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THERMOLYSIS OF CIS,CIS,TRANS-1-PHENYL-1,3,5-HEPTATRIENE

INTRODUCTION

Thermal electrocyclizations normally follow an

"allowed" route, which results in a product whose

stereochemistry is in accord with that predicted by the

conservation of orbital symmetry theory (1). A second

concerted process leading to a product of alternative

stereochemistry is termed the "forbidden" route. Both

stereochemical results could also arise from some non-

concerted scheme or an orbital unconnecting process, such

as a diradical route. A product whose stereochemistry

is of the "forbidden" type is termed "disallowed" if

the mechanism of formation is unknown. Thus this last

term is mechanistically non-committal, but stereo-

chemically informative.

Because thermal electrocyclizations usually follow

an allowed pathway, little is known about the energy

requirements or mechanism of alternative routes. Studies

of the four electron (2,5,7,8,9,10) and eight electron

(12,13) systems have provided at least a minimum energy

difference between allowed and disallowed pathways, but

the mechanistic origin of the products of forbidden

stereochemistry remains uncertain. Also, two very

different values for the energy difference for the eight

electron case have been obtained. An investigation of
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the six electron case might help to determine which of

these values is more reasonable.

Such a study is included in the doctoral thesis of

Hilton (15). A six electron system was designed to

make a biradical pathway competitive with the allowed

route, and a small amount of disallowed product was

observed. The extent of biradical participation could

have been obscured, however, as a majority of the pro-

ducts resulting from a biradical mechanism would be of

allowed stereochemistry.

The work presented here was thus undertaken in an

attempt to produce, via a biradical route, a product of

forbidden stereochemistry. The ratio of products of

allowed and forbidden stereochemistry would then permit

an estimation of the energy difference between the allowed

and biradical pathways.
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HISTORICAL

The conservation of orbital symmetry theory (1)

allows a reliable prediction of the stereochemical out-

come of electrocyclic reactions. An important problem

is the limitation of the theory, in other words, an

evaluation of the energy difference between the allowed

and forbidden or symmetry independent routes. Experiment-

al workers have been frustrated by the magnitude of the

very energy difference they seek to measure, as general-

ly the only products observed are those resulting from

an allowed pathway. Even so, some investigations have

resulted in at least a minimum value for the difference

in energy between an allowed and some disallowed pathway.

A summary of these experimental investigations of

electrocyclic reactions is presented here.

Four Electron Electrocyclizations

An early study of the four electron cyclobutene-

butadiene isomerization prohibited the allowed reaction

through steric constraints. Brauman and Golden (2)

measured the activation energy for the transformation

of bicyclo [2.1.0] pent-2-ene 1 to cyclopentadiene 2.

Strain prohibits the allowed process and a disrotatory

ring opening occurs. Others had measured the activation

energies of the similar disallowed isomerizations of

bicyclo [3.2.0] hept-6-ene to cyclohepta -1,3-diene (3)
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4

and bicyclo [4.2.0] oct-7-ene to cycloocta -1,3 -diene (4).

From the energies of activation of these three reactions,

Brauman and Golden determined the total bond energy of

the breaking bonds in the nonallowed transition state

in the absence of strain to be 5 + 3 kcal/mole. The

transition state bond energy for the allowed cyclobutene-

butadiene isomerization was found to be 20 kcal/mole.

Thus the energy difference between the allowed and non-

allowed pathways was proposed as 15 kcal/mole.

Brauman and Golden employed a biradical model in

another analysis (5) of the same system and calculated

that the biradical 3 has a resonance energy of 10 kcal/

mole. This value is transferable to the bicyclo- [3.2.0)

1 3
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hept-6-ene and bicyclo [4.2.0] oct-7-ene systems. The

authors suggested that the biradical model could afford

an empirical basis for evaluating the extra stabili-

zation realized by the allowed process. Application of

the model to the allowed ring opening of 3-methyl-

cyclobutene, 4, afforded a resonance energy of 24

kcal/mole for the biradical 5. Once again the energy

difference between the allowed and disallowed pathways

was suggested to be about 15 kcal/mole.

4
5 6

Lupton (6) suggested that the transition state

geometry instead of strain energies should be considered

in the analysis of these bicyclic ring openings. In

the absence of strain, the nonallowed transition state

was estimated to be 10-14 kcal/mole higher in energy

than the allowed transition state.

Doorakian and Freedman (7) attempted a direct

measurement of activation energy differences by product

determination for a reversible cyclobutene-butadiene

interconversion. After heating cis,trans-1,4-dimethyl-

1,2,3,4-tetraphenylbutadiene, 7, for a time that allowed



more than a million ring openings of 8 to occur, none

of the disrotatory product 9 (or its cis,cis isomer) was

P

Ph

Ph

7

Ph

Ph

8
9

Ph

detected. From this result, the authors calculated

a minimum energy difference between the allowed and

disallowed routes of 7.3 kcal/mole.

Brauman and Archie (8) were able to detect some of

the disallowed product 12 from the pyrolysis of cis-

3,4-dimethylcyclobutene, 10. The ratio of 12 to 11 was

6.1 X 10
-5

, leading to a difference in enthalpies of

10

CH3

11

A7

CH3

CH3

tvH

CH3

12

6



7

activation of 11 + 1 kcal/mole between the allowed and

disallowed pathways. Correcting this value for the

steric effect of a methyl group moving in during the

allowed reaction, the authors concluded that the allow-

ed transition state is stabilized by at least 15 kcal/

mole compared with the alternate pathway. The observed

nonallowed transition state was close in energy to a

biradical intermediate, but the mechanism of the non-

allowed ring opening could not be determined.

Brauman and Archie then studied the thermal ring

opening of cis-3,4-diphenylcyclobutene, 13, (9) expect-

ing that phenyl substitution would stabilize a biradical

13 Ph

14 15
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intermediate 14 enough to make it lower in energy than

the allowed transition state. The phenyl substitution

stabilized both pathways, however, and only the allowed

product 15 was observed.

Isomerization of dideuteriodienes 16, 17, and 18 was

examined by Stephenson and Brauman (10). The rate of

disappearance of 16 or 18 was much faster than that of

17. The cyclobutene 19 was therefore implicated in the

19

k(16-)18) = 1((1-416) = 101(07 -4 164-18)

18

isomerization of 16 to 18 and the reverse, but the re-

arrangement of 17 to 16 and 18 probably involves a

1,2-biradical 20. The authors concluded that a forbidden

electrocyclic reaction is at least 8 kcal/mole higher in

energy than the allowed reaction.
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17 20

Marvell (11) has compared these results with the

earlier work of Brauman and Archie (8) and noted an

interesting conclusion. Using the enthalpies of

activation for ring openings and a value for the

stabilization of a radical by a methyl group, the

results of the two studies require that 3,4-

dimethylcyclobutene be more stable than cyclobutene by

about 7 kcal/mole. This is contrary to the expected

relative energies of these two compounds.

Eight Electron Electrocyclizations

Dahmen and Huisgen examined the eight electron

system through the ring closure of trans,cis,cis,trans-

decatetraene, 21 (12). The reversibility of this

isomerization allowed them to run the reaction long

enough to detect a small amount of the disallowed pro-

duct 26, which could arise from a disrotatory ring

closure of the tetraene 21. From the product distribu-

tion, the difference in free energies of activation

between allowed and disallowed pathways was calculated



to be 11.1 kcal/mole.

4,10r-7;,, offdatory

----)

21

disrotatory

24

22

25

23

26

10

Staley and Henry observed a small

amount of disallowed product 31 in the isomerization of

cis-bicyclo [6.2.0) deca-2,4,6-triene, 27 (13). From

the product ratio, they found the difference in

enthalpies of activation, zLH4 (allowed-disallowed), to

be at least 4 kcal/mole. The All* for 27 to 29 was cal-

culated to be 32.2 + 0.2 kcal/mole, so MO for 27 to 31

was about 36 kcal/mole. To estimate the energy difference

between related allowed and nonallowed processes in the

absence of strain, the authors compared the disallowed

isomerization of 27 to 30 (All = 36 kcal/mole) and the

allowed isomerization of the trans bicyclic compound 32

to 33 (AO = 15 kcal/mole (14)). They assumed that the



27

allowed

\disallowed

30

28 29

31

"intrinsic" energy difference would be approximately

the difference in activation enthalpies, with a correc-

tion of a few kilocalories per mole for strain. Thus

they concluded that the energy difference between the

allowed and the disallowed electrocyclizations is at

32

-->
33

11
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least 18-20 kcal/mole, a much larger value than that

proposed by Dahmen and Huisgen (12). Staley and Henry

observed that the disallowed product found in Dahmen

and Huisgen's study could have arisen from a series of

allowed hydrogen shifts.

Six Electron Electrocyclizations

The doctoral thesis of Hilton (15) includes a

study of the ring closure of trans,cis,trans-1-phenyl-

1,3,5-heptatriene, 34. Hydrogenation of the products

following ring closure resulted in the cis and trans

cyclohexanes 37 and 38 in a ratio of 550:1. A disallowed

ring closure of 34 to 36 may be the source of 38, but it

was not possible to determine if this ring closure

34 35

Ph

36

Ph
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followed a forbidden concerted or a diradical pathway.

Conformational considerations show that a diradical

intermediate would not give a stereorandom result,

rather, the preferred conformation would result in the

same product as the allowed concerted reaction. Thus

the amount of 36 from a diradical pathwey would be small.

Hilton calculated that the difference in free energies

of activation is at least 5.5 kcal/mole if a forbidden

concerted reaction was responsible for the disallowed

product. If a diradical route was the source of 38,

then this difference between allowed and disallowed

pathways is at least 14-15 kcal/mole. This latter

value is adjusted to take into account the stabilization

afforded a radical by one phenyl. No evidence is

available to permit such an adjustment with a concerted

forbidden reaction.
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DISCUSSION

Approach to the Six Electron System

The most direct method of determining the difference

in energy between allowed and disallowed pathways would

be to measure the fraction of disallowed product from

a ring closure. The amount of this product is generally

so small, however, that more creative approaches to the

problem are required. Previous studies of four and

eight electron systems have either blocked the allowed

conrotatory reaction or taken advantage of the reversi-

bility of the ring closure. Neither of these approaches

is of use in a study of the disrotatory six electron

reaction.

If the rate of the allowed reaction could be

retarded and the rate of a biradical route accelerated,

ring closure might result in a detectable amount of

disallowed product, allowing an estimation of the energy

difference between the two routes. Marvell and coworkers

(16) have found that a terminal cis phenyl group slows

the rate of an allowed electrocyclization. A terminal

phenyl group should also stabilize a biradical pathway

by, as much as 12.5 kcal/mole. Thus, cyclization of a

cis-phenyl triene might result in a reasonable amount

of disallowed product.

To distinguish between allowed and disallowed
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products, the other terminus of the triene must permit

stereochemical specification. A methyl group can be

used to meet this requirement.

Hilton's work on trans,cis,trans-1-pheny1-1,3,5-

heptatriene, 34, indicated that a phenyl group may

stabilize a radical process enough to make it perceptible

versus the allowed process (15). In this case, the trans

phenyl would not be expected to decrease the rate of

the allowed reaction (16), but Hilton detected a small

amount (0.18%) of 38, presumably arising from a dis-

allowed pathway. If a radical process had occurred, there

Ph

34

35

37

Ph

36

38



are two diasteromeric conformations that the biradical

could adopt to allow bonding. The first of these is

16

favored sterically, and will result in the cis-

cyclohexadiene 35, which is the same product formed by

the allowed disrotatory electrocyclization. The observed

disallowed product may therefore have been only a small

fraction of the products from a biradical route.

It seemed, then, that a study of cis,cis,trans-1-

pheny1-1,3,5-heptatriene, 39, would prove important. The

allowed process should be about 200-500 times slower

39
36

allowed

Ph

35

disallowed

Ph

than that of the trans,cis,trans compound 34 (16), but

the radical should proceed at about the same rate.

The product of the allowed ring closure of 39 is



the trans-cyclohexadiene 36. But the first of the radi-

cal conformations shown above will again be favored,

and will result in the cis-cyclohexadiene 35. Thus the

radical process might be competitive with the allowed

pathway and also result primarily in a different pro-

duct, allowing a reasonably accurate estimation of

the difference in energy between the two routes.

Synthesis of cis,cis,trans-l-phenyl -1,3,5-heptatriene 39

Following a synthetic route established by Hilton

(15), the isomerically pure triene 39 was prepared

according to Scheme 1.

/=\
Ph Br

40 41

Scheme 1

Pd(PPh3)2Cl2

Cul

Et2NH

42

H2

Lind lar

39

17
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Cis-a-bromostyrene, 40, was prepared from trans-

cinnamic acid dibromide by elimination with sodium

ethoxide in ethanol, following the procedure of

Grovenstein and Lee (17). The product mixture, which

contained mostly cis isomer, was recrystallized from

pentane at -78°C to give the pure cis compound. The

assigned structure and purity are indicated by the

nmr spectrum, which has doublets at 67.04 and 66.40 with

J = 8 Hz. The it spectrum from 10 to 14 microns

matches that of the literature (17) for the cis isomer.

Trans-3-pentene-1-yne, 41, was prepared according to

Scheme 2 (18). The desired trans isomer was separated

from the cis compound by fractional distillation.

HCC-Na+ +
N H3

41

Scheme 2

TsC1

OTs
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Analysis by gic showed the trans compound to be >99%

pure, and the nmr spectrum confirmed that the product

is of trans stereochemistry. It shows signals at

66.16 and 5.40 with a coupling constant of 16 Hz. The

ir spectrum has an acetylenic absorption at 2100 cm
-1

and a band at 950 cm
-1

, which is expected for a trans

olefin.

Cis-8-bromostyrene, 40, and trans-3-pentene-1-yne,

41, were coupled in diethylamine with bis-

(triphenylphosphine) dichloropalladium(II) and cuprous

iodide according to the method of Sonagashira et al. (19).

Pure 42 was isolated by preparative glc or thick layer

chromatography. No stereomutation of the olefinic bonds

occurred as is indicated by the nmr spectrum, which has

an AB pattern at 66.48, 5.72 with JAB = 12 Hz (cis

PhCH=CH) and a second AB pattern at 66.13, 5.66 with

JAB = 16 Hz (trans CH
3
CH=CH). The methyl group produces

a doublet (J = 6 Hz) at 61.78. The spectrum is clearly

different than either the trans-phenyl, trans-methyl or

trans-phenyl, cis-methyl compounds prepared by Hilton (15).

The ir spectrum shows the expected bands at 2175

(triple bond) and 950 cm 1 (trans olefin). Bands at 770

and 690 cm-1 indicate a monosubstituted phenyl group

and a cis double bond, but an assignment cannot be made

with certainty. The uv spectrum (uvmax 310, c=44,000) is

reasonable for a system with extended conjugation.
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The dienyne 42 was semihydrogenated over Lindlar

catalyst (20), giving one major product (54%) and two

minor products (46%). Because the amount of starting

material was small (104 mg), accurate measurement of

hydrogen was difficult, and overhydrogenation occurred.

The major product 39 was isolated by preparative glc or

thick layer chromatography. The nmr spectrum is complex,

showing multiplets at 67.16 and 5.5-6.7 with relative

areas of 5:6 for the phenyl and olefinic protons. The

methyl protons occur as a doublet (J = 7 Hz) at 61.84.

The assignment of cis stereochemistry to the central

double bond is based on the method of preparation;

Lindlar hydrogenations tend to add hydrogen in a cis

fashion. Lewis and Steiner (21) found that cyclization

of trans trienes does not occur below 300°C, so if the

reduction had resulted in solely a trans double bond,

the compound would not cyclize. However, after 90

hours at 150°C, less than 5% of the triene remained. It

can be concluded that the hydrogenation produced nearly

all cis isomer.

The ultraviolet spectrum of 39 (uvmax 297 nm)

establishes that the phenyl group has remained cis.

Hilton (15) found a maximum at 317 nm with shoulders

at 304 and 327 nm for the trans, cis, trans compound 34.

The triene isolated here has a single maximum, and the

hypsochromic shift of 20 nm indicates that the triene
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is twisted out of planarity by the cis-phenyl group. A

similar shift is observed for 1-phenylbutadiene (22),

with the maximum of the cis isomer at 267 nm and that

of the trans isomer at 280 nm.

The infrared spectrum has a band at 940 cm-1 ,

indicative of a trans double bond. Bands at 790, 770,

and 690 cm-1 probably result from a monosubstituted

olefin and cis double bonds, although again a clear

assignment of bands cannot be made.

Thermolysis of cis,cis,trans-l-phenyl -1,3,5-heptatriene 39

A dilute solution of 39 was heated to 150°C for

50 hours. Analysis by glc showed starting material (46%)

and one other compound (54%). The uv spectrum had a

maximum at 304 nm. The expected product, 5-pheny1-6-

methy1-1,3-cyclohexadiene, 36, would be expected to have

a maximum in the region 260 to 270 nm (16). The observed

maximum would be normal for a phenyl group in con-

jugation with a diene (16), indicating that the

cyclization was followed by a 1,5 hydrogen shift to

give 43.

The nmr spectrum of the thermolysis product is

consistent with the assigned structure, showing phenyl

and olefinic protons as multiplets at 67.10 and 5.5-6.0

in the ratio of 5:3. The aliphatic ring protons give a

multiplet at 62.68-2.90, and the methyl protons appear
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39 36

Ph

43

Ph

as a doublet at 1.04 with J = 7 Hz.

We attempted to detect a cyclization product pre-

ceeding the hydrogen shift by heating 39 for shorter

times. The reaction progress was monitored by uv and

gas chromatography, but no intermediate could be

detected.

Conclusions

Following the disappearance of 39 by gas chromato-

graphy, a first order rate constant of 4.2 X 10
-6

sec
-1

at 150°C was obtained. From the rate constant for the

cyclization of 34 (2.0 X 10
-4

sec
-1 at 135°C) and

AH A (28.2 kcal/mole)(15), the rate constant for 34 is

calculated to be 7.6 X 10
-4

sec
-1 at 150°C. Thus

k
34
/k

39
= 180 at 150°, confirming our original assumption

that the reaction of 39 should be about 200 times slower

than that of 34.

Failure to observe a ring closure product prior to

hydrogen shift indicates that the hydrogen shift is



23

much faster than the closure. The following relation-

ship for a series of first order reactions (23) allows

a calculation of the maximum amount of 36 formed for an

assumed ratio of the rate constants. If 36/39init

and K = k 36+43/k39+36'

then = K
K/1-K

max

Thus when k
36+43

is 5 times k39+36' the maximum amount

of 36 formed would be 13% of the initial amount of 39..

This amount should be detectable by gas chromatography

if the conditions are optimum for separation. It is

quite possible, however, that this amount might be

"hidden" under another peak. Ultraviolet spectroscopy

might also fail to find this amount of 36, because the

absorptivity of 36 should be small (ca. 4,000) compared

to that of 39 (40,000) and 43 (ca. 30,000)(16). Because

the concentration of 36 changes with time, continuous

monitoring of the reaction might have allowed us to

detect 36 at its maximum concentration, but such an

experiment would require a sealed quartz cell with

optically flat and parallel faces. In any case, what is

important to the problem here is the ratio of stereo-

chemically different products produced in the first

step, which would require separation of the small amount

of 36, and then analysis of the two stereoisomers

present. We can only say that because 36 was not

observed, we may assume that k36_,43 is probably more
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than five times greater than k
394-36'

or at least

2 X 10
-5

sec
-1

.

The rate constants for an analagous hydrogen shift

of trans- 5,6- dimethyl -1,3- cyclohexadiene were found by

Marvell 2t al. (24) to be 7.7 X 10
-6 sec

-1 at 182°C

and 3.6 X 10
-5

sec
-1 at 200°C. A rough extrapolation

of this data gives a rate constant of 2.3 X 10
-7

sec
-1

at 150°C. A comparison of this value to the estimated

rate constant in the present case indicates that the

phenyl substituent is responsible for a large accelera-

tion in the rate of hydrogen shift.

One important conclusion to be made from these

results is that all of the "disallowed" product observ-

ed by Hilton from the cyclization of 34 could not have

resulted from a biradical reaction. The uv spectra

show that 39 is of higher energy than 34, but the bi-

radical intermediate would be the same for each case,

so the biradical reaction should be slightly faster for

39. But the results here show that any ring closure

process as slow as the present one will be followed by

a more rapid hydrogen shift. Clearly 34 should exhibit

the same behavior, and the products of a radical route

would not be seen.

It is not possible to establish that the "wrong"

product observed by Hilton did not arise from a symmetry

forbidden electrocyclization. It is obvious from all
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previous studies that any forbidden reaction will be much

slower than an allowed reaction. Thus it seems likely

that the hydrogen shift will be more rapid than even a

forbidden ring closure. We consider the H-shift to

be a more likely source of Hilton's "disallowed" product.

The results of the hydrogenation of 43 support

this conclusion. Gas chromatography revealed three

peaks with retention times and ratios of 4.5 (16%),

5.5 (6%), and 6.0 (78%) min. Identification

of these products as 1-phenylheptane, trans-l-pheny1-

2-methylcyclohexane, 38, and cis-l-pheny1-2-

methylcyclohexane, 37, was based on the relative

retention times reported by Hilton for thes6 compounds.

43

aP
37 38

Hilton reported 0.18% 38 from the thermolysis of 34 and

hydrogenation of the products. If this amount had been

the result of a hydrogen shift of 35 prior to hydro-

genation, the above results mean that 2% of 35 would

have undergone this shift. The ratio of the rate con-

stants k34÷35/k 35÷43
must then be about 50. If we
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Ph
2%>
--7

43
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assume that the rate for the hydrogen shift is

at least five times faster than ring closure, at 150°C

= 40, hence 2% of 35 could easily havek
344-35

/k
364-43

undergone the hydrogen shift.

The above comparison is between the hydrogen shifts

of the cis and trans isomers 35 and 36, which may be

expected to have different rates. Marvell and coworkers

(24) have shown that for 5 ,6- dimethyl- l,3- cyclohexadiene,

hydrogen shift proceeds at a faster rate for the cis

isomer. This provides further support for the argument

that at least 2% of 35 could undergo a hydrogen shift

at 135°C.

The occurrence of the hydrogen shift makes it

impossible to determine if the cyclization of 39 pro-

ceeded solely by an allowed pathway. From the above

arguments, however, it may be said that this is not

an unlikely possibility. Further, the interference of

the hydrogen shift makes an estimation of the energy

difference between the allowed and disallowed pathways

impossible, but our results suggest that the difference
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in the phenylheptatrienes is much greater than the value

of 5.5 kcal/mole proposed by Hilton.
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EXPERIMENTAL

General

Nuclear magnetic resonance spectra were obtained

on a Varian HA-100 (100 MHz) spectrometer with

tetramethylsilane as an internal reference. Infrared

spectra were obtained on a Perkin-Elmer 727B spectro-

photometer with polystyrene as a standard. Ultraviolet

spectra were obtained from a Beckman 90B spectrophoto-

meter. Mass spectra were obtained from an Atlas CH7

spectrometer with an excitation potential of 70 eV.

Gas chromatography was performed on a Varian A 90-P3

with thermal conductivity detector and helium as the

carrier gas.

Trans-cinnamic acid dibromide, (44)

The dibromide 44 was prepared by the method of

Grovenstein and Lee (17). A solution of trans-cinnamic

acid (37.00 g, 0.25 mol) in chloroform (200 ml) was

stirred at room temperature under nitrogen. Bromine

(39.5 g, 0.25 mol) in chloroform (25 ml) was added over

1.5 h. After having been stirred for an additional hour,

the mixture was light orange. Solvent removal by

rotary evaporation afforded a white solid, which was

recrystallized from chloroform to give 67.8 g (88%) of

trans-cinnamic acid dibromide: mp 200-202°
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(lit. (25) mp 200-202°); nmr (CC14) 67.34-7.74

(m, 5H, C6H5), 5.56 (d, 1H, J = 12 Hz, CHBrCOOH),

5.32 (d, 1H, J = 12 Hz, PhCHBr).

Cis-a-bromostyrene, (40)

Formation of 40 was accomplished according to the

method of Grovenstein and Lee (17). Absolute ethanol

was purified by reflux over magnesium (26). The reaction

and workup were carried out in dim light to prevent

isomerization of 40. Trans-cinnamic acid dibromide 44

(27.47 g) was dissolved in 275 ml of dry ethanol in a

1 1 flask equipped with a condenser, magnetic stirrer,

addition funnel, and nitrogen inlet. Enough sodium

ethoxide in ethanol (80 g in 1 1) was added to make the

reaction mixture neutral to phenolphthalein. The

solution was heated to reflux, and sodium ethoxide

solution was added to keep the mixture neutral. After

1.5 h, the mixture remained neutral. The reaction

mixture was concentrated to one third volume, and the

concentrate was added to 500 ml of water. This mixture

was extracted with three 75 ml portions of carbon

tetrachloride. The combined extracts were washed three

times each with 50 ml portions of saturated sodium

bicarbonate, 50 ml portions of 0.5 M sodium thiosulfate,

and 100 ml portions of water. The carbon tetrachloride

was dried (CaC12) and the solvent was removed by rotary
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evaporation. Distillation through a short path

apparatus gave 8.94 g (52%) of a light yellow oil,

by 42°(0.5 mm). Three recrystallizations from pentane

at -78°C resulted in pure cis-t3-bromostyrene 40:

nmr (CC14) 67.22-7.74 (m, 5H, C6H5), 7.04 (d, 1H, J =

8 Hz, CHBr), 6.40 (d, 1H, J = 8 Hz, PhCH); it (neat)

1610, 825, 770 and 690 cm-1 (monosubst. phenyl and

cis double bond).

1-Pentyne-4-ol (45)

A 5 1 flask equipped with a dry ice-acetone con-

denser, a mechanical stirrer, and an acetylene inlet

was charged with 2 1 of liquid ammonia. Acetylene,

which was passed through concentrated sulfuric acid,

soda lime, and calcium chloride, was bubbled into the

ammonia. Sodium pieces were added at a rate that did

not permit the solution to turn blue. In all, 21.5 g

(0.94 mol) of sodium were added. Acetylene was added

for an additional hour. Dry ethyl ether (200 ml) was

added and the acetylene inlet was replaced by an addition

funnel containing propylene oxide (65.00 g) diluted to

250 ml with dry ether. The propylene oxide solution

was added over 1.5 h and the mixture was stirred over-

night. Solid ammonium chloride (67 g) was added slowly,

and then the remaining ammonia was evaporated, leaving

white solids that dissolved upon addition of 250 ml
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water. The organic layer was separated from the mixture,

and the aqueous layer was extracted with ether. The

combined organic materials were washed with water and

dried (MgSO4). The solvent was removed by distillation

through a Vigreux column, leaving 39.49 g (50%) of

a liquid, which was distilled to give 45: by 71-72°

(85mm) (lit. (27) 74.6°(100mm)); nmr (CC14) 63.6-4.2

(m, 1H, CHOH), 3.62 (s, 1H, OH), 2.30 (d of d, 2H,

J = 3, 6 Hz, CH2), 1.83 (t, 1H, J = 3 Hz, HC s C),

1.26 (d, 3H, J = 6 Hz, CH3).

1-Pentyne-4-tosylate (46)

TD-Toluenesulfonyl chloride (32.4 g) was dissolved

in pyridine (22 ml) and the solution was cooled in an

ice bath. 1-Pentyne-4-ol 45 (13.0 g) was added with

stirring, and the solution was refrigerated for 12 h.

The mixture was poured into 200 ml of ice and water and

the resultant mixture was extracted with ether. The com-

bined ether extracts were washed with 6 N hydrochloric

acid and water and dried (K
2
CO

3
-Na

2
SO

4
). Solvent removal

by rotary evaporation afforded 33.8 g (92%) of the

liquid tosylate 46:nmr (CC14) 67.2-8.0 (m, 4H, C6H4),

4.4-4.9 (m, 1H, TsCH), 2.42 (s, 3H, PhCH3), 2.4

(d, obscured, 2H, CH2CHTs), 1.90 (t, 1H, J = 2 Hz, CECH),

1.33 (d, 3H, J = 6 Hz, CHCH3).
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Trans-3-pentene-1-yne (41)

Preparation of 41 was effected by the procedure of

Eglinton and Whiting (18). Into a three-necked flask

equipped with a magnetic stirrer and a side arm leading

to a flask chilled in a dry ice-acetone bath was placed

50 ml water, 11 g potassium hydroxide, and about 2 ml

liquid detergent. The mixture was heated to 100°C

and the tosylate 46 (33.8 g) was added over two hours.

The mixture, in which two layers had formed, was stirred

and heated for five more hours. The contents of the

flask in the dry ice-acetone bath were warmed to room

temperature and dried (MgSO4) to give 8.88 g (95%) of

a mixture of cis- and trans-3-pentene-1-yne. Careful

fractional distillation through a Podbielniak column

separated the cis and trans isomers. The trans compound

had: by 51.5-52.5° (lit. (28) 52.5°); nmr (CC14) 66.16

(d of q, 1H, J = 16, 6 Hz, CH3CH), 5.40 (d of q, 1H,

J = 16, 2 Hz, CECCH), 2.60 (s, 1H, CECH), 1.78 (d of d,

3H, J = 6, 2 Hz, CH3); it (neat)5 (cm-1) 2100 (CEC),

1030, 950 (trans double bond).

Cis, trans-l-phenyl -1,5-heptadiene-3-yne (42)

The method of Sonagashira et al. (19) was used to

prepare the dienyne 42. To a solution of cis-13-

bromostyrene 40 (2.88 g, 15.7 mmol), trans-3-pentene-1-

yne 41 (1.32 g, 20.0 mmol), and diethylamine (50 ml)
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were added bis (triphenylPhosphine)dichloropalladium

(II) (0.05 g, 0.073 mmol) and cuprous iodide

(0.028 g, 0.153 mmol). The mixture was stirred under

nitrogen for 6 hrs. Water (20 ml) was added and the

solution was extracted three times with petroleum

ether. The combined extracts were washed with three

20 ml portions each of 10% hydrochloric acid, 5%

sodium bicarbonate, and water. The organic portion was

dried (MgSO4) and stripped of solvent, leaving 2.70 g

of a tan oil. Analysis by gas chromatography (9% SE-30

on Chromsorb W 45/60, 1/4" by 8', 160°, 60 ml/min)

showed two products with retention times of 1 min (33%)

and 3.5 min (67%). The peak at 1 min was collected

and identified as unreacted cis-8-bromostyrene. The

major product was collected and characterized as the

dienyne 42: nmr (CC14) 57.1-7.9 (m, 5H, phenyl protons),

6.48 (d, 1H, J = 12 Hz, PhCH), 6.13 (d of q, 1H,

J = 16, 6 Hz, CH3CH), 5.72 (d of d, 1H, J = 12, 2 Hz,

PhCH=CH), 5.66 (d of m, partially obscured, 1 H,

J = 16, 2 Hz, CH=CHCH
3
), 1.78 (d, 3H, J = 6 Hz, CH 3 );

irradiation at the frequency of methyl absorption

reduced the absorbance at 55.66 to a doublet of

-
doublets with J = 16, 2 Hz; it (neat)(cm

1
) 2175

(CEC), 1600, 950 (trans double bond) 780, 690 (mono-

substituted phenyl and cis double bond); uv (cyclohexane)

328 (31,000), 310 (44,000), 232 (34,000) mu. Calculated
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for C131114: C, 92.81; H, 7.19. Found: C, 92.70,

H, 7.25.

Cis,cis,trans-l-phenyl -1,3,5-heptatriene (39)

The dienyne 42 was purified by thick layer

chromatography on silica gel with petroleum ether as

eluant. A suspension of Lindlar catalyst (20)(50 mg)

in 4 ml cyclohexane was prehydrogenated. Freshly

chromatographed 42 (104 mg) in 10 ml cyclohexane was

added. Uptake of one equivalent of hydrogen occurred

in about one hour. The catalyst was removed by

filtration, and solvent removal by rotary evaporation

afforded a light yellow oil. Gas chromatography (SE 30,

2 1/2% on Chromsorb W 45/60, 4' by 1/4", 155°C, 60 ml/

min) showed a major product (54%) at a retention time

of 2.25 min and overhydrogenated products at retention

times of 1.0 min (24%) and 1.75 min (22%). The dienyne

42 was shown to have the same retention time as the

reduced product 39, so separation of these materials

was not possible. Nevertheless, the major product

was collected and shown to be largely triene 39:

nmr (CC14) 67.16 (m, 5H, phenyl protons), 5.48-6.68

(m, 6H, olefinic protons), 1.84 (d, 3H, J = 7 Hz, CH3);

it (neat))(cm
-1

) 1490 (phenyl C-C), 1430 (C-H bend of

methyl), 940 (trans double bond), 790, 770 and 690;

uv max (cyclohexane) 297 (40,000) mass spectrum m/e
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(rel intensity) 170 (93.1), 155 (100.0), 141 (36.1),

138 (41.3), 115 (50.9), 91 (74.5); high res. m.s.:

Calcd. for C
13
H
14'

170.110. Found: 170.110.

Cyclization of 1-phenyl-1,3,5-heptatriene

The triene 39 was separated from overreduced

material by preparative thick layer chromatography on

silica gel with petroleum ether as eluant. A 5%

solution in cyclohexane was placed in a pyrex tube

which had been washed with dilute aqueous ammonia and

rinsed with boiled distilled water. The solution was

degassed by the freeze-thaw method and the tube was

sealed under vacuum. The tube was placed in an oil

bath and heated to 150°C for 50 hrs. Analysis by gas

chromatography (SE-30, 2 1/2% on Chromsorb W 45/60,

4 ft X 1/4 in, 155°, 60 ml/min) showed unchanged

starting material at 2.50 min (46%) and a peak at

1.50 min (54%). The ultraviolet spectrum of the mixture

had a maximum at 304 mil. The peak at 1.50 min was

collected and characterized as 1-pheny1-6-methy1-1,3-

cyclohexadiene, 43: nmr (CC14) 67.10 (broadened s,

5H, phenyl protons), 5.5-6.0 (d of m, 3H, olefinic

protons) , 2.68-2.90 (m) , 104 J = 7 Hz, CH3) ;

it (neat))(cm
-1

) 1600, 1490, 1450, 750 and 690 (mono-

substituted phenyl); mass spectrum m/e (rel intensity)

170 (100), 155 (98.2), 129 (27.3), 128 (32.2), 115(30.8),

91 (52.7).
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The above cyclization was repeated, heating four

solutions at 150°C for 6, 12, 21, and 36 hours in an

attempt to detect a cyclized product preceeding the

hydrogen shift. Analysis by uv showed a shift in the

maximum from 297 mu to 304 mil as the time of heating

was increased. Analysis by gas chromatography revealed

only starting material and the hydrogen shifted product,

1- phenyl -6- methyl -1,3- cyclohexadiene, 43. The dis-

appearance of triene 39 was followed by gic, using a

small amount of overhydrogenated material as an internal

standard, and a plot of In C0 /C vs. time afforded a

value for the first order rate constant.

k = 4.2 10-6 sec-1 at 150°C

Hydrogenation of Thermolysis Products

In another run, a dilute solution of 39 containing

16% of overhydrogenated material was heated to 150°C

for 90 hours. Gas chromatography revealed 39 (less than

5%), 43 (80%) and overhydrogenated material (16%). This

solution was hydrogenated over platinum oxide. The uv

of the reduced material had a maximum at 268 nm, and

showed no vinyl protons in the nmr. Analysis by gas

chromatography (15% Carbowax 20M on Firebrick, 14 ft by

1/4 in, 150°C, 40 ml/min) revealed three peaks at 4.5

(16%), 5.5 (6%), and 6.0 min (78%).



10 20
time, hours

Plot of 1nC0 /C vs. time for the cyclization of 39

30 40 50



38

REFERENCES

(1) R.B. Woodward and R. Hoffman, Angew. Chem., Int.
Ed. Eng., 8, 781 (1969).

(2) J.I. Brauman and D.M. Golden, J. Amer. Chem. Soc.,
90, 1920 (1968).

(3) G.R. Branton, H.M. Frey, D.C. Montague, and I.D.R.
Stevens, Trans. Faraday Soc., 62, 659 (1966).

(4) G.R. Branton, H.M. Frey, and R.F. Skinner, Trans.
Faraday Soc., 62, 1546 (1966).

(5) D.M. Golden and J.I. Brauman, Trans. Faraday Soc.,
65, 464 (1969).

(6) E.C. Lupton, Tetrahedron Lett., 1968, 4209.

(7) G.A. Doorakian and H.H. Freedman, J. Amer. Chem.
Soc., 90, 5310 and 6896 (1968).

(8) J.I. Brauman and W.C. Archie, idid, 94, 4262 (1972).

(9) J.I. Brauman and W.C. Archie, Tetrahedron, 27,
1275 (1971).

(10) L.M. Stephenson and J.I. Brauman, Accts. Chem.
Res., 7, 65 (1974).

(11) E.N. Marvell, "Thermal Electrocyclic Reactions,"
Academic Press, New York, 1980, p. 183.

(12) A. Dahmen and R. Huisgen, Tetrahedron Lett., 1969,
1465.

(13) S.W. Staley and T.J. Henry, J. Amer. Chem. Soc.,
93, 1292 (1971) .

(14) S.W. Staley and T.J. Henry, ibid, 92, 7612 (1970).

(15) C.B. Hilton, Ph.D. Thesis, Oregon State University,
Corvallis, Oregon (1979).

(16) E.N. Marvell, G. Caple, C. Delphey, J. Platt,
N. Polston and J. Tashiro, Tetrahedron, 29,
3797 (1973) .

(17) E. Grovenstein and D.E. Lee, J. Amer. Chem. Soc.,
75, 2639 (1953).



39

(18) G. Eglinton and M.C. Whiting, J. Chem. Soc., 1950,
3650.

(19) K. Sonagashira, Y. Tohda and N. Hagihara,
Tetrahedron Lett., 1975, 4467.

(20) H. Lindlar and R. Dubuis, Organic Synthesis,
46, 89.

(21) K.E. Lewis and H. Steiner, J. Chem. Soc.,
3080 (1964).

(22) 0. Grummitt and F.J. Christoph., J. Amer. Chem.
Soc., 73, 3479 (1951).

(23) A.A. Frost and R.G. Pearson, "Kinetics and Mechan-
ism," John Wiley and Sons, Inc., New York, 1953,
p. 155.

(24) E.N. Marvell, G. Caple, B. Schatz and W. Pippin,
Tetrahedron, 29, 3781 (1973).

(25) M. Reimer, J. Amer. Chem. Soc., 64, 2510 (1942).

(26) H. Lund and J. Bjerrum, Chem. Ber., 64, 210 (1931).

(27) L.J. Haynes and E.R.H. Jones, J. Chem. Soc.,
1953, 3314.

(28) J.L.H. Allen and M.C. Whiting, ibid, 1953, 3314.


