with the major product (ca. 35%) being

6,6 - dimethy1-2-ethylidenecyclohexanone (151).

Method D

This general route to 150 was based on the work

of Paterson and Fleming (89). A solution of 1-trimethyl-

siloxy-2-methyl-l-cyclohexene (1.68 g, 10 mmol) (90)

and c(-chloroethyl phenyl sulfide (2.4 g, 14 mmol) (97)

in 10 ml of dry methylene chloride was stirred at -20°

under nitrogen. To this was added a solution of 2.1 g

(11 mmol) of titanium tetrachloride in 10 ml of dry

methylene chloride. After having been stirred for one
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hour the solution was poured into 50 ml of saturated

sodium bicarbonate solution. The aqueous layer was ex

tracted five times with 20 ml portions of ether. The

organic layers were combined and dried (M004). The

solution was concentrated and the residue was chroma

tographed on silica gel (ether/pentane) yielding 1.83 g

(74%) of 2methyl -2(4thiophenyleth71)cyclohexanone.

Oxidation of the sulfide used the general proce

dure of Johnson and Keiser (98). A 75:25 mixture of

methanol/water (25 ml) containing the above ketosul

fide (1.83 g, 7.4 mmol) and sodium metaperiodate (1.67 g,

7.8 mmol) was stirred overnight, initially at 0° with

gradual warming to room temperature. The reaction mix

ture was filtered to remove sodium iodate. The filter

cake was washed with 3 x 50 ml portions of ether. The

water/methanol and ether layers were all placed in a

separatory funnel and 100 ml of water was added. The

organic phase was separated, and the aqueous phase was

washed with two 50 ml portions of ether. All the ether

layers were combined and dried (M004). Removal of the

ether gave 1.95 g (ca. 100%) of the sulfoxide.

The sulfoxide above was heated in refluxing

toluene for seventy-two hours and the toluene was removed.

Distillation gave 0.60 g (62%) of compound 150 (an over
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all yield of 45%).

1 -(2 -propenyl) -2 -methyl -2 -vinylcyclohexanol (157)

Two methods were used for the synthesis of this

compound. A solution containing 1.25 mmol of 2-prop-

enylmagnesium bromide in THE was prepared by the method

of Normant (92). Addition of compound 150(0.16 g, 1.7

mmol) to this solution and work-up as described in the

preparation of compound 114 gave a 48% yield (0.10g)

of compound 157, as well as 0.053 g of recovered start-

ing material. The compounds were separated by collect-

ing from an 8' x 2% SE30 column at 90°, 60 ml/Min

helium flow.

The second method used a solution of 2-propenyl-

lithium (0.18M in ether) prepared by the method of

Braude and Evans (77). A solution of 0.053 g (0.40

mmol) of 150 in 1 ml of dry ether was placed in a 10

ml flask under nitrogen. To this was added 4 ml (0.70

mmol) of the 2- propenyilithium solution. The mixture

was stirred for one hr., and the reaction was quenched

with saturated ammonium chloride solution. Separation

of the organic layer and removal of solvent gave 0.063 g

of 157 (88%) as a mixture of cis and trans isomers: it

(neat) 3430, 3080, 900 cm-1; nmr (CC14) g 0.98, 1.06



(2s, 3H total), 1.10-2.25 (br m, 9H), 1.75 (s, 3H),

4.75-5.10 (m, 4H), 5.88-6.42 (m, 1H); high res. m.s.

calcd. for 012 H
200: 180.151. found: 180.151.

2-Methyl-5-cyclodecenra-one (158)
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Compound 157 was rearranged using the anionic

oxy-Cope procedure of Still (27). The dienol 157 (0.10

g, 0.55 mmol) was dissolved in 2 ml of dry '1'HF and added

to a suspension of potassium hyditide (0.57 mmol) in

dry THE (5 ml) under nitrogen. After evolution of

hydrogen had ceased, 18-crown-6 ether was added (0.15 g,

0.57 mmol) and the reaction mixture was stirred for

twenty-four hours. The reaction was quenched with 1 ml

of water. The organic layer was separated and dried

(lgSO4), and the solvent was evaporated. Preparative

thick layer chromatography on silica gel (ether/pentane)

gave 0.084 g (84%) of compound 158: it (neat) 1715

(C=0) cm 1; nmr (CC14) S 0.95 (d, 3H, J=6Hz), 1.69

(s, 3H), 1.0-2.5 (br m, 13H), 4.94 (m, 1H); C13 nmr

d 16.00, 18.55, 22.10, 25.40, 27.16, 36.89, 40.05, 41.65,

47.28, 129.28, 133.81, 213.79; high res. m.s.: calcd.

for C12H2O0: 180.151. found: 180.151.
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2-Vinyl-2-carboethoxycyclohexanone (al)

Method A

The method of Koppel and Kinnick was employed

(69). A suspension of 0.55 g (13 mmol) of a 57%

sodium hydride/oil dispersion (washed with pentane)

was stirred in 25 ml of dry THF under nitrogen. To

this was added 4.3 g (26 mmol) of 2-carboethoxycyclohex-

anone in 10 ml of THF. After the evolution of hydrogen

had ceased, the reaction mixture was heated to reflux.

Phenyl vinyl sulfoxide (2.0 g, 13 mmol) in 10 ml of

THF was added and the reaction was allowed to stir for

one hr.- The reaction was quenched with 10 ml of sat-

urated ammonium chloride and the water layer was separ-

ated and washed with 20 ml of ether. The organic layers

were combined and dried (MgSO4) and the solvent was

removed. Column chromatography on silica gel with elu-

tion by ether, provided 2.05 g (51% based on starting

sulfoxide) of the sulfoxyp-keto ester. The sulfox-

ide was heated with 20 ml of toluene for seventy-two

hours. Toluene was removed by distillation using a

short path column and the product was obtained by column

chromatography (silica/ether). A yield of 610 was ob-

tained in the pyrolysis step, affording 0.71 g of al.
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Method B

The procedure in method A was followed, with the

following changes in the reactants:

2.1 g (13 mmol) 2-carboethoxycyclohexanone

2.0 g (13 mmol) vinyl phenyl sulfoxide

0.15 g (1.3 mmol) potassium t-butoxide

The reaction conditions remained the same except that

the initial reaction was stirred for two hours. The yield

was 2.3 g (56%) of the previously reported (64) keto-

ester 143: it (neat) 3010, 1730, 1720 cm-1; nmr (CC14)

S 1.22 (t, 3H, J = 6Hz), 1.70 (m,

(q, 2H, J = 6Hz), 4.95 - 5.35 (m,

6H),

2H),

2.40

6.12

(m, 2H), 4.18

- 6.55 (m,1H).

216,6-Trimethy1-4-cyclohepten-l-one (165)

A solution of lithium diisopropylamide in THF

was prepared by adding methyllithium (5.7 ml of 1.4M

methyllithium in ether, 8.0 mmol) to a solution of di-

isopropylamine (0.81 g, 8.0 mmol) in 25 ma of dry THF

at -200 under nitrogen. The mixture was allowed to warm

to room temperature, then cooled once again to -780.

A solution of compound 3 (1.0 g, 7.2 mmol) in 10 ml

of dry THF was added dropwise over the period of fif-

teen minutes. The solution was stirred for thirty
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minutes at -78° followed by the addition of 2.1 g (15

mmol) of methyl iodide. The reaction mixture was allowed

to stir for an hour while warming to room temperature.

The mixture was poured into 100 ml of pentane, and the

solution was extracted once with 10 ml of water, twice

with 10 ml portions of 1.0N hydrochloric acid, then once

with 10 ml of saturated sodium bicarbonate. The solution

was dried (M004), concentrated and distilled (Kugel-

rohr). Thus 0.91 g (83%) of compound 165 was obtained:

it (neat) 3010, 1705, 1375, 1360 cm-1; nmr (CC14) tc 1.04

(s, 6H), 1.07 (d, 3H, J = 6Hz), 2.15 - 2.82 (m, 5H),

5.20 - 5.82 (m, 2H); high res. m.s.: calcd. for C10H160:

152.120. found: 152.120. Small amounts of compound 3

and 2,2,5,6-tetramethy1-4-cyclohepten-l-one were also

isolated.

2,6,6-Trimethy1-2-vinyl-4-cyclohepten-1-one (4)

A solution of 5.8 mmol lithium diisopropylamide

in 20 ml of THF was prepared. To this, at -781" under

nitrogen, was added 0.8 g (5.2 mmol) of compound 165 in

5 ml of THF. After stirring for thirty minutes at -78°C,

0.58 g (5.3 mmol) of trimethylsilyl chloride was

added. The reaction was allowed to warm to 0°C,then
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layer was quickly extracted with ice-cold portions

of water (10 ml), 1. ON hydrochloric acid (10 ml), 5%
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bicarbonate solution (2 x 10 ml), water (10 ml), and

saturated sodium chloride (10 ml). The solution was dried

(M004), and the solvents were evaporated to give 1.05 g

(91%) of compound 166 as a light yellow liquid: nmr

(CC1
4

) b

(s, 2H),

0.14

2.58

(s,

(d,

9H), 0.98 (s, 6H),

2H, J = 5Hz), 5.16

1.60 (s, 3H), 2.25

- 5.55 (m, 2H).

A solution of compound 166 (0.48 g, 2.1 mmol) and

d-chloroethyl phenyl sulfide (0.52 g, 3.0 mmol) in

5 ml of dry methylene chloride was stirred under ni-

trogen at -20°C. To this was added 0.44 g (2.3 mmol)

of titanium tetrachloride dissolved in 5 ml of methylene

chloride. After having been stirred for an hour at -20°,

the reaction mixture was poured into 25 ml of satur-

ated sodium bicarbonate. The mixture was extracted with

five 20 ml portions of ether. The ether solution was

dried (M004), and then concentrated. The f3 -keto sul-

fide (0.42 g) was obtained as a mixture of diastereomers

by column chromatography on silica gel (pentane/ether).

Oxidation of the sulfide to the sulfoxide was accom-

plished as described in the synthesis of compound 150.
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Pyrolysis of the sulfoxide in refluxing toluene under

nitrogen for seventy-two hours gave, after Kugelrohr

distillation, 152 mg (41% overall) of compound 4: it

(neat) 3015, 1705, 1380, 1365 cm-1; nmr (CC14) 1.05

(s, 6H), 1.20 (s, 3H), 2.0 - 3.05 (m, 4H), 4.90 - 6.00

(m, 5H) .
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