RICE UNIVERSITY

BASE CATALYZED ELIMINATION OF METHYL ENOL ETHERS

by

Louis Norman Moreno

A THESIS SUBMITTED
IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR TIIE DEGREE OF

MASTER OF ARTS

Thesis Director's Signature:

Houston, Texas

September, 1976

ABSTRACT

Base Catalyzed Eliminations of Methyl Enol Ethers
by
Louis Norman Moreno

The formation of naphthalenes on treatment of enol ethers of
tetralones with strong bases proceeded in good yields under moderate
conditions.

Dienol ethers of octalinones gave tetralins

in lower

yields and under more vigorous conditions.
Monocyclic dienol di-ethers gave aryl ethers, while monocyclic
enol ethers failed to give dienes.
Attempts to generate trienes from bicyclic, non-aromatizable
dienol ethers failed and resulted in isomerization of the double
bonds.
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INTRODUCTION

The base-catalyzed elimination of methanol from dienol methyl
ethers to give conjugated trienesor aromatic compounds is to be
studied.

A comprehensive study will be made to define the scope

and limitations of this elimination reaction in order to determine
its synthetic utility.

2

HISTORICAL-I

Enol ethers, while being acid-sensitive, are frequently used in
organic chemistry as base-stable protecting groups.

Enol ethers may

be prepared by a number of methods including Wittig reactions, metal
reduction of phenol ethers, and base-induced isomerizations of allyl
ethers.
nitrogen

The last of these preparations is known also for the

1

and sulfur

2

analogues.

These allylic-to-enolic isomerizations (Scheme 1) are reported
to go in good yield with the equilibrium of the reaction lying on
3-10
the side of the enol ether. The stability of the enolic over
the allylic form is claimed to be due to the resonance stabilization
4
of the former (Scheme 1).

Similar (stabilization would also occur

with nitrogen and sulfur systems.

t
N

R

V^-5/

Scheme 1
The greater stability of enol over allyl ethers is most
important, since the elimination of methanol from methyl enol ethers
requires initially formation of an allyl ether from an enol ether.
The double bond isomerization was noted first by Shoppee^ in
1928 when he treated bis-a,y-diphenylallyl ether 1 with alcoholic

3
sodium ethoxide and obtained the bis-enol ether 2 (Eq. 1).

Similar

base-induced isomerizations in acyclic (Eq. 2) and cyclic (Eq. 3)
compounds using potassium _t-butoxide as the base were reported in
1950 by Paul, et al.^*^

Eq.1

Eq.2

P —
Although no exact ratios were given, Shoppee^ stated that the
equilibrium of the reaction in Eq. 1 lay predominantly on the side
of the enol ether.

Paul, et al.J reported the reactions in Eqs.

2 and 3 to be irreversible (cf. Prosser^ vide infra).
3
In 1961 Price and Synder

explored a series of compounds in

order to determine solvent effects on isomerizations. They noted

3
that the reaction proceeded 1.4 x 10

times faster in DMSO than DME.

The reaction rate was decreased markedly by the addition of t^butyl
alcohol.

It was noted also that the reaction of vinyl allyl ether

(Eq. 2) gave the cis isomer in 97% and 99% yields in DME and DMSO,
respectively.
was 65%.

At equilibrium, the concentration of the cis isomer

Prosser^ also examined such isomerizations and reported

results substantiating the report of Price, et al.

3
5
Prosser re¬

ported that the degree of rearrangement in a given system depended
upon the initial catalyst concentration but was independent of
temperature.

Although the catalyst was deactivated during the

reaction, the cause was not determined.

It was pointed out, however,

that this deactivation process had been noted previously, but had
been interpreted erroneously as an indication of an equilibrium
reaction.
In order to explain the cis stereospecificity of the reaction,
Prosser^ proposed a stabilized cis-allylic carbanion (Fig. 1) as an
intermediate which incorporates the cation from the basic catalyst.
In the course of his investigation, Prosser showed that 3-n-propoxycyclohexene, which cannot form the cis intermediate, was inert
(Eq. 4) to the reaction conditions causing isomerization in noncyclic systems.

Prosser also showed that some step in the isomeriza¬

tion process was irreversible since pure n-propyl-trans-propenyl ether
gave no cis ether (Eq. 5) under the conditions used in this rearrange¬
ment, although the cis ether was formed from n-propyl allyl ether
under the same conditions (Eq. 6).

5

Fig. 1

Eq. 5

Eq.6

Broaddus,

using deuterium exchange experiments, showed that

in the course of the rearrangement deuterium was incorporated
predominantly on the methyl part of the propenyl group (Eq. 7).
Furthermore, it was shown that approximately 30% of the product
contained no deuterium.

This fact, in conjunction with the high cls3

stereospecificity, supported the suggestions of Price, et al.

and

Prosser"* as to the nature of the intermediates involved (Fig. 2).

6

C

Ci2H25

H

« 25\O-^^

\0^\^

O—Ha

Eq.7

Hâ-9‘

.1.-0—R

H,C:

K

!.>•• *>°-R

c%ri^c:

H2

H

H

l

H

B

Fig. 2

The hydrogen (Ha) is labilized by attraction to the alkoxide
oxygen to give complex A.
B results.

By movement of only a proton the complex

The dotted lines represent simple electrostatic bonds.

The dashed lines are those with partial covalent character in the
transition state.^
Broaddus

12

indicated that n-octyl cis-propenyl ether underwent

little deuterium exchange under the same conditions as the vinyl
ether, giving a maximum of 2.5% monodeuterated material.

It was

suggested that these data could be accommodated by a concerted
mechanism in which conversion of alkyl cis-propenyl ether to the
allyl isomer is slow (Eq. 8), or with the formation of a common
allyl anion intermediate which is more rapidly formed from the allyl
isomer and protonates more rapidly to produce the more stable

isomer (Eq. 9)

Àx

k-i ^ A'i

However, after effecting deuterium exchange in the cis-propenyl
isomer and obtaining 47% non-, 40% mono-, 11% di-, and 1.3% trideuterated material, the concerted process was ruled out, since it
would require an inverse isotope effect in order to accommodate the
data.

The first step of the exchange would involve formation of

the deuterated allyl alkyl ether (Eq. 10), followed by rapid rever¬
sion to the cis ether (Eq. 11a and lib).

8

To fit the deuteration results, which showed that the monodeuterated compound is formed preferentially, the reaction would re¬
quire more rapid abstraction of deuterium (Eq. 11a) than hydrogen
(Eq. lib) in the reversion to the cis ether.
Therefore, the reaction in Eq. 9 seems to fit best the data.
Furthermore, it follows from the absence of the trans isomer in
either the isomerization reaction of the allyl ether or the exchange
reaction of the cis-propenyl ether that a cis-allyl anionic inter¬
mediate intervenes and retains its configuration.

A similar

3 5
suggestion has been put forward by two other groups. *
The synthetic usefulness of the isomerization was demonstrated
by Cunningham, et al.by the use of an allyl ether as a protecting
group in carbohydrate synthesis.

In a subsequent report Cunningham,

13
et al.,
reported their attempt to make long chain 1-0-alk-l-enyl
ethers of glycerol.

The reaction of l-0-heptadec-2’-eny1-2,3-0-iso-

9

propylideneglycerol (Eq. 12) with potassium _t-butoxide in DMSO
differed significantly from previous data.

Instead of obtaining the

expected enol ether, Cunningham isolated a mixture of conjugated
dienes (Eq.12) which upon hydrogenation gave heptadecane.

This was

the only long-chain enol ether studied in their report 13 and the
diene formation was not studied further.

R =CH2CH=CH—(CH2)13CH3

As early as 1947 Birch

14

Eq.12

reported that the attempted isomeriza¬

tion of 3-methoxycyclohexene did not give the expected 1-methoxycyclohex-l-ene but instead yielded a hydrocarbon which analyzed for
cyclohexadiene.

However, the latter gave no reaction with maleic

anhydride and its physical properties indicated a mixture of
benzene and cyclohexene.

Therefore, a disproportionation reaction had

taken place which Birch noticed with other dihydrobenzene derivatives.
Kesslin, et al.,

4

reported a diene synthesis in the base-induced

reaction of allyl ethers.

Both tri-2-butenyl orthoformate (Eq. 13)

and phenyl 2-butenyl ether (Eq. 14) gave dienes upon treatment with
potassium Jt-butoxide, either without solvent or in DMSO, without any
isomerization to the enol ether.
for the reaction

Kesslin proposed an E2 mechanism

10

HC(0CH2CH=CHCH3)3

t_Bu

2_^

Jf\* f~\— OH
+

|Qj—OCH2CH=CHCH3

—►

1T\ *

Eq.13

HC02“
Eq 14

‘

Eq.15

Eq.16

Eq.17

Felkin and Huet^ reported several examples of allyl ethers
(Eqs. 15 and 16) giving dienes upon base treatment and also one
example (Eq. 17) in which an aromatic hydrocarbon forms after the
in situ production of an allyl ether.
The elimination of ethers to give olefins has been examined,

11

although most of the eliminations studied used organometallic com¬
pounds^ ^ rather than alkoxldes to Induce the reactions.
While studying the cleavage of cholesteryl and 7-dehydrocholesteryl ethers to the free sterols by treatment with sodium
alkyls, Gould, et al»,
carbons (Eq. 18).

18

noted the formation of unsaturated hydro¬

The ethyl, isopropyl, and _t-butyl ethers always

gave the elimination product as a minor product and the sterol as
the major product.

However, the methyl and benzyl ether gave only

the diene.

Eq.18

It was not surprising that the isopropyl ether gave mostly
the sterol in view of the fact that di-isopropyl ether was cleaved in
a ^-elimination manner (Fig. 3) by n-amylsodium.

21

The number of

8-hydrogens available in the isopropyl function would suggest on
statistical grounds alone that elimination to form the sterol would
predominate.

However, no simple correlation between the number of

8-hydrogens and the ratio of sterol to unsaturated hydrocarbon could
be made.

R

R
Fig. 3
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While studying the elimination reaction of unsymmetrlcal ethers
using amyl sodium or isopropyl lithium, Letsinger, et al.noted
that 1-octene formed as the major product in the elimination of
methoxide from 2-methoxyoctane.

They also showed that 2-octene was

not isomerized to 1-octene under the reaction conditions employed.
Letsinger*^ suggested that this elimination was a concerted
reaction in which the orientation was determined by the relative
degree to which the C-BH and C-0 bonds (Fig. 3) were broken in the
transition state.

It was suggested that the less highly branched

alkene should be the major product, if the C-BH bond were nearly
broken, while the more highly branched alkene would predominate,
if the breakage of the C-0 bond were more complete.

It was reasoned

the the former situation would prevail in the other cleavage, since
the organoalkali metal compounds are very powerful bases and the
ether has a strong C-0 bond.
Letsinger, et al.also investigated the stereochemistry of
the elimination reaction of ethers with alkyl metal compounds. The
compounds studied were methyl cis- and trans-2-phenylcvclohexvl
ether and the base butyllithium.
rapidly than the cis isomer.

The trans isomer reacted more

When 2-methylcyclohexyl cyclohexyl

ether was treated under the same conditions, no reaction was
observed.

Therefore, the hydrogen activated by the phenyl group was

involved in the elimination.
The more rapid elimination of the trans isomer indicated that a
cis elimination had occurred.

Since eliminations caused by alkoxides

and hydroxides generally proceed in a trans manner, Letsinger

16

felt

13
that the elimination induced by the butyllithium occurred by a
mechanism differing from the conventional E2 reactions.

He suggested

a cyclic transition state resembling that previously postulated for
pyrolytic eliminations (Eq. 19).

C
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H

îU-'
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H I
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Eq.19

While also studying the stereochemistry of elimination reactions
of ethers, Hunter, et al.,

22

showed that preference in the rate of

exchange of deuterium for a proton els or trans to the alkoxy group
could be affected significantly by the cation associated with the
base.

The preference for exchange cis to the alkoxy group increased

with the coordinating ability of the cation.

Hunter

23

also demon¬

strated that in the presence of a non-coordinating cation almost no
selectivity for the cis or trans protons was observed.

Furthermore,

in the 1-methoxyacenaphthenes, exchange occurred predominantly at
the 2 position (Fig. 4).

14

Fig-4
Letsinger, et al»,

19

studied the cleavage of ethers by organo-

metallic compounds, to determine if an a-or 3~elimination (Eq. 20)
process was operative.

The cleavage of 1,1-dideuterioethyl phenyl

ether by propyl sodium was studied.

Were the elimination an a-pro-

cess, monodeuteriopropane would be the expected product.

Were it a

3-process dideuterio product would be expected (Eq. 20).

A maximum

of 1.3% propane-d^ was detected, implying that the a-elimination path¬
way did not contribute significantly to the reaction.

19 20
Letsinger, et_ al., *
showed that in the reaction of ethyl
benzyl ether the principal primary step was the abstraction of the
activated, jl.ji., benzylic, proton.

The subsequent formation of benzyl

alcohol and ethylene was proposed to be an intramolecular cis

15

elimination (Eq. 21).

On the basis of his results, Letsinger con¬

cluded that the ether cleavages should be classed as E2 reactions.

0—CD2—O—CH2CH 3

c

3H7Na

0-C-O-CH2CH3

1

D

D

Eq.2t

I

I
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+ CH2=CH2

! " ^CH2

ii

H
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During a study of the carbanion mechanism for cis-eliminatlon
reactions of some g-substituted sulfones, believed to proceed by the
same route as ether eliminations, Hine, et al.,

24

noted that the

intermediate carbanions lost a phenoxy substituent much faster than
recombining with protons.

However, the methoxy substituent was more

difficult to lose and reprotonation predominated over elimination.
Schriesheim, et^ al.,

25

investigated the base-catalyzed elimina¬

tions of a number of aliphatic functional groups, all believed to
undergo elimination by the same mechanism, to determine the ease of
elimination and the effect of the cation of the base on the ease of
elimination (cf. Hunter, eit al.,

22

vide supra). The study involved

the isopropyl derivatives: bromide, sulfone, sulfoxide, nitrate,
thlocyanlde, sulfide, mercaptan, cyanide, ketone, ether, and alcohol
in a t^butoxide-DMSO system.
unreactive.

Under these conditions the ether was

The _t-butoxide/_t~butyl alcohol system was much less

16
effective in the elimination reactions than the £-butoxide/DMSO
system.

Furthermore, the amount of elimination decreased in the order

of Ru>Cs>K>Na>Li 0_t Bu in DMSO.
Several groups

21 26
’

advanced the theory that in alcohol solvents

the base and solvent existed as agglomerates decreasing the reactivity
of the base.

In DMSO the base-solvent agglomeration is decreased and

specific cation solvation enhanced.
25
The data of Schriesheim
suggested the specific cation solvation
to increase with the size of the cation.

The activity of the base

was expected to increase proportionately and this was observed.
The yield of olefinic product followed the expected ease of
carbanion formation of the reactant, i^.e^., primary > secondary >>
tertiary, at least in the cases of sulfones, sulfoxides, sulfides,
disulfides, and mercaptans.

There was found to be a qualitative

correlation between the yield of olefin and the number of 6-hydrogens
in the substrate.

Schriesheim

25

mination mechanism was involved.

suggested, therefore, that a 6-eli¬
Despite the latter indication, the

exact nature of the mechanism was not proven unambiguously.
Letsinger

19 20
’
stated that the elimination of alkoxides from ethers,

at least by organometallic bases, should be classes as an E2 reaction.
However, data at that time did not distinguish between an E2 or an
ElcB mechanism.
27-30
Several groups have reported data recently that have led to
the general acceptance of the ElcB mechanism as the one operative in
most base-catalyzed ether cleavages.

In an E2 reaction, the elimina¬

tion is a concerted process, while in an ElcB reaction proton

17
abstraction occurs before elimination of the leaving group.
28 29
Crosby, et al., ’
studied the rate of elimination of phenoxide
from phenyl alkyl ethers and (3-phenoxyethyl dimethylsulfonium iodide,
which behaved similarly.

The isotope effects kH/kD for sulfonium

salts and the oxide of CH2SCD2CH20Ph gave the values 0.66 and 0.78,
respectively.

The value of the primary isotope effect was expected

to be about 5 for a fully concerted elimination.

However, the

deuteroxide ion is about 1.6 times as strong a base as hydroxide ion
and this factor should lead to a value of kH/kD5î0.7.

The secondary

and solvent deuterium isotope effects being neglected, the primary
isotope effect must be close to unity.

30

In an ElcB process transfer of the reaction from ^0 to D2O
should favor the equilibrium formation of the intermediate carbanion.
Since the transition state of the second stage of the reaction in¬
volves dispersal of charge, release of phenoxide ion from the
carbanion should be slightly more rapid in the heavier solvent.
factors should reduce the value of kH/kD.

Both

The secondary effects act

in opposition, but their small size do not alter the conclusions.
Two other lines of evidence suggest an ElcB mechanism.

Ratios

of the rate constants obtained with ethoxide and with t^butylthiolate
as bases in ethanol (ktBus0/kEto0) did not vary appreciably over a
wide range of substrate reactivity (vide infra).

This suggests that

there is no change in the degree of C-H bond cleavage in the transi¬
tion state.

This is not consistent with an E2 mechanism.

Further¬

more, addition of _t-butylthiolate depresses the reaction rates, an
observation consistent with an ElcB mechanism or at least an E2 pro¬
cess that lies well to the carbanion side.

18
It has been postulated that in a concerted base-induced elimi¬
nation, the extent of transfer of the 8-proton to the base may be
deduced from the comparison of the rates of elimination on replacement
of alkoxide by thiolate.

Three principal, differential factors are

involved in proton removal from the substrate.

Two endo-energetic

ones are the de-solvation of the basic anion and the partial removal
of an electron from an outer-shell orbital of the nucleophilic atom.
The exo-energetic factor is that of bond formation between the pro¬
ton and the nucleophilic atom.

When little bond formation to the

basic atom is involved, in the transition state, a polarisable, poorly
solvated nucleophile, such as thiolate, is more effective in causing
elimination.

By contrast, when bond formation to the basic atom is

well developed, the third factor becomes predominant and, since 0-H
bonds are stronger than S-H bonds, alkoxide becomes more effective
than thiolate.
In their study of elimination of phenoxide from 8~substituted
ethyl phenyl ethers Crosby, et al.,
A

A

28

showed that the values of

A

k('RS *)/k(EtO ), wherein ('RS ') denotes an ethanolic thiolate medium
containing a few per cent of ethoxide ion, vary very little with
change in substrate, suggesting that the degree of C-H bond cleavage
for each substrate is the same.

This observation is consistent with

the carbanion mechanism in which C-H bond cleavage is total for all
four substrates.
Using similar experimental methods, Fedor

27

and Hunter

23

showed

that 8-methoxy ketones and 1-methoxyacenaphthenes also undergo baseinduced elimination of methoxide in an ElcB process.

19
HISTORICAL-II

The formation of an aromatic hydrocarbon by the elimination of
methanol from a cyclohexadienol methyl ether is equivalent to replace¬
ment of a phenolic hydroxyl group by a hydride (Eq. 22).

OH

(6f

^

(Of

£ 22

i-

The reductive cleavage of phenols or their ethers has received
considerable attention in the fields of synthesis and structure
elucidation.

32 33
’

In 1944 Schwenk, et al.,

34

studied the displacement of methoxy,

halogen, and sulfinic acid groups from aromatic compounds by hydrogen
in alkaline solution containing a nickel-aluminum alloy.

In mono-

substituted compounds the alkoxy group was left unaffected.

However,

in some disubstituted compounds the alkoxy groups were displaced.
Displacement was dependent on both the nature and position of the
other substituent.
The methoxy group remained untouched in meta-substituted com¬
pounds. jj-Anisidine and £- and £-cresyl methyl ethers also were un¬
reactive.

However, when the electron-releasing methyl or amino group

was replaced by the electron-withdrawing carboxyl group, quantitative
displacement of the methoxy group occurred in £- and £-methoxybenzoic
acid.

In other compounds substituted at the ortho or para positions

with electron withdrawing groups, such as -NC^, -CHO, and -COCH^,

20
similar displacements of the methoxy group occurred.
The reduction takes place on alkoxy compounds such as in £ethoxybenzaldehyde, p-ethoxy, p-propoxy, p-isopropoxy, and p-butoxybenzoic acids.

The yields varied from 10 to 60%.

Introduction of a hydroxy or methoxy group as the third group in
trisubstituted derivatives drastically altered the reaction.

In

many cases the electron-withdrawing groups were displaced, while the
alkoxy group remained.
While studying the Raney nickel-catalyzed hydrogenation of
esters of p-toluenesulfonic acid to the corresponding alcohols,
Kenner, et al.,

35

demonstrated in 1949 that alkyl and aryl esters

of p-toluenesulfonic acid behaved quite differently (Eq. 23 and 24).
Instead of undergoing sulfur-oxygen bond fission, the aryl esters
underwent oxygen-carbon bond cleavage at room temperature and atomospheric pressure, to give aromatic hydrocarbons.

0-S02C7H7 - Nix(H)2 R-OH ♦ Nix(s) *C7H8 ♦ 2H20

R_

R= ALKYL

Ar—O—SOzfyHi * Ni
Kenner

35

2

Eq. 23

ArH ♦ Ni(pS02C7H7)2 Eq.24

suggested that the reduction of the aryl esters was

analogous to the reduction of aryl halides.

An attempt to reduce m-

methoxyphenyl p-toluenesulfonate over palladium-calcium carbonate, a
catalyst which reduced bromobenzene rapidly, failed.

As a consequence

Kenner considered the reduction to be a direct displacement of the

21

tosyl group by a hydrogen atom.
In contrast to the results of Schwenk, et al.»

34

which showed

diphenyl ether to be unreactive when exposed to nickel-aluminum
alloy in the presence of an aqueous sodium hydroxide solution,
Chandler, et al.,

36

demonstrated that the hydrogenolysis of diphenyl

ether could be effected by W7 Raney nickel to give a mixture of
benzene and cyclohexanol.

The yields of benzene, cyclohexanol, and

phenol from diphenyl ether were dependent on the duration and tempera¬
ture of the reaction and on the hydrogen content of the catalyst.
This hydrogenolysis could occur by either of two pathways
(Fig. 1).

Path (a) involves the formation of phenyl cyclohexyl ether
followed by carbon-oxygen bond cleavage to give benzene and cyclo¬
hexanol.

Path (b) requires initial carbon-oxygen bond cleavage to

give benzene and phenol, the latter being hydrogenated subsequently
to cyclohexanol.

22

It was shown that the mechanism involved (1) absorption of the
ether on the catalyst via the oxygen atom,

(2) fission of one of the

carbon-oxygen bonds to give the more stable hydrocarbon anion and
phenol (or alcohol for an alkyl aryl ether), and (3) hydrogenation
of the latter.
The first step was elucidated by studying the 4,4'-disubstituted
diphenyl esters in which the substituent was a methyl group or a
carboxylic acid.

The extent of cleavage should depend on the

equilibrium governing the adsorption and desorption of the ether on
the catalyst and on the rate of carbon-oxygen fission in the adsorbed
species.

The adsorption was assumed to be favored by conjugation

of the oxygen with electron-donating groups and retarded by the
presence of electron-withdrawing groups.
Substituents also could affect the rate of carbon-oxygen bond
cleavage, depending on the mechanism involved.

4,4'-Dicarboxydiphenyl

ether cleaved more rapidly than the 4,4'-dimethyldiphenyl ether.
This is in accord with the results of Schwenk, et al.,
Chandler, et al.,

36

34

(vide supra)♦

supported the view that the heterolytic

mechanism operated and suggested that the cleavage of the carbonoxygen bond occurred by the displacement of a carbanion from the
oxygen atom by a hydride ion derived from the catalyst (Eq. 25).

Ar—O— Ar Ar—Q—Ar —► Ar—O—H + Ar”
Ni ^—/H~ Ni
.
Isolvent—H

ArOH * ArH

Eq.25

23

This mechanism required that phenoxide anion be reduced, while
benzene was unreactive under the reaction conditions.
shown

36

It was

subsequently that phenoxide anion was hydrogenated while

benzene, under the same conditions, was only one-sixth as reactive.
The direction of cleavage of unsymmetrical ethers, jï.j»., anisole
and cyclohexyl phenyl ether, was compatible with the view that the
relative stability of the intermediate hydrocarbon anion determines
which carbon-oxygen bond is broken (Eq. 26).

♦

ROH Eq-26

Further proof of carbon-oxygen cleavage occurring before reduc¬
tion of the aromatic ring in the diphenyl ether case was the fact of
phenyl cyclohexyl ether not cleaving to give benzene and cyclohexanol
under conditions in which diphenyl ether is cleaved rapidly and
reduced.

These data allowed Chandler, et al.,

mechanism of the hydrogenation (vide supra).
by Kurabayaski, et al.,

37

35

to determine the

After an initial report

of 3-naphthyl tosylate being reduced to

naphthalene by hydrazine and hydrogen in refluxing ethanol in the
presence of palladium catalyst, Rottendorf, et al.,

38

investigated

the mechanism of this reduction.
Since hydrogenation under a nitrogen instead of a hydrogen
atmosphere proceeded smoothly, hydrazine was shown to be the ultimate
source of hydrogen for the reduction.

When the reaction was run

with molecular hydrogen bubbling through the solution and excluding

24
hydrazine from the reaction mixture, the hydrogenolysis occurred as
predicted by the results of Kenner, et al.,

35

(vide supra).

On investigation of the decomposition of hydrazine under the
reaction conditions it was found that hydrazine decomposed approxi¬
mately according to the stoichiometry indicated by Eq. 27, thus giving
rise to molecular hydrogen under the reaction conditions.

N2H2

—> N2 + 2H2

Eq.27

To prove that di-imide was not the reducing agent involved,
several aryl tosylates were treated with known di-imide sources and
were recovered unchanged.

Hydrazine under nitrogen without palladium

catalyst also failed to effect any hydrogenolysis.
Rottendorf, et al.,

38

concluded therefore that the hydrogenolysis

was an example of catalytic hydrogenation with hydrazine as the
hydrogen source.
Although the hydrogenolysis worked well for a- and 8-naphthyl
tosylates and 4-diphenyl tosylate, it failed completely for all mono¬
nuclear tosylates regardless of the solvent (ethanol, methanol or
dioxane) or the catalyst (palladium on calcium carbonate or palladium
(10%) on charcoal).
In 1969 Hay

39

demonstrated that catalytic transfer hydrogenolysis

of phenols and aryl amines proceeded in good yield (70-90%).

The

phenol (or amine) was reacted with o-cyclohexyl phenol over a
palladium on alumina catalyst at 350° to give the aromatic hydrocarbon
and water (and ammonia in the reaction of aryl amines) (Eq. 28).

25

Eq.28

40 41
Musliner, et al.» *
described a general method of hydrogenolysis under very mild conditions using certain heterocyclic compounds.
It was found that aryl ethers of the type shown below (Eq. 29)
cleaved readily upon treatment with palladium on charcoal and
hydrogen (40 psi) in benzene at 35°.

0

x=o;s
Eq. 29

The phenyltetrazolyl ethers appeared most advantageous for the
hydrogenolysis reaction.

They afforded the highest yield and their

side-product, l-phenyl-5-tetrazolone, had no ill effect on the

26
palladium catalyst.
Attempts to effect this hydrogenolysis by using Raney nickel as
the catalyst were unsuccessful or resulted in cleavage in an undesired
manner to regenerate the phenol.

41

Sterically hindered phenyltetra-

zolyl ethers also cleaved to give the starting phenol rather than the
aromatic hydrocarbon.
While studying the hydrogenolysis of a heterocyclic aryl ether
in acetic acid (cf. Musliner, et al.,
al.,

42

40 41
*
vide supra), Weaver, et

obtained a mixture of products (Fig. 2).

OCONHPh

Fig.2
Investigation of the chemistry of ether (C) showed it to be in¬
ert to hydrogenolysis in ethyl acetate, but on exposure to acetic
acid (C) was converted to phenol (D).

Weaver concluded, therefore,

27
that (C) was not an intermediate on route to hydrocarbon (B).
Furthermore, it was postulated that hydrogenolysis of ether (A)
led to a urethane (E) which was converted to the hydrocarbon (B).
This hypothesis was made, although there was no evidence for the
presence of the urethane.

Urethane (E) and several other urethanes

were synthesized independently and subjected to the hydrogenolysis
reaction.

The hydrocarbon (B) was formed in good yeild.

However,

in all cases some unreacted urethane was recovered from the reaction
mixture.
Two groups, Kwart,

et al.,

43
44
and Newman, et al.,
developed

procedures for the conversions of phenols to thiophenols and subse¬
quently to aromatic hydrocarbons by desulfurization with Raney nickel.
Kwart, et al.,

43

synthesized thioncarbonates as shown in Fig. 3.

Rearrangement of the thioncarbonates under vapor-phase conditions,
followed by reduction with Raney nickel and hydrogen gave an aromatic
hydrocarbon.

8

s

Fig.3
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Although the reductions in Fig. 3 proceeded in good yields, the
synthetic utility of the reaction was diminished by the fact that only
half of the phenol was deoxygenated.

The remainder was lost as a

formate ester.
The procedure of Newman, et al.,

44

(Fig. 4) entailed conversion

of a phenol to an O-aryl dialkylthiocarbamate by treatment with
dialkylthiocarbamyl chloride.

The O-aryl dialkylthiocarbamates were

converted to S-aryl dialkylthiocarbamates by pyrolysis.

The aromatic

hydrocarbon was then formed by hydrogenolysis of the S-aryl thiocarbamate by Raney nickel.
of Kwart, et al.,

43

This procedure was advantageous over that

since it avoided the loss of half of the phenol

as an undesired side-product.

Ar-OH ♦ Cl

ArSH

ArH

NaOH

ArS

NR2

Fig.4
All of the conversions described above have involved catalytic
hydrogenolysis at some stage.

However, another method of achieving

the same overall conversion by cleavage of diaryl ethers on reduction
by dissolved alkali metals has been studied thoroughly.

32 33 45-53
* *

This type of reaction has been used in natural products structure

54

elucidation and degradation, particularly in the field of alkaloids,

^
, thalicarpine,
derivatives.

33

sinomenine,

32
and various dihydrothebaine

29
Sowa, et al.,

conducted a study on monosubstituted un-

symmetrical diphenyl ethers to determine how various substituents
affected the selective cleavage of the two carbon-oxygen bonds.
results

48

The

led to the conclusion that 8-cleavage was increased over

a-cleavage (Fig. 5) by the following groups (listed in the order of
increasing effectiveness):
and

o-CH^, m-CH^» rar-NH^» £-CH^, 2,-OCHg, o-NI^,

Groups that decrease 8-cleavage relative to a-cleavage

(listed in the order of increasing effectiveness) are: m-OCH^» .o-CH^,
m-CO^Na, o-CO^Na, and j^-CC^Na.
it was indicated

47

In the comparative cleavage studies

that a substituent, either hindering or facilitat¬

ing cleavage of the linkage between oxygen and the substituted phenyl
group, is more effective in the para than in the ortho* position.

Sowa found rarely exclusive cleavage of one carbon-oxygen
47-49
bond. .

The only three exceptions were jv-aminophenyl phenyl

ether, £-aminophenyl £-tolyl ether, and £-carboxyphenyl phenyl ether.
Another case of exclusive preference in carbon-oxygen bond
52
cleavage was reported by Strojry
in the case of _o- and £-biphenyl
phenyl ethers.

The products are biphenyl and phenol exclusively.

The

closest chemically related systems studied were a- and 8-naphthyl
phenyl ethers, reported by Fomita, et al.and these cleaved with¬
out preference of the carbon-oxygen bonds to give a mixture of naph¬
thalene and either a- or 8-naphthol.

30
Strojry

52

stated that biphenyl and phenol would be the expected

products on the basis of the mechanism for diaryl ether cleavages
suggested by Eargle.

50 53
50
*
The latter3 demonstrated by esr spectros¬

copy that two electrons are transferred from the metal to the ether
molecule before cleavage.

He also stated that following cleavage

these electrons are most likely localized on the aryl rather than
the aryloxy fragment (Fig. 6).

Ar -O-Ar

N

4^ (Ar—O—Ar)" (Ar-0-Ar):

i
products

(Ar)

♦ ArO‘

Fig.6
The biphenyl group, with the larger electron system, would be
expected to stabilize the negative charge better than the phenyl group.
Therefore, the cleavage would be expected to occur at the biphenyloxygen bond.

47-49.55
However, on the basis of previous work the

exclusive cleavage of only one carbon-oxygen bond in the biphenyl
phenyl ethers could not be explained.
Pirkle, et al.,

45

developed a method in which the selective

cleavage of one carbon-oxygen bond of a diaryl ether was accomplished.
The procedure involved arylation with 2,4-dinitrofluorobenzene and
sodium hydride in benzene and dimethylformamide.

The 2,4-dinitro-

phenyl aryl ether was catalytically hydrogenated to the 2,4-diaminophenyl aryl ether.

Selective cleavage by sodium in liquid ammonia

31

gave the arene and 2,4-diamino-phenol (Fig. 7).

Such selectivity was not surprising, since Sowa's work
showed that the site of cleavage was dependent on the electron density
at the carbon atoms linked to the oxygen atom.
Kenner, et al.,

56

described the reduction of aryl diethylphos-

phates to aromatic hydrocarbons (Eq. 30) with dissolved alkali metals.
Although the reduction worked well for monohydric phenols, the reac¬
tion gave mixtures and poor yields for dihydric phenols.

ArOP(OEt)j

2M

NÏV

ArH

However, Pelletier, et al.,

O
MOPjOEt^

57

MNH<

obtained good results in the metal

reduction of the phosphate ester of 2,2'-dihydroxybiphenyl.
yields were as good as those reported by Kenner, e£ jil.
hydric phenols.

Eq.30

The
for mono¬

Pelletier‘S suggested that the discrepancies between

his work and that of Kenner^ may be attributed to the fact that in

32
Pelletier’s examples of dihydric phenols no two hydroxyl groups are
located on the same ring.
The usefulness of the phosphate ester cleavage in natural products synthesis was demonstrated by Goldkamp, et al.,

58

in a synthesis

of desoxyestrone and desoxyestradiol (Fig. 8), as well as several
other steroid derivatives.

Fig.8

Direct deoxygenations of phenols by distillation from zinc dust
or heating with zinc dust in a zinc chloride-sodium chloride melt
have been reported.
yields.

59

However, these methods generally gave poor

Gross, et al.,

60

reported an improved method which involved

heating the phenols with zinc dust in a sealed tube to give moderate
to good yields of the hydrocarbons, 6-, 7- and 8-methyl-l,2-benzfluorenes (Fig.

9).

33

Fig.9
Moulton, et al.,
phenol.

61

also reported a direct deoxygenation of a

The reaction involved heating the phenol with "phosphorous

trisulfide" made by igniting a mixture of phosphorous and sulfur in
a two to three mole ratio in a closed crucible.

The product was

actually a mixture of phosphorous sesquisulfide, P^S^» and phosphorous
heptasulfide, P^S^.

However, neither P^S^ or P^S^» nor a mixture of

the two in the same proportions as ^2^3» 8&ve satisfactory results.
Further, not all batches of

PrePare<i

as

described were effective.

The deoxygenation generally proceeded in low conversion as well as
low yield which seriously diminished the usefulness of the procedure.

34

RESULTS AND DISCUSSION

Enol ethers are generally regarded as unreactive toward base.
However, Wenkert and Sathe

62

found in an attempt to isomerize the

dienol ether JL^ by the use of potassium £-butoxide that also methanol
was eliminated and the aromatic compound 1,2,3-trimethylbenzene

2.

produced (Scheme 1).

The reaction was envisioned as proceeding by abstraction of the
most acidic proton, i^.e_., the diallylic proton, to give the carbanion
4 and re-protonation to give the cyclohexadiene _5.

The latter under¬

goes abstraction of the secondary allylic proton and elimination of
methoxide to give the triene

T,

whose deprotonation yields the benzyl

anion j}, the precursor of the aromatic system (Scheme 2).

To examine the elimination further, 2-methoxy-3,4-dihydronaphthalene JJ, was prepared.

Upon treatment with thionyl chloride phenyl

acetic acid 10 gave the acid chloride 11, which was treated with
aluminum chloride and ethylene in dichloromethane to give 3,4-dihydro(lH)-naphthalenone 12.

Reaction of the ketone with potassium carbon¬

ate and dimethyl sulfate in acetone gave the enol ether 9 (Scheme 3).

35

SJ

2

Scheme 2

SOCI,

10

C0CI

(Ôp'

H2C=CHJ
I AICI,

Scheme 3
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The enol ether was subjected to base treatment in various sol¬
vents and at various temperatures to determine the optimum conditions
for the elimination reaction.

Table 1 summarizes the results.

Elimination of Enol Ether
Solvent

Temp.

Time (hrs).

% Yield
of 17

KotBu

DMF

75°

6

16

KotBu

DMF

14

61

KotBu

DMF

120°

14

70

KotBu

DMF

130°

16

74

KotBu

DMF

153°

24

76

KotBu

DMF

68°

78

44

KotBu

DMSO

140°

6

61

C\
00
O

Base

Table 1

Elevation of the temperature up to ca. 120° improved the yield.
While most runs were carried out in dimethylformamide (DMF), dimethylsulfoxide (DMSO) the solvent of previously studied eliminations of
yj ^ 13
3 5
allyl ethers ’ ’
and isomerizations of allyl ethers to enol ethers *
was tried also.
yield.

However, there was no appreciable difference in the

The difficulties encountered in removing DMSO on work-up led

to a preference for DMF.
Potassium J^-butoxide reacted with DMF even at room temperature
with the evolution of a volatile material, presumably dimethylamine.
However, the use of excess base, necessary even in the reactions in
DMSO, allowed the aromatization to go to completion.
In order for the elimination of enol ether 9 (Scheme 4) to occur,

37
two proton abstractions and two re-protonations are necessary for the
production of allyl ether 16 (Path A) or, alternately, abstraction of
a benzylic proton, followed by protonation at the oxygenated carbon
would give intermediate 19 (Path B).

Intermediates 16 and 1^ can be

expected to eliminate methanol rapidly to give naphthalene 17.

Path

B is unfavorable, since it involves the loss of aromaticity in the
intermediate 19.

Scheme 4
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If Path A were operative, then the elimination would proceed
more readily in an enol ether of an a-tetralone since only one double
bond migration would be required to produce the allyl ether inter¬
mediate needed for elimination.

To test this point, enol ether 21

was prepared by the reaction of 4-methyl-l-tetralone 20 and trimethylorthoformate (Scheme 5).

OCH3

o
HC(pCH3)3

H SO
2

20

4

21

Scheme 5

The data in Table 2 indicate that the elimination of enol ether
21 (Scheme 6) proceeded smoothly under much milder conditions than
those required for enol ether 9^ (cf. Table 1).

The reaction proceeded

well even at temperatures 60° lower than those for enol ether JJ.

Sol¬

vent changes had no effect on the reaction, except for hexamethylphosphoramide (HMPA) which blocked product formation.

In most cases

the reaction was complete in 12 hours, longer reaction times afford¬
ing no improvement in the yield.
Elimination of Enol--Ether 21
Base

Solvent
DMF

KOtBu

DMSO

KOtBu

HMPA

KOtBu

DMF:HMPA (5:1)

00
0

KOtBu

Temp.

Time (hrs)

% Yield
of 22

12

85

75°

78

85

65°

6

0

63°

10

80

Table 2
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OCH3

22

21 Scheme 6

The elimination reactions of ^ and 21 involved benzyl anion
intermediates.

In order to evaluate the aromatization of dienyl

ethers involving only allyl anion intermediates, some dihydrobenzenes
were investigated.
The model compound 1, 4, 5, 6, 7, 8-hexahydro-2-methoxynaphthalene 25 was prepared by treatment of 2-hydroxy-5,6,7,8-tetrahydro~
naphthalene 23 with sodium hydroxide and dimethyl sulfate.

The re¬

sulting methyl ether 24 was converted into 25 by a Birch reduction
(Scheme 7).

24

23

25
Scheme 7
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The results of the attempted eliminations of dienol-ether 25
(Scheme 8) are summarized in Table 3.

Potassium jt-butoxide at mild

to moderate reaction temperatures effected isomerization but not
elimination, when the reaction time was under 24 hours.

At moderate

temperatures and extended reaction times the elimination occurred,
although slowly, and isomerized starting material

26

was always

present in large quantities.

3

Scheme 8

The use of a stronger b^se £o effect an efficient elimination
from 25 was attempted.

Potassium dimsyl was prepared by treating

DMSO with potassium hydride.

(The potassium salt was chosen over

the sodium or lithium salt because of Brown's previous work

63”"65

showing the potassium salts of some bases to be more active than the
corresponding lithium or sodium salts).

However, the results were

more discouraging than those with potassium _t-butoxide.

Even the use

of HMPA as a cosolvent failed to effect any significant change.
The report by Brown

63

that potassium 3-amino-propylamide (KAPA)

4 5
was 10 -10 times as reactive as potassium _t-butoxide in DMSO in
effecting the isomerization of 2,4,4-trimethyl-l-pentene led to its

41
use for the elimination of 25.

The reaction proceeded smoothly in

refluxing 1,3-diaminopropane.

Reaction of Enol Ether 25 with Base
Yield %
Base

Solvent

Temp.

KOtBu

DMF

30°

KOtBu

DMF

KOtBu

Time (hrs)

26

27

13

86

0

80°

10

90

„ a
trace

DMF

75°

168

b

1?

KOtBu

DMF

90°

336

b

b

K dimsyl

DMSO

RT

24

c

trace

K dimsyl

DMSO

RT

72

c

trace

K dimsyl

DMSO:HMPA(7:3)

RT

24

c

trace

K dimsyl

DMSO:HMPA(7:3)

45°

48

c

trace

KOtBu

DMF:HMPA(2:1)

80°

72

c

trace

DMF

100°

48

c

trace

N^H2

110°

18

0

80°

KOtBu
KNH"SH2

a) Trace implies i5%.
b) Yield not determined, but "Si

NMR

showed a 1:1 ratio of 26 and 27.

c) Yield not determined, but 26 was only product obtained.
Table 3

The monocyclic enol ethers 28, 29, and 30^were prepared next.
Méthylation of the dihydroxybenzenes with dimethyl sulfate in an
aqueous sodium hydroxide solution and reduction of the ethers with
lithium in liquid ammonia yielded dihydrobenzenes 28, 29, and 30
(Scheme 9).
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Scheme 9

The elimination of dienol ether 29 (Scheme 10) with potassium
_t-butoxide proceeded smoothly in DMF at moderate temperature to give
anisole

31

in fair yield.

The elimination also occurred in

ethylenediamine with lithio ethylenediamine.

Although the reaction

occurred in poor yield, anisole was the sole isolated product
(Table 4).

OCH3

à
29

31
Scheme 10
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Elimination of Dienol Ether 29
Base

Solvent
DMF

KOtBu
1 1
LiNH NH2

1 1
NH2 NH2

Temp.

Time (hrs)

Yield (%)
of 31

70-90°

123

61

117°

14

10

Table 4

The eliminations of dienol ethers 28 and 30 were complicated by
a competing side reaction.

Both compounds gave anisole 31 alongside

the disproportionation products 32, 35 and 36, 33, respectively
(Scheme 11).

Scheme 11
The competing disproportionation reaction, leading to 1:1 product
ratios of aromatic and tetrahydroaromatic compounds, increased on an
increase of the concentration of the dienol ether (as measured in the
case of 28) and took place even in the absence of base but under the

44
reaction conditions.

The disproportionation also occurred on hydro¬

genation of the dihydrobenzenes over palladium on carbon or platinum
oxide, even in the presence of hydrogen.
Although the elimination in compounds 28 and 30 was complicated
by the disproportionation reaction, the formation of the elimination
product in both cases, as well as the sole formation of the elimina¬
tion product in the case of 29, indicated that monocyclic aromatic
systems could be formed by the base-induced elimination of dienol
ethers.

The mild conditions under which these eliminations occurred

(Table 5) contrasted sharply with the drastic conditions required to
effect the elimination of 25 (Table 3).

Eliminations of Enol-Ethers 28, 29, and 30

29

DMF
11
NH2 NH2

KOtBu
11
LiNH NH2

28

DMF

28

DMF

o

28

DMF

KOtBu

30

DMF

29

30

^>2

Temp. Time (hrs)

Products

70-90°

123

31

117°

14

31

KOjtBu

24

31,32,35

O

Bàse

O

Solvent

O

Substrate

KOtBu

48

31,32,35

85°

36

31,32,35

KOtBu

60°

24

31,33,36

None

90°

48

33,36

28

NHpNH2

None

90°

48

32,35

28

DMF

None

90°

48

32,35

Table 5
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Despite the difficulties with dienol ether 25 the steroid rela¬
tive 40 was investigated.
sulfate

Estrone 37 was methylated with dimethyl

and potassium hydroxide to give the ketonic ether 38.

However, the yield was reduced by the formation of a precipitate
which was insoluble in chloroform, acetone, methanol, and dimethyl
sulfoxide.

Instead, a quantitative yield of 38 was formed by the

treatment of 37 in HMPA with one equivalent of 2N sodium hydroxide
followed by addition of methyl iodide.

The ketone was reduced by

lithium aluminum hydride to give alcohol 39 which was reduced to
the alcoholic dienol ether 40 by treatment with lithium in liquid
ammonia.

However, the direct conversion of 38 to 40 by lithium in

liquid ammonia was found to be more convenient and slightly higher
yielding (Scheme 12).

Scheme 12
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The attempted elimination of 40 was even more discouraging than
that of model compound 25.

There was no evidence for the production

of aromatic material 42 in any of the attempts to eliminate methanol
from the dienol ether 40.

An excess of base always was used, since

it had been noted earlier that base-induced isomerizations are slowed
3 6 25
considerably by the addition of Jt-butyl alcohol to the reaction. ' *
In dienol ether 40 the C-17 alcohol function could retard the reac¬
tion in the same fashion as added alcohol.

However, the reaction

should not be stopped completely by the presence of the hydroxyl
function and apparently was not stopped, since
to give the conjugated diene 41 (Scheme 13).

isomerization occurred
The elimination failed

to occur upon treatment of 40 with potassium t^butoxide or with
lithio ethylenediamine under conditions which had induced elimination
in the model system 25.

42
Scheme 13
Reports of base-induced eliminations of allyl ethers to
dienes^’**prompted attempts to generate dienes and trienes from
enol ethers and dienol ethers, respectively.

47
The first attempt to form a diene involved l-methoxy-4-J^-butylcyclohex-l-ene 45.

The enol ether 4£ was prepared by acid-catalyzed

elimination of methanol from the ketal l,l-dimethoxy-4-_t-butylcyclohexane 44.

Attempts to prepare the ketal by the use of trimethyl

orthoformate always gave a mixture of the ketal 44 and ketone 43.
This problem was circumvented by using 2,2-dimethoxypropane, instead
of trimethyl orthoformate, and distilling off the acetone as it was
formed (Scheme 14).

Scheme 14,
Since lithioethylenediamine had been shown to be effective in
elimination reactions in which potassium t-butoxide and potassium
dimsyl had little or no effect, this base was used in the case of
the enol ether 45.

Unfortunately, no detectable elimination or

isomerization occurred even at 100° for 24 hours (Scheme 15).

48

CH3
45

m

LiNH NH2

N.R.

NH2 NH2

Scheme 15
The elimination of dienol ether 48 was investigated, to determine
if a conjugated triene and/or aromatic compound could be formed.
was prepared as shown in Scheme 16.

It

The condensation of methyl vinyl

ketone and 1-morpholino-l-cyclohexene gave a mixture of enones 46 and
47.

An effort to enrich the mixture to 95% of 47 by treatment with

hydrochloric acid in ether according to a published procedure
yielded only 80% enrichment.

66

Further purification could be performed

by the crystallization of enone 47 from an ether solution of the
enones in a dry ice-acetone bath.

Furthermore, both enone 47 and

the mixture of enones 4£ and 47 gave the same mixture of dienol ether
48 and the ketal 49 on treatment with trimethyl orthoformate or
2,2-dimethoxypropane (Scheme 16).
in the removal of ketal 49.

Some difficulty was experienced

Consequently, many of the base-induced

elimination reactions involved dienol ether 48 with minor amounts of
the ketal 49.
As evidenced by the entries in Table 6, no triene 50 was
detected, and only a trace of tetralin 27 was formed (Scheme 17).

49

HC(OCH3)3

1H*

Scheme 16

50
Scheme 17

Elimination Attempts on Enol-Ether 48
% Yields
Base

Solvent

Temp.

KOtBu

DMF

55°

16

0

0

KOtBu

DMF

100°

14

0

trace

Table 6

Time (hrs)

50

27

50
Another example of possible triene formation involved the
examination of dienol ether 53.

Base-catalysed condensation of 2-

1 9
methylcyclohexanone and methyl vinyl ketone led to 10-methyl-A * octalone-2 51.

Treatment of the latter with 2,2-dimethoxypropane

and £-toluenesulfonic acid led to a mixture of the ketal 52 and
dienol ether 53.

Pure dienol ether ^3 was obtained by heating the

neat mixture over £-toluenesulfonic acid,

while removing the re¬

sultant methanol by vacuum distillation (Scheme 18).

Treatment of dienol ether 53 (Table 7) with potassium _t-butoxide
gave only recovered starting material.

Reaction of 53 with the

potassium salt of ethylene diamine in THF at 15° for ten minutes also
gave only starting material 53.

Upon treatment with the lithium

salt of ethylene diamine a trace amount of aromatic material 55 and
a substantial quantity of the enone 51 were obtained.

No dienol

ether 53 was recovered and in no case was any triene 54 detected.

51
Furthermore, when a mixture of ketal 52^ and dienol ether 53_ was
treated with lithio ethylene diamine, none of the ketal was recovered
from the reaction.

Once again, only the enone 51 and tetralin 55

were observed (Scheme 19).

Attempted Elimination of Dienol-Ether 53
% Yields
Time (hrs)
51
Solvent
Temp.
54

Base
KOtBu

DMF

96°

1 1
KNH NH2

THF

15

I »
LiNH NH2

1 1
NH2 NH2

55

11

0

0

0

0.17

0

0

0

22

50

0

3

95°
Table 7

Scheme 19
The structure of 55 was consistent with its spectral data and
identical with that of the product of hydrogenation of 4-methyl-ltetralone.

An explanation for the migration of the methyl group of

53 under basic conditions is not obvious.

The formation of the

enone 51 from both ketal 52 and dienol ether 53 may be the conse¬
quence of nucleophilic attack on the methyl group (Schemes 20 and 21).

52

Scheme 20

Scheme 21
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EXPERIMENTAL

Preparation of g-tètralone(l2)
Thionyl chloride (36.4 g) was added to phenylacetic acid
(34.6 g) and the resulting solution stirred at room temperature for
11 hours and then heated to 50° for 45 minutes.

The reaction mixture

was distilled to give phenylacetyl chloride (37.6 g, 96%, b. p. 5354°/0.1 mm).
The acid chloride (16.0 g) was dissolved in 150 ml of dry
methylene chloride and cooled to 0°.

Aluminum trichloride (26.6 g)

was suspended in 400 ml of dry methylene chloride and cooled to 0°.
The two solutions were poured together and maintained at 0°, while
ethylene was bubbled slowly through the solution.

The ethylene

addition was stopped when an increase in the rate of addition of
ethylene no longer caused a rise in the temperature of the solution.
The latter was poured over ice (50 g) and concentrated HC1 (10 ml).
The methylene chloride layer was washed with 100 ml of 4% NaOH solu¬
tion, 100 ml of H2O, and 100 ml of a saturated NaCl solution.
solution was dried over MgSO^ and filtered.

The

The solvent was removed

and the residue distilled to give $-tetralone (b.p. 68-70°/0.1 mm) in
yields varying from 41 to 92%.

IR and

NMR spectra agreed with

the literature values.^
Preparation of 2-Methoxy-3,4-dihydronaphthalene(9)
6-tetralone (6.15 g) was dissolved in 250 ml of dry acetone.
Potassium carbonate (6.0 g) and dimethyl sulfate (2.05 ml) were
added, causing the solution to become green.

The latter was heated

to reflux, thereby becoming yellow, and the reaction progress
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followed by TLC.

After 12 hours additional dimethyl sulfate (2.0

ml) was added and refluxing continued for 6 hours.

The solution was

cooled to room temperature, thereby becoming green, and was poured
over ice and I^CO^.

It was stirred for 1 hour at 30°.

After extrac¬

tion with ether and drying over MgSO^ the solvent was removed and the
residue distilled to give the enol ether (4.8 g, 68%, b.p. 75-79°/
0.1 mm). IR and

NMR spectra agreed with literature values.^

Elimination Reaction of Enol Ether(9)- General Procedure
A solution of potassium _t-butoxide (1.47 g) in 25 ml of DMF was
added to a solution of enol ether
ten minute period.

(2.0 g) in 15 ml of DMF during a

The solution was heated at 75° for 6 hours and

then cooled to room temperature.

The reaction was quenched with 100

ml of H2O and extracted with 100 ml of ether.

The ether layer was

washed 5 times with 1^0 (50 ml) and once with a saturated NaCl
solution (50 ml) and dried over MgSO^.
the product, naphthalene, sublimed.

The solvent was removed and

It was identical with an

authentic sample.
Preparation of l-Methoxy-4-methyl-3,4-dihydroxynaphthalene(2l)
4-Methyl-l-tetralone (10 g) was dissolved in 50 ml of dry
methanol along with trimethyl orthoformate (13.4 g) and one drop of
concentrated l^SO^.

The solution was refluxed for 15 hours.

Metha¬

nol and trimethyl orthoformate were distilled off at atmospheric
pressure and the residue distilled under vacuum to give enol ether
21 (11.1 g, 89%, b.p. 80-81V0.5 mm).
Eliminations of Enol Ether(21)- General Procedure
Enol ether 21 (0.402 g) was dissolved in 5 ml of DMF, whereupon
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a solution of potassium b-butoxide (0.62 g) in 20 ml of DMF was
added during a five-minute period.

The solution was heated at 78°

for 12 hours and then cooled to room temperature.

Water (50 ml) was

added and the solution extracted with an equal volume of ether.

The

ether layer was washed 5 times with 1^0 (20 ml) and once with an
equal volume of a saturated NaCl solution and then dried over MgSO^.
The solvent was removed and the residue distilled to give 1-methylnaphthalene (0.28 g, 85%, b.p. 80-81°/0.5 mm). IR and
agreed with the literature values.

NMR spectra
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Preparation of 2-Methoxy-5,6,7,8-tetrahydronaphthalenef24)
2-Tetralol (4.0 g) was dissolved in 25 ml of 2N NaOH solution
cooled to 0°.
refluxed.

Dimethyl sulfate (2.96 ml) was added and the solution

Additional 1 ml quantities of dimethyl sulfate were added

after 6 and 12 hours of heating.

After 18 hours the solution was

cooled to room temperature and extracted twice with 50 ml portions of
ether.

The ether layer was washed twice with 2N NaOH solution (50 ml)

and once with an equal volume of a saturated NaCl solution.

After

the solution was dried over MgSO^ and filtered, the ether was removed
and the residue distilled to give ether 24 (3.28 g, 74%, b.p. 68-72°/
0.45 mm).

IR and

1
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H NMR spectra agreed with the literature values.

Preparation of 2-Methoxy-l,4,5,6,7,8-hexahydronaphthalene(25)
Ether 24 (1.94 g) was dissolved in 50 ml of ether and 100 ml of
liquid ammonia.

Lithium wire (0.65 g) was added over a five minute

period and the reaction was allowed to run for an additional 10
minutes.

Absolute ethanol was added over a five minute period until

the solution became white.

The ammonia was allowed to evaporate
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overnight and the residue extracted with ether (100 ml) and I^O
(100 ml).

The ether layer was washed once with 50 ml of a saturated

NaCl solution and dried over MgSO^.

After filtration and solvent

removal the residue was distilled to give dienol ether 25 (1.66 g,
92%, b.p. 59-63°/0.16 mm).

IR and

NMR spectra agree with the

literature values.^
Elimination Reaction of Enol Ether(25)- General Procedure
A solution of potassium fr-butoxide (0.40 g) in 15 ml of DMF
was added to enol ether £5 (0.39 g) in 3 ml of DMF.
was heated at 100° for 10 hours.

The solution

It was then Cooled to 0°, quenched

with 50 ml of ^0 and extracted with ether.

The extract was washed

4 times with 25 ml portions of H^O and once with a saturated NaCl
solution (50 ml), dried over MgSO^ and filtered.
distilled to give tetralin (0.295 g, 93%, b.p.
IR and

The residue was

75-78%).14 mm).

NMR spectra agreed with the literature values.

Preparation of l-(l-Morpholino-)cyclohexene(58)
A mixture of cyclohexanone (147 g), morpholine (157 g), and
£-toluenesulfonic acid (1.5 g) in 300 ml of toluene was refluxed for
12 hours, water formed being removed by a Dean-Stork trap.

The

solution was distilled to give the enamine (275 g, 92%, b.p. 118-120°/
10 mm).

The IR and NMR spectra agreed with the literature
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values.
Preparation of ^*^-Octalone-2(47)and A^*^-0ctalone-2(46)
To a solution of enamine 58 (102 g) in 600 ml of dioxane was
added freshly distilled methyl vinyl ketone (45 g) during a 1-hour
period.

The solution was refluxed for 4 hours.

750 ml of 1^0 was
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added and the refluxing continued for 10 hours.

The solution was

cooled to room temperature, poured into 1 liter of I^O and extracted
4 times with 500 ml portions of ether.

The ether layer was washed

three times with 250 ml portions of 3N HC1 solution, twice with 100

ml portions of a saturated NaHCO^ solution, once with 250 ml of 1^0,
and once with 200 ml of a saturated NaCl solution.
was dried over MgSO^ and filtered.

The ether layer

After removal of the solvent, the

residue was distilled to give a mixture of 47 and 46^(56.4 g, 61%,
75-78°/0.2 mm).

IR and

NMR spectra agreed with the literature

i
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g in

Enol Ether 48 from AJ>

iQ

-(47) and A * -Octalone-2 (46)

As solution of 46 and 47 (5.05 g), trimethyl orthoformate
(3.6 g), and £-toluenesulfonic acid (0.22 g) in 30 ml of dioxane
was stirred at room temperature for 20 minutes.

Then 1.5 ml of

pyridine was added and the solution extracted with ether.

The ether

was removed and the residue distilled to give enol ether 4£ and
ketal 49 in a ratio of 1.5:1 (2.96 g).

Treatment of this mixture

with £-toluenesulfonic acid without solvent under vacuum (70 mm) for
2 hours, followed by distillation, gave a pure sample of enol ether
48 (2.66 g).

IR and

NMR spectra agreed with the literature

values.^
Elimination of Enol Ether(48)- General Procedure
Enol ether 48 (0.92 g) was dissolved in 5 ml of DMF.

To this

was added a solution of potassium Jt^-butoxide (1.2 g) in 20 ml of DMF.
The mixture was heated at 100° for 14 hours, allowed to cool to room
temperature and quenched with 50 ml of 1^0.

The solution was

58
extracted with 100 ml of ether.

The ether layer was washed 4 times

with 25 ml portions of 1^0 and once with a 50 ml portion of a
saturated NaCl solution.
and evaporated.

The solution was dried over MgSO^, filtered

The residue was distilled to give 0.43 g of material

which was the starting enol ether 48 with a trace of the product
tetralin 27.
Enol Ether(53)of 10-Methyl-^^~,^-0ctalone-2C5l)
Enone (51) (3.7 g) was dissolved in 25 ml of methanol with 4.8
ml of trimethyl orthoformate and 2 drops of concentrated I^SO^.

The

solution was refluxed for 40 minutes (during which it became black).
The solution was cooled to room temperature and NaOMe added (the
solution became light yellow) until it was basic to litmus paper.
Methanol and excess trimethyl orthoformate were distilled and the
residue distilled to give a mixture of ketal and enol ehter 53.
The mixture (2.96 g) was heated under vacuum (70 nm, 40°) with
NaHSO^ (0.2 g) to remove methanol, as it was formed.

Distillation

of the residue gave enol ether 53 (2.67 g, b. p. 59-60°/.25 mm).
IR and

1

H NMR spectra agreed with the literature values.
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Attempted Elimination of Enol Ether(53)with KOtBu
A solution of potassium _t-butoxide (1.6 g) in 15 ml of DMF was
added to a solution of enol ether 53 (1.04 g) in 5 ml of DMF.

The

mixture was heated at 96° for 11 hours, then cooled to 10° and
quenched with 35 ml of 1^0 at 0°.

The solution was extracted with

ether and the ether layer was washed 4 times with 25 ml portions of
H^O

and once with an equal volume of a saturated NaCl solution.

After drying over MgSO^ and filtration, the solution was evaporated
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and the residue distilled to give the starting enone 53 (0.51 g).
No triene was detected.
Attempted Elimination of Enol Ether(53)with Llthioethylenediamlne
To a 2:1 mixture (0.57 g) of enol ether 53 and ketal 52_ in 10
ml of ethylenediamine was added 10 ml of a 2.0 M solution of n-butyllithium in hexane.

The solution was heated to 95° for 22 hours, then

cooled to room temperature, quenched with 50 ml of 1^0 and extracted
with ether.

The ether layer was washed 4 times with 25 ml portions

of 1^0 and once with a 50 ml portion of a saturated NaCl solution.
The solution was dried over MgSO^ and filtered.

Following solvent

removal, the residue was distilled to give enone 51 (0.30 g).
Elimination of Enol Ether(25)with Llthioethylenediamlne
Enol ether 25 was dissolved in 10 ml of ethylenediamine to which
was added 10 ml of 1.9 M n-butyllithium in hexane.

The solution was

refluxed for 18 hours, then cooled to room temperature, and quenched
with 60 ml of 1^0 and extracted with chloroform.

The chloroform

layer was washed twice with 50 ml portions of I^O and once with 50
ml of a saturated NaCl solution.

The solvent was removed after the

extract was dried over MgSO^ and filtered.
to give tetralin (0.60 g, 80%). IR and
the literature values.

The residue was distilled
NMR spectra agreed with
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Attempted Elimination of Enol Ether(25) with Dimsyl Potassium General Procedure
Potassium hydride (1.1 g, 22.5% in oil) was washed three times
with 25 ml portions of dry ether and dried to give 0.19 g of KH.
To this was added 25 ml of DMSO and this solution was stirred for 2
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hours until the resultant white precipitate went completely into
solution.

Enol ether 2£ (0.21 g) in 10 ml of DMSO was added and the

solution was stirred for 24 hours at room temperature.

The reaction

was quenched with 50 ml of I^O and worked up as usual.

No tetralin

was detected, only the conjugated dienol ether, -1,2,5,6,7,8-hexahydro-3-methoxynaphthalene 2£ being isolated.

Spectral data agreed

with the literature values.^
Birch Reduction of Dimethoxybenzenes - General Procedure
Catechol dimethyl ether 32 (5 g) was dissolved in 250 ml of
liquid NHj containing 16.6 g of absolute ethanol.

Lithium wire

(30 cm, 1.26 g) was added to the solution over a ten-minute period
and the solution stirred for an additional 15 minutes.
color was discharged by the addition of sodium benzoate.

The blue
The

ammonia was allowed to evaporate and the residue extracted with
ether and water.

The ether layer was washed with 50 ml of 1^0 and

50 ml of saturated NaCl solution and dried over MgSO^.

Solvent

removal gave 1,2-dimethoxycyclohexa-1,4-diene 28. (3.8 g, 76%).
A similar procedure was used for the reduction of hydroquinone
dimethyl ether 33 and resorcinol dimethyl ether 34 to give 1,4-dimethoxycyclohexa-1,4-diene 30 (89%) and l,5-dimethoxycyclohexa-l,4diene 29 (83%), respectively.

Spectra data of 28, 29., and 30 agreed

with the literature values.^
Elimination of Enol Ether(29)with Lithioethylenediamine
To enol ether 2^ (1.4 g) in 14 ml of ethylenediamine at 0° was
added 13 ml of 1.9 M ii-butyllithium in hexane.

The solution was

refluxed for 14 hours and then worked up as enol ether 25 to give

61
anisole (0.20 g) as the sole product.
Elimination of Enol Ethers(28jt (29}> and(30)with KOtBu - General
Procedure
Enol ether 28 (2.25 g) in 15 ml of DMF was treated with
potassium t^-butoxide (3.0 g) in 15 ml of DMF at 85° for 12 hours.
The reaction was worked up as above to give a mixture (1.52 g) of
anisole, 1,2-dimethoxybenzene, and 1,2-dimethoxycyclohex-l-ene
(2:1:1).
Enol ethers 29 and 30 gave analogous mixtures of anisole, dimethoxycyclohexenes, and dimethoxybenzenes in approximately the
same yield and proportions as above.
Disproportionation of Enol Ether(28)
Enol ether 28 (0.20 g) was heated at 98° for 48 hours in 2 ml
of ethylenediamine and then worked up as usual to give 1,2-dimethoxy¬
benzene and 1,4-dimethoxycyclohex-l-ene (0.143 g).
Similar results were obtained by using DMF as the solvent in
place of ethylenediamine.
Preparation of l-t-butyl-4,4-dimethoxycyclohexane
4-t^Butylcyclohexanone (4.8 g) was dissolved in 20 ml of 2,2dimethoxypropane. £-Toluenesulfonic acid (51 mg) was added and the
acetone distilled off during a 5-hour period.

The excess 2,2-di-

methoxypropane was removed by distillation and the residue dissolved
in ether.

The ether layer was washed with 25 ml of a 5% aqueous

solution of NaHCOj*

This was followed by washing with 25 ml of 1^0

and 25 ml of saturated NaCl solution, drying over MgSO^ and filtra¬
tion.

The ether was removed and the residue distilled to give the
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ketal 44 (4.61 g, 80%, b.p. 49-50°/.27 nun).
with the literature values.

Spectral data agreed
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Preparation of l-Methoxy-4-t-butylcyclohex-l-ene(45)
A mixture of ketal 44 (4.6 g) and one crystal of ^-toluenesulfonic acid was heated at 40° under vacuum (70 mm) for 2 hours and
then distilled to give enol ether 45 (2.6 g, 67%) containing a small
amount of ketal 4£ (< 5% by
literature values.

NMR).

Spectra data agreed with the
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Attempted Elimination of Enol Ether(45)
Enol ether 45 (0.74 g) was dissolved in 10 ml of ethylenediamine to which was added 10 ml of 1.9 M n-butyllithium in hexane.
The solution was heated at 100° for 24 hours and then worked up as
usual.

Enol ether 45 (0.62 g) was the only material isolated.

Preparation of Estrone Methyl Ether(38)
Estrone (390 mg) was dissolved in HMPA (8 ml) and 4.5 ml of
2N NaOH added.

After stirring at room temperature for 15 minutes,

5 ml of CH^I was added and stirring continued for one hour.
of water was added and the solution extracted with ether.
layer was washed 4 times with 25 ml portions of E^O
50 ml of a saturated NaCl solution.

50 ml
The ether

and once with

The solvent was removed,

following drying over MgSO^ and filtration, to give the ether 38.
Spectral data agreed with the literature values.
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Birch Reduction of Estrone Methyl Ether(38)
Estrone methyl ether 38^ (655 mg) was dissolved in 100 ml of
liquid NH^ and 50 ml of ether.
1-cm portions.

Lithium wire (17 cm) was added in

The solution was allowed to stir for 10 minutes
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and then 50 ml of absolute ethanol was added over a 40-minute period.
The ammonia was allowed to evaporate and the residue was extracted
with ether and water.

The ether layer was washed once with a 50 ml

portion of a saturated NaCl solution and dried over MgSO^.

The sol¬

vent was removed to give l,4-dihydro-3-methoxy-estradiol 40^in 93%
yield.

Spectral data agreed with the literature values.
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Attempted Aromatization of Enol Ether(40)
Potassium t-butoxide (84 mg) in 2 ml of DMF was added to a solu¬
tion of enol ether 38 (100 mg) in 1 ml of DMF at room temperature.
The solution was heated at 95% for 20 hours with additional equiva¬
lents of KOt-Bu being added after 4 and 16 hours of heating.

The

reaction was cooled to room temperature, quenched with 1^0 and
worked up as usual.

No aromatic material was detected.

Only the

conjugated dienol ether, -l,2-dihydro-3-methoxy-178-estrol,- was
found in low yield (49 rag, 49%).

Similar results were obtained by

the use of lithioethylenediamine in excess amine.
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