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The three conjugated trienes I, II and III were prepared by a 

route which insured a cis central double bond. Thermal cyclization 

to the corresponding cyclohexadienes IV, V and VI was carried out 
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preparatively and kinetically. The activation parameters were found 

to be 
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On comparing these values with those of an analogous system 
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it was possible to conclude that both a trans methyl substituent at a 

terminal position and a group in the 2 position of the triene chain 

have no appreciable influence on the rate of cyclization while the 

size effect of the methyl group in the cis position decreases the rate 

of cyclization. Stereochemical assignments of IV and V were made 

on the basis of the Woodward Hoffmann rules. A general discussion 

of thermal valence isomerization is included. 
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THERMAL VALENCE ISOMERIZATION OF TRIENES 

INTRODUCTION 

The thermal valence isomerization of substituted trienes to 

their corresponding cyclohexadienes was first recognized in the 

field of natural products, notably in the pyrolysis of alloocimene. 

Since then, this valence isomerization has been studied primarily 

with medium ring trienes, and only recently has included some ex- 

amples of open -chain trienes. Thus, knowledge of thermal valence 

isomerization of trienes is in a relatively early stage of development. 

As with the study of all new areas, we can only begin to under- 

stand this reaction by studying more carefully chosen examples 

which reveal some of its important properties. Such mechanistic 

studies are normally carried out by considering the effect various 

substituents may have on the activation parameters and what effects, 

if any, they exert on the stereochemical outcome of the reaction. 

Both may be applied in this case. 

Up to this time a sufficient amount of data has been collected 

to allow us to formulate a generalization which predicts the stereo - 

chemical outcome of this valence isomerization. No such generali- 

zation can be made with respect to the activation parameters because 

too few examples have as yet been accumulated. Thus we cannot 

state, a priori, how steroelectronic considerations and steric 
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factors combine to effect the configuration of the transition state. 

Realizing the need for more information, we have studied the ther- 

mal valence isomerization of three substituted open -chain trienes 

and have obtained the thermodynamic parameters for their cycliza- 

tions. 
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HISTORICAL 

The type of valence isomerization in which we are interested- - 

the cyclization of open -chain trienes to cyclohexadienes - -was first 

recognized as an internal Diels -Alder reaction in the field of natural 

products. Parker and Goldblatt (22) pyrolyzed alloocimene (I) at 

444° and obtained a variety of products of which the major fractions 

were a -pyronene (III), 13- pyronene (IV), 1, 3- dimethyl -l- ethyl -3, 5- 

cyclohexadiene (V) and a -terpenene (VI). 

IV 

II 

+ 

III 

V VI 

Assuming that triolefins are able to cyclize to cyclic- diolefins only 

if the triolefin is in a cis configuration, they postulated, without 

knowing the mechanism, that trans - alloocimene (I) isomerized to 

cis - alloocimene (II), The cis triene then gave III by an internal 

Diels -Alder reaction. They showed that IV, being the most stable of 

the two, was formed directly from III under the reaction conditions, 

but did not offer an explanation for the formation of V and VI. 

+ + I I 
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Support for the cis -trans isomerization of I to II was provided 

(29) when pure samples of cis- and trans -alloocimene gave identical 

product mixtures in a temperature range of 350 -450 °, indicating that 

the trans isomer does indeed isomerize to the cis isomer. It seems 

unnecessary to postulate the series of 1 -7 hydrogen shifts formu- 

lated by Pines and Ryer (23) to account for this cis -trans isomeri- 

I 

zation, since isomerization of trans -2- butene to cis -.2- butene takes 

place at a measurable rate at 410 -476° (7). 

In support of the III to IV transformation, a - ocimene (VII) 

(16, 11), when heated above 200 °, reversibly rearranges to the 

more stable alloocimene by an over -all 1, 5 transfer of hydrogen 

with concomitant rearrangement of two double bonds. This re- 

versible thermal 1, 5 hydrogen shift is only one of the many examples 

VII 

s._ 

>-=-/ )-- 

of an important reaction, which has been suggested as a useful tool 

J 

-\ 
II 

H I' 



for distinguishing between isomeric cis and trans dienes (29). 

The formation of V may be explained by postulating a 1, 7 

hydrogen shift followed by cyclization to a -phellandrene (VIII) 

which then gives V by a 1, 5 hydrogen shift (double bond rearrange- 

ment). 

V 

5 

One of the first well- documented discoveries of the formation 

of cyclohexadienes from open -chain trienes is found in the synthesis 

of methyl substituted hexatrienes by Fleischaker and Woods (10). 

They prepared 1 -, 2 -, and 3- methyl hexatrienes (all trans) by heat- 

ing a Grignard reagent with the appropriate aldehyde or ketone and 

dehydrating the resulting alcohol either catalytically over alumina 

at 350 -360° or by flash distilling from phosphorous pentoxide. 

OHC 
McMgBr 

HO 

Me A1203 

I 

L 

J ) 

VIII 

\ 



+ 

MgC1 

+ 

MgC1 

HO 

HO 

Al2O3 

P2O5 

6 

The product trienes were contaminated with the appropriately sub- 

stituted methylcyclohexadienes as shown by formation of Diels -Alder 

adducts with maleic anhydride followed by quantitive hydrogenation. 

They postulated that an internal Diels -Alder cyclization could have 

taken place to form the methylcyclohexadienes but could conclude 

nothing concerning the configuration about the central double bond of 

the triene suggesting that cis -trans isomerization could easily have 

taken place under the reaction conditions. They did note, however, 

that the milder conditions of the phosphorous pentoxide dehydration 

gave a much better yield of the pure triene. 

Woods and Viola (30) synthesized disubstituted 1, 3, 5 -hexa- 

trienes by semihydrogenating the appropriately disubstituted 3- 

hexyne-2, 5 -diol and by catalytically dehydrating the resulting 

ethylenic diol over alumina. Here, again, a mixture of the triene 

and its disubstituted cyclohexadiene was isolated in every case. 

They did not, however, establish the double bond arrangement in the 

triene. 

-\ 
\ ' ` 

_ 

l 
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At this point it appeared quite obvious to workers in this 

field that trienes which undergo cyclization must possess an internal 

double bond having a cis configuration. Thus, to study the kinetics 

of cyclization, it would be desirable to devise a synthetic scheme 

which would yield predominately the cis isomer relatively uncon- 

taminated by the cyclohexadiene. To do this would require stereo - 

specific formation of the internal double bond with mild conditions 

throughout the synthesis. 

This was accomplished by Hwa (17) who developed a synthesis 

of both cis- and trans- 1, 3, 5- hexatrienes from bromohexadienes by 

quaternization with an amine followed by Hoffman elimination ac- 

cording to the following scheme: 

PBr3 

QCH2N(Me)2 C6H9 (Me)2C112Q Br`J 
Ag 

20 -- 
or OHO 

+ 

The mild conditions of this reaction yielded a mixture containing 

32. 6% of the cis isomer and 67. 4% of the trans isomer free of cyclo- 

hexadiene. Since the trans isomer is capable of readily undergoing 

a Diels -Alder reaction with maleic anhydride while the cis isomer is 

not, the isomers are easily separated. 

G 

-_/ 

6r 
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Quite recently a method has been developed which effectively 

produces a central cis double bond in a conjugated triene system. 

Although the order of bond selectivity for catalytic reduction of un- 

saturation is HC E CR > RC °- CR > CH2 E CHR > RCH = CHR (9), 

Marvell and Tashiro (20) have found that unless the acetylene func- 

tion is terminal in a short conjugated system, neither the bond 

selectivity nor the cis stereoselectivity of semireduction with the 

Lindlar catalyst is likely to be high. Since the semireduction of an 

acetylene group conjugated with a single double bond gives cis -diene 

in at least 80% yield, the desired cis -triene may be produced by in- 

troducing the third double bond after selective semireduction (27). 

OH 
1 

R-CH = CH-C = C-CH2-C-R 
H 

1) p-TsC1, Py 

H 
2 

Lindlar 

OH 

R-CH = CH-CH = CH-CH -CH-R 
(cis) 

R-CH = CH-CH = CH-CH = CH-R 
2) K Ot-Bu, DMSO 

The elimination step gives a predominance of the trans isomer for 

the new double bond but in no way affects the cis configuration of the 

central double bond. This method has been used for the synthesis of 

a number of open -chain trienes. 

Spangler (26) synthesized pure methyl substituted 1, 3, 5 -hexa- 

trienes using the procedure described by Hwa in order to investigate 

the structures of the methyl cyclohexadienes reported in the studies 

of Fleishaker and Woods. He found that 1-methyl and 

(çis) 
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3- methylhexatriene when passed over alumina at 410 -420° gave 

toluene as a major product with no appreciable amounts of cyclo- 

hexadiene, while the unsubstituted hexatriene gave cyclohexadiene 

as a major product when cyclized at 200° or 300 °. Because the re- 

sidual unsubstituted hexatrienes at 200° were equally distributed be- 

tween the cis- and trans -isomers and at 300° only a small amount of 

the trans isomer remained, Spangler concluded, very simply, that 

the trans isomer is converted to the cis isomer before cyclization 

occurs. He then equilibrated the cis and trans hexatrienes with 

iodine in ether and showed that the free energy difference between the 

cis and trans isomers is -. 73 Kcal /mole. Thus, as expected, the 

trans isomer is the more stable of the two. 

Another conjugated triene, cis -1, 2 -(o1 - cyclohexenyl)- 

ethylene, prepared by semihydrogenation of the corresponding 

acetylene, seems to cyclize quite smoothly to the diene at 180o (24). 

Considering that the cyclization of hexatrienes is an internal 

Diels -Alder reaction with the formation of only one new bond, Lewis 

and Steiner (18) initiated an investigation of the thermal cyclization 

of hexa -1, cis -3, 5- triene to cyclohexa -1, 3 -diene to clarify the 

, 
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mechanism of diene reactions in general. Using the synthetic 

method and isomer separation described by Hwa, they prepared cis - 

hexatriene and studied the kinetics of its cyclization in the gas phase. 

Their results indicate that, rather than a linear complex, a cyclic 

complex resembling the product cyclohexadiene was the transition 

state configuration. The measured activation energy for the triene 

cyclization was 30 Kcal /mole as compared to the ethylene -butadiene 

association energy of 25 Kcal /mole and the butadiene dimerization 

energy of 23 Kcal /mole. Since the latter two reactions require the 

approach and mutual repulsion of four reaction centers, the observed 

activation energies suggest that diene associations are best explained 

by an asymmetrical non -planar transition state while the triene 

transition configuration should indeed be symmetrical but not neces- 

sarily planar. 
H 

The hexatriene transition state depicted above would give the trans 

disubstituted cyclohexadienes. Subsequent work on these systems 

has proven that this transition state and stereochemistry are in- 

correct. 

Using their own synthetic sequence, Marvell et al (21) have 
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prepared trans -2, cis -4, trans -6- octatriene (IX), cis -2, cis -4, trans- 

6- octatriene (X), and cis -2, cis -4, cis -6- octatriene (XI). IX, when 

IX 

XII 

X 

XIII 

XI 

XIV 

heated, stereospecifically rearranges to cis -5, 6- dimethyl -1, 3- 

cyclohexadiene (XII) and at 132° the first -order rate constant for 

-5 -1 
this isomerization is 4. 45 x 10 sec (Ea= 29. 4 Kcal /mole, t S _ 

o 
-7 e. u. ). Trienes X and XI readily interconvert at 110 , K (X/XI)= 

5. 5, by a series of 1, 7 hydrogen shifts and at 178° diene XIII iso- 

merizes to diene XIV by a simple 1, 5 hydrogen shift. These trans- 

formations are quite similar to those of the aforementioned ocimene 

compounds. The cyclization of X proceeds at a rate slower than 

that of IX by a factor of at least 100 (Ea = 33 Kcal /mole, AS$ = -5 

e. u. ). The configuration:; of XII and XIII were confirmed by ozonoly- 

sis followed by peroxide oxidation to give meso- and dl -2, 3 -di- 

methylsuccinic acids, respectively. 

Another excellent example of the stereochemistry of these 

thermal intramolecular reactions is provided by Havinga's work in 



12 

the vitamin D field (15). The thermally induced cyclization of vita- 

min D via precalciferol (XV) leads to the formation of the two syn -9, 

10 steroids iso (XVI)- and pyrocalciferol (XVII). 

HO 
XVI 

XV 

XVII 

Castells (3) has proved the absolute configuration about the 9 

and 10 carbon atoms and inspection of their structures shows that 

they were formed by a ring closure identical to that of the dimethyl- 

cyclohexadienes studied by Marvell. 

Recognizing that these cyclizations proceed in a stereospecific 

manner, Woodward and Hoffman (31) suggested that the steric course 

of these ring closures "is determined by the symmetry of the highest 

occupied molecular orbitals of the open -chain partner" and bonding 

between the terminal carbon atoms must involve overlap between 

orbitals of like sign. Thus, all open -chain systems which are made 

R 
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up. of an odd number of conjugated bonds, such as the trienes under 

discussion, must undergo a disrotatory ring closure so that orbital 

envelopes on opposite faces of the system may overlap. 

Another type of valence isomerization involves the reversible 

transformation between a cyclic conjugated triene (XVIII) with 6 Tr 

electrons and its conjugated diene isomer (XX) with 4 Tr electrons 

and 2o- electrons through a "homo- benzene" transition state (XIX). 

When the size of the cyclic conjugated ring will allow a suitable ring 

conformation, this intra- annular isomerization may be quite similar 

to the open -chain isomerization already discussed. 

(CH2)n \ (CH2 ) (CH 2)n 

XVIII XIX XX 

Cyclooctatetraene (XXI), when treated with two equivalents of 

sodium in ammonia, gives a mixture of 1, 3, 6- (XXII) and 1, 3, 5- 

cyclooctatriene (XXIII) (5). Treatment of XXII with potassium 

1- butoxide gives the more stable conjugated XXIII. 

CR R 

1 

N 

2'e 



XXI 

Na 

NH3 

XXII 

N Kt -Buo if\ -/ k -1 

XXIII XXIV 
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When a pure sample of XXIII is heated for one hour at 100 °, the result 

is an equilibrium mixture containing 15% cis- bicyclo[4. 2. 0] 2, 4- 

octadiene (XXIV) (6). That the bicyclic compound is indeed a conju- 

gated diene and does contain a four - membered ring is shown by 

formation of a Diels -Alder adduct with dimethyl acetylenedicar- 

boxylate and pyrolysis of the adduct to form cyclobutene and dimethyl 

phthlate. 

CO2Me 

-f- 

co Me 
2 

The thermodynamic parameters for the 1, 3, 6- to 1, 3, 5- transforma - 

t 
tion of cyclooctatriene were found to be off = 21. 3 Kcal /mole, AS 

* 

-8 e. u. while those for the bicyclic diene formation are AH1 = 25 

Kcal /mole, AS-1 = -1 e. u. (12). 

Cis -cis - cis -1, 3, 5- cyclononatriene (XXVI) prepared from the 

potassium t- butoxide isomerization of cis -cis -cis- 1, 4, 7- cyclonona- 

triene (XXV) was isolated and found to cyclize to cis- bicyclo[4. 3. 0] 

nona -2, 4 -diene (XXVII) (12). 

1 

CO2Me 



\- 
XXV XXVI 

A 

XX VII 

The observed first order kinetics gave 6 H = 23. 0 Kcal /mole and 

DS$= -4. 7 e. u. The trans -cis -cis- isomer of XXVI, XXVIII, iso- 

15 

merizes to trans- bicyclo[4. 3. 0] nona -2, 4 -diene (XXIX) at a slightly 

faster rate with pH= 20 Kcal /mole and -12.8 e. u. (28). 

u. V. 

XXVIII XXIX 

Norcaradiene (XXXI), the valence tautomer of tropilidene 

(XXX), has not been isolated as such. However, tropilidene reacts 

with maleic anhydride in boiling xylene to yield XXXII (25), and 

cycloheptatriene- 1, 6-dicarboxylic acid (XXXIII) , when refluxed with 

acetic anhydrid for two hours, gives bicyclo[ 4. 1. 0] hepta-?, 4- diene- 

1, 6-dicarboxylic acid anhydride (XXXIV) (8). 

XXX XXXI 

COOH 

O 

COOH 

XXXIII 

t,S$= 

XX.IV 

T 01. 

I !. .. 
/ 7 

/ 
O 

`__XXII 
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Moreover, at sufficiently high temperatures, 3, 7, 7- trimethyl- 

tropilidene (XXXV) gives rise to a number of products, one (XXXVII) 

of which may be logically explained as having arisen from a nor - 

caradiene structure (XXXVI) in the manner shown (1). 

XXXV XXXVI 

XXXVII 

The kinetic data of both the open -chain and intra- annular triene 

isomerizations just discussed is summarized in Table IA. The 

scarcity of examples indicates the need for more information before 

anything definite may be said concerning the various properties of 

these systems. 

\< 

\/ 

'/C(Me)2 



17 

DISCUSSION 

In an attempt to gain a better understanding of substituent and 

configurational influences on the thermal isomerization of open - 

chain trienes, it was decided to investigate three trienes with the 

general structure: 

x 

These trienes were chosen to examine what effects the substituents 

might have on the cyclization. This knowledge, combined with the 

results obtained in studies of the open -chain trienes shown in Table 

IA, might then enable one to describe some fundamental properties 

of these thermal isomerizations. Towards this end, we have syn- 

thesized, isolated and cyclized 1 -(A 1- cyclohexenyl) -cis, 1- trans -3- 

pentadiene (IX), 1- cyclohexenyl)- cis -1, cis -3- pentadiene (XI), 

and 1 -W- cyclohexeny1)- cis -1, 3- butadiene (X). 

The trienes IX, X and XI were synthesized by the scheme 

shown in Figure 1, found by Marvell and Tashiro to be particularly 

suitable for producing trienes with a cis central double bond. The 

yield in the elimination reaction is relatively low, but may not ac- 

curately reflect the actual yield because peroxides formed 

during workup of the triene mixture cause rapid polymerization 

1 
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ac o. 
POC1 

Pyridine 
CH 

0 / \ 
1 

+ H C 
2 

-C-R 
C- CH 

I 

HO 
C 

Li H2 
CH_ 

liq. NH3 Lindlar CalC/ 

OH 

H 

IV R = CH3 

V R = H 

1) t-Bno 

DMSO 

2) A 

II P. 

III R 

p-TsC1 
pyridine 

3 

-- 

VI R CH 

VII R 

R 

VIIIA R = a or p CH3 

VIIIB R = p or a CH3 

Figure I. Synthetic scheme for preparanoe .... of trienes. 

EE 

,,,,"., 

\ 

_= CH 

OTS 

3 
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y 

,i 

H 

R 
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..' H 

1 

H 

IX R= CH 
3 

X R = H 

XII R= CH 
3 

XI R = CH3 

R 

XII R = CH 
3 

Figure 1. (cont. ) Synthetic scheme for preparation of trienes. 
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during distillation. This synthetic scheme, however, did give suf- 

ficient quantities of trienes for the purposes of this investigation and 

no attempt was made to improve the yield of the last elimination 

step. 

It has been mentioned previously (21) that the semireduction of 

II yields a mixture of IV and II. Because the tosylate elimination 

reaction gives both cis and trans isomers for the new double bond, 

the elimination of a mixture of IV and II should give four new pro- 

ducts with structures IX, XI, XII and XIII. If the experimental con- 

ditions were such that the trienes IX and XI cyclized to their bicyclic 

diene isomers, one would expect this synthetic sequence to give a 

total of six different compounds -- VIIIA, VIIIB, IX, XI, XII, and 

XIII. However, chromatographic analysis showed the presence of 

only five major components. The high degree of tailing exhibited by 

peak VIIIB at this temperature lead to the tentative assumption that 

IX partially cyclizes to VIIIB during chromatography and that higher 

temperatures were needed to cyclize both trienes. Accordingly, the 

synthesis product mixture was heated at 200° for one hour and fif- 

teen minutes. Comparison of chromatograms of the mixture before 

and after heating showed that a new peak, VIIIA, had appeared at 

12. 0 minutes with concomitant disappearance of IX and XI. We as- 

assumed this new peak to be a bicyclic diene isomeric with VIIIB, and 

that it had arisen from compound XI. 
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Peak Before Heating After Heating 

ret. time (min. ) % total ret. time (min. ) % total 

VIIIA -- 12.0 27 

VIIIB 13. 1 10 13. 2 30 

IX 19.0 36 -- 

XI 21.5 24 21.6 5 

XII 28.4 24 28.5 21 

XIII 37. 2 8 37. 3 11 

In order to positively identify all six compounds,they were col- 

lected and purified by preparative vapor phase chromatography and 

the nuclear magnetic resonance, ultraviolet, and infrared spectra of 

each determined. The spectral data for both VIIIA and VIIIB are 

identical within experimental error. The integrated areas of the 

n. m. r. spectrum of both compounds show the presence of three 

olefinic protons, twelve aliphatic and allylic protons, and three 

methyl protons. There exists a sharp methyl doublet centered at 

b = O. 90 and a very complex series of peaks at 5 = 5. 1 -6. 0 (Fig. 

2a). These features eliminate the possibility that these two com- 

pounds might be the diene -ynes XII and XIII and substantiate the pro- 

posed bicyclic diene structures. 

Although the ultraviolet spectrum ( max 268 mµ; = 4500) of 

each bicyclic diene exhibits an absorption wavelength very close to 
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6. 0 

(a) 

VIIIA 
and 
VIIIB 

5. 0 

6. 0 

(b) 

XII 

Figure 2. Olefinic hydrogen regions of the nuclear magnetic 

resonance spectra of VIIIA, VIIIB, XII and XIII. 

5. 0 

(c) 
XIII 



I . . , I 

6. 0 

(d) 
IX 

5. 0 

23 

! ' , L--- L- I I __A 

6. 0 

(e) 
XI 

5. 0 

Figure 2. (cont. ) Olefinic hydrogen regions of the nuclear magnetic 
resonance spectra of IX and XI. 

l 

J 
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6. 0 

(f) 

X 

v, 

5. 0 
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Figure 2. (cont. ) Olefinic hydrogen regions of the nuclear magnetic 
resonance spectra of X. 

n 
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that of open -chain trienes, the intensity of absorption is markedly 

lower than that which is normally found for the open -chain trienes. 

This type of ultraviolet spectrum is characteristic of six -membered 

cyclic conjugated dienes. 

That VIIIA and VIIIB are indeed two different and distinct com- 

pounds was shown by cyclizing pure samples of IX and XI separately 

and as a mixture. In both cases the products gave the exact reten- 

tion times for VIIIA and VIIIB cited above. Since purified samples 

of both bicyclic dienes exhibit identical spectral properties but dif- 

ferent retention times, their structures, but not their stereochemis- 

try, must be the same. Thus if VIIIA is trans-1H, 2H- 2- methyl- 

bicyclo[ 4. 4. 0] deca -3, 5- diene, VIIIB is cis -1H, 2H-2- methyl -bicy- 

clo[ 4. 4. 0] deca -3, 5 -diene or vice versa. 

CH3 

VIIIA and VIIIB 

The n. m. r. ABX3 splitting patterns of both the diene -ynes 

XII and XIII are very easily interpreted because each compound has 

a central acetylenic double bond. The chemical shift of the three X 

protons of compound XII is 6 = 1. 83 and analysis of Figure 2b gives 

SA = 5. 9 and SB = 5. 5. The coupling constants are J = 0. 7 cps, 
AX 

3 

. i 
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J = 6. 5 cps and J = 11 cps. Although J is slightly higher 
BX AB AB 

than the usually accepted values for a cis double bond, the infrared 

absorption at 710 cm-1 confirms its presence in the molecule. 

1 -(L1- cyclohexenyl) -1- pentyn- cis -3 -ene (XII) 

The n. m. r. data (5 = 5. 97, 5 5. 65, 5 = 1. 81, J = 5. 8 cps. , 

A B X AX 

JBX = 1. 0 cps. , JAB = 16 cps. , Fig. 2c ) of compound XIII strongly 

suggests a trans configuration about the terminal double bond. 

1 -(D 
1 

- cyclohexenyl) -1- pentyne- trans -3 -ene (XIII) 

The n. m. r. integrated areas of both trienes IX and XI show 

five olefinic protons and the expected number of aliphatic, methyl and 

allylic protons. There are no sharp methyl doublets in the spectrum 

and the olefinic regions shown in Figures 2d and 2e are very com- 

plex. Although no detailed information can be extracted from the 

n. m. r. spectra, the properties cited differentiate IX and XI as 

trienes. Further, their mode of synthesis and facile cyclization to 

_ 

HA 

\ I 

CH3x 
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the two bicyclic dienes VIIIA and VIIIB is in agreement with both a 

central cis double bond and opposite isomeric configurations about 

the terminal double bond. Among the factors which were useful in 

assigning the terminal double bond configurations of IX and XI was 

the observation that cis -cis -trans (A = CH3, B = H) trienes cyclize 

faster and at a lower temperature than cis - cis -cis (B = CH3, A = H) 

trienes (21). It has previously been stated that IX does cyclize more 

rapidly than XI. Thus, IX could be the cis -trans cyclohexenyl (X = 

CH3, Y = H) triene and XI could be the cis -cis cyclohexenyl (Y = 

CH3, X = H) triene. Their ultraviolet spectra support this conten- 

tion, for the spectrum of IX shows a much stronger absorbtion in- 

tensity (X = 269 mµ, = 22, 200) than that of XI (X = 270 mµ, _ max max 
17, 100). This is in agreement with the assumption that the more 

elongated isomer is the more strongly absorbing. The cis -cis 

structure of XI was unequivocally established by microdeuterating 

1- -cyclohexenyl)- cis -1, cis -3- pentadiene (XI) 

the cis - dienyne XII to l- (o1 - cyclohexenyl)- cis -1, 2- dideutero- cis -3- 

pentadiene (XIV). 

A 

CH3-/ 
X Y 

E 



XIV 

Since IX has a different retention time than that of XI, cyclizes 

more easily to an isomeric bicyclic diene, and shows the proper 

ultraviolet spectrum, its structure must be that shown. 

1 -(1 -cyclohexenyl)- cis -1, trans -3- pentadiene (IX) 
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The synthetic scheme shown in Figure 1 was also used to syn- 

thesize 1- (o1- cyclohexenyl)- cis -1, 3- butadiene (X). Gas chroma- 

tography at any operable temperature showed that one component 

constituted 83% of the synthesis product. All attempts to chromato- 

graphically isolate this component, subsequently identified as the 

triene, yielded a pure bicyclic diene. Thus the triene either 

quantitatively cyclizes during chromatography or, more correctly, 

the triene and bicyclic diene retention times are identical. 

There are two complex multiplets in the n. m. r. spectrum of 

X at 6 = 1. 62 for four aliphatic protons and at 6 = 2. 20 for four 

O 
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allylic protons. The six olefinic protons are spread from 6 = 4. 9 

to 6 = 7. 2. Upon examination of Fig. 2f it is again apparent that 

very little useful information can be obtained concerning the coupling 

constants of the central double bond protons in terms of simple ap- 

proximations. Tashiro (27, p. 31) has semi - deuterated the corre- 

sponding dienyne and found 6A = 5. 04, 6 
B 

= 4. 96, JAB = 2. 5 cps, 

J = 8. 9 cps and J = 18. 6 cps. 
AX 

X 

The infrared spectrum confirms the presence of the terminal vinylic 

group (898 cm-1) and the cis double bond (655 cm-1) and the ultra- 

violet spectrum identifies this as a conjugated triene: 7. = 255 
max 

mµ (sh)( = 15, 200), 265 mp. (, = 22, 400) and 276 mp. (sh) (, _ 

18, 700). 

Bicyclo[4. 4. 0] deca -3, 5 -diene (XV), obtained from the at- 

tempted isolation of X, was identified from the spectral data. It 

is to be noted that, here again, the ultraviolet spectrum (X max 

265 mµ, = 7, 900) exhibits the expected absorption of a conjugated 

cyclic diene with an absorption wavelength identical to that of the 

triene. The bicyclic structure was confirmed by dehydrogenating 

AB 

E 

BX 

_ 



XV to naphthalene (2). 

XV 
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The rate of cyclization of IX and XI was followed gas chroma- 

tographically by quantitatively measuring the decrease in concentra- 

tion of the triene as compared to an unreactive internal standard 

(see experimental for procedure). The column temperature of 122o 

is sufficiently high to induce a small degree of triene isomerization 

as shown by tailing of the product diene peak. Since a number of 

analyses consistently gave the same triene concentration when the 

temperature and flow rate of the chromatograph were not varied, it 

was possible to ignore the extent of this triene cyclization during 

chromatography if every sample of a given run were analyzed under 

identical chromatographic conditions. Thus the chromatograph was 

allowed to remain in operation during the full course of each run so 

that each sample could be analyzed under invariant conditions. 

Figures 3 and 4 show the first -order cyclizations of triene IX 

and triene XI, respectively. Since a first -order reaction is inde- 

pendent of concentration, no effort was made to begin each run with 



31 

o 
130. 0 

132. .50 

ar 

i` o 
137. 0 

decrease in log(triene-oo/ standard)x10 
1 , 1 

Figure 3. Concentration changes of 1- (d- cyciohexeny1)- cis- 1,trans- 
3-pentadiene (IX) at various temperatures 

Time (hrs. ) 

// 

/ 

o 
112. 0 

-1 

-u 

o 
119. 5 



32 

Time (hr s. ) 
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182.6° 

' 190. 2 
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® 

decrease in log(triene- oo /standard)x10 
I _I_ A J 1 L 4 L _L l _l__ 

Figure 4. Concentration changes of 1- (61- cyclohexenyl)- cis -1, cis - 
3-pentadiene (XI) at various temperatures 
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the same triene concentration. Thus, the data represented in 

Figures 3 and 4 do not have a common maximum concentration at 

zero time. The points of intersection of each line with the time or- 

dinate represent the maximum triene concentration of that run at 

zero time. 

The rate constants, easily determined from the slopes of these 

lines are: 

Temperature rate constant /sec (x 105) 

1- (Al- cyclohexenyl)- cis -1, trans -3- pentadiene (IX) 

112. 0 2. 40 
119. 5 4. 26 
125. 0 6. 41 
130. 0 8. 66 
132. 5 12. 5 

137. 0 20. 6 

1- -cyclohexenyl)- cis - 1, cis -3- pentadiene (XI) 

172.7 2. 59 
182. 6 5. 79 
190. 2 11. 4 

191. 0 11. 9 

The linearity shown by the plots in Figures 3 and 4 attest to the ac- 

curacy and reproducibility of this kinetic data. 

From the slope of a straight line drawn through the points ob- 

tained by plotting the logarithm of the rate constant against the re- 

ciprocal of the absolute temperature, one may calculate the ener- 

gies of activation for the cyclizations. This has been done in 
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Figure 6a and 6b for the two trienes IX and XI to give activation 

energies of 29 and 34 Kcal /mole, respectively. The entropies of 

activation may be calculated from 

.6S = E /T + 4. 576 (logk - log KT /h) 
a 

where R = 1. 986 cal /deg. mole 

K = 1.381 x 10 
-16 

erg /deg. 

h = 6. 547 x 10 -27 erg 

o 
At 403. 2 K the entropy of activation for the cyclization of IX is equal 

to -1 e.u. while that for XI is -5 e.u. 

As mentioned earlier, the kinetics of cyclization of the cyclo- 

hexenyl butadiene X could not be followed by gas chromatography be- 

cause the diene and triene retention times were identical. However, 

the difference in extinction coefficients of the triene X ( =22, 200) 

and the diene XV ( = 7, 900) at 265 mp. was quite large and could be 

used to analyze the kinetics of ring closure. It was necessary to 

modify the conditions for cyclization to exclude air simply because 

the method of analysis involves the concentration of both the triene 

and cyclohexadiene as contrasted with the earlier runs in which the 

disappearance of the triene alone could be measured. Runs with X 

in the presence of oxygen gave spurious results whereas under nitro- 

gen the linear first order plots of Figure 5 were obtained. 
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Figure 5. Ultraviolet absorbance changes of 1- (Ll- cyclo- 
hexenyl)- cis -1, 3- butadiene at various temperatures 
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Apparently oxygen reacts with the cyclohexadiene at a sufficient rate 

to invalidate the method of analysis. 

The procedure described in the experimental section was fol- 

lowed giving special attention to the consistency and repetition of 

experimental techniques. This cyclization is also first -order and 

gives good plots of log (abs - abs ) vs time. Runs were made at 
0o - 

five different temperatures (Fig. 5) to give the following rate con- 

stants: 

Temperature 

117, 0 

122. 0 

128. 7 

132. 0 

135. 0 

rate constant /sec. (x 105) 

3. 03 
4. 88 

10.1 
12. 8 

17.1 

The slope of the best line drawn through the points of an Arrhenius 

plot (Fig. 6c) gives E = 29 Kcal /mole. The entropy of activation 
a 

was calculated at 398. 2 °K to be -6 e. u. 

The energies and entropies of activation of the thermal valence 

isomerization of the three trienes IX, X, and XI are listed in Table 

IB. By comparing these values with the other data of Table IA, one 

may note that there is very little difference in activation energies 

between 7 and 9 or 8 and 10. Thus the cyclohexenyl and methyl 

substituents apparently exhibit the same steric requirements in the 

cyclization process. It is also possible to conclude that a substituent 



2. 5 

2.4 

2. 2 

2. 1 

Z. 6 

2. 5 

2.4 
3 

-1 
-(Temp) x 103 

- 

- 

_ - 

-log k 

.1_ t 1 1 __I 

Fig. 6c 

Fig. 6b 

Fig. 6a 
*_- 

- 

4. 0 

Temperature dependen.c,..; of rate constants 

4. 5 

r 

r- 

6 

- 

I 1 I I _ I - L i 

- 

_L. 

Yi 

. 

_L. 



38 

in the 2 position of the triene chain has very little effect. That the 

activation energies of all four systems 6, 7, 9, and 11 are within 

experimental error, the same, leads to the conclusion that a termi- 

nal trans methyl group has no appreciable effect on the cyclization 

while comparison of 7 and 9 with 8 and 10 show that a methyl sub - 

stituent in the cis position decreases the rate. No other serious 

conclusions are justified. 

It is interesting to consider the stereochemistry of the two bi- 

cyclic dienes VIIIA and VIIIB in terms of the rules recently advanced 

by Woodward and Hoffmann (31). They state that the disrotatory 

closure of these conjugated trienes should lead to the formation of 

cis -1H, 2H -2- methyl- bicyclo[4, 4. 0] deca -3, 5 -diene from IX 

IX 

CH 
3 

(VIIIB) 

and to the formation of trans-1H, 2H- 2- methyl- bicyclo[ 4. 4. 0] deca- 

3, 5 -diene from XI, 

O. _/-( 
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XI 

CH 
3 

I 

(VIIIA ) 

Thus the two bicyclic dienes VIIIA and VIIIB presumably have the 

stereochemistry shown above. 

w 



Table IA. Cyclization parameters of trienes. 

2) 

3) 

E = 25 Kcal /mole 
a 

AS$ = -2. e.u. 

Ea = 23 Kcal /mole 

AS* =- 4.7e.u. 

I 

(tr) 

5) 

6) 

7) 

Ea = 20 Kcal /mole 

AS* = -12.8 e.u. 
4) 8) 

E = 25 Kcal /mole 
a 

> I 
I 

E = 30 Kcal /mole 
a 

Ea = 29 Kcal /mole 
f 

AS' = -7 e. u. 

Ea = 33 Kcal /mole 

oS$ = -5 e. u. 

40 

1) II- 
li 

AH = 
0 

. 73 hcalb ,ole 

i \ 

--a 

I 



Table IB. Cyclization parameters of trienes synthesized. 

9) 

10) 

11) 

IX 

XI 

Ea = 29 Kcal /mole 

[1S$ = -1 e. u. 

Ea = 34 Kcal /mole 

= -5 e.u. 

E = 29 Kcal /mole 
a 

hS$= -6e.u. 

Me 

VIIIA 

XV 

41 

oS 

Me 

I 

VIIIB 
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EXPERIMENTAL 

A Cary 15 spectrophotometer was used to determine all ultra- 

violet spectra with methanol as solvent unless otherwise stated. A 

Perkin -Elmer model 21 infrared spectrophotometer was used to 

determine the infrared spectra. All samples were run as liquid 

films on sodium chloride plates. Analytical chromatographic analy- 

ses were run on a model 154 Perkin -Elmer vapor fractometer with a 

14' x 1/8" column of carbowax 20M (20 %) on firebrick. An Aero- 

graph Autoprep model A -700 with a 15' x 3/8" column of carbowax 

20M (20 %) on firebrick was used for preparative gas chromatography. 

N. m. r. spectra were determined on a Varian A -60 instrument in 

carbon tetrachloride with tetramethylsilane as an internal standard. 

All boiling points are uncorrected. 

I -Ethynylcyclohexene (I). 

This compound was prepared by the method of Hamlett, Hen - 

best and Jones (14). To a three necked flask, equipped with a 

mechanical stirrer, dropping funnel and reflux condenser, was 

added a solution of 100. 0 g. (0. 94 mole) of 1- ethynylcyclohexanol in 

120 ml. of anhydrous pyridine. A mixture of 60 ml. of pyridine and 

60 ml. (0. 65 mole) of phosphorous oxychloride was added in a drop - 

wise manner at a rate sufficient to maintain reflux. The mixture 
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was refluxed for one hour and poured, while hot, onto ice. The 

organic layer was taken up in pentane, washed twice with water, and 

dried over anhydrous sodium sulfate. The pentane was removed in 

vacuo and the residue distilled, b. p. 42 -43° (17 mm. ), n20D 1.4943, 

yield 59.3 g. (70 %). In this manner, 179.0 g. of 1- ethynylcyclo- 

hexene was prepared. 

1 

Preparation of 1 -(L cyclohexenyl) -1- pentyn -ols 

General method (27, p. 50). 1 - ethynylcyclohexene was added 

dropwise to a solution of one molar equivalent of lithium amide in 

excess ammonia (containing a catalytic amount of ferric nitrate) in 

a flask fitted with a dry -ice acetone condenser, mechanical stirrer 

and dropping funnel. After the appropriate epoxide had been added, 

the mixture was stirred for one day and the excess ammonia allowed 

to evaporate. The product was hydrolysed with saturated ammonium 

chloride, taken up in diethyl ether, washed with water and dried over 

potassium carbonate. The ether was removed in vacuo and the pro- 

duct distilled. 

1 

1 -(L - cyclohexenyl) -1- pentyn -4 -ol (II). This alcohol was prepared 

by adding 187 ml. (2. 80 moles) of propylene oxide to a mixture of 

1. 67 moles of lithium amide and 179 g. (1.67 moles) of 1- ethynyl- 

cyclohexene (I). After the mixture had been stirred for 8 hours and 
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allowed to stand for another 30 hours, it was hydrolyzed with 100 

ml. of saturated ammonium chloride. Workup and distillation 
20 

yielded the product, b. p. 70 -73 (2. 3 mm. ), n D 1. 5175, yield 

196. 5 g. (76 %). 

1 

1 -(A - cyclohexenyl) -1- butyn -4 -ol (III). This alcohol was prepared 

from 0. 44 moles of lithium amide, 47. 5 g. (0. 45 mole) of the ene- 

yne (I) and 37. 5 ml. (0. 75 mole) of ethylene oxide. Workup in the 

o 17 
usual manner gave the product, b. p. 80 -75 (0. 25 -0. 20 mm. ), n 

D 1. 5288, yield 52. 3 g. (78. 5 %). 

1 

Semihydrogenation of 1-(0 -cyclohexenyl)-1-butyn-4-ols 

General method (27, p. 51 -52). The Lindlar catalyst was pre- 

pared as described by Lindlar (19) but with one modification: In 

order to semihydrogenate an aliquot of the triene in a reasonable 

amount of time it was necessary to reduce the prescribed amount of 

lead acetate by a factor of eight. Thus, the lead acetate was used 

at 1.25 percent by weight (rather than 10 percent by weight) of cata- 

lyst. 

A 250 ml. hydrogenation flask containing Lindlar catalyst 

(10% by weight of the sample to be introduced), 1 drop of quinoline 

and 50 ml. of pentane, was flushed with hydrogen. After the mix- 

ture had been stirred until the catalyst was saturated with hydrogen, 
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the sample was injected and hydrogenated until 110% of the calcu- 

lated one molar equivalent of hydrogen had been absorbed (average 

time 1.5 hours). The catalyst was removed by filtration. This 

process was repeated until all the compound had been semihydro- 

genated. The separate batches were combined, dried over potas- 

sium carbonate, the solvent removed, and the product distilled as 

a clear liquid. 

1 

1 -(z - cyclohexenyl)- cis -l- penten -4 -ol (IV). The ene - yne -ol, II, 

(196 g. ) was semihydrogenated in the described manner in 5. 0 g. 

batches. The product distilled at 70 -710 (0. 2 mm. ), n20D 1. 5101, 

yield 152.7 g. (77 %). 

1 

1 -(E - cyclohexenyl)- cis -l- buten -4 -ol (V). Semihydrogenation of 

the ene - yne -ol, III, (52 g. ) gave a product, b. p. 64-67° (0. 5 -1. 0 

mm. ), n 
26D 

1. 5112, yield 44.4 g. (86 %). 

Preparation of Tosylates 

General method (27, p. 54). The diene -ol was added to an ice - 

cold solution of pyridine and p- toluenesulfonyl chloride under a nitro- 

gen atmosphere in a flask fitted with stirrer, condenser and dropping 

funnel. The reaction mixture was stirred for 24 hours and then 

hydrolyzed with water. The ether extract was washed with water, 

dilute phosphoric acid, dilute sodium bicarbonate and again with 



water. The product was then dried over potassium carbonate and 

the ether removed in vacuo. The tosylate thus obtained was used 

directly in the elimination reaction, 

1 

1 -(A -cyclohexenyl)- cis -l- penten -4 -ol tosylate (VI). 

46 

To a solution 

of 200 g. (1. 05 moles) of p- toluenesulfonyl chloride and 150 ml. 

(1, 86 moles) of pyridine was added 152. 0 g. (0. 92 mole) of the 

diene -ol IV to give the tosylate in a yield of 267. 2 g. (91 %). 

1 
1 -(L - cyclohexenyl)- cis -l- buten -4 -ol tosylate (VII). The dienol V 

(44. 4 g. , 0. 390 mole) was added, with stirring, to a cool solution 

prepared from p- toluenesulfonyl chloride (55. 5 g. , 0. 30 mole) and 

pyridine (30 ml. , 0. 57 mole). Hydrolysis gave the tosylate, yield 

76, 0 g. (85 %). 

Elimination Reactions of Tosylates 

General method (27, p. 55). A solution of the tosylate (1. 0 

equiv. ) in dimethyl sulfoxide was cooled under nitrogen. To this 

cool solution was added a mixture of potassium t- butoxide (not to 

exceed 0. 9 equiv. ) in dimethyl sulfoxide. After having been stirred 

for 30 minutes, the reaction mixture was hydrolyzed with water, 

taken up in hexane, washed with water, and dried over potassium 

carbonate. The solvent was removed and the product distilled. 



1- (61- cyclohexenyl)- cis -1, 3- pentadiene. A mixture of products 
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was obtained from 267 g. (0. 86 mole) of the tosylate VI in 95 ml. of 

dimethyl sulfoxide using 66 g. (0. 65 mole) of potassium t- butoxide 

in 380 ml. of dimethyl sulfoxide. After hydrolysis the product was 

taken up in hexane, dried, and the solvent removed. Distillation 

gave the products, b. p. 43o (0. 05 mm. ), n24D 1. 5455, yield 55. 0 

g. (38%). 

Gas chromatographic analysis at 130o, 20 p. s. i. , gave the 

following results: 

Compound retention time (minutes) % total 

VIII 13 23.2 6 

IX 38. 9 49 

XI 45.8 19 

XII 59.2 19 

XIII 79. 5 6 

Preparative v. p. c. separation and spectroscopic analysis of 

these five compounds gave the physical properties listed in Table II. 

1 
1 -(z - cyclohexenyl)- cis -1, 3- butadiene (X). The elimination was 

carried out using 70 g. (0. 25 mole) of the diene -ol tosylate VII in 

40 ml. of dimethyl sulfoxide and 25. 0 g. (O. 25 mole) of potassium 

t- butoxide in 240 ml. of dimethyl sulfoxide. After hydrolysis with 
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100 ml. of water and workup, the product distilled at 46 -40° (1. 5- 

1. 0 mm. ), yield 5 g. (15 %). V. p. c. analysis shows the product to 

be at least 85 percent one compound. The infrared spectrum shows 

-1 -1 -1 
bands at 3040 cm. (unsat. C-H), 1000 cm. , 898 cm. (term. 

-1 
vinyl) and 655 cm. (cis double bond ?). The n. m. r. spectrum 

shows a complex multiplet at 8 = 1. 62 (aliphatic H, rel. area 4. 6), 

one at 6 = 2. 2 (allylic H, rel. area 4. 0), and a series of peaks at 

6 = 4. 9 -7. 2 (olefinic H, rel. area 6, Fig. 2f). The ultraviolet 

spectrum consists of three peaks A = 255 mµ (sh)( = 15, 200), 265 max 

rnµ (t =22, 400) and 276 mµ (sh)( = 18, 700). 

Thermal Treatment of Product Mixture Obtained from Synthesis of 

IX and XI 

The product mixture was heated at 200o for one hour and fif- 

teen minutes. The results are shown below. 

Peak Before Heating After Heating 

ret. time (min. ) % total ret. time (min. ) % total 

VIIIA -- 12.0 27 

VIIIB 13.1 10 13.2 30 

IX 19.0 36 

XI 21.5 24 21.6 5 

XII 28.4 24 28.5 21 

XIII 37. 2 8 37. 3 1 1 

-- 



Table II. 

Compound Purity Infrared Spectrum 

v (cm. -1) assignment ö values 

VIER: 90 3020 unsat. C -H 0. 98 

725 cis C = C 1. 1 -2. 8 

5. 1 -6.0 

IX 75 3020 unsat. C-H 1. 70 

980 trans C = C 

940 2.15 

725 cis C = C 5. 2-6. 8 

XI 95 similar to that shown for 1. 70 

IX 

2.20 

5.1 -7.0 

XII 100 3020 unsat. C -H 1.70 

2200 acetylene C-H 2.10 

710 cis C = C 5. 3 -6. 4 

Nuclear Magnetic Resonance Spectrum 

assignment rel. area shape 

methyl H 2. 4 doublet 

allylic and 12 series of peaks 
aliphatic H 

olefinic H 3 envelope of peaks 

aliphatic and 7 complex multiplet 
methyl 

allylic H 4. 6 multiplet 

olefinic H 4. 7 series of peaks 

aliphatic and 6 multiplet 
methyl H 

allylic H 4.5 multiplet 

olefinic H 5 series of peaks 

methyl and 3 series of peaks 
aliphatic H 

allylic H 4. 5 envelope 

olefinic H 7 series of peaks 



Table II. (cont. ) 

Compound Purity (%) Infrared Spectrum 

(cm. -1) assignment 

Nuclear Magnetic Resonance Spectrum 

b values assignment rel. area shape 

XIII 100 none 1.5 -1.9 methyl and 
aliphatic H 

2. 0-2. 4 allylic H 

7 complex multiplet 

4. 5 envelope 

5. 3 -6. 4 olefinic H 3 series of peaks 

Ultraviolet Spectrum 

A ( mµ) 
max 

ext. coef. 

C, H Analyses Structure and Name 

Cal'd for Found 

C H C H 

VIIIB 270 4, 500 89. 12 10. 88 88. 76 10. 82 

Me 

L2 
cis or trans -1H, 2H- 2- nnetl_,1- bicycle [4.4.0 ] 

3eca -3. 5 -diene 



Table II. (cont. ) 

Cornpound Ultraviolet Spectrum C, H Analysis 

X. (mµ) ext. coef. Cal'd for 

C H C 

Found 

H 

max 

IX 250 16, 700 (sh) 89.12 10.88 89. 00 10. 83 

269 22, 200 

287 18, 700 

XI 270 17,100 89. 12 10. 88 89. 08 10. 84 

Structure and Name 

...../\,,. 

1 
1-(A -cyclohexenyl)- cis -1, trans -3- 

pentadiene 

1 

1 -( A -cyclohexenyl)- cis -1, cis -3- 
pentadiene 

I fI V 



Table II. (cont. ) 

Compound Ultraviolet Spectrum C, H Analysis 
X max (mµ) ext. coef. Cal'd for Found 

C H C H 

Structure and Name 

XII 

XIII 

270 17, 000(sh) 90.55 9. 65 88. 46 9. 94 

265 23, 300 

258 17, 800(sh) 

none none 

1 
1 -( A -cyclohexenyl) -1- pentyn- cis -3- 

ene 

1-( A 1-cyclohexenyl)-1-pentyn-trans- 
3-ene 
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1 -( -cyclohexenyl)- cis -1, 2- dideutero- cis -3- pentadiene (XIV) 

Using a modification of the microhydrogenation apparatus of 

Breitsheider and Burger (4), 0. 027 g. (O. 000223 mole) of the diene- 

yne (XII) was semideuterated with Lindlar catalyst (35% by weight) 

using dry hexane as solvent. The solvent and catalyst were stirred 

under a deuterium atmosphere for two hours to ensure complete 

saturation of solvent and catalyst. The sample was then introduced 

via a small glass capsule which had been placed directly above the 

solvent -catalyst mixture. After one molar equivalent of deuterium 

had been absorbed, the catalyst was removed by filtration. This 

procedure was repeated three times, the products combined, and the 

solvent removed. The semideuterated product was separated by pre- 

parative v. p. c. Its gas chromatographic retention time is identical 

with that of 1 -(Ó - cyclohexenyl)- cis -l- cis -3- pentadiene (XI) and its 

n. m. r. spectrum has two multiplets centered at 6 = 1. 65 (aliphatic 

D 

XIV 

and methyl H) and b = 2. 20 (allylic H) and a complex series of peaks 

at 6 = 4. 9-6. 7 (olefinic H). 

I 

D 
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cis or trans -1H, 2H- a- methyl.- bicyclo[ 4. 4. 0] deca -3, 5 -diene (VIIIA) 

Although the infrared, n. m. r. , and ultraviolet spectra of 

Me 

VIIIB 

VIIIA are identical with those of VIIIB, the gas chromatographic re- 

tention time at 152o, 20 p. s. i. , of VIIIA is 10. 7 minutes while that 

of VIIIB is 11.7 minutes. 

Anal. Cal'd for C11H16: C, 89. 12; H, 10. 88. Found: C, 

88. 90; H, 10. 97. 

Bicyclo[4. 4. 0] deca -3, 5 -diene (XV) 

This compound exhibits the same spectral properties as a 

compound whose structure has been shown by Caple (2) to be XV. 

XV 

Kinetic Study of the Thermal Cyclization of the cis -trans (IX) and 

cis -cis (XI) isomers of 1 -(1 - cyclohexenyl) -1, 3- pentadiene 

General method. 

t 
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Approximately 30 µl. of a pentane solution containing 3 µl. of 

the triene and 3 µl. of the internal standard 1, 2, 3, 4- tetrahydro -1, 7- 

dimethyl- naphthalene was sealed in each of 6 to 9 small glass cap- 

sules. These capsules were placed into a thermostated oil bath, re- 

moved at given time intervals and quenched in dry -ice acetone. Ana- 

lysis was carried out chromatographically using the Perkin -Elmer 

vapor fractometer. The peaks of three individual injections for each 

sample were cut out and weighed. The average of the three values 

for each sample was used to determine the first -order rate constant 

for the cyclization. This process was repeated at a minimum of 

three different temperatures to obtain data for an Arrhenius plot. 

1 
Cyclization of - cyclohexenyl)- cis -1, trans -3- pentadiene (IX) to 

VIIIB. V. p. c. analysis was carried out at 127.° with a pressure of 

20 psi. giving the cyclized product, the reactant, and the standard 

retention times of 20. 1, 35. 2 and 63. 3 minutes, respectively. The 

cyclization was conducted at five different temperatures to give the 

following results: 

1 
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Temperature rate constant/ sec (x 105) 

112. 0 2. 40 

119. 5 4. 26 

125. 0 6. 41 

130. 0 8. 66 

132. 5 12. 5 

137. 0 20. 6 

Cyclization of 1- (Al -cyclohexenyl)- cis -1, cis -3- pentadiene (XI) to 

(VIVA). V. p. c. analysis at 144° and 20 psi. gave the product, 

reactant and standard retention times of 9. 5, 20. 8 and 33. 2 minutes, 

respectively. The cyclization was conducted at four different 

temperatures to yield the following results: 

Temperature rate constant /sec (x 105) 

172.7 2. 59 

182. 6 5. 79 

190.2 11. 4 

191.0 11. 9 

Thermal Study of the Cyclization of 1- (Al- cyclohexenyl)- cis -1, 3- 

butadiene (X) to bicyclo[4. 4. 0] deca -3, 5 -diene (XV). 

A predetermined amount of the triene was dissolved in 100. 00 

ml. of iso- octane. Approximately 3 ml, of this dilute solution was 



57 

sealed in each of 8 to 10 large glass bombs under a nitrogen atmos- 

phere. Exactly one milliliter of the solution was taken from each 

bomb after heating for a given time interval and diluted to 50. 00 ml. 

with iso- octane. The ultraviolet absorbance of each sample was then 

measured at 265.2 mµ. The resulting rate constants at various 

temperatures are: 

Temperature 
5 

rate constant/ sec (x 10 ) 

117. 0 3. 03 

122. 0 4. 88 

128. 7 10. 1 

132. 0 12. 8 

135. 0 17. 1 
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SUMMARY 

We have synthesized and isolated 1- -cyclohexenyl)- cis -1, 

trans -3- pentadiene (IX), 1 -(A1 - cyclohexeny1)- cis -1, cis -3- pentadiene 

(XI), and 1- -cyclohexenyl)- cis -1, 3- butadiene (X) and have meas- 

ured the activation parameters for the thermal valence isomerization 

IX XI 

of each triene to its bicyclic diene. The values are: 

IX) 

XI) 

X) 

E 
a 

E 
a 

E 
a 

= 29 Kcal/mole, 

= 34 Kcal/mole, 

= 29 Kcal/mole, 

oS$ = -1 e. u. 

AS = -5 e. u. 

oS$ = -6 e. u. 

These values, when compared with those for the cyclization of the 

terminally substituted dimethyl analogs, indicate that both a trans 

methyl substituent at a terminal position and a group in the 2 posi- 

tion of the triene chain have no appreciable influence on the rate of 

cyclization while the size effect of the methyl group in the cis posi- 

tion decreases the rate. 

X 
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