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As part of a comprehensive study of the mechanism of the

thermal rearrangement of cis-1, 3, 5-hexatrienes to 1, 3-cyclohexa-

dienes the effects of a radical stabilizing group placed at the 2-posi-

tion of the triene was investigated. The synthesis of 2-phenyl-cis-

1, 3, 5-hexatriene was attempted using a "salt-free" Wittig reagent,

derived from 2-phenyl-I -propen-3-yltriphenylphosphonium bromide,

with acrolein, but an anomalous main product, 2- phenyl -1, 3-cycLo-

hexadiene, resulted. The product formation could be explained

mechanistically in terms of either an abnormal 1,4 addition of the

Wittig reagent to the aldehyde or a normal 1, 2 addition followed by

a Cope rearrangement of the intermediate betaine.

The synthesis of two 1, 2-divinylcyclohexenes was described

using diphosphorus tetraiodide for reductive dehydroxylation of inter-

mediate vicinal diols to give the central double bond of the triene
-5

system. Electrocyclization of 1, 2-divinylcyclohexene (k = 3. 68 X 10



sec-1 (126. 5°C), LE-J = 26.7 kcal/mol, LSL -12. 1 cal/deg) gave

initially 1, 2, 3, 4, 6, 7 -hexahydronaphthalene which was shown to re-

arrange to the heteroannular diene 1, 2, 3, 5, 6, 7-hexahydronaphthalene

upon further heating. Electrocyclization of 1- (a- styryl)- 2-vinyl-

cyclohexene (k =4. 84 X 10-5 sec-1 (126. 5o H+ = 26.4 kcal/mol,

= -12.1 cal/deg) gave mainly the heteroannular diene 1-phenyl-

2, 3, 4, 6, 7, 8-hexahydronaphthalene. The low rate of ring closure of

the triene containing the phenyl. group, representing a rate enhance-

ment of only 1. 5 over the unsubstituted triene, was explained in

terms of the inability of the phenyl group to achieve coplanarity with

the styryl pi system in the transition state. The effect of this non-

coplanarity with respect to the theoretical transition state geometry

was discussed. Two disproportionation products were also observed

and identified as 1-phenyl- A9' 10-octalin and 5-phenyl-1, 2, 3, 4-

tetrahydronaphthalene by comparison with authentic samples.

Finally, the vexing problem of rearrangement of homoannular

to heteroannular dienes was investigated further by heating a synthetic

sample of 5-phenyl-1, 2, 3,4,4a, 5-hexahydronaphthalene under the

triene electrocycl'za.tion conditions. No rearrangement was observed.
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1, 2-DIVINYLCYCLOHEXENES: SYNTHESIS AND
THERMAL REARRANGEMENT STUDIES

INTRODUCTION

The concerted thermal electrocyclization of cis-1, 3-5-hexatri-

ene has been investigated for some time in an effort to study the

effects of substituents and concurrently to provide some insight

into the nature of the transition state. The theory of Woodward and

Hoffmann has established the stereochemical mode of reaction as

disrotatory. This has been verified experimentally by placing

substituents in the cis and trans positions at C-1 and C-6 and observ-

ing the ring closure products. However, in conjunction with the

2

3

4 I //6
5

stereochemical interest in the reaction there has been an interest

in ascertaining the rate effects produced by placing different substitu-

ents in the system. Work so far has indicated that groups at cis - C-1

tend to retard the rate of ring closure strongly, probably due to

steric reasons. Groups at trans - C-1 or C-3 have little influence

on the rate. In contrast, groups at C-2, such as carbethoxyl and

N, N-dimethylcarboxamido, are known to increase the rate by as

much as three orders of magnitude. Theoretical work has implicated



2

the C-2 and C-5 positions as being unique in that they may possess a

certain radical-like character in the transition state of the reaction.

The groups placed at C-2 that have been found to enhance the reaction

rate dramatically are known to stabilize radical centers. As an ex-

ample, the carbotheoxyl group is known to stabilize a radical center

by 4. 5 ± 1 kcal/mol. Thus the lowering of the activation energy may

be due entirely to this radical stabilization.

In order to test the theory more fully, we planned to prepare

cis -2- phenyl -1, 3, 5-hexatriene and study its rate of electrocycliza-

tion. If the theory is correct then the large radical stabilizing ability

of the phenyl group (ca. 12 kcal/mol) should cause an extraordinarily

large rate enhancement.
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HISTORICAL

The summary of literature pertinent to this work has been

divided into four parts. The first section covers the thermal re-

arrangements of acyclic conjugated systems and is drawn mainly

from two sources (4, 50). The significance of the data will be con-

sidered in detail in the discussion section.

The remaining three sections highlight certain aspects of the

chemistry encountered in the present work. Two reactions were noted

that seemed peculiar to the cyclohexadiene-hexahydronaphthalene

family- these are the tendency for conjugated homoannular dienes to

isomerize to the more stable conjugated heteroannular dienes, and the

proclivity of cyclohexadienes to disproportionate to aromatics and

cyclohexenes. A review of the literature of these reactions is pre-

sented in the second and third sections.

Finally, a fourth section covers the effect of a noncoplanar

phenyl group in conjugation with a polyene system. In that section

the effect on the ultraviolet and nuclear magnetic resonance spectra

of selected model compounds is emphasized.

I. Electrocyclic Reactions of Trienes

Triene electrocyclizations have been known for over a decade.

The simplest compound of the series, 1, 3, 5-hexatriene, serves as a
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Table 1. Relative rates for electrocyclization of trienes using
cis-hexatriene as a standard.

Compound Rel. Rate AH AS4 Reference

'Ph

1.0 29 -5 1

1.0 29 -7 2

0.01 32 -5 2

0.03 32 -14 3

3.0 29 -6 4

3.0 29 -1 4

0.02 33 -5 4

1. 2 28 -8 4
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Table 1. (Continued)

Compound Rel. Rate l,H A S Reference

Ph

.----N,

I

p -CI-Ph

Ph
Ph

/==/.\. %
CO 2

Et

7)2Et

Et
2

CON(CH3)2

CON(CH 3)2

0. 005

1. 2

0.03

2 X 103

25 -18

4

4

5

6

2 X 106

1. 2

3 X 105

0. 02 27.4 -19

7, 8

9

8

9



Table 1. (Continued)

Compound

h
CO2Et

CO2 Et

Ph

H
5 11

6

Rel. Rate LSI Referenceeference

2. 5 26.1 -12 11

1. 4 X 103 20

1. 2

-17. 5 10

0. 8 28.9 -5 11

1. 9 27. 8 -6. 2 11

5. 0 26.0 -11. 3 11

25 26.7 -11.3 11

68 27.8 -7. 9 12

26.2 -14 13
02 Et
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model. Table 1 lists the trienes and their activation parameters for

electrocyclization.

A preliminary interpretation of the results displayed in Table 1

may be summarized in terms of the positions of substitutions in the

triene system. Substitutions of alkyl groups on positions 1 and .E

of the hexatriene system causes widely varying results. Groups that

2

3

4

5

are trans have almost no effect on the rate of substitution, although

the n-pentyl case seems anomalously high; cis groups, in marked

contrast, result in a pronounced rate retardation.

Substitutions at positions 2 and 5 generally result in rate en-

hancements, some of which may be quite large.

Substitutions at positions 3 and 4 result in relatively small

rate enhancements.

A mechanistic interpretation consistent with the above data as

well as the results obtained in this study will be presented in the

discussion section.

II. Isomerization of Hexahydronaphthalenes

In linear conjugated diene systems it is well known that s-trans

conformers are inherently more stable than the s-cis form. In the
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simplest case, s-trans-1, 3-butadiene has been calculated to be about

2 kcal/mole more ,qtable than the s-cis conformer due to steric inter-

action of the terminal hydrogens (14). The strain in 1, 3-cyclohexadi-

ene, which is locked into the cis geometry, has been calculated to

be about 2 kcal/moles (15, 16). This diene is known to exist in a

nonplanar helical conjugated form, in which the two olefinic groups

are out of coplanarity by about 17° (17, 18).

There are six possible conjugated isomers of hexahydronaphthal-

ene. Structures 105 and 106 would be expected to be the most

101

104

102

105

103

106

strain-free systems, since they possess the desirable s-trans

butadiene arrangement. Reactions that give heteroannular hexa-

hydronaphthalenes are therefore reviewed below in order to establish

the tendency for the s-trans geometry to form.

In steroid systems it is well known that isomerization of homo-

annular dienes to heteroannular systems can easily be
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accomplished with acid catalysis. Bergmann (19) proposed several

rules that govern diene reactions; one rule stated that dienes of type I

rearrange to type II under acid conditions. There are countless illus-

trations of this type of reaction; in order to limit the scope of these

Type

H+

Type II

examples, steroids and other polycyclic systems will not be dis-

cussed. Thus the discussion here will focus on the formation of the

hexahydr onaphthalene s.

A. Unsubstituted Hexah drona hthalenes

Hiickel and Krause (20) pyrolyzed five decah.ydronaphthalene-

4-diacetates at temperatures from 300 to 400°C. Three hexahydro-

naphthalenes were produced, structures 102, 104, and 105 with

structure 102 being present in the greatest amount. This was attrib-

uted to the stability of the tetrasubstituted olefinic bond. The product

distribution may reflect how accessible the hydrogens of the parent

compound are to the acetate during the bond producing step rather than

actual stabilities of the diene products.
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Hackel (21) also deaminated 9-amino-1, 2, 3, 5, 6, 7, 8-octahydro-

naphthalene 107. The dienes produced represented 20-25% of the

107

HOAc
NaNO

2

102

105

+

101

other products

total products; the s-cis dienes amounted to 75% of the total dienes,

the s-trans only 25%.

Double dehydration of 9, 10-dihydroxydecalin 108 however,

does yield the s-trans diene 105 exclusively (22), although the s-cis

OH

OH
108

H2S°4
)

150 °C

105

+

None

diene was an expected reaction product.

Bates (23) isomerized the two hexahydronaphthalenes 109 and 105

with potassium t-amyloxide with formation of the products shown

below. Under these rather drastic reaction conditions the s-trans

dienes were found to predominate. Relative stabilities with respect
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to the major product diene are also indicated. From his laboratory

109

Product

and

105 54

106 26

102 14

109 6

101

105

KO- tAm

AmOH
products

Relative Stability, Kcal/mole
0

data, Bates concluded that, assuming equal numbers of alkyl substitu-

ents on the diene system, the s-trans arrangement is more stable

than the s-cis by about 2-4 kcal/mole.
10Dev (24) attempted the conversion of A 9, -octalin 110 to its

glycol, but obtained only the mono-alcohol 111 and the s-trans diene

105. Dehydration with potassium bisulfate of the alcohol 111 produced

PhCO
2

Ag

I2

110

PhCO2Ag

12

OH

OH

OH

111

KHSO4

80°C
105

initially again formed the s-trans diene 105 without apparent
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formation of other dienes.

Burgstahler (25) carried out the Claisen rearrangement of the

vinyl ether of A 9, 10 1-octalol at 190-195oC and observed an elimina-

tion reaction which produced the s-trans hexalin 105 (ca. 10%) shown

below.

A

B. Alkyl Hexahydronaphthalenes

105

English and Cavaglieri (26) dehydrated 1-methy1-1,9-trans-

dihydroxy-decahydronaphthalene 112 with refluxing 30% sulfuric acid.

The diene product 113 was the isomer believed to be formed; no

112

H SO
2 4

A
113

structural proof was offered. It is conceivable that another isomer,

114, could have been the product under these conditions, since a

more highly substituted diene would result.
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114

Dannenberg and Keller (27) prepared a methylated octalin 115 and

brominated it with N-bromosuccinimide to give a mixture of dibrom -

ides 116 and 117 . However, dehydrobromination with collidine

115

NBS

116

Br

produced only one diene, which was shown to be the heteroannular

diene 118. An intermediate diene was assumed to arise from

118

elimination of the first bromide 116, which must subsequently
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isomerize to the more stable diene under the reaction conditions. The

116 119

H

118

product formed is the only s-trans diene possible.

Wenkert (28) used the Wolff-Kishner reduction of a bicyclic

ketone 120 to produce 118 and a mixture of enol ethers. The same

Me0 120

1) N H2 4
2) KOH

118

diene 118 was prepared by yet another route by Huber (29), who was

-H 0
2

OH -H 0

121

118

attempting to produce the homoannular diene 121. No trace of this



homoannular diene was found, and even attempted trapping with

maleic anhydride failed to uncover any.

Sondheimer (30) noted the product 118 in the boron trifluoride

etherate catalyzed epoxide cleavage of 122 which also gave

122

BF
3
:Et

2
0

118

15

10-methyl-l-decalone 123.

Nazarov (31) cyclized and reduced 2-methyl 2-(3- methyl -2-

buteny1)-1,3-cyclohexanedione 124 obtaining a diene in 60% yield.

124

1)N
2

H
4

H2O

2) Na, A

125

Bilchi (32), as a part of a terpene synthesis, cyclized

126

8 5 % H PO
3 4

25oc

127

dihydro-a-ionone 126 obtaining mainly the heteroannular diene 127.
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Mousseron (33) converted A 9' 10-8,8 -dimethyl- 2-hydroxyoctalin

128 and some of its functional equivalents (129 and 130) to dienes and

128

OH
KHSO

4

129

130

deamination

OAc

131

observed only the s-trans- diene 131. No chemical evidence for the

structure was offered, although the UV spectrum showed the expected

heteroannular diene chromophore.

While studying the structure of maaliol 132 Biichi (34) carried

out a dehydration and obtained a diene product, (- )- S- selinene 133.

132 133

He considered that initial formation of a diene with an exocyclic
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double bond occurred and that it rearranged to the heteroannular diene

under the acidic reaction conditions.

Maheshwari (35) rearranged dihydro-6-agarofuran 134 with

boron trifLuoride etherate and obtained (-)-6-selinene. The

H

134

BF
3
; Et

2
0

133

enantiomer 136 was prepared by dehydration of p-eudesmol 135 with

135
136

acid. Both dienes had identical ultraviolet spectra, but exhibited

opposite rotations in ORD measurements.

The diene 133 also appears during catalytic rearrangement of

calarene 137 (36). In this case, the heteroannular diene which

normally would be expected to form, does not; instead a Wagner-

Meerwein rearrangement transfers the angular methyl group across



137

HCOOH

100 °C

the bridge. Subsequent opening of the cyclopropyl ring results in

formation of the s -trans diene.

Anderson (37) used the acid catalyzed rearrangement of

vetiselinene 138 as part of a structure proof.

138

H+

133

18

During his investigation of a new class of compounds, the

zonarenes, isomeric with the selinenes, Anderson (138) isomerized

(+)-5-cadinene 139 to (+)-ent-10-epizonarene 140. A diene with an

exocyclic double bond, 141, was heated in dilute acid giving initially
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/\

139
140

a high yield of a homoannular diene 142 but further heating at a

higher temperature isomerized it to the heteroannular diene 143.

141

dil HC1

dioxane
50°C,
1 hr

142
dil HC1

143

dioxane, 80°C, 2 hrs

Graham and McQuillin (39) dehydrated 1, 2-dimethyl-A1' 9
- 2 -

octalol 144 to the hexalin 145. The same diene, 145, was produced

HO

144

HC10
4

dioxane

145

by the acid catalyzed dehydration of the tertiary alcohol 146. The



authors did not attempt to distinguish this diene from its other

possible s-trans isomer 147.

20

147

Farnum (40) detailed a series of temperature controlled experi-

ments involving octahydronaphthalene carbonium ions. Longifolene

148 was protonated with fluorosulfonic acid at -40°C to give a stable

carbonium ion which rearranged upon warming to 150 and 151.

No explanation was advanced for the irreversible transition

of 150 to 151, but this rearrangement probably is not generally

applicable to other hexalin systems. It should be noted that carbonium

ion 150 gives rise to relatively large amounts of the diene with an

exocyclic double bond, the only s-trans butadiene-type structure

that could be generated. Generally this isomer is not produced since

formation of an s-trans heteroannular endocyclic diene is favored.

In this case, the homoannular diene is somewhat favored over the

exocyclic heteroannular diene. The overall reaction is shown in

Figure 1.



142

150

151

148

FSO3H

-40 °C

Na
2

CO3

H
2
0, o

C

Na CO
2 3

H2O, 0°C

Na2CO3

H2O, o
C

21

149

151

64%

25°C

38%

20%

61% 21%

Figure 1. Reaction of longifolene with fluorosulfonic acid.
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Yamamura (41), in attempting to elucidate the structure of

zonarene, prepared its enantiomer 153 by the phosphorus oxychloride

152

dehydration of the diol precursor, 152, above.

Rogers (42) was able to interconvert the s-cis and s-trans

methoxy hexalins 154 and 155 with acid, and found that the s-trans

A
153

MeO

154
155

isomer 155 was more stable by about 1 kcal/mole.

Yamamura (43) eliminated thiophenol from the sulfide 156

SPh

CH
3I >

Acetone

PhS

and showed that the product was the s-trans diene 157. Diene
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formation was accompanied by some aromatization (25%).

Thus it is apparent that rearrangements of homoannular to

s-trans heteroannular dienes in alkyl. substituted systems is a rela-

tively common, facile reaction. It is also evident that rearrangement

to the most highly substituted system is generally favored. Generally

rearrangements under acidic conditions seem to occur most readily.

C. Aromatic Hexahydronaphthalenes

In the phenyl-substituted hexalin systems, McElvain (44) and

Bergmann (45) synthesized dienes with a phenyl group conjugated to

the system.

McElvain added phenyl Grignard to 2-octalone and obtained

1) PhMgBr

2) HCl

158

a diene 158 for which he proposed an s-trans structure. The UV

absorption maximum was given as 284 nm (E = 14500). Bergmann

added the same Grignard to a phenyl-substituted octalone and re-

ported an absorption maxima at 286 nm (e= 20000) for which he

0
1)PhMgBr

2)H30

3) oxalic acid Ph

proposed the cross-conjugated diene system 159. The as



structure of 159 is in accord with the results obtained by Grisdale

et al. (46) for 2- phenyl -1, 3-cyclohexadiene 160. Bergmann's diene

276 nm =8100)

160

159 appears to have the correct absorption maximum for his proposed

structure; chemical intuition however would suggest that the hetero-

annular diene should form. He offers no explanation for his structural

ass ignment.

Buchta (47) prepared a diphenyl-dihydroxydecalin 161 by a

double Grignard addition and dehydrated it under acidic conditions.

24

HO Ph
KHSO

4

Ph

He presumed the product to be the s-trans hexalin, but offered no

data for structural proof. Bailey (48) prepared the same alcohol

and dehydrated it with formic acid. He proposed three possible

structures for the product: 1) the same structure given by Buchta,
Ph

and

Ph

Ph

and 2) and 3) two styryl-type structures. Since the absorption
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maximum occurred at 235 nm (6. 19300), he argued that the structure

was unlike that of styrene (X. 244, 6= 12000) and assumed the

conjugated system proposed by Buchta as the correct structure. It

is interesting to note that Buchta's diene had a melting point of 117 -

119°C, while Bailey's melted at 179-182°C, the former crystallized

from ethanol-water, the latter from benzene.

In summary, the s-trans form seems to predominate in

aromatic-substituted diene systems although the number of com-

pounds investigated has been small. Structure determinations were

normally based solely on ultraviolet spectral data.

III. Disproportionation Reactions

An interesting phenomena in the cyclohexadiene-hexahydro-

naphthalene family is the tendency of the diene to disproportionate

to a monoolefin and an aromatic system. The driving force for the

2

reaction is clearly the gain in resonance energy of the aromatic

system. Disproportionation reactions induced by hydrogenation

catalysts are the best known. For example, Wieland (49), in 1912,

described the disproportionation of 1, 4- dihydronaphthalene to tetralin

and naphthalene. The reaction was catalyzed by palladium-black at
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room temperature. Such reactions are common, and metal-induced

Pd

dismutations will not be considered, Instead this discussion will focus

on base catalyzed and thermal-radical induced disproportionation

reactions.

A. Base Catalysis

A number of Russian workers have examined the catalytic effects

of metal oxides in promoting disproportionation. Reaction conditions

are generally quite severe with temperatures of 300-500°C common.

Rozengart (51) studied the effects of heating heptatriene with a

chromia-alumina-potassium oxide catalyst at 450°. He noted the

formation of methylcyclohexadiene and the subsequent formation of

toluene. No methylcyclohexene was detected, however. Formation

of toluene in the presence of quartz and the absence of catalyst was

minimal (<1%). Rozengart recognized that methylcyclohexadiene

was the precursor of toluene.

Rozengart (52) studied the alumina-potassium oxide catalyzed

conversion of 1,3,5-hexatriene to benzene at temperatures up to

450°C, again recognizing the intermediacy of 1, 3- cyclohexadiene.
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In addition, apparently the 1, 3-cyclohexadiene is almost completely

converted to benzene (99%) under the reaction conditions. No mention

is made of any cyclohexene.

Schriesheim and coworkers (53) treated 1, 3-cyclohexadiene

with 0. 6 M potassium t-butoxide in DMSO for 24 hours at 55°C and

noted the conversion to benzene and cyclohexene was quantitative.

A three-step mechanism was proposed involving a hydride transfer

and is shown in Figure 2. Addition of butadiene, anthracene, and

acenaphthalene under the reaction conditions led to their preferred

reduction with essentially no cyclohexene formation, suggesting that

they serve as better hydride acceptors.

slow

fast+ BH

+ BH

+ B

Figure 2. Mechanism of base catalyzed disproportionation
of 1, 3-cyclohexadiene.
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Similarly, Wyman and Song (54) reported the quantitative and

facile disproportionation of 2-cyano-1,3-cyclohexadiene using sodium

t-butoxide in tert-butanol. The reaction occurred in one week at

CN CN CN CN

room temperature or in 3 hours at reflux. This particularly activated

diene was also found to disproportionate using a milder base, pyri-

dine, at 120°C. In both cases, equimolar quantities of aromatics

and monoolefinic products were formed. The possibility that the

reaction could occur thermally without catalysis was not ruled out.

Preliminary studies of methylated cyano-cyclohexadienes showed

they also undergo the same reactions.

Attempts to use 1-cyanocyclohexadiene in several Die ls-Alder

reactions at 150°C led only to the formation of benzonitrile (55). No

mention of cycLohexenes was made, but the clear indication is that

the cyclohexadienes of Wyman and Song could also undergo a similar

thermal rearrangement.

Disproportionation was also reported during the dehydration

of 3-cyclohexenol over alumina at 250-290°C (56). The 1, 3- cyclo-

hexadiene formed initially, after a short induction period, underwent

a secondary reaction to form benzene as a byproduct.

Amagasa and Yamaguchi (51) patented a method of bringing
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about disproportionation of 1,3- and 1,4- cyclohexadienes using sodium

or potassium and liquid ammonia to give cyclohexene and benzene in

equimoiar quantities. Similarly, 2, 5-dihydrotoluene gave 1-methyl-

cyclohexene and toluene (ca .4:1) in the presence of water or ethanol.

B. Thermal Reactions

Na or K
NH3

proton donor

Free radical reactions of cyclohexadienes have been noted during

their thermal polymerizations by several Russian workers. Tempera-

tures were generally milder (180-200°C) than those used for base

catalyzed disproportionations but reaction times were greater (1 to 50

hours).

Naumova and coworkers (58) thermally polymerized 1, 3-cyclo-

hexadiene at temperatures of 140 to 200°C. Benzene was not formed

appreciably until 180° and then it constituted 16-22% of the monomeric

product; at higher temperatures (200°C), 24-47% of the product. Both

polymerization and disproportionation increased at higher tempera-

tures, leading to the conclusion that free radical mechanisms were

involved in both processes.

Lewis and Steiner (1), in their work on the cyclization of 1, 3, 5-

hexatriene, noted that some of their product, 1, 3-cyclohexadiene, had



undergone disproportionation. Studying the diene alone under the

same conditions, they again observed the formation of benzene and

cyclohexene by GLC comparison with known samples. The reaction

was fairly slow, giving less than 1% benzene after 1 hour at 161°C;

it was thus ignored in their kinetic study.

In another triene electrocyclization study, Spangler (59)

pyrolyzed 7, 7 -dimethyl -1, 3, 5- octatriene on glass helices at 350°C

4% 5% 16%

and noted that some aromatization had occurred. No t-butylcyclo-

hexenes were mentioned.

Emeliyanov and coworkers (60) detected an intramolecular

disproportionation between 1, 3-cyclohexadiene and benzil when the

mixture was heated 20 to 25 hours at temperatures between 220 and

240°C. A 30% conversion of benzil to benzoin occurred under the

reaction conditions, and dimerization to dicyclohexadiene also

0 0
II II

Ph C\Ph
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OH

Cz
Ph Ph

occurred. No mention is made of the proportion of benzene and
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cyclohexene. Benzil was also reduced during thermolysis of dicyclo-

hexadiene alone. Although benzene and cyclohexene are not mentioned,

one would presume that dicyclohexadiene had undergone a reverse

Diets-Alder reaction, and the products had subsequently undergone

dispropor tionation.

Another example of hydrogen transfer occurred during the

thermolysis of 1, 3- cyclohexadiene in the presence of 1% hydroquinone

at 170-180°C (61). Emel'yanov detected 42% of the dimer, along with

cyclohexene, cyclohexane, and benzene. Relative amounts of the

various products were not given. Disproportionation increased with

both increased temperature and duration of heating.

Naumova (62), in 1966, polymerized 1, 3- cyclohexadiene at 160,

180, and 200°C and studied the C6 hydrocarbon fractions obtained.

Again equal quantities of benzene and cyclohexene were found during

the polymerization, with disproportionation increasing with increasing

temperature. Since dimerization and polymerization rates increased

simultaneously with disproportionation, he concluded that monomeric

free radicals were the reactive intermediates. In 1968 he reported

(63) that equal quantities of benzene and cyclohexene were formed

regardless of the temperature and the degree of polymerization. An

intermediate biradical was proposed. Its formula was given as

(C
6

H
8

)
2

and it was postulated to cleave into benzene and cyclo-

hexene or produce cyclohexadiene dimer by internal reaction.
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Although no mechanism was given, it is apparent that if the assumed

biradical has the structure shown below then this dimer must undergo

internal hydrogen abstraction, cleavage of the dimer, and second

hydrogen abstraction in order to explain the products.

Turro and Hammond (64) examined the thermal dimerization of

1, 3 cyclohexadiene at 200°C and reported the exo- and endo- isomers

only with no mention of disproportionation products.

Eberhardt (65) examined the iodine catalyzed disproportionation

of cyclohexadienes in the presence of light and found 1, 3- cyclohexa-

diene to be considerably more reactive than 1, 4- cyclohexadiene. His

proposed mechanism involved iodine radical addition to the diene

followed by radical abstractions to give an intermediate resonance

stabilized radical as shown in Figure 3. Disproportionation of this

radical would lead to the observed products, while the last reaction

explains the proportionately higher yields of benzene at higher iodine

concentrations.
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H H
I2
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Figure 3. Mechanism of iodine catalyzed disproportionation of
1,3- cyclohexadiene.

The mechanism of the disproportionation reaction of 1, 3- cyclo-

hexadiene was investigated in greater detail by Benson and Shaw (141).

Pyrolysis of the diene at temperatures of 362-421°C led to formation

of benzene, cyclohexene, hydrogen, and some C12 hydrocarbons.

Addition of hexadeuterobenzene gave HD and addition of toluene gave

methane, which confirmed the radical nature of the reaction. The



authors suggested that the initiation step involves the concurrent

formation of the cyclohexadienyl and 3-cyclohexenyl radicals and

2
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has an activation energy of 40 ± 5 kcal/mol. The authors also ruled

out the unimolecular elimination of hydrogen from the diene as an

important contributing step for the formation of the product hydrogen.

Other workers (142) studied this disproportionation reaction at tem-

peratures down to 239°C and concurred with the initiation step of

Benson and Shaw, but calculated an energy of activation of 35. 5 ±1

kcal/mol for the first step.

In work by Rosenthal and Doering (66), 9, 10-dihydronaphthalene

was heated at 95°C for 20 hours in cyclohexane to yield four dispro-

portionation products (71% yield) with the following amounts relative

to naphthalene. It is interesting to note that the stereochemistry

1. 00

0. 23

0. 56

0. 067

about C
9

and C10 is conserved during the reaction. Heating the
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dihydronaphthalene with cyclohexene gave cyclohexane as well as the

same four products, leading to the conclusion that cyclohexene is an

effective competitive hydrogen acceptor. A study of the stereochem-

istry of the reaction was made by heating the dihydronaphthalene in

the presence of 1, 2 -dime thylcyclohexene. The resultant dimethyl-

cyclohexane was exclusively the cis isomer with no detectable trans

H

+ other
olefins

isomer being formed. The cis stereochemis try led the authors to

suggest that the driving force of the reaction is probably due to the

strong contribution of a part of the full resonance energy of

naphthalene to the transition state.

IV. Effects of Noncoplanar Phenyl

Phenyl groups have long been known to stabilize pi systems.

In general unsaturated molecules will possess a minimum energy if

the phenyl group in question is conjugated and coplanar with the pi

system. There are many instances, however, when geometry and

steric considerations dictate that the phenyl group must be twisted

from coplanarity. In these instances changes in the spectral proper-

ties of these molecules occur, and may be used to monitor deviations
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from coplanarity. This section will consider the effect of nonco-

planarity on the ultraviolet and nuclear magnetic resonance spectra

of some phenyl substituted molecules.

A. Ultraviolet Spectral Effects

Three types of behavior can be categorized when a molecule

containing two conjugated noncoplanar chromophores is compared with

its hypothetical planar form (67); 1) slight twisting of the chromophores

results in a diminished intensity of absorption (hypochromic effect),

2) moderate twisting results in both a hypochromic effect and a shift

to lower wavelength, 3) severe twisting results in nearly complete

inhibition of chromophoric interaction with resultant isolation of the

two chromophores. This latter case gives essentially a spectrum

which represents the sum of the two chromophores. We will focus

our attention on the latter two cases in this subsection.

Suzuki (68, 69) studied the effects of steric hindrance to co-

planarity in a series of alkyl substituted biphenyls. Using para

substituted biphenyls as a control to separate electronic and steric

effects, he readily demonstrated a decline in both `max and c as

ortho as subs tituents increased in bulk. In addition Suzuki calculated

the angle of twist in the biphenyls using LCAO molecular orbital

theory and correlated the results with physical measurements. The

results are shown in Table 2.
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Table 2. Ultraviolet data and twist angle of biphenyls.

Compound k max, nm E OTwist

247. 7 18050 20°

253 13300

237 9960 58°

233 10500 61°

228 6300 70°

277 6000 70°
(227 inflection)

277 5500 70°
(227 inflection)

No K band



38

Table 3 provides a summary of UV data for a series of styrenes

and again a notable decline of both X. and £ occurs as substituentsmax

of increasing size are placed at a- and cis-P- positions. In addition

Table 3. Ultraviolet data and twist angles of styrenes.

Compound max £ 6 twist Refer ence

Ph
248 13500 0° (26°) 72CH22

Ph
\--CH 242 12000

330 (32 °) 70

Cg'
3

2

Ph CH\ 3
242 13200 35° (55 °) 73

Ph H

249 16600 0° (26°) 73

Ph
240 10000 74CH

2Et

Ph Et
242 12900 75

Ph H
251 15500 75

H "'Et
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the twist angle of the phenyl group with respect to the remainder of

the system has been calculated by Suzuki (70). Values in parentheses

are ones which were redetermined by Favini and Simonetta (71). The

data suggest that Large twist angles may occur even in these simple

systems, but unfortunately X-ray diffraction studies are lacking that

would permit comparison of theory and reality. It is interesting to

note that the wavelength difference between the cis and trans 13-ethyl

and (3-methyl styrenes represents a difference in energy of the stereo-

isomeric pairs of 3-4 kcal/mol.

Table 4 illustrates some styryl-like phenyl substituted cyclo-

hexene systems (76). It is evident that the extinction coefficients

are more sensitive to phenyl twisting in these systems than in the

styrenes. Although no twist angles have been calculated for these

systems it is probable that they are similar to those of the biphenyls.

The 6, 6-dimethyl-substituted compound apparently represents a

case of severe crowding. All other 6-substituted compounds of

this series have one hydrogen at a position which would allow com-

paratively small rotations to relieve strain. Direct comparison

of the 2-alkyl compounds with the parent is somewhat misleading

since addition of an alkyl group would have caused a bathochromic

shift in the absence of steric hindrance.
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Table 4. Ultraviolet data of phenylcyclohexenes.

Compound X maxnm
E

Ph

Ph

Ph

Ph

Ph

Ph

247 11000

237 5600

233 4800

242 11200

239. 5 10500

239. 5 10000

227 4500

Data for a series of substituted cycLohexadienes are given in

Table 5.
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Table 5. Ultraviolet data of cyclohexadienes.

Compound

Ph

Ph

)" max, nm e Reference

257 4370 77

303 13800 46

306 13900 78

285 7200 78

Again the steric effect of disubstitution at position 6 is evident. Un-

fortunately the number of examples in this series is quite limited,

probably because of the difficulties in preparing and handling these

compounds.

In summary, the noncoplanar phenyl group leads to modest

decreases in both wavelength and extinction coefficient. Methyl



42

substitution cis to the ring seems to give strain energies of about

3-4 kcal/mol. Calculations of twist angles have been carried out

and these seem to be quite large even for seemingly rather moderately

hindered molecules. These calculations may be suspect since there

are insufficient X-ray data to verify them.

B. Nuclear Magnetic Resonance Effects

The marked magnetic anisotropy of the phenyl group has been

known for some time (79) and is believed to arise mainly from the

circulation of the delocalized electrons in the pi-system of the ring.

It has been determined experimentally that protons which are proxim-

ally located over the plane of the phenyl ring experience strong de-

shielding whereas protons located outside the periphery of the ring

experience downfield shifts, as exemplified by methylene cycLode-

capentaene below. 7.27 6

6. 9 5 6

-0. 51 6

Certain phenyl containing systems which are nominally planar

may deviate from planarity when groups are introduced which s teric-

ally interact with the phenyl group. A proton which previously was

located in a shielding area may find itself deshielded instead as the

ring is forced to rotate and the proton is consequently placed in a
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deshielding environment. Table 6 shows a series of styrenes which

illustrate both the influence of the proximity of the phenyl group as

well as the sterically induced changes which arise when methyl is

Table 6. Chemical shifts of oLefinic protons of styrenes.

Compound Reference

6. 64

6.40

6. 44

H H/ 5.

5.

5.

5.

6.

5.

16

66

08

28

21

72

79

79

80

80

/----h H

C<I3 zH
PC----H

/CH3/
Ph H

/
Ph CH3

introduced into the system. The p-proton in 1-phenylpropene shows

a large downfield shift of about 0. 6 ppm when the proton is located

cis to the ring, in contrast to the trans proton. In the case of

a -methylstyrene, the phenyl group is forced out of relative
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coplanarity with the ethylenic group. The adjacent cis-13 proton exper-

iences a marked upfield shift of about 0. 4 ppm relative to styrene,

while the more distant trans-13 proton shows only a slight shift.

Table 7 shows a group of 1-phenylcyclohexenes (76) in which

the phenyl group is forced from coplanarity by the introduction of

Table 7. Chemical shifts of olefinic protons of 1-phenylcyclohexenes.

Compound Chemical shift, 6

Ph

Ph

Ph

6. 00

5. 79

5. 79

5. 75

5. 38
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increasingly bulky groups at C-6. The expected upfield shift due to

the twist of the phenyl group also occurs in this system although the

effects are not as pronounced as in the case of a-methylstyrene. A

similar upfield shift of about 0.4 ppm for the p-olefinic proton occurs

in 4, 6, 6-trimethy1-1 -phenylcyclohexadiene relative to its parent,

4-methyl-l-phenylcyclohexadiene (78). This approximates the shift

in the mono-ene series, a result which is not unexpected since the

steric requirements for both would be expected to be quite similar.

Table 8 shows the chemical shifts of the C-6 allylic protons

of some 1-phenylcyclohexenes (76) and again an upfield shift is

Table 8. Chemical shifts of C-6 allylic protons of 1-phenylcyclo-
hexenes.

Compound Chemical shift

Ph

2. 25

2 08

2. 09
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observed with increasing size of the alkyl substituent as the

phenyl is forced from coplanarity with the cyclohexene double bond.

In summary, protons proximally located to phenyl groups gener-

ally experience a downfield shift in the absorption in the nmr. How-

ever, upfield shifts occur for protons in the case where a previously

planar phenyl group is forced to twist from coplanarity for steric

reasons.



47

DISCUSSION

A decade ago Woodward and Hoffmann (81) introduced a set of

rules for predicting the stereocourse of concerted reactions that have

proven to be of great utility and can be applied to the study of thermal

electrocyclic reactions. The rules permit prediction of the preferred

stereochemical pathway for these reactions, but do not provide further

insight into the nature of the intervening transition state. For the

cis-hexatriene cyclohexadiene electrocyclization, theoretical calcu-

lations have been carried out in an effort to describe the geometry

of the transition state. Experimentally information from structure-

reaction rate relationships is used to test this theoretical work.

Since the stereochemical course of the reaction is now well known,

we have recently been concerned primarily with structure-reactivity

s tudies.

Theoretical studies (82) of the cis-hexatriene electrocyclization

have suggested that bond formation between the terminal carbons is

well advanced at the transition state. In addition, the pi bond between

C-3 and C-4 remains essentially intact, and the p-orbitals at C-2 and

C-5 show little overlap with those of the C-3 C-4 bond. This re-

sults in relative isolation of the electrons in the p-orbitals at C-2

and C-5. Theoretically, radical stabilizing groups at these positions

would be expected to lower the energy of the transition state and



increase the rate of ring closure.

A
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Substituent effects have been determined for a number of triene

systems. Monosubstitution in the triene, because of its symmetry,

can be made at only four positions. Substituents at the trans-1 posi-

tion have been shown to have little influence on the rate, while those

at cis-1 have been found to retard the rates, clearly a steric effect.

Substitution at C-3 gives only a moderate rate effect, though only

alkyl groups have been tested. However, introduction of a carbo-

ethoxyl group at C-2 enhances the rate about 2000 times (6), corres-

ponding to a lowering of the activation energy by about 5 kcal/mol

relative to the unsubstituted triene. Since the carboethoxyl group is

known to stabilize an adjacent radical center by about 4. 5 kcal/mol

(83), literally the entire effect is useful in the rate enhancement. If

this is generally the case, a phenyl (or vinyl) group might be expected

to increase the rate by a factor as large as five orders of magnitude,

since these groups are known to exhibit a radical stabilizing effect

of 12-13 kcal/mol (84, 85). Thus we set out to synthesize cis -2-

phenyl-1, 3, 5-hexatriene, and to study the rate of its electrocycliza-

tion.
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Choice of an appropriate synthetic route was dominated by two

problems: 1) the stereoselective introduction of the central cis double

bond, and 2) the requirement that the final step in the preparation be

carried out at a relatively low temperature. Figure 4 illustrates a

possible synthetic route patterned after a general route previously

developed in this laboratory (50).
0 ?H

POC1
3H-C-=CNa + Ph C CH

pyridine
Ph CH3

3

Ph

lid
C/

H
C
H

1) H2Pd
2) TsCI

3) N(Me)
3N(Me)3

Ph

NH
2

NH3

Ph

Ph/ 2

H

Figure 4. Synthetic pathway for preparation of cis -2-phenyl-1, 3, 5-
hexatriene using an intermediate acetylene.

However, the method is tedious and oxygen must be scrupulously

avoided after the second step since all succeeding compounds are

expected to be readily polymerized. In addition it would certainly

be desirable to synthesize the 2, 5-diphenyl analog, and this method
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is not conveniently adapted for that purpose.

Recently, the synthesis of the central double bond in a cis orien-

tation using the Wittig reagent has received a great deal of attention.

Saturated aldehydes are known to react with nonstabilized Wittig

reagents to generate predominantly the cis alkene (140). However,

the preference for the cis isomer disappears with the use of stabilized

Wittig reagents and a, 13-unsaturated aldehydes (86, 140). Although

the trans alkene is formed preferentially in this case, the process

is not 100% stereoselective. Since the trans isomer would be inactive

with respect to cyclization, it would not appear difficult to study the

cyclization of the cis isomer in its presence. Thus, a very attractive

route, shown in Figure 5, seemed to be of interest because of its

Ph

/1
+ PPh

3

CHO
Ph

Figure 5. Synthesis of cis -2- phenyl -1, 3, 5-hexatriene using the
Wittig reagent.

great economy in synthetic steps Also, the use of Schlosser's

"salt-free" Wittig conditions (87) that were known to generate a higher

percentage of cis alkene in normal cases might, in the case of the

stabilized }did, greatly reduce the favored trans isomer in favor
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of the cis.

An apparently less troublesome concern was that conjugate

addition of the Wittig reagent might occur. Although 1,4 additions

of allylidene triphenylphosphoranes to a, (3- unsaturated carbonyl sys-

tems are rare, they nevertheless do occur. Inhoffen (83) found an

anomalous side reaction during his work with models of the vitamin D

series. The product appeared to result from a 1,4 addition of the

ylid to the unsaturated ketone, and was the first report of this type

H2

+ ph
3
p =CH CH

0

of reaction. More recently, in his synthetic studies on 13-damascenone,

Barhi (89) attempted to prepare cis-4, 6- dimethyl- 5- carbethoxyl -1, 3,5-

heptatriene with the intent of cyclizing it to a desired intermediate

cyclohexadiene. Instead he isolated directly from the Wittig step

only the cyclohexadiene shown. Since this

---c._,CO2Et + BuLi
+ CH =CH CH

2
PPh

3 X
0.- 2

-C1
puLi

diene could not be formed

CO
2
Et CO

2
Et

directly from the triene system, Bachi postulated a 1,4 addition, a
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proton transfer, and finally an internal Wittig reaction to explain his

results.

The examples described by both Inhoffen and Biachi were reac-

tions involving 1,4 additions to unsaturated ketones rather than alde-

hydes, as in our case. Unsaturated aldehydes, for example, are

known to add many organometallic reagents (particularly Grignards)

and enolates of ketones and aldehydes predominantly or exclusively

in a 1,2 fashion. Since a Wittig reagent is also a carbanionic species,

we felt that problems with conjugate addition would not likely arise.

Thus we decided to attempt to synthesize cis -2- phenyl -1, 3, 5-hexatri-

ene using the Wittig reaction.

I. Attempted Synthesis of cis 2- Phenyl- 1, 3, 5-Hexatriene (1)

Synthesis of the Wittig reagent was initiated by the bromination

of a-methylstyrene with N-bromosuccinimide. Analysis of an nmr

spectrum of the distilled pi oduct indicated two products were formed.

The allylic bromination product a- (bromomethyl)-styrene (2) accounted

for 69% of the product, while the remaining 31% was (3-bromo-cr-

methylstyrene (3). The vinylic bromide was not separated, since it

was expected to be unreactive toward triphenylphosphine in the next

step and would therefore be easily separated at that point. In addition

an initial distillation of the crude bromide mixture gave considerable

polymer and consequently low yields (ca. 30%). Better yields were



CH CH Br CH
3

CH2,,,,\
NBS \ 2

---- ----). ` CH/ 2
+ \-3CHBr

Ph Ph Ph
2 3

obtained by carrying the crude reaction mixture directly to the next

step.
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Triphenylphosphine reacted with the bromide mixture smoothly

at room temperature. The vinylic bromide 3 was easily removed by

washing the phosphonium salt with cold benzene. The nmr spectrum

of the crystallized product showed two methylene protons as a doublet

at 5.39 5 (J=15 Hz), and the olefinic protons as two overlapping doub-

lets (J=5, 5 Hz) centered at 5. 50 5. The melting point of the solid

matched the literature value (90).
Br- +

PPh cHi..-PPh3
3

2 \ Cu
2

Ph
4

All subsequent steps were carefully run under nitrogen at tem-

peratures never exceeding 0°C to minimize ring closure and polymer-

ization reactions. The Wittig reagent was generated using Schlosser's

"salt-free" method with sodamide as base (87). The solid formed

initially was taken up in benzene and the burgundy-red solution was

filtered to remove sodium bromide. The filtrate was treated with
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freshly distilled acrolein and the reaction mixture was chromato-

graphed over basic alumina to remove triphenylphosphine oxide. An

aliquot of this eluate was hydrogenated over platinum oxide to prevent

any further change in structure. Glc analysis showed this product

contained phenylcyclohexane (65%) and 2-phenylhexane (35%). Chem-

ically this showed that about two-thirds of the reaction product had

cyclized even at this low temperature, while the remainder was an

open chain material.

Glc collection of the major product in a second aliquot gave a

product with an nmr with four allylic and three olefinic protons,

while the UV spectrum showed an absorption maximum at 275 nm.

The spectral data are in accord with those reported by Grisdale for

2-phenyl- 1,3- cyclohexadiene (5) (46).

5 6

Finally, evaporation of the solvent from a third aliquot followed

by nmr analysis showed that 2- phenyl -1, 3- cyclohexadiene was indeed

a reaction product and not an artifact from a glc induced rearrange-

ment. Curiously, the expected ring-closed product that would arise

from the triene, 1- phenyl- 1,3- cyclohexadiene (6), was not identified

in the reaction mixture. Conceivably 6 might undergo a facile base

catalyzed 1, 5- hydrogen shift at low temperature, though uncatalyzed
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shifts normally occur only at elevated temperatures. In a subsequent

investigation of this reaction scheme, Cleary synthesized 6 using

Grisdale's method of preparation and found that it was stable under

the Wittig conditions (13). This would rule out the hydrogen shift

hypothesis.

Reexamination of the nmr spectrum of the evaporated aliquot

revealed olefinic protons at 5. 0-5.3 6, which were attributed to the

noncyclized product 2-phenyl- 1,3, 5-hexatriene. The geometry was

not ascertained. Cleary was able to isolate this isomer, and reported

a UV spectrum with the three maxima typical of trienes at 251, 262,

and 270 nm (E=,20000) (13). The spectrum was attributed to the trans

isomer, principally because this isomer was stable to separation on

a glc column at 140°C This result certainly supports that structural

assignment, since the cis isomer might well be expected to cyclize

at least partially to 1-pheny1-1,3-cyclohexadiene and thus would be

easily recognized.

Padwa (91) and Dauben (92) have since reported other examples

of 1,4 additions to unsaturated ketones, and Bohlmann (93) has noted

conjugate addition to both unsaturated ketones and aldehydes.

three researchers described a mechanism, shown below, which ex-

plains the formation of the anomalous product 5. The reaction involves

a conjugate addition of both ylid and unsaturated carbonyl components

followed by a proton transfer and finally an intramolecular Wittig
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Bohlmann's (93) work represents the only research outside of

this laboratory which reports such 1,4 additions with aldehydes. His

Wittig reagents are rather specialized since they all contain a

carbanion stabilizing substituent (-COOR, -CONR -CN) in a posi-

tion favoring delocalization of the negative charge to the carbon alpha

to those groups, as shown below. This should greatly enhance the
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tendency for conjugate addition of the ylid. However it is still not

clear why this should have any effect on the aldehyde portion of the

reaction and greatly increase its low potential for 1,4 additions. The

present system appears to be the first in which 1,4 addition occurs on

an a, 13-unsaturated aldehyde containing no carbanion stabilizing

groups. Since some hexatriene is also produced, normal 1, 2 addi-

tion must be a competitive reaction to conjugate addition.

Cleary (13) has proposed an alternate mechanism shown in

Figure 6, involving a "normal" 1, 2 attack on the aldehyde to give two

0

Ph
PPh

3

0

I I I

Ph
Ph3P

3

-0Ph
Ph3P

Cs

Figure 6. Cleary mechanism for preparation of 2-phenyl-1, 3-
cyclohexadiene.

trans -triene

cis -triene

Ph 3P

Ph

Ph

diastereomeric betaines. One betaine decomposes to give the trans
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triene directly; the other betaine, due to lack of free rotation about

the newly formed carbon-carbon bond, undergoes a facile Cope re-

arrangement instead. The remainder of the reaction is identical to

that of the previous conjugate addition mechanism. Both mechanisms

predict identical cyclic dienes and thus cannot be immediately dis-

tinguis hed.

It might be added that Cope rearrangements do not normally

occur at such low temperatures, but the effect of the ionic phosphoni-

um and alkoxyl groups may indeed significantly alter the energetics

of the reaction. Breslow (95) has reported the solvolysis of a dimer

of cyclopentadienyl iodide in the presence of silver ion and found that

an intermediate step which utilized a Cope rearrangement proceeded

rapidly even at -15°C. Very recently, Evans (94) has noted a rate

M M

acceleration of 1010 1017 for oxy-Cope rearrangements when

metal alkoxides are utilized rather than the corresponding alcohols.

In summary, it seems likely that the only triene formed by this

reaction was trans -2-phenyl-I, 3, 5- hexatriene, and that 2-phenyl -1, 3-

cyclohexadiene was not derived from the cis triene, but rather

directly from an intermediate betaine. At this point it seemed
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prudent to set aside for the moment the synthesis of the cis hexatriene

in order to study a model system in which the cis stereochemistry of

the central double bond would introduce no synthetic difficulties.

As a general rule the synthesis of hexatriene systems is simpli-

fied if the central double bond can be generated in the final step. This

was certainly illustrated by the previous approach using the Wittig

reaction, which unfortunately failed. Had this scheme succeeded it

would have provided a simple and rapid synthesis of the triene system

and certainly would have represented an improvement over the ap-

proach used by Platt. Unfortunately the synthetic routes which would

generate the central bond by an elimination reaction normally lead

predominantly to trans rather than cis isomers and thus are not gen-

erally useful in this research. Contrarily, this problem becomes

irrelevant if the double bond in question is in a normal ring system.

Thus the overall route shown below is particularly attractive since

it would permit a wide variation of substituents on the terminal vinyl

groups. The main criterion for choosing the reaction sequence of

Y

course must still be the ability to carry out the final step which

generates the triene under mild conditions in order to permit isola-

tion of the triene and, in a separate step, the examination of its
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electrocyclization.

The key reaction step that would make the above route useful

is the elimination process. Elimination reactions which remove two

groups, neither of which is hydrogen, are well known and include such

substrates as vicinal dihalides, halohydrins, and (3-halogen ethers.

Inevitably, however, the halogen would have to be introduced indirectly

in the above scheme and thus none of these procedures appears par-

ticularly useful. Examination of the general synthetic scheme above

would indicate that perhaps the simplest method for generating the new

carbon-carbon bonds in the first step is via addition of Grignard re-

agents to carbonyl groups. If this approach were taken, then the

required elimination step would involve the reductive removal of two

hydroxyl groups. In addition to the requirement we noted previously

that this final step must be carried out under very mild conditions, a

new requirement as a consequence is now imposed, i. e. the reaction

should be effective with both the cis and trans diols.

Very few methods are described in the literature for carrying

out bis-dehydroxylations. The methods described include decomposi-

tion of an intermediate thionocarbonate (96, 97) or trithiocarbonate

(97) and reductions with metallic and nonmetallic halides such as

titanium tetrachloride-potassium metal (98), vanadium dichloride (99),

stannous chloride (100), and diphosphorus tetraiodide (101, 102).

Corey (96) has developed the bis-dehydroxylation of glycols
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through their intermediate thionocarbonates, but decomposition usually

requires refluxing in either trimethyl (bp 111 °C) or triethyl phosphite

(bp 160°C) for prolonged periods (70 to 80 hrs). Not only are the

conditions too extreme, but also Corey found that only cis-1, 2-cyclo-

hexane thionocarbonate yields cyclohexene while the trans-thionocar-

bonate is unreactive. This was attributed to the stereospecificity of

the reaction which would result in the formation of trans cyclohexene

from the trans thionocarbonate.

cis

A

(Me0)
3
I or

(Et0) P
3

Reductive bis-dehydroxylations have also been reported using

various inorganic reagents. Van Tamelen (98) has successfully used

a reduced form of titanium chloride, generated in situ from titanium

tetrachloride and potassium, for the reductive coupling of alcohols.

This procedure requires producing the appropriate alkoxide, then

treating it with the chloride at temperatures ranging from 100 to

140°C. Obviously these conditions are also too severe for our pur-

poses.

Conant and Sloan (99) have used vanadous and stannous chlorides

for the coupling of alcohols. The temperatures that were required

are rather mild (0 to 70°C), but concentrated hydrochloric acid was
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also required. Acid catalyzed rearrangements or polymerization

would almost certainly occur under such conditions.

Diphosphorus tetraiodide has been used successfully by Kuhn

and Winterstein (101), Inhoffen (102), and Sondheimer (103). This

method requires mixing the reactants in pyridine solution at room

temperature. Although the yields are relatively Low, the conditions

are quite mild and ring closure would not be expected to present a

problem. For this reason we opted to try this reagent for our final

step. Despite the unfortunate problem of having a low yield reaction

as the final step the scheme has such an economy in steps that it

certainly makes this an attractive route. An important value of the

scheme lies in its possible application to a wide spectrum of substitu-

ents on the vinyl groups.

For the initial part of the synthesis, I, 2-cyclohexanedione was

the necessary choice for a substrate. Reaction of appropriate vinyl

Grignard reagents would introduce vinyl moieties at both positions.

This choice poses a problem because 1, 2-cyclohexanedione 10 exists

almost exclusively as the enol form 11. Thus the first equivalent of

ao0
10

.4

Grignard reagent merely neutralizes the enolic hydrogen and a second
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is required for reaction at the carbonyl group. Although inconvenient

and wasteful of Grignard reagent, existence of 11 does permit stepwise

addition of different vinyl groups, whereas stepwise addition to 10

would be difficult if not impossible.

OH2 R MgX 0 MgX

MgX

11

Clearly, addition of the second vinyl group also will require two

equivalents of Grignard reagent, and is expected to generate a vicinal

diol probably as a mixture of cis-trans isomers.

0 MgX

O 2R' MgX>
Ri H,C)

OH 0 MgX OH

Thus we have established an approach to the synthesis of triene

systems with a cyclohexyl group to maintain the proper stereochemis-

try at the central double bond. For our structure reactivity study

concerning the influence of a phenyl group at the 2-position it was

necessary to prepare 1-kr-styry1)-2-vinylcyclohexene 18 and study its

rate of ring closure. It was also necessary to prepare a second

triene, the unsubstituted system 1, 2-divinylcyclohexene 9, in order

to ascertain its rate of electrocyclization and to have a proper
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Ph

18

Figure 7. Synthetic route to 1, 2-divinylcyclohexene and
1- (a- s tyry1)- 2-vinyl cyclohexe ne.
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standard for comparison with the first system. The final synthetic

scheme to be used for the preparation of these two trienes is shown

in Figure 7. The syntheses were clearly simplified by using a com-

mon intermediate for the preparation of both trienes. The two trienes

were expected to be readily identifiable by their spectral character-

istics. With the above synthetic scheme in hand, work was begun

first on the synthesis of 1, 2-divinylcyclohexene.

II. Synthesis of 1, 2-Divinylcyclohexene (9)

Reaction of 1, 2-cyclohexanedione with two equivalents of vinyl-

magnesium bromide proceeded smoothly, particularly if careful stir-

ring was used during the hydrolysis stage to prevent the formation

of an emulsion. The product, 2-hydroxy-2-vinylcyclohexanone (7) was

identified by comparison with the infrared data published by Conia

(104). The crude product was carried directly to the next step since

Mg BrOH
1) 2

2) H
3
0 +

OH
7

distillation of the product Led to considerable loss due to the formation

of polymer. The second vinyl group was added without complication

using two equivalents of vinylmagnesium bromide. The product was

apparently a mixture of cis and trans isomers of 1, 2- divinyl -1, 2-

cyclohexanediol (8), but no attempt was made to separate the isomers



since the next step can be carried out using either stereoisomer.

Again, the infrared spectrum of a purified sample agreed with the

7

Mg Br
1)

2) H30 +

OH

8

66

literature values given by Conia (104).

The final step of the synthesis was then studied utilizing di-

phosphorus tetraiodide for the elimination. The reagent was prepared

by direct combination of the elements in carbon disulfide (105) followed

by isolation of the solid. The solid can then be reextracted when

needed, but we have found that the reagent may be stored satisfactor-

ily under nitrogen as a carbon disulfide solution. The solution may

then be used directly when needed. The diol 8 reacted rapidly with

the diphosphorus tetraiodide solution at room temperature to give

one isolable product, 1, 2- divinylcyclohexene 9 in low yield (10-25%).

The structure of the triene 9 was fully confirmed by its spectral data.

OH

OH

8

P I
24>

I

The UV spectrum showed a series of three maxima at 260 (25000),
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269 (30100), and 279 (20800) nm which typify dialkylsubstituted triene

systems. The nmr spectrum of 9 was greatly simplified by the mirror

plane of symmetry that the molecule possesses. A four-proton multi-

plet at 1. 66 6 (cyclohexyl protons), and second four proton multiplet at

2. 25 5 (allylic protons) characterized the ring protons. The vinyl

protons appeared as an AMX pattern which is simplified by the neg-

ligible coupling between protons Ha and Hb. Proton assignments were

made on the basis of normal coupling constants reported for vinyl

groups by Dyer (106). Proton Ha appeared as a doublet at 5. 14 6

(J ac=18
Hz, 2 protons) and Hb as a doublet at 5. 00 6 (Jbc= 11 Hz, 2

protons). A pair of doublets, assigned to Hc, were centered at

6. 96 6 (Jac= 18 Hz, J
bc

=11Hz, 2 protons). The infrared spectrum

showed a double bond stretch at 1600 cm-1 and vinyl bending absorp-

tions at 983 and 898 cm-1.
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III. Electrocyclization of 1, 2-Divinylcyclohexene (9)

Thermal rearrangement of 9 was carried out by heating cyclo-

hexane solutions of the triene in sealed pyrex ampoules. The

ampoules were prepared by washing with ammonium hydroxide solu-

tion, rinsing with CO2-free water and drying at 105°C. The triene

solution was added and the solution and ampoule were purged with

nitrogen before sealing. Triene solutions heated for 18 hrs at 125°C

gave one major product 10 which was isolated by preparative glc.

The carbon skeleton of 10 was determined by hydrogenating the

thermal product to a mixture of cis and trans decalins. A third

minor product, which was not isolated, was believed to be A 9, 10

octalin.

Spectral data of 10 identified the thermal product as 1, 2,3, 4,6,7-

hexahydronaphthalene (11). Its mass spectrum showed a parent ion

peak at 134 amu. The UV spectrum showed a single absorption band

at 263 nm (c =4800) that indicated a conjugated homoannular diene

system. The nmr spectrum showed four cyclohexyl protons at I. 54 6,

a set of four allylic protons at 1. 95 6 and another four protons at

2. 23 6. Finally a two proton absorption at 5.39 6 was assigned to

the olefinic protons. Two possible hexalin structures, 11 and 12

could reasonably fit the spectral and hydrogenation data. Structure 11



was expected to be the direct ring closure product of the triene 9.

12
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However 12 will also fit the data and could conceivably arise from 11

via a concerted 1, 5-hydrogen shift.

Superficially, assignment of the structure of the thermal

product seemed a formidable task. However, examination of the

nmr and UV data with careful regard to the structural differences

between 11 and 12 allowed a decision to be made. We noted that the

diene system 11 is symmetrical with respect to substituents and the

nmr should reflect the property, i. e. the nmr should show two equiva-

lent olefinic protons. Using the cyclohexadiene system as a model,

we found from a search of the literature that the symmetrical 2, 3-di-

alkyl system 13, shown in Table 9, did indeed give a single absorp-

tion. On the contrary, the 1, 2-dialkylsubstituted system 14, as

expected, gave absorptions over a wide range. It might be argued

that 14 is not a proper reference compound since it does not have

identical alkyl substituents. This nonequivalence certainly could

contribute to the range found in 14 but this probably would be a

relatively small effect. As a check, the literature values for the

olefinic protons of some substituted methylcyclohexadienes
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Table 9. Olefinic absorptions in the nmr spectra of selected
cyclohexadienes.

Compound

O

Olefinic Absorption (6) Reference

5. 83 107

13 5. 48 108

14 5. 3-5. 8 109

(Table 10) were considered. Clearly, substitution of ethyl or iso-

propyl for methyl causes a downfield shift of about 0. 2 ppm or less

in these systems, and compound 14 would be expected to have an

Table 10. Olefinic region in nmr spectrum of alkyl-cyclohexadienes.

Compound Olefinic Region Reference
(no. of protons)

5. 3 -5. 5 (1)
5. 55-5. 85 (2)

5.3 -5.6 (1)
5. 75-5. 95 (2)

5.3 -5.6 (1)
5. 8 -6. 0 (2)

108

11

11
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nmr spectrum similar to that of 1,2-dimethy1-1,3-cyclohexadiene

15. Thus the nonequivalence of the protons of structure 12 would

15

almost certainly be easily recognizable in the nmr spectrum. Further

evidence for our structural assignment was provided by the ultraviolet

spectrum of 10. The UV spectra of 11 and 12 determined by Hackel

are shown in Table 11, along with that of our thermal product 10.

Table 11. UV spectra of hexalins.

Compound

10

12

UV maximum, nm Reference

263 4800 This work

261-262 not determined 20

266 6700 20

The spectrum of 10 certainly resembled that obtained for compound

11 more closely than that for 12. Thus the combination of both nmr

and ultraviolet data supported the assignment of structure 11 to the
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thermal product 10. After the conclusion of this work, an nmr spec-

trum of 12 provided by Bates (110) showed conclusively that 10 was

not identical with 12 and thus the structural assignment of 10 was

secured.

A second thermal product also is produced if the triene i is

heated for prolonged periods (18-20 hours) at higher temperatures

(ca. 150°C). This product was assigned the structure 1, 2, 3, 5, 6, 7-

hexahydronaphthalene 16. The UV spectrum showed a single

16

absorption at 242 nm (E. 17400) which indicated a heteroannular

diene system. The mass spectrum showed a parent ion peak at 134

amu, confirming the compound as isomeric with 10. The nmr showed

the cyclohexyl protons as a four-proton multiplet at 1. 66 6, the allylic

hydrogens as an eight-proton multiplet at 2. 13 6, and a single olefinic

proton peak at 5. 31 6, which represented two protons. The nmr thus

eliminates the structure of the other heteroannular diene structure 17

17
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which possesses three olefinic protons and five allylic protons. In

addition, the nmr (110) and UV data (111) matched that of the known

compound 16 (110), fully confirming our structural assignment.

It does not seem conceivable that 16 could have formed directly

from the triene 9 The diene 10 was isolated and subsequently ex-

posed to the more vigorous conditions. The sole product obtained

was 16, confirming that 16 is probably derived directly from 10. A

concerted thermal rearrangement of 10 to 16 by a 1,3-hydrogen shift

could be a possible route, but according to the Woodward-Hoffmann

theory this process, if concerted, must occur antarafacially. The

required configuration for this transfer must be extremely difficult

to achieve. Perhaps a symmetry forbidden transfer could take place,

but we consider that this is highly unlikely. Bailey (112) was unable

to detect the rearrangement of 5-methylene-1,3-cyclohexadiene to

toluene at temperatures up to 110°C without catalysis. The strong

x
CH3

driving force provided by the formation of an aromatic system in the

product is apparently insufficient to bring about the reaction. Several

estimates of the energy cost required to achieve the transition state

for a 1,3-hydrogen shift have been put forward. Benson (113) has
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estimated the barrier at about 35 kcal /mot for the conversion of 1,3-

cyclohexadiene to the 1,4 isomer via a symmetry forbidden 1,3 shift.

Williams (114) applied mass spectral data to study the energy barrier

for the 1,3 shift in oxonium ions formed during the ionization of di-

ethyl ether and found an activation energy between 58 and 83 kcal/mol

1,3 H
CH

3
-CH

2
-0,CH

2
CH3-CH=O-CH3

was required. Thus it is highly unlikely that a 1,3-shift mechanism is

operative in our system.

A more likely mechanism would involve some type of acid cata-

lyzed rearrangement possibly caused by some impurity in the solution,

or on the glass surface.

H H

10

-H+

A kinetic study of the conversion of 10 to 16 showed that the reaction

was not first order in 10, and in fact the rate of conversion varied

with each ampoule in a random manner. Thus a nonconcerted

process must be in operation. A review of the literature, outlined
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in the historical section, clearly indicated the ease with which re-

arrangements of this type can occur in hexalin systems.

IV. Synthesis of 1- (a- Styryl)- 2- Vinylcyclohexene (18)

The route to this triene uses styrene as a starting material.
Br Br

KOHH Br2
I I

Br
N

CH > CH CH
2

-->PPh 2 CC14 PhV EtOH
CH2

h

20

1.2 20

Mg BrMg

THE
20-25°C

CH
Ph 2

Styrene was brominated readily to yield crystalline 1, 2-dibromo-1-

phenylethane 19 which was identified by its melting point and nmr

spectrum. The dibromide was treated with alcoholic potassium hy-

droxide giving a liquid, a-bromostyrene 20 which is a strong

lachrymator and must be handled with caution. The nmr spectrum

of 20 showed a one-proton doublet at 5. 65 6 (J=2 Hz) and another one-

proton doublet at 5. 97 6 (J= 2Hz) in addition to the phenyl protons.

The small coupling constant and downfield shift of the olefinic protons

indicated that they were terminal protons The spectrum differed

markedly from the published spectrum of (3-bromostyrene. The

preparation of the Grignard reagent required modification (115) of
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the normal mode of synthesis of vinyl Grignards. The bromide was

added slowly to a flask containing magnesium turnings and a large

excess of THF. After the reaction was initiated the reaction mixture

was maintained at room temperature for the duration of the addition.

If the reaction is carried out at reflux temperature or with higher

concentrations of bromide it gave mainly the coupling product 2, 3-

diphenylbutadiene.

The Grignard was added to 2-hydroxy-2-vinylcyclohexanone 7,

two equivalents of the reagent being required. The diol, 1, 2-

dihydroxy-14r-styryl) -2-vinylcyclohexane 21 was isolated and ap-

peared, from its nmr spectrum, to be a mixture of cis and trans

Ph
gBr OH

OH
7

's.Ph

2) H30 +

21

isomers. The phenyl protons appeared as two peaks at 7. 20 and 7. 17 6.

Careful analysis of the olefinic region showed the expected AMX pat-

tern for the vinyl groups of both stereoisomers. The a-proton of the

vinyl group from each isomer appeared as a doublet of doublets cen-

tered at 6. 11 and 6. 28 6 which overlap to give six peaks. A complex

set of peaks at 4.95-5. 45 6 (four protons) was assigned to the ter-

minal protons of the vinyl and styryl groups. The infrared spectrum

showed absorptions due to O-H stretching (3530 and 3470 cm 1), vinyl
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bending (919 and 891 cm 1), and monosubstituted phenyl (775 and

702 cm-1). Curiously the UV spectrum showed an absorption max-

imum at only 225 nm. (E. 5280) for the styryl chromophore indicating

a pronounced shift from that reported for styrene () max= 248 nm,

E. 14000) (74). This however is not entirely unexpected since styryl

a-substituents are known to decrease both the absorption maxima

and intensity, and the effect becomes more pronounced with Larger

substituents. Overberger (74) noted this sequential effect in a series

of a-alkyl styrenes as shown in Table 12. Our molecule should be

slightly more hindered than a-isopropylstyrene due to the tertiary

hydroxyl group, and thus the larger shifts (X and E) are notmax

Table 12. UV spectra of a-aj.kyl styrenes.

a -s ubs tituent max E

H 248 14600

CH
3

243 11400

C2 H5 240 10100

n-C
3

H7 239 9390

i-C
3

H7 234 7800

unreasonable. The diol stereoisomers were not separated since the

next step could be carried out using both isomers.
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The diol mixture reacted smoothly with diphosphorus tetraiodide

and gave the desired 1-(a-styryl)-2-vinylcyclohexene 18 unfortunately

in only 7% yield. The triene could be purified by TLC, distillation,

or glc without apparent rearrangement, indicating that it was appar-

ently more stable thermally than anticipated. The structure was

21

P I24

18

confirmed by the nmr data. Absorptions at 1. 4-1. 95 6 (four cyclo-

hexyl protons), and 2. 11 and 2. 29 6 (two allylic protons each) charac-

terized the ring protons. The vinyl group appeared as an AMX pat-

tern with the a-hydrogen at 6. 72 6 (doublet of doublets, J = 18 Hz, 11

Hz) while the terminal vinyl protons appeared as doublets at 5. 09

(J. 18 Hz) and 4. 85 6 (J= 11 Hz) respectively. The p-protons of the

styryl group appeared as doublets at 5. 00 and 5. 55 6 (J = 2 Hz).

The ultraviolet spectrum of the triene is unique, showing a

single peak at 241 nm (E = 25700), absorption at a much shorter wave

length than for a normal triene system. By comparison the UV spec-

trum of 1, 2-divinylcyclohexene gave a series of three peaks, typical

of trienes, at 260, 269, and 279 nm. Four coplanar conformations

may be written for this system and are shown in Figure 8. It is

obvious that serious steric interactions must occur in all four
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conformations, and that either the styryl or the phenyl alone must

rotate out of coplanarity with the remainder of the system to relieve

this strain. The fact that only a single absorption peak occurs rather

than three peaks suggests that the normal triene chromophore is

absent, and this would rule out the possibility that the phenyl alone

is noncoplanar. Braude (116) reported that 2- methyl -3- phenylbutadi-

ene absorbed at 223 nm (6 z 10000), which suggests in our system that

the vinyl group is coplanar but the styryl group is twisted out of

Figure 8. Four coplanar conformations of 1- (a- styryl) -2-
vinyl yclohexene.
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planarity. This would give separate butadiene and styrene chromo-

phores and would explain the surprisingly low wavelength absorption

for this triene system.

V. Electrocyclization of 1-(a-Styry1)-2-Vinylcyclohexene (18)

The thermal rearrangement of 18 was carried out by heating

cyclohexane solutions of the triene in sealed pyrex ampoules. Triene

solutions heated for 8 hrs at 136°C gave only one product which was

identified as 1 -pheny1-2,3,4,6,7,8-hexahydronaphthalene (23) based

Ph

23

on its hydrogenation products, spectral data, and ozonolysis.

The carbon skeleton was unambiguously ascertained by hy-

drogenating 23 to 1-phenyldecalin. The structure was confirmed

by gic comparison with authentic samples obtained by synthesis.

The synthetic scheme is shown below. In the first step 1-decalone

was treated with phenylmagnesium bromide to give 1-phenyl-1-decalo1

(24). The product was identified from its infrared spectrum which

showed absorptions due to hydroxyl stretching at 3600 and 3500 cm 1

and monosubstituted phenyl bands at 750 and 700 cm-1. The alcohol

24 was not dehydrated with either 20% aqueous sulfuric acid or
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Ph

0

1) Pi.avigBr).

2) H30 +

H
2
/Pt()

2

HOAc

Ph

26

24

A H PO
3 4

Ph

25
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gave a mixture of cycloalkenes. The two main products were identi-

fied as 1-phenyl-A 9'10-octal-in (25) and 1-phenyl-A 1, 2 -octalin (26).

Product 25 was identified from its nmr spectrum, which shaved no

olefinic protons, six allylic protons, and one allylic-benzylic proton,

and from its ultraviolet spectrum which showed only a weak absorp-

tion at 250 nm (e .,-.300) due to the nonconjugated phenyl group.

Product 26 probably as a mixture of cis and trans isomers, had an

nmr spectrum with one olefinic proton (at 5. 42 and 5. 63 6), while the

ultraviolet spectrum showed an absorption peak at 238 nm 4420).

The UV spectrum was thus indicative of the steric interference that

exists between the C-8 hydrogens and the phenyl group. The chromo-

phore is similar to that in 2-phenyl-cis-2-butene (117) (27) (X. max



243 nm, E = 12100) yet, in comparison, exhibits both a diminished

CH CH3\ 73
Ph

27
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and E. Hydrogenation of the mixture containing 25 and 26. doesmax

not occur under mild conditions (palladium, cyclohexane solvent,

one atmosphere pressure), but hydrogenation did occur with platinum

oxide in glacial acetic acid. Successful reaction required three

atmospheres pressure and prolonged reaction times (19 hrs). The

resistance of 25 toward catalytic hydrogenation was demonstrated

by its presence in small amount at the end of the reaction. The two

products isolated showed neither olefinic nor allylic protons in the

nmr spectrum, while the UV spectrum showed weak absorptions at

200 and 208 nm and a very weak band at 255 nm, showing that the

phenyl group was the only chromophore present. In view of the mode

of synthesis their structures must be those of the geometric isomers

of 1-phenyldecarn.

The nmr of the thermal product 23 showed only one olefinic

proton, at 5. 45 6, and eight allylic protons at 1. 95-2. 45 6 as well as

the phenyl and cyclohexyl protons. These data are consistent not

only with structure 23 but also structure 28. However, the ultraviolet

spectrum of the thermal product had X =max 246-247 nm (E= 9230)



which eliminates a homoannular diene system. Models of 23 and 28

Ph

23

Ph

28
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show that the phenyl group cannot be coplanar with the diene group

due to the steric interference between the C-8 hydrogens of the

hexalin and the ortho hydrogens of the phenyl group. Even in the

extreme situation in which the phenyl is totally orthogonal to the

diene the absorption maximum of 28 must lie above ca. 263 nm.

Thus we eliminated structure 28. It is apparent that in structure 23

the phenyl must necessarily be significantly twisted from planarity

with the diene system since otherwise the extended conjugation of the

planar system would certainly produce a spectrum similar to that of

1- phenyl -1, 3- butadiene (X max = 280 nm) (118). It is noteworthy that

Bailey (48) reported an absorption for 1, 5- diphenyl -2, 3, 4, 6, 7, 8-

hexah.ydronaphthalene (22) at only 235 nm (E = 19300).
Ph

Ph
29

The final piece of evidence was obtained by chemical degrada-

tion. Determination of positions of unsaturation by ozonolysis is well
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known in organic chemistry. In our case oxidative workup was

chosen since the carboxylic acid products are stable, usually nicely

crystalline solids and should be readily identified. The ozonoLysis

of our dienes would be expected to give a-keto acids, but during oxi-

dative workup, however, these are converted to carboxylic acids

(119). The expected ozonolysis products and their UV maxima are

0
R8-COOH + H 0 RCOOH + CO

2 2 2

shown in Table 13. The triene thermal product was ozonized in

Table 13. Predicted ozonolysis products of dienes 23 and 28, and
the UV absorption maxima of the products.

Isomer

23

Ph

28

Ozonolysis Products X. max of Product, nm Reference

0
C-( CH2) 3COOH +
0

Ph HOOC-( CH2 )3-COOH

242, 281 119

0

Ph

C-( CH2) 2COOH +

HOOC( CH2 )4C 00H

241, 277 120

pentane and the product oxidatively decomposed with 30% hydrogen

peroxide in glacial acetic acid. An nmr spectrum of the crude reac-

tion mixture showed the presence of the expected benzoyl group. The
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final product determination had to be made by examining the UV

spectrum of the mixture and comparing it with the known spectra

shown in Table 13. The ozonized thermal product showed a band at

242 nm and a weaker band at 283 nm, and thus closely resembles the

spectrum expected for y-benzoylbutyric acid (120). Unfortunately

the small quantity of product obtained did not permit separation of the

individual acids.

It seems unlikely that the diene 23 could arise directly from

the triene. Chemically the most plausible explanation for the forma-

tion of 23 is that the triene undergoes the normal electrocyclic ring

closure to give 28, which rearranges to 23 presumably by some type

Ph Ph

28

Ph

23

of catalytic process. This behavior was also observed in the unsub-

stituted triene system discussed previously. In both cases the product

contained the s- trans diene system.

VI. Disproportionation Reactions

Thermal rearrangements of the phenyl triene 18 produced not

only the diene 23 but also occasionally gave two anomalous dispro-

portionation products. The two products were identified as the octalin
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25 and the phenyltetralin 30. The nmr spectrum of the octalin was

identical with that of 25 obtained from the dehydration of 1-pheny1-1-

decalol 24 while the mass spectrum of the thermal product has a

25

Ph

30

parent peak at 212 amu, confirming the mono-olefin structure. The

nmr spectrum of 30 had a four proton peak at 1. 78 5 (cyclohexyl),

and multiplets at 2. 54 and 2. 82 5 containing two benzylic protons

each. The aromatic protons appeared at 6. 98 (3 protons) and 7. 25 5

(5 protons) and were assigned to the tetralin and phenyl hydrogens

respectively. The mass spectrum unexpectedly gave a parent peak

at 204 amu, presumably resulting from loss of two molecules of

hydrogen to give the fully aromatic 1-phenylnaphthalene. The UV

spectrum of 30 again reflected the noncoplanarity of the chromophore

due to steric interference of the C-8 hydrogens with the ortho hydro-

gens of the phenyl group, thus an absorption maximum at 237 nm.

We have previously discussed the analogous case of o-methylbiphenyl

which also gave a band at 237 nm (69). We prepared a comparison

sample of 30 by reaction of the phenyloctalin mixture of 25 and 26

with N-bromosuccinimide. Aromatization of cycloalkene systems

with this reagent is well documented (121). Glc separation of the
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aromatized reaction mixture gave one main product. The nmr spec-

trum of that product is identical with that of the disproportionation

product 30, and its UV spectrum also had a maximum at 2 35-2 37 rim.

Disproportionation reactions were reviewed in the historical section

and were shown to occur readily in cyclohexadienes under either acidic

or basic conditions. Occasionally such products appeared in thermal

reactions. As an example, benzene was detected as a reaction product

in the thermal cyclization of cis- 1, 3, 5-hexatriene (59). Despite the

fact that both products, 25 and 30, are extremely stable molecules,

we were surprised that our diene reacted in this way.

VII. Diene Migration in the Phenylhexalin System

Though we have repeatedly observed the apparent thermal con-

version of homoannular to heteroannular dienes in the hexalin ring

system, we do not feel that an understanding of this occurrence has

been achieved. Thus in order to study this process further we pre-

pared 1- phenyl -1, 5, 6, 7, 8, 9-hexahydronaphthalene (31) as a model.

The carbon skeleton was constructed using the Robinson ring

annellation first carried out by Raps on and Robinson (123). The

enolate anion of cyclohexanone reacted smoothly with benzalacetone

and the ketone was isolated as a white crystalline solid. The product,

4, 4a, 5, 6, 7, 8- hexahydro -4- phenyl- 2(3H)- naphthalenone (32), was

identified by its melting point, the presence of a single olefinic proton
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Na/NH
3

L iA1H
4

benza1-

acetone

32

as shown by a peak at 5. 83 05 in the nmr spectrum, and the strong

absorption at 1670 cm 1- of the carbonyl group.
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Reduction of the ketone required treatment with lithium alumi-

num hydride first at 0°C, then at room temperature. The course of

the reaction was followed by observing the disappearance of the

carbonyl band in the infrared spectrum. The alcohol 33 still con-

tained a single olefinic proton (nmr, 5. 40 5), and its infrared spec-

trum showed an 0-H stretching band at 3640 cm-1.

Dehydration of the alcohol called for mild conditions to avoid

isomerization of the diene system once generated. It became immed-

iately obvious that formation of or rearrangement to a heteroannular

diene, either 34 or 35, was extremely facile. Distillation of the
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crude alcohol gave a single product, presumably one of the spectro-

photometrically indistinguishable isomers 34 or 35. No alcohol was

detected in the distillate. Likewise dehydration of 33 using 13-naphtha-

lenesulfonic acid or thionyl chloride and pyridine resulted in the

Ph
34 35

isolation of the diene 34 (or 35). Pyrolysis of the xanthate ester of

33 also gave the same product. Dehydration to give 31 occurred

accidentally during attempted isolation of 33 by glc collection. It

was found that 40% of 31 and 60% of 34 (or 35) was produced by

passage through the column. The symmetry of the glc peaks sug-

gested that the dehydration had taken place in the injector (200-220°C)

rather than in the column. This new diene was identified as 5-phenyl-

1, 2, 3, 4, 4a, 5- hexahydronaphthalene (31) by its nmr spectrum, which

showed three olefinic protons as well as one allylic-benzylic proton

(at 3. 15 and 3. 27 6, probably due to geometric isomers). The UV

spectrum showed a broad absorption at 260-265 nm, characteristic

of homoannular dienes.

Compound 34 (or 35) also showed three olefinic protons in its

nmr spectrum, as well as a single benzylic proton (at 2. 65 and 2. 8 6,

again probably due to geometric isomers). The UV spectrum showed
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bands at 232 and 238 nm and indicated the presence of a heteroannular

diene system. The dienes 23 and 36, also possible structures for the

Ph
23 36

Ph

heteroannular diene, were ruled out by the number of olefinic protons.

Again for the hexalin system, the strong tendency for rearrange-

ment of the heteroannular system is well. documented. It is surprising

that 23 is not produced in the reaction since it probably is the most

stable of the s-trans dienes. However its production from 31 would

require several hydride transfer steps.

Chemical common sense would suggest that the heteroannular

diene produced during the reaction is probably 34 since a single

carbonium ion intermediate could be envisioned, Product 35 could

H+
33 -H20

Ph Ph

-H+
34

be rationalized only as arising from a series of hydride transfers.

Thermal rearrangement of 31 was attempted by heating cyclo-

hexane solutions in sealed ampoules for prolonged periods. Heating
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for 68 hours at 137°C gave no rearrangement as evidenced by glc

comparison with starting material. However, heating for 84 hours

at 201°C gave a new gic peak, and a broadened phenyl absorption at

7. 06 6 in the nmr. Thus under the conditions required for cyclization

of the phenyl triene 18 there is apparently little tendency for conver-

sion of this diene to a heteroannular isomer.

Solutions of the heteroannular diene 34 (or 15.) which were

heated in sealed ampoules for 68 hrs at 137°C gave no new products.

In fact no change in the n-nr spectrum was observed after heating.

VIII. Kinetic Studies of Hexatrienes

Solutions of 1, 2-divinylcyclohexene 22 and 1-(a-styryI)-2-vinyl-

cyclohexene in spectroquality cyclohexane were heated in sealed

ampoules which were removed from the thermostat at intervals for

glc analysis. Rates were determined by following the decline of the

triene concentration versus time using an internal standard as refer-
_

[ triene
ence. First order rate plots of In versus time gave

istandardi

straight lines and were used to determine the rate constant at each

temperature, with the results shown in Table 14. A least squares

regression program run on an HP-25 calculator was used to determine

the best straight line that would fit the data. In addition, kinetic

parameters were determined using the methods described by Laid ler

(121), with a least squares regression program again used for data
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Table 14. Rate constants of trienes at different temperatures.

Tr iene Temp. (0C) k (sec -1
)

Ph

126. 5 3. 68 X 10-5

140 1. 06 X 10-4

153. 5 3. 30 X 10-4

126. 5 4. 84 X 105

140. 5 2. 08 X 10-4

153. 5 4. 16 X 10-4

fitting. These parameters are listed in Table 15.

Table 15. Activation parameters of trienes.

Ea (kcal/mol) 27. 5 27. 2

dt--I (kcal/mol) 26. 7 26. 4

A (sec-1) 3. 9 X 10 10 3. 8 X 1010

LAS S (cal./°C) 12. 1 -12. 1

(kcal /mol) 30. 3 30. 0

The results show that the phenyl-substituted triene underwent cycliza-

tion only about 1. 5 times faster than the unsubstituted triene, thus

confirming our previous qualitative observation that the triene 22 is
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surprisingly stable thermally. This property had enabled us to

carry out glc separation of the triene as well as to follow the kinetics

of the eLectrocyclization without fear of rearrangement. The activa-

tion parameters suggest that the rate increase may be due to differ-

ences in the activation enthalpies only. The constancy of the entropies

of activation between the two trienes suggests that introduction of the

phenyl group presents no effective perturbation during ring closure.

It also suggests that rotation of the phenyl group must be as restricted

in the transition state as it is in the ground state. However, these

interpretations can only be viewed as suggestive since the differences

between the parameters for the two compounds are not significant.

Certainly the contrary behavior of the phenyl triene with respect to

its expected rate of ring closure must be examined.

As predicted by the theory of Woodward and Hoffmann (81),

concerted thermal rearrangements of hexatrienes have been found

experimentally to occur in a disrotatory fashion without exception.

A cursory investigation of the mechanism presumes the terminal

positions approach one another closely, and rehybridization and bond

migration occur synchronously during the completion of the reaction.

Inspection of several reactions, listed in Table 1 of the historical

section, clearly indicates that substituents may enhance or retard

the rate of ring closure.

Marvell (82) has proposed q. transition state calculated from the
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energies of the pi- system and the sigma bond being formed as well

as the energy due to nonbonded interactions. The total energy was

determined as a function of the rotation angle 0 shown in Figure 9.

0

Figure 9. Assignment of angle 0 in ring closure of
cis -1, 3, 5- hexatriene.

The preferred transition state was found on the disrotatory pathway

even though nonbonded interactions would tend to favor the alternate

conrotatory mode. Also, significantly, rehybridization at C-1 and

C-6 to form the new sigma bond was found to be well advanced while

the C-3 C-4 bond was for the most part intact. The angle 0 was

found to be about 135°, which corresponds to an inward tilt of about

45° relative to the plane of the molecule. Figure 10 illustrates the

proposed transition state. An immediate consequence of this pathway

is the isolation of the p-orbitals at C-2 and C-5 since delocalization

through the remaining pi bond will be greatly reduced due to the lack

of coplanarity with the isolated orbitals. Thus a pseudo-biradical

occurs, and introduction of subs tituents capable of stabilizing a

radical center should help stabilize this transition state. It is

interesting to note that Komornicki and McIver (125) carried out
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Figure 10. Proposed transition state of cis-1,3, 5-
hexatriene.

a MINDO/2 study of the hexatriene-cyclohexadiene reaction and ob-

tained a transition state very similar to that proposed by Marvell.

The C-1 - C-6 interatomic distance was calculated to be 2. 06

(compared to 2.0 from Marvell) and the dihedral angle formed by

carbons 1, 2, 3, and 4 was 42° (compared to 45(3). This tends to

lend support to the semi-isolated p-orbital theory.

There is some experimental data to support the theory of a

special influence of radical stabilizing groups at C-2 and C-5. Unfor-

tunately introduction of a substituent at C-2 or C-5 requires consider-

ation of not only the stabilizing influence of the substituent but also

the steric effects resulting from the increased bulk of the substituent

(compared to hydrogen). In the present case there is adequate evi-

dence, mainly from UV data, of the profound changes that are pro-

duced in the ground state by introduction of the large phenyl. group.

In contrast, the evidence from the comparative rates of
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electrocyclization of the trienes indicates that the phenyl group

behaves as if it were simply not there. That is, it acts on the ground

state and transition state equally, and thus the effects cancel out.

The appropriate question then is does this suggest that the phenyl

group contributes no important stabilizing effect, or is there such an

effect and it is simply negated by steric interactions?

It is, unfortunately, not possible to give an unequivocal answer

to that question, but one can judge whether steric effects could be

large enough to counteract a Large special stabilizing influence. A

partial answer to that question may be provided by investigating

experimental and thermodynamic data. Table 16 indicates that an

alkyl group at C-2 appears to enhance the rate of ring closure by a

factor of three, which, at 132°C, corresponds to a decrease of 0. 9

kcal/mol in the free energy of activation. A methyl group is known

to stabilize a free radical center by about 3. 5 kcal /mot (126), based

on the heats of formation of n-propyl and isopropyl radicals. How-

ever, the ground state is also affected by methyl, since a methyl

group stabilizes a double bond by 2. 4 kcal/mol (127) (determined

from the heats of formation of 2- and 3-methyl-l-pentenes). Although

it is difficult to establish the exact steric effect of the methyl group

in the triene system, we can estimate that value from the heats of

formation of cis-3-hexene and cis-4-methyl-2-pentene as 2.4 kcal./

mol (128). Thus the electronic and steric effects essentially cancel
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in the ground state and the only rate enhancement is due to the radical

stabilization effect of 3. 5 kcal/mol in the transition state. However,

only 0. 9 kcal/mol or 25% was effective in altering the rate of ring

closure. This estimate is obviously subject to considerable error and

must be viewed cautiously.

Table 16. Relative ring closure rates of trienes.

Compound Relative rate

1. 0

0. 01

0. 03

Unfortunately, application of the same treatment using the phenyl

group, as in our case, is much more difficult since almost no adequate

quantitative data are available. However, the stabilization of a rad-

ical center by phenyl is known with some precision to be 12. 5±1

kcal/mol (84). Spectral data from this work provides conclusive



98

evidence that the phenyl-triene chromophore is essentially completely

noncoplanar. It is clear that in the ground state the styryl group is

twisted out of planarity with the remaining diene. We can thus

estimate that the stabilization of a double bond due to the phenyl group

approximates that in a-methylstyrene at best, and must certainly be

less than the 3.0 kcal/mol determined from the difference in the

heats of hydrogenation of 1,2- and 1,4-dihydrona.phthalenes (129).

Determination of the steric effect of phenyl in the ground state is

difficult since no adequate estimate is available, but again its pure

bulk effect might be similar to the 2.4 kcal/mol value used for the

methyl group. Since the electronic and steric effects in the ground

state are probably of the same magnitude and opposite in effect, we

have chosen once again to assume that they cancel one another.

Models that approximate the calculated transition state suggest

that nonbonded interactions between the ortho-hydrogens of the phenyl

group and the methylene hydrogens of the adjacent ring may be min-

imized by twisting the phenyl ring out of planarity with the attached

sp 2 carbon by 35-40°. Shanshal (130) has calculated, using SCF

theory, the destabilizing effect of rotating a phenyl group out of

coplanarity with a benzylic radical. In the case of the phenylmethyl

radical, he has considered the effects on the overall energy due to

methylene-ortho hydrogen interactions, pi-conjugation, and changes

in bond length. The overall energy as a function of rotation angle is
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shown in Figure 11. A surprising result of the calculation is that the
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Figure 11. Overall energy destabilization due to rotation of phenyl
group in phenylmethyl radical (130).

highest energy does not occur when the phenyl group is orthogonal

to the p-orbital of the methyl radical. Instead, the energy maxima

occurs at 4 = 50°. This was attributed to the fact that full benzene

resonance is reestablished at (13, = 90o, while lesser angles result in

a perturbed system due to the inclusion of the radical center in the

pi-system. One may conclude also that a substantial portion of the

resonance stabilization of the radical center may be lost at relatively
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small rotation angles. Using his results the influence of the phenyl

on the radical is reduced by about 7-8 kcal/mol. If only about 25%

of the remaining 4. 5-5. 5 kcal/mol was effective (as in the case of

the 2-methyl triene), then about 1. 0-1. 5 kcal/mol would be the

estimated result which, would contribute to the enhancement of the

electrocyclic ring closure rate in our present case. This value is

about three times larger than that necessary to give a rate 1. 5 times

greater for the phenyl-substituted triene. However, in view of the

gross estimates involved, it does permit the conclusion that the pres-

ent result does not eliminate the possibility of a rather large rate

enhancing effect in a less hindered system.
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EXPERIMENTAL

All NMR spectra were run on a Varian HA-100 spectrophotome-

ter, IR spectra on a Beckman IR-8, and UV spectra on a Cary 15. All

melting points are corrected; boiling points are uncorrected.

I. 1, 2-Cyclohexanedione (11)

This reagent was prepared according to the method in Organic

Syntheses (131). A solution of 330 g of selenous acid (2. 55 moles)

was prepared in a mixture of 85 ml water and 425 ml dioxane, and

added dropwise to 1530 ml of cyclohexanone (14.8 moles) over a 4 hr

period. After stirring an additional 12 hrs, the solution was filtered

and the solid selenium metal extracted under reflux with 275 ml of

ethanol. The combined organic phases were distilled using a glass

helices-packed column; the high boiling fraction was redistilled to

give 216 g (76%) of yellow Liquid, by 74-88°C (15 mm), [lit. by

75-79°C (16 mm)] (131), which crystallized on standing.

II. Vinyl Bromide

The bromide was prepared according to the method of Kogerman

(132). To a solution of 90. 0 g (1. 6 moles) of potassium hydroxide in

500 ml of 95% ethanol was added dropwise 300 g (1.65 moles) of

1, 2-dibromoethane After the addition had been completed the
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mixture was heated slowly to 82°C. The gaseous bromide was col-

lected using a dry-ice condenser to give 95 g (57%) of colorless,

volatile liquid (lit. by 16°C).

III. 2-Vinyl- 2- hydroxycyclohexanone (7)

A solution of vinylmagnesium bromide was prepared in a one 1

flask equipped with a dry-ice condenser by adding a solution containing

55. 0 g (0. 52 mole) of vinyl bromide in 125 ml of dry tetrahydrofuran

(THF) to 18.8 g (0. 77 g-atom) of magnesium suspended in 80 ml of

THF. Reaction was initiated by addition of a small crystal of iodine

and by heating the solvent to reflux. A solution of 33. 6 g (0. 30 mole)

of 1, 2-cyclohexanedione in 100 ml of dry THF was added dropwise,

and the reaction mixture was stirred for 12 hrs. The reaction mix-

ture was treated with 100 mL of saturated aqueous ammonium chloride

solution, and the product was taken up in ether. The combined

organic layers were dried (MgS0
4
), and the solvent was removed to

give 23 g of red-brown liquid. Distillation of a small portion, by

40-45°C (0. 03 mm) gave a colorless liquid; nmr (CCI4) 6, 1. 6-1. 9

(m, 4H), 2. 0-2 .3 (m, 2H), 2. 35-2. 6 (m, 2H), 3. 94 (broad s, 1H), 5. 16

(d, 1H, J=11 Hz), 5. 39 (d, 1H, J=17 Hz), and 6. 14 (dd, 1H, J=11, 17 Hz);

it (neat), 3497 (s), 1720 (s), 994 (m), 912 (m) cm-1 [lit. 3500, 3090,

1710 cm 11 (104). Distillation led to heavy losses due to polymeriza-

tion, so the crude material was carried directly to the following step.
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IV. 1, 2-Diviny1-1, 2- cyclohexanediol (8)

The diol was prepared according to the method of Conia (104) as

modified by Marvell and Whalley (133). Vinylmagnesium bromide was

prepared as before using excess magnesium turnings (18. 8 g; 0. 77

g-atom) in 50 ml of dry THF and a solution of 55 g (0. 52 mole) of

vinyl bromide in 100 ml of dry THF. Crude 2-viny1-2-hydroxycyclo-

hexanone, 23 g (0. 16 mole), was dissolved in 100 ml of THF and was

added dropwise with stirring at 0°C. After having been stirred for 12

hrs, the reaction mixture was treated with 100 ml of saturated aqueous

ammonium chloride solution, and the mixture was extracted with ether.

The organic solutions were dried (MgSO4) and the solvent was re-

moved. The residual thick red-brown liquid was distilled, bath temp.

80°C (0. 05 mm), giving 5. 0 g of colorless liquid (10% from diketone);

nmr (CCL4) 8, 1. 56 (m, 8H), 2.40 (br m, 2H), 5. 40 (m, 4H), and 6. 10

(m, 2H); it (neat), 3600, 3100, 1640 cm 1 [lit. 3612, 3090, 1630 cm 11

(104).

V. Diphosphorus Tetraiodide

The iodide was prepared according to the method of Germann

and Traxler (105). In a typical run, a solution of 50. 8 g (0. 40 g-atom)

of resublimed iodine in 500 ml of dry carbon disulfide was added

slowly to a solution of 6. 23 g (0. 20 g-atom) of yellow phosphorus in
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100 ml of dry carbon disulfide. The mixture was allowed to stand

overnight. After two-thirds of the solvent had been evaporated,

refrigeration gave red-orange needles (two crops), 26. 5 g (47%),

mp 121-125°C [lit. mp 124. 5°C1 (105). The solution may also be

used directly for the following step.

VI. 1, 2-Divinylcyclohexene (2)

Reductive dehydroxylation of the diol was accomplished using

the method of Kuhn and Winterstein (101). A solution of 34. 0 g (0. 06

mole) of diphosphorus tetraiodide in 350 ml of dry, distilled carbon

disulfide was prepared using a Soxhlet extractor. To this was added

a solution of 5. 0 g (0. 03 mole) of 1, 2- divinyl -1, 2-cyclohexanediol in

60 ml of anhydrous pyridine. The solution immediately turned dark

brown. After the solution had been stirred overnight, the carbon

disulfide was removed under reduced pressure and the residue was

extracted with ether. The combined ethereal solutions were washed

with 2N sodium hydroxide, 12% sodium thiosulfate, and saturated

sodium sulfate solutions. The ether solution was dried (MgSO4), and

the solvent was evaporated to give 4 g of crude liquid. Column

chromatography on 10 g of silica gel PF254
with n-hexane as eluant

gave 1. 2 g of triene (22% yield), 75% pure by glc analysis on a 4%

UCON-Polar (10 ft X 1/8 in, Chromasorb G, AW/DMCS). Prepara-

tive gic on a 5% Carbowax 20M (8 ft X 1/4 in, 60/80 Firebrick) at
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120°C gave a pure sample; nmr (CC14) 6, 1. 66 (m, 4H), 2.25 (m, 4H),

5. 10 (dd, 4H, J=11, 18 Hz), 6. 96 (dd, 2H, J=11, 18 Hz); UV max (95%

EtOH) 260 (c=25000), 269 (E= 30100), 279 nm (6=20800); it (CC14) 1600

(m), 983 (m), 898 (s) cm-1.

Anal. Calc'd for C10H14: C, 89. 49; H, 10. 51. Found: C,

89. 36; H, 10. 70.

VII. 1, 2, 3, 4, 6, 7-Hexah.ydr °naphthalene (11)

A dilute solution of the above triene in spectroquality cyclo-

hexane was heated for 18 hrs at 125°C in a small pyrex ampoule.

Preparative glc separation of the major product on a 5% Carbowax

20M column (8 ft X 1/4 in, 60/80 Firebrick) at 120°C gave a colorless

liquid; nmr (CCL4) 8, 1. 54 (m, 4H), 1. 95 (m, 4H), 2. 23 (m, 4H),

5. 39 (m, 2H); UV max (95% EtOH) 263 nm (E=4800); mass spectrum

m/e (rel. intensity) 134 (67), 119 (43), 106 (22), 105 (27), 92 (33),

91 (100).

VIII. 1, 2, 3, 5, 6, 7-Hexahydronaphthalene (12)

A solution of the above triene in spectroquality cyclohexane was

heated for periods of 10 to 20 hrs at 150°C in a small pyrex ampoule.

Preparative glc collection of the major product on a 5% Carbowax

20M column (8 ft X 1/4 in, 60/80 Firebrick) at 120°C gave a colorless

liquid; nmr (CC14) 6, 1. 66 (m, 4H), 2. 13 (m, 8H) 5. 31 (broad s, 2H);
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UV max (95% EtOH) 242 nm (E=17400); mass spectrum m/e (rel.

intensity) 134 (48), 119 (25), 106 (20), 105 (26), 92 (33), 91 (100).

IX. Hydrogenation of 1, 2, 3,4, 6, 7-hexahydronaphthalene (1

A solution of 1. 7 mg of the diene in 1 ml spectroquality cyclo-

hexane was hydrogenated over platinum oxide at room temperature and

atmospheric pressure until hydrogen uptake ceased. The solution was

then filtered, and an aliquot, analyzed by gic on a 5% Carbowax 20M

column (8 ft X 1/4 in, 60/80 Firebrick) at 115°C, gave enhanced peaks

when mixed with an authentic sample of cis- and trans-decalin.

X. 1, 2-Dibromo-1-phenylethane (19)

The dibromide was prepared according to the method of Glaser

(134). Slow addition of 256 ml (799 g, 5 moles) of bromine to a solu-

tion of 522 g (5 moles) of distilled styrene in 500 ml of dry chloro-

form at 0°C over a 3 hr period gave a white precipitate. The suspen-

sion was filtered and the solid then recrystallized from EtOH -CHC1

(10:1) to give 966 g (73%), of white crystals, mp 71-72°C [lit. 72-

73°C1; nmr (CC14) 6, 3. 98 (d, 1H, J-=10 Hz), 3. 99 (d, 1H, J=6 Hz),

5. 05 (dd, 1H, J=6, 10 Hz), 7. 30 (m, 5H).

XI. 1-Bromo-l-phenylethene (a-Bromostyrene) (20)

The bromide was prepared according to the method of Glaser

3
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(134). To a solution of 84.g (1. 5 moles) of potassium hydroxide in 200

ml of 100% ethanol was added a solution of 264 g (1 mole) of 1, 2-

dibromo-l-phenylethane. After the addition the reaction mixture

was heated to 55°C for 30 min. The reaction mixture was poured into

2 1 of distilled water and a pale yellow liquid separated. The aqueous

layer was separated and extracted with ether. The combined organic

phases were dried (IV1gS0 4) and the solvent was removed under vacu-

um. The crude material was distilled, by 36-42°C (0.40 mm) [lit.

139-140°C (760mm)], to give 75 ml (106 g, 58% yield) of highly

Lachrymatory pale-green liquid; nmr (CC14) 6, 5. 65 (d, 1H, J=2 Hz),

5. 97 (d, 1H, J=2 Hz), 7. 1.7 (m, 3H), 7. 45 (m, 2H); it (neat), 1620 (m),

885 (s), 766 (s), 697 (s) cm -1.

XII. 1, 2-Dihydroxy -1- a- styry1)-2-vinylcyclohexane (21)

Over a 7 hr period 128 g (0. 70 mole) of freshly distilled a-

bromostyrene was added to 17. 0 g (0. 70 g-atom) of magnesium turn-

ings in 4C0 ml of dry THF carefully maintained at 20-25°C. A solu-

tion containing 35. 0 g (0. 25 mole) of 2-vinyl-2-hydroxycyclohexanone

in 75 ml of dry THF was added dropwise over a 3 hr period. The

light-brown precipitate which formed was dissolved by addition of

500 ml of dry THF and stirring was continued for two days. The reac-

tion mixture was then treated with saturated aqueous ammonium chlor-

ide solution at 0°C and the organic layer was separated. The
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precipitated magnesium salts were extracted with ether and the organ-

ic layers were combined and dried (MgSO4). Evaporation of the

solvent gave 114 g of crude product. Analysis showed 45. 6 g (40%)

of the diol was present. This product was purified by removing the

volatile materials via a rotary evaporator followed by molecular

distillation of the the diol (bath temp. 100-125°C, 5 X 10-4 mm).

Preparative gic purification of the distillate on a 2% SE-30 column

(8 ft X 1/4 in, acid washed 45/60 Chromasorb W) at 160°C gave a

mixture of cis- and trans- isomers; nmr (CC14) 6, 1. 2-2. 5 (m, 10H),

4. 95 -5.45 (m, 4H), 5. 97-6. 42 (m, 1H), 7. 19 (m, 5H); UV max (95%

EtOH) 225 nm (E=5280); it (neat) 3530 (s), 3470 (s), 1710 (m), 919 (s),

891 (m), 775 (s), 702 (s) cm-1.

Anal. Cale' d for C
16

H2002: C, 78. 65; H, 8. 25; Found: C,

78..50; H, 8. 20.

XIII. 1- -Styryl.)-Z-vinylcyclohexene (18)

A solution of 149 g (0. 26 mole) of diphosphorus tetraiodide in

600 ml of dry carbon disulfide was prepared and a solution containing

18. 4 g (0. 08 mole) of the above diol in 100 ml of pyridine was added

dropwise at room temperature under a nitrogen atmosphere over a

2 hr period. After having been stirred an additional 3 hrs, the mix-

ture was then concentrated by vacuum distillation. The residue was

extracted with ether and the ether extracts were combined and washed
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with 2N sodium hydroxide and 12% sodium thiosulfate solutions. The

ether solution was then dried (MgSO4) and molecular distillation in a

Hickmann still (bath temp. 50-70°C, 0. 02 mm) gave 1. 1 g (7%) of the

triene; nmr (CCI
4

6,) 6 1. 4-1. 95 (m, 4H), 2. 11 (m, 2H), 2. 29 (m, 2H),

4. 85 (d, 1H, J=11 Hz), 5. 00 (d, 1H, J=2 Hz), 5. 09 (d, 1H, J=18 Hz),

5. 55 (d, 1H, J=2 Hz), 6. 72 (dd, 1H, J=11, 18 Hz), 7. 24 (m, 5H); UV

max (95% EtOH) 241 (6=25700); it (neat) 1610 (w), 897 (s), 778 (s),

-1704 (s) cm . Carbon-hydrogen analyses on purified material gave

unsatisfactorily low carbon values. This was attributed to oxygen

uptake prior to the analysis.

XIV. 1- Phenyl -1- Decalol (24)

To 0. 97 g (0. 040 g-atom) of magnesium turnings in 10 ml of

dry ether was added 20 ml of an ethereal solution containing 6. 28 g

(0. 040 mole) of bromobenzene at a rate sufficient to maintain reflux.

To the Grignard solution was added a solution of 5. 00 g (0. 033 mole)

of 1-decalone slowly at 0,°C. The mixture was allowed to stand

overnight, after which 15 ml of saturated aqueous ammonium chloride

solution was added. The organic layer was decanted and the aqueous

phase was extracted with ether. The organic layers were combined

and dried (MgS0
4

The solvent was removed under a vacuum and the

resulting crude material was distilled, by 113-116°C (0. 5 mm) [lit.

by 99-101°C (0. 01 mm)] (135), to give 5. 75 g (76%) of the alcohol;
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nmr (CC14) 6, 1. 0-1. 3 (m, 6H), 1. 35-1. 5 (m, 3H) (peak intensity

diminished by addition of D20), 1. 6-1. 9 (m, 8H), 7. 10-7. 45 (m, 5H);

ir (neat) 3600 (m), 3500 (m), 750 (s), 700 (s) cm-1.

XV. 1-Phenyloctalins

A 25 ml flask containing 1.0 ml of 85% phosphoric acid was

heated to 180°C and 3. 0 g of the above alcohol was added dropwise

over a one hr period. After having been heated for an additional 1 1/2

hrs at 195°C, the solution was cooled to 0°C and IN sodium hydroxide

solution added slowly until the reaction mixture was neutral to litmus.

The aqueous phase was extracted with ether and the ether solutions

were combined and dried (MgSO4). After the solvent had been re-

moved the crude material was distilled, by 85-105°C (0. 25 mm), to

give a colorless liquid. Analysis and preparative glc collection on a

DEGS column (6 ft X 1/4 in. Chromasorb G) at 128°C gave two

isolated products

A. 1- Phenyl -d9' 10 -octalin (25)

The major product (70%) collected at a retention time of 11 1/2

min and a helium flow of 150 ml/min gave a colorless liquid; nmr

(CCI
4

) 6, 1. 4-1. 8 (m, 8H), 1. 9-2. 15 (m, 6H), 3. 14 (broad s, 1H),

7.12 (m, 5H); UV max (95% EtOH) 250 nm (e..300), ir (neat) 752 (s),

701 (s) cm-1.
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Anal. Ca 1c' d for C
16

H
20

: C, 90. 51; H, 9. 49. Found: C,

90. 37; H, 9. 60.

B. 1-Phenyl-A
1, 2-octalin

(26)

A minor product (15%) collected at a retention time of 13 1/2

min with a helium flow of 150 ml/min gave a colorless liquid; nmr

(CC14) 6, 1. 2-2. 4 (m, 14 H), 5. 42 and 5. 63 (m, 1H total), 7. 14 (m, 5H);

UV max (95% EtOH) 238 nm (E=4420); it (neat) 1600 (w), 751 (s), 699(s)

cm-1. Carbon-hydrogen analyses on purified material gave unsatisfac-

torily low carbon values.

XVI. Hydrogenation of Phenyl-Octalins

A L. 0 g sample of the distilled 1-phenyloctalin mixture above

was chromatographed on silica gel PF 254
plates using pentane as

eluant. A band at R f= 0. 5 was separated and eluted with methanol

to give 0. 61 g of material. This was dissolved in 25 ml of glacial

acetic acid and hydrogenated in a Paar apparatus using 100 mg of

platinum oxide. The hydrogenation was carried out at room temper-

ature at a pressure of 3 atm. After 52 hrs, the reaction mixture

was filtered and the solvent removed from the filtrate to give 0. 65 g

of oil. The oil was chromatographed on silica gel plates using pen-

tane as the eluant. A band at Rf=0. 5 was separated and eluted with

methanol to give 0. 30 g of liquid. Careful rechromatography of this
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fraction gave two bands. One band was separated and extracted

(MeOH) to give 0. 14 g of colorless liquid; nmr (CCI 4)6, 1.1-1. 9

(m, 16H), 2. 72 and 2. 85 (broad s, 1H total), 7. 0-7. 3 (m, 5H); UV max

(95% EtOH) 200, 208 nm. Glc analysis on a 20% SE-30 (5.ft x 1/4 in,

60/80 Chromasorb W) column gave two peaks for this material. A

second TLC band was also separated to give 0. 09 g of colorless liquid

identified as A9'
10 -octalin; (CC' 4) 6, 1. 0-2. 0 (m), 2. 82 and 3. 14

(broad s), 7. 09 (m).

XVII. 1- Phenyl- 2, 3, 4, 6, 7, 8- hexahydronaphthalene (23)

Thermolysis of 120 mg of 1-(cr-styry1)-2-vinylcyclohexene

(18) in 3 ml of cyclohexane for 8 hrs at 136°C in a, sealed pyrex

ampoule gave one main product as determined by glc analysis on a

2% SE-30 column (8 ft x 1/4 in, 45/60 Chromasorb W) at 136°C. The

major product (60-70%) was collected using the same column to give a

colorless liquid; nmr (CC14) 6, 1. 4-1. 9 (m, 4H), 1. 95-2. 45 (m, 8H),

5. 45 (broad s, 1H), 7. 16 (m, 5H); UV max (95% EtOH) 246-247 nm

(E=9230); mass spectrum m/e 210.

XVIII. Hydrogenation of 1- Phenyl -2, 3, 4, 6, 7, 8-
hexahydronaphthalene (23)

A sample of the above diene (ca. 10 mg) in 20 ml of glacial

acetic acid was hydrogenated over platinum oxide at room temperature

and 3 atm pressure until no further uptake of hydrogen, occurred.

GLC analysis of the reaction mixture on a 5% DEGS column (6 ft X 1/4
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in, Chromasorb G) at 1300C gave peaks of retention times identical to

material obtained in the hydrogenation of the phenyl octalins. GLC in-

jections of mixtures of the two sets of products showed them to be

identical.

XIX. Ozonolys is of 1 -Phenyl- 2, 3, 4, 6, 7, 8-
hexahydronaphthalene (23)

A solution of 50 mg of the diene in 10 ml of olefin-free pentane

at -78°C was swept with an oxygen-ozone stream until no further up-

take of ozone occurred, as indicated by the liberation of iodine in an

acidified solution of potassium iodide in a gas trap located downstream

from the the reaction vessel. The solution and resultant precipitate

were transferred to a 50 ml flask and the solvent was removed under

vacuum at 0°C. The residue was treated with a solution of 10 ml of

30% hydrogen peroxide in glacial acetic acid (1:1) which was added

slowly. The reaction mixture was then brought to a boil slowly and

was heated for 3 hrs. After having been cooled, the solvent was re-

moved under vacuum to give a crude off-white solid; nmr (CDCI 3) 5,

2. 0-2. 2 (m), 2. 3-2. 5 (m), 6.44, 7. 52, 7, 93, 8. 00, 8. 05, 8. 11, 8. 2-

8. 6 (m); UV max (95% Et0H) 242, 283 nm [lit. (120) for v-benzoyl-

butyric acid 242, 281 nml.

XX. Disproportionation Reactions

Thermal rearrangements of 1-(a-styry1)-2-vinylcyclohexene

sometimes showed more than one product when analyzed by glc. In

a typical run, a triene solution in cyclohexane was heated for 18 hrs
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at 137°C in a sealed ampoule. Some 30-40% of side products were

found. Analysis by gic on a 4% UCON Polar column (10 ft X 1/8 in,

70/80 AW/DMCS Chromasorb G) at 150°C gave four major peaks.

Peaks at retention times of 9 min and 15 1/2 min gave peak enhance-

ments when injected with authentic samples of the triene and 1-phenyl-

2, 3, 4, 6, 7, 8-hexahydronaphthalene. The other two peaks at retention

times of 10 and 23 min were later collected using a 2% SE-30 column

(8 ft X 1/4 in, 45/60 Chromasorb W) at 136°C.

A. P 9' 10-1 -Phenyloctalin (25)

The compound having the 10 min retention time was a colorless

liquid; nmr (CC14) 5, 1. 4-1. 8 (m), 1. 85-2. 1 (m), 3. 13 (m), 7. 13 (m);

mass spectrum m/e 212. A mixture with an authentic sample of 25

gave a single peak at the proper retention time using the 4% UCON

Polar column above.

B. 1,221, 4- Tetrahhthalene (31))

Collection of the compound with a 23 min retention time gave a

colorless liquid; nmr (CC14) 6, 1. 6-1. 9 (m, 4H), 2. 5-2. 7 (m, 2H),

2. 7-2. 9 (m, 2H), 6. 98 (m, 3H), 7. 25 (m, 5H); UV max (95% EtOH)

237 nm; mass spectrum m/e 204.
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XXI. 1, 2, 3, 4- Tetrahydro-5-phenylnaphthalene (30)

A mixture of 0. 683 g (3. 2 mmoles) of the distilled phenyl-

octalins, 50 ml of dry, distilled carbon tetrachloride, 0. 575 g

(3. 2 mmoles) of freshly recrystallized N-bromosuccinimide, and

9 mg of benzoyl peroxide were refluxed together for 3 hrs under

nitrogen. The mixture was cooled to room temperature and then

filtered to remove succinimide. The solvent was removed from the

filtrate by rotary evaporation and the residue was chromatographed

using preparative plates (silica gel PF 254) with low boiling petroleum

ether as eluent. Two main bands resulted, one of which gave two

peaks when analyzed on a 2% SE-30 column (8 ft X 1/4 in, 45/60

Chromasorb W) at 136°C. The major product was collected to give

a colorless liquid, nmr (CCI4) 6, 1. 6-2. 0 (m, 4H), 2. 5-2. 7 (m, 2H),

2. 7-2. 9 (m, 2H), 7. 03 (m, 3H), 7. 48 (m, 5H); UV max (95% EtOH)

235-237 nm.

XXII. 4 4a 5 6 7 8-F1)-
naphtha.lenone (32)

The ketone was prepared using the method of Raps on and

Robinson (123). To a 3-necked flask fitted with a dry-ice condenser

and stirrer was added 600 ml of liquid ammonia and 50 mg of ferric

nitrate. Then 7. 1 g (0. 308 g-atom) of clean sodium metal was added

and allowed to dissolve. After 175 ml of dry ether had been added,
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a solution containing 29. 6 g (0. 308 mole) of cyclohexanone in 100 ml

of ether was added dropwise with stirring. When the reaction was

complete the ammonia was allowed to evaporate, and 45 g (0. 308

mole) of benzalacetone was then added over a one hr period. The

reaction mixture was stirred for 5 hrs then heated to reflux for 0. 5

hr. The solution was allowed to stand overnight. Careful addition of

100 ml of distilled water caused separation of an ether solution which

was removed and subsequently washed with 2N sulfuric acid solution

and dried (MOO 4). The solvent was removed under a vacuum and the

residue distilled to give 31 g of yellow, viscous liquid, by 145-175°C

(0. 5 mm). The distillate was dissolved in ether; addition of 30-60°C

petroleum ether gave 15. 0 g (22%) of white crystalline prisms, mp

88-90°C [lit. (123) mp 91-92°C]; nmr (CC14) 6, 1. 2-2. 1 (m, 6H),

2. 2-3. 1 (m, 6H), 5. 83

1620 (m), 697 (s) cm 1

( s, 1H), 7. 24 (m, 5H); it (CC1 4) 1670 (s),

XXIII. 2, 3, 4, 4a, 5, 6, 7, 8 -Octahydro-4-pheny1-2-naphthol (33)

A suspension of 0. 444 g (0. 012 mole) of Lithium aluminum hy-

dride in 20 ml of dry ether was placed in a 3-necked flask fitted with

a stirrer, condenser, and dropping funnel. A solution of 3. 39 g

(0. 015 mole) of the above ketone in 25 ml of dry ether was added

slowly to the suspension at 0°C. The reaction mixture was stirred

for one hr, and then was allowed to warm to room temperature.
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The mixture was stirred one hr at 25°C and then distilled water was

added slowly at 0°C and the organic phase was separated. The aque-

ous Layer was extracted with ether and the combined organic phases

were dried (MgSO4). The solvent was removed to give a solid, which

was taken up in cyclohexane. Recrystallization gave 2. 0 g (59%) of

white crystals, mp 115°C; nmr (CC14) b, 1. 0-2. 5 (m, 13H), 4. 15-4. 4

(broad s, 1H), 5. 40 (s, 1H), 7. 18 (m, 5H); it (CC14) 3640 (m), 697 (s)

-1cm .

XXIV. Dehydration of 2, 3, 4, 4a, 5, 6, 7, 8- Octahydro -4
phenyl - 2- naphthol

A sample of the above alcohol was dehydrated on the glc column

at an injector port temperature of 200-2 20°C. Three products were

separated on a 5% DEGS column (6 ft X 1/4 in, Chromasorb G) at 140 -

150°C.

A. 5- Phenyl -1, 2, 3, 4, 4a, 5-hexahydronaphthalene (31)

This compound appeared as two overlapping peaks on gic with

retention times of 3 1/2 and 4 min. The peaks comprised 40% of the

total eluate and were collected together to give a colorless liquid;

nmr (CC14) 6, 1. 5-2. 0 (m, 6H), 2. 05-2. 6 (m, 3H), 3. 15 and 3. 27

(broad s, 1H total), 5. 42, 5. 55, 5. 66, and 5. 76 (m, 3H total), 7. 17

and 7. 22 (s, 5H); UV max (95% EtOH) 260-265 nix).
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B. 1-Pheny1-1, 2, 3, 7, 8, 8a (or 1, 2, 6, 7, 8, 8a)-
hexahydronaphthalene (34 or 35 )

This compound appeared as a single peak on glc with a reten-

tion time of 6 1/4 min and comprised 60% of the total products. Col-

lection gave a colorless liquid; nmr (CC14) 6, 1. 35-2. 0 (m, 4H), 2. 0-

2. 25 (m, 2H), 2. 3-2. 6 (m, 3H), 2. 65 and 2. 8 (broad s, 1H total),

5. 4-5. 8 (m, 2H), 5. 97 and 6. 07 (broad s, 1H total), 7. 15 (m,. 5H);

UV max (95% EtOH) 232, 238 nm.

XXV. Thermal Stability of Phenylhexalins

Cyclohexane solutions of glc collected samples of the above

dienes were heated in sealed pyrex ampoules at temperatures of 137

and 201°C. The samples were analyzed by glc.

A. Thermolysis of 5-Phenyl- 1, 2, 3, 4, 4a, 5-hexahydronaphthalene

Glc analysis (4% UCON Polar, 10 ft x 1/8 in, 150°C) of material

heated 68 hours at 137°C gave peaks exactly corresponding to starting

material. Material heated 84 hrs at 201°C gave broadened peaks at

the same retention time as the starting material (12 1/2 and 13 1/2

min) and a new peak at 14 1/2 min. An nmr (CC1 4) gave a peak at

7. 06 6. UV max (95% EtOH) 260-265 nm.
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B. Thermolysis of 1- Phenyl -1, 2, 3, 7, 8, 8a (or
1, 2, 6, 7, 8, 8a) hexahydronaphthalene

An nmr spectrum of gic collected material which had been

heated for 68 hrs at 137°C gave peaks exactly matching those of the

starting material.

XXVI. 3-Bromo- 2-p henylpr opene (2)

A procedure modified from that of Pines, Alul, and Kolobielski

(136) was used. A mixture of 33. 1 g (0. 28 mole) of freshly distilled

a-methylstyrene and 50 g (0. 28 mole) of freshly recrystallized

N-bromosuccinimide, and 1. 2 g of benzoyl peroxide in 200 ml dry,

distilled carbon tetrachloride was refluxed 48 hrs. After having

been cooled to room temperature, the mixture was filtered to remove

succinimide and the filtrate was evaporated. Distillation of the resi-

due, by 60-75°C (0. 05 mm) gave a mixture containing 11.4 g (69%)

of 3-bromo- and 5. 2 g (31%) of 1-bromo-2-phenylpropene as deter-

mined by nmr (30% overall yield from a-methylstyrene). The mix-

ture was used directly without further purification in the next step.

XXVII. 2-Phenyl -1-propen-3-yltriphenylphosphonium bromide q.)

A solution of 15. 1 g (0. 058 mole) of triphenylphosphine in 200 ml

dry, distilled benzene was mixed with the distillate of the preceding

reaction, rapidly giving a white precipitate. The product was
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separated by filtration and the product was washed with cold benzene

to give 19. 5 g (74%) of off-white solid. A small sample recrystallized

from chloroform-pentane had a melting point of 229-230. 5°C [lit. (137)

224 226 °C]; nmr (CDC13) 6, 5. 2-5. 6 (m, 4H), 7. 1-7. 9 (m, 20H).

XXVIII. Attem ted Pre aration of 2-Phen 1-1 3 5 hexatriene.
2- Phenyl 1 3- rclohexadiene

The "salt-free" method recommended by Schlosser and

Christmann (87) for enhancement of cis-olefin preparation was used.

A 250 ml 3-necked flask was dried (105°C) and fitted with a stirrer

and dry-ice condenser and maintained under a nitrogen atmosphere.

To this was added 200 ml of previously dried ammonia; 50 mg ferric

nitrate and 0. 8 g (0. 035 gr -atom) of clean sodium were added with

s tirring. After the reaction was complete, 16. 1 g (0. 035 mole) of

the above phosphonium salt was slowly added and stirring continued

one hr. The ammonia was evaporated and the resulting solid was

maintained at 0°C under nitrogen and dissolved in dry, oxygen-free

benzene. The solution was filtered while cold and the burgundy-red

filtrate reacted with 3. 22 g (0. 058 moles) of freshly distilled acrolein

at 0°C for one hr. The solvent was removed under vacuum while

cold giving an orange solid. Dissolution of the solid in cold pentane-

benzene (1: 1) followed by immediate chromatography on basic alumina

under nitrogen to remove triphenylphosphine oxide gave a mixture of

hydrocarbons. GLC separation on a Z% SE 30 (8 ft x 1/4 in, 45/60
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Chromasorb W) at 110°C gave nmr (CC14) 6, 2. 15 -2.4 (m,4H),

5. 90-6. 50 (m, 3H), 7. 1-7. 4 (m, 5H); UV max (95% EtOH) 275, 228

nm [lit. 276] (46).

XXIX. Hydrogenation of the Wittig Products

An aliquot of the chromatographed hydrocarbon solution above

was exhaustively hydrogenated over platinum oxide to give two prod-

ucts when analyzed by glc on a 2% SE-30 column (8 ft X 1/4 in, 45/60

Chromasorb W) at 110°C. The mixture was found to contain phenyl-

cyclohexane (65%) and 2-phenylhexane (35%) when compared with

authentic samples giving identical retention times.

XXX. Phenylcyclohexane

The method of Berry and Reed (138) was used. Addition of 6 g

(0. 045 mole) of anhydrous aluminum chloride to a solution of 13. 8 g

(0. 18 mole) of cyclohexane at 0°C resulted in a vigorous exothermic

reaction. After the reaction had subsided, the mixture was refluxed

4 hrs. The reaction mixture was cooled and 50 ml of distilled water

was added cautiously and the organic layer was then separated and

dried (MgSO4) to give 11.0 g of crude brown liquid. Glc collection

of the single product of the reaction on a 2% SE-30 column (8 ft X 1/4

in, 45/60 Chromasorb W) at 110°C gave a sample for spectral analy-

sis and glc comparison; nmr (CC14) 5, 1. 2-1. 55 (m, 5H), 1. 6-2. 0
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(m, 5H), 2. 2-2. 6 (m, 1H), 7. 08 (s, 5H) [lit. 0. 8-2. 10, ca. 2. 40, 7. 091.

XXXI. 2-Phenylhexane

The method of Crawford et al. (139) was used in part for this

preparation. Butylmagnesium bromide was prepared by addition of

5. 0 g (0. 036 mole) of n-butyl bromide to 1. 0 g (0. 041 g-atom) of

magnesium turnings in dry ether. After the reaction was complete

4. 4 g (0. 036 mole) of acetophenone was slowly added. The product

was hydrolyzed with saturated aqueous ammonium chloride solution

and extracted with ether. The organic layers were combined and

dried (MgSO4) and the solvent removed to give 5. 9 g of crude product.

The product was reacted with 10 ml of 85% phosphoric acid at 160°C

for 2 hrs. After being cooled to room temperature the mixture was

neutralized with dilute sodium hydroxide and the product taken up in

ether. The solution was dried (MgSO4) and the solvent was removed.

Distillation of the product gave 4. 0 g of colorless product. A 0. 8 g

sample was hydrogenated over 50 mg platinum oxide at atmospheric

pressure to give 2-phenylhexane as the major product. A GLC pure

sample was collected for comparative glc and spectral analysis;

nmr (CC14) 6, 0. 81 (t, 3H), 1. 18 (m, 7H), 1. 4-1. 7 (m, 2H), 2. 45-2. 7

(m, 1H), 7. 0-7. 2 (m, 5H).
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XXXII. Kinetic Data

All thermal reactions were car ried out in sealed pyrex ampoules

or capillary tubes that had been washed with concentrated ammonium

hydroxide solution, rinsed with CO -free distilled water, and dried

at 105°C. Samples were prepared as solutions in spectroquality

cyclohexane and aliquots added to the tubes using a syringe. The

samples were either swept with prepurified nitrogen or degassed

us ing a freeze-thaw cycle to remove oxygen, frozen at dry-ice tem-

peratures, and sealed. The ampoules were simultaneously placed in

a preheated silicone oil bath maintained by thermostat at the desired

temperature; samples pulled at intervals were cooled to room tem-

perature, then placed in a freezer until analyses could be performed

on all members of a run.

Kinetic parameters were determined by following the decline of

the starting material on glc (Varian 204B with hydrogen flame detector)

using multiple injections for each data point and averaging. A non-

reactive internal standard, either decalin or tetralin was used as a

reference. A 4% UCON-Polar column (10 ft X 1/8 in, 70/80 Chroma-

sorb G) at 65°C was used to analyze the unsubstituted triene; the

phenyl-substituted triene was analyzed using the same column at

100-105°C. Peak areas were measured using a Disc integrator,

model 224, or a Hewlett-Packard digital integrator.
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The results of the kinetic runs for the two trienes are shown in

Tables 17 and 18.

Table 17. Thermal rearrangement of 1, 2-divinylcyclohexene.

126. 5 140°C 153. 5°

Time,
min

Tr iene
Decalin

Time,
min

Tr iene Time,
min

Triene
Decalin Decalin

0 .55 0 .55 0 .55

60 .47 60 .46 30 .30

122 . 44 90 . 31 60 . 17

150 . 39 120 . 26 90 , 092

195 . 37 200 .16 120 .051

331 . 27 275 .088

453 . 19 405 . 043

630 . 15

1095 . 048

Table 18. Thermal rearrangement of 1- (a- styry1)-2-vinylcycLo-
hexene.

126. 5°C 140. 5°C 153 5°C

Time,
min

Triene Time,
min

Tr iene Time,
min

Tr iene
Tetralin Tetralin Tetralin

0 1. 24 0 1. 24 0 1. 24

45 1. 07 42 .98 15 .88

90 .96 110 . 41 30 . 58

195 . 70 225 . 081 45 . 39

285 . 54 60 .29
75 . 19



Table 19 shows the results of the kinetic run for the thermal

rearrangement of 1, 2, 3, 4, 6, 7-hexahydronaphthalene at 150°C.

Table 19. Thermal rearrangement of 1, 2, 3, 4, 6, 7 -hexah.ydro-
naphthalene to 1, 2, 3, 5, 6,7 -hexahydronaphthalene at
1500C.

125

Time, min Diene
De calin

0 . 191

60 . 188

120 . 132

240 .095

360 . 129

480 .112

610 . 069

735 . 030

1240 . 070

1680 . 060
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