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The thermal reactions of cis-l-phenyl-2-vinylcyclopropane have
been studied in search for the Cope rearrangement in an allyl benzyl
system.

There appear to be three possible types of unimolecular ther-

mal rearrangements depending on the reaction temperature. At 2000 and
above the title compound undergoes the vinylcyclopropane rearrangement
to form 4-phenylcyclopentene, probably via a dlradical intermediate.

Accompanying this rearrangement is the cis-trans isomerization which

proceeds at a measurable rate even at 141°. A kinetic study performed
on this isomerization shows that the activation energy for the process
is 33.1 + 3.0 kcal/mole and log A is 1201 + 1.6.
Attempts to trap products that might arise from a Cope rearrangement of the title compound have all failed.

However, base-catalyzed

studies in conjunction with deuterium labelling experiments have provided strong evidence that the Cope rearrangement is occuring at ca.
100°.

When the title compound is heated in the presence of potassium

t-butoxide, 1- phenyl- l,3- pentadiene is produced.

The formation of this

compound can be explained by the following mechanism.

The title com-

pound undergoes the Cope rearrangement to form bicyclo[5.4.0]-1,4,8,
10-undecatetraene which is quickly converted to a 10 r electron system
by the base.

This carbanion opens by an electrocyclic process into an

aromatic 12 IT electron system, 1-phenyl-pentadienyl anion.

of this anion gives the observed product.

Hydrolysis

This mechanism is supported
CH= CH-C14=-.CH-C

by the results of the thermal rearrangement of cis-1-(1-hydroxypheny1)2-vinylcyclopropane.

In the course of preparing this m-hydroxy deriv-

ative by the demethylation of cis-1-(11-methoxypheny1)-2-vinylcyclopro-

pane with thioethoxide, 6,9-dihydro-5H-benzocyclohepten-l-ol was formed.

This product is also formed by the pyrolysis of the m-hydroxy de-

rivative itself, at 1210 with or without a base present.

In the course of our study of the phenylvinylcyclopropane systems
an interesting aspect of 1-( g7hydroxypheny1)-2-vinylcyclopropane re-

arrangements is revealed.

When cis-1-(2-methoxypheny1)-2-vinylcyclo-

propane is demethylated with thioethoxide, only the trans isomer of
the 2-hydroxy derivative could be produced.

Recovered starting materi-

al is found to be still mostly the cis isomer.

This can be explained

by the ring opening of the cyclopropyl ring by the 27phenoxide ion,
an analog of the base-catalyzed ring opening of cyclopropanol.
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CONCERTED DEAROMATIZATION REACTIONSI
cis -1 -PHENYL-2 -VINYLCYCLOPROPANE IN THE COPE REARRANGEMENT.

INTRODUCTION

Uncatalyzed thermal rearrangements of the [373] sigmatropic (1)
class* occur readily with a number of appropriate six atom systems of

aliphatic or alicyclic type. Replacement of one or both of the double
bonds by an aromatic ring (generally phenyl) leads to widely varying

Cope rearrangement (2, 3)

Claisen rearrangement (2, 4, 5)

results with thermal reactions. With allyl phenyl ethers the Claisen
rearrangement proceeds normally while 4-phenyl -1-butene does not rearrange when heated.

In the presence of a strong base 4- phenyl -l- butene

rearranges, but the mechanism of the reaction has not been unequivocally
established (6).
Presumably one of the difficulties leading to the problems with
the Cope rearrangement of aromatic analogs of 1,5-hexadiene lies in the
loss of the aromatic resonance energy during the reaction.

Since it

*Some of these 1.33] sigmatropic shifts were well-known before the systematic nomenclature for pericyclic reactions was adopted, and these
have names honoring their discoverers. Recently terms such as aminoClaisen, thio-Claisen and oxy-Cope have confused and cluttered up the
literature. We propose here to use the traditional Claisen and Cope
names, but to use the systematic nomenclature otherwise.

2

had been shown that a large part of the strain energy of the cyclo-

H

propane ring is kinetically effective in the rearrangement of cis-1,2-

H

divinylcyclopropane (7, 8) it seemed reasonable to assume that the
Cope rearrangement of cis-l-phenyl-2-vinylcyclopropane might be a realizable reaction.

3

HISTORICAL

Introduction

In this review the thermal rearrangements of various aliphatic
systems of type 1 are contrasted with those of their aromatic counterparts 2.

This comparison shows the effect of having one of the double
versus

X = Or Cy N or S
2

bonds incorporated into an aromatic ring, and the influence of various
elements X, (as above) on the rearrangement.
The rearrangement of systems where the allylic double bond is replaced by a triple bond will also be examined. Again the aliphatic
systems Q.) will be compared with the corresponding aromatic analog (A).

X--1

versus
X = Ot Cr N or S

3

4

Since the Claisen rearrangement may be considered partly as an
internal ortho - substitution reaction, a review of some intermolecular

dearomatization reactions of a similar type will be included.

Finally

the thermal rearrangement of divinylcylopropane and its derivatives
will be considered.

The Claisen Rearrangement

The Claisen rearrangement was first discovered (4) around 1912.
Since then extensive investigations have revealed much mechanistic detail and a broad synthetic utility (2, 4, 5).

The mechanism for the

reaction of the aromatic analog, ally' phenyl ether, is commonly accept-

4

ed to be a concerted intramolecular rearrangement leading to an orthodienone intermediate, followed by a rapid enolization to produce the
final product, o-allylphenol.

(:2;r5
The energy of activation of the reaction was shown to correlate

well with a function of bond order and free valencies in the ethers
undergoing rearrangement (11).

Table 1 shows the enthalpies and en-

tropies of activation of vinyl ally' ether and various aryl allyl
ethers.

It is of interest to note that the enthalpy of activation of

allyl vinyl ether is only 1.0 kcal/mole lower than that of allyl phenyl
ether and is actually higher than those of the naphthyl and phenanthryl
derivatives.

Table 1. Enthalpies and Entropies of Activation of the Claisen Rearrangements of Vinyl Allyl Ether and Some Aryl Allyl Ethers,

AH*(kcal/mole)

Ae(e.u.)

Vinyl Ally]. Ether

29.7

-7.7

Phenyl Allyl Ether

30.7

-12

10

1 -Naphthyl Allyl Ether

25.1

-15.9

11

2 -Naphthyl Allyl Ether

27.6

-12.0

11

-Phenanthryl Allyl Ether

21.1

-18.1

11

-Phenanthryl Allyl Ether

28.7

-11.0

11

-Phenanthryl Allyl Ether

28.6

-11.0

11

Compound

Ref.
9

Although there appears to be only a small effect on the enthalpy
of activation in replacing the vinyl group with a phenyl ring there is

a great difference when the double bond in the allyl moiety is incorpo-

5

rated into an aromatic system.

Attempts to rearrange benzyl vinyl

(2) have met with little success. When 5 was heated in the range

ether

of 225 - 2600 for 6 - 8 hours in diglyme or decalin there was either
no reaction or partial polymerization (12).

At 270 - 300° only a high

(:)/-1) ;=##
5

boiling product and polymers were obtained.

Other aryl compounds of

this type, such as 6, 2, 8. and 1, have been Studied.

40"
6

./

7

8

Pyrolysis of these

410110

9

compounds at 230 - 270° for 5 hours in N,N-dimethyl- and N,N- diethylaniline gave either no or a low yield of aldehydes.
The reluctance of these compounds to undergo the Claisen rearrangement shows the significance of having an oxygen directly adjacent to
the aromatic ring.

It suggests that in the case of allyl phenyl ether

the oxygen plays an important role in the dearomatization of the phenyl
ring.

Although benzyl vinyl ether itself does not undergo the Claisen
rearrangement, certain of its derivatives do produce the expected
Claisen products (13, 14, 15).
Treatment (13) of dibenzyl bromoacetal (19) with potassium t-butoxide in t-butyl alcohol at 80° gave benzyl o-tolylacetate (12) in 46%
yield, presumably via intermediate 11.

The nonaromatic system under

the same reaction conditions gave 43% of the corresponding product.

It

appears that at least in this particular system, under the stated conditions there is no difference between the reactivities of the aromatic

6

43%

krIPThd

80'

10

12

16.1.

46%

and the nonaromatic compounds.
A similar situation is observed in the treatment (14) of benzyl
alcohol with the dimethylacetal of NrN-dimethylacetamide in o-dichlorobenzene at 1800 for 20 hours.

The product obtained in 50% yield was

NA-dimethyl-m-(o-toly1)-acetamide (14), which was probably formed by
the Claisen rearrangement of intermediate 13.

Similarly, treatment of

P-naphthylcarbinol with the dimethylacetal reagent in t-amyl alcohol
at 120° for 24 hours gave amide 15.

It has been suggested (14) that

resonance stabilization of the carbonyl function in the amide favors
product formation.

The stabilization energies of acetamide and methyl
Qa4-3,o43

lee

N
ci-1

.cs 3

r

42,14

I

3

13

F

Cli.,04

c$40- c 3N
4-

I

CH 5

3
CN

120°
----)
24 hr

/C143-1124\
.143

(**

3

acetate have been calculated (18) to be 11 and 15 kcal/moler respectively.

Whereas these values may be higher than one might predict, they

suggest that resonance stabilization of the carbonyl group may indeed
be an important factor.

Another example (15) of the Claisen rearrangement in a benzyl vinyl
ether system is the reaction of 3,5-dimethoxybenzyl 2-propenyl ether
(16) at 240°.

After having been heated one hour in a sealed tube, 16

7

gave 2,4-dimethoxy-6 -methy/phenylpropan-2 -one (17) in 80% yield.
3

240c
6cH3

1G

cck
vL

SO$

hr

17

It is known (10) that for the normal Claisen rearrangement a methoxy
meta position of the benzene ring can accelerate

substituent in the

the rate of reaction by threefold.

It appears that activation of the

benzene ring by the two methoxy substituents in 16 is enough to permit
rearrangement of the benzyl vinyl ether system.
As expected, attempts to produce the Claisen rearrangement in the
benzyl phenyl ether system have all failed.

Perhaps one of the major

problems is the ease of forming the benzyl and phenoxy radicals.

Thus

heating benzyl phenyl ether even at 2000 for 5 hours produced 25 - 35%
benzylphenol, 85% of which is the ortho isomer (16).
zoo°
5 kr

Since the ally' ether of 3,5-dichlorosalicylic acid is known to
undergo the Claisen rearrangement (with decarboxylation) faster than
the allyl ether of 2,4-dichlorophenol, Tarbell and Wystrach examined
(17) the thermal behavior of the benzyl ether of 3,5-dichlorosalicylic
acid (18).

Rearrangement was indeed observed, but the product was the

benzyl ester of 3,5-dichlorosalicylic acid (19) rather than the Claisen

product, 2,4-dichloro-6-(o-tolyl)phenol (20). This could be a 1,5HO

19
7,9

rn;r1

cyc\o-

nenal,e

20

4

c02_

8

benzyl shift followed by a rapid proton exchange.

CZ

tk

19

la

The Cope Rearrangement

The Cope rearrangement is also known to be a concerted intramolecular reaction (2, 3) in most cases.

The alkyl substituted 1,5-hexadi-

enes have energies of activation in the neighborhood of 34 - 37 kcal/
mole, about 5 kcal/mole higher than those of the nonaromatic Claisen
rearrangements (19).

The Arrhenius frequency factors are very similar,

The values for a few of these Cope and Claisen rearrangements

however.

are listed in Table 2.
able

The Energies of Activation and the Frequency Factors of NonAromatic Cope and Claisen Rearrangements.

.

Reaction

1>PD2 ----

0

0
CS

0140

t)
d

0

Log A (sec-1)

Ref.

35.5

11.1

20

30.6

11.70

9

34.20

10.55

21

27.9

11.32

22

Ea (kcal /mole)

Many attempts have been made to find the Cope rearrangement of a
system where one of the double bonds is part of an aromatic ring.

4-

Phenyl-l-butene when heated to 400° for 97 hours did not give any of
the expected product, o-allyltoluene, which is stable at that temperature (23).

Pyrolysis of 4- phenyl -l- butene at 500 - 700° gave mostly

propene, toluene and some benzene and naphthalene (24).

9

The nonaromatic Cope rearrangement is known to be accelerated by
the presence of groups such as -CN, -CO2R, and -C6H5 on the methylene
carbon. For example, ethyl a-( 1- methylpropenyl)- a- allyl -a- cyanoacetate

rearranges (25) at 150% whereas 3-methyl-1,5-hexadiene rearranges (26)
at 300°.

However several 4- phenyl -l- butenes substituted at C4 by a

variety of activating substituents when heated to 190° - 290° under
nitrogen gave only partial decomposition and unchanged reactants (27)..
The structures of the compounds examined are shown below.

190- 291>
X = Y

-0O2C2H5

X

-0O2C2H5, Y

X

Y

-CN

X

Y

-C6H 5

-CN

With other aromatic systems containing these accelerating substituents, such as diethyl a-ally1.1m-(2-naphthalyl)malonate and diethyl

a-allyl-a-(9-phenanthryl)malonate, pyrolysis at 260 - 300° led to re.
arrangement.

However the products were not those expected from a Cope

rearrangement, although they may be the result of further rearrangement
of the Cope products, due to the high temperatures required (27, 28).

cit5

C2H5

(Rei2. 28)

10

is a
The Claisen rearrangement can be accelerated when there

methoxy group either at a para or a meta position (see Table 3) (10).
Kinetic Data for the Ortho Rearrangement of Substituted Phenyl Ally' Ether in Diphenyl Ether at 184 - 185° (10).

Table 3.

Substituent on the
Phenyl Ring

k

o

x 105(sec-1)

LAe(kcal/mole)

0 S4(e.u.)
(± 2 to 3)

(1- 1%)

(.±. 1)

1.52

30.7

=12

p-OCH3

4.58

32.7

- 6

m-OCH3

4.92

29.5

-13

H

The pyrolysis of dimethyl a-(3,4=dimethoxypheny1)-a-allylmaleffect of
onate was studied (27) with the hope that the accelerating
with the
the carboethoxy groups on the methylene carbon together
the
effect of the methoxy groups in the benzene ring would produce

Cope rearrangement.

However only the unchanged reactant was recov-

ered after heating it for 7 hours at 190 - 246°.
u
CH

190- 246°

>

No Reaction

7Vir
C;q3er

The only example of the carbon analog of the Claisen rearrangement found in the literature is the base-catalyzed thermal reaction
of 4-phenyl-l-butene (21).

Doering and Bragole found (6) that when

11

21 was heated for 24 hours at 3500 in the presence of 0.24N potassium
t-butoxide in t-butyl alcohol, a thermal equilibrium is reached between
the five isomers of n-butenylbenzene and the three isomers of o-(n-propenyl)toluene as shown in the diagram below.

C10cis -25
0 -9

5-109/0

0/c)

The cis isomers of 22, 23 and 25 were only minor constituents.
Pyrolysis of 21r 22, 23 or 24 under the described conditions gave the
same equilibrium mixtures 90 - 95% o-(n-propenyl)toluene and 5 - 10%

n-butenylbenzene. The mechanism proposed (6) involves the Cope rearrangement of 21 to the nonaromatic intermediate 26, followed by the
base-catalyzed isomerization to 24,

50

134

Oni -C1)
241

Compounds 22 and 23 are the result of the base-catalyzed isomerization of 21, and compound 25, the isomerization of 24.

Doering and

Bragole pointed out that in the case of the Claisen rearrangement, activation by the carbonyl of the dienone intermediate makes the enolization step much easier than the isomerization of 26 to 24 which requires
base catalysis.

However other mechanisms are also possible.

Doering

12

and Bragole (6) suggested that it is also possible that 24 is produced
from the formation of a phenide ion followed by its rearrangement to
the product, as shown below.
C)

0

-H(9
4 H41)
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The 13.31 Sigmatropic Reaction of N.Allvl-N-vinvlamines

The thermal rearrangement of N-allyl-N.vinylamine has not been reported.

The simplest nitrogen analog to the aliphatic Claisen rear-

rangement (29) is that of N.allyl-N.methyl-N-isobutenylamine, which re-

arranges completely to N.methy1-2,2-dimethylpent.4-enimine on heating
for one hour at 250°.

Table 4 shows a few other of these rearrange2.50°
I hr

Unfortunately no kinetic studies have been performed on these

ments.

reactions.

Table 4. Examples of the [3,3] Sigmatropic Reaction of N-Allyl-N.
vinylamines.
Reactant
Ph

PS-NA

Reaction Conditions
distillation
170-1750
80°
12 - 24 hr
in benzene

R= H,c.1-13 or PA.

134, 24 hr

Product

Ref.

H(43
Ii

29

30
K

---4- No Reaction

30

30
Et. tl

2800

4hr

erii;)

31

13

There has been difficulty in finding an aromatic analog of this
Pyrolysis of N-allyl-N-phenylamine (26) at 275° for

rearrangement (5).

'12 hours produced only aniline, propene and tar (32).

When 26 was re-

fluxed in xylene in the presence of zinc chloride, o-allylaniline was
produced in 42% yield (33).

This appeared to be a [3,3] sigmatropic

rearrangement, however, when a mixture of N-cinnamylaniline and zinc
chloride was heated in bromobenzene at 1500 for 0.5 hour, o-cinnamylaniline (27) was obtained (33) rather than o-(1-phenylprop-2-enyl)aniline (28), showing the reaction to be a [1,3] shift rather than a [3,3]
piz

shift.
a 5°

tar

4-

12 he
NH

2G

oeR

ReAttx

.ylerve, 031.,NI4o.)

4-?,Oz,, 150) a .5%, e

c1

rornobe a e.r e

1042

when N-ally1-1-naphthylamine was heated to 2800 for 3 hours, 2ally1-1-naphthylamine was obtained (11) in 90% yield,

The enthalpy of

90 5'o

activation for this process is 31.3 kcal/mole, and the entropy of activation is -17 e.u..

This work has been hailed as the first case of a

nitrogen analog of the aromatic Claisen rearrangement.

Since the allyl

group did not have any substituents, it is not clear whether it actually
migrated with inversion as required by the Claisen mechanisms

However

14

the large negative value of the entropy of activation does point to a
highly ordered transition state.
In 1967 Scheiner reported (34) the thermal rearrangement of 1-(p_
bromopheny1)-2-(isopropenyi)aziridine (29).

When a xylene solution

containing 29 was refluxed for 17 hours under nitrogen, a 95% yield of
30 was obtained.

It appears that the relief of the aziridine ring

(

140°
xylene

1r

550/0

strain, estimated to be 12 - 14 kcal/mole, has made the [3,3] sigmatropic reaction possible in this nitrogen system.
N- benzyl -N- vinylamine rearrangements have also been studied.

How-

ever even systems that looked quite promising did not produce the [3,3]
.

sigmatropic rearrangement (35, 36).

For example (35), treatment of NO-

dimethyl-N-isobutenylamine with 1-bromobut-2-ene in acetonitrile at
room temperature for 5 hours produced enimine 32, presumably via intermediate ammonium salt 31.

Hydrolysis of enimine 32 gave aldehyde 33

However, treatment of the same amine with benzylbromide

in 67% yield.

in acetonitrile at 80° followed by hydrolysis gave only aldehyde 34,
instead of 35.
15r

/

I

".,
,

Oak

roam temp

.,..N....

4

(11 ,2.,

,,,

3

sv, f , C-V ; 3CN

3'

-3;

34

Ef

iBO° 0- 2h C' CN
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Another example (36) is the rearrangement of allylamines of type

36. These rearrange quantitatively to 37 at 1800 within 30 minutes,
The corresponding benzylamine 38, however, gave no reaction at 1800.
At 2300 the benzyl moiety migrates without inversion to give 39.
.c.+4 3)

180°
30 mi..

cji=C14z

R

R=

No Reaction

>

230°

-a-t3) R'

NejNPR

54cto (4 39c

L2^c1"

'Med

1,56-

The f8.31 Sigmatropic Reaction of Allvl Vin71. Sulfides.

Examples of the [3,3] sigmatropic reaction of allyl vinyl sulfides
were reported by Schuljl and Brandsma (37).

Sulfur compounds of type

40 were treated with a metal amide in liquid ammonia and then allowed
The products formed were 43, via

to react with allylic bromides 41.

the rearrangement of intermediates 42.

In some cases the reaction was

so rapid that 42 could not be detected, however, the rate could be lowered by increasing the bulkiness of R1.
s'r

5

NH° Y

Y2R,1415a)

Clik,

Y\e"-cti

40

cik2R3

,
4-2

41

43

12,%

1:21=1-i,51,t)c-rN

Rzo.,1d K3

irk c'e

-SELL

(D)2

Rix R3
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In 1930 Hurd and Greengard reported (38) what they believed to be
an example of the sulfur analog of the aromatic Claisen reaction.

They

claimed that the product from heating allyl phenyl sulfide for 6 hours
at 207 - 240° was o-allylthiophenol.

The product, however, turned out

to be phenyl 1-propenyl sulfide (39).

as-11

207-240'
G hr

Jy

(Ck ec. 38)

(pe;. 3E)

When allyl phenyl sulfide was refluxed in quinoline at 230 - 240°

for 2-4 hours the products obtained (40, 41) were 3-methylthiacoumaran
(46) and thiachroman (41).

Meyer et al. proposed (40) that these prod-

ucts could be formed by a [3,3] sigmatropic rearrangement, giving the
two isomers

of o-(n-propenyl)thiophenol (44 and 45) which then cy-

clized to give the products, as shown below.

230 -Z40.
2. 4 he

cip;r1c,\ne

4
Kwart and Evans (41), however, found that the pyrolysis of al1y1
phenyl sulfide and that of o-allylthiophenol (44) under the same con-

ditions did not give the same product ratios. When a quinoline solution
of allyl phenyl sulfide was refluxed for 6 hours under nitrogen (217 241°) the products consisted of 40% 46 and 25% 47.
treated similarly gave 20% 46. and 80% 47.

o-Allylthiophenol

This shows that the mechan-

ism proposed by Meyers et al. cannot be correct.

Kwart and Evans sug-

17

gested (41) the following scheme to explain the observed results:

4q

44,

One should note that whatever the mechanism may be it must in-

volve a dearomatization step since both 46 and 47 are ortho-substi-

tution products. Another point of interest is that the presence of
abase is necessary in order for rearrangement to take place.
Other allyl aryl sulfides studied were some quinoline and indole

derivatives. Makisumi reported (42) that allyl 4-quinoly1 sulfides
(g) rearranged at 2000 within one hour to give 49 in 69 - 79% yields.
R,= R2 =tA

Ihr

R,

R2 49

4 8

1.4 , R2= C3,43

Rt7=G1316'2.:7-1-1

The indole derivatives undergo the [3,3] sigmatropic rearrangement to give thiones 43, rather than cyclized products, in virtually
quantitative yields.

Bycroft and Landon reported (43) that allyl 2-

indolyl sulfides 50 and 52 rearranged to thiones 51 and 53, respectively.

Reaction occurred readily on heating in either polar or non-polar

solvents but was most conveniently achieved by refluxing in toluene.
The enthalpies* and entropies of activation. calculated from first
order constants are given below.

*The authors (43) gave Ae and AS* values without stating the temperature range under which the kinetic studies were performed. The AHt
values given here are calculated by assuming toluene was used as the
solvent (bp = 383°K).
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AH*"=. 1`1B Kcal vy,ole

Toluene, teCh-tx

50

(bp

It t 0)

51

4S4r- -19.4 e-u.
kcaVmde

S* 1(0.3
rat

It is of interest to note the low temperature necessary for the
rearrangement to occur.

Perhaps this is a reflection of the decrease

in the aromatic character of the pyrrole system. A few stabilization
energies, calculated (44) from the heats of combustion and bond ener.-

gies, are given in Table 5 below.

Table 5. Stabilization Energies of Some Aromatic Compounds (44).

(kcal/mole)

all calc.**,
(kcal/mole)

Stabilization
Energy

CD

789

827

38

0

578

594

16

1040

1088

48

675

696

21

1137

1192

55

Compound

6.1,1J1

00

Ali expt. *,

*Experimental heat of combustion (44).
**Calculated from bond energies (44).
In contrast to pyrolysis products of other allyl aryl sulfides
mentioned, compounds 51 and 53 showed no tendency to cyclize under the
reaction conditions.

This may be due to the absence of a sufficiently

strong base as well as to the lower reaction temperature.

The [3,33 Sigmatropic Reaction of Propargyl Vinyl'Ethers

Pyrolysis of propargyl vinyl ethers is known to produce the
Claisen type of rearrangement, giving allenic aldehydes (450 46, 47).

When isobutyraldehyde dipropargyl acetal (54) was passed over silica
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at 210° the product obtained (46) was 2,2-dimethylpenta-3,4-dienal (55).
Similarly (46) di-3-but-l-ynyl acetal of isobutyraldehyde (56) gave
2,2-dimethylhexa-3,4-dienal (57),

c.1/°\
/IN \\\

III

210°

Lic)-10

over s31 ; co-

L

59
cis

e

5`T

Black and Landor studied (47) the rearrangement in the vapor phase.
The propargylic ethers were passed in a stream of nitrogen through a
heated glass tube packed with glass wool and the products were collected
in a trap cooled to -60°.

Some of the reaction temperatures and yields

are shown below.

no reaction

2000

c

150°

20 - 30%

no reaction
CH 0-13

10 - 20%

polymerization
no reaction

2ocr

10%

:1;;-o°

soo
11

;.

polymerization

Substitution on the vinyl moiety was found (47) to facilitate
the rearrangement.
temperature.

Thus isobutenyl propargyl ethers react at a lower

20

14 0°

)C'

70,70

411r

140*
15 r,;,,

t

2r/C

7G0/0

There is no record of the [303] sigmatropic reaction of phenyl

propargyl ether in neutral media. When the pyrolysis was carried out
in diethylaniline, the product obtained was not the expected alleniC
Iwai and Ide reported (48) that when phenyl propargyl ethers,

phenol.

with various substituents in the meta position, were heated to 210 220° for 10 - 15 hours in diethylaniline, 2-chromenes were obtained.
Note that the products were exclusively from the attack on the carbon
pars to the X substituents.
itz.=- X = H

R
R

210- 220°

X

to-tshr

(3r3-111

Et2

Ph, X= H
Ph, X = -OCH3

R = Hp X == -OCH3
R = Hp X =I' '0C1

Schmid and his coworkers proposed (49, 50) that the e-chromene
is formed in four steps.

Phenyl propargyl ether first undergoes the

Claisen-type rearrangement to form o- allenyldienone 58 which enolizes
to phenol 59.

This is followed by a [1,5] hydrogen shift to give con-

jugated ketone 60 which then undergoes ring closure by an electrocy-

clic process to produce i-chromene (61).
Cr

,1rIA

kV,

&ow

f
N -chiCt

C

59

59

61

This mechanism is supported by the fact that o-allenylphen01(59)

rearranges to 2-chromene 61 at 80° in benzene within three hours.
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When this reaction is performed in the presence of triethylaminet A3-

chromene 61 is the main product.

80°
3:1r
in

Pc...12erie

Gi

59

The mechanism is further supported by the formation of 62 from
the pyrolysis of 2r6-dimethylphenyl propargyl ether.

Zsindely and

Schmid found (49) that when there are methyl groups in both ortho positions of the benzene ring the corresponding o-allenyldienone inter-

-

mediate undergoes an internalcDiels-Alder addition to give 62.
-c,
-c.

Pder
6:)Z

A few other examples of aryl propargyl ether rearrangements are
given in Table 6.

The sulfur analog of propargyl vinyl ether undergoes a similar
rearrangement.

Brandsma and Schuijl (55) reported that propargyl

vinyl sulfide (6), when heated to 115° under nitrogen in the press
ence of pyridine and hexamethylphosphoramide (HMPA), rearranges to
the cyclic sulfide (65) in 80% yield within 10 minutes.

They proposed

that 63 first undergoes a [3O] sigmatropic shift to form allenic
thione 64 which then produces 65 by a base-catalyzed cyclization.

65

63

A kinetic study has been conducted on the [373] sigmatropic shift
of some acetylenic sulfides (56).

The reactions were carried out at

300..331° in hexane, giving energies of activation in the range of 20 26 kcal/mole.

Treatment of the resulting allenic thiones with triethyl-

22

Table 6.

The

Thermal Rearrangements of Some Aryl Propargyl Ethers.

PhNEt2
ref lux

F,W80 95%

Ref. 51

RI= R2= H
R1=-OCH3, R2= H
R1= H, R2-7: -0CH3
R1= R2-=.-OCH3

tVl

PhNEt2
Reflux
10-12 hr
60%

PhNEt2
/1/

Ref. 53

Ref. 52

Reflux
3 hr

PhNEt2

Reflux, 40 min

40%

Ref. 54

95%

Ref. 54

49%

Ref. 54

707.

Ref. 54

797.

Ref. 52

PhNEt2

Reflux, 4.5 hr

PhNEt2

Reflux, 4 hr

PhNEt2
Reflux, 4.5 hr

ph

PhNEt2
Reflux, 5 min
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amine produced the corresponding cyclized products.
EES,

5\\\\
11
L.-

tQ
S

Et

When the vinyl moiety is replaced by a phenyl ring, no such rearrangements were observed.

Brandsma and Bas reported (57) that py-

rolysis of phenyl propargyl sulfide at 1700 in the presence of HMPA gave
no reaction.

At 2300 only decomposition was obtained.

Other aryl systems studied included thiophene (57) and indole
derivatives (43).

In the case of the thiophenes (66 and 67), pyrolysis

at 170 - 1800 in IIMPA gave the cyclized products directly.

Indolyl

170- IBCP
AAMPA

4;6

s-

S

6,7

sulfide 68 and its deuterated derivative 69, however, yielded allenic
thiones.

These fail to cyclize probably because there are no hydrogens

on the carbon alpha to the thione moiety.

The enthalpy' and entropy of

activation were 23.0 kcal/mole and -6.3 e.u., respectiVely.
Z,H* = 23.0 kcal/mole

/1/

re4t.u.sK

d S*.

-6.3 e.u.

(b? Li t°)

*Aff4" given here is calculated from the 21E4 value given by Bycroft and
Landon (43), assuming the kinetic experiments were done in toluene at
reflux (see footnote on page 17 of this work).
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This type of rearrangement has also been reported (47) for the
all carbon analog, but only for the aliphatic system. When 4,4 -dicarboethoxy-6- methyl- hepta -5 -enyne (70) was heated to 270 - 2800 the

products consisted of 35% allene 71, 12% isobutylidenemalonate 72 and
50% polymer,

Presumably 72 is formed from the fission of the bond be-

tween the methylene carbons. At lower temperatures only traces of 71
were detected whereas at 300° or higher only 72 and polymer could be
isolated.

This shows that the activation energy for the [3,3] sigmatro-

plc rearrangement is only marginally lower than that for radical formation.

Co2R-

COaEE

+ plyor
(35qt.)

72 (1244)

(509'o)

ZEE

PUt

1

V
\\\

N- Propargyl-1- naphthylamines behave similarly to aryl propargyl
ethers (58,. 59).

However under the reaction conditions, 78-benzo-42-

dihydroquinolines disproportionate into 7,8-benzoquinolines and 7,8benzo -1,203,4 -tetrahydroquinolines.

40

r,

HN,1

1

IDzzipcaport;onat:!..»
11

Thermal rearrangement of N- methyl- N- propargyl- 1- naphthylamine,

however, leads to 1,2-dimethy1-6,7-benzoindole (58, 59).

It was pro-

posed that the steric hindrance between the N-methyl group and the

25

hydrogen on C8 of the naphthalene ring interferes with the expected
[1,5] sigmatropic hydrogen shift in the allenem.3

Table 7.

Summary of [3,3] Sigmatropic Rearrangements in Various
Aliphatic and Aromatic Systems.

Ease of Reaction

[3 3] Product(s)*

Reactant

-

A/14 = 29.7 kcal/mole;
2iS4-=-. -7.7 e.u.

30.7 kcal/mole;
6S4= -12 e.u.
180-2400, only when cmpd
Is substituted with certain activating groups
-

n

Ea= 35.5 kcal/mole

No reaction; radical

-

350°, only when base (LBu0-) is present

-

250 -300 °, only if cmpd

-

is substituted with activating groups
2500 or lower

formation at 2750
-

1400

-

2800

r

Radical formation
(contd.)

*These may not be products formed directly by the [3,3] sigmatropic
process. Some are believed to be the result of subsequent cyclization or hydrogen shifts.
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Table 7. (Continued)
Reactant

Ease of Reaction

[3,3] Product(s)*

_80o
-

230-240°, only when
base (quinoline) is
present
110°

-

200-250°
210 -220° in PhNEt2

Ea

,c-

20-26 kcal/mole

No reaction, decomposition at 2300
-

170-180° in HMPA

-

170-180° in HMPA

-

111°

260°

cc5,

C./
/-

270-280°, cmpd activated by -0O2Et substituents

None reported

*These may not be products formed directly by the [3,3] sigmatropic
process. Some are believed to be the result of subsequent cyclization or hydrogen shifts.
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Sigmetronic Reactions

Besides the [3,3] sigmatropic reactions discussed so far there
are various concerted intramolecular rearrangements known in the lit-,

erature which lead to dearomatization (50, 58).

The first step in the

rearrangement of o-allenylphenol to L3- chromene (49) mentioned earlier

is an aromatic** Ely5si sigmatropic hydrogen shift which produced a

nonaromatic ketone intermediate. This mechanism is supported by the
results of a deuterium labelling experiment (60).

Thermal rearrange-

ment of cp,allenylphenol -0-d (73) gave specifically deuterated 1-d1-63chromene (74).

The reaction occurs (58) readily in benzene at 57.5°.

-13 C
(C

D 5s]
----4
'

74

13

This type of aromatic [1,5s:1 sigmatropic shifts in allenyl systems

is also known for the all carbon analog.

Skattebol reported (61) the

conversion of 5-methylhexa -1 24-triene () to 5 -methylhexa-1,3,5 -tri -

ene (76) at 100° with an enthalpy of activation of 23.9 kcal/mole. An

aromatic analog is also known (62). At 170° mesitylallene (77) under
goes a [1,5s] sigmatropic hydrogen shift to give 78 which cyclizes rapidly to 5,7-dimethyl -1,2 -dihydronaphthalene (79).
-122-1-)

Z1H-

CASs]

The enthalpy and
2'?:, q Ymitmole

1G
AVA1-= 23-5
P

HAD)
'11

E.', 55.3

(D:)
rT9

*s and a are abbreviations for suprafacial and antarafacial (1).
**Hansen and Schmid define (50) "aromatic sigmatropic rearrangement" as
a process "whereby the transition state for a sigmatropic change contains at least one cyclic part and can be described by aromatic IUMOsNa
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entropy of activation are 28.8 kcal/mole and -14.0 e.u., respectively.
Another example of a dearomatizing [1,5s] sigmatropic reaction is
the trans-cis isomerization of ol...(n-propenyl)phenols at 1500 as shown

The activation parameters for the isomerization of

below (63, 64).

D)50

some o-(n-propenyl)phenols are given in Table 8.
Table 8,

Enthalpies and Entropies of Activation in the Trans -Cj
Isomerization of o-(n-propenyl)phenols in Decane
at 1500 (63, 64).
ft
4.5

Rt

AHt
(kcal/mole)

CH

CH3

t-C4H9

3

CH3

ASt
(e.u.)

*

(kcal/mole)

.65c

(e.u.)

26.2

-19

26.0

-17

27.9

-13

27.9

-11

The carbon analog of this kind of isomerization is also known (62).
The trans-cis isomerization of 2,4,6-trimethyl-(1-propenyl)benzene
undergoes a similar [1,5s] sigmatropic hydrogen shift, but the reaction
takes place at over 3000.
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The high temperature required is not surprising since rearrangement in the aliphatic system, 1,3-pentadiene (65, 66) has an
activation energy of about 35 kcal/mole.
.04,

H

E.,_351ca /de

Dearomatizing [1,5s] Homosigmatropic Reactions

The abnormal Claisen rearrangement exemplifies the [1758] homosigmatropic reaction (58) in an aromatic system.

The rearrangement of

pent-2-enyl phenyl ether (80) at 220-235° in NA-diethylaniline gave
o-(F-methylbutsa-enyl)phenol (82) instead of the expected o-(1-ethylprop-2 -enyl)phenol (81)*

SI

220 -235°
Pr, N EL2

82

E30

Marvell et al.. suggested (67) that 82 was formed by the E1,5sj

homosigmatropic rearrangement of 81*

->

H

G 5sJ

;4

-

81

82

In the case of 6 -(t -butyl) -2 -(but -2 -enyl)phenol (82), the isomers-

zation occurs at 200°, with activation parameters as given below (70,
71).
-rri.n.:5- B3

as4
trans-83
cis-83

cis -83

trans-83

31.9 kcal/mole
30.9 kcal/mole

-20 e.u.
-21 e.u.
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In the aliphatic system, the E1,5sj homosigmatropic shift is
followed by an enol-keto tautomerization to the energetically more
Thus thermal isomerization (68, 69) of 1- acetyl -2,2-

stable keto -form.

dimethylcyclopropane (84) gives 5-methylhex-5-en-2-one (85).

J

i5o°

85

84

This reaction occurs smoothly at 150° with an activation energy
of 33 kcal/mole.

The important role of the oxygen in the hydrogen

shift is demonstrated by the difference in the thermal behaviors of
cis- and trans-1-acetyl-2-methylcyclopropane (68, 69).

At 160° the cis

isomer rearranges to allylacetone whereas the trans isomer is stable
The reversability of these [105s] homosigmatropic shifts

up to 180°.

"1
1-1

'Go°

11

1".ck-

Read-ion

was demonstrated with a-deuterated homoallylketones

(60).

Dearomatizing [1,7a] Sigmatropic Reactions

An example of a dearomatizing [1,7a] sigmatropic reaction is the
cyclization (72) of o-(1,3-butadienyl)phenol (86) to A3-chromene 87 in
dimethylformamide at 110°.
0.H CD)

The enthalpy and entropy of activation for
KD)

FCD)

LAVit =23

KC i/wit_

37
this reaction are 23 kcal/mole and -17 e.11., respectively.

When the

double bond adjacent to the benzene ring is trans, the compound rear-
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ranges first to the cis isomer via [1,5sj sigmatropic shift of the

Thus 88 rearranges at 190°

phenolic hydrogen to C2 of the side chain.
to 89 as shown below (73).
Et, 7,1

9
0-43

as

MrN.-

4/0

D
is,

N. I'
4c..1-1k

Ho-13

,C)-Kt-13
D -Cxs1"

9`e a.toltlen
Taxclaite_

CDC

C'&4--CHcH3

B9

In an all carbon system the [1,7a] sigmatropic reaction is exem-

plified by the cis-trans isomerization (74) of 42-di-(l-propenyl)benzene (90).

ed at 2250.

The isomerization of cispcis-Kto cisktrans-90 was achievThe activation parameters are given below:

CO

zit= 32 c-0-1/ok

225°

2sS4=- -18
eZz, Ivayll- 9

S, 6s- 90

0

Schmid et al. showed (74) by a deuterium labelling experiment that
the isomerization, at 2400 in decaner involves the [1,7a] sigMatropic
hydrogen transfer from one side chain to the other.

04.4.9

0;7;1\
24o°

Occv,I>

rT,

24',

A

During the isomerization, carried out at 2250 for 153 hours, a
small amount of 91 was formed.

It was suggested that 91 arises from a

[1,7a] sigmatropic hydrogen shift of 90 followed by an electrocyclic
ring closure.
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Dearomatizing Eiectrocyclic Rearrangements

The disrotatory ring closure (75) of trans,cis,trans- 2,3,6 -octatriene (92) to cis-5,6-dimethylcyclohexa-1,3-diene (22) occurs at 132°,
with an enthalpy of activation of 28.6 kcal/mole and an entropy of activation of -7

When the center double bond is incorporated into

a benzene ring, the ring closure is followed by a L1,5s] sigmatropic
Thus

hydrogen shift to regain the aromaticity of the benzene ring.

pyrolysis of l,2-di-(trans-l-propenyl)benzene (94) at 225-245° gave
2,3-dimethy1-3,4-dihydronaphthalene 0.5).

The enthalpy and entropy

of activation are (32.2 + 3.0) kcal/mole and (-19 + 3)e.u., respectively(76).

t32°
CH3

z\t-4*= 28.60 kral/mote_
L.S*= 9 e.u.,

93

0/=1

225- 245°

95

auk= 32,2 kc.03
19 e.u.,

e_
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Table 9.

Summary of the Ease of Some Dearomatizing Concerted
Reactions.*

Order of
Reaction

Reactant

Product or
Intermediate

Activation
Parameters**
(or reaction
temp)

[1,5s]

57.50

Benzene

die 23.9

AS#-14.0
A1-1-1.26

4S4-18
Ea=35
D2

3000
[1,5s]
homosigmatropic

Cc

AH4 32
EAH4 31

A S4-21

Lls7a]

A

23

A54 -17

AH4 32
S4--18

ElectrocycIic

Ale 28.6
-7

Air 32
-19

>

,A--=

*Some examples of aliphatic analogs are also included for comparison.
[3,3] reactions are given in Table 7.
are given in kcal/mole and ASS,
**Aii
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IntermoleculaK, Dearomatization Reactions
of Phenoxides

The aromatic Claisen rearrangement is generally accepted as a
concerted reaction, where bond-breaking is simultaneous with bondKinetic experiments have been performed on substituted

making (2).

cinnamyl p-tolyl ethers of type 96 (77) and on meta-substituted allyl
phenyl ethers of type 97 (78, 79, 80).

9G

The e values obtained were

( or p
(m

9q

small and negative, which imply that a slight positive charge is developing in the phenyl ring during the rate determining step.

It has

been suggested (2) that perhaps the transition state has some ion pair
character of the type 98, with the bond-making process slightly ahead
of bond-breaking.

The effect of a substituent in the benzene is small
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since it must affect the ease of bond-making and bond-breaking in opposite ways.

This type of transition state must be very similar to that of the
reaction between phenoxides and allyl halids.

In 1925 Claisen and co-

workers reported (81) that 40% of the product mixture from treating sodium p-methylphenoxide with allyl bromide in benzene was 2- allyl -4-

methylphenol.
Csr
r".

BenZz?r,'

otter
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One might suppose that the phenoxide was first 0-alkylated to
give the allyl ether which then underwent the Claisen rearrangement
to give the o-allylphenol.

However

his was shown to be incorrect.

Kornblum and Lurie found (82) that tie reaction of soidum phenoxide
and allyl bromide was completed in 14 hours at 35° in diethyl ether
to give 40% allyl phenyl ether and 5A% o-allylphenol.

Yet allyl

phenyl ether under the same conditions (in the presence of phenoxide)
gave no reaction (82).
r
e
350
o
it
Et, o

545/o

-409/0

35!)

7

days

09, Ei-a0

/7

Like the Claisen rearrangement C-alkylation proceeds via a dearomatized dienone.

In fact when the phenoxide does not contain any

ortho hydrogens, the dienone can be isolated.

Curtin and Crawford re-

ported (83) that when sodium 26-dimethylphenoxide was allowed to react with allyl bromide at 15° in benzene for 44 hours, allyl dienone
99 was isolated in 60% yield.
Br
15, 44 kr

Apparently the heterogeneity of the medium plays an important
role in determining whether alkylation occurs at the oxygen or the
ortho carbon (80, 81).

For example alkylation of 4-methylphenoxide

ion produced 60% 2- allyl-4- methylphenol when benzene was the solvent

but produced 907. 4-methylphenyl allyl ether when the reaction was done
in methanol (80).

A thorough study has been made (84) on factors con-

trolling the position of alkylation, such as the polarity of the sol-
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vent, basicity of the phenoxide and salt concentrations, etc..

Re-

sults show that conditions that give rise to dissociated ions would
produce mostly allyl ether and that ion aggregates would give largely the dienone.

Kornblum, Seltzer and Haberfield (85) suggested

that in solvents of low dielectric constant alkylation at the ortho

carbon is facilitated by the attraction of the metal ion of the phen
oxide for the halide ion being produced in the reaction.

As Ingold

pointed out the metal ion interacts better with the halide ion in the
ortho attack since the transition state would have a more favorable
non-linear arrangement (86).

,riaji

:..,--.41

1-)(><s-

X g5gr

ortho attack

oxygen attack

It is interesting to note that C-alkylation by allyl halides of
the soium salts of 2-methylphenol and 2,6- dimethylphenol occurs only

at the ortho position (84) and not at the less hindered para position.
The arguments presented above for the preference for ortho versus oxygen alkylation obviously apply towards the preference for ortho versus
pars alkylation as well.

For phenols that are highly hindered at the

ortho position, such as 2, 6- di- (t- butyl) -4- methylphenol, pare alkyla-

tion is also observed, but the ortho/para ratio is higher for allyl
halides than for alkyl halides under the same reaction conditions (85).
Miller and Margulies suggested (87) that this may be, in part, due to
the lower selectivity of the more reactive allyl halides.
A survey of the literature has shown that ortho-alkylation of
phenoxides can occur under conditions that are surprisingly mild.

The
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Kolbe-Schmitt reaction is one such example. When anhydrous sodium
phenoxide is heated at 120-1300 for several hours under 80-94 atmosphere of carbon dioxide, sodium salicylate is produced in quantita.,
tive yields (88).
e , 0

Na 125-130°

CO2

410-q4cirm

It has been suggested that the carbon dioxide is complexed to
sodium phenoxide through the sodium atom, thus making the carbon of
carbon dioxide more positive and in position only to attack the ortho
position (89).

Another example which reflects the mild conditions of orthoTreatment

alkylation of phenoxides is the Reimer-Tiemann reaction.

of phenol with chloroform in 10% sodium hydroxide at 550 for 3 hours

afforded 20-35% o-hydroxybenzaldehyde (90, 91)w The mechanism appears
04y- ti
_,.

CH C.03

GS°,

-4

/

tJa.d.

to be the attack of dichiorocarbene at the ortho position giving 2dichloromethylphenoxide (100) which reacts with more phenoxide to give
2-diphenoxymethylphenoxide (101).

Hydrolysis of 101 yields 2-hydroxy-

benzaldehyde.
-F

Ck

NaOH

O
-c-7
4 ca.

4 1,1 ao
O-V°I)e.

°4-o140

1,4,04

eIrc)
11.4p1.71-1

;
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Of:'

too

C(4-10-ko?
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sodium
When chloroform is replaced with carbon tetrachloride,

salicylate is obtained (90).
3H
C.C14

r

:\k,OH

CIC)H

reaction is another example
The aminomethylation by the Mannich

of ortho alkylation of phenols (92).

This is accomplished by the

and a secondary amine.
treatment of phenol with formaldehyde

The ortho

is also observed.
position is again preferred but para alkylation

The

the formation of
mechanism for a base-catalyzed reaction consists of

a-hydroxylamine (102).

Displacement of the hydroxyl group by carban-

enolizes to the final product.
ion (103) leads to dienone (104) which
Rx.NH----1/

HiL4

Ic32.
R,L!`sl

103

104

Dearomatization Reactions of Benzvl Carbanions.

phenoxides act as ambiAs we have seen in the previous section
dent anions.

charge into
Due to the delocalization of the negative

the ortho or para
the benzene ring alkylation can be at the oxygen,
benzyl carbanion, one might
carbons in the ring. In the carbon analog,

expect a similar delocalization.
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The ambident character of benzyl carbanions has been studied by
various methods.

Sandel and Freedman calculated (93) the charge dis-

tribution in benzyllithium from nuclear magnetic resonance data.

The

values are listed in Table 10, along with values calculated by the
s.c.f. molecular orbital method (94) and by a RUckel LCAO molecular
orbital method (95).
Table 10.

Charge Distribution* In Phenyl-substituted Methyl
Carbanions (93, 94, 95).
NMR method

Carbanion
PhCH 2Li

Ph2CHLi

Ph3CLi

-0.38
-0.12
-0.10
-0.18
-0.08
-0.08
-0.07
-0.16
-0.13
0.00
-0.08
-0.13

alpha
ortho
meta
para
alpha
ortho
meta
para
alpha
ortho
meta
para

s.c.f. MO

LCAO MO

-0.14
-0.07
-0.23

-0.14
0.00
-0.14

-0.08
-0.06
-0.23

-0.10
0.00
-0.10

-0.05
-0.06
-0.19

-0.08
0.00
-0.08

*In units of the absolute value of the charge of the electron.
In the case of benzyllithium the charge density is highest at
the a-position.

This is to be expected since the most stable resonI0./0

0/2
0.38

C

o.io

0421

ance contributing form is the one with the negative charge on the
a-carbon.

Experimentally this has been demonstrated by the reactions

of a,a-dimethylbenzylpotassium with deuterium oxide, carbon dioxide
and dimethylsulfate (96).
was observed.

In all three reactions only alpha attack
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pz0

kOD

(cvhsoi.

KCB

01,4

co2

When ata-dimethylbenzylpotassium is treated with deuterium
chloride in diethyl ether solution, ortho and para deuterated products

are also found but these constitute only a small (2-20%) percent of
the product (96).

The difference in the behavior of deuterium oxide

and that of deuterium Chloride as neutralizing agents may be explained
by considering their reactivities.

Being a weak acid, deuterium oxide

chooses to yield exclusively the most thermodynamically stable product
while deuterium chloride, being a very strong acid, reacts with such
speed that much less selectivity is involved.
E)

0

D

Alkylation of benzyl carbanions at the benzene nucleus is also
known.

Generally these reactions lead to exclusive ortho attack since

the alkylating agents are often complexed with the benzylic end of the
molecule.

One of the first examples of this type of reaction was re-
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ported (97) as far back as 1903.

Treatment of benzylmagnesium brom-

ide with formaldehyde at room temperature for 0.5 hour followed by
hydrolysis afforded 2-methylbenzyl alcohol in 40% yield.

C.421\ir

roo..., kt,en 6

""N"

ashr

ajrato1,

H4

Similar results are obtained for other benzyl organometallic
compounds (98, 99).

For example, benzyllithium allowed to react with
In general

formaldehyde at 00 also gave 2-methylbenzyl alcohol (98).
0

"1"

H

/

3 0°) tVtver
AiltAi

the extent of ortho attack, as compared with alpha attack, decreases
with decreasing reactivity of the organometallic compounds (99).

When

other aldehydes are used in place of formaldehyde, alpha alkylation
and dialkylation, at both the alpha and ortho positions, generally
occur, giving 105 and 106.

The extent of alpha versus alpha and ortho

14/NR,

RAH

0040H
HON

104

R

attack depends on the concentration of the reactants, the latter being
favored by high concentrations of the aldehyde (101).
To explain the preference for ortho attack, Johnson proposed (102)
a mechanism very similar to that of the Kolbe-Schmitt reaction of phenoxides.

This has been modified by Siegel and his coworkers to explain

the effect of concentrations on the position of attack (100, 101).
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The reaction of benzophenone anal dianion (103, 104, 105) with
halides may be another example of ortho alkylation of benzyl anions.
However the possibility that the mechanism actually involves radical

The disodium adduct

anion intermediates is not ruled out (104, 105).

of benzophenone anil (108) was allowed to react with isopropyl bromide in tetrahydrofuran for 1 hour at dry ice temperature and then at
Hydrolysis of the resulting mixture gave

room temperature overnight.

(103) 387 alpha alkylation product 109 and 60% ortho alkylation product 110.
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In an attempt to maximize ortho alkylation a thorough study was
made of the reaction by using various solvents, halides and metal
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In some cases pare alkylation was also observed

adducts (104, 105).

but generally the ortho position is again preferred over the para.
As in the abnormal Grignard reactions and ortho alkylation of phenoxides mentioned earlier, the halide is probably complexed with the
metal cation at the benzylic position (105).
The Hauser rearrangement (106, 107) is an example of ortho alkylaThis is the rearrangement of benzyl

tion which is intramolecular.

quaternary

ammonium salts, such as benzyltrimethylammonium iodide

(111), to ortho alkylated benzylamines in the presence of a metal amide
It is quite a facile reaction, considering that the

in liquid ammonia.

r
CGs3
043

d3
13614.3

KJ

NJ 4 2.

KM-43(k)

-LC)3

\

U5

The mech-

temperature during the reaction did not exceed -33° (108).

anism postulated (108, 109) for the rearrangement of 111 involves the
formation of the benzyl carbanion 112, which isomerizes to a methide
carbanion 113.

This subsequently rearranges to the dearomatized tri-

ene 114. A base-catalyzed 1,3 proton shift results in the final product (115).
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When the ortho positions of the benzyl quaternary ammonium salt
are already substituted, such as in 1,3,5-trimethylbenzyl-N,N,N-trimethylammonium iosdide, the dearomatized product can be isolated (127).
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The 1,4-addition of phenylmagnesium bromide is another example
of ortho attack via a dearomatized cyclic transition state.

In this

case no carbanions are involved in the mechanism but the similarity
to the previously discussed reactions warrants its mention.
Gilman et al. reported (110) that treatment of phenyl isocyanate
(116) with 5 to 6 equivalents of phenylmagnesium bromide at 70-80° for
8 hours in an ether-toluene mixture followed by hydrolysis gave ophenylbenzhydrylaniline (117) in 44% yield.

N= c =0

05-(0 ect",v.

The preference for sub-

"M5131'

7n- 80°, s'or
Hzo

11=C

YA-acid* on

stitution at the ortho position over the much less crowded para position suggests a cyclic transition state as shown above.
A similar reaction (111, 112) is the 1,4-addition of phenylmagnesium iodide to 0-benzopinacolone (118).

The reaction of the Grignard

reagent followed by hydrolysis produces the dearomatized trienol 119.
Tautomerization of 119 gives cyclohexadiene 120 which can be easily
oxidized back to an aromatic compound (121).
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The Thermal Rearrangement of DivinvIcvclooropanes

1,2-Divinylcyclopropane (122) is known (7,8) to under the Cope
rearrangement, giving 1,4-cycloheptadiene (123).

122

The rearrangement

123

of the trans isomer occurs at 1900 (113) but that of the cis proceeds
rapidly at much lower temperatures (3, 8, 114, 115).

Vogel and his

coworkers attempted to synthesize the cis isomer by the Hofmann elimination of the bis-quaternary ammonium salt 124 at 600.

However the

product was the rearranged compound 123 (3, 114).

e

3
NcLOH

80°
1)(04.3",s

65-i22

123

When Doering and Roth attempted the synthesis by the Gaspar-Roth
method at -45°, again the rearranged compound 123 was obtained (3,
115).

This strongly suggested that the Cope rearrangement of cis -122

is too rapid even at -45° to permit isolation.

It was not until very

recently that 122 was finally synthesized and isolated (8).

Brown

and his coworkers studied (8) the kinetics of its rearrangement in
trichlorofluoromethane in the temperature range of 5-20° and found the
enthalpy of activation to be 19.38 ± 1.80 kcal/mole and the entropy of
activation, -5.30

6.75 e.u.. Brief warming of the sample to 35° was

enough to cause complete rearrangement.
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When the divinyl groups in cis-122 are joined by a methylene
bridge, as in the case of homotropilidene, the Cope rearrangement becomes degenerate.

A variety of such degenerate thermal rearrangements is known in
the literature.

The free energeis of activation of some of these re-

actions are given in Table 11.

The large difference in the activa-

tion energies of 1,5-hexadiene and divinylcyclopropane is likely due
to the relief of the ring strain.

The total strain of cyclopropane

has been determined from heats of combustion to be 27.6 kcal/mole (116)
but not all of the strain may be abolished in the transition state during cleavage of the carbon - carbon bond.

Rabinovitch and his coworkers

(117) have shown that the cis/trans isomerization of 1,2-dideuteriocyclopropane has an activation energy of 64.2 kcal /mole which is 19.1

kcal/mole less than the energy necessary for -the cleavage of ethane
into methyl radicals (83.3 kcal/mole).

This value (19.1 kcal /mole)

may therefore be considered the assistance in bond cleavage due to the
cyclopropane ring strain.

Doering and Roth calculated (115) the acti-

vation energy of the Cope rearrangement of cis-122 by subtracting the
energy of the cyclopropane ring strain assistance and the allylic
radical stabilization energy from the cleavage energy for a carboncarbon bond.

Thus the activation energy would be 83.3-(1901 + 2x21.8)

=20.6 kcal/mole which appears to agree quite well with the measured
value of 20.0 kcal/mole (8).

However the value used for the allylic

47

Free Energies of Activation of Some Cope Rearrangements.

Table 11.

AG4

Reaction

Temp
(°C).

Ref.

35.5

230-350°

(20)

35.7

300°

(21)

20.6

11-35°

(8)

13.6

0°

(120)

(kcal/mole)

CD.

C)C

3,

-

done

roeentde

12.8

25-123°

(121)

u.S1va,1exle...

CCU

9.5

-40°

(122)

9.6

-55°

(123)

7.8

77°

(124)

6.4

-141°

(125)
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radical stabilization (21.8 kcal/mole) is much higher than what is
commonly accepted today (12.6 kcal/mole)(128). With the revised value
Doering and Roth would have come up with 83.3-(19.1+2x12.6)=.39.0 kcal/
mole instead.

The trans isomer of 122 undergoes the rearrangement only at a much
higher temperature because the two vinyl groups are too far apart for
direct interaction.

Baldwin and his coworkers showed (118) that deri-

vatives of trans-122 rearrange with high stereoselectivity and stereospecificity.

This suggests that the mechanism must involve epimeriza-

tion to the cis isomer, followed by a normal Cope rearrangement and
not the direct formation of cycloheptadienes through diradical intermediates.
Doering and Roth showed that in the Cope rearrangement, generally
the four-centered (chair-like) transition state is favored (119) by at
least 5.7 kcal/mole over the six-centered (boat-like) transition state.
However cis-122 must undergo the Cope rearrangement via the boat-like
transition state since cycloheptadiene can contain only cis double
bonds.

In fact not only do the vinyl groups have to be oriented in

parallel fashion but they have to be in the cisoid rather than transoid
conformation (see diagram below).
clAck;r-
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It is interesting to note that when the two vinyl moieties are
kept in parallel by a methylene bridge, as in 1,3,5,7-tetramethyl-

homotropilidene, the free energy of activation is lowered. When the
two vinyl moieties are kept in the parallel and cisoid geometry, as

for dihydrobullvalene barbaralane and octamethylsemibullvalene, the
free energy of activation is lowered even further (see Table 11).
This is probably due in part to a decrease in the entropy of the

ground state without substantially changing that of the transition

state. As a result the entropy of activation becomes less negative
and the rate is thus enhanced.
The importance of having the cisoid orientation for the Cope rearrangement is further exemplified by experiments done on some methylated derivatives of 122.

Sasaki and his coworkers reported (126) that

cis-l-vinyl-2-isobutenyl-3,3-dimethylcyclopropane (125) and cis-1,2diisobuteny1-3,3-dimethylcyclopropane (126) are quite stable at room

temperature. When heated to 170-180° they undergo cis/trans isomerization rather than the Cope rearrangement.

Sasaki et al. proposed

that the complete prohibition of the Cope rearrangement in these sys-

tap'
4

3r/ //

i2C,

tems could be explained in terms of the steric repulsion between the
methyl groups on the cyclopropane ring and the ones on the side chains
when the molecule is in a cisoid conformation.

This proposal is fur-

ther supported by the study of some trans-divinyl cyclopropyl deriva-
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isomers
tives (118) done by Baldwin and his coworkers.. If the trans

before undergoing reare indeed converted first to the cis isomers
arrangement to cycloheptadienes, pyrolysis of these trans compounds
isomers.
would shed light on the behavior of the corresponding cis

When ttt isomer 127a and ttc isomer 128a are heated for a few
hours around 1780, cycloheptadienes 127b and 128b are produced quantitatively.

However when ctc isomer 129a is similarly treated it is

partially converted to coo 129d and only a few percent of 129c. Thus
the
it appears that the steric repuliion between the methyl groups on

double bonds and the methylene hydrogens on the cyclopropyl ring is
enough to prevent the molecule from adopting the cisoid conformation,

which is necessary for the Cope rearrangement of divinylcyclopropanes.

178 °
_----4

4,511r
1291,

12.rfc

09°
---__4
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DISCUSSION

Introduction

Our search for the Cope rearrangement in an 1- aryl -2- vinylcyclo-

propane system has produced some interesting results.

Much convincing

evidence has been accumulated that such a rearrangement does occur
with cis-l-phenyl-2-vinylcyclopropane (cis-110) but the reaction is
difficult to recognize.

One of the problems associated with this study

is the limited temperature range available since 130 undergoes other
types of thermal rearrangements at higher temperatures.
Since the geometry of j30 plays an important role in determining
its thermal behavior, before we delve into the results from the pyrolytic studies we shall first take a look at the synthesis of 130 which
is directed specifically at producing the cis isomer.

A discussion

of the nmr apectia of both the cis and trans isomers of 130 is provid-

ed

since many of the conclusions drawn are based on the interpretation

of their nmr spectra.
Our studies have led us also to investigate the thermal reactions of two hydroxy derivatives of

la.

The results of the pyrolysis

studies will be discussed, along with the syntheses of these compounds.

Synthesis of cis-l-Phenyl-2-vinylcyclopropane (cis-110

In order to study the Cope rearrangement of 1-pheny1-2-vinylcyclopropane (130) it was necessary to prepare pure samples of specifically
the cis isomer.

In 1969, Goh, Closs and Closs reported (129) the syn-

thesis of 130 by the reaction of phenyldiazomethane and 1,3-butadiene
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in the presence of zinc chloride, giving a cis to trans ratio of 2.8.
In the present work the samples of 130 used in the pyrolysis studies
However, zinc iodide was used in place of

were prepared accordingly.

zinc chloride, and in so doing the cis to trans ratio was increased
Phenyldiazomethane was prepared from the oxidation of benzal-

to 5.0.

hydrazone, which was obtained by the treatment of benzaldehyde with
hydrazine hydrate.

The synthetic scheme is shown in-Fig. 1.

H
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130

Fig. 1.
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Synthesis of cis-l-Pheny1-2-vinylcyclopropane from benzaldehyde.

Pure samples of 130 consisting of about 80% of the cis and 20%
of the trans isomer can be easily collected from a 20% SE-30 glpc column at 160° or from a 5% DEGS column at 120°.

The cis isomer can be

separated preparatively from this cis-trans mixture with the 5% DEGS
column, at 100°.

An attempt was made to synthesize cis -130 by a different route,

one which would produce exclusively the cis isomer and thus eliminate
the problem of separating the two isomers.

The synthetic scheme is

shown in Fig. 2.

Treatment of sodium phenylacetylide with ethylene oxide followed
by hydrolysis produced 4- phenyl -3- butyn -1 -ol (131) in 32-30% yield.
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Fig. 2.

Synthesis of cis-l-Phenyl-2-vinylcyclopropane from Phenylacetylene.

Hydrogenation of 131 in the presence of Lindlar's catalyst gave cis4-pheny1-3-buten-l-ol (132) almost quantitatively.

Formation of the

cyclopropyl ring was accomplished by the Simmons-Smith reaction (130),
utilizing methylene iodide and zinc-copper couple.

However only 39%

of cis-l-pheny1-2-(2-hydroxyethyl)cyclopropane (133) was produced, at
best.

Extension of the reaction period did not improve the yield.

Methylenation of 132 with diazomethane in the presence of zinc iodide
by the method of Wittig and Schwarzenbach (131) gave only 11% 133 and
79% unreacted starting material.

The Simmons-Smith method of forming cyclopropanes has been known
(132) to give low yields when the double bond undergoing methylenation
is conjugated to a phenyl ring.

The yields for some of these reactions
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are listed in Table 12.
Table 12.

The yield for 132 however should not be so

Percent yields in the Simmons-Smith Reaction of PhenylConjugated Alkenes (132).

Reactant

Product

Percent yield

Ph-CH=CH2

Ph-CH tH2

Ph

Ph

32%

A

/C=CH2
Ph

Ph/

Ph-CH=CH-CH 3

Ph-CH-CH-CH

C-CH

24%

2

54%

3

poor since it contains a homoallylic hydroxy group.

It is known that

cyclic allylic and homoallylic hydroxy substituents increase the rate
of the Simmons-Smith reaction by complexing with the reagent (133, 134,
135).

Apparently the anchimeric assistance operates well only in the

cyclic system where the hydroxy function is in the correct position
to hold the reagent close to the double bond, as in the case of cyclopenten-4-ol and that of cyclohexen -3-01.
1,
4

cH,T2

\ 1.4

In the acyclic system, such as in 132, the hydroxy function may
actually hinder the reaction by tying up the methylenating agent°
1-1
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The fact that acetates of the cyclic allylic and homoallylic alcohols do not show the acceleration in rate (131, 132, 133)

suggests
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that the acetate group does not complex with the Simmons-Smith reagent and thus might be a reasonable block to use.

Treatment of 132

with acetic anhydride gave cis -4- phenyl- 3- butneyl acetate

82% yield.

(134) in

The Simmons-Smith reaction of 134, however, gave 84% un-

reacted starting material and 16% of cis-l-pheny1-2-(2-acetoxyethyl)cyclopropane (135).

This acetate was not identified conclusively.

The yield of 135 may be increased to 729. by treating this mixture of

134 and 135 four times with fresh batches of the Simmons-Smith reagent and for five times the normal period gave only 16% of 135.
H

1-1
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At this point the synthetic scheme (as diagrammed in Fig. 2) was
abandoned.

The yield of 39% for the formation of 133 is not too bad

but there was no easy way of separating 133 from the starting material
except by preparative glpc.

Having the tedious separation at a rela-

tively early stage of the synthesis makes the scheme unfeasible on a
preparative scale.

Had the methylenation step been more successful

this scheme would have been a convenient method of preparing pure samples of cis-130.

Characterization of cis- and trans-130

1-Phenyl -2-vinylcyclopropane is a known compound and the phys-

ical and spectral properties of both its geometric isomers have been
previously reported (129, 136).

However, in this study it is essen-

tial that the two isomers be unequivocally identified.
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Crude samples of 130 were isolated by distillation in the range
of 56-80° at 2.5 mm.

The boiling points reported by some Russian

workers (136), corrected to the same reduced pressure, are 600 for the
cis isomer and 680 for the trans isomer.

The infrared absorptions and

nmr data agree well with what has been reported by Goh, Closs and Closs
(129).

Since the interpretation of the nmr of these two isomers play

an important role in the discussions to come, a detailed examination
of the spectra is presented here.

The nmr spectrum of cis-130 consists basically of five sets of
peaks:

three sets in the region 0.8 - 2.5 6 (corresponding to the

four cycloprOpyl protons), one set in the region 4.6 - 5.2 6 (corresponding to the three vinyl protons) and one set at 7.1 6 (corresponding to the five phenyl protons (see Fig.3)).

We are particularly in-

terested in the protons in the upfield region since the chemical shifts
of the benzyl and allyl protons could indicate whether the phenyl and
the vinyl groups are cis or trans to each other.

The geminal cyclopropyl proton absorptions should be upfield
from those of the other two cyclopropyl protons, which are deshielded
by the unsaturated substituents.

Values given in the literature (138)

for phenylcyclopropane are given below:
Ph

,\

/1-4

0-GB

H
By comparison the peaks at 0.8 - 1.4 6 can be assigned to the two geminal cyclopropyl protons while those at 1.6 - 1.4 6 can be assigned to
the allyl and benzyl protons.

The multiplet centered around 1.8 6 is probably due to the allyl
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The NMR Spectra of cis- and trans-1-Phenyl-2-vinyl-cyclopropane (12(1).
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proton while the one centered at 2.4 6 is due to the benzyl proton.
This assignment is based on a comparison with chemical shifts known
for allyl and benzyl protons.

For example, allyl protons in isobutyl-

ene have a shift (139) of 1.70 6 while benzyl protons in toluene have
a shift (140) of 2.34 6.

In addition, the splitting patterns of the

two multiplets are in agreement with this assignment.

The multiplet

at 2.4 6 is best interpreted as a triplet of doublets with J=8.5,
3.5 Hz due to the splitting by two cis protons and one trans proton

(Jcis=174 - 12.6 Hz, J
-trans= 4.0 - 9.6 Hz (141)), but due to an overlap it resembles a doublet of doublets with J=16, 9 Hz.

The multi-

plet at 1.8 6 has a more complex pattern, which is to be expected of
the allyl proton since it can be split by the vicinal vinyl proton as
well.

This type of splitting is sizable, generally in the order of

5 - 8 Hz (142).

By the spin decoupling technique it was found that

irradiation in the vinyl proton region (ca. 5.0 6) the multiplet at

1.8 6 collapsed into a much simpler pattern, again resembling a doublet of doublets (3 ==16, 9 Hz).

The other peaks in the 0.8 - 2.4 6

region were not affected (see Fig. 4).

The nmr spectrum of trans-130 (see Fig. 3) is very similar to
that of the cis.

One major difference is that both sets of multiplets

due to the allyl and benzyl protons have moved upfield.

This not sur-

prising since these protons are now shielded by either the vinyl or
the phenyl groups to which they are cis-oriented.

In fact, it is this

difference in chemical shifts of the benzyl protons of the two isomers
that establishes which sample is the cis isomer.

The assignment is

supported by the chemical shift of 1,2-diphenylcyclopropane.

It has
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been shown (142) that the benzyl protons in the cis isomer of this
compound have a chemical shift of 2.45 6 while those of the trans
isomer are at 2.13 6.

One important development is that a rough estimation can be made
of the ratio of cis to trans in a mixture of the two by examining the
integration values of the peaks at 1.6 - 2.5 6.

Since there are no

signals in the region.2.0 - 2.5 6 for the trans isomer, the integration
value for that region would correspond to one benzyl proton of cis-130,
If this value is subtracted from the integration value for the region
1.6 - 2.0 6 (where the allyl proton of cis-130 and both the allyl and
benzyl protons of trans -130 appear) the difference would correspond to

two protons of the trans isomer.

Thus by dividng this difference by

two and comparing the result with the value already obtained for the

cis isomer we have a means to determine the ratio of cis to trans. Admittedly the accuracy of this method depends much on the presence of

impurities which might have signals in these regions. A sample of

these calculations is provided in the appendix.
Another major difference in the nmr spectra of the two isomers
of 130 is in the vinyl proton region.

For the trans isomer, part of

the multiplet at 4.6 - 5.2 6 has cleanly separated from the rest by
moving downfield to 5.3 - 5.7 6.

The integration for this portion cor-

responds to 1.0 proton and since it lies in a region where there are
no signals for cis -130, this provides another way to estimate the ratio

of cis to trans (see Appendix).

The downfield shift of one vinyl pro-

ton in the trans isomer may be explained by considering the effect of
the phenyl substituent on the vinyl protons.

Presumably the vinyl pro-
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ton on the carbon alpha to the cyclopropyl ring lies in the shielding cone of the benzene ring in the cis isomer, whereas in the trans
isomer it is no longer shielded.

The benzyl proton of cis-130 and the non-terminal vinyl proton
of trans-130 are very helpful in providing a means to detect the presence of these isomers.

Their splitting patterns are rather distin-

guishable, making it possible for recognition even when one of the
isomers is present only in small amount.

Thermal Rearrangements of cis-l-Phenyl -2-vi nylcyclopropane (cis-130)

In this study we are primarily interested in the Cope rearrangement of cis-130, forming the dearomatized tetraene 137.

However, cis-

- I 30

130 can undergo at least two other thermal rearrangements depending
on the reaction temperature.

One is the cis-trans isomerization which

occurs to an appreciable extent at temperatures above 1400.

The other

is the formation of 4-phenylcyclopentene (138) which occurs above 2000.
>1+00

{mitts - I30

c; S- 15c)

The cis-trans Isomerization of 130

A kinetic study of the cis-trans isomerization of 130 was carried
out in cyclohexane in the temperature range of 141 - 1680.

The samples
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were analyzed by glpc with an electronic digital integrator and with
n-butylbenzene as an internal standard.

Since 4-phenylcyclopentene

(138) has a retention time similar to that of cis-130, at the end of
each kinetic run, samples were collected from the glpc column and
checked by nmr.

These analyses show that 138 was formed only in trace

amounts (estimated to be less than 7%).
In this study k/ is defined to be the rate constant for the isomerization of cis-130 to trans-130, while k..1 is for the reverse reaction.

From a plot of log k1 versus 1/T and a plot of log k_1 versus

I/T (see Figs. 18 and 19 in the experimental section) the activation
parameters for the isomerization in either direction have been calculated and.are presented in Table 13.
'Table 13.

Activation parameters* for the cis-trans Isomerization
of 130.
cis-130

trans-130

33.1 + 3.0 kcal/mole

Ea

log A

12.1 + 1.6

LVE0(1550)

32.3 + 3.0 kcal/mole

1AS4(155°)

- 5.81+ 0.74 e.u.

trans-130----sia-13Q
27.5 + 6.1 kcal/mole
8.5 + 3.1

26.7 + 6.1 kcal/mole
-22.3 + 8.1 e.u.

*Errors are standard deviations
The biggest source of error lies in the determination of the
equilibrium constant, Ke, which has to be measured when sufficient time
is allowed for the equilibration, but before a significant amount of
138 is formed.

Although both rate constants k1 and k..1 depend on the

equilibrium constant, k1 is much less affected by an error in the Ke
value since the two are related by the equations ki==Ke(Ke+1)- lkobs
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Far k

-1,

however, an error In Ke would affect it drastically since it

is related to Ke by the equation k_crkl/Ke.

Thus, with a relative

standard deviation of 9.4 - 13.4 % for Ke, the standard deviations for
k
1

values are in the range of 3.9 - 7.9 % while those of k-1 are in
The activation parameters for trans-130

the range of 12.3 - 14.0 %.

isomerizing to the cis isomer are therefore much less accurate than
those obtained for the forward reaction.
The enthalpy of activation of this isomerization is considerably
lower than those reported for deuterated or alkylated cyclopropanes
(see Table 14)r which are in the range of 53 to 64 kcal/mole.

This

can be considered to support a diradical intermediate for the reacTable 14.. Activation Parameters* for the cis-trans Isomerization o
Some Deuterated and Alkylated Cyclopropanes.
Reactant

400°

+11,

)

Ref.

A.H*

16.4

63.7

12.8

(143)

60.4

15.3

59.1

7.8

(144)

60.7

15.4

59.4

8.3

(144)

59.4

15.3

58.0

7.5

(145)

57.8
58.9

14.9
15.1

56.5
57.5

6.1
6.8

(146)
(147)

61.0

15.8

53.1

6.6

(148)

54.4

15.0

53.1

6.6

(149)

a
65.1

Vg

445

D.

AS4

log A

E

Temp** Product

rAA

400°

As"Alt
=D

)

t>

Ei-

\Ai 1".-

me.

me

4540

Me

391°
421°

)

360°

q.z_-.Hb 360°
6=13

c-1,3

4
me

C'3
)44
C44,
--'

CD,

-0

*Values given for Ea and LH* are in kcal/mole while values for
log A are based on rate constants measured in sec-I. LS* values
are given in e.u.
**This is the temperature (in 0C) at which each kinetic study is
centered, and the temperature for which ,41.1* and 2:34: values were
calculated.
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tion.

That is, isomerization of cis -130 takes place via cleavage of

the bond between the benzylic and allylic carbons to form a diradical
intermediate.

Rotation around either the Cl-C3 or C2-C3 bond followed

by rebonding of C1 to C2 would give the trans isomer.

AAA

Oil

If one considers

AV\A"
-imps -{ SO

Cls -i30

the activation energy for the cis-trans isomerization of 1- ethyl -2-

methylcyclopropane (56.5 kcal/mole) and takes into account the resonance stabilization (128) of an ally' radical (12.6 + 1.5 kcal/mole)
and that of a benzyl radical (12.5

1.5 kcal/mole), one would come

up with a calculated value of 56.5 - 12.6 - 12.5= 31.4 kcal/mole for
the isomerization of cis-13Q, which is well within experimental error.
1-Ethyl -2-methylcyclopropane is chosen for comparison since it approx-

imates the cis-130 system in being a 1,2-disubstituted cyclopropane.

For the reverse reaction, isomerization of trans-130 to cis-130,
the measured enthalpy of activation is 26.7 kcal/mole, a matter of
5.6 kcal/mole less than that of the forward reaction.

This implies

that the trans isomer is less stable than the cis, which seems quite
unreasonable.
the k

As mentioned earlier, the activation parameters for

-1 process are much less accurate than those obtained for the

forward reaction.

The value of 5.6 kcal/mole could well be an ex-

perimental error, considering the fact that the standard deviation
in Alit- for k_i is

6.1 kcal/mole.

The entropy of activation for cis-130 is not what one would normally expect for a homolytic bond cleavage.

The entropies of activa-

tion listed in Table 14 are all in the range of +6 to +13 e.u., which
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are more logical since they reflect gains of entropy by going to diradicals.

However, we should consider the fact that the diradical

formed in the case of cis-13Q is resonance stabilized, which means
that certain restrictions would be imposed on the phenyl and allyl
moieties, thus making the entropy of activation more negative.

the reverse reaction

In

(trans--) cis), the entropy of activation appears

to be even more negative.

Admittedly there is a rather large stand-

ard deviation (I: 36%) involved again; however, this entropic trend is
not surprising.

The fact that the trans-.4cis entropy of activation

is more negative indicates that an even larger restriction is placed
on the transition state, as compared with the ground state.

Perhaps

this can be explained by considering that the trans isomer has a
greater freedom than the cis in the ground state.

The vinyl and phenyl

groups in the cis isomer probably have less rotational freedom
in the trans isomer.

than

Since the diradical intermediates for the reac-

tion in either direction must be identical by the principle of microscopic reversibility and the transition states must resemble this
intermediate, the trans isomer has more to lose than the cis in terms
of entropy.

The activation parameters for the cis-trans isomerization of
some 1,2-dialkenyl and some 1,2-diphenylcyclopropanes are listed in
Table 15.

The values we are reporting for cis-130 fit in this cate-

gory quite well.

The enthalpies of activation of these systems are

in the range of 28 to 37 kcal/mole, and entropies of activation, with
one exception, are in the range of -1 to -10 e.u..

For dialkenyl-

cyclopropanes, trans-cis isomerization is generally followed immediate-

66

ly by a rapid Cope rearrangement to give cycloheptadienes.

Since

the rate determining step is the trans-cis isomerization, activation
parameters obtained for the overall reaction are taken to be for the
isomerization.

Table 15.

Reactant

Activation Parameters* for the cis-trans Isomerization of
Some 1,2-Dialkenyl and 1,2-Diphenylcyclopropanes.
Temp**

Product

170°

>=%2=K

Ea

log A

6H*

4S4

Ref.

(126)

33

12.4

32.1

-4.6

37.2

12.9

36.5

+7.4***(150)

81°

28.5

12.9

27.8

-1.6***(150)

160°

34.3

13 1

33.4

-1.3

155°

33.1

12.1

32.3

-5.8 This work

193°

33.5

11.2

32.6 -10.1

(152)

36.8

12.5

35.9

-4.2

(152)

36.4

12.5

35.5

-4.2

(152)

r1-15<4.

157°

193°

>

n-f5u-C.)

(151)

1

values are in kcal/mole. Log A values are based on rate
constants measured in sec-I and AS* values are in e.u.
**This is the temperature at which each kinetic study was centered,
and the temperature for which AH* andAS* values were calculated.
***Values for these two reactions may not be accurate since they wer
based on studies performed at two temperatures only.
*Ea and illi
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A multitude of mechanisms has been advanced for the cis-trans
isomerization of cyclopropanes under names such as the "expanded ring
model", "r-cyclopropane intermediates", "free rotating diradicals",
and "planar tetracovalent transition states", etc..

There appear to

be more names than there are mechanisms, and semantics often become a
Basically there are two major types of mechanisms

serious problem.
proposed:

a one-step process with one transition state or a two-

step process with a diradical intermediate.

The first cis-trans isomerization of cyclopropanes observed was
in the pyrolysis study of 1,2-dideuteriocyclopropane performed by
Rabinovitch and coworkers (153).

The mechanism proposed was referred

to as the "expanded ring model" (144), which is actually nothing more
than formation of a diradical intermediate which recyclizes to cyclopropane many times faster than the 1,2 shift of a hydrogen that would
lead to the formation of propylene. .0
r

N

D
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What is known as the "Smith mechanism" is, on the other hand, a
one-step process.

In 1958 Smith proposed (154) that 1,2-dideuterio-

cyclopropane can undergo cis-trans isomerization by a partial hydrogen migration with the cyclopropane ring remaining unruptured.

In

the transition state, the hydrogen and deuterium on the carbon undergoing inversion become coplanar with the cyclopropyl ring.
This mechanism has the advantage of satisfying the principle of
of least motion, however many objections have been raised, mostly on
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the grounds of energetics.

Benson predicted (155) a value of 100 -

150 kcal/mole for such a twist.

Nankhorts (156), by performing LCAO-

SCF calculations came up with a value of 250 kcal/mole for forming a
tetrahedral methane into a square planar configuration.
Carter objected (146) to the term "unruptured ring".

Bergman and

They believed

that in the transition state proposed by Smith, the orbitals containing the free electrons in the terminal carbons must be close to p in
character and must be essentially perpendicular to each other.

In

that case there would be very little overlap and the term "unruptured"
seemed inappropriate.

However, they agree that the twisted form may

not be too unrealistic since the three methylene groups are no longer
eclipsed.

It was reported by Rabinovitch and Schlag (143) that Smith later
amplified his proposal to include "ring expansion" in a private communication.

Setser and Rabinovitch proposed that the transition state

leading to a diradical intermediate may involve a simultaneous ring
expansion and Smith's type of partial hydrogen migration.

As these

authors pointed out (144) there was actually "less real difference and
increasing semantic difference between "their "expanded ring model"
and Smith's mechanism.

Although the same transition state is involv-

ed in both mechanisms, there is still a major difference.

Since the

twist can occur only at one carbon at a time, in the Smith mechanism

where the transition state leads directly to the product only one rotation would be observed at a time.

In Rabinovitch's mechanism how-
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ever, the transition state leads to a diradical intermediate which is
free to rotate both terminal carbons simultaneously.

An attempt was

made to distinguish between these two processes by studying the isomerization of 1,2-dideuterio-3-methylcyclopropane (144).

However due

to the problems which developed in the synthesis of the pure isomers,
this was not achieved.

The problem of whether the one-step mechanism

or the diradical mechanism is in operation has been studied in much
greater depth since then.
we

However, before we examine those results,

should consider the diradical mechanism in more detail.
Much discussion has developed over which is the most stable con-

formation for the trimethylene diradical and the pathways through which
it can be reached.

One could envisage the ring opening as a concerted

rotation of both methylene carbons (that are undergoing bond cleavage)
according to orbital symmetry rules.
opening is allowed.

That is, only one mode of ring

The other alternative is a randomization of rota-

tion (no preference for either the conrotatory or disrotatory mode),
which is often referred to as a "freely rotating diradical ".

The di-

radical may or may not be "rotating freely", but this is indistinguishable from a diradical recyclizing with no preference for one mode or
the other.

Bergmann has recently presented a thorough review on the subject
of the trimethylene diradical, in particular its role in the ring opening of cyclopropanes (157).

Theoretical studies over the calculation

of the potential energy surface for the ring opening began with the
work of Hoffman in 1968, which provided a system for naming the various
conformations of the trimethylene diradical (158).

Each conformation
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is referred to by the angle of rotations of the two terminal methylene
groups out of the plane defined by the three carbon atoms.

Thus the

0,0 species has both methylene groups in the plane of the carbons
and the p orbital of each terminal carbon parallel to each other.

The

0,90 conformation has one terminal methylene in and one out of the
molecular plane, whereas, the 90, 90 species has both terminal methylene groups perpendicular to the plane and the two p orbitals pointing
at each other.

0,0

0,90

90, 90

Hoffmann performed some extended Htickel calculations on various

conformations of these trimethylene diradicals by changing the angle
of the central C-C-C and the two angles of rotation of the terminal
methylene groups (155).

From the results he obtained he predicted

that there should be a potential energy minimum for the 0,0 conformation with the central C-C-C at an angle of 125°.

This intermediate

has an energy of 45 kcal/mole above that of cyclopropane,and the lowest-energy pathway to ground-state cyclopropane is via a conrotatory
mode of closure with a maximum barrier of 1 kcal /mole,

Calculations based on the same approach have been reported by
Buenker and Peyerimhoff (159), who used ab initio SCF-NO calculations
on the energy of stretching one of the C-C bonds without rotation and
predicted that increasing the C-C-C angle from 60 to 120° should take
only 47.45 kcal/mole, less than the energy measured for ring opening.
Siu and his coworkers performed similar ab initio SCF-NO calcula-
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tions for energies of rotating 90,90 into the 0,90 conformation as
well as bond stretching of the C-C bond (160).

Their calculations pre-

dicted for the singlet state, a 2,5 kcal/mole barrier for conversion
of the 0,0 into the 0,90 form and a 1.5 kcal/mole barrier for conversion of the 90,90 into the 0,90 form.

Concerted rotation of both

methylene groups would involve energies even smaller and are beyond
the accuracy of their method.

Thus there are three possible mechanisms under consideration
for the cis-trans isomerization of cyclopropanest

a one -step process

involving the twist of one carbon in the cyclopropyl ring; ring opening by the concerted rotation of two of the carbons in the cyclopropyl
ring to give a 0,0-trimethylene diradical intermediate (alias "Tr-

cyclopropane" (146)) followed by ring closure under the same mode; and
finally ring opening and closure via some diradical with no preference
for the conrotatory or disrotatory modes.

Experiments designed to dis-,

tinguish among these mechanisms are all based on the following factors.
For an optically active compound of type 139, the one-step process

one-step
st.

Rj

co,icerba_
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would require the rate of interconversion of the geometric isomers to
be faster than the rate of interconversion of the enantiomers, since
it takes one twist to produce the other geometric isomer but two consecutive twists to produce the enantiomer.

Concerted ring opening,
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however, should produce the enantiomer only and not the other geometric isomer.

One problem associated with these studies is that

the one-step twist mechanism proposed by Smith cannot be distinguished
from one involving a diradical intermediate which is slow in rotating
one of its terminal methylene groups relative to cyclization.
Isomerization studies performed on optically active trans-tetramethylcyclopropane-d6 (140) by Berson and Balquist (149) and on ( -)-

cis- and (-)-trans-1-ethyl-2-methylcyclopropane (141) by Bergman and
Carter (146, 161) showed that neither a completely randomized intermediate nor a one-step twist mechanism could be the sole process occurring.

One thing is clear,

In both studies it was found that the conEt-
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certed ring opening mechanism could not correspond to an energetically favorable pathway.

Experiments performed on alkenyl and phenylcyclopropanes strongly

support the randomized ring opening mechanism. Willcott and Cargle
studied (162) the isomerization of trideuterated vinylcyclopropane
(142) and with the use of the random walk technique and by analog coup-

'1) 142
putation showed that isomerization proceeded as one would predict for
a freely rotating diradical.

In the study of (-) -trans -1,2 -diphenyl-

cyclopropane, Crawford and Lynch (163) found that the rate of racemi -

zation was faster than the rate of isomerization which again supports
the mechanism involving a randomized ring opening.

In the case of
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( -)- trans- l,2- divinylcyclopropane (151) it is interesting to note

that a one-step twist mechanism would lead to the cis isomer which
would rapidly rearrange

to cycloheptadiene.

Thus no racemization

would result if such a mechanism were involved solely, unless the
consecutive double twists occur faster than the rearrangement.

In

this system, Arai and Crawford found (151) that the relative rates
of racemization and isomerization indicate the random diradical process is again favored over both the concerted ring opening and the
one-step twist mechanism.

= 2.8

It appears that Hoffmann's calculations (158), which predicted
conrotatory ring closure of the trimethylene diradical are not applicable to the cis-trans isomerization of cyclopropanes.

One explanation

suggested by Salem (164), was that configuration interaction was neglected in Hoffman's method.

Nonempirical SCF calculations including

configuration interaction performed by Hayes and Sui (165) showed that
trimethylene is predicted to have a large degree of diradical character
(with low contribution of ionic terms to the ground state singlet wave
function) and therefore should react relatively nonspecifically.
In 1970 Salem and his coworkers reported (166) a much more extensive study using an ab initio SCF-M0 program which they developed.
It revealed that certain distortions in the trimethylene diradical
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which Hoffmann neglected in his study (158) could play an important
role in stabilizing the intermediate.

It was found, for example,

that the distorted form WO with a partially inverted, nonplanar
terminal carbon is significantly more stable than its planar analog,
the 0,90 conformation.

Later it was reported (167) that the "crab-

like" structure (143) with distortion of both terminal methylene
groups is more stable than the 90,90 form by 6 kcal/mole.

143

142

In 1972 Hay and his coworkers reported (168) the results of
generalized valence bond calculations which predicted a minimum en-

ergy barrier of 61 kcal/mole for the ring opening. With planar terminal methylenes, such as the ones Hoffmann limited himself to, the
0,0 form is again predicted to be more stable than the 0,90 or 90,90
conformations.

For the 0,0 species at a fixed angle of 1200, dis-

rotatory conversion to the 90,90 form required 2 kcal/mole, whereas
conrotatory conversion had no energy barrier.

They also found that

the "crab-like" structure 143 is more stabilized than any of the
planar conformations by 5 kcal/mole and that conversion of 143 to
cyclopropane had no energy barrier.
From these calculations we can see that the disrotatory and conrotatory modes are predicted to have similar energy requirements for
recyclization of the 0,0-trimethylene diradical, which is in agreement
with experimental results.

As predicted by Hoffmann (158) these recent

calculations also predict no significant barrier for recyclization.

This is of interest since Benson had calculated (155) a value of
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8.20 kcal/mole for the activation barrier for recyclization based on
thermochemical and kinetic data.

Similarly, Sebold (169) and Dauben

(170) came up with values in the range of 7 - 12 kcal/mole.

Although Smith's mechanism of a one-step twist has received little
support, the possibility of a transition state with a planar tetracovalent carbon has been brought up recently.

Baldwin suggested (171)

that the cis -trans isomerization of 1.2-dialkenylcyclopropanes may

have a special type of mechanism, one involving a planar methane transition state.

The concept of a planar methane was developed by Hoff-

mann (172) who suggested that in some very special systems the carbon
atom could become planar during racemization in order to extend the
delocation in a Tr-system.

His model was based on a methane molecule

with three sp2 orbitals, two used to bond with one hydrogen each, in
the normal fashion, and the third orbital, used to bond with two hy-

drogens in a three-centered bond.

The two electrons left over are

kept in the 2p orbital which is perpendicular to the molecular plane.

An extended Huckel calculation gave a value of 127 kcal/mole difference between a tetrahedral and a square planar methane such as the
one pictured above.

This value is lowered to 78 kcal in the case of

tetracyanomethane and can be lowered to as far down as 25.3 kcal/mole
for the spiro cation 144.

In a less extreme case, such as pentadiene,

the value is 96.6 kcal/mole.

This type of square planar transition

state has been suggested for low temperature "flap inversions" of the
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bicycloE2.2.01hexane system, such as the one pictured below (173).

Recently a study (174) of the C-C-C bending force constant of
tetracyanomethane shows that it is markedly lower than that of dicyanomethaner suggesting that the tetrahedral angle may indeed be more
easily distorted into a square planar geometry, as suggested by Hoffmann (172).

According to Baldwin (171) the application of this concept to

the thermal rearrangements of 12-dialkenylcyclopropanes could account
for the thermochemical results, racemization as well as the cis-trans
isomerization of this system.

R, R;=

Nn-$w
c". n-54 H

Baldwin apparently believes that the resonance stabilization of
such a transition state by an adjacent ethylene moiety is sufficient
to overcome the energy of forcing the carbon into a planar geometry.
This may be so, even though Hoffmannts calculations do not support
such an idea; however, since it is unlikely for two carbons on the
cyclopropyl ring to undergo this type of inversion simultaneously,
we should not necessarily expect the activation energy to drop by the
24 kcal/mole observed in the present study.

Also, in the case of the

l,2- divinylcyclopropane, as mentioned earlier, the inversion at one
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carbon of the trans isomer would result in the formation of cycloheptadiene rather than racemization.
From the results of the present study of cis-130, we cannot
distinguish between the concerted and the randomized ring opening
mechanisms, since it would require the use of optically active samples.
It should not be difficult to synthesize such samples, but from what
has been reported in the literature there seems to be little doubt
that the concerted ring opening is not involved.
The activation energy of the cis-trans isomerization of cis-I30,
strongly suggests that a diradical intermediate is involved.

It is

not clear what type of structure this intermediate has, that is,
whether it is of the 0,0 form or 0,90 form, etc.

It would be high-

ly unlikely to be in the "crab-like" form suggested by Salem's group
(166) and Hay's group (168) since resonance stabilization is probably
better when the free electron is in a 2p orbital,

The Vinvlcvclopronane Rearrangement

The rearrangement of vinylcyclopropane to cyclopentere is a
well known reaction that was first discoveredr independently, by
Vogel et al. (175) and Overberger and Borchert (176) in 1960.

Since

then, much thermochemical and stereochemical work has been done on
the thermal reactions of vinylcyclopropane and its derivatives, in
an attempt to determine whether the rearrangement involves a diradical
intermediate or a concerted 1,3 shift.

A comparison of the activation parameters of this rearrangement (see Table 16) with those for the cis-trans isomerization of
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cyclopropane and its alkylated derivatives (see Table 14) shows that
the vinylcyclopropane rearrangement has a lower activation energy and
a much smaller entropy of activation.,

This was originally taken

(177, 178) as an indication that a concerted mechanism is involvedt
the activation energy is low because of a simultaneous bond breaking

and bond formation, and the smaller entropy of activation was taken
to indicate the absence of a diradical intermediate (179).

However,

due to results obtained from subsequent investigations in these systems

the diradical intermediate mechanism has become more commonly

accepted.

Doering and Roth suggested (115) that of if we consider the energy of breaking a carbon-carbon single bond to be 83.3 kcal/mole, the
allylic stabilization of a radical to be 21.8 kcal/mole and the cyclopropyl ring strain assistance to be 19.1 kcal/mole

then we would pre-

dict the activation energy for this rearrangement to be 83.3

21.8 -

19.1=42.4 kcal/mole, which is 7.2 kcal/mole lower than the observed
value.

Since the allylic stabilization of a radical is now taken as

12.6 kcal/mole (128) instead of 21.8 kcal/Mole, a calculation based

on his approach would produce a value of 83.3 - 12.6 - 19.1=51.6
kcal/mole which is remarkably close to the observed value (49.6 kcal/
mole)(180).

This value, however, is what one might expect of the cis

trans isomerization of vinylcyclopropane and not necessarily of the
formation of cyclopentene.

The reason is because the value of 19.1

kcal/mole used as the cyclopropyl ring strain assistance was calculated for the formation of the diradical intermediate in the cis-trans
isomerization of cyclopropane and may not be the correct value to use
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Table 16.

Reactant

Activation Parameters for Some Vinylcyclopropane Rearrangements.
Product

Ea(kcal/mole)

log A

Ref.

49.6
49.7

13.5
13.6

(180)

48.6
45.7

13.7
12.5

(181)
(182)

50.9

13.0

(183)

49.4

14.1

(184)

50.5

14.1

(185)

54.6

14.0

(177)

51.1

14.3

(186-188)

51.3

14.3

(186-188)

50.0

13.8

'(189)

44.5

13.4

(190)

38.7

12.5

(191)

4407

13.4

(191)

41.0

13.4

(191)

(178)

if the two types of rearrangement do not involve the same intermediate
in the rate determining step.

In actuality, we know the two process

do not take place via the same intermediate.

Although no activation

parameters have been reported for the cis-trans isomerization of vinyl-
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cyclopropane, a study performed on 1-deuterio-2--vinylcycloropane

(192)

showed that an equilibration of the cis and trans isomers was reached

within the first six percent of the irreversible formation of cyclo-

pentane. Willcott and Cargle (192) estimated that the geometric isomerization is at least five times as fast as the formation of cyclopentene.

Thus we see that the activation energy for the geometric iso-

merization would be less than 49.6 kcal/mole and therefore, quite a
bit smaller than the calculated value of 51.6 kcal/mole.

The error

In this type of calculation probably lies in the value 19.1 kcal/mole.
Since the total ring strain in cyclopropane is 27.6 kcal/mole, as determined from heats of combustion (116), the value 19.1 kcal/mole implies that only a fraction of the ring strain is abolished in the
transition state involved in the cis-trans isomerization.

For the re-

arrangement of vinylcyclopropane to cyclopentene, the cyclopropyl
ring strain assistance to bond cleavage could very well be some other
fraction of 27.6 kcal/mole.

There are two symmetry-allowed processes (1) for a concerted
pathway for the formation of cyclopentene from vinylcyclopropane:
1,3-sigmatropic migration which may occur either antarafacially with
retention of stereochemistry at the migrating carbon, or suprafacially
with inversion at the migrating carbon.

The transition states necess-

ary for these processes appear to be energetically unfavorable, but
the concerted mechanism could not be ruled out exclusively on these
grounds alone.

From a stereochemical study of the thermal rearrange-

ment of four isomeric ethyl 2-methyl -3-(trans-propenyl)cyclopropane
carboxylates, Mazzocchi and Tamburin concluded (193) that the reaction
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cannot occur solely via a concerted pathway; however, they could not
rule out the possibility of a mixture of concerted and nonconcerted
pathways.

The thermal isomerization of cis-l-cyclopropylbuta-1,3-diene
01,37

7[1,51

p
//

has been studied (194).

In this system, there is a possibility of

either a [1,3] or a [1,5] sigmatropic shift.

Consideration of the

transition states of the symmetry-allowed pathways for the two possible
shifts suggests that the [1,5] shift might be sterically more favorablEu

The product obtained, however, was 3-vinylcyclopentene, which is what
one would predict for the [1,3] shift.

This may be taken as an indica-

tion that the mechanism does not involve a concerted pathway.
The corresponding rearrangement for trans-l- phenyl -2- vinylcyclo-

propane to 4-phenylcyclopentene (138) was first reported by Bolesov
et al. (195).

Recently a kinetic study in the gas phase was performed

by Simpson and Richey (191).

Determination of the activation param-

eters was complicated by the rapid equilibration of the two geometric
isomers at that temperature.

However if they assumed that forma-

tion of 138 is solely due to the trans isomer they obtained a value

of 41.0

0.6 kcal/mole for the activation energy and 13.4 for log A.

These values correspond to an enthalpy of activation of 40.0 kcal /mole

and an entropy of activation of -0.35 e.u. at 237°.

If the rates of
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formation of 138 from trans-130 and from cis-130 were the same, which
is very unlikely, they would obtain a value of 40.8 + 0.6 kcal/mole
for the activation energy and 13.2 for log A.
In the present study, pyrolysis of cis -130 at 224° for 24 hours

produced 33% of 138 and 67% trans-130.

The product (138) was identi-

Peak assignments as shown in Fig. 5, are

fied by its nmr spectrum.

supported by the fact that alkyl protons in cyclopentene have a chemical shift of 2.28 6 and the olefinic protons have a shift of 5.6 6
(196).

The multiplet at 2.2 - 2.6 6 is probably due to the two alkyl

protons which are cis to the phenyl substituent while that at 2.6 3.0 6 is due to the two allyl protons which are trans.
ment is based on an

This assign-

analogous system given in the literatures

cyclo-

propyl protons cis to the phenyl group in phenylcyclopropane give rise
to peaks which are further upfield than those due to protons trans to
the phenyl group (138).

One might expect the peak at 5.72 6, which

is assigned to the two olefinic protons, to be split; however, it has
been reported that the apparent coupling constant between the olefinic
proton and the allyl proton in cyclopentene is 0.5 - 0.2 Hz (196).
Thus a singlet for these olefinic protons is to be expected.

In the

nmr analysis of products, this sharp singlet makes it very easy to detect the presence of 138.

Further support for the identification of 138 is provided by the
formation of the same product when trans-130 was heated at 2330 for
44 hours.

Catalytic hydrogenation of the product over platinum oxide

used one equivalent of hydrogen.

The hydrogenated material was shown

to be phenylcyclopentane by its spectral characteristics.

The uv

303

200

Fig. 5.

r-

100

The NMR Spectrum of 4-Phenylcyclopontene (138).
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spectrum agreed well with that given in the literature (197).

The

nmr consisted of a complex multiplet in the cyclopentyl proton region, with an integration value corresponding to eight protons; a
multiplet in the region of benzyl protons, with an integration value
for one proton and a signal at 7.08 6 corresponding to the phenyl
protons, with an integration value for five protons.
The formation of 138 from cis-130 probably occurs by a rapid
geometric isomerization to the trans isomer which then rearranges
to give the final product.

That is, the assumption made by Simpson

and Richey (191) that the direct rearrangement of cis-130 to 138 is
very slow is probably correct.

Cyclization to cyclopentene is best

accomplished if the double bond is directly over the cyclopropane.
In the case of the cis isomer, this is made difficult by the steric
hindrance due to the phenyl substituent.

In the case of 1-methoxy-

2-vinylcyclopropane, the rate of conversion from the trans isomer to
4-methoxycyclopentene was found to be more than twenty times faster
than that of the conversion from the cis.

The rearrangement of vinylcyclopropanes with substituents on
the vinyl moiety has been studied.

Results may be taken as support

for the suggestion that the vinyl group is directly over the cyclopropyl ring in the formation of cyclopentene.

It was found that trans-

1-cyclopropy1-1-(2.-methoxypheny1)-prop-1-ene readily rearranges to

cyclopentene at 332 - 3710 whereas the cis isomer showed no measurable
isomerization under the same conditions (198).
332-371°

In the case of 1 -cyclo-
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propyl- 2- methylpropene the activation energy for the forma-

tion of cyclopentene is 5 kcal/mole more than that of vinylcyclopropane (see Table 16).

This value of 5 kcal/mole was taken to corres-

pond to the reduction of the allylic resonance stabilization of the
diradical in rotating the allyl group into position for cyclization
to cyclopentene (177, 199).

However, a recent study (200) of the allyl

radical of 1,1-dicyano-2,3 3 trimethylbutene (145) showed that the
rotational barrier in that system has an energy of 10 kcal/mole.

Pre-

sumably the rotational barrier of an allyl system without the bulky
t-butyl substituent might be even higher than that.

Thus it seems

CN
u.
C.14

unreasonable that the cyclopropyl ring would open up first into diradicals before swinging the terminal carbon into position for cyclization.

More likely, the diradical that could cyclize to cyclo-

pentene was formed while the vinyl group was directly over the ring.

Jr
Ph

N

In comparing the activation energy Simpson and Richey obtained for

the formation of 138 with that of the cis-trans isomerization reported
here, we see that there is a difference of 8 kcal/mole.
of 8 kcal/mole is due to two factors:

This value

the difference in energy of the

cis versus the trans isomer, as well as the difference in stability of

the transition states for the two process. As mentioned earlier, the
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equilibrium constants for the cis-trans isomerization determined in
this study are not very accurate.

However the difference in stability

stabilof the two isomers may be estimated by examining the relative

ity of the cis and trans isomers of 1,2-diphenylcyclopropane.

From

the data given by Crawford and Lynch (163), a value of 3 kcal/mole is
obtained, in favor of the trans isomer. Thus we can see that the
transition state for the cis-trans isomerization of cis-130 is roughly
5 kcal/mole more favorable than that for the formation 4-phenylcyclopentene.

The Cove Rearrangement
If cis-130 undergoes the Cope rearrangement, the immediate product

However, no

would be bicYclo[5 .4.0]-44,8,10-undecatetraene (137).

CO
07

6s-130

such product was detected in our study of the cis-trans isomerization and the vinylcyclopropane rearrangement of cis-130.

Considering

that the Cope rearrangement of cis- l,2- divinylcyclopropane has an acti-

vation energy of only 20 kcal/mole (8) the corresponding rearrangement
in our system should not be unattainable.

Even if the 36 kcal/mole of

resonance energy in benzene is completely lost in the transition state,
the activation energy should be no higher than 20 + 36 = 56 kcal/mole.

Presumably not all of the resonance will be lost and so this value
would be an upper limit.

Consideration of some of the reactions term-

ed "aromatic sigmatropic reactions" (50), shows that incorporation of
one of the double bonds undergoing a concerted reaction into a benzene
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ring may increase the activation energy by as little as 3 - 5 kcal/
mole.

For example, the enthalpy of activation of the 1,5-hydrogen

shift of 5-methyl-1,2,4-hexatriene and that of its aromatic analog
differ by only 4.9 kcal/mole (61, 62).

In the case of the electrocyA1-1*. 239 kali/mole

a)

04"

014*-=

28.8 kcal/mole

clic ring closure of trans,cis,trans-2,4,6-octatriene and its aromatic
analog, the difference is only 3.6 kcal/mole (75, 76).

A

Thus the Cope

AH4 = 28-G kcalAnde

A

H

= 32.2 Lamymo e

rearrangement of cis-130 could have an activation energy as low as
23 - 25 kcal/mole.

One explanation as to why 137 has not been detected may be that
loss of resonance energy in the benzene moiety has made the tetraene

137 much less stable than the aromatic reactant. Even though the
transition state leading to 137 may not be unattainable, the relative
instability of 137 itself may cause the equilibrium between cis-130
and 137 to shift far in favor of the reactant.

Thus 137 may be pres-

ent during the pyrolysis but only in very small amounts.
Our search for the rearrangement began with attempts to trap this
tetraene with dienophile trapping agents.

Pyrolysis of cis -130 at 225°

for 5 hours in the presence of dimethyl acetylenedicarboxylate produced

a mixture of at least ten products. When cis-130 was heated at 96° for
24 hours in the presence of maleic anhydride, a clear liquid, a white
solid and a yellow oil was obtained.

The clear liquid was shown to be
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unchanged cis-130, together with a trace of the trans isomer.

The

white solid did not melt below 300° and was taken to be polymeric mat-

erial. Attempts to separate the components in the yellow oil all
failed.

Pyrolysis of a solution of cyclohexane containing cis-130

and N-phenylmaleimide at 100° for 9 days, again, produced only a polymeric material which decomposed at 250 - 300°.

At this point we aban-

doned our attempts to trap the tetraene and turned our attention towards the possibility of inducing it to regain aromaticity.

If tetra-

ene 137 is indeed formed during pyrolysis, then the presence of a base
could catalyze a 1,3 hydrogen shift, as pictured below, thus producing a relatively stable aromatic product.

Sit
'VT

When cis-130 was heated at 145° for 5 hours in a methanol solution containing sodium methoxide, no apparent reaction was detected.
Pyrolysis in a t-butanol solution containing t-butoxide, however,
gave some interesting results.

The product obtained by heating cis-130 to 1500 for 35 hours in
a potassium t-butoxide/t-butanol solution consisted of 21% cis-130,
24% trans-130, 13% unidentified materials and most interesting of all,
42% 1- phenyl -1,3- pentadiene (146).

Pyrolysis of cis-130 in the absence

of the base but under similar conditions gave only 47% unchanged cis130, 52% trans-130 and perhaps at most, 1% of 146.
The product 146 was identified by its spectral characteristics.
The uv spectrum matched what is given in the literature for 1-phenyl1,3-pentadiene, and the nmr agrees with the structure.

Peak assign-
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ments to the nmr spectrum are as shown in Fig. 6.

Note that the doub-

let at 1.8 6, with an integration corresponding to three protons, has
a coupling constant of 6 Hz.

This is what one would expect of a methyl

group bonded to an olefinic carbon with a proton bonded to It: CH3CH=C.
The thermal rearrangement of cyclopropane derivatives into alkenes
is a well known reaction (157, 199).

The activation energy is general-

ly larger than for the cis-trans isomerization of the compound.

Con-

ceivably base catalysis of the 1,2 hydrogen shift could lower the activation energy enough to permit operation in the present study.
w

H
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H
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The electrocyclic ring opening of cyclopropyl anions is not an
unknown process.

Under orbital symmetry rules (1) the cyclopropyl

anion should open in a conrotatory manner.

Mulvaney and Savage re-

ported (201) that treatment of trans-1,2,3-trlphenylcyclopropane with
n-butyllIthium-TMEDA in hexane for 6 hours at room temperature followed by hydrolysis with deuterium oxide produced 90% trans-iand 10% cis3-deuterio-1,2,3,-triphenylpropene.

Similarly 2,3,4-triphenyl-endo-

tricyclo-[32.1.02,4]octane treated with potassium t-butoxide in d6DMS0 at 700 for 20 hours produced 2,3,4-triphenylbicyclo[3.2.1.]-2-octene (202).
1,

--\--<-1-

._. Po

707, 20 'or

Ph

The cyclopropyl ring opening reported by Wittig, Rautenstrauch
and Wingler (203) may be taken as another example of an electrocyclic
ring opening.

These authors reported the rearrangement of 7-exp-lIthi-

Fig. 6.

The NMR Spectrum of 1-Pheny1.4,3-pentadiene (146).
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ocycloprop(a)acenaphthylene at 100° in n-hexane to phenalenyllithium.
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Below is a scheme which shows the different ways the cyclopropyl
ring in our present system might open and what the corresponding products might be.

H

H

L

Ph

Ph'
14(a

No stereochemistry is implied in the diagram.

J

Route A corresponds

to loss of the allyl proton, leading to cleavage of the bond between
carbons 1 and 3; route B corresponds to loss of the benzyl proton,
leading to cleavage of the bond between carbons 2 and 3; and route
C corresponds to loss of one of the methylene protons, leading to
cleavage of the bond between carbons 1 and 2.
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Of all the possible products shown above only 146 and 147 have
the grouping (CH3-CH=C) needed in order to produce the doublet at
1.8 6.

Compound 147 can be ruled out on the basis of the uv spec-

trum.

If 146 is produced by the mechanism shown above, we see that the
proton removed has to be one of the methylene protons.

This seems

rather odd since one would predict that either the allyl or the benzyl proton would be more acidic.

However this mechanism involving the

concerted ring opening of the cyclopropyl anion can not be excluded on
those grounds.

This is especially so since Wittig et al. (203) report-

ed that 8-lithiocycloprop(a)acenaphthylene in tetrahydrofuran can also
rearrange to phenalenyllithium within three days at 200.

The mechan-

isms suggested are shown below.

In order to investigate the possibility that such a mechanism is
Indeed involved in our case, we treated a tetrahydrofuran solution of
cis-130 with n-butyllithium, and after 4.5 hours at 00 quenched it
with deuterium oxide.
13Q.

The product consisted of 53% cis- and 39% trans -

No 1-phenyl-103-pentadiene was detected.

Nmr analysis of the re-

covered cis -130 showed that the sample had been partially deuterated

at the benzyl position.

In the case of the trans isomer, due to the

overlap of the benzyl and allyl multiplets it was not possible to tell
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conclusively whether it was the benzyl or both the benzyl and allyl

positions which were partially deuterated. A qualitative analysis
suggests that it was the benzyl position.

This is based on the fact

that the multiplet at 1.8 - 1.9 6, corresponding to the benzyl proton, had diminished in size relative to that at 1.5 - 1.8 6.
From these results we see that it is indeed easier to pull off
the benzyl proton than one of the methylene protons.

More important,

we see that formation of the cyclopropyl anion, as witnessed by the
deuterium trapping, did not lead to the formation of 146.
One might argue that the cyclopropyl anion ring opening perhaps
requires a higher temperature.

Mulvaney and Savage (201) had reported

that it was possible to observe deuterium exchange without ring openHowever this is only when the reaction is carried out with po-

ing.

tassium t-butoxide in d6-DMS0 and not when n-butyllithium is used.
our case we have the reverse:

In

i.e. ring opening is observed with po-

tassium t-butoxide and deuterium exchange, with n-butyllithium.
In an attempt to settle this problem, we allowed the mixture of
cis-130 and n-butyllithium to warm up to room temperature.
tion was monitored by glpc.

The reac-

After 4.5 days at 23° the product con-

sisted of 28% cis-, 72% trans-130 and again, no 1-pheny1-1,3-pentadiene.

After more n-butyllithium had been added, the mixture was

heated up to 50 - 60° for 1.5 hours.

The product consisted of 13%

cis- and 87% trans-130.

Failure to observe the formation of 146 may still be due to the
reaction temperature being too low.

However further experiments with

potassium t-butoxide in deuterated t-butanol provided more evidence
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to show that the mechanism does not involve ring opening of the cyclopropyl anions

Pyrolysis of cis-130 in a t-butanol-d 1 solution con-

taining potassium t-butoxide at 1500 for 15 hours produced a mixture
consisting of 9% cis- and 11% trans-130 and 72% 146.

A nmr analysis

of the sample of 146 obtained in this experiment indicated that it is
deuterated at carbons 1, 3 and 5, as shown below.

For the deuterated

D=CH-CE=CH-CD 3
deuterated 146

sample, the doublet at 1.8 8 has diminished in size, giving an integration 0.3 relative to the phenyl proton (i.e. 0.1 H/methyl. proton).
The multiplets in the region 5.5 - 7.0 8 simplified into two singlets,
one at 5,72 and one at 6.63 6.

This means that the methyl protons and

two of the olefinic protons have been substituted by deuterium.

Since

these olefinic peaks are not split, the protons with which they correspond therefore cannot be vicinal.
What is most interesting of all is that the recovered cis- and
trans-130 are not deuterated at all.

This strongly suggests that the

cyclopropyl anion is not involved, and that some other mechanism is
in operation.

We propose that the formation of 146 is an indication that the
Cope rearrangement does occur for cis-130.

The base treatment could

remove the doubly allylic proton in the cycloheptadiene ring and thus
produce a 10

r electron system.

If this is followed by an electro-

cyclic ring opening at the bond between carbons 6 and 7, then aromaticity is regained.

Since there are no cyclopropyl anions involved,

this would explain the results of the study utilizing n-butyllithium
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and why recovered 130 in the t-butoxide/t-butanol-d1 experiment did
not contain any deuterium.
Electrocyclic ring closures of carbanions are relatively common.
For example, 3-vinylheptadienyl anion has been reported to rearrange
to 2 -ethylcycloheptadienyl anion (204).

Another example is the re-

arrangement of pentadienyl anion to cyclopentenyl anion (205).

Elec-

trocyclic ring opening of carbanions however is quite uncommon (201).
Only a few examples of ring opening of cyclopropyl carbanions (mentioned earlier) are reported in the literature.

In our present sys-

tem, the driving force lies in the rearomatization of the benzene
moiety.

It is of interest to note that although heptatrienyl anions

cyclize at -30°, nonatetraenyl anions could not be induced to cyclize
(206).

If the mechanism of this reaction does involve the Cope rearrangement, then formation of 146 must be solely from the cis isomer.

As

discussed earlier, in the historical section, the two double bonds
have to be in a cisoid configuration, which is unattainable by the
trans isomer.

In support of this theory, we found with the use of

an internal standard, that pyrolysis of a mixture consisting of 80%
cis and 20% trans-130 in potassium t-butoxide/t-butanol at 96° for 24
days produced a mixture containing 26% 146, 50% cis-130 and 24% trans 130.

A control sample treated in an identical manner but without the

t-butoxide showed that during this period there was no cis-trans
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isomerization.

The 4% increase in trans-130 noted is probably due

to experimental error rather than a base-catalyzed isomerization.
These results show that 146 is indeed formed by the cis- isomer only,
and not the trans.

However they do not exclude any other mechanism

that might also involve the cis- isomer alone.

The experiments deal-

ing with the m-methoxy and m-hydroxy derivatives, discussed in the
next section, provide compelling evidence that the Cope rearrangement
is indeed involved.

If we assume that the rate determining step is the Cope rearrangement and that the reaction is still proceeding at a first order rate
after 24 days at 96°, based on the fact that 30% of the cis isomer had
reacted at this point, we can obtain a very rough estimate of the activation energy involved.

If we take the entropy of activation to be

-12 e.u..which is usual for Claisen and Cope rearrangements, (see Tables 1 and 2), the activation energy would be in the neighborhood of
29 kcal/mole.

This is not far from the activation energy predicted

earlier (23 - 25 kcal/mole) by using cis- l,2- vinyicyclopropane as a

standard and adding 3 - 5 kcal/mole for loss of benzene resonance
energy.

The Syntheses and Thermal Rearrangements of gia-1-(p-hydroxypheny1)2-vinylcyclopropane and cis-1-(ihYdroxyphe4IY=2-v1 nylcyclopropane.
Although much evidence has already been accumulated in this study
which supports the contention that the Cope rearrangement is involved
in the formation of 1- phenyl -1,3- pentadiene (146), it would be more

conclusive if we could isolate some intermediate which contains the
basic skeleton of tetraene 137.

With this objective in mind we set
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out to introduce a substituent which would stabilize the corresponding tetraene enough to permit its isolation.

The aromatic Claisen

rearrangement succeeds whereas the aromatic Cope rearrangement that
Doering and Bragole investigated (4) fails because of the stabilization of the Claisen intermediate by the carbonyl function, as well as
the activation of the carbon alpha to this carbonyl function.

Thus,

if a hydroxy substituent is introduced in a position where it can

essentially perform the same function as the oxygen did in the Claisen
rearrangement, we might expect some success in isolating the intermediate we are looking for.
Our attempt to accomplish this began with the synthesis of cis1-(p-hydroxypheny1)-2-vinylcyclopropane.

The result obtained was not

as we had expected but is interesting in its own right.

Synthesis of cis-1-(p-hydroxypheny1)-2-vinylcyclopropane (cis-148)
Much difficulty was encountered in the synthesis of 148.

The

most obvious route is to follow the procedure used for the synthesis
of the parent compound (cis-130), that is, preparation of p-hydroxybenzal hydrazone by the treatment of p-hydroxybenzaldehyde with hydra-

zine,followed by the formation of p-hydroxyphenyldiazomethane, and finally, formation of the cyclopropyl ring by treatment with 1,3-butadiene
in the presence of zinc iodide.
step of the synthesis.

Our trouble started with the first

Formation of p-hydroxybenzal hydrazone (149)

proceeded with a low yield of the desired product and large quantities

of ppe-dihydroxybenzalazine.

Subsequent modifications of the proce-

dure raised the yield of 149 from 11% to 22%, which is still much lower
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than the corresponding yield in the synthesis of the parent compound
cis-130.

Oxidation of 149 to p-hydroxyphenyldiazomethane was attempt-

ed with the use of silver oxide, which has been reported to produce
much higher yields and at a much faster rate (207).
preliminary test showed this was not so.

In our case a

The absence of the red color,

characteristic of phenyldiazomethanes, showed that no p-hydroxyphenyl_
diazomethane was formed.

Attempts were made to place a protective block on the hydroxy
function.

Acylation of p-hydroxybenzaldehyde proceeded with reasonable

yields but treatment of p-acetoxybenzaldehyde with hydrazine hydrate
gave the hydrazone 149.

Similarly, the trimethysilyl derivative of

p-hydroxybenzaldehyde was prepared in good yields (70%), but upon
treatment of the product with hydrazine, only 149 and p,p'-dihydroxy-

benzalazine were obtained. An attempt to substitute the trimethylsilyl group on 149 itself also resulted in the production of p,p'-dihydroxybenzalazine.

p-Nitrobenzal hydrazone was prepared in good yield from p-nitrobenzaldehyde, with the aim of synthesizing the p-nitro derivative of
cis-130 and then converting it to the p-hydroxy derivative.

However,

the oxidation of the hydrazone again failed.

We next examined the possibility of preparing cis-l-(p-methoxyphenyl-2- vinylcyclopropane (150) and demethylating it to form the hy-

droxy derivative.

Synthesis of 150 had been previously reported by

Goh, Closs and Closs (129) who used zinc chloride in the formation of
the cycloropyl ring with a cis to trans ratio of 611.

In our synthe-

sis, zinc iodide was used and the amount of trans-150 formed was barely
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detectable.

Analysis by glpc showed that it amounted to at most 10%

of the sample, giving a cis to trans ratio of at least 9:1 (see Fig. 7).
Attempts to demethylate cis-150 with boron tribromide, according
to the method of McOmie, Watts and West (208) failed to produce the
desired product; however demethylation of cis-150 with sodium thio-

ethoxide produced some very interesting results.
Demethylation of a sample of 150, 88% of which is the cis isomer,
with sodium thioethoxide was carried out according to the method of
Feutrill and Merrill (209), at 120° for 14 hours in dimethylformamide.
The neutral fraction of the product mixture was found to consist of
80% 150 (83% of which is the cis isomer), 5% 1-(p-methoxypheny1)-1,3pentadiene (151), and 14% of unidentified material.

In the alkaline

fraction of the product was found 6% 150, 17% 1-(p-hydroxypheny1)1,3-pentadiene (152) and 76% trans-1-(p-hydroxypheny1)-2-vinylcycloOnly a trace of cis-148 was detected, by nmr

propane (trans-148).
analysis (see Fig. 8.)
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The products were identified by their nmr spectra.

Compounds

151 and 152 gave spectra that were very similar to that of the parent
hydrocarbon 146 except for a singlet at 3.80 6 in the case of 151,

Fig. 7.

100
The NMR Spectrum of 1-( p- methoxyphenyl )- 2- vinylcyclopropane
(83% cis )

(LID.
I3

-OCH

Solvents CC14
Reference TMS

1

A

Fig. 8.

The NMR Spectrum of trans-1-(p-hydroxyphenyl)-2- vinylcyclopropane (trans-1418 .
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corresponding to the methoxy protons and a broad singlet at 4.74 6
in the case of 152, corresponding to the phenolic hydrogen.
It is interesting to note that only the trans isomer of 148 is
formed in the demethylation step.

This cannot result from a thermal

cis-trans isomerization of 148 during the course of the reaction since
the cis-trans ratio of the recovered starting material 150 remains
essentially unchanged.

It is possible that the cis isomer of 148 has

undergone the Cope rearrangement to form 152, but that does not explain
why there should be such a large percent of trans-148 present in the
mixture.

One very likely mechanism is that 148 did undergo a cis-trans
isomerization while it was in its phenoxide form.

Conceivably the

isomerization is accelerated by participation of the phenoxide ion
as shown below.

This type of reaction can be considered an aromatic

conjugated analog to the base-catalyzed ring opening of cyclopropanols,
which is a well known reaction (210).

DePuy et al. reported that cis-

2-pheny1-1-methylcyclopropanol in a 50s50 dioxane-water solution is

0.1 N

W.-00

-t

50°

stable for an indefinite period at 50°, but when it is in 0.1 N sodium
hydroxide solution, it undergoes instantaneous ring opening to form
4-phenyl-2-butanone.'

In our case, the ring opened product is not as stable as the aromatic form of 148 and thus the intermediate itself is not detected.
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This mechanism allows for a rapid equilibration of the cis and trans
isomers of the phenoxide, leading mainly to the trans isomer.

Synthesis and Thermal Rearrangement of cis-1-(m-hydroxypheny1)72vinylcyclopropane (cis-154)Basically the same procedure for the synthesis of the p-hydroxy
derivative 152 is used in the preparation of 1-(m-hydroxypheny1)-2vinylcyclopropane (154).

m-Methoxybenzaldehyde was converted to m-

methoxybenzal hydrazone which was subsequently oxidized to m-methoxyphenyldiazomethane.

Treatment of the diazomethane with 1,3-butadiene

in the presence of zinc iodide produced 1-(m-methoxypheny1)-2-vinylcyclopropane (153), with a cis to trans ratio of 411.

Demethylation

of 153 (80% cis) by the method of Feutrill and Merrill (209) with
sodium thioethoxide in dimethylformamide, at 124° for 10 hours, produced a mixture, 43% of which is 154 (70% cis and 30% trans).

The

nmr spectra of 153 and 154 obtained in this manner are shown in Figs.
9 and 10.

Also found in the mixture obtained from the demethylation of 153
was 24% m-hydroxypheny1-1,3-pentadiene (155) and 28% of a compound for
which we suggest the structure 6,9-dihydro-5H-benzocyclohepten-l-ol
(156).

ViaEt-

'

10--c1-ii--Cor-c44-04,

---

)

Ocii

153 (200
c.L.)

10r,

-1-

1

(r;:l

4-:,A,L5±

S',4- air- 155

2694,,15C-,

(1'0 lt,C;4)

The product 156 is of great interest to us since it is what we
might expect from the Cope rearrangement of cis-154.
53>
(74

156
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Fig. 9.

The NMR Spectrum of 1-(m-methoxypheny1)-2-vinylcyclopropane
(80% cis) (153).
30U

Oa

-CH 3
Solvent: CC1 4

Reference: TMS

Fig. 10.

The NMR Spectrum of 1-(m-hydroxyphenyl) -2 -vinylcyclopropane

(70% 210 (129.
11.
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Reference:

CDC13:'
TMS
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Structure Elucidation of 156
The uv spectrum of 156 consisted of a peak with )\max at 273 nm
and a shoulder at 220 nm.

Upon addition of two drops of alcoholic po-

tassium hydroxide to the uv sample, the ?.max shifted to 294 and 240 nm,

respectively, and the extinction coefficient was increased.

Thus 156

is a phenolic compound since phenol (211.) has a ?max at 210.5 nm (E

6,200) and at 270 nm (e 1,450), whereas phenoxide has a .i\max at 235
nm (E 9,400) and at 287 nm (E 2,600).

3592

The ir spectrum of 156 also suggests that it is a phenols

(sharp), 3400 (broad)[0 -H]; 1321, 1281 Ephenolic C-0], and peaks cor-

responding to an aromatic compound.

Using the mass spectrometry peak match technique, we ascertained
the molecular weight as 160.089, and the molecular formula, then is
C

H

0'

11 12

The nmr spectrum is given in Fig. 11.
nine sets of peakss

Basically it consists of

multiplet (A) at 2.3 6 (2H), "triplet" (B) at

2.97 6 (2H), multiplet (C) at 3.5 6 (28), singlet (D) at 4.73 6 (1H),
multiplet (E) at 5.4 - 5.6 6, multiplet (F) at 5.8 - 5.9 6, doublet
(G) at 6.58 6, doublet (H) at 6.76 6, and triplet (K) at 6.97 6.

Multiplets E and F together give an integration value for two protons, and multiplets G, H and I correspond to three protons.

Singlet

D was shown to represent a hydroxylic proton by addition of deuterium
oxide to the nmr sample.

A cursory examination of the chemical shifts and integration values shows that the compound contains three methylene units, two olefin is protons and a trisubstituted benzene ring.

Since the uv and ir
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The NMR Spectrum of 6,9-dihydro-5H-benzocyclohepten-1-ol(1I6 .

Fig. 11.
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The NMR Spectrum of 6,7,8,9-tetrahydro-5H-benzocyclohepten-
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spectra indicated that it is a phenol, one of the substituents on the
ring must be a hydroxylic group.

With the benzene ring accounting for

six of the eleven carbons in the molecule, and three of the ones left
over being methylene carbons, we know therefore that there can be only
one nonaromatic double bond in the molecule.

In that case the two ole-

finic protons must be on the same double bond. An examination of the
molecular formula at this point tells us that there must be a ring
Since we have accounted for only one

(other than that of benzene).

substituent on the benzene, one very reasonable carbon skeleton might
be the one shown below, with another double bond somewhere in the qyNo

cloheptene

The assignment of this skeleton to 156 has been supported by the
results of the catalytic hydrogenation of 156 over platinum oxide.
The reduction used 0.9 equivalent of hydrogen and produced 157 in 90%
yield.

Product 157 has the same melting point as 6 7 8,9-tetrahydro-

5H-benzocyclohepten-l-ol, and its nmr spectrum (see Fig. 12) is in
agreement with published data (212).

51

6H

The problem remains as to where the double bond in the cycloheptadiene ring is located.

There are four possibilities, as shown

below.

OH

ni

15nz,

dk
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A nmr analysis using triple irradiation helped to clear up this point.
The sample was irradiated at two regions at a time:
A:and B.

A and C, B and C,

The spectra of the 5 - 6 6 region obtained in these triple

irradiations are shown in Fig. 13.

Note that when both the A and C

protons are irradiated, the complex olefinic multiplets E and F simplified into two doublets with J= 12 Hz, which is a normal splitting
constant for cis olefinic protons.

This means that methylene A and

methylene C must be positioned at each side of the double bond:

A
CH2-CH=CH-CH2.

When B and C protons are irradiated, F becomes a doub-

let (J :12 Hz) while E appears to be a doublet of triplets (J=3, 12
Hz).

This implies that the A protons are vicinal to the E proton,

splitting it into triplets by 3 Hz.

This splitting constant is a

little small, but still reasonable.

When protons A and B are irrad-

iated, E is now a doublet (J=.12 Hz) while F appears to be a doublet
of doublets but can be better interpreted as an overlapping doublet

of triplets (J=

5,

12 Hz).

From the splitting patterns described

above, we can safely propose that 156 contains a group of the type
pictured below:

rawz

11c

In support of this structure, irradiation at F simplified multiplet C into a doublet (.1::-12 Hz), while multiplet A and triplet

unaffected.

B are

The splitting of J=2 Hz is probably due to a long range

coupling with proton E.

At this point we can rule out 158 and 161 as possible structures
for 156.

Of the three methylenes, C is furthest dawnfield.

This

108

Fig. 13.

The NMR Spectra of the
Olefinic Region of 6,9dihydro-5H-benzocyclohepten-1-,o1 (156) with
Various Triple Irradiation Patterns.

No multiple irradiation.

With irradiation at regions
A and C.

With irradiation at regions
B and C.

With irradiation at regions
A and B.
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means that the C protons are the ones which are both allylic and benzylic, however that does not distinguish between the two remaining
choices:

159 and 160.
5

. Aro

v NF

HE
I

---

GO

A

In order to pinpoint the exact structure of 156, a study was
made involving the shift reagent Eu(fod)3 (see Fig. 14).

It was found

that the order of decreasing amount of shift due to the addition of

D >>> C > G >> Hsi >AAZAJAE.

Eu(fod)3 is as follows*

This pattern

strongly suggests that 156 has the structure of 159, since it tells us

that of the three methylene protons (A, B, C), C is closest to the
hydroxylic function.
One might question the position of the hydroxy function in the
benzene ring.

There are four carbons on the benzene ring at which the

hydroxy group may be positioned.

Structure 160 has already been ruled
a
0-

HO

OH
I

2a

I62b

out by the results from the nmr shift reagent study.

Structures 162a

and 162b can be ruled out by inspecting the splitting pattern of the
phenyl protons.

For structure 159 (the structure we are proposing for

156) we would expect the ortho and pars protons to have smaller 6 values

than

that of the meta proton due to the resonance stabilization

by the hydroxy oxygen.

The ortho and pare protons should each be split

into doublets, while the meta proton should be split into doublet of
doublets, with coupling constants of 6 - 9 Hz.

This pattern matches
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Fig. 14.

The NMR Spectra of 6,9-Dihydro-5H-benzocYclohepten-l-o1
(156) in the Presence of Eu(fod)3.

No Eu(fod)3
Present

111
well with the actual spectrum since the "triplet I" can be interpreted as an overlapping doublet of doublets (J= 8, 8 Hz).

Doublet G

corresponds to the ortho proton and doublet H, to the para proton.
For either structure 162a or 162b, we should see a singlet due to the
proton which is adjacent to the ring junction, as is observed in the
nmr spectrum of 153 (see Fig. 9) and that of 154 (see Fig. 10).
The possibility of 156 having the structure of 162a and 162b can
also be ruled out by comparing the melting points of 157 and 163.

157

The

/6,3

literature value for 157 is given as 111 - 112° (212) and that of 163
as 72° (213, 214).

Since the melting point we obtained for the hydro-

genation product of 156 was 113 - 115°, we can conclude that 156 does
indeed have the structure we proposed.

Thermal Rearrangement of cis-1-(m-hydroxypheny1)-2-vinylcyclopropane

(i -120,
When 154 (75% cis) was heated at 121.5° for 20 hours in an ethanol solution containing potassium phenoxider the product was found to
contain 32% 154 (50% cis), 45% 156 and 18% of what appeared to be 155
by glpc.
c,c13

CH=QA-GA=CH-CH.

VhOK
Et OH
1

2

r

\

154 (50,/ocif0

45./0156

I B 4/,,,

/55

When cis-154 is refluxed in ethanol for 18 hours without any add-

ed phenoxide, no reaction was detected. At a higher temperature (121°,
20 hr) however, 26.4% of the product was 156, but no 155 was detected.
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Thus we see that no added base is needed for the formation of 156,
whereas base is necessary for the formation of 155.

This may be due

to the fact that different protons are removed in the formation of the
two products.

ForMation of 156 results formally from removal of the

bridgehead proton, while formation of 155 is due to the removal of the

55

diallylic proton.

If we consider the keto form of 156, removal of the

bridgehead proton might be easier since it is on a carbon alpha to a
carbonyl function.

In the case of the tetraene 137 (the intermediate

from cis-130), without the carbonyl function, the diallylic proton
is the more acidic of the two.

-He

156

155

H=Cti-Cti=0-4
14G
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It is interesting to note that if the Cope rearrangement is
involved, there are two possible isomers and yet we have detected
only one.

It seems that attack at the pare position might be steric-

prthe citto,ck

H

ally favored.

In the study of the Claisen rearrangement of phenyl

propargyl ethers, Iwai and Ide reported (48) that for various m-substituted derivatives only pare attack was observed.

Perhaps the dif-

ference between their system and ounsis that the linear geometry of

0\

20 -220°

\\\

1

1

the acetylenic function accentuates steric hindrance due to the substituent.

However, this would only explain why we did not obtain

the product of a pare attack exclusively.

ortho attack is preferred.

It does not explain why the
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CONCLUSIONS

The formation of 1-pheny1-03-pentadiene in the base-catalyzed
rearrangement of cis-l-phenyl -2-vinylcyclopropane at ca. 100° has

been shown to be due most likely to an electrocyclic ring opening of
the anion from a Cope rearrangement product.

In the case of the m-

hydroxy derivative, the Cope rearrangement occurs without ring opening in the absence of base, giving the benzocycloheptene system in a
manner entirely analogous to the aromatic Claisen rearrangement.

This

is a rare example of a Cope rearrangement involving an aromatic double

Analogous rearrangements have been

bond which is not base-catalyzed.

reported in the literature, such as the thermal reaction of 1-(p-bromopheny1)-2-(isopropenyl)azirldine (34), the reaction of vinyldiazometh-

14050(1.61Tr'

H

ane with benzylidene sulphone (215), and.very recently, that of 4,5arCH =S02.

t..1

9
benzotetracycloE4.4.0.0.2' 10.03, 9jdeca-4,7-diene (216).

However no

[

work had been done on these systems to investigate other mechanistic
possibilities.

The studies we are reporting here for cis-130 have

provided convincing evidence that the Cope rearrangement is indeed
involved.
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EXPERIMENTAL

General Laboratory Procedures and Conditions

Unless specified otherwise, nmr spectra were run on a Varian HA
100 instrument.

Chemical shifts are reported in 6 values (t 0.3 Hz),

relative to the internal standard, tetramethylsilane (TMS).

Infrared

spectra were obtained on Beckman IR 8 instrument, calibrated at the
1603 cm-1 absorption peak of polystyrene film.

Ultraviolet spectra

were obtained on a Cary 15 spectrophotometer.
Melting points reported here are uncorrected.
Glpc analyses were performed on either the Varian Aerograph

A 90-P 3

or the Varian Aerograph Autoprep A-700 instruments.

The

columns used will be referred to by the letter designation as defined
below:

Column A

5 ft x

in column of 20% SE-30 on Chromosorb W

Column B

5 ft x

in column of 20% SE-30 on Chromosorb G,

acid-washed DMCS.
Column C

6 ft x k in column of 5% DEGS on Chromsorb G.

All analyses were performed at a detector temperature and injector
temperature of ca. 2000.

The carrier gas (He) was generally set at a

flow rate of 100 - 110 ml/min.

Except for the kinetic study, integra-

tion of peak areas were determined by weighing the tracings of the peaks
on a Mettler balance (±p.000l g).
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Preparation of cis-l-Phenyl -2-vi nylcyclopropane (cis-130)
with Phenyldiazomethane.

Benzaldehyde (11 g, 0.1 mole) was treated with hydrazine hydrate
by the method of Lock and Stach (217) to give benzalhydrazone in 51 627. yields

by

100 - 102° (2.0 mm) ,[lit (217) by 132° (9 mm) j.

An ether solution of phenyldiazomethane* was prepared according
to the method of Staudinger and Gaule (218). To 6 g (0.05 mole) of
benzalhydrazone, dissolved in 30 ml of diethyl ether was added 11 g
(0.05 mole) of yellow mercuric oxide (B&A) in small portions over a
period of 0.5 hr.

During the addition, 4 - 10 drops of a concentrated

(ga. 3M) methanolic potassium hydroxide solution was added.

The mix-

ture was stirred for 1 hr at room temperature, filtered by gravity and
dried (Na2SO4) for 0.5 hr.

According to Gutsche and Jason (219), this

method yields phenyldiazomethane in ca. 35% yield (based on benzaldehyde).

Without further purification, the solution can be estimated

to contain ca. 0.035 mole of phenyldiazomethane.
The phenyldiazomethane was allowed to react with 1,3-butadiene
according to the method of Goh, Closs and Closs (129), with minor modifications.

Approximately 50 ml of 113-butadiene (C.P.) was condensed

into a three-necked flask.

To this was added 4 ml of an ether solution

of zinc iodide (ca. 0.3M), followed by dropwise addition of the phenyl-

diazomethane solution. At first the red color disappeared immediately,
but as the addition proceeded, the reaction mixture acquired an orange

*Since phenyldiazomethane can be explosive, this preparation was performed behind a safety shield in the hood. Residual phenyldiazomethane
on all glassware was destroyed by the cautious addition of dilute
acetic acid as soon as possible.
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To

color, indicating the presence of unreacted phenyldiazomethane.

avoid this, additional zinc iodide solution was introduced via a syringe at appropriate intervals.

(A total of ca. 3 mnoles of zinc

iodide was generally required.)

After the addition had been completed

the mixture was stirred for 0.5 hr.
were removed under, reduced pressure.

The solvent and excess butadiene

The residue was then washed with

water, extracted with pentane and dried (ggSO4). After removal of the
solvent, simple distillation gave one fraction:

by 56-80° (2.5 mm),

[lit (136) for cis-130, by 740 (6 mm); for trans-130, by 84° (7 mm)].
Analysis by glpc showed the cisstrans ratio to be 5:1 (use of zinc
chloride in place of zinc iodide gave a ratio of 3:1, as described by
Goh, Closs and Closs (129)).

The cis and trans isomers were first collected together as a
80:20 mixture, either from column B (column temperature =1600) or

from column C (column temperature=1200).

The two isomers can be

separated on the 5% DEGS column at 1000 with retention time:

ci§-110,

7 min; trans-130, 8 min (helium flow rate=100 ml/min).
cis-130:

uv max (cyclohexane) 290 nm (49), 274 rum ((175), 265

nm (e 299), 260 nm (e 317), 255 nm (e 334), 248 nm (F 371), 220 sh;

it

(CC14) 1637, 1603, 1493 [vinyl and phenyl C =C], 1031 [cyclopropyl],

990 and 899 [vinyl C-H], in agreement with lit (129) values; nmr (CC14)
6, 0.8-1.4 (m, 2H, cyclopropyl H), 1.6-2.0 (m, 1H, =CH-CH -), 2.0-2.5
(broad s, 5H, Ph),

(m, IH, PhCH-), 4.60-5.16 (m, 3H, vinyl H), 7.12
matches the published (129) spectrum (see Fig. 3).

When a nmr sample of cis-130 was irradiated at 5.0 6, the multiple
at 1.6-2.0 6 collapsed into a pattern resembling a doublet of doublets
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(J=.16 9 Hz) (see Fig. 4), while the rest of the peaks in the region
0.8-2.4 6 remained unchanged.

Irradiation at 1.8 6 obviously affected

the peaks at 5.0 6, but no simple pattern was revealed.

Irradiation

at 2.4 S somewhat simplified the pattern at 0.8-1.3 S region.
trans-130:

uv max (cyclohexane) 276 nm (R535), 268 nm (E670),

262 nm (e664); nmr (CC14) S, 0.8-1.3 (mt 2H, cyclopropyl H), 1.4-2.1
(m, 2H, PhCH-CH--CH=CH2), 4.7-5.7 (m, 3H, vinyl H), 6.8-7.3 (2., 5H,

Ph), in agreement with lit (129) (see Fig. 3).

Preparation of 4-Pheny1-3-butyn-1-01 (131)

To a mixture of sodamide in liquid ammonia, prepared from 5.0 g
(0.21 g atom) of sodium, according to the method of Jacobs (220), was
added 11.2 g (0.11 mole) of phenylacetylene.

Ethylene oxide (9.7 g,

0.22 mole) dissolved in anhydrous diethyl ether was then slowly added.
The reaction mixture was stirred for 24 hr, after which the ammonia was
allowed to evaporate overnight.

The caked residue was mixed with 100 ml

of diethyl ether, and an aqueous solution of ammonium chloride was added
to this suspension.

The ether layer was separated, and the aqueous lay-

er was acidified (HC1).

The aqueous solution was extracted with ether,

and the extracts were combined with the original ether layer and dried
(Na2SO4).

Removal of the solvent and distillation yielded 4-pheny1-3-

butyn-l-ol (131), 5.2-6.3 g (32-39%*):
(221) by 147° (16 mm)];

by ca. 117-120° (3.5 mm) [lit

it (neat), 3356 broad [0-H], 3077 [Ph], 2900-

2940 [CH2], 2222 weak [C-C], 1042 [C-0], 752 and 690 [monosubstituted
The yield was lowered by one-half when the simple teflon paddle stirrer
was used instead of the Hershberg stirrer.
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Ph]; nmr (CC14) Varian, A-60, 6, 2.52 (t, 2H, .1= 7 Hz, CECCH2CH2-),

3.65 (t, 2H, J=7 Hz,. -OCH2CH2-)y 4,35 (s, 1H, -OH), 6.85-7.45 (m, 5H, 134).

Preparation of cis -4- Phenyl- 3- buten -l-ol (132)

A 3.0 g (0.021 mole) sample of 131 was purified by column chromatography over neutral aluminum oxide of activity II - III using 10% diethyl ether in benzene as the eluting solvent.

This sample was hydro-

genated immediately after purification over 0.61 g (20% wt of the sub-

strate) of Lindlar catalyst (222) in 15 ml of dry thiophene-free ben
zene containing 0.12 g (20% wt of the catalyst) of synthetic quinoline.
After 3.5 hr, the hydrogen up-take levelled off.

The mixture was fil-

tered, washed with three portions of 1N hydrochloric acid and twice
with water and then dried (Na2SO4).

Upon removal of the solvent, 2.9 g

(94%) of cis -4- phenyl -3- buten -l-ol (132) was obtaineds

by 93-95°

(1.0 mm) [lit (223) by 99-103° (2 mm)]; it (neat), 3333 [0 -H], 3030 [Ph
and H-C=C-H], 1047 [C-0], 766 and 697 [monosubstituted Ph], 678 [cis,H-C=C-H];

nmr (CC14) Varian A-60, 6, 2.45 (q, 2H, J= 6 Hz, C=CCH27),

2.80 (S, 1H, -OH), 3.55 (t, 2H, J=6 Hz, -CH20-), 5.56 (d of t, 1H,

J=12, 7 Hz, -CH=CH-CH2), 6.42 (d, 1H, J=12 Hz, Ph-CH=CH-), 7.14 (s,
5H, Ph).

Preparation of c12-1-Phenyl-2-(2-hydroxyethyl)cyclopropane (113)
by the Simmons-Smith Reaction

A zinc-copper couple was prepared from 0.36 g (5.5 mg atom) of
zinc (30 mesh) and allowed to react with 0.98 g (3.7 nmole) of diiodo-

methane and 9.42 g (2.9 mole) of 132 in diethyl ether, according to
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the method of LeGoff (130).

After the reaction mixture had been re-

fluxed for 28 hr a small aliquot was removed for analysis by glpc.
Column A (column temp

1700) was used.

The reaction mixture was shown

to be composed of 56% of 132 and 39% of cis-4-phenyl-242-hydroxyethyl)cyclopropane (133):

ir (CC14), 3676 sharp and 3448 broad [0 -H], 3049

and 1031 [ cyclopropyl C.41], 3106, 3030 [Ar -H], 2959 and 2900 [ -CH2],

1053 [C-010]; nmr (CC14) 6, 0.5-1.4 (my 5H, three cyclopropyl H's and

the adjacent -CH2-), 1.36 (s0 1H, -OH), 2.09 (my 1H, benzyl H), 3.42

(t, 2H, J=6 Hz, -CH2CH20-)0 7.12 (s0 5H, Ph).
Anal. Calculated for C11111401

Found

$

C, 81.44;

H, 8.70'

C, 8111;

H, 8.70

Heating the reaction mixture 37 hr longer produced essentially no
change.

(When a sample of cyclohexene was added at this point, no form-

ation of norcarane was detected.)

After the usual workup, the product

mixture was allowed to react with a fresh batch of zinc-copper couple
for another 24 hr.

Analysis by glpc gave the product composition as

2.14% of 132, 53.1% of 133 and 28.4% of an unknown compound 136:

ir

(CC14)0 3086, 30490 2994, 2941, 2899, 2841, 1603, 1493, 1190, 1117
(very strong), 1026 and 697 (very strong);

nmr (CC14) 6, 3.13 and 7.07

(both singlets and of equal peak area).
In a separate experiment, when the molar ratio of the zinc-copper
couple and diiodomethane to the olefin was increased to 5:1 and the mixture allowed to reflux for 3 hr, the product contained 17.6% of 133,
44.0% of 136 and 38.4% of other undetermined materials.
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Preparation of cis-l-Phenyl-2-(2-hydroxyethyl)cyolopropano (133)
using -nratiomethane

An attempt was made to prepare 133 by reacting 132 with diazomethane in the presence of zinc iodide, according to the method of

Wittig and Schwarzenbach (131). An ether solution of diazomethane
was prepared from bis-(N-methyl-N-nitroso)terephthalamide according to the method of Arndt (225).

To a dioxane solution containing

9.87 g (3.7 mmoles) of zinc iodide was added 45 ml of the diazomethane

solution (5.9 mmoles) under nitrogen. A 0.37 g (2.5 mmoles) sample of
132 was added and the mixture refluxed for 2 hr. An additional 10 ml
portion of the diazomethane solution was added and the mixture refluxed
for 52 hr longer.

Upon the usual workup, a semi-solid mixture was ob-

tained, which was shown by glpc to consist of 79% of 132, 11% of 133
and 10% of an unidentified compound.

Column A (Column temp = 170°) was

used.

Preparation of cis-l-Phenyl-2-(2-acetoxyethyl)cyclopropane (135)

A.

Preparation of cis -4-Phenyl -3 -butenyl Acetate (134)

A benzene solution containing 0.30 g (2.0 mmoles) of 132, 1.9 ml
(20 mmoles) of freshly distilled acetic anhydride and 1.6 ml (20 mmoles)

of freshly distilled pyridine was refluxed for 12 hr and then poured
into ice water.

The organic layer was washed twice with 2% hydrochlor-

ic acid, once with 5% sodium carbonate and dried (anhydrous Na2CO3).
Upon removal of the solvent, 0.32 g (82%) of 134 was obtained!

[lit

(226) by 149° (12 mm)], it (neat), 1739 [ester C-0], 1235 [acetate
C -0-C),
-C), 1031, 766 and 697 [monosubstituted Ph], and 678 [cis H--C-H];
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glpc column A at a column temp of 170° gave one single peak, with a retention time longer than that of 132.
B.

The Simmons-Smith Reaction of cis-4-Phenyl -3-butenyl Acetate (134)

A 0.30 g (1.6 mmoles) sample of 134 was allowed to react for 22 hr
with 0.63 g (2.4 mmoles) of diiodomethane and a zinc-copper couple prepared from 0.23 g (3.5 mg atom) of zinc according to the method of Le

After the usual workup, the product mixture was analyzed

Goff (130).

by glpc and was shown to contain 84% of unreacted 134 and 16% of cis1 -phenyl -2 -(2-acetoxyethyl)cyclopropane (135).

The product mixture

was then treated four times with fresh batches of the zinc-copper cou-

ple and diiodomethane. After each treatment the products were isolated,
and the results are shown in Table 17.
Table 17.

Results from the Simmons Smith Reaction of 134.

Treatment No. Reaction
Time (hr)
1
2
3

4
5

Composition* of Product Mixture %Increase 7Aeac.
tion*1
%135
of 135

%Unreactiaf34

22

84

27
21

65

24
36

37
28

49

16
35
51
63
72

16
19
16

16
23
25

12

24
24

9

As determined by glpc with column A (column temp=.1 00 and helium flow
rate=:91 ml/min.
**% Reaction for each treatment=(% increase of 135)
unreacted 134 in previous product)
When 0.50 g (2.6 mmoles) of 134 was treated with five times the
usual amount of Simmons-Smith reagent and refluxed for 120 hr (five
times the normal period), the product mixture was found to contain 78%
of 134, 16% of 135 and 6% of other unidentified compounds.
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Pyrolytic Studies of cis-130

General Conditions
Unless specified otherwise, the reactions were conducted in
sealed ampoules (130 x 15 mm (0.D.) heavy wall Pyrex).

These ampoules

were cleaned by soaking them overnight in concentrated ammonium hydroxide, rinsing thoroughly with carbon dioxide-free distilled water and
then oven -dried overnight.

The samples were first dissolved in the appropriate solvent,
transferred into the ampoules and degassed by cooling (dry ice-acetone
bath), evacuating to 0.25-0.05 nui, warming to room temperature and fill-

ing with pre-purified nitrogen. After this process had been repeated
four times, the samples were finally evacuated to 0,25-0.05 mm, sealed
and placed in a sealed tube heater.

The product was analyzed by glpc

(column B, column temperature==1000, helium flow rate=100 ml/min).
Products were identified by separation of the major components by preparative glpc followed by spectral analysis.

A Kinetic Study of the cis-trans Isomerization. of 130

Materials
1 -Pheny1-2 -vinylcyclopropane (130) was prepared by the method of

Goh, Closs and Closs (129) as described earlier.

The sample obtained

from a simple vacuum distillation was further purified by preparative
glpc on column B (column temp =150°; helium flow rate 100 ml/min).

The major peak (retention time=ca. 3 to 4 min) contained both isomers
of 130, at a ratio of 80% cis: 20% trans, as determined by glpc on
column C (column temp=100°, helium flow rate x.100 ml/min).

It was
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necessary to flush out the column intermittently at 200° to avoid contamination by substances with higher retention times.
n-Butylbenzene obtained from Eastman Kodak was purified by distillation (bp 55-560 (5 mm)).

Cyclohexane (chromatoquality) was deaerated just prior to use by
bubbling prepurified nitrogen for a few minutes through a small sample
placed in a vial.
Preparation of the Samples
Samples for each kinetic run were taken from the same stock solution.

These stock solutions were prepared by weighing 130 and the n-

butylbenzene into a small vial.
syringe.

The cyclohexane was then added via a

The quantities used are listed in the table below.

Temperature of
Kinetic Run
141°
150
161
168

_quantities Used
130
n-BuPh Cyclohexane

149.4 mg
140
149.4*
131.7

62.2 mg
67.1
62.2*
58.8

1.00 ml
1.00
1.00*
0.80

Conc. of
130

1.04 M
0.97
1.04*
1.14

*The same stock solution was used for the runs at 1410 and 161 °.

For the actual kinetic samples, capillary tubes (1.7 x 100 mm) were
used.

These capillary tubes (opened on both ends) were soaked overnight

in concentrated ammonium hydroxide, rinsed fifteen times with boiled

distilled water in a large test tube and then oven-dried. After they
were sealed on one end, they were again oven-dried.
samples were introduced into each via a syringe.

Forty-microliter

They were cooled in

a dry ice-acetone bath, evacuated to 0.05 mm and then sealed with a
mi croburner.

For each kinetic run along with the capillary samples was placed
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a larger sample (0.2-0.3 ml in a 160 x 5 mm (0.D.) heavy wall pyrex
ampoule).

The ampoule was cleaned and the sample deaerated before

sealing, as previously described for the pyrolytic studies of 130.
Reaction Conditions and Analysis Procedure
Kinetic runs were performed at four different temperatures:
1500, 1610 and 1680.

1410,

The samples were completely submerged in a con-

stant temperature oiI bath.

At various time intervals a sample was

removed, quenched in an ice bath and analyzed by glpc,
analyzed immediately were stored in the refrigerator.
temp==90°, helium flow rate:=109 ml/min) was used.
analyzed by three 10,p1 injections.

Samples not

Column C (column

Each sample was

The integration of the peaks cor-

responding to the n-butylbenzene, cis-130 and trans-130 were determined
and recorded by an electronic, digital integrator.

The approximate re-

tention times of these peaks are shown in the table below:
Compound
n-butylbenzene
cis-130
trans-130

Retention Time (min)
3

12
14

The large sample in each kinetic run was removed near the end of
the run.

The two isomers of 130 in this sample were isolated by prep-

arative glpc on column C (column temp=90°, helium flow rate=100 ml/
min), followed by a nmr analysis.

In each case, they were shown to be

indeed the cis and trans isomers of 130, containing only a slight trace
(estimated to be less than 7%) of 4-phenylcyclopentene (138).
Method of Calculations
The observed rate constant, kobs, was calculated for various time,
t, based on equation 1:
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ln(A0 -A)

ln(A-Ae )

(Eqn. 1)
lc

obs-

Values of A were obtained by dividing the integration values of
The values listed in Tables

cis-130 by those of n-butylbenzene.

18-21 are average values from the three injections of each sample,
The % cis values are based on only the cis- and trans-130, peaks.. For

each kinetic run a graph of log A vs t was made from which Ao was
determined by extrapolation to t= 0 (see Fig. 15).

The equilibrium t

time, te, was taken as the time when the decrease in % cis appeared to
have levelled off (see Fig. 16).

Ae was the value of A at time te.

The equilibrium constant, Ke, was calculated by dividing

the integra-

tion values of trans-130 by those of cis-130 at time te.
With k/ as the rate constant for cis-130 isomerizing to trans -130
and k-1 as that of the reverse reaction,
ki

J.

cis -130

'

trans-130

k-1

the following equations are valid (237):
kobs ' kl

k-1

k

Ke=

k

(Eqn. 2)

(Eqn. 3)
1

-1

Thus k1 can be calculated from Ke and kobs by equation 4:
Ke kobs
k

Kel- 1

(Eqn. 4)

Once k1 is determined, k_1 can then be calculated from equation 3.
A graph of log k/ versus 1/T(°K) is plotted and the best straight
line is determined, using the least squares method.

The slope of this

line is then used to calculate the activation energy and the enthalpy
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of activation by the following equations:

Ea= -(slope)(R) (2.303)

mit=

Ea - RT

The y intercept of the line is calculated and from this value the
entropy of activation can be calculated.

y intercept = log A
A = e

kT e"-YR
h

Kinetic Data
Table 18.
Time (t)
(hr)
0

Kinetic Data for Isomerization of cis-130 at 141°

A

%cis
(.1.1.5)

1.495
1.449
1.379
1.293
1.246
0.991
0.322

2
5

8
11

24
101*
118

kri h

(hr -1)

MN MI .1111. OWN.;

72.97
70.87
66.76
64.35
52,18
19.83
19.70

0.0201
0.0208
0.0237
0.0209
0.0235

Av ko

b s

0.0218 hr-1
+0,0017 (7.7%)
6.06 x 10-6 sec-1

------

*teem 101 hr; Ke-' 4.04+ 0.38(±9.4%)

Table 19.
Time (t)

Kinetic Data for Isomerization of Qls-130 at 150°

A

0
1

3

5
7

10
15.8
25

49.2
71.1
121*
133

*te

%CIA-

(21.5)

(hr)

1.192
1.178
1.076
1.027
0.956
0.879
0.766
0.582
0.340
0.253
0.175
0.178

121 hr; Ke

77.84
69.27
63.79
60.75
55.18
52.55
35.16
21.46
15.93
12.82
12.32

'lobs

( hr-1)

0.0138-1
0.0403
Av kobs 0.0362 hr-1
0.0354
+0.0013 (3.5%)
0.0377
'
1.00 x 10-5 sec-1
0.0367
0.0339
0.0367
0.0371
0.0361_/

6.80 + 0.91 (±13.4 %)
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Table 20.
Time (t)

Kinetic Data for Isomerization o

A

%9IP
76.50
63.53
56.17
54.17
44.12
39.41
13.50
13.98

1.294
1.017
0.923
0.882
0.692
0.598
0.194
0.201

0
2.1
3

3.8
6
7

26.5*
30

Table 21.
Time (t)

0.1395
0.1372
0.1226
0.1321
0.1431

2

2.58
3.13
3.62
4

A

%cis

k ohr

14
18*
20.25
24.00

18 hr; Ke

Table 22.

0.1747
0.2000
0.2016
0.2062
0.2048
0.2092
0.2092
0.2284
0.2078

39.9
36.9
35.4
25.3
19.5
15.3
13.2
13.5
13.3
13.2

29.08

bs

-1)

57.5
48.1
44.2

0.639
0.596
0.557
0.425
0.283
0.217
0.168
0.173

6
9

Av kobe= 0.1350 hr-1
+0.0080 (5.9%)
= 3.75 x 10-5 sec-1

Kinetic Data for Isomerization of cis -130 at 168°.

1.066
0.922
0.770
0.702

1

-1

- - - ---

(11.5)

(hr)
0

*te

( hr-1)

6.40 + 0.82(112.8%)

26.5 hr; Ke

*te

lInbs

(±1.5)

(hr)

cis-130 at 161°.

0.2084 hr-1
+0.0088 (4.2%)
5.79 x 10-5 sec-1

Av kobs

VIIIIMAIM7111b

6.58 + 0.86(±13.1%)

Rate Constants(ki and k_1)and Equilibrium Constant (Ke)
at Various Temperatures for the Isomerization of cis-130.

T(0c)

ki(sec -1)

k

141

(4.8619.38)x10-6

(1.2019.15)x10 -6
(±12.3%)

4.04+0.38

(1.28±0.18)x10-6

6.80+0,91

(±7.9%)

150

(8.72±0.34)x10-6
(±3.9%)

161

(32.4±2.0)x 10-6

168

(t6.1%)
(50.4 ±2.3)x 10-"
(t4.5%)

-1

(sec-1)

Ke
(±9.4%)

(±13,4%)

(±14.0%)
(5.05±0.72)x10 -6
(±14.27)

6.4110.82
(±12.8%)

(7.66±1.00x10-6

6.58e.86

(113.9%)

(±13.1%)
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A graph of - ln(A - Ae) versus time for the isomerization at 168°
is given in Fig. 17 to show the linear relationship observed.
The graphs of log kl versus 1/T and of log k_i versus 1/T are
given in Figs. 18 and 19, respectively.

The activation parameters cal-

culated from the least squares slopes of these graphs are given in Table
13 on page62,in the discussion section.

Pyrolysis of cis-130 in Methylcyclohexane at 224°
A methylcyclohexane solution (4 ml) containing 77 mg of cis-130
(0.13M) was heated to 224° for 24 hr to give a mixture of two products,
as shown by glpc (retention time:

ca. 7 min, 67% and ca. 9 min, 33%).

Separation by preparative glpc followed by spectral analysis showed
the second peak to correspond to trans-130 (by nmr) and the first peak
to correspond to 4-phenylcyclopentene (138)

(195):

nmr (CC14) 6, 2.2-

3.0 (m, 4H, -CH2-), 3.42 (quintet, 1H, J=7-8 Hz, Ph -CH -), 5.72 (s,
2H, H -C=C -H), 7.14 (s, 5H, Ph).

Catalytic hydrogenation of 14 mg (0.1

mmole) of 138 over 18 mg (0.08 mmole) of platinum oxide (MCB) in a
microhydrogenation apparatus, by the method of Clauson-Kaas and Limborg
(227), used one equivalent of hydrogen.

The hydrogenated product was

shown to be phenylcyclopentane (164) by its spectral properties:

uv

max (cyclohexane) nm, 268, 259, 254, 249, [lit (197) uv max (cyclo-

hexane), 268, 261, 254, 248]; nmr (CC14) 6, 1.4-2.2 (m, 8H, -CH2-),
2.94 (m, 1H, Ph-CH-), 7.08 (m, 5H, Ph).

When 97 mg (0.67 mole) of trans-130, dissolved in 1.5 ml of
methylcyclohexane was heated to 233° for 44 hr, the major product(83.7%
of the reaction mixture) gave a nmr spectrum identical to that of 138

130

Fig. 15.

Graph of log A versus t (time) for the cis-trans
C.
Isomerization of cis-130 at 1t

Log A
2.0

1.5

log A

1.07 (by extrapolation)

90

0
5.0

10.0

1540
t (hr)

20.0

251.0

Fig. 16.

Graph of %cis-]3Q versus t (time)
for the cis-trans isomerization
of cis-116at 1685C.

Equilibrium assumed to be reached.
(%cis =13.2 4. 1,5, Ke 6.58 + 0.86)

111111

10
4

10

12

14

16

18

Time (hr)

20

22

24

26

28

30

32

34

132

Fig. 17.

cis-trans
Graph of -In (A-A) versus t (time) for the
at 100C.
Isomerization of cis-1

- in CA - Ae)

4
2.0

4.0

1

6.0

8.0

Time (hr)

4
10.0

1--

12.0

14.0

133

Fig. 18.

Graph of log ki versus 1/T for the cis-trans Isomerization
of cis-130.

slope= -7.23 x 103
(±0.665x 103)

log A=12.1 ±1.6
correlation coefficient = 0.992

-5.2

-5.4
2.25

2.30

2.35
1 /T( °K) x 103

2.40

2.45
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Fig. 19.

Graph of log k_l versus 1/T for the cis-trans Isomerization
61-611=130.

Log k...1

-5.4r-

slope

6.01 x 103
(11.34 x 103)

log A

8.5 ±3.1

correlation coefficient

0.95

a
-6.0--

-6.2-

-6.4'

2.25

--r
2.30

2.35
1/T( °K) x 103

2.40

2.45
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described above:

uv max (cyclohexane) 308 nm (54), 284 nm (164),

268 nm (;403), 262 nm (E517), 258 nm (E517), 255 nm (E256), 248 nm

(000); it (neat) 3077, 3049, [Ph and H-C=C], 2941, 2865 E-CH2-j, 1600,
1493 [Ph and C =C], 753 and 697 Emono- substituted Ph], 673 Ecis- C=C -];
Anal. Calculated for C 11H121

Found

C, 91.61; H, 8.39

C, 91.91; H, 8.68

Reactions of cis-130 with Dienophile Trapping Agents
A.

With Dimethyl Acetylenedicarboxylate
A solution (3 ml) of methylcyclohexane containing 26 mg (0.18

mmole) of cis-130 and 0.21 g (1.5 moles ) of dimethyl acetylenedicarboxylate (MCB, distilled) was heated to 225° for 5 hr.

The product ob-

tained consisted of a clear yellow solution and a red-brownish amorphous material.

Analysis by thin layer chromatography on a 19 x 5 am

silica gel PF253 plate, eluted twice with 3% diethyl ether in benzene
showed there were at least ten components in the product.
B.

With Maleic Anhydride.

A solution (3 ml) of methylcyclohexane containing 58 mg (0.40
mmole) of cis-130 and 80 mg (0.82 mmole) of maleic anhydride (MCB) was
heated to 960 for 24 hr.

The product consisted of a clear and colorless

solution, a white solid and a yellow oil.
The clear solution was analyzed on glpc column C and found to contain cis-130 and a trace of trans-130.
A sample of the white solid was isolated.
300°.

It did not melt below

The rest of the white solid and the yellow oil were combined to

give a 63 mg sample.

To this was added 5 ml of methanol containing
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79 mg (1.4 moles) of potassium hydroxide and the mixture was refluxed
The solution was then acidified (HC1) and evaporated to dry-

for 3 hr.
ness.

The residue was redissolved in diethyl ether by refluxing for

0.5 hr. A white solid (mp above 150°) remained insoluble and was filtered off.

The filtrate was esterified with diazomethane prepared ac-

cording to the method of Arndt (225).

Glpc and spectral analysis show-

ed one product (71%) to be dimethyl maleatet

nmr (CC14) 5, 3.78 (s,

6H, 0=&)CH3), 6.17 (s, 2H, =C-H) and the other detectable product (29%)
to have no phenyl protons:

nmr (CC14) 6, 2.6-2.7 (m0 2H), 3.44 (s, 3H),

3.73 (d, 6H, J==5.5 Hz), 4.09 (d of d, 1H, J=5.5, 7.5 Hz).

Thin layer

chromatography of the esterified product mixture gave only a smear (silica gel PF254, eluted twice in chloroform).
C.

With N-Phenylmaleimide

A solution (3m1) of cyclohexane containing 0.25 g (1.7 moles) of
cis-130 and 0.8 g (4.6 moles) of N-phenylmaleimide was heated at 1000
for 9 days.

Glpc analysis with 4-methylcyclohexanone as the external

standard showed that 30% of the cis-130 had reacted.

The product mix-

ture consisted of unreacted N-phenylmaleimide, mp 84-87° [lit (228)
mp 90-91°], and an orange glassy solid which decomposed upon heating
(dec. 250-3300).

Pyrolysis of cis-130 in Sodium Methoxide/Methanol at 116°

A methanol solution (3 ml) containing 31 mg of cis -130 (0.073M)

and 203 mg of sodium methoxide (NCB) (0.014M) was heated to ca. 145°
for 5 hr.

Analysis by glpc showed no reaction had occurred.
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Pyrolysis of cis-130 in Potassium t-Butoxide/t-Butanol at 150°

A.

In t-Butanol

A t-butanol solution (3m1) containing 23 mg (0.16 mmole) of cis130 and 170 mg (1.5 mmoles) of potassium t-butoxide* (Columbia Org.
Chem.) was heated to 150° for 35 hr.

The sample was then diluted with

pentane, washed three times with water and dried (KgSO4).

Glpc analy-

sis showed the product to contain 21% of cis-130, 24% of trans-130,

13% of unidentified materials and 42% of 1-phenyl -1,3-pentadiene (1)s

uv max 308 nm (10,400), 286 nm (E28,200), 279 nm (227,400), 235 nm

(0,350), 227 nm (012,300), 221 nm C12,400), 210 nm (16,400), [lit
(229) uv max 282-4 nm (=28,800), 235 nm (18,320)1

nmr (CC14) 8, 1.81

(d, 3H, J=7.6 Hz, ==m-cm3), 5,5-6.9 (m, 4H, C=CH), 7.17.4 (m, 5H, Ph);
m/e= 144.

(See Fig. 6 on page 90 for the nmr spectrum).

Heating another sample of cis-130 (0.1310 in t-butanol at 150°
for 35 hr in the absence of potassium t-butoxide gave a product containing 47% of cis-130, 52% of trans-130 and 1% of 146.
B.

In t-Butanol-d1

A 0.54M solution of potassium t-butoxide in t-butanol-d1 was prepared by dissolving 78 mg of potassium in 3.7 ml of t-butanol-d1 (Stoh-

ler Isotope Chemicals, 98% D). A sample (63 mg, 0.44 mmole) of cis130 was added and the mixture heated at 150° for 30 hr.

Glpc analysis

showed the product to consist of 1% of cis-130, 12% of trans-130, 787.

of 146 and 9% of unidentified materials.**
*The potassium t-butoxide was taken from an old bottle and therefore of
unknown purity.
**Reaction in undeuterated t-butanol under similar conditions gave different product ratios. This is probably due to the different ways the
t-butoxide/t-butanol solutions were prepared.
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When a mixture of cis-130 (0.16M) and potassium t-butoxide
(0.48M)* was heated in 3 ml of t-butanol-d1 at 150° for 15 hr, the
product consisted of 9% of cis-130, 117. of trans-130, az of unidenti-

fied materials and 72% of deuterated 146:

nmr (CC14) 6, 1.8 (broad,

0.3H, partially deuterated =CH-CH3), 5.72 (s, 1H, =CH-CD3), 6.63 (s,
1H, Ph- CD-CH -), 7.0-7.4 (m, 5H, Ph),

Nmr spectra of cis-130 and trans-

130 obtained were identical in all respects to those of undeuterated
samples.

Pyrolysis of cis-130 in Potassium t-Butoxide/t-Butanol at 960

Six samples were sealed in 150 x 5 aim (0.D.) Pyrex tubing after
the usual deaeration procedures

three

samples, each with 0.5 ml of

-t-butanol containing 16 Mg (0.11 mmole) of 130 (79% cis), 7.4 mg (0.055
mmole) of n-butylbenzene and 24 mg (0.21 mmole) of potassium t- butoxide;

and three otherwise identical samples but without the t-butoxide.
six samples were heated to 96° for 24 days.
uted with pentane.

Each sample was then dil-

The solution was washed three times with water and

the product was analyzed by glpc.
gital integrator.

The

Integration was obtained from a di-

Results are shown in Table 23.

*This was prepared by dissolving 75.6 mg of potassium in 4.0 ml of
t-butanol-d1.
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Table 23.

Pyrolysis of cis-130 in Potassium t-Butoxide/t-butanol at 960

Sample Description
n-BuPh

Integration Values
trans-I30
146
n-BuPh
n-BuPh

cis-130
trans-130

Samples without t-BuOBefore pyrolysis*
After pyrolysis

1.34+41

0.35+.01

0

1.281..02

0.361..02

0.00

3.83
3.56

Samples with t-BuOBefore pyrolysis*
After pyrolysis

1.03+42

0.26+40
0.34+41

0

3.97

0.38+41

2.13

0.721..01

*These data were obtained from samples taken from the same stock solutions as those used in the pyrolysis. They were diluted with pentane
and washed three times with water before the glpc analyses.

Pyrolysis of cis-130 in the Presence of n-Butyl Lithium

A solution of n-butyl lithium in n-hexane (0.90M) was prepared
by the dilution of a 90% solution (Alfa Inorganics) under nitrogen.
The final concentration was determined by titration, according to the
method of Gilman and Haubein (238).

A 5 ml solution of anhydrous tetrahydrofuran containing 140 mg
(1.0 mmole) of 130 (81% cis and 19% trans) was placed in a dry flask
flushed with nitrogen and cooled to 0°.
n-butyl lithium solution.

To this was added 6 ml of the

The mixture was stirred at 0° for 1 hr and

then at room temperature (23 °) for 60 hr.

During the first 2 hr, the

reaction mixture became a deep red which then proceeded to turn brown.
At the end of the 60 hr period, it had turned pale yellow.
n-butyl lithium (0.9 mmole) solution was added.
turned reddish-brown.

More of the

Again the solution

After 48 hr of stirring at 23°, more of the
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n-butyl lithium (1.8 moles) solution was added and the mixture heated to 50 - 60° for 1.5 hr.

Throughout the reaction 0.5 ml aliquots were withdrawn and diluted
with pentane.

The solutions were washed three times with water, dried
These were then analyzed by glpc.

(Na2SO4), and evaporated to 0.2 ml.

Results are presented in Table 24 below.
Table 24.

Pyrolysis of cis-130 in the Presence of n-Butyl Lithium
Reaction Conditions

% Composition of Product Mixture'
% 146
% trans-130
% cis-130

46
46

59
58
54
54

0
0
0
0

all of the above + 0.9 mmole of
n-BuLi + 48 hr at 23°

28

72

0

all of the above + 1.8 mmole of
n-BuLi + 0.5 hr at 50-60°
all of the above + 1 hr at 600

17
13

83
87

0
0

11 hr at 0°, 2 hr
all of the above
all of the above
all of the above
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at 23°
+ 22 hr at 23°
+ 24 hr at 23°
+ 12 hr at 23°
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Reaction of cis-130 with n-Butyl Lithium, with Deuterium Oxide as the
Trapping Agent.

An anhydrous tetrahydrofuran solution (5.0 ml) containing 0.15. g

(1.0 mmole) of 130 (80% cis and 20% trans) was cooled to 0° under nitrogen.

To it was added 5.3 mmoles of n-butyl. lithium as a n-hexane

solution (prepared and titrated as described above).

After 4.5 hr at

00, the reaction mixture was quenched with 1.5 ml of deuterium oxide
(Stohler Isotope Chemicals, 99.8% D).

The organic material was taken

up in pentane, the solution was washed three times with water, dried
(Na2SO4) and evaporated to 0.5 ml.

The product was shown to contain
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53% of deuterated cis-130 and 39% of deuterated trans-130.

The nmr

spectra were identical to those of the undeuterated samples except for
the integration values for the benzyl protons:

For cis-130, nmr (CC14)

8, 2.3 (0.57H, instead of 1.00H)EPhCH-CH-J; for trans-130, nmr (CC14)
6, 1.5 -2,0 (1.75H, instead of 2.00H)[PhCH-CH-j.

Proton ratios were

based on integration values of all protons other than the benzyl and
allyl protons.

Synthesis of cis-1-(p-methoxypheny1)-2-vinylcyclopropane (150)

Preparation of p-Hydroxybenzal Hydrazone (149)

The p-hydroxybenzal hydrazone (149) was prepared by a modified
version of the method of Anselme (231).

A solution (120 ml) of glyne

(distilled from sodium hydride) containing 20 g (0.16 mole) of p-hydroxybenzaldehyde (Aldrich) was added to 10 g (0.32 mole) of anhydrous
hydrazine (MCB, 97%) at 0° under nitrogen.

The mixture was stirred at

0° for 1 hr and then at room temperature for 3 hr.

The organic layer

was dried (MgSO4) and the solvent was removed giving 2.6 g (12%) of 149

(mp=142° [lit (232) mp= 139°]). When the aqueous layer was brought
to a pH of 8.5 with concentrated hydrochloric acid, 2.6 g (12%) more of
149 was obtained:

mp-1440, it (nujol) 3311, 3175 [0 -H and N-H], 1603

[C=N and Ar], 1266, 1238 [phenolic C-0], 826 [1,4-substituted Ph]; nmr
(DMSO-d6) 6, 6.31 (broad s, 2H,==N-NH2), 6.71 (d, 2H, J:=8 Hz, Ph),

7.29 (d, 2H, J=8 Hz, Ph), 7.61 (s, 1H, Ph-CH=N-).
When the aqueous layer was acidified to pH==3, 2.1 g of 4,4*dihydroxybenzalazine was obtained: mp ca. 253° [lit (233) mp:=2670]).
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When the preparation was carried out in the presence of Linde
molecular sieve 4A at 0-100, the yield of 149 was 27%.

Use of hydra-

zine hydrate (MCB, 99-100%) in place of anhydrous hydrazine did not
affect the yield substantially (22%).

Treatment of p-Hydroxybenzal Hydrazone (149) with Silver Oxide

To a test tube containing ca. 0.1 g (0.7 mmole) of 149 suspended

in 1 ml of diethyl ether was added ca. 0.1 g (0.4 mole) of silver oxide (prepared from sodium hydroxide and silver nitrate). A slight effervescence was observed.

Addition of a few drops of a methanolic po-

tassium hydroxide solution gave a brown precipitate but the solution

remained colorless. When the experiment was repeated with 149 dissolved in glyme, the same results were obtained.

Preparation of p-Acetoxybenzaldehyde (165)

To 97 g (0.97 mole) of acetic anhydride was added 50 g (0.40 mole)
of p-hydroxybenzaldehyde (Aldrich).
trogen for 30 min.

The mixture was refluxed under ni-

It was then cooled to room temperature, washed with

dilute sodium hydroxide and dried (MgSO4).

Residual acetic anhydride

was removed by distillation at atmospheric pressure (bp 120-150°).
Distillation gave p-acetoxybenzaldehyde (165) in 65% yields

by 111-116o

(2 mm) [lit (234) by 152 -153° (17 mm)].

Reaction of p-Acetoxybenzaldehyde (165) with Hydrazine Hydrate

To a test tube containing 1 g (20 mmoles) of hydrazine hydrate was

added dropwise, 1 g (6 moles) of 165.

The test tube was cooled occa-
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sionally with a dry ice-isopropanol bath.

A small amount of 95% ethanol was added and the mixture was warmed for a few minutes in a water bath until all the precipitate had dis-

solved. Water was then added until a cloudiness was observed. A small
amount of ethanol was added to clear up the solution.
tion was cooled, a white powdery solid was obtained.

When the soluIt was isolated

by filtration, washed with water and diethyl ether and air-dried. A
mp determination and spectral analysis showed it to be p-hydroxybenzal
hydrazone (149):

mp ca. 145°; it (nujol) and nmr (DMSO-d6), identical

to those of 149 described earlier.

Preparation of p-Trimethylsiloxybenzaldehyde (166)

A sample of p-hydroxybenzaldehyde (Aldrich, mp 117-1190) was sub-

limed at 130° (0.025 mm) to give a white powder (mp 117-1190). A portion of this (5.0 g, 41 moles) was dissolved under pre-purified nitrogen, in 14 ml of anhydrous pyridine in a three-necked flask.fitted with
a condenser, septum stopper and a magnetic stirring bar.

To the stir-

red solution was introduced slowly, 7.3 g (67 mmoles) of trimethylsilyl
chloride (Pierce Chem. Co., packed under nitrogen) via a syringe under
anhydrous conditions.

A white precipitate formed immediately, making

it difficult to stir.

The septum stopper was replaced with a glass

stopper and the mixture was heated to reflux.

At this point enough pre-

cipitate had dissolved to allow adequate stirring.

The mixture was

heated at reflux and stirred for 2 days after which the bulk of the pyridine hydrochloride was removed by adding 30 ml of anhydrous diethyl
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ether, followed by repeated filtration.*

The ether and excess tri-

methylsily1 chloride were removed by distillation after which the pyridine was distilled at ca. 30 mm.

Finally a vacuum distillation gave

6.3 g (79%) of p-trimethylsiloxybenzaldehyde (166):

3.7 mm);

by 103-110° (2.7-

nmr (CC14, CH2C12 as original reference but values reported

are referred to TMS) 8, 0.31 (s, 1H,

(CH3)3Si -), 6.90 (d, 2H, J7=8 Hz,

Ph protons, ortho to -0Si(CH3)3), 7.75 (d, 2H, J:=8 Hz, Ph protons,
ortho to -CHO), 9.83 (s, 1H, -CHO).
An attempt was made to prepare 166 by reacting 10 g (82 mmoles)
of p-hydroxybenzaldehyde with 1 ml of Tri-Sil (Pierce Chemical Co.)
for 8-9 min, but no 166 could be detected by glpc.

Reaction of 166 with Hydrazine

An anhydrous diethyl ether solution (5 ml) containing 3.00 g
(15.5 mmoles) of 166 was added dropwise over a period of 1 hr to an
anhydrous diethyl ether solution (5 ml) containing 2 g (62 mmoles) of
anhydrous hydrazine (MCB, 97+%) and ca. 0.5 g of potassium hydroxide.
The product mixture consisted of a pale yellow solution and an orange
paste.

The ether layer was separated and evaporated to give 0.53 g of

a viscous, colorless liquids
5-9 6.

nmr (DMSO), no peaks in the region from

The orange paste was dissolved in 10 ml of water.

The solution

was neutralized with hydrochloric acid and extracted with diethyl ether.
The ether layer was again separated, dried (MgSO4) and evaporated to
*In a trial run, the reaction mixture (in diethyl ether) was washed
with water and dried (MgSO4). The ratio of 166 to unreacted phydroxybenzaldehyde decreased from 6.3 (before extraction) to 0.9
(after extraction) as determined by glpc analysis on column A
(column temp 200°, helium flow rate 120 ml/min).
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give 0.54 g of a mixture of white and yellow precipitates. An nmr analysis showed this to be composed of ca. 70% of 149 and 30% of p-hydroxybenzalazine (167)t

nmr (DMSO) 8, 6.31 (s, 2H, hydrazone -NH2), 6.68

(d, 2H, J=8 Hz, hydrazone Ph protons, ortho to -OH), 7.26 (d, 2H,
8 Hz, hydrazone Ph protons, ortho to -CH=NN-), 7.58 (s, 1H, hydrazone
-CH=NN-); and 6.82 (d, 4H, J = 8 Hz, azine Ph protons, ortho to -OH),

7.64 (d, 4H, J=8 Hz, azine Ph protons, ortho to -CH=NN-), 8.50 (s,
2H, azine -CH=NN=CH-).

There were no signals of significant size around

0.0 6.

When the reaction was run in anhydrous glyme and the potassium
hydroxide was replace by powdered calcium sulfate, 0.274 g (39%) of 149
was obtained from the organic layer.

Again, no signals were observed

around 0.0 6.

Reaction of 149 with Trimethylsilyl Chloride

To a pyridine solution (8 ml) containing 2.22 g (16.3 moles) of
149 was added under nitrogen, 2 g (18 nmoles) of trinethysilyl chloride.

The mixture was heated to ca. 60° for 3 hr and 30° for 8 hr. At room
temperature, a white solid precipitated from the brown solution.

The

white solid was not soluble in either diethyl ether or water. The brown
solution was separated from the solid and the pyridine was removed by
distillation at ca. 30 man.

The residue was then pumped down to 1.5 mm.

A nmr analysis showed the residue to be composed of ca, 50% p- hydroxybenzalazine and 50% of a pyridinium salt:

nmr (DMSO) 6, 6.84 (d, 4H,

..T= 8 Hz, azine Ph protons, ortho to -OH), 7.64 (d, 4H, J=-8 Hz, azine

Ph protons, ortho to -CH=NN-), 8.49 (s, 2H, azine -CH=NN=CH-), and 7.5
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(m, 2H0, 7.91 (t, IH J= 6 Hz), 8.59 (d, 2H, J= 4 Hz) and 9.21 ( broad

s, 1H). A signal at -0.02 6 had an integration corresponding to only
3H, instead of 9H. All of the above proton ratios were based on the
integration values of all signals other than the one at -0.02 6.

Preparation of p-Nitrobenzal Hydrazone (168)

p-Nitrobenza1 hydrazone (168) was prepared by the method of Lock
and Stach (217).

p-Nitrobenzaldehyde (7.55 g, 0.05 mole) dissolved

in 75 ml of hot ethanol was treated with 10 g (0.20 mole) hydrazine

hydrate. After 0.5 hr of reflux, the mixture was cooled to 0°.

The

yellow precipitate (7.05 g) obtained by filtration was recrystallized
in ca. 80 ml of ethanol, giving 4.22 g (51.2%) of 168.

By the addition

of water to the mother liquor, 2.44 g (29.6%) more of 168 was obtained*
mp 134 - 136° [lit (217) mp 136 °]; nmr (CDCI3) 6, 5.92 (broad s, 2H,
-NNH2)

7.69 (d, 2H, J=8 Hz, Ph), 7.76 (s, 1H, -CH=NN-), 8.22 (d, 2H,

J=.8 Hz, Ph) .

Treatment of 168 with Silver Oxide

An attempt was made to prepare cis-1-(p-nitropheny1)-2-vinylcyclopropane by the method described for cis-130 (129, 218), with slight
modifications.

The p-nitrophenyldiazomethane was prepared by treating

4.01 g (24.3 moles) of 168, dissolved in 70 ml of anhydrous glyme, with
9.01 g (38.8 moles) of silver oxide (prepared from silver nitrate and
potassium hydroxide). A deep red solution* was obtained during the

*A small sample of the red solution was tested with a drop of 3N acetic
acid. No effervescence was observed, but it decolorized immediately.

147

addition, but after having been stirred for 2 hr at 0° the solution
turned dark brown.

This was allowed to react with 1,3-butadiene and

zinc iodide as described for cis-130.

After isolation as described

for cis-130, 2.87 g of a reddish brown residue was obtained. A nmr
analysis showed it to lack cyclopropyl protons:

nmr (CDC13) 4 no

signals of significant size in the 0.5-3.0 region.

Preparation of cis-1. -(p-Methoxypheny1)-2-vinylcyclopropane (15.0)

p-Methoxyphenyldiazomethane was prepared by the method of Closs

and Moss (235) from 9.5 g (70 moles ) of p-methoxybenzaldehyde.*
The p- methoxyphenyldiazomethane, obtained as a solution in diethyl

ether, was not isolated but was allowed to react with 1,3-butadiene and
zinc iodide by a modified method of Goh, Closs and Closs (129), as described for cis-130.**

Distillation of the crude oil gave 1.31 g (10.8%

based on p-methoxybenzaldehyde) of cis-150:

by 93-95° (1.5 mm);

nmr

(CC14) 8, 0.6-1.3 (m, 2H, gem-cyclopropyl H), 1.4-1.9 (m, 1H, -&-C),
2.20 (m, 1H, Ar-CH-), 3.68 (s, 3H, CH30-), 4.7-5.1 (m, 3H, vinyl H),
6.68 (d, 2H, J==8 Hz, Ph), 7.02 (d, 2H, J =8 Hz, Ph), [lit (129) nmr,
8, 0.8-1.3 (m, 2H), 1.5-2.0 (m, 1H), 1.9-2.4 (m, 1H), 3.67 (s, 3H),

4.7-5.15 (m, 3H), 6.67 (d, 2H), 7.02 (d, 2H)].

Signals at 5.2-5.6 8

were barely detectable, indicating the presence of only a trace of the
trans isomer.

A glpc analysis on column C (column temp=120° and heli-

um flow rate=120 ml/min) showed one major peak, followed closely by a
*In the preparation of the hydrazone, it was not necessary to stir the
reaction mixture overnight as suggested by th authors. It was found
that 3 hr was sufficient to produce the same results.
**In the workup a substantial amount (11 g) of solid had to be filtered off to avoid complications in the extractions.
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small peak (ca. 1/10 of the major peak in area). (See Fig. 7).

Synthesis and Thermal Rearrangement of
cis-1-(p-hydroxypheny1)-2-vinylcyclopropane
Treatment of 150 with Boron Tribromide

An attempt was made to demethylate 0.50 g (2.0 moles) of cis150 with ca. 0.9 g (3.6 moles) of boron tribromide (MCB) by a modified version of the procedure described by McOmie, Watts and West (208).

The boron tribromide was dissolved in 15 ml of methylene chloride and
cooled in a dry ice/isopropanol bath.

To this solution was added,

over a period of 15 min, 20 ml of methylene chloride containing the
sample of cis-150.

The mixture was allowed to slowly warm to room

temperature over 3 hr.*

It was poured into an ice cold, saturated so-

dium bicarbonate solution and stirred at 0° for 5 min.

The peach-col-

ored suspension obtained was extracted with diethyl ether.

The ether

layer was washed with saturated sodium sulfate solution, dried (Ngs04)
and evaporated to give 0.64 g of a viscous, dark brown material.

This

residue was found to be insoluble in carbon tetrachloride and in chloroform, but soluble in acetone and in dimethyl sulfoxide.

Its nmr spec-

trum showed it to be neither unreacted cis-I50 nor 1-(p-hydroxypheny1)2-vinylcyclopropane:

nmr (DMSO-d6, DNSO as original reference but

values reported are referred to TMS) bp absence of the characteristic
peaks at 1.2-1.7 [cyclopropyl protons] and at 4.5-6.0 [vinyl protons].

*At ca. 15°, the solution changed from pale greenish-orange to deep red.
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Demethylation of 150 with Sodium Thioethoxide

1-(p-Methaxypheny1)-2-vinylcyclopropane (150) was demethylated
according to the method of Feutrill and Merrill (209).

The sodium

thioethoxide was generated in situ from 58.0 mg (1.40 mmoles) of sodium hydride as a 57% oil dispersion and 0.105 ml (1.41 mmoles) of
ethanethiol (MCB, practical) in 4 ml of dry dinethylformamide (distilled and stored over type 4A Linde molecular sieve).

The sample

(0.104 g, 0.598 mmoles) of 150 used contained 88% of the cis isomer,
as determined from the nmr integration values of the benzyl and allyl
protons of the two isomers (see Appendix).
heated at 1200 under nitrogen.

The reaction mixture was

The progress of the reaction was fol-

lowed by analyzing 0.2 ml aliquots at various time intervals by gipc
(column B, column temp

1600, helium flow rate

100 ml/min).

Along

with the peak corresponding to 150 (retention time= 5.5 min) there was
a second peak, with retention tinue=7 min.

The percent product, cal-

culated from the relative areas of the two peaks, at the various reaction times are shown in the table below:
Reaction Time (hr)

% Product

2
5

14.2
35.5
48.8
48.6

10
14

After 14 hr at 120° the reaction mixture was cooled with an ice
bath, acidified (3N HC1) and extracted with diethyl ether.

The ether

layer was washed with water and extracted with 5% aqueous sodium hydroxide.

The ether layer from this extraction was washed with water and

dried (MgSO4) to give solution A.

The alkaline extract was acidified
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and re-extracted with diethyl ether.

This ether solution was washed

with water and dried (MgSO4) to give solution B.
Preparative glpc on column B (column temp =1600, helium flow rate
= 100 mi./min) followed by a nmr analysis showed solution A to contain

80% of 150 (of which ca. 83% was the cis isomer), 14% of an unidentified substance and 5% p-methoxypheny1-1,3-pentadiene

(151)s [lit (236)

mp 58 - 60°; uv max 217, 290 -2], nmr (CDC13) 6, 1.79 (d, 3H, .1= 5 Hz,
c113-CH), 3.80 (s, 3H, cli30-), 5.6-7.0 (m, 6H,-CH=CH-CH=CH- and two

Ph protons), 7.3 (two Ph protons overlapping CHC13 from the solvent);
1.24 (m, 2.6H) and 1.49 (s, 2.1H)[unidentified contaminants].
Solution B was found to contain 6% of 150, 17% of p-hydroxypheny1-1,3-pentadiene (152):

nmr (CC14) 6, 1.79 (d, 3H, J.=6 Hz,

CH3-CH=), 4.74 (broad s, 1H, .0H), 5.4-7.0 (ny 6Hr-CH=CH-CH=CH.. and
two Ph protons), 7.17 (d, 2H, J=.-8 Hz, Ph protons); and 76% trans,-

1-(p-hydroxypheny1)-2-vinylcyclopropane (trans-148):

it (CHC13)

3636 (sh) and 3413 (broad) [phenolic 0-H], 3096 [vinyl C-H], 3049
[cyclopropyl C-H], 3030 [aromatic C-H], 1689 [C=C], 1603 and 1573
[phenyl C=C], 1255 and 1172 (s) [phenolic C-0];

nmr (CC14) 6, 0.8-1.3

(m, 2H, cyclopropyl gem -H), 1.4-1.9 (m, 2H, benzyl and ally' protons),
4.8-5.8 (m, 4H, vinyl and -OH), 6.62 (d, 2H, .1==.8 Hz, Ph), 6.87 (d, 2H,

J:=8 Hz, Ph);

M.W. Calculated for CllH120

mined by mass spectrometry peak match):
ula= C 11 H 0
12

160.089;

Found (as deter-

M.W. = 160.088, molecular form-

(See Fig. 8 on page 100 for the nmr spectrum.)
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Synthesis and Thermal Rearrangement of
cis-1-(m-hydroxypheny1)-2-vinylcyclopropane

Preparation of cis- 1-( m- Methoxyphenyl )- 2- vinylcyclocyclopropane (153)

m-Methoxyphenyldiazomethane was prepared from 9.5 g (70 moles)
of m- methoxybenzaldehyde (Aldrich, 97% pure).

The method of Closs and

Moss (25) used for the p- methoxy derivative (150) was followed*.

m-Methoxydiazomethane, obtained as a solution in diethyl ether,
was not isolated but was treated with 1,3-butadiene and zinc iodide
as described for cis-150.

After the mixture had been stirred for 15

min, the total volume was reduced to 20 ml with the use of an aspirator.
The solution that remained was mixed with an equivolume of water and
pentane and filtered to remove any suspended solids.

The ether phase

was separated, washed once with water, three times with 8M sodium bisulfite solution, another time with water and dried (MgSO4).

The

solvent was then removed under reduced pressure.

Distillation of the residue gave 1.8 g (12%, based on m-methoxybenzaldehyde) of a fraction collected at 85-87° (1.25 mm).

A glpc

analysis on column B (column temp...160°, helium flow rate.=100 ml/min)

showed this fraction to contain one major and three minor components.
The percent composition and retention times were as follows:
3 min; 97.2%, 8 min; 0.1%, 10 min and 1.8%, 11 min.

1.6%,

The major compo-

nent was collected and identified as a mixture of ca. 80%** cis-153 and
*During the addition of the anhydrous hydrazine (99+%), an ice bath was
necessary to keep the solvent from boiling over. The mixture was then
stirred at 20 for 2 hr and at room temperature for 6 hr.
**The percentages were based on the nmr integration of the benzyl and
allyl protons of the two isomers, as shown in the Appendix.

152

and 20% trans-153s

it (neat, taken with Perkin Elmer Model 621) 3077,

3017 [vinyl and cyclopropyl C-H], 2997 [aromatic C-H], 2950, 2930 and
2830 [methoxy C-H], 1633 [vinyl], 1608, 1600, 1583, 1490, 1460 [aromatic], 1436 [vinyl C=C], 1258 [aromatic =C-O-C], 1048-1058 [aromatic
=C-0C and cyclopropyl C-C], 997 and 903 [vinyl C=C], 877 and 788 [metasubstituted Ph];

nmr (CC14) 6, 0.8-1.3 (m, 2.10H, gem - cyclopropyl H),

1.5-1.9 (m, 1w21 H; 0.79H due to the allyl H of cis-153 and 0.42H due
to the allyl and benzyl H's of trans-153), 2.1-2.4 (m, 0.79H, benzyl H
of cis-153), 3.72 (s, 3.02H, CH30- of both isomers), 4.7-5.2 (m, 2.76H,
vinyl H of both isomeks),'5.2-5A8 (m, 0.18H, vinyl H of trans.-153),
6.5-6.7 (Das 2.97 H, Ph), 6.9-7.2 (m, 0.96 H, Ph proton meta to the

methoxy substituent).

Anal.

Calculated for C12111401

Found

t

C, 82.72; H, 8.10
C, 82.79; Hp 8.23

Demethylation of 153 with Sodium Thioethoxide

A sample (1.21 g, 6.95 mmoles) of 1-(m-methoxypheny1)-2-,vinylcyclo-

propane (153), containing both the cis and the trans isomers in a ratio
of 80:20 respectively, was demethylated according to the method of Feu trill and Merrill (209).

The sodium thioethoxide was generated in situ

from 1.08 g (25.6 mmoles) of sodium hydride as a 57% oil dispersion and
1.67 g (26.8 mmoles) of ethanethicil (MCB, practical) in 22 ml of dry dimethylformamide.

After the sample was allowed to react with this mix-

ture for 10 hr at 1240 under nitrogen, the reaction mixture was cooled
with an ice bath, acidified (3N HC1) and extracted with diethyl ether.
The ether layer was washed with water and extracted with 5% aqueous sodium hydroxide.

The alkaline extract was acidified and re-extracted

153

with diethyl ether.

This ether extract was washed with water, dried

(moo4) and analyzed by preparative glpc on column B(column temp=1600,
helium flow rate= 100 mi./min),

It was found to contain 43% of 1-(m-

hydroxypheir71)-2-vinylcyclopropane (154), as a mixture of 70% cis-

and 30% trans-154,

28% of 6, 9- dihydro- 5H- benzocyclohepten -I-ol (156),

24% of p- hydroxyphenyl- l,3- pentadiene (155) and 5% of unidentified mat-

erial.

The spectral data are listed below.

1541

uv max, 282 nm (g 1993), 275 nm (1E2192); ir (CC14) taken

with Perkin Elmer Model 621, 3600 (sharp) and 3200-3500 (broad) [phenolic 0,41], 3080 [vinyl C-H], 3040 [cyclopropyl C-H], 3000 [aromatic C-H]
1640 [vinyl Cam], 1610, 1590, 1498 [aromatic], 1185 [phenolic C -0], 998

and 910 [vinyl C-H], 890 [meta-substituted Ph]; nmr (CDC13) 6, 0.81.4 (m, 2.10H, gem - cyclopropyl H),

(m, 1.48H, benzyl proton of

trans-154 and allyl protons of both cis- and trans-154), 2.1-2.5 (m,
0.76H, benzyl proton of cis-154), 4.8-5.2 (m, 3.55H, vinyl H of cis -154

and OH of both isomers), 5.3-5.8 (m, 0.28H, vinyl H of trans-154), 6.5-

6.9 (m, 2.86H, Ph protons, ortho and para to -OH), 7.0-7.2 (m, 0.84
Ph proton, meta to -OH). Anal. Calculated for C11H12Os
H, 7.55;
156:

Founds

C, 82.46;

C, 82.55; H, 7.54. (See Fig. 10 on page103for nmr).

mp 79-81°(large prisms), 87-90(thin needles); uv max (95%

ethanol) 273 nm (G2240) and 220 (shoulder); upon addition of two drops
of alcoholic potassium hydroxide uv max shifted to 294 nm ( 2740) and
240 nm (s8,353);

ir (CHC13) taken with the Perkin Elmer Model 621,

3592 (sharp) and 3400 (broad)[0-H], 3022, 3002 [C=C-H and aromatic
C-H], 2922, 2892, 2832 [CH2], 1611, 1591 [C=C and aromatic C---C], 1471
[aromatic and CH2], 1321 and 1281 [phenolic C-0];

nmr (CDC13) 6, 2.2-

154

2.5 (m, 1.98H, ArCH2CH2CH=CH-)1 2.97

(t, 1.81H, J=6 Hz, ArCH2CH2CH=C),

3.4-3.6 (m, 1.69H, ArCH2CH C), 4.73 (s, 1.07H, -OH), 5.4 -5.9 (m I.89H,
(Id*, 3.6H, Ph);

-CH2CH=CH-CH2-),
160.090.

M.W. Calculated for C10120

Found from mass spectrometry peak match*

lecular formula= C11H120.

M4W.=160.089, mo-

(See Fig. 11 on page 105 for nmr spectrum).

NNR Decoupling Experiments on 156
The following decoupling experiments were performed on 156 dissolv-

ed in CDC13. A drop of D20 was added to remove the OH peak.
The multiplet at 2.3 6 and the triplet at 2.97 6 appeared to be
unaffected by irradiation at 5.5-7.1 6 region.

The multiplet at 3.5 6

collapsed into a doublet (J -.2 Hz) upon irradiation at 5.7 6, but was

unaffected by irradiation at 5.5 6 or the 6.5-6.8 6 region.
The multiplets at 5.5-5.9 6 region collapsed into a doublet (J=11
Hz, at 5.54 6) and a doublet
radiation at 2.34 6.
2.98 6.

12 Hz) of triplets (J=5 Hz) upon ir-

They appeared to be unaffected by irradiation at

Irradiation at 3.48 6 gave a doublet (J=12 Hz at 5.50 6) of

triplets (J= 3 Hz).

Simultaneous irradiation (see Fig. 13 on p.108).

at 2.34 8 and 3.48 8 gave a doublet (J =12 Hz) at 5.5 6 and another

doublet (J =12 Hz) at 5.7 6. When irradiated at 2.34 6 and 2.98 6,
a doublet

Hz) at 5.5 6 and a doublet (J= 12 Hz) of doublets (J=-..

5 Hz) at 5.7 6 was obtained.

Simultaneous irradiation at 2.98 6 and

3.48 6 gave the same pattern as that from the single irradiation at
3.48 6,

The peaks in the region of 6.5-7.1 6 appeared to be unaffected
*This multiplet may be interpreted as followst 6.58 (d. J=7 Hz, Ph proton ortho to -OH), 6,76 (d, J=7 Hz, Ph proton para to -OH), 6.97 (t,
J=7 Hz, Ph proton meta to -i0H).

155

by single irradiations.

However, upon double irradiation (at 2.34 and

2.98 8; at 2.34 and 3.48 6; at 2.98 and 3.48 6), the multiplets at 6.5-

6.8 6 became two doublets (J=8 Hz at 6.6 6 and J=8 Hz at 6.75 6),
but the triplet at 6.98 6 was unaffected.
The Effect of a Shift Reagent on the NMR Spectra of 156
A sample of 156 (10 mg) dissolved in deuterated chloroform was
placed in an nmr tube.

Several nmr spectra were taken as small por-

tions of Europium (III) tris, 41,1,42,3,3 -heptafluoro -7,7 -dimethyl

The presence of

4,6 -octanedione, Eu(fod)3, were added to the sample.

a small amount of Eu(fod)3 produced very little of the shift effect.
The original positions of the peaks and the downfield shifts observed
in the sample when almost saturated with the shift reagent are listed
below (see Fig. 14 on page110):

Original
Positions (6)
2.32
2.98
3.49
4.72
5.4-5.6
5.6-5.9
6.58
6.74
6.98

Downfield
Shift (6)
0.20
0.22
0.48
0.20
0.26
0.44
0.28
0.22

Peak
Assignment*

A
B
C
D
E
F
G
H
I

*Peak assignment as listed in Fig. 11.
**Peak D shifted beyond 10.0 6 with the addition
of the first portion of the shift reagent.

Catalytic Hydrogenation of 156
Catalytic hydrogenation of 6.098 mg (3.81 x 10-5 mole) of 156 in
a microhydrogenation apparatus used 3.26 x 10-5 mole of hydrogen (0.86
mole of hydrogen per mole of 156).

The hydrogenation was performed

156

over 10.2 mg (4.49 x 10-5 mole) of platinum oxide (MCB) in 2 ml of
ethanol, according to the method of Clauson -Kaas and Limborg (227).

The mixture was filtered, evaporated and analyzed by preparative glpc

on column B (column temp= 1600, helium flow rate=1O0 ml/min).
peaks were observed:
90.1, 11.0 min.

Two

(% composition, retention time), 9.9, 7.5 min;

The second peak was identified as 67,8,9-tetrahydro-

5H-bensocyclohepten-l-ol (157):

mp 113-115° [lit (212) mp 111-112°];

nmr (CDC13) 6, 1.4 -1.9 (my 6H, CH2), 2.7-2.9 (n? 4H, benzyl CH2), 4.59
(s, 1H, -OH), 6.5 -7.1 (m? 3H, Ph) [in agreement with lit (212) values].

(See Fig. 12 on page105for the nmr spectrum).
155:

Since the retention times for 156 and 155 were very closes.

it was very difficult to obtain a pure sample of 155 by preparative
,g1pc.

The data given here are therefore of a mixture containing 62%

of 155 and 38% of 1561

it (CHC13) taken with the Perkin Elmer Model

621, 3600 and 3420 [0-HI? 3000 [aromatic and C=C-H], 2830 -2930 [alkyl
C -H], 1602, 1585, 1490 [aromatic and conjugated C=C], 1160 [phenolic
C-01;

nmr (CDC13) 6, 1.79 (d, 3H, J= 6 Hz, =CH -C113 of 155), 2.4 (m

1.5H, -CH2. of 156), 2.98 (t, 1.06H, -CH2- of 156), 3.53 (m, 1,2H,

-CH2- of 156), 4.7 (broad s, 1.8H, -OH of both 155 and 156), 5.5-7.2

(m 10.7H, -CH=CH- and Ph protons of both 156 and 155),

If we take one

proton of 155 to have an integration value 1.63 times that of one proton of 156, the nmr spectrum may be interpreted as that of a mixture
containing 62% 155 and 38% 1561

1.79 (d, 3H, .1=-6 Hz, =CH -g3 of 155),

4.7 (broad s, 1H, -OH of 155), 5.5-7.2 (DI, 8H, =CH and Ph protons of

155; 2.4 (m, 2H, -CH2- of 156), 2.98 (t, 214 J= 6 Hz, -CH2- of 156),

3.53 (m 2H, -CH2- of 156), 4.7 (broad s, 1H, -OH of 156), 5.57.1 (m,

157

5H, -CH=CH- and Ph protons of 156).

Pyrolvtic Studies of
cis-1-(m-Hydroxypheny1)-2-vinylcyclopropane (154)

In the following experiments, the samples of 154 were prepared
by the demethylation of 153 with sodium thioethoxide and isolated by

preparative glpc on column B as described earlier. The samples of
154 thus obtained contain 75% of the cis and 25% of the trans isomer
as determined from the nmr integration values of the benzyl and allyl
protons of the two isomers (see Appendix).

All glpc analyses men-

tioned below were performed with column B (column temp==160°, helium
flow rate=100 ml/min) .
Pyrolysis of 154 at 78.5°

A sample (45.3 mg, 0.304 mmole) of 154 was dissolved in 2 ml of
ethanol and refluxed for 18 hr under nitrogen.

Preparative glpc fol-

lowed by a nmr analysis showed the reaction mixture to contain only unreacted 154 (75% cis and 25% trans-154).
Pyrolysis of 154 at 212.5° in the Presence of Potassium Phenoxide
The potassium phenoxide was prepared by stirring 2.17 g (23.1

moles) of phenol for 1 hr in 20 ml of water containing 1.30 g (23.1

moles) of potassium hydroxide.

The water was removed by vacuum dis-

tillation leaving a white solid. After the residue had been dried over
calcium sulfate at 0.05 mm for 6 hr, 2.85 g (94.4%) of potassium phenoxide was obtained.

The sample (15.5 mg, 0.097 mmole) of 154 and 4.9 mg (0.052 mole)
of potassium phenoxide were rinsed into a clean ampoule (150 x 50 mm

158

(0.D.)) with ca. 0.5 ml of ethanol.

The ampoule was deaerated, sealed

at 0.05 mm and then immersed ina constant temperature bath set at

121.5°. After 20 hr the sample was cooled to room temperature, acidified (2% HC1) and extracted with diethyl ether.
evaporated and analyzed by glpc.

The ether extract was

Four peaks were observed:

(re compost

tionr retention time)r 34.2%, 9.0 min; 2.4%, 11.5 min; 45.04 13.9 min;
18.3%, 16.5 min.

The first peak was identified as 154 (50% cis):

nmr

(1.0 mg in 40)41 of CDC13 in a nmr microcell) shift values were identicalto those listed for 154; integration of multiplets 1.5=2.0 6

1.65H,

benzyl proton of the trans and allyl protons of both the cis and the
trans isomers; and at 2.1-2.5 6: 0.60Hr benzyl proton of the cis iso-.
mer.,

The third peak was identified as 156:
CDC1

nmr (1.0 mg in 40 p.1 of

in a nmr microcell) shift values and integration ratios were as

3

previously described for 156.
The fourth peak was not isolated.

Its retention time suggested

that it was 155.
Pyrolysis of 154 at 121° in the Absence of Potassium Phenoxide

Approximately 2 mg of 154 dissolved in 0.3 ml of ethanol was
placed in a (160 x 6 mm (0.D.)) glass ampoule.

After the usual de=

aeration procedure, the ampoule was evacuated to 0.05 mm and sealed.

The sample was heated in a constant temperature bath set at 121° for
20 hr.

It was then cooled to room temperature and analyzed by glpc.

Two peaks were observed: (% composition, retention time), 73.6%, 7.5
min; 26.4%, 11.5 mine

Comparison of retention times showed the first

peak to be 154 and the second to be 156,
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Appendixt

The Determination of the cis to trans Ratio
in a Sample of 130 by NMR,

This method is based on the fact that the multiplet A corresponds
to the allyl proton of the cis and both the allyl and benzyl protons of
the trans isomer, whereas multiplet B corresponds to the benzyl proton
of the cis isomer only.

Thus % cis=

x 100 , where A and B

B

B
2

stand for the integration values for the respective peaks.

For the

spectrum shown above, A=26.0 and B =15.5r giving % cis=75%.
The same method can be used for any of the para and meta substituted derivatives studied in this work.

The ratio can also be calculated from the vinyl peaks at 4.6 5.8 41.

Multiplet C corresponds to three protons of the cis and two pro-
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tons of the trans isomer.

Multiplet D, however, corresponds to one

proton of the trans isomer only.

% cis

Thus,

, where C and D stand for the
2xD) /3
(C
x 100
D
(C - 2xD) /3

integration values for the respective peaks.
C:=55 and D= 5.5, giving % ciS=73%.

For the spectrum shown,

