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Pyrolysis of 4-cycloheptene-l-methyl acetate under flow conditions at 285° gives only rearranged bicyclic acetates and hydro-

carbons rather than the anticipated simple elimination product methylenecyclohept-4-ene. These rearranged acetates have the same

structures and are formed in virtually the same relative percentages
as those observed in the "II- route" solvolysis of the corresponding

brosylate of 4-cycloheptene-l-methanol in the liquid phase. The
possibility of the involvement of an ion-pair mechanism leading to the

formation of the same carbonium ion intermediate in the gas phase

as that proposed for the solvolytic rearrangement is considered but
not conclusively proved because the pyrolysis could not be clearly
demonstrated to be a homogeneous unimolecular gas phase reaction.
Pyrolysis of 4- cyc,o _eptene- 1-methyl acetate in a flow system

appears to be largely heterogeneous as indicated by the steady down-

ward drift in the calculated first order rate constant and by the

serious retardation of the rate when the flow reactor was conditioned
with the products from the thermal decomposition of ally1 bromide.
A consideration of the energy required for the formation of fully

developed ion pairs in the gas phase in the complete absence of any
stabilization from solvation leads to the conclusion that any mechanism invoking the formation of these intermediates is highly unlikely.

On the other hand, the energy required for the formation of a highly

polar transition state containing semi- ion pairs (but not leading to

any discrete ion pair intermediates) is not energetically prohibitive
and a pathway of this type seems probable in the flow pyrolysis of

4-cycloheptene-l-methyl acetate.

The heterogeneity which is observed

under these conditions may be a direct consequence of polar species

interacting with the pyrex surface of the flow reactor. This surface
interaction may thus be responsible for catalyzing the formation of

products characteristic of carbonium ion rearrangement rather than
simple elimination in the flow system.

In contrast, pyrolysis of 4-cycloheptene-1-methyl acetate under
static conditions takes place only at a higher temperature (3500) and
leads only to the anticipated simple elimination product and its Cope

rearrangement isomer 3- vinylmethylenecyclopentane. Kinetic studies
show that this reaction is a homogeneous unimolecular gas phase
elimination. An estimate of the activation energy indicates that it is
very close to the values typically observed for the gas phase

eliminations of acetates of most unsubstituted primary aliphatic
alcohols.

The simple elimination product methylenecyclohept-4-ene

was synthesized and shown to undergo Cope rearrangement readily to
3-vinylmethylenecyclopentane under the prevailing pyrolysis conditions. The higher temperature required for reaction under static
conditions and the absence of any heterogeneity caused by surface

catalysis indicate that the simple elimination of 4- cycloheptene-1methyl acetate involves a higher energy pathway than its rearrange-

ment to the bicyclic acetates and hydrocarbons observed in the flow
system.

The general mechanism for the homogeneous pyrolysis of

esters in the gas phase is also reviewed in light of these and other

recently reported results.
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THERMAL Tr - ROUTE REARRANGEMENT OF

4-C YC LOHEPTENE-1-METHYL ACETATE
INTRODUCTION

The past decade has seen the realm of homogeneous gas phase

reactions grow into one of the most active areas of research and

interest in organic chemistry. Clearly indicative of this is the
abundance of journal articles, communications, and reviews that

pervades the current periodical literature covering such typical
subjects as the mechanisms of various gas phase thermal rearrange-

ments (1), the stereochemical consequences of electrocyclic additions
and ring openings (2), the theory of cycloaddition reactions (3), and

the importance of electronic effects in the pyrolytic elimination of
the elements "HX" from organic compounds in the synthesis of
olefins (4). The same may be said for present day seminars and

symposiums where the behavior of organic compounds in the gas

phase is a frequent topic of discussion. Undoubtedly responsible
for stimulating much of this interest and enthusiasm was the
heralded formulation in 1965 by R. B. Woodward and R. Hoffmann (5)

of their now famous rules for predicting the feasibility and stereochemical outcome of certain thermal (and photochemical) rearrange-

ments based upon the symmetry properties of the molecular orbitals
involved in the bond changes that occur along the reaction coordinate.
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These rules not only brought clarification and understanding to the

large backlog of thermal rearrangements already reported but also
suggested new avenues of research and study in subsequent investigations of their scope and application.

This current level of understanding, however, has not always

been true of studies of organic reactions in the gas phase. In spite
of the fact that the vapor phase pyrolysis of organic compounds dates
back as early as a century ago to Oppenheim and Precht's work on

the elimination of acetic acid from ethyl acetate (6), progress in
formulating theories to explain substituent effects, reaction rate s

and mechanisms, stereochemistry, and possible transition state
structure came very slowly and for many years severely lagged
behind the advances made in understanding the chemistry of organic
compounds in solution.

Admittedly, much of the blame for the tardy development of
this branch of organic chemistry can be laid directly to the rather
formidable experimental difficulties encountered in studying reactions
in the gas phase. Accurate kinetic data, for example, is frequently
more difficult to obtain simply because working at temperatures two
to three hundred degrees above ambient temperature gives rise to

uncertainties in reaction times (more time is required for temperature equilibration and quenching of reaction samples) and also

results in fluctuations in reaction temperatures through heat loss

3

to the surroundings. Possible losses of material through polymeriza-

tion or less than quantitative condensation of gaseous reaction
products can also make material balance difficult to achieve. Even

more serious is the problem of competing side reactions and
consecutive reactions which can often proceed at significant rates

at the elevated temperatures necessitated by the gas phase. As a
consequence, kinetic data becomes hopelessly complex and product
identification and analysis meaningless. Hence some of the early
work on the pyrolysis of organic compounds in the gas phase (prior

to the 1940's) is open to question. Several workers in the field

neglected to consider the role often played by the surfaces of

reaction vessels during these gas phase reactions and thereby failed
to eliminate competing heterogeneous surface-catalyzed side

reactions by first deactivating reactor walls (7). In addition, free
radical chain reactions which can often accompany the unimolecular

or radical nonchain pathways under study were not rendered

negligible by the use of free radical quenching agents such as
toluene or cyclohexene. It is little wonder, then, that the early

literature contains more than one instance where the same compound
was pyrolyzed by two or more different research groups and

reported to give as many different results under essentially the

same reaction conditions.
Despite these obstacles, however, the study of organic

4

reactions in the gas phase continued to be a source of fascination

and intrigue for organic research workers and theoreticians alike
because of the definite advantages in obtaining fundamental informa-

tion about the relationships between molecular structure and
reactivity that studying the same compounds in the liquid phase
alone could not afford. This opportunity to observe the reactivity

of a single molecule directly without the complicating effects of the

solvent was perhaps equally as important as Woodward and Hoffman's
contribution in providing impetus for the increased tempo of research

activity and interest in the organic gas phase that the past decade
has witnessed.

Whenever the effects of structural changes--namely variations
in the nature of substituents and their points of attachment in

proximity to the reaction site--are examined with respect to reaction

rates, equilibria, and product composition in the solution phase,
the theorist is inevitably left with a difficult problem in interpretation.
The problem lies basically in evaluating the role played by the solvent

in the course of the reaction, and thereby assessing how much the
observed changes in reaction behavior can be attributed solely to

structural changes. While this holds true for homolytic reaction
pathways as well as heterolytic ones, solvent effects are much more
extensive and complex in the latter, and correspondingly present a

much greater challenge in their understanding.
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In the case of free radical reactions in solution, the radical
donating ability of the solvent and its viscosity (cage effects) are

basically the only factors to be considered, while in polar reactions,

the dielectric constant, polarizability, and nucleophillicity of the
solvent, as well as the ionic strength of the medium and degree of

association of ionic species present are all factors of prime
importance. Because of this and the fact that most reactions in

organic chemistry have at least some degree of ionic character at
some point along their reaction coordinates, much research has
been dedicated towards explaining structure-reactivity relationships

in solution of such familiar examples of polar reactions as the
unimolecular substitutions and eliminations of alkyl halides and

their derivatives, electrophilic aromatic substitutions, bimolecular
eliminations under both Hoffmann and Saytzeff conditions, and

electrophilic additions of various "HX" type reagents to unsaturated
compounds.

In many cases, differences in solvation between ground state
and transition state among a series of compounds reacting via a
polar pathway can change the rate and degree of a reaction (and

occasionally even the course of the reaction itself) to such an extent

that changes due to variations in steric or electronic structure
alone are completely overshadowed. The greater the difference in
the degree of polarity between ground state and transition state for
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the reaction in question, the greater the dependence of the observed
reaction rates on the nature of the solvent and the more difficult
is the evaluation of results in light of Hammett studies on linear

free energy relationships. A classic case in the extreme is the
well known unimolecular ionization of appropriately structured
alkyl halides in hy-droxylic solvents to give solvent-derived sub-

stitution products. Here the solvent, although absent from the

kinetic expression for the rate law, is in a sense actually one of
the reactants.
As one of the pioneers in the development of the mechanistic

approach to the study of organic chemistry, Sir Christopher Ingo ld
and his school foresaw these complicating solvent effects as early as
1940 when they sought to eliminate direct solvent participation by

examining the rates of unimolecular substitution of mchlorobenzhydryl chloride with different substituting agents in the
polar but aprotic medium liquid sulfur dioxide (8).
In 1948, Winstein and Grunwald (9) made the first reported

attempt at giving quantitative treatment to solvent effects in ionic

reactions by defining the two new terms "Y", the ionizing power of
a given solvent, and "m", the measure of the sensitivity of the

reaction in question to be affected by the solvent's ionizing power
(eq. 1).
(1)

log

mY
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By selecting as the model reaction the solvolysis of t-butyl chloride
in 80% aqueous ethanol at 25°C and arbitrarily defining "Y" to be

zero and "m" to be unity in this specific case, whereby ko becomes

the rate constant, they attempted to obtain a linear free energy
correlation for the observed solvolysis of the model compound in
various solvents and calculated the respective "m" values for each of
these other unimolecular ionizations.

This initial attempt at correlating the rates of polar reactions
run in various solvents was elaborated upon by Winstein and Fainberg
in 1957 (10) when they sought to provide a thermodynamic basis

for the various Y values observed in the unimolecular ionizations of

t-butyl chloride in ethanol-water mixtures of differing compositions.
They concluded that the fairly smooth variation in the free energy

of activation for the solvolysis in these various mixtures is actually
the result of a compensation between rather complex fluctuations
in the enthalpies and entropies of activation which oppose each other.
The fluctuations observed become quite extreme in these binary
aqueous solutions when the mole fraction of water rises above 0. 8

and undoubtedly reflect deviations from the ideal behavior of
Raoules Law. This attempt as well as the subsequent efforts of
Kosower ( 1 1 ), Dimroth (12), and others at correlating reaction

rates observed in various solvents with some measurable physical
property involving the solvent in question have just been extensively
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reviewed by M. H. Abraham in his comprehensive discussion of

solvent effects on transition states and reaction rates (13). These

latter two methods are similar in that both Kosowerr s "Z" scale
and Dimroth's ''E T "-scale are based on the wavelength observed

for the charge-transfer bands of pyridinium zwitterions in various
solvents. The more polar the solvent, the shorter the wavelength

associated with the transition.

These two scales are a useful extension of the Y-scale and
have been advantageous in cases where Y cannot be measured

directly because the reaction studied has bimolecular components,
perhaps due to structural effects of the substrate itself, perhaps
because the solvent may act as a nucleophile, or possibly because

of acid-base catalysis which certain solvents may exhibit. All of
these methods have been used with varying degrees of success, but

are necessarily limited in giving complete treatment to the role
salvation plays in affecting the relative free energies of ground
states and transition states of polar reactions. The most successful
correlations have involved those instances where the model reaction
was carefully chosen to be as similar as possible in mechanism to the

reaction series under study. This technique, however, while useful

in specific cases is nevertheless necessarily limited in the scope of
its application.
In their continuing studies of solvent effects and structural
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changes on the rates of unimolecular ionizations of organic compounds,
Ingold and his group examined the limits under which these reactions

would occur as the polarity of the solvent and its ability to stabilize

charges was successively decreased (14). They found that even in
benzene, triphenylmethyl chloride underwent chloride exchange and

methanolysis at measurable rates. They concluded that although

benzene is an aprotic, nonpolar solvent (dielectric constant = 2. 25),

its molecules are, nevertheless, not completely nonpolarizable,
and accordingly permit the formation of ion pairs and the occurrence
of S

N1

reactions under apparently nonpolar conditions.

Thus, even

benzene, albeit to a much lesser extent than the so- called "polar"

solvents can assist ionization, and its role as a solvent in affecting
free energies along the reaction pathway of polar reactions is not
entirely negligible.
It was clear to Ingo ld that if one wished to explore the limit to

which polar mechanisms remained operative under progressively
reduced solvation and hence investigate the behavior of a single
molecule without any influence from the presence of the remainder of

the system, one should not stop at benzene as a nonsolvating
medium (1 5). Indeed, one must turn to the ultimate of all nonsolvating

media, the "solvent" which has a dielectric constant of zero, a
viscosity coefficient of zero, and is completely nonpolarizable, namely
the perfect vacuum. In the real world, the gas phase serves as the
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closest approximation to the attainment of this ideal medium.

To obtain a clearer picture of how variations in structure

alone affect the rates of a given reaction or determine the true
relative differences in the degrees of polarity among a series of

reactions, all that should be required, then, is the investigation of
these same reactions in the gas phase that have frequently been
studied in the past in solution. The fundamental question to be

answered, however, is whether or not these same reactions so
familiar to solution chemistry will also occur by the same polar
reaction pathways in the gas phase.

Before any conclusions can be

drawn about structure-reactivity relationships from gas phase

studies, the reactions observed must be clearly established as being
of the polar, unimolecular type which occur entirely in the vapor
phase without any influence by surfaces or added catalysts.
Not until Macco 11's comparatively recent classic studies in

1955 on the pyrolytic eliminations of alkyl halides (16), though,
was even the slightest consideration given to the possibility of a
reaction in the gas phase having any polar character in its transition
state. Polar reactions were always thought to be confined to solutions

and were necessarily excluded from the vapor phase on energic
grounds in view of the relatively high heterolytic bond dissociation
energies of most organic compounds. All gas phase reactions were

thus thought to proceed by either a unimolecular concerted process
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or a free radical pathway with virtually an isopolar transition state.
Reactions involving ionic intermediates in solution were thought to

have no counterpart in the gas phase, and accordingly there appeared
to be no underlying principle unifying the two apparently distinct and
unrelated bodies of knowledge governing the reaction rates and

mechanisms observed under the two different sets of reaction
conditions.

In 1955, Maccoll and Thomas examined the absolute reaction

rates and activation energies for the homogeneous gas phase eliminations of HCl and HBr from alkyl chlorides and bromides of varying

structure. They noted, surprisingly, that while the activation
energies for elimination were all consistently from 15 to 20 Kcal
lower than the homolytic bond dissociation energies of the halides in

question, thereby clearly ruling out a free radical nonchain mechanism, these activation energies also significantly decreased with

increasing branching at the a-carbon, as illustrated in Table I and
Figure I.

Table I. Activation Energies Compared with Homolytic and
Heterolytic Bond Dissociation Energies in Kcal /mole.
D(R-Br)

D(R+, Br-)

Compound

Fact

Et- Br

53.

9

67. 2

183.

7

i Pr - Br

47.

8

67.

6

156.

3

t- Bu- Br

42.

2

63,

8

140.

3

12

0

EtC1(B)

60

EtC1(C)
SS

EtBr

0
E

P CI

50

ButC [(R)
04

6.

Pr I

0

r Br

0
OBu Cl(W)

45

o Bu
40
130

140

150

t

Cl (11)

160
-+

170

D (R X ) (kcal . mole

180
-1

190

)

Figure I. Relationship Between Eact for Gas-Phase Elimination of
H-X for a Series of Organic Halides and the Heterolytic
Bond Dissociation Energy D (R+,

As evident from the table, this trend within the series of

bromides clearly correlates with the heterolytic bond dissociation
energies of these compounds, but not at all with their respective
homolytic bond dissociation energies D (R-X). This led Maccoll

to the startling conclusion that the transition state for these reactions
must indeed contain a significant degree of polarity and that some

similarity must exist between these reactions and the familiar
unimolecular mechanisms (S N1 or El) that these same substrates
exhibit in polar solvents (17). He proposed a transition state as

shown in Figure 2which he termed "quasiheterolytic" (18) having
considerable polarization of the elongated carbon-halogen bond, but

with little or no simultaneous loosening or involvement of the

13

13-hydrogen-carbon bond.

This was substantiated by his observation

that 4-bromo-1-pentene pyrolyzed at about the same rate as sec-

butyl bromide despite the fact that the former compound possessed
an allylic type (3-hydrogen which would have a lower homolytic bond

dissociation energy and be more easily lost in a concerted process in
the formation of the incipient conjugated diene (19).
R,
I

1

13

R2 -C

Figure 2.

CH

3

Maccoll's Proposed Transition State
for Alkyl Halide Pyrolysis.

CH CH 2 - CH = CH 2
Br

CH3

C-R4

kREL = 1.05: 1

CH CH2 - CH3
Br

Ingold (20) subsequently took an even more extreme view in

proposing anactualion-pair mechanism involving carbon-halogen
heterolyF,is to form. the intimate ion pair as the rate controlling
step, followed
in Scheme I.

rapid.collapse to form the products as depicted
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1

1

R

C

C

H

X

R

R

133

13

R4

Slow

R2

R3

C -C

- R4, X

H

Fast

C=C
R2

Scheme I.

/

R3
+HX

R4

Ingold's Proposed Mechanism for Pyrolytic
Eliminations of Alkyl Halides.

In the decade that followed Maccoll's initial recognition of the

existence of polarity in the gaseous pyrolysis of alkyl halides, much
attention was focused on the mechanistic aspects of this and related

reactions, particularly with respect to the effects that steric and
electronic variations may have on the rates and orientation of elimination. In view of Maccoll's comparatively recent reviews summariz-

ing the results of his studies as well as those results of related
studies by his contemporaries (21), the pyrolytic behavior of
alkyl halides will not be covered in any great detail here. It is
apparent now from more recent investigations that both Maccoll and
Ingold overestimated the degree of polarity in the transition state of

these reactions and their proposed mechanisms are not currently
regarded as valid. Later evidence points to the likelihood of a
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concerted, four-centered transition state in alkyl halide pyrolysis
with no actual development of full charges. It must be noted,

however, that from the studies of Maccoll, Barton, and others
emerged the clear evidence that a reaction occurring in the gas
phase could indeed have polar character in its transition state even

without the usual stabilizing influence of an accompanying solvent.

In one of his most important studies; for example, Maccoll and his
group examined the effects of a-aryl substitution in the pyrolysis of

a series of 1-arylethyl chlorides and observed a linear relationship
between log (K X /K H ) and 0- -+ values in a Hammett plot, and even

more significantly obtained a P -value for the reaction series of
-1.36 (22).

Quite naturally, this interest in probing the mechanism of
alkyl halide pyrolysis quickly spread to thermolysis studies of
related compounds in the gas phase, more notably the elimination

reactions of various esters such as the chloroformates, the formates,
the acetates, and the benzoates, the decarboxylations of p-keto and
p

y - unsaturated carboyxlic acids, and the somewhat analogous

acid-catalyzed cyclic eliminations of alcohols and ethers. The
polarity that was initially observed in the pyrolysis of the alkyl
bromides and chlorides actually proved to be none other than a

specific case of a more general phenomenon and as the case with
reactions in solution, these gaseous reactions were found to exhibit
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a wide range with regard to the extent of polar character that develops

along their reaction coordinates.

It now appears likely that the first class of compounds studied,
namely the alkyl halides, illustrates the case where this development of charge separation in the transition state is at its maximum
for a reaction in the vapor phase. At the other end of the spectrum
are the familiar Claisen and Cope type rearrangements (23) which

are relatively insensitive to changes in the electronic nature of

substituents, acid-base catalysis, and the presence of free radical
initiators and quenchers. The transition states of these reactions
are apparently quite effectively described by the completely con-

certed, iso-polar, quasichair configuration envisioned by Doering
and Roth (24).

Between these two extremes lie, among other

compounds, the fore-mentioned esters, carboxylic acids, alcohols,
and ethers.
Even though the existence of a heterolytic reaction pathway in
the complete absence of any solvation has now been clearly
demonstrated by the work of Maccoll and his colleagues, the precise

relationship between this type of polar reaction and those so commonly

observed in solution chemistry is still unclear. Certainly some
fundamental questions remain to be answered regarding precisely

how much polarity the transition states of these gas phase reactions
contain in comparison with those of some of the more frequently
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encountered reactions in solution. For example, is this polarity
confined only to the transition state of these reactions, or is charge
separation extensive enough to permit the actual formation of distinct

ionic intermediates? And if ionic intermediates do form, how
relatively free of each other's influence do they become? How do
they behave? What type of ion pair might they be classified as?
The answers to these and other questions would either confirm or
deny the applicability to the gas phase of all of the underlying

theories and principles that govern the behavior of charged species
in solution. And even more significant from the organic theorist's

point of view, these answers would enable him to place in proper

perspective those results obtained from structure-reactivity studies
of compounds in the gas phase which have already received previous

attention in solution studies but whose behavior in the latter instance
is usually obscured by accompanying solvent effects.

For theoreticians to achieve one of their ultimate objectives
of utilizing the information obtained from studying organic reactions

in the gas phase and thereby gaining a clearer understanding of the

interplay of electronic and steric variations on reaction rates, some
similarity in the behavior of these polar reactions under the two
different sets of reaction conditions must be established. This
would also allow a more accurate determination of the relative
differences in polarity among reactions of differing types. One

18

criterion for establishing this relationship and obtaining some direct
information about the actual extent of charge separation in the gas
phase would be the observance of behavior typical of carbonium

ion intermediates for those same compounds which have been shown
to react in this fashion in solution, and certainly no behavior of

carbonium ions is more characteristic than their proclivity toward
rearrangement in. certain structural instances. Many of these
classic cases such as the neopentyl, the allyl, the bicyclo[ 2. 2. 1] heptan-2-yl, the allylcarbinyl, and the cyclopropylcarbinyl
systems have already been subjected to gas phase pyrolysis and

they reportedly give the same structurally rearranged products as
those obtained from solvolysis of the same substrates in the liquid
phase. While these results are encouraging and suggestive of the

possibility of the actual formation of ionic intermediates in the gas

phase, none of these rearranged products to date, however, has been
unequivocally established as having directly resulted from a

unimolecular, homogeneous gas phase reaction entirely devoid of
any free radical components or accompanying heterogeneous

catalysis by reactor surfaces.
In many of these earlier cases, only product identification
studies were made on the pyrosylate without any attempt at making
any corresponding determination of kinetic order, while in other

instances care was not taken to ensure the insignificance of possible
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radical side reactions or surface effects of the reaction vessel.
In still other cases, some of the rearranged products that have been
cited as evidence for the presence of ionic intermediates in the gas
phase may also be accounted for on the basis of other reaction

mechanisms, such as a completely concerted intramolecular

rearrangement in order to explain their formation.
The earliest attempt at observing a carbonium ion type
rearrangement in the gas phase can be traced to the studies of
Maccoll and Swinbourne who in 1960 (25) reported that neopentyl

chloride, although lacking the p-hydrogen atom necessary for

simple elimination, nevertheless produced HC1 as well as the
rearranged olefins 2-methyl- 2- butene, 3-methyl- 1- butene, and

2-methyl-1-butene upon pyrolysis at 444°C (eq. 2).
CH3

(2)
CH

3

-C

CH

- Cl

C = CH - CH3

> CH 3

CH3

CH3

CH

3

+

CH2

CH - CH - CH3

+

CH

= CH - CH2 - CH3

2

CH3
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They interpreted these results as proof that the transition state
involved elongation and polarization of the carbon-chlorine bond
accompanied by methyl migration from the f3 - to the a -carbon as
shown in Figure 3 (26).
o CH3,

CH3

\\.1/4

N
CH3

Figure 3.

/6+

CH11111111 C152

5+

Maccoll and Swinbourne's Transition State for the
Pyrolysis of Neopentyl Chloride.

Proton removal from the original a-position by the chloride
ion would supposedly produce 2-methyl- 2-butene, while proton

removal from the original y -position would produce 2-methyl- Ibutene.

Proton loss from the bridged methyl group followed by

subsequent migration of hydrogen from the original a -to the
p po sition would lead to 3- methyl- 1- butene.

Anderson and Benson proposed an alternative theory to account

for the presence of the rearranged olefins by viewing the entire
reaction as a radical chain process with 1 1-dimethylcyclopropane
as a likely intermediate which subsequently isomerizes under the
reaction con ,ions to produce the observed rearranged olefins (27).
Shapiro and Swinbourne later investigated this reaction quite

extensively and showed that it was considerably more complex than
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first appeared (28)

The pyrolyti.c decomposition of neopentyl chloride

occurs by a mixed unimolecular and radical chain mechanism with 3040% of the reaction proceeding via elimination of HCl and formation of the

methyl butenes. However at least 40% reacts by a radical chain process
producing 1, 1-dimethylcyclopro pane which the y succeeded in isolating

as well as some accompanying radical cleavage products and chloroalkene s which Maccoll and Swinbourne had noted earlier. They also
found that the 1, 1- dimethylcyc lopropane did indeed undergo significant

isome rization under the reaction conditions to form the observed rearranged olefins 2-methyl- 2-butene and 3 -methyl- 1 - butene. While con-

trol studies indicated that all of the 2- methyl- 1 - buten.e and 2- methyl -2-

butenes could not be accounted for on the basis of the isome riz a
tion of 1, 1 - dimethylcyclopropane alone, thus refuting Ander sonand

Benson' s earlier proposal, the complications of this accompanying
radical chain reaction clouded the original significance of Maccoll and

Swinbourne' s earlier work.

At about the same time that Maccoll and Swinbourne had

reported the re sults of their studies on the pyrolysis of neopentyl
chloride, Lewis and Hendon also became interested in the neopentyl
system and examined the thermal behavior of neopentyl chloroformate in a flow system at 240°C (29) They obtained, in addition

to neopentyl chloride, the same isomeric methyl butenes that
Maccoll and Swinbourne had observed earlier. Like their
predecessors, Lewis and Herndon, interpreted the presence of these
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rearranged olefins as proof that sufficient carbonium ion character
had developed in this gas phase reaction for the familiar neopentyl

rearrangement to occur. However, this investigation ended in
controversy as well since 1, 1-dimethylcyclopropane was also found
to be one of the minor components of the product mixture and was

later shown in control studies to yield the isomeric methyl butenes
under the prevailing reaction conditions.
In 1967, Kwart and Hoster examined the gas phase decomposition of 2-methyl-2-phenylpropyl acetate (or neophyl acetate),

an ester which is closely related to the neopentyl systems studied
earlier. They found this to be another case where pyrolysis of a
substrate lacking a [3-hydrogen for elimination resulted in an

apparent carbonium ion type rearrangement. Pyrolysis of neophyl

acetate at various temperatures from 550 to 600° for short reaction
times (about 10% conversion) produced p , p-dimethylstyrene and

2-benzylpropene with the latter predominating in ratios from 1. 5
to 3.3 to 1 (30).
Ph

CH3

Ph - C
CH3

CH

- OAc

C=C

550 - 600°

/CH3

10%

CH3

H
Ph

CH

C = CH2
CH3
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pointed out, was essentially
This product ratio, as Kwart and Hoster
and Urry (31) in the free
the same as that observed by Kharasch
neophyl magradical elimination of HC1 produced by treatment of
nesium bromide with cobalt chloride.

This is in complete contrast

found under solvolytic
to the predominance of p, P-dimethylstyrene
2- benzylpropene in
conditions where this product predominates over

took these
approximately a ten fold excess. Kwart and Hoster
involvement of polar interresults as definitive evidence against the
They ruled out the possimediates in this gas phase rearrangement.
reaction since the
bility of a free-radical chain mechanism for the

peroxide had virtually no
addition of up to one mole % of di-t-butyl
ratio of 3- phenyl -2- methyl
effect on either the observed product
decomposition of
propene to p, P-dimethylstyrene or the rate of

product arose by a
neophyl acetate. They proposed that the major
state
seven-membered concerted, cyclic transition
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CH3

A
HC

CH2

H

CH3

In a subsequent attempt to account for the formation of the
minor conjugated olefin, Kwart and Ling examined the pyrolysis of
deuterated neophyl carbonate at 575° (32). They obtained evidence

based on kinetic isotope effects and product identification studies
for an a-elimination mechanism with accompanying phenyl migration

in a five membered cyclic, concerted transition state
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They estimated that the possible 1, 3-sigmatopic rearrangement of
the major product 2-benzylpropene to form the minor product

p, p-dimethylstyrene occurred to the maximum extent of less than
10% and could not be the sole source of this minor product.

Substrates containing the bicyclo [2.2.1 ] heptan -2 -yl ring

moiety (i. e. bornyl, isobornyl, and norbornyl derivatives) illustrate
another class of compounds which received considerable attention

in the early search for carbonium ion type rearrangements in the

gas phase. As the case with the neopentyl group, the rearrangement
of this ring system under unimolecular reaction conditions in the
liquid phase is well documented.
Macco 11 and Bicknell initiated the first studies on the thermal

behavior of compounds of this structural type in 1961 when they
pyrolyzed bornyl chloride in a flow system at 350°. They
unexpectedly found the major products from the reaction to be the

rearranged hydrocarbons camphene and tricyclene rather than the
anticipated product bornylene obtained from simple elimination of

the cis-p-hydrogen (33).

25%

55%

20%
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Surprisingly, these are the same rearranged structures which
Meerwein had obtained from methanolysis of bornyl chloride some

forty years earlier (34).

While these rearranged structures are interesting in their own
right, the full significance of their percent composition in the
product mixture is difficult to assess because of two competing side
reactions which the authors noted. One is the isomerization of
tricyclene into camphene by the coproduct hydrogen chloride, while

the other is the possible retro Die ls-Alder reaction of the product
bornylene to ethylene and 1, 5, 5-trimethylcyclopentadiene under the

reaction conditions. Macco 11 and Bicknell felt that the importance

of these two consecutive reactions on the initially formed reaction
products could be minimized by limiting the extent of conversion of

the starting substrate to only 20%. Under these conditions they
reported that the decomposition was a homogeneous, unimolecular

reaction with the rate constant k 1 . I. 8 x 10-4 sec-1 at 350°C. The
later work of Herndon and Manion in 1968 on the thermal stability

of bornylene at 350°C, however, revealed that Macco 11 and Bicknell' s

original belief that bornylene could survive the reaction conditions

at lower percent conversions of starting material was in fact not
the case (35).
Herndon and Manion found the rate constant for the retro

Die ls-Alder reaction of bornylene at 350° C to be 8. 51 x 10-3 sec-1,
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certainly an order of magnitude faster than Maccoll's observed
rate for the formation of bornylene itself from isobornyl chloride.
In view of this, the fact that bornylene comprised only 20% of the

reported product mixture was not surprising.
Emovon in 1966 reported essentially the same thermal
behavior of the bornyl system when he pyrolyzed both bornyl and

isobornyl acetates under static conditions at 345° (36).

H

4

15%

23%

61%

48%

31%

20%

o_c-CH3

0
it

0-C-CH 3

H

His results were more meaningful than those of Bicknell's, however,
because of the greater care he took in attempting to establish the
homogeneous unimolecular nature of the reactions in question.

He reported that the observed rates were unaltered by a five-fold

increase in the surface-to-volume ratio of the pyrex reaction vessel,
and there was no induction period or inhibition caused by the presence
of added cyclohexene. The low values for the activation energies
(45, 3 and 42 Kcal mole

-1 respectively) seem to rule out the

likelihood of a free radical nonchain mechanism as being operative.
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Yet, Emovon's results do not necessarily provide a convincing
argument for the existence of carbonium ion type intermediates in
the gas phase. All of the products shown, with the exception of the

formation of tricyclene from isobornyl acetate, can be accounted for
quite easily without involving a polar pathway as a rational for their
formation. Camphene could conceivably arise from either of the

C-2-epimeric acetates by a seven-membered concerted, cyclic
transition state.

H

HOAC

2C\
H
3

The same mechanism could likewise easily explain the formation

of tricyclene from bornyl acetate, leaving only the formation of
tricyclene from the exo-acetate as an unanswered question.
In what has been the most comprehensive and articulate search

for a carbonium ion rearrangement in the organic gas phase to date,
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E. S. Lewis and his co-workers found substantial evidence against
Emovon's conclusions about the homogeneity of the reactions he

reported earlier. When they pyrolyzed optically active exo-norbornyl
trifluoroacetate in a stirred flow system at 262° (37), they obtained
the anticipated reaction products norbornene, its retro Die ls-Alder
products ethylene and cyclopentadiene, nortricyclene, and unreacted

norbornyl ester which had a lower rotation than the starting material.

However, the rate constant for racemization, k a , as shown in
Table II, was not reproducible and steadily drifted downward over
time as the seasoning and deactivation of reactor vessel walls
became more complete.
Table II. Rate of Reaction of Optically Active exo-Norbornyl

Trifluoroacetate.

Temp
°C

kax 10 4a sec -1

262.3
262.3
262.3
262.3
262.3
262.3
261.2
266.9
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kei x 104sec-1

kx

104sec-1

a

14a
10a
a
8. 5

6.9a
5.0
3. 4
3. 6
5. 2

273. 2

295.6

5. 9
12

319. 5
a Results

2. 04
3. 06

O. 43

4.77
21.7

1. 4
1. 7

121

0. 50

6.4

listed in chronological order with the last taken after
three weeks of continuous flow.
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The same was true of k

the rate constant for the production

of the rearranged product nortricyclene, thereby indicating that this

also is a surface-catalyzed reaction. The formation of norbornene
from norbornyl trifluoroacetate on the other hand is evidently a
simple homogeneous unimolecular elimination reaction which

proceeds by an independent, parallel pathway since the rate constant
k

el

was reproducible and gave Arrhenius parameters consistent with

a unimolecular homogeneous reaction
(k

el

=

1013.

2 * O. 4 e 4(41, 320 * 930)/RT))

The authors also examined the behavior of another system

which undergoes a familiar structural rearrangement under
carbonium ion conditions, namely the cyclopropylcarbinyl-

allylcarbinyl interconversion. When they sent cyclopropylcarbinyl

trifluoroacetate through the flow reactor at 350°, they obtained the

rearranged product allylcarbinyl trifluoroacetate and its elimination
product butadiene. They also obtained two products of uncertain

identity which they assumed to be cyclobutyl trifluoroacetate and

methylenecyclopropane on the basis of retention time similarities.

The generation of these same rearranged products in the gas phase
as those obtained from solvolysis of the same substrates in polar

media strongly suggests a common reaction pathway for both sets of
reaction conditions. Unfortunately, Lewis and his group were unable
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to obtain the evidence necessary to prove that this was indeed the

case, however, since they found that this reaction too was largely
heterogeneous. Seasoning effects were serious at all temperatures

examined and the rates showed no evidence of leveling off to a

constant value even after several weeks of continuous flow.
In a concurrent study on the thermal stabilities of

cyclopropylcarbinyl esters, Hanack, Schneider, and SchneiderBernlOhr were able to show that the analogy in the reactivity of

these compounds in the gas phase with their solvolysis behavior
was indeed extensive (38). Just as solvolysis of any one of the

allylcarbinyl or cyclopropylcarbinyl or cyclobutyl substrates results
in the formation of mixtures of essentially the same product
composition containing derivatives of all three structures, thereby
implying reaction through a common intermediate, Hanack's results

shown in Table III clearly demonstrate that the three structures

can also inter-convert thermally. These results are very interesting and allow little question about the ability of rearrangements to

occur in the gas phase pyrolysis of esters. Especially noteworthy

is the greater tendency toward structural rearrangement at lower
temperature indicating the possible existence of a lower energy
parallel reaction pathway. At higher temperatures, the expected
simple elimination predominates. In spite of their novelty,

Hanack's results unfortunately failed to shed any additional light on
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the mechanistic details of thermal rearrangements of esters since
no kinetic or product stability studies were made. Pyrolyses were

carried out simply by injecting the reactant into the vapor phase
chromatograph and then isolating the products after reaction had

occurred in the hot chromatography column. It is evident from

Table III that these reaction conditions did not permit the survival
of any of the acetates and also resulted in secondary thermal

rearrangements of the initially formed hydrocarbon products in
some case s.
Table III.

Products from Cyclopropylcarbinyl-CyclobutylAllylcarbinyl Rearrangements in the Gas Phase.

Products, %
_1-

Temp. °C

OAc
OAc
OAc

240°

80

7

0

12

480°

9

50

21

19

320°

95

4

0

1

330°

26

0

0

74

490°

14

0

0

85
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In conjunction with his studies on the pyrolysis of norbornyl

and cyclopropylcarbinyl esters, Lewis and his .group also examined

possible electronic effects on the rates of isomerization of esters
containing the allyl structure. Several other workers had earlier
cited as evidence for the existence of polarity in the transition

state for gas phase ester thermolysis the sensitivity of the reaction
rates to substituent effects in both halves of the ester molecule (39).
The rate of elimination is known to be accelerated by electron

releasing groups in the alcohol portion of the ester and by electron
withdrawing (acid strengthening) groups in the acid moiety. Lewis

found this to be true of the isomerization of allylic esters as well,

which his results in Table IV clearly reflect (40).
Table IV. Rates of Isomerication of Ally lic Esters of General Formula

R1

>=
R2

/R3
CRR

45

OCOX

3

R5

k x 10 sec

X

R1

R2

R3

R4

I

H

H

H

D

D

II

H

H

H

H

CF

III

CF

H

H

H

H

CF

IV

H

H

H

H

CF

V

CH

H

H

H

H

CF

VI

H

H

H

H

CH

VII

H

H

H

H

CH

VIII

H

H

H

H

CH

Compound

CF
CF
3

3

CF

3.7

3

3

2.7

3

0.21
3

0.25

3

3

10.9+ 0.2
9.2 + 0.4
9.2 + 0.2
9.0 + 0.7

204

13.2

204

11.6 + 1.0

3

OCH
3
3

Log A

3

CF
3

-1

at 3250.

CH

3

3

10.7

13.7

0.59

11.3
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He envisioned a transition state containing some degree of
carbonium carboxylate character, although he was unwilling to call
upon the actual formation of ion-pair intermediates. He noted that

the esters which were less likely to ionize, namely those containing
the electron withdrawing trifluoromethyl group at either the a- or

y-positions in the allyl moiety, also had smaller entropies of
activation, whereas the more easily ionized acetates containing the
electron releasing methyl groups at these same positions had larger
entropies of activation. He interpreted these results as an indica-

tion that the transition state for the isomerization was qualitatively
similar to that of the Cope rearrangement involving a six-membered
ring.

X

When ionic contributions are less favorable, the new and the old
carbon-oxygen bonds are reasonably strong, the transition state is

more constrained, and the activation entropy is more negative.
In cases conducive to charge development, these same bonds are

weaker and less constrained, and the entropy of activation is more
positive.
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Lewis then focused his attention on the obvious question of

whether a situation could ever arise whereby sufficient charge

development in the transition state allowed the two halves of the
ester molecule to become relatively free enough of each other's
influence for isotopic scrambling to occur (41). To answer this
question, he and Hill examined the rearrangement under flow condi-

tions of crotyl trifluoroacetate which was labeled in the ether position
with

180.

They found extensive loss of label upon isomerization,

with the carbonyl oxygen of the product containing most of the tracer.

Conversely, there was essentially no loss of position of the label in

the unreacted starting material that was recovered after pyrolysis
(42).

268°

0
CF3

C=0
CF3

CF3
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These results clearly eliminate the possible four-membered

cyclic transition state as a significant reaction pathway and lend
credence to Lewis's earlier proposal of a six-membered concerted,
cyclic, Cope-type transition state for the rearrangement. While
not necessarily ruling out the possibility of the reaction involving
an allylic carbonium-carboxylate ion pair, Lewis's data shows that

whatever the structure of the transition state, the degree of bonding
or association is too strong for any possible developing intermediates
to be free of each other's influence long enough for one free rotation.
180 labeled ether
Subsequent tracer studies on the fate of the

oxygen in the pyrolysis of ethyl acetate by Smith, Voorhes, and
Kelly (43) and the analogous t-butyl N N - dimethylcarbamate ester
by Kwart and Slutsky (44) confirmed the earlier results of Lewis
and Hill. In these latter two instances the authors sought evidence

of possible ion-pair return through

180 scrambling in unreacted

starting material since these esters undergo elimination rather than
rearrangement. In both cases no equilibration of oxygen occurred
in the course of thcrmolysis after 60% reaction completion and
virtually all of the label remained fixed in the ether oxygen position

of the ester.
The alkyl NN-dimethylcarbamates are a class of compounds

which are structurally quite similar to the ordinary carboxylic acid

esters and apparently possess a comparable degree of heterolytic
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character in their transition states as evidenced by substituent effects
on their rates of elimination,
0

Met -N-C-0

> Me

R

2N-H

Alkene

+ CO2

Daly and Ziolkowski (45) found that the relative rates of

thermolysis of ethyl

isopropyl, and t- butyl. NN- dimethylcarbamates

are very similar to the relative rates of the corresponding acetates
and formates which Scheer had reported earlier (46) as shown in
Table V.

Table V. Relative Rates of Ester and Carbamate Thermolyses
at 400° C.
Compound

Formate s
Acetate sa

a

N, N-Dimethylcarbamates

Ethyl

Isopropyl

t- Butyl

1

20

720

1

26

1660

1

19

520

aScheer et al., Reel. Tray. Chem. Pays-Bas. , 82 1123 (1963).
They also found that the rates of each carbamate decomposition
were unaltered by changes in the surface-to-volume ratio of the

reaction vessel or by addition of cyclohexene or isobutene, thereby

ruling out radical chain or heterogeneous pathways. The relatively
low activation energies (37. 7 to 44.3 Kcal mole-1) and small

negative entropies of activation (ca. -2. 5 to -6. 8 cal. deg.

-1

mole -l)

suggest that the transition state is not only apparently polar but also
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highly constrained and ordered in much the same manner as that

proposed for the Cope rearrangement.
Kwart and Slutsky have also examined kinetic deuterium

isotope effects in the pyrolysis of the alkyl NN-dimethylcarbamates
and found the value of (kH/kD) to be near its theoretical maximum
of about 2. 5 at 350°C (47). This value plus its virtual invariance as

the structure of the alkyl group in the NN-dimethylcarbamate changes

from ethyl to t-butyl forms the basis of Kwart's argument for a
completely symmetrical, nonpolar transition state in which the
frhydrogen is half transferred to the nitrogen atom in a concerted
step.

He contends that the rate effects Daly and Ziolkowski observed

as the alkyl group changes from primary to secondary to tertiary

cannot be attributed to electronic factors alone in view of his kinetic
isotope effect studies.
Mindful of this background of earlier failures at finding

evidence for ionic intermediates in the organic gas phase, we
nevertheless were convinced that substituent effects on the pyrolysis

rates of the alkyl halides and esters and the Hammett correlations
with cr+ values observed in those cases justified continuing the search

for an example where this possible reaction pathway might be
operative.

Although our research was begun over a year before Lewis
and Newman's work on the norbornyl and cyclo.propylcarbinyl
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trifluoroacetates first appeared in the literature, our basic approach
to the problem was somewhat similar to theirs in principle. We
also planned to examine the thermal behavior of a substrate containing a skeletal framework which was known to involve the formation

of an apparent nonclassical, bridged carbonium-ion intermediate
upon solvolysis. Product structure and stereochemistry would then

be understandable only in light of the existence of these transient

intermediates. If we could also obtain these same products from

the gas phase pyrolysis of the substrate and then prove that the
reaction we observed was homogeneous and unimolecular in starting

material, there could be little doubt about the involvement of these
same intermediates in the gas phase as well.
Although the transition state for alkyl halide pyrolysis has
been shown to contain the largest degree of polarity and hence offer

the best opportunity to observe the possible formation of ionic

intermediates in the gas phase, we chose an ester over an alkyl
halide as the functional group in our substrate because of the experimental difficulties often encountered with the latter. Quite often

alkyl chlorides and bromides undergo elimination by an accompanying

free radical chain mechanism as well as a unimolecular process.
Moreover, the coproduct hydrogen halides are sufficiently acidic
to undergo subsequent readdition to the initially formed alkenes or

cause their isomerization to secondary reaction products.

By
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contrast, the esters usually undergo a clean unimolecular elimination
and the resulting carboxylic acid is generally too weak to undergo a
secondary reaction with the olefin. The hydrocarbons isolated are

hence the first ones actually formed.

We selected the 4-cycloheptene-l-methanol system as the

carbon skeleton for our substrate ester since this structure has
been studied solvolytically as the brosylate and shown to give
Tr -route" entry to the bicyclo [3. 2. 1] octyl system through

trans-annular participation of the double bond at the

,L4

-position (48).

The resulting three-center bridged ionic intermediate undergoes
preferential attack from the more accessible underside of the ion
giving a stereochemical predominance of the endo-isomer as
Goering and Fickes reported in 1968 (49).

100°
HOAC

)0HOAC
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The success of our entire research endeavor thus hinged upon
our ability to obtain these same products in this approximate percent
composition from the gas phase pyrolysis of 4-cycloheptene-1-

methyl acetate (II-Ac) as well, and then clearly demonstrate that
the reaction leading to these products was unaffected by surface

effects and free radical initiators and quenchers. Our original
objective included determination of the energy and entropy of

activation for the reaction and the investigation of the fate the 180
label in the ether oxygen position of the starting material in analogy

with Lewis and Hill's earlier tracer studies on the allylic system.
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RESULTS

The synthesis of 4-cycloheptene-l-methyl acetate (II-Ac) was
achieved by the method of Stork and Landesman (50) as outlined
in Scheme II.

This ester was pyrolyzed under essentially three different
sets of reaction conditions. Two of these involved the dynamic

process of a flow system in which the rate of chemical reaction is
governed by the rate of gaseous flow through a reactor, while the

third presented the static conditions of the sealed ampoule.
We initially chose a flow system for carrying out our thermal
studies over the more commonly employed static method involving
sealed ampoules because of the definite experimental advantages

offered by the former. By passing the gaseous ester through a
continuously heated reaction vessel with the aid of an inert carrier

gas, virtually no time was required for sample vaporization or
temperature equilibration, as would not be the case if ampoules
were used. This was particularly advantageous i.n later kinetic
studies. Moreover, the effort involved in preparing ampoules,
sealing them under vacuum, then. quenching them and breaking them

open can be substantial when several ampoules are to be pyrolyzed.

With a flow system, a new analysis can be made by merely altering
the flow rate and changing collectors after the steady state has been
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H

Dry Benzene

LN

Reflux
(-H20)
H
1

CH ,--CH-C=0,
2

Benzene

(V\

1 )KOH, H2O, b.

2)H

30

I

LiALH 4

CH2-Ac

CH2-0H

Ac 0, Pyridine,
R. T.
II

II-Ac

Scheme II. Synthesis of 4-Cycloheptene-l-carboxylic acid (I)
and 4-Cycloheptene-1- methyl Acetate (II-Ac).
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reached (ca. four half-lives). Clearly, the dynamic process of
continuous vaporization and collection afforded by a flow system

greatly facilitates the mechanics of sample preparation and analysis.

Finally and most importantly, a much broader spectrum of
reaction times can be used with a flow system since the flow rate
can be varied over a wide range. Originally conceived by

F. J. W. Roughton in England some fifty years ago in his development of stop-flow mixing techniques for studying the rates of rapid

reactions, flow systems have been successfully employed in kinetic

studies of reactions whose half-lives are on the order of 10-3 seconds
(51).

In other cases, undesirable consecutive or parallel side

reactions can be minimized by the use of rapid flow rates and their

consequent short reaction times, thereby simplifying kinetic studies

and/or permitting the isolation of less stable reaction products. With
the continuous collection process of the flow system, sufficient

quantities of products can still be obtained for analysis despite the
small percent conversions that accompany these rapid flow rates.
fyLolyLL2S4-_Cysls>heLDtene-l-Methyl Acetate (II-Ac)
in a Flow System

With Simple Open Tube Reactors

The first flow system we employed was a simple type and

merely involved passing a stream of purified nitrogen
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(Experimental) containing the vaporized ester (II-Ac) through a
pyrex tube heated to 350 _± 10°. The effluent gaseous reactant and

products were then condensed in a cold trap immersed in an acetonedry ice bath as shown in Figure 4 then analyzed by glc.
Bubble Flow Meter
Rubber Septum
Block Oven
Cap

Flow

Regulator

Sample in
Vaporizer

Collector

Tube

Reactor

Cold Trap

Figure 4. Simple unpacked, open tube flow reactor.

The flow rate of the carrier gas through the heated reactor
was determined by passing the effluent vapor from the exit port to

a burette-filled soap solution and timing the rate of ascent of the
solution with a stop watch.

The volume change for the difference

between reactor temperature and room temperature was then taken
into consideration and the measured flow rates corrected to obtain

the actual flow rate within the heated reactor. The block oven used
for product identification studies (Figures 4 and 5) contained an
aluminum tube in its core extending from end to end to minimize

the temperature gradient along the length of the oven. Although
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helpful, the tube was not able to completely overcome the problem of
air space between furnace and pyrex vessel walls and the consequent
convection currents that existed along the length of the furnace core.
Temperatures were thus known only within ± 10° whenever this
oven was used.

Unfortunately, the extent of mixing or stirring of the gaseous
molecules within the heated tubular reaction vessel due to diffusion
was not known. As a consequence, the change in concentrations of

reactant and products as a function of passage through the reactor
volume by the carrier gas could not be expressed in mathematical
form. This deficiency, together with the temperature gradient

within the block oven rendered the simple flow system shown in

Figure 4 of no use in kinetic studies on the rate of pyrolysis of II-Ac
although it was most helpful in product identification studies.

When we carried out a preliminary pyrolysis study of
4-cyclohepten.e-l-methyl acetate (II-Ac) in the simple open tube
flow system shown in Figure 4, we surprisingly noted the formation

of seven distinct reaction products (eq.

3).

The identification of

three of these products as the rearranged bicyclic acetates III-Ac,
IV-Ac, and V-Ac was especially encouraging since these were the

same rearranged structures we had hoped to obtain from pyrolysis
of II-Ac at the very outset of our work. In addition to the olefinic
products VI and VII expected from simple elimination of these three
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bicyclic acetates under the prevailing reaction conditions, we also
obtained the two isomeric hydrocarbons VIII and IX whose origins from

the pyrolysis of II-Ac is less obvious.
CH

2-OAc
350°

Flow

System

OAc
OAc

III-Ac

II-Ac

VI

VII

IV-Ac

V-Ac

VIII

IX

The isomeric acetates proved extremely difficult to resolve
by glc and were ultimately separated and identified as the corresponding alcohols III-V which we obtained from lithium aluminum hydride

reduction of the product mixture. The glc analysis of this mixture
of alcohols was even more promising since it revealed that the flow
pyrolysis of II-Ac had led to the formation of the rearranged acetate

III-Ac with a surprising degree of stereoselectivity (Table VI).
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Table VI. Products From Flow Pyrolysis of II-Aca.
%

Rearranged
Acetateb

Rearranged
Acetate Comp.

b

Hydrocarbon

III-Ac IV-Ac V-Ac
76

2

a Simple

10

14

19

Hydrocarbond
Composition
VI

VII VIII IX

13

50 14

23

flow reactor, 350 ± 10°C.

bAnalyzed by glc using column A.
c Analyzed

as the corresponding alcohols by glc using

column C.
d

Analyzed by glc using column B.

Glass Bead Packed Reactor

Virtually the same results were obtained when the ester II-Ac
was dripped through a stream of purified nitrogen over a column of
pyrex glass beads heated to 350° in the block oven. Figure 5 shows

that this was essentially a modification of the simple tubular flow

system since the gaseous ester, after vaporization over the hot beads,
was then swept through the bead column by the carrier gas and on to

a cold trap for subsequent analysis. Virtually identical with the

reactor illustrated in De Puy and King's review article, this
apparatus depicted in Figure 5 is the one most frequently employed
in the preparation of olefins by pyrolysis of esters in the vapor
phase (52).
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Syringe

Rubber Septum

Nitrogen Inlet
Block Oven

Bead Column

Cold Trap

Nitrogen Outlet

Acetone-Dry Ice

Figure 5. Simple open tube flow reactor packed with glass
beads.

Like the flow system shown in Figure 4, this system was
also useless for kinetic studies, although it was of even more value

in product isolation studies because of the larger reaction scale
(50-100.L) afforded by the syringe. Passage of 100k1 of material

through the reactor using the vaporizer shown in Figure 4 would

require passing a stream of nitrogen over the sample continuously
for four or five days, whereas this quantity could be readily injected
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on the hot column with a syringe in the matter of a few seconds.
Table VI reveals that the pyrolysis of 4- cycloheptene- 1- methyl

acetate (II-Ac) in the simple open tube flow systems described led
to the formation of some very interesting and unusual products.
Specifically, none of these seven products (III-Ac to IX) retained
the original monocyclic ring structure of the starting material

despite the fact that ester pyrolysis has been relied upon for years
as a valuable synthetic tool for the preparation of olefins without
rearrangement (52). Most notably absent as proved by independent
synthesis (vide infra) was the anticipated diene X arising by

1, 2-elimination of the elements of acetic acid from II-Ac (eq. 4).

350°

(4)

FLO SYSTEM

+HOAc

II-Ac

Moreover, although the rearranged acetates III-Ac, IV-Ac and V-Ac
were formed as minor products, their ratio (76:10:14) was

strikingly similar to the solvolysis product composition (83:10:8)
which Goering and Fickes had obtained from acetolysis of the

corresponding brosylate of II at 1000.
This observation provided preliminary evidence for the
plausibility of our basic research proposal and indeed formed the
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cornerstone upon which all further research on the thermal behavior
of II-Ac was based. These results seemed to suggest at first glance

that pyrolysis of II-Ac and solvolysis of II-Bs shared a common

reaction pathway, thereby implying that the transition state of the
former contained a sufficient degree of polarity to allow the actual
formation of ion pair intermediates in the gas phase. However,
certain questions were yet to be answered before this could be
completely accepted as factual. Most importantly, the pyrolysis of

II-Ac had to be established as a unimolecular homogeneous gas
phase reaction which was unaffected by changes in the surface-to-

volume ratio of the reaction vessel or by the presence of free radical

initiators or scavangers.
In addition, the rates of formation of these products and their
relationships with respect to each other also had to be investigated.
Specifically the predominance of III-Ac in the product mixture had to

be clearly demonstrated as a consequence of its preferential mode
of formation rather than as a result of the greater instability of the
isomeric products IV-Ac and V-Ac under the pyrolysis conditions.
The achievement of these objectives obviously called for the
design of a much more sophisticated flow reactor which would be

free from the limitations of the simple open tube systems described
earlier and would enable us to perform detailed kinetic studies to

determine the reaction rates, kinetic order, and Arrhenius
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parameters for the reactions involved in the decomposition of II-Ac
and the formation of products III-Ac to IX.

In addition to these limitations inherent in .the flow systems

shown in Figures 4 and 5, a more accurate and constant source of
heat than that provided by the block oven was vital for meaningful

kinetic results. A fused salt bath consisting of a molten mixture of
55% potassium nitrate and 45% sodium nitrite (Experimental)

proved to be an excellent thermostating medium.
Reactors Designed for Kinetics
To obtain kinetic data from a flow system, one must have
some knowledge of the extent of mixing or self-stirring that is

occurring by random molecular diffusion as the gases flow through

the reactor. The very complex equations governing the laws of
fluid mechanics (53) have relatively simple solutions under two
limiting cases where the degree of stirring is accurately known.

In one instance it is virtually nil because the linear flow rate is so
much greater than the rate of random diffusion (plug-flow) while in

the other instance, the converse is true and stirring is essentially
complete (stirred-flow). Between these two extremes lie a myriad
of possibilities for which no simple solution to these equations

exists.

Figure 6 illustrates our first attempt at des,igning a reactor
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which might be useful for kinetic studies on the pyrolysis of II-Ac.

In this instance, we had hoped to satisfy the first limiting case of
negligible random diffusion and hence operate under plug-flow
conditions.
N2 Outlet

N2Inlet

Figure 6.

Reactor designed for plug-flow conditions,
volume 9. 2 ml.

The spiral coil was intended to behave as a long, narrow tube
whose diameter was negligible compared to its tubular length. Each
differential element of volume dV is assumed to flow through a

reactor of this type at a constant pressure as if it were confined
between two pistons moving concurrently through a cylinder and the

effects of convection and diffusion in the transport of material

through the tube are assumed to be negligible in comparison with the

effect of linear flow rate. When a plug-flow reactor reaches a
steady state, the concentrations of reactants and products within
it no longer vary with the length of time the reactor is in operation,
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but rather with distance along the direction of linear flow. In this

case, the normal first-order differential equation correctly describes
the rate law for the disappearance of starting material A in an
element of reactor volume dV and time interval dT for a unimolecular
reaction (54). The first order rate constant is then readily

calculable from the integrated rate expression (eq. 5) for a plugflow reactor of volume V at a flow rate

(5)

2.30 log

(

A
A°

)

U.

k

The behavior of the spiral-coiled reactor shown in Figure 6
was checked by following the retro Die ls-Alder reaction of

dicyclopentadiene to monomer (eq. 6) using equation 5 to calculate

the apparent first-order rate constant (55). The relative amounts
of reactant and product at a given flow rate and temperature were

determined by glc analysis of the condensed effluent vapors

(acetone-dry ice bath) from the spiral reactor.

(6)

2

Table VII shows that th'e first-order rate constant for the

retro Die ls-Alder reaction of dicyclopentadiene cannot be calculated
using equation 5 for the spiral-coiled reactor.
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Table VII. Rate Studies on Cracking of Dicyclopentadiene Using "Plug-Flow" Reactor.
Flow Rate

0C

ml/Min.

Contact
Time (Min)

K

calc

-la
4
X 10 sec

K

lit

-lb
4
X 10 sec

183

2.14

4.3

4.2

4.8

183

4.7

2.0

5.3

4.8

185

2.14

4.3

7.5

4.8

200

2.22

4.1

16.3

19.6

200

5.4

1.7

11.7

19.6

a
b

Calculated from equation 2.

W. C. Herndon et al., J. Org, Chem., 32 527 (1967).

The variation in the calculated values for the first-order rate
constant with flow rate proved that the coiled-tube reactor shown in

Figure 6 did not fulfill the required condition of a negligible diffusion

rate. Apparently a nonreproducible amount of self-stirring occurred

as the gaseous molecules passed through the spiral tubing. For
there to be virtually no mixing probably would have required the

construction of a very long tube of such small diameter that it was
essentially a capillary (56). This ideality seemed virtually impos-

sible to attain in practice, since there would probably always be
some unknown degree of self-stirring by diffusion (and convection),
however small. The other alternative of accurately knowing the

extent of mixi g that occurs by diffusion by guaranteeing that it be

essentially complete (stirred-flow) seemed much more feasible.
Accordingly, we then directed our attention toward the
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construction of the second type of flow reactor (stirred-flow) where

self-stirring was virtually complete and the rate of linear flow
was negligible compared to the rate of molecular diffusion.

Reactors of this type were originally developed in England in
response to the economic demands of the chemical industry. In this

case production on the large scale favors the employment of a

continuously operating system rather than a stepwise batch process
in order to make optimum use of the labor and space available.

Denbigh was the first to present a detailed discussion of the theory
of these "continuous flow stirred tank reactors", as he called them,
pointing out the factors which govern the reaction rates and yields

in these continuously operating systems (57). Explaining the dif-

ferences between flow reactors and reactors of the static type, he
noted that reactions carried out under flow conditions can become

time invariant after a period of operation, thereby extending the
degree of the reaction through the space of the reactor rather than
through time. From a kineticist's viewpoint, flow reactors of the

type Denbigh has described which operate on the principle of total
diffusion have one important advantage over flow reactors of the
plug type developed by Roughton.

Because of the complete mixing

that occurs under stirred-flow conditions, the reaction vessel
attains a uniform composition throughout its volume after the steady

state has been reached. At this point, the rate at which reactant
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molecules enter the heated reactor is exactly balanced by the rate
at which they leave plus their rate of reaction. As a consequence
of this principle of material balance which holds true at the steady

state, the concentrations of reactants and products are related to
the reactor volume and flow rate through simple algebraic equations.

Stirred-flow reactors thus permit the direct observation of
instantaneous reaction velocities and the calculation of instantaneous

rate constants once the time independent state has been attained.

On the other hand, static reactors present a continually
changing picture of the relationship between the concentrations of

reactants and products with time, and thus permit the calculation

of only an average rate constant whose value may sometimes be
dependent upon the specific time interval chosen for its measurement.

Likewise, although free from this dependence upon time once the

steady state is reached, flow reactors of the plug type also offer a
continuously changing relationship between the concentrations of

reactants and products. In this case the composition depends not
upon the time elapsed, but upon the increment of volume element

dV

that is traversed along the direction of flow through the reactor tube.

As with static reactors, only an average rate constant may be
calculated for the reaction that is occurring over the whole integrated
volume V of the plug-flow reactor. And like the static reactors

whose relationships between composition and time are described by
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differential equations, the same is true of plug-flow reactors and

their counterparts for time, namely the flow rate U and the reactor
volume V. In both cases, the calculation of an observed rate

constant employing either a plug-flow or static reactor depends
upon the frequently non-trivial task of successfully integrating

complex differential equations.

Not surprisingly, Denbigh predicted that these stirred-flow

reactors could someday be successfully adapted to the study of
reactions on the analytic scale of the research laboratory in addition

to their valuable industrial application. Despite these evident
advantages over static systems, however, stirred-flow reactors
failed to gain much acceptance as a useful experimental tool for
organic research. Only after they were successfully applied to the

pyrolysis studies of organic compounds in the gas phase by Lewis
(58) and by Herndon (59) in the early 1960's did these reactors come

to enjoy their current level of popularity. Today they are used about
as frequently as the more familiar sealed ampoules whenever gas
phase studies are made.
When we decided to use a stirred-flow reactor for studies on

the pyrolysis of 4-cycloheptene-l-methyl acetate (II-Ac), we were

surprised to find little descriptive details in the literature of the
actual geometrical design which earlier workers had employed to
achieve the conditions of stirred flow. Accordingly, we were
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forced to rely virtually exclusively on our own intuition and imagination in designing a reactor which we felt would produce these
conditions. Figure 7 shows the basic design of our first attempt at

designing such a reactor.
N2

Figure 7.

Reactor designed for stirred-flow conditons,
volume 102 ml.

The insertion of the inlet tube down into the sphere of the
reactor was intended to allow extensive self-mixing and diffusion of
the entering gaseous molecules before they found their way to the
exit port. The exit port, in turn, had its opening withdrawn into

the surface of the spherical reactor to prevent premature escape
from the sphere before thorough mixing of the gaseous molecules
had occurred. To test the performance of this new spherical flow

reactor, we again elected to monitor a reaction whose mechanism

and rate at various temperatures were well known from previous
studies. In this case, we chose to verify the rate of the retro
Die ls-Alder reaction of bicycloheptene to cyclopentadiene and
ethylene (eq. 7) using our new reactor.
(7)

)0-

H2C

CH

2
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This reaction was carefully studied under stirred-flow conditions by Herndon (60), who found it to be a homogeneous, unimolecular gas phase decomposition free from catalysis by surface effects.

He reported an activation energy of 42. 75 ± 0. 56 Kcal/mole and a
pre-exponential factor of 7. 8 X 1013 sec-1. B. C. Roquitte

obtained nearly identical results studying the pyrolysis in a static
system, finding an activation energy of 43. 47 Kcal/mole and a
pre-exponential factor of 7.08 X 1013 sec-1 for the reaction (61).
Neither the addition of pyrex tubings nor the presence of the free

radical scavangers toluene and nitric oxide had any effect upon the

observed reaction rate.

In a stirred-flow reactor chamber of volume V through which
reactants (A 0 ) enter at a flow rate U and leave along with products
8)
(A - (A) at the same flow rate, the following expressions (eq.
0

)

hold true for material balance in a homogeneous, unimolecular

reaction after the steady state has been reached:
U (A0) == U (A) -1- k1V (A)
(8)

k
1

U
V

(A o) - (A)

(A)

At this point, the rate of removal of product through flow out
of the reactor, U (Ao - A) is equal to its rate of formation,
chamber, and all concentrations remain
k V (A), by reaction in the
1

61

constant indefinitely. Hammett and Young (62) reported that the
steady state is reached in most cases after a period of from four to

eight times the contact time (V/U) has elapsed. The contact time
T is the duration that the reactant spends in residence in the thermo-

stated reactor chamber.

The first-order rate constant for the decomposition of
bicycloheptene was determined from eq. 8 at various temperatures

and flow rates using the spherical reactor shown in Figure 7. As

before, the relative amounts of bicycloheptene and cyclopentadiene
were determined by glc analysis of the condensed effluent vapor
from the reactor. Table VIII summarizes the results of our studies

on the retrograde Die ls-Alder reaction of biocycloheptene using the
spherical flow reactor.
Table VIII. Studies on Retrograde Die Is-Alder Reaction of Bicycloheptene with Spherical
Flow Reactor.

T + 0.5

oC

304
305
304
304
304
304
320

Flow Rate
(Sec/10 ml)

Reaction
Time
(min)

6.6
6.6

1.1
1.1

11.1

12.9
12.9
12.9

1.9
2.2
2.2
2.2

6.5

1.1

10

3

x kcalcSec

8.58
5.76
40

1.94
0,612
2.54
8.15

-1

a

b

3

10 x klit Sec

-1

3,76
3.76
3.76
3.76
3.76
3.76
11.4

a

Calculated from eq. 8.

b

68 2016 (1964).
W. C. Herndon, W. B. Cooper, Jr., and M. J. Chambers, J. Phys. Chem.,
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The table above clearly shows that the first-order rate constant

for the pyrolysis of bicycloheptene in the spherical flow reactor
cannot be calculated from eq.

8.

While the reaction times listed

are admittedly quite short, the same irreproducibility in the
calculated values of "k1 " were obtained when these reaction times
were doubled using a reactor identical in design with that shown in

Figure 4, but double in volume. The breakdown in eq. 8 in this

case must be undoubtedly attributed to the failure of the spherical

flow reactor to operate under the required condition of complete
mixing upon which that equation is based.

To obviate this problem of incomplete mixing, we decided to

construct a flow reactor in which mechanical stirring would augment
the self-stirring achieved by gaseous molecular diffusion. While

earlier workers such as Hammett and Saldick (63) had reported
equipping their reactors with mechanical stirrers to help achieve

stirred-flow conditions for studies of reactions in the liquid phase,
we believe that ours was the first attempt at using this technique
for designing a reactor exclusively for gas phase studies. Figure 8

shows a cross-sectional view of our mechanically stirred flow reactor.

The two perforated glass stirring baskets were joined to a glass
stirring shaft which in turn was attached to two teflon bar magnets
via covar. Stirring was achieved via magnetic spinning (ca. 1400
rpm) by interaction with an external spinning horseshoe magnet.
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The glass stirring assembly was housed within two pyrex hemispheres
which were separated by a teflon "0 "-ring and bolted together by two

circular stainless steel clamps.
Internal Bar Magnet
Pyrex Hemisphere
Inlet Port

Glass Stirring
Baskets
Teflon "0" Ring

Teflon Protector

1.

tEExit Port
Glass Shaft

Stainless Steel
Suspension Pin
Stainless Steel
Clamps
Stainless Steel
Leg

Figure 8.

Teflon Bushing
Reactor designed for stirred-flow conditions augmented
by mechanical stirring, volume 576 ml.

To determine whether or not this mechanically-stirred reactor
had achieved the conditions of stirred-flow which we had failed to

attain earlier, we again studied the rate and Arrhenius parameters

for the gas-phase retrograde Diels-Alder reaction of bicycloheptene
(eq. 7). Determination of the first-order rate constant "k I" for the

pyrolysis from eq. 8 led to reproducible results over a wide range
of flow rates, as readily shown by the data in Table IX.
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Pyrolysis of Bicycloheptene at 299°C in MechanicallyStirred Reactor.

Table IX.

103

Flow Rate
(Sec /l0 ml)

Contact Time

8.9

8. 5

2. 00

10.4

10. 0

1.98

11.2

10. 7

1.86

11.7

11. 2

1. 88

13.2

12. 6

2. 15

13.6

13. 0

2. 22

18.7

18. 0

1. 84

20.7

19. 9

2. 32

21.8

20. 9

2. 03

23.8

22. 8

2. 02

28. 6

27. 5

2. 18

31.9

30. 6

2. 30

34.4

33. 0

2. 07

45.7

44. 0

1. 88

(Min. )

103 X k

-

sec1

x kavg = 2. 05 ± 0. 13 sec-1

103 x

klit

==

3. 47 sec

a Calculated

1-

from eq.

7.

b

W. C. Herdron, W. B. Cooper, Jr. and M. J. Chambers,

J. Phys. Chem., 68, 2016 (1964).
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A study of the temperature dependence of the first-order rate
constant also gave good reproducibility and the same invariance with

flow rate at a given temperature, as evident from Table X. Moreover, a plot of log k 1 vs 1/T was linear, as shown by Graph I.

A

least squares analysis using a computer program revealed that the
best line had a slope of 10. 04, an intercept of 14. 86, and a correlation coefficient of 0.996. These values led to activation parameters

(Ea = 45.9 Kcal/mole, log A = 14. 86) in reasonable agreement with
Herndon's values (Ea = 42.8 Kcal/mole, log A = 13. 78).
Table X.

Flow Pyrolysis of Bicycloheptene at Various
Temperatures in Mechanically-Stirred Reactor.
a

Flow Rate
(Sec/10 ml)

T t O. 5°C

13. 5

269

0. 222

26. 1

269

0. 220

11.2

284

0.645

25. 8

284

0. 668

12.8
24.0
10.4

294

1.69

294

1. 71

299

1.98

23. 8

299

2. 02

a Calculated

from eq. 8.

103 k

sec-1
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J

2.0

1.0
0.9

0.8
0.7

0.3

0.2

1.7

Graph I.

1 75

1

8

1.85

19

1/T x 103 (°K)
Pyrolysis of Bicycloheptene in Internally-Stirred Reactor
Shown in Figure 8.
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The reproducibility of the first-order rate constant at a given
temperature and flow rate and its further lack of dependence on varying flow rates at a given temperature clearly indicated that the
mechanically-stirred reactor was indeed functioning under stirred
flow conditions where mixing was virtually complete, as assumed
by eq,

8.

With the successful design of a flow reactor which could be

used for kinetic studies, research was then begun on the kinetics
and mechanism of the thermal decomposition of 4-cycloheptene- Imethyl acetate (II-Ac) (eq.

3).

The relative amounts of II-Ac and

products III-Ac to IX were determined by glc analysis, with the

necessary corrections applied for the difference in detector response
between hydrocarbons and esters. The term {(A 0 ) - (A)} in eq. 8
was assumed to be equivalent to the sum of the relative amounts of

the rearranged acetates III-Ac, IV-Ac and V-Ac and hydrocarbons
VI - IX arising from the pyrolysis of II-Ac.
The results of the flow pyrolysis of II-Ac using the

mechanically-stirred flow reactor are shown in Table

XI.

The data

clearly shows that the apparent first-order rate constant calculated
from eq. 8 is neither reproducible nor independent of the flow rate.

Since the reactor gave acceptable data for the pyrolysis of

bicycloheptene, the failure of eq. 8 to describe the rate of reaction
of 4-cycloheptene- I-methyl acetate (II-Ac) implies that pyrolysis of
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Table XI. Flow Pyrolysis at II-Ac at 285°C C.

Flow Rate
(Sec/10

ml)

Contact

Hydrocarbons
Rearr. .

Esters

Cony.

Time (min)

5

10

x "k 1" sec
a

11.5

1.09

3.56

11.1

5.58

11.5

1.26

3.48

11.1

5.47

11.7

4.0

12.0

a

17.8

10.6

11.3

1.81

4.9

11.5

7.68

12.1

1.61

4.43

11.6

6.51

12,4

3.71

9.9

11.9

15.41

12.4

2.48

6.3

11.9

9.42

12.9

5.75

27.8

12.3

52.04

13.0

6.12

18.5

12.4

29.95

15.8

4.82

16.5

15.1

21.72

19.6

4.03

18.8

9,23

22.7

5.8

21.1

21.8

20.40

24.6

10.2

28

23.6

26.96

16.5

23.8

13.33

b

c

9.48

24.8

4.45

24.8

3.4

9.9

23.8

7.64

25.4

2.44

8.9

24.3

6.70d

25.4

2.34

9.3

24.3

7.00

28.2

4.34

13.3

27.1

9.47c

29.5

29.7

b

d

31.0

a, a,

13.1

bs, b, -- Pairs of runs performed on the same day.

23.40

-1
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this ester does not follow a homogeneous, unimolecular mechanism.

The possibility cf the flow pyrolysis of II-Ac proceeding via a free

radical chain mechanism was also considered. No dimeric hydro-

carbons or other such longer retention time products resulting from
coupling of possible free radical intermediates could be observed
in the glc analysis of the product mixture. Mass spectral analysis

of the reaction products collected at liquid nitrogen temperatures

also failed to reveal the presence of any compounds of molecular
weight higher than 168 nor any excess CO2 arising from decarboxyla-

tion of possible acetoxy radicals.
The possibility of the flow pyrolysis of II-Ac being a hetero-

geneous or surface-catalyzed reaction appears quite likely in view
of the significant dependence of the value of "k 1" calculated from

eq. 8 upon the previous history of the pyrex reaction vessel.
Table XI shows that good reproducibility of "ki" could be obtained

even at different flow rates when pyrolyses of II-Ac were performed
within the same day. The pairs of values labeled a, a, and d, d,

were determined at the same flow rates for each pair while the
values labeled b, b and c, c were determined at varying flow rates
within each pair.

Passage of allyl bromide through the pyrex reaction vessel

before pyrolysis of II-Ac also had a significant effect upon the rate

of reaction at a given temperature and flow rate. Other workers (64)
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have found allyl bromide effective in the "seasoning" or deactivation

of catalytic surfaces in glass reaction vessels and were thus able to
either retard or eliminate heterogeneous pathways in gas phase
pyrolyses.

In our case, passage of allyl bromide through the reactor
prior to pyrolysis of II-Ac significantly decreased the extent of

reaction of the ester in comparison with that observed under the
same reaction conditions but before the use of allyl bromide. In

contrast, passage of allyl bromide through the reactor had no effect
upon the rate of decomposition of bicycloheptene as is true in the
case of totally homogeneous gas phase reactions.
Following completion of the kinetic studies on the gas phase
rearrangement of 4- cycloheptene- 1- methyl acetate (II-Ac), the

earlier rate studies on the retrograde Die ls-Alder reaction of
bicycloheptene were repeated to test reactor behavior. The firstorder rate constant for the decomposition at 294° was calculated
from eq. 8 and found to be the same as that determined earlier
and listed in Table X. As before, it was reproducible and independent

of flow rate at a given temperature, thus confirming the existence of

stirred flow conditions in the reactor and establishing the validity
of eq. 8 beyond reasonable doubt.
While the extent of reaction of II-Ac and hence the value of
"k

1"

calculated from eq. 8 was not reproducible, the product
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composition of the mixture of isomeric hydrocarbons obtained from

pyrolysis of II-Ac remained virtually invariant over a wide range of

flow rates at a given temperature, as evident from Table XII.
Table XII. Hydrocarbons from Pyrolysis of II-Ac at 285°C

in Mechanically-Stirred Flow Reactor.

a

Hydrocarbon Composition
Flow Rate
(Sec/10 ml)

Contact Time
(Min)

VI

11.7
12.4
15.8
22.7
24.8
25.4
31.0

11.3

a

VII

VIII

IX

12

52

15

21

11.9

11

51

14

24

15.1

11

53

16

19

53.6

17

20

11

48

15

26

11

52

15

22

13.5

57

12

17.5

21.8
23.8
24.3
29.7

9.4

Analyzed by glc using column C.

As mentioned earlier, determination of the mechanism of the
gas phase rearrangement of II-Ac to products III-Ac to IX required

considerably more than a mere kinetic study of the rate of rearrangement of II-Ac. Specifically, the origin of all the pyrolysis products

had to be determined, as well as their stability under the reaction
conditions, and their relationship with respect to each other, if any.
Not unexpectedly, acetic acid was also one of the co-products

arising from the pyrolysis of II-Ac. Since the three isomeric
acetates III-Ac, IV-Ac, and V-Ac could possibly have arisen from
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its addition to the bicyclic olefins VI and VII and/or strained
tricyclic hydrocarbons VII anclIX, rather than from thermal rearrange-

ment of II-Ac directly, a study of hydrocarbon stabilities under
reaction conditions was performed.
Authentic samples of both of the tricyclic hydrocarbons VIII and

IX were obtained from Dr. G. N. Fickes (University of Nevada),
while samples of the two bicyclic olefins VI and VII were supplied

by Dr. G. J. Gleicher (Oregon State University). Each of the four
isomers was pyrolyzed individually at 350° C in the mechanically-

stirred flow reactor for 8.3 minutes. All four were thermally
stable even at this higher temperature and were recovered unchanged

after pyrolysis. When each of the hydrocarbons was then
co-pyrolyzed with a five-fold excess of vaporized glacial acetic acid

in the stirred reactor at 285° C for 6. 5 minutes, each was again
recovered unchanged and no trace of acetate products could be

detected in the glc analysis of the pyrosylates. The hydrocarbons
VI - IX thus do not interconvert or form acetates under the reaction

conditions and the rearranged esters III-Ac, IV-Ac and V-Ac must
consequently arise from III-Ac directly.
Tables VI and XIII reveal that the flow pyrolysis of II-Ac leads
to a definite predominance of the endo-isomer III-Ac among the

mixture of rearranged acetates. Since the significance and implica-

tions of this entire research project depend upon the validity of this

Table XIII. Products from. Acetate Pyrolyses

a.

Hydrocarbon
Compositions

Rearranged
Acetate Comp.
Compound

% Rearranged
Acetate

II-Acd

1. 75

III-Ac

0

IV -Ac

4

V -Ac

6

II-Ac -D2

1. 6

a 285°C

III-Ac
76

IV-Ac

V-Ac
14

10

100

92

---

9.

8
5

90. 5

in flow system, contact time 6. 5 min.

b Analyzed

as the corresponding alcohols on column C.

cAn.alyzed by glc on column B.

dContact time 12 min.

Hydrocarbon

VII

VIII

11

50

15

24

33

9

63

24

4

46

13

69

18

31

21

57

-),)
,..,

5

48

26

3. 2

1.9

VI

IX

21
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crucial result, control studies on the stabilities of the rearranged
acetates under the reaction conditions were mandatory. Specifically,

the possibility of ion-pair formation in the gas-phase pyrolysis of
II-Ac could be considered only if the preponderance of III-Ac were

due to its preferential formation and not to any inherent instabilities
of the other two isomers IV-Ac and V-Ac.

Authentic samples of the isomeric alcohols IV and V were

obtained from Dr. H. L. Goering (University of Wisconsin), while
alcohol III as well as alcohol V were synthesized independently
(vide infra) and subsequently converted to the corresponding acetates
III-Ac, IV-Ac, and V-Ac (Experimental).

Pyrolysis of each ester

at 285° for 6. 5 minutes revealed that none of the three was stable

under the reaction conditions, as illustrated by the data in Table XIII.
All three of the bicyclic acetates yielded varying amounts of the
hydrocarbons VI-VIII with VI[ predominating in each case. Moreover,

the exo- and [2. 2. 2]-acetates IV-Ac and V-Ac respectively, underwent interconversion just as they do upon solvolysis (65), although to

a lesser extent. Likewise, as in solvolysis, the endo-isomer III-Ac
did not undergo interconversion to either of the other two isomers
IV-Ac and V-Ac to any significant degree.

While the stirred-flow pyrolysis of II-Ac results in the
predominance of the endo-acetate III-Ac over the exo-isomer IV-Ac

in an approximate ratio of 7:1, Table XIII shows that this
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stereochemical preference cannot be attributed to their difference in
thermal stability alone. The control studies show that the exoisomer (IV-Ac) is only about one and a half times as reactive as the
endo (III-Ac) toward elimination and rearrangement. Consequently
the predominance of III-Ac in the product mixture must be attributed

for the most part to its preferential formation over the other two

isomers rather than to its greater thermal stability.
Additional kinetic studies on the flow pyrolysis of the

rearranged esters III-Ac, IV-Ac, and V-Ac were conducted, and
although they were necessarily limited in scope, these studies did

reveal that as in the case of the starting ester II-Ac, the rates of
thermal decomposition of each of the three bicyclo-octyl esters

were neither invariant with flow rate nor reproducible at the same
flow rate. All three, like the flow pyrolysis of II-Ac, are thus

likely surface-catalyzed reactions. Moreover, in further agreement
with the observed thermal behavior of II-Ac, the product composition
of the mixture of hydrocarbons obtained from the flow pyrolysis of

each of the rearranged esters (Table XIII) was reproducible and
virtually invariant with flow rate (± 2%).
Table XIII also shows that none of the three rearranged esters

gives a significant amount of hydrocarbon IX upon pyrolysis,

suggesting that this compound must arise directly from the starting

material II-Ac. The possible formation of IX from II-Ac via an
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a-elimination mechanism involving a carbene intermediate, as

suggested by the structure of IX; was considered and later deemed
unlikely on the basis of deuterium isotope effect studies. The
deuterated analog of II-Ac with both deuteriums incorporated on the
methylene carbon bound to the acetoxy group of the ester was

synthesized (Experimental) and pyrolyzed under the same reaction
conditions as II-Ac. Table XIII shows that while this deuterated

ester (II-Ac-D 2) leads to a different percent composition of the

hydrocarbon mixture, there is only a slight decrease in the relative
amount of IX in comparison with that observed in the non-deuterated

ester II-Ac and hence virtually no observable primary deuterium
isotope effect. However, in view of the heterogeneous nature of

the thermal decomposition of II-Ac under flow conditions as proved

by extensive kinetic studies, the significance of such isotope effect
studies in determining reaction mechanism may be questioned in

this case.
Pyrolysis of 4- cycloheptene- 1- methyl acetate (II-Ac) in the

mechanically-stirred flow reactor was also examined at temperatures above 285°. However, these studies could not be completed

because of a breakdown in the reactor. The teflon. "0"-ring
separating the two pyrex hemispheres (Figure 8) was not stable
beyond 285° and soon collapsed, filling the reactor with molten

bath salt.

77

Before this breakdown had occurred, however, some preliminary results on the flow pyrolysis of II-Ac at 350° were obtained.
Table XIV does indeed show that there are some slight differences in
the composition of the product mixture obtained at this higher

temperature compared to that observed at 285°.
Table XIV.

Products from Flow Pyrolysis of 1I-Ac at 350°,
10. 5 min in Mechanically-Stirred Reactor.

% Rearranged
Acetate
1. 5

0/0 Unknown

Composition

°70

Hydrocarbon

X+Y
0. 5%

a Analyzed

51

Hydrocarbon
Composition
VI VII VIII IX
14 61 13 12

by glc using column B.

Specifically, the flow pyrolysis of II-Ac at this higher tempera-

ture results in the formation of two very minor, yet unidentified
products, X and Y which have glc retention times on column B
intermediate between those of the hydrocarbons VIII and IX, and the

rearranged esters III-Ac, IV-Ac, and V-Ac. Moreover, the percent composition of the mixture of hydrocarbons VI IX also changes,
with IX no longer predominating over VIII as is the case in the pyrolysis

of II-Ac at 285'. Finally, but not unexpectedly, the higher tempera-

ture resulted in a greater percent conversion of II-Ac to products,
and favored the formation of hydrocarbons over the rearranged

esters to an even greater extent than that noted at 285°.
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Pyrolysis of 4-Cycloheptene- 1- Methyl Acetate (II-Ac)
in a Static System

During our attempts at designing a flow reactor which could

be used for kinetic studies, we also investigated the thermal
behavior of 4-cycloheptene-l-methyl acetate (II-Ac) in sealed pyrex
ampoules under static conditions. In the event that our attempts with

the flow reactor proved fruitless, we had hoped to turn to these
ampoules for our kinetic studies. All the ampoules used in these

studies were prepared in essentially the same way (Experimental).
After charging them with sample, the ampoules were frozen in an

acetone-dry ice bath, sealed under vacuum, then allowed to reach
room temperature before pyrolysis. The block oven described

earlier (vide infra) was used in all preparative scale studies, while
all kinetic studies were performed in the constant temperature fused
salt bath. Neither unvaporized ester II-Ac nor any colored residue
was observed when these ampoules were withdrawn from either the
bath or the oven.

In spite of numerous attempts to duplicate the reaction conditions which existed in the flow system, no trace of rearranged

acetates III-Ac, IV-Ac, and V-Ac or the hydrocarbons VI-IX was
ever detected in the ampoule pyrolysis of II-Ac. In fact, no

appreciable reaction occurred even after heating the ester for 4. 5
hours at 285° in a sealed ampoule.
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In the flow system, pyrolysis of II-Ac led to the formation of

the rearranged acetates and hydrocarbons under atmospheric pressure. Vacuum sealing undoubtedly resulted in a pressure less than

one atmosphere in the static system. To compensate for this, two

ampoules were sealed under atmospheric pressure (purified nitrogen
then heated to 285° for four hours. The spherical reactor used in

the stirred-flow pyrolysis of II-Ac (Figure 8) also no doubt offered

a greater surface area than did the sealed ampoule for a possible
wall-catalyzed or heterogeneous reaction to occur. Accordingly
crushed pyrex glass was added in some ampoule pyrolyses to help

minimize this difference in glass surface area. Again, no change
in II-Ac was discernable after four hours of heating in the sealed
ampoule at 285°. Finally, changes in sample concentration (0. 2 mg

to 40 mg per 10 ml ampoule) had no apparent effect, nor did the

addition of glacial acetic acid prior to ampoule pyrolysis.
Reaction of II-Ac did occur, however, when the ampoules

were heated for 4. 5 hours at 350°, giving essentially two products.

Neither of these products had the same glc retention times as any of

the three rearranged acetates III-Ac, IV-Ac and V-Ac, or the four
hydrocarbons VI - XI obtained in the flow system. However, their
retention times were very similar (Experimental) to those of
products VII and VIII obtained in the flow pyrolysis of II-Ac, indicating

that these two products were possibly isomers of VII and VIII. Product
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isolation studies showed that the minor product obtained from sealed
ampoule pyrolysis of II-Ac at 350° was methylene-4-cycloheptene
;X),

the simple 1, 2-elimination product of II-Ac. This compound

was independently synthesized (Experimental) by reacting the

corresponding brosylate ester (II-Bs) with strong base in dry
dimethyl sulfoxide (eq. 9).
CH -O -Bs
2

K 0 t -bu

(9)

)10--

Dry DMSO, R. T.
II- Bs

.X
(93%)

(7%)

Comparison of its nmr and mass spectra with those of the minor
product obtained by preparative gic of the pyrosylate of II-Ac
showed that product to be the seven-membered diene X.

Identification of the major product was accomplished despite
our inability to synthesize an authentic sample for direct spectral
comparison. The nmr spectrum of this major product revealed

the presence of a terminal methylene group (6 4.75, s), and a vinyl
group centered at 6 5.75, leading to the assigned structure of
3-vinylniethylenecyclopentane XII.

This agreed favorably with the

nmr spectrum of 3-v;nylmetbylenecyclopentane later reported
by P. Dowd and his co-workers (66) who obtained this compound by
the photo-chemical addition of 3-methylenecyclobutanone to
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butadiene involving trimethylene methane as the key intermediate.
We intended to synthesize an authentic sample of XIV for

direct glc retention time and nmr spectral comparisons by the
apparently facile and direct route shown in Scheme III, beginning
with cyclopentenone.

0
1, 4-Addn
MgX
CuX

1,2 Addn
/CH3 Br' (Ph) 3P,
HO

PhLi (Wittig Rxn)

Scheme III. Proposed Synthesis of 3-Vinylmethylenecyclopentane XIV.

However all attempts at affecting the first step, a 1, 4-addition
of a vinyl Grignard reagent to cyclopentenone proved fruitless.
Both vinyl magnesium bromide (X----Br) and vinyl magnesium chloride
(X=C1) were employed as the Grignard reagents, and the catalysts
cuprous chloride and cuprous bromide were each tried. The cuprous

halides were first tried in catalytic amounts (5%), then later in a
three-fold excess, both methods ended in failure. Each time,
a direct 1, 2-addition across the carbonyl group occurred to give
the tertiary vinyl alcohol which was useless for further considerations in the plan of Scheme III.
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Pyrolysis of II-Ac in a sealed ampoule at 350° clearly proceeded via a different reaction pathway than pyrolysis of the ester
in the flow system, as evident by the vastly different products
obtained under the different reaction conditions. Moreover, the
decomposition of the ester in the static system appeared to be a
homogeneous, unimolecular, first-order reaction as shown by the
data in Table XV. The plot of log (A 0 /A) versus time shown in
-3
Graph II is linear, with a slope of 1.78 x 10 min, giving a value

for the first-order rate constant of

105 x k

= 6.38 sec-1 at 350°.
1

This linearity and the fact that the rate constant was duplicated
within 8% in a subsequent study on the ampoule pyrolysis of II-Ac

at 350° strongly suggest that the ampoule pyrolysis is a homogeneous
gas phase reaction that is not subject to surface effects. This is in

sharp contrast to the heterogeneous nature of the reaction under
flow conditions where no relationship exists between reaction time
and percent conversion of II-Ac to products, and where the value of

the apparent first-order rate constant could not be reproduced even
for the same reaction time.
Table XV. Rate of Reaction of II-Ac at 350° in a Sealed Ampoule.
Time (min

% Conversion

XII/X

A /A

Log A0 /A

120
240

35
59

8.3
8.3

1.53
2.44

360
480

75
85

9.2

0.184
0.388
0.612
0.790

8.1

o

4.08
6.17
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1.0
0.9
0. 8

0. 7
0. 6

0. 3

0. 2

100

200

300

400

Time (Min. )
Graph II.

Sealed Ampoule Pyrolysis of II-Ac at 350° .

500
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Table XV also shows that 3-vinylmethylenecyclopentane XII

comprises by far the major portion of the product mixture, and
that the ratio of this rearranged hydrocarbon to the simple elimina-

tion product X remains virtually unchanged with increasing reaction time. Control studies indicate that much, if not all, of this
major product XII arises by a subsequent thermal rearrangement of

the initially formed direct elimination product X.

Table XVI

reveals that X is unstable under the reaction conditions and undergoes extensive conversion to XII when heated in a sealed ampoule at
350° for only one hour. Mass spectral analysis of the major product
obtained from the ampoule pyrolysis of X revealed that both the
fragmentation pattern and the relative peak intensities were identical

with those in the mass spectrum of the major product obtained from
the ampoule pyrolysis of II-Ac. The nmr spectra also compared
favorably, but were not quite superimposable in the vinyl region,
probably due to the presence of unreacted X in the product
ampoule
mixture. Table XVI also shows that in addition to XII the

X yields smaller amounts of four unidentified minor
products. Although these minor products were not well separated
by glc, mass spectral analysis using the Atlas CH7 instrument with

pyrolysis of

its gas chromatograph inlet system showed that they all had a
molecular weight of 108, and very possibly were isomeric with X
and XII because of the similarities in their fragmentation patterns.
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Products from the Ampoule Pyrolysis of X at
350° for One Hour.

Table XVI.

Product

ajo

A

1. 3

B

86. 0

C

8. 3

F
a Products

MW

108

XII

108

X

108
108

D

E

Identity

4. 5

108
108

listed in increasing order of glc retention times

on Column B.

A material balance study of the sealed ampoule pyrolysis of
II-Ac using a synthesized sample of III-Ac added as an internal

standard was also carried out and the results showed that all the
products formed under these conditions were detected by glc analysis.
There was thus no apparent polymerization to possible non-volatile
byproducts in the sealed ampoule pyrolysis of II-Ac.
This apparent dichotomy in reaction pathway observed in the
thermolysis of 4- cycloheptene- 1- methyl acetate (II-Ac) under static

conditions versus the flow system is also manifest in the pyrolysis
of endo-bicyclo [3. 2. 1]-octan-2-y1 acetate (III-Ac) under the two

different sets of reaction conditions. When a sample of the latter
was pyrolyzed in a sealed ampoule at 350° for one hour, only the
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simple 1, 2-elimination product VII (39%) was observed. In contrast,
none of the rearranged isomeric hydrocarbons VI, VIII, and IX
(< 3%) observed in the flow pyrolysis of III-Ac (Table XIII) could be
detected when this compound was pyrolyzed under static conditions.

Moreover, the rate of elimination of III-Ac at 350° in the sealed
ampoule is comparable to that observed in the flow system at 285°,
thus indicating that pyrolysis of III-Ac at the same temperature is

several orders of magnitude slower in the ampoule than in the flow
system.
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DISCUSSION

Flow System Results

Our studies confirm the ability of 4-cycloheptene-l-methyl
acetate (II-Ac) to rearrange upon gas phase pyrolysis in a flow

system to the same products as those commonly obtained from polar
reactions of substrates containing this carbon skeleton in the liquid
phase. This lends further credibility to Maccoll's original proposal

that the transition states for reactions in the gas phase may not
necessarily be isopolar merely because of the lack of stabilization
through solvation. In the case of the thermolysis of alkyl halides

and their derivatives to form olefins and the coproduct "HX", he
contended that charge separation is extensive enough to permit the

observance of polar substituent effects on reaction rates and allow

rate constant correlations with heterolytic bond dissociation
energies. It now appears likely that in some favorable cases, this

charge separation may even result in the same type of structural

rearrangements in the gas phase as those characteristic of carbonium
ions in a polar medium. We have not only extended the earlier work
on other carbon skeletons prone to this type of structural rearrangement (the neopentyl, the neophyl, the bornyl and isobornyl, the

allyl, and the cyclopropylcarbinyl-cyclobutyl systems) to yet
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another carbon framework, but in an important way we have gone
beyond the significance of some of the earlier work, The neopentyl

chlorides and chloroformates are cases in which accompanying free
radical chain reactions also lead to the formation of the same

rearranged products as those attributed to rearrangement of the
neopentyl cation. The preferential rearrangement of 4- cycloheptene-

I- methyl acetate (II-Ac) to endo-bicyclo [3. 2. 1] octan -2 -yl acetate
(Ill -Ac) by such a homolytic pathway is not as easily explained.
Homolysi.s of II-Ac at the a-carbon-ether oxygen bond would initially

lead to formation of a tight radical pair with the acetoxy group generated on the exo face of the eight carbon skeleton as shown in
Scheme IV. Recombination of the acetoxy radical with the rearranged

bicyclo [3. 2. 1] octan -2 -yl radical should take place preferentially

from the same face as that from which it was originally generated
thus leading to predominantly exo-bicyclo [3. 2. 1] octan-2-y1

acetate IV-Ac. In the gas phase where solvent cage effects would be

absent, the two radicals might have a looser interaction than in the
liquid phase and thereby become sufficiently free of each other's

influence for the probability of recombination from the exo and endo
faces to approach equivalence. Even if this were the case, one
would expect to see the endo-isomer III-Ac comprise only half of

the product mixture at a maximum. Equally difficult to explain in

light of the free radical mechanism shown in Scheme IV is the origin
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CH=
OAc
2

CH2

OA c

II-Ac

JP
OAc

OAc

Y
III-Ac

Scheme IV.

IV-Ac

Possible Homolytic Pathway in the Gas Phase
Thermal Rearrangement of 4-Cycloheptene-1Methyl Acetate II-Ac.
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of the bicyclo [2. 2. 2] octan -2 -yl isomer V-Ac since this product

would require a 1, 2-alkyl shift of the initially formed bicyclo [3. 2.

1]

octan -2 -yl radical, and such shifts are not commonly observed in

the chemistry of organic free radicals.
As further evidence against the likelihood of a free radical

mechanism, it must be noted that our rearrangement occurs at a
considerably lower temperature (285°C) than those employed by
Louw and Kooyman (ca. 400-500°C) in their studies on the thermo-

lysis of allyl acetate (67). Even more significant, these authors
found that the acetoxy radical intermediates formed readily underwent decarboxylation to carbon dioxide and methyl radicals at

485°C. The rate constants for both this secondary reaction and the
homolysis of allyl acetate itself had approximately equal values of
1C-,-",

10-3sec-1 at this temperature. Thus our failure to observe any

enhancement of the carbon dioxide peak in the mass spectrum of the

pyrosylate of II-Ac casts grave doubt about the intermediacy of

acetoxy radicals in these studies. Louw and Kooyman also noted
that in addition to carbon dioxide, the main decomposition products
in the homolysis of allyl acetate were 1-butene and methane. In our

case, the absence of methane and the products corresponding to
1-butene, namely ethylcyclohept-4-ene and perhaps the possible
rearranged hydrocarbons exo and endo-2-methylbicyclo[3. 2. 1]
octanes expected from recombination of methyl radicals with the
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eight-carbon radical fragments of the starting material and the
possible rearranged radicals shown in Scheme IV renders a free
radical mechanism even more doubtful.

For the acetates of neophyl, bornyl and isobornyl, and allyl
alcohols, the products obtained from gas phase pyrolysis could be

accounted for on the basis of rearrangement through a concerted,

intramolecular Cope-type transition state as well as by an ionic
pathway.

This nonpolar mechanistic alternative also seems incap-

able of providing a plausible explanation for our results. Examina-

tion of molecular models reveals that interaction of the 7 -electron
cloud of the carbonyl group in the ester with that of the ring double
bond between the C4 and C5 carbons in a cyclic, concerted intra-

molecular process is possible only from the exo face. Scheme V
shows that this should lead exclusively to the exo-bicyclo[ 3. 2.1]
octan -2 -yl acetate IV-Ac.
CH

CH3

2

O.

II-Ac
Scheme V.

IV-Ac

Concerted Intramolecular Rearrangement of 4Cycloheptene- 1-Methyl Acetate (II-Ac).
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This, however, is precisely the converse of what is actually
observed. For such a process to lead to the formation of the

observed major product III-Ac, the concerted rearrangement would
have had to proceed to the endo-face of the molecule which is

sterically precluded. As is the case with the endo product III-Ac,
no intramolecular concerted pathway from II-Ac to the other
rearranged isomer bicyclo[ 2. 2. 2] octan-2-y1 acetate V-Ac seems
possible.
One mechanism which would satisfactorily account for not

only the structures of all the rearranged products III-Ac, IV-Ac and
V-Ac obtained but also justify their percent composition in the

pyrosylate mixture is the very same one which has received wide
acceptance in explaining the generation of these same products and

their same approximate relative percentages when the brosylate of
4-cycloheptene-l-methanol, II-Bs, is solvolyzed under carbonium
ion conditions in a polar solvent. This mechanism, however, is
based upon the formation of ion-pair intermediates, as shown in

Scheme VI, and thus far there has been no clear cut evidence that

such intermediates are actually involved in reactions in the gas
phase. The first step in the thermolysis of II-Ac would involve

some type of heterolysis of the a-carbon-ether oxygen bond to

produce a species which has at least enough electron deficiency at
the exocyclic methylene carbon to cause transannular interaction of
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VII + IX

III-Ac

VII + VIII + IX

IV-Ac
V-Ac
VII

e0Ac

Scheme VI.

Thermal Rearrangement of 4-Cycloheptene- 1- Methyl
Acetate via an Ion-Pair Mechanism.
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the Tr-electron cloud at C4 and C5 with this positive center.

Whether this heterolysis is complete as shown in Scheme VI, thereby leading to an intimate ion pair with fully developed charges in the

gas phase, or involves only an unsymmetrical stretching of the
a-carbon-ether oxygen bond with consequent partially developed

charges is open to debate. The geometry of the substrate II-Ac

requires that the developing acetate anion be generated on the exo

face in the first formed ion pair as shown in Scheme VI. Migration
of the anion to the endo face would then allow recombination to the

observed endo acetate III-Ac. Recombination while the anion was
still on the exo face would of course merely result in reversal to

starting material, In any case, the species formed must possess
some type of bridged non-classical structure shown in Scheme VI

which results in preferential attack by the acetate counter ion from
the endo side, thereby accounting for the predominance of the endo
isomer III-Ac. Without the intervention of this type of species, it
is not apparent why a classical ion pair with its anion generated on
the exo face should give predominantly endo product. Leakage of the

initially formed non-classical bridged ionic species via either the
classical bicyclo[ 3. 2. 1] octan- 2-y1 cation or something closely

resembling it in structure to the second non-classical bridged
cationic structure shown in Scheme VI would allow entry into the
other bicyclooctyl systems, namely the bicyclo[ 2. 2. 2] octan-2-yl,
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and exo-bicyclo[3. 2. 1] octan-2-y1 systems which Goering and

Fickes have shown are related through the same non-classical
bridged ion.

Since one of the criteria for the existence of non-classical
bridged carbonium ion intermediates has long been their relatively
low amount of elimination to olefin, this would suggest that most of

the rearranged hydrocarbons should arise by 1, 2-or 1, 3-eliminations
from the classical cations shown in Scheme VI while the rearranged

acetates would arise from acetate anion recapture by the nonclassical bridged ions shown.
Unfortunately, the extent to which elimination occurs from

the various cationic species proposed, whether classical or

bridged, cannot be accurately ascertained because the rearranged
acetates III-Ac, IV-Ac, and V-Ac themselves eliminate under the

reaction conditions at rates that are comparable to their rates of
formation. The results of our control studies illustrated in Table
XIII reveal that each of these rearranged acetates undergoes
elimination to form varying amounts of the hydrocarbons VI, VII, and
VIII under the reaction conditions employed in the pyrolysis of
II-Ac. However, like the pyrolysis of II-Ac, these reactions are

also seriously complicated by heterogeneity which makes any

attempt to accurately determine their relative importance in the
formation of the hydrocarbons Vi,, VII, and IX in the product
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mixture hopeless. Without this information, we can only make a

rough estimate of the degree of elimination that occurs from the
ion pairs shown in Scheme VI. If we make the assumption that each

of the three rearranged acetates eliminates by a homogeneous,

first-order pathway, then the rates calculated from the data in
Table XIII would indicate that roughly half of the hydrocarbons

arise in this fashion while the other half must come from other
intermediates such as the ion pairs shown in Scheme VI. However,
the eliminations of III-Ac, IV-Ac, and V-Ac are, in fact, not

homogeneous first-order reactions and any calculation based upon

this assumption is necessarily incorrect and only a rough estimate
at best. In the course of our control studies on the stabilities of

the rearranged acetates, we did obtain an interesting piece of evidence in support of the polar mechanism shown in Scheme VI.
The exo-3. 2. 1 and -2. 2. 2 isomers IV-Ac and V-Ac respectively

were found to interconvert thermally just as they do solvolytically
with virtually no leakage into the endo-3. 2. 1-isomer. Moreover,

pyrolysis of the latter fails to result in formation of either of the
former two bicyclooctyl isomers.

While some question still remains regarding the precise role

played by the rearranged acetates in determining the percent
composition of the hydrocarbons VI, VII and IX in the product

mixture, it seems quite unlikely that these hydrocarbons could arise
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from the starting material II-Ac directly. No plausible mechanism
seems available to account for their formation in this manner. On
the other hand, we have found evidence which strongly suggests that
at least one hydrocrabon, namely IX is probably formed from II-Ac

directly since virtually none of it is found in the pyrolyses of IV-Ac
and V-Ac. What small amount (5%) that does arise from III-Ac could

either be attributed to passage through the non-classical bridged ion
that relates II-Ac and III-Ac as shown in Scheme VI. or else to the
trace impurity of II-Ac (ca.°. 5%) that remains as an unreacted
contaminant from the preparation of III-Ac. The structure of IX

suggests that it could possibly arise by an a-elimination mechanism
leading to the carbene intermediate, which would then undergo
intramolecular addition to the ring double bond as shown in Scheme
VII.

0.

,.cH3
\\
0

H- Cit-p

II-Ac
Scheme VII.

HOAc

Possible Formation of IX frcrn Carbene Generated
by a-Elimination of II-Ac.
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Table XIII shows, however, that the relative abundance of IX
in the mixture of hydrocarbons obtained from pyrolysis of the a, a-

dideuterated ester II-D 2 -Ac remains virtually invariant. This would
seem to rule out such an a-elimination pathway as shown in Scheme
VII since the deuterated analog should show a primary isotope effect.

It must be cautioned, however, that the actual magnitude to be
expected for such an effect is unknown in the case of surface catalyzed

reactions. Nevertheless, the increase in the relative amount of the
hydrocarbonVIII at the expense of olefin VI in the deuterated case

does seem consistent with such an isotope effect. Scheme VIII shows
that the deuterated 2. 2. 2-acetate arising from II-D 2 -Ac via Scheme
VI could either undergo 1, 2-elimination involving loss of a (3-

deuterium atom to form VI-D or suffer 1, 3-elimination through
loss of a y -hydrogen atom to formVIII-D. That the latter alternative

is more favorable is not surprising.
CD -0Ac
1,2-Elimination
D
OA c

II-D 2 -Ac

I, 3- Elimination
D

VI-D

VIII -D

Scheme VIII. Alternative Modes of Elimination of V-D 2 -Ac.
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The heterogeneous nature of these reactions we have observed
under flow conditions certainly raises some serious questions about

the significance of our results and suggests that the stereoselectivity
exhibited in the rearrangement of II-Ac may not be attributed to the
path taken in Scheme VI but must instead be a consequence of some
peculiar phenomenon of surface interaction. We prefer to adopt the

view of Lewis in this regard. He found essentially the same results
as we did in his studies on the flow pyrolyses of norbornyl and cyclo-

propylcarbinyl trifluoroacetates, noting that the rearrangements to
the products anticipated from carbonium ion type intermediates
were largely heterogeneous, while the ordinary eliminations to
unrearranged olefins were homogeneous unimolecular reactions.
Lewis pointed out that the sensitivity of reactions with highly polar

transition states to heterogeneous catalysis by glass surfaces should
come as no surprise. This does seem reasonable for a reaction in
the gas phase having a polar transition state since it would, in the
absence of ordinary stabilization by dipolar interactions with solvent
molecules, undoubtedly interact with whatever polar species happens
to be present to enhance its stability. When one considers that our
pyrex reactor is in essence nothing more than a solid solution of

ions, it should not be surprising that a reaction in the gas phase
which has developing charge in its transition state should be subject

to catalysis by such a reactor surface. It would be especially
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intriguing to determine how changing the material composition of the

flow reactor from pyrex to some inert substance such as teflon or

stainless steel might affect the outcome of our results. We should
have been able to achieve this same effect by coating the walls of our

pyrex reactor with the carbonaceous products from the pyrolysis of
allyl bromide. However, the failure of our observed rate constant
to level off to a constant minimum value indicates that we were never

able to reach this degree of surface deactivation. The question
remains whether or not the thermal rearrangements we observed in
the pyrolysis of II-Ac would have been completely suppressed had

this level ever been reached.
While we have by no means proved that the heterogeneous

nature of our acetate pyrolyses are a direct consequence of charge
separation in the gas phase, it seems clear that this surface effect
is not due to the usual causes of heterogeneity. In virtually all

instances this involves free radical chain reactions which have
unequal rates at which the radical chains are initiated (catalysis) or
terminated (inhibition) at the surfaces of reactor vessel walls. In
view of all the evidence cited earlier in this discussion against the

likelihood of a free radical pathway playing a significant role in the
flow pyrolysis of II-Ac, this heterogeneity seems understandable
only on the basis of the interaction of charged species with a polar

surface as Lewis suggested earlier.
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No discussion of the results we obtained under flow conditions
would be complete unless we considered the question of whether

polarity in the gas phase is possible to any extent from the standpoint

of thermodynamics. The very large heterolytic bond dissociation
energies of most organic compounds, such as those listed in Table I

for the alkyl bromides would, at first glance, seemingly render any
degree of charge separation in the gas phase out of the question.
Most of these energies are on the order of from 75 to 100 Kcal
mole-1 above the activation energies commonly observed for most

thermal reactions. Moreover, energies of these magnitudes are
more commonly associated with reactions occurring via an electronically excited state attained by photolysis or mass spectroscopy.
While cognizant of these facts, Ingold, nevertheless, warned

as early as 1957 of the need to examine the question of the energetics

of gas phase heterolysis in greater detail than the simple-minded
approach of merely considering heterolytic bond dissociation
energies (15). He pointed out that nature has more than once found
a way to make possible what man has, upon first analysis, deemed

scientifically impossible. In this case he suggested that these large

values for the heterolytic bond dissociation energies of organic

compounds are in fact rather deceptive since they not only repre-

sent the energy necessary for heterolytic bond cleavage to form
ions but also contain the energy required to completely separate
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these ions from each other after they are once formed.

Ingo ld

estimated that for ethyl bromide, whose heterolytic bond dissociation
energy is roughly 184 Kcal mole-I, perhaps 100 Kcal mole

-1 or

even 120 Kcal mole-1 of this energy could be recovered if the ethyl

cation and the bromide anion were allowed to join together in the

formation of an intimate ion pair. He also recognized that even a
few more Kcal mole-1 would be released by the mutual polarization

of these ions thereby leaving an ultimate value which he hoped might
logically account for the observed activation energy for thermolysis
of 54 Kcal mole

-1 .

About a year later, Maccoll sought to provide a quantitative
basis for Ingo ld' s suggestion by using eq. 10 to calculate the

enthalpy of formation in the gas phase of the intimate ion pair

obtained from thermolysis of ethyl bromide. If Ingo ld' s hypothesis

were correct, this value should closely approximate the experimental
activation energy E act for the reaction. According to eq. 10, this
enthalpy of formation should be given by the heterolytic bond

dissociation energy D (Et+, Br ) of ethyl bromide minus the
Coulombic energy released (e

2/r ) upon formation of the intimate

ion pair (68). The heterolytic bond dissociation energy, in turn, is

a value which may be calculated from the homolytic bond dissociation
energy D (Et- Br), the ionization potential of the ethyl radical

I (Et'), and the electron affinity of the bromine atom, EA (Br' ).
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All three of these values may be obtained experimentally.
(10) H (Et+, Br

2/r
) = D (Et-Br) + I (Et' ) - EA (Br' ) - e

In the case of ethyl bromide, Table I shows that the heterolytic
bond dissociation energy is roughly 130 Kcal mole-1 greater than

the activation energy for elimination. In calculating the energy

released upon formation of the ion pair, Maccoll assumed a value
o
of 2. 5 A for the distance r± between the ethyl cation and the

bromide anion. This was simply an empirical figure which he

arrived at by subtracting 2.A° from the covalent radius of carbon
(r =

.

75

A0) and adding the resultant value to the ionic radius of the

bromide anion (r

(7)).

- = 1.97A

In this case the Coulombic energy

term becomes approximately 130 Kcal mole-1 thus completely
accounting for the difference between E act and D (Et+, Br ) and

apparently supporting Ingold's proposal that ion-pair formation in

the gas phase may not necessarily be as energetically unfavorable as

first appears. However, one should exercise care in attaching any
great significance to this excellent agreement between the observed
activation energy and Maccoll's calculated value since, as Benson

and Bose later pointed out, his calculation was quite crude and
oversimplified (69).

In addition to citing his failure to consider the mean polariz-

ability o± of the intimate ion pair 1a± = 1/2 (a+, + or)], and the
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repulsive energy between the two ions within the pair in his

calculation, Benson and Bose criticized Maccoll's estimate of the

interionic distance r± within the pair as being much too small and
thereby overestimating the stabilizing contribution from the
Coulombic term. These authors noted that the value of r = 2. 5A

o

which Maccoll assumed for the ion pair is only . 6 A larger than the
covalent C-Br bond distance and that a better way to estimate the

radius r+ of the ethyl cation would be on the basis of the radii of cornparable species such as the oxonium ions H 3 0+ RH 0

,

and R HO+ or the
2

ammonium ions NH4+ and Rn H4-nN+. These cations all have crystal

radii of approximately 1. 4.A regardless of ligancy and this value
would seem to be a reasonable estimate for the theoretical crystallographic radius of a carbonium ion. Adding this to Pauling's

crystallographic radius of 1.97 Ao for the bromide ion gives a
value of r

= 3. 4.A for the distance between Et+ and Br in the

intimate ion pair. This would make the stabilization from the
Coulombic energy term only about 97 Kcal mole-1 rather than 130
Kcal mole-1 which Maccoll had obtained. This in turn raises the

estimate for the enthalpy of ion-pair formation in the gas phase to
9 5 Kcal mole-1 which is considerably in excess of the experimental
-1 for the activation energy.

value of 54 Kcal mole

Benson and Bose also noted that this estimate for H (Et+, Br

can be revised downward slightly if one takes into account the

)
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probable reduction in total repulsion in the ion pair in the gas phase

compared to that observed in the solid state. In the case of the
alkali halides, this reduction in repulsion effectively shrinks the

internuclear distance r± between positive and negative ions in the
pair by about 15% compared to crystallographic distances. In

applying this figure to the ethyl bromide case, the distance rth
between the ions becomes 2. 9 A° and the Coulombic energy term

increases to 114 Kcal mole-1. This leaves a value of 78 Kcal
mole-1 for the calculated enthalpy of ionization in the gas phase

which is still far too high compared to the activation energy of 54
Kcal mole-1 for thermolysis of ethyl bromide.

With the two new terms included for the mean polarizability
a

of the ions within the ion pair as well as the repulsive energy

of the pair, Benson and Bose presented a more complete analysis
of the Coulombic energy of an ion pair in the gas phase as shown
by eq. 11.

(11) E (Coulombic)

-e2
r

ath

(1 +

)

r.3

+

r± 9

The energy of the ion pair should have an extremum with respect

to the distance r

,

and by taking the partial derivative of the

Coulombic energy with respect to the distance r± and equating the

resulting expression to zero and solving for r ±, the energy of
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the extremum is given by equation (12).

-e 2

(12) E (Coulombic)Ext

rf

[

1 - 1/9 + 5/9 (a /r3± )]

Benson and Bose found that the value

of a /r

3

is very close to

.13 not only for ethyl bromide but also for isopropyl and t-butyl

bromides as well. This value also seems to hold true for the

corresponding chlorides and iodides in the series. Hence, the
coulombic energy for the intimate ion pair R+, X- may be
ap,72'-)ximated by .96 e

2/r

.

Assuming this value of .13 for the

polarization energy term and a value of r+ = 1.3 A° for all three
carbonium ions, Benson and Bose arrived at the enthalpies of ion
pair formation shown in Table XVII. The corresponding values of

the activation energies for elimination are shown in parenthesis
next to each calculated enthalpy of ion-pair formation in the gas
phase.
Table XVII. Comparison of Activation Energies for Elimination

of Alkyl Halides with Enthalnies of Gas Phase Ion
Pair Formation Calculated from Eq. 10 by Benson
and Bose.
X

R

Cl

Br

I

Et

83 (57)

82 (54)

65 (50)

i-Pr

64 (49)

63 (47)

54 (44)

t-Bu

38 (41, 4)

35 (39)

35 (36, 4)

..._
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Table XVII shows that for both the ethyl and isopropyl halides

the activation energies for elimination are much lower than the calculated enthalpies of ion-pair formation in the gas phase even with
the 15% contraction in r±. The discripancies in the t-butyl cases

where the calculated enthalpies are actually lower than the activation

energies indicate that the use of the contracted inter-ionic distance
r

is incorrect or else that it is incorrect to use the same value of

r+ for all three carbonium ions. Without the 15% contraction in r th
the calculated enthalpies of ion-pair formation for t-butyl chloride,
bromide, and iodide increase to 56, 51, and 50 Kcal mole-1
respectively. One would certainly expect that in the bulkier t-butyl

cation there would be more repulsive interactions between the large
halide anions and the methyl groups thereby increasing the interionic

distance r± within the intimate ion pair in comparison with the ethyl

or isopropyl cases. On the basis of this very poor agreement of the
calculated enthalpies of ion-pair formation in the gas phase with the
activation energies for elimination, Benson and Bose have concluded that while there is abundant evidence for charge separation in

the transition state for alkyl halide pyrolysis, it is very unlikely
to be so great as that corresponding to a fully developed intimate
ion pair.

As an alternative to this erroneous ion-pair picture of the
transition state for the pyrolysis of alkyl halides, Benson and Bose
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developed a model for the reaction which was still polar but now
involved only partial charge separation and the existence of semi-ion

pairs rather than fully charged species. The model they selected
was based upon precisely the microscopic reverse of halide
pyrolysis, namely the addition of HX to olefins to form alkyl
halides (eq. 13).

C
1

(13)

/C

=

+

H- X

----NA..

5_
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1

H
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Since this addition reaction is the microscopic reverse of alkyl

halide pyrolysis, both reactions should pass through the same transition state, Accordingly a successful estimate of the energy content

of the transition state for the one reaction will necessarily afford the
same knowledge about the energy content of the reverse reaction.
In the case of the addition of HX to olefins, most of the experimental

evidence suggests that a likely picture of the transition state is that

depicted in eq. 13 with a four-centered structure containing partially
formed new bonds and partially broken old ones with only partially

developed charges. A reasonably close estimate of the observed
activation energy for addition based upon this model would suggest

that the model gives an accurate picture of the geometry and extent
of charge separation in the transition state not only for the addition

reaction but also for the reverse elimination of H-X from alkyl
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halides to form olefins. Figure 9 shows that the activation energy
for the pyrolysis of alkyl halides which could not be successfully

calculated on the basis of a completely formed ion pair by Benson

and Bose earlier, should be obtainable from the sum of the activation
energy for the addition of HX to olefins plus the standard enthalpy

change for the reaction

AHo.

Since this latter term may be readily

calculated from ordinary thermodynamic data, the success of the

semi-ion pair model for gas phase pyrolysis ultimately rests upon
the accurate estimation of the activation energy for HX addition to

olefins assuming the transition state depicted in eq.

13.

Benson and Bose visualized one manner in which the transition

state for this electrophilic addition might be reached from the starting materials which initially involves inducing a dipole 4 in the HX
molecule. The polarized HX molecule is then brought up to the

double bond at a distance r a from whence it then induces a dipole
The

moment p, in the olefin because of the latter's polarizability ac.

total energy change for forming the activated complex would then
involve the energy E of inducing the dipole p,H X within the H-X
f-t

molecule, the energy of interaction E arising from induction of a
dipole momentµ in the olefin by the polarized H-X molecule, plus
the repulsive energy ER between HX and olefin as shown in eq.

14.
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Figure 9.

Energy Diagram for Addition of HX to Olefins.

111

(14) Eact

E

- E + Er
2

',-

1/2 E 5 r HX/a....
HX

2

- 1/2 ac

p.

HX F (e) +

B

r

2

a

On the assumption that the angle dependent function F(e) is close to
unity and that the induced moment µ c which is opposite in sign to
1/1-1X

may be approximated by ac p, HX /r a

3

the total energy required to

reach the complex is given by eq. 15.
2
E

(15) E act

Ec

al

2
,

r HX

1

-

a a._
ti X

r

2 aHX

6

B

r

As in the model for the fully developed ion pair, the coulombic

energy Ec has an extremum with respect to ra which can be obtained
in the usual way and the resulting value of r a at the extremum

substituted back into eq. 15, to give eq. 16 for the estimate of the

minimum energy necessary to reach the four-centered transition
state for HX addition shown in eq.

13.

6
22
(16) E act' E coulombic = 1/2 (E a r }ix / x) [1 - ac al-1X "ra

In order to calculate a value for Eact from eq. 16, estimates
must be made for the polarized bond length rHX in the HX molecule,
the magnitude of the charge 61, the polarizabilities aHx and ac of HX

and olefin respectively, and the distance r a between the two molecules

112

in the transition state. Benson and Bose assumed that inducement of
the dipole within the HX molecule produced essentially a semi-ion
pair with rHX halfway between the ground-state distance and the

ionic radius of the halide anion X-. This yields the values
o

rHBr = 1. 70A°, and r HI = 1. 93.A . The values for
r were calculated by adding . 77 A to the covalent bond length of
rHC1 = I. 54 A
a

C-X.

In addition, Benson and Bose increased the average polariz-

abilities of each olefin by 30% to take into consideration the
enhanced values parallel to the Tr -bond. All of these values yield

after calculation from eq. 16 the set of estimated activation energies
for addition of HX to olefins shown in Table XVIII.

The corresponding

experimental values actually observed in each case are shown in
parentheses by the calculated values.
Table XVIII.

Comparison of Activation Energies (Kcal mole-1)
for Addition of HX to Olefins Calculated from Eq.
16 with Experimental Values.
HX

Olefin

HBr

HC1

HI

(28.5)
(23.5)

C H4

31 (40)

28

(33.9)

24

C3 H6

30 (33. 8)

27 (28. 7)

24

i-C4 H 8

30 (25.4)

27 (23. 2)

23 (18. 1)

2

Table XVIII shows that the activation energies for addition of
HX to olefins which Benson and Bose calculated on the basis of their

semi-ion pair model agree quite well with the experimental values
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observed for the reactions in question. In view of the complexities
involved in their calculations and the careful thought that was given

to the assumptions that were necessary in order to obtain numerical
information from their equations, their accomplishment seems
especially gratifying and meaningful.

In an effort to refine this semi-ion pair model, Benson and
Bose assumed an alternative approach which was more symmetrical
in its treatment of both olefin and HX. Instead of a model which
involves first inducing a dipole in the HX molecule and then allowing

it to induce a moment in the initially unpolarized olefin when the

two molecules are brought to a distance r a from each other, this
second approach assumes that both the olefin and the HX molecule

are at the outset polarized in the direction parallel to their reacting
bonds by the equivalent of ± 1/2 formal charges. This treatment
yields an expression for the energy of activation as shown by eq. 17,

where r cc is the carbon-carbon bond length in the polarized state,

and the other terms are as described for the first semi-ion pair
model.
2

( 17) E act

8

HX
c'HX

2

+

rcc 2
a

c

2rHX r

r

cc

B

3

r

a

l2
a

At the extremum, where the variation of E with ra is at its minimum

value, the estimated activation energy is given by eq.

18.
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(18)

Eacje'

E

8

2

!rHX2
aHX

cc
ac

3

2

r

r

cc

r a3

Calculation of the activation energies for addition of HX to olefins
based on eq. 18 yields the values shown in Table XIX. Once again

for the sake of comparison the corresponding experimental values

are listed beside the calculated values.
Table XIX.

Comparison of Activation Energies (Kcal Mole-1)
for Addition of HX to Olefins Calculated from
Eq. 18 with Experimental Values.
HX

C2 H4

39 (40)

C3 H6

35

i-C 4 H8

31

(33.8)
(25.4)

HI

HBr

HCl

Olefin

(28.5)
(23.5)

(33.9)

33

32 (28. 7)

29

28 (23. 2)

25 (18. 1)

36

Table XIX shows that for the most part, the agreement
between the experimental values and those calculated on the basis

of this alternative semi-ion pair model is even better than before
(Table XVIII). This second approach which gives a more sym-

metrical treatment to both the olefin and HX molecules apparently

also gives a more accurate picture of the transition state for the
reaction. As evident from both Tables XVIII and XIX, both semiion pair models somewhat underestimate the change in the activation
energy with increasing a-methyl substitution or with changes in the
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nature of the halogen acid. Benson and Bose pointed out that addi-

tional refinements such as consideration of secondary dipole-dipole
interactions and the inclusion of van der Waals interactions could

probably account for these differences. These discrepancies are

quite small, however, and any further attempts at elaborating upon
these calculations seem a meaningless preoccupation with trivia.
The conclusions to be drawn from Benson and Bose's calculations

are prefectly clear as they stand. There is apparently no way from
the standpoint of thermodynamics that a fully developed ion pair can
be sufficiently stabilized without the help of solvation for existence

in the gas phase. In this respect victory must be conceded to the

skeptics who from the outset branded as ridiculous the ionic mechanisms proposed by Maccoll, Ingo ld, and others for the gas phase

pyrolysis of alkyl halides and their derivatives. But while gas

phase ion pair formation as these workers originally envisioned it
is probably thermodynamically precluded, Maccoll and Ingo ld were

not completely incorrect in their thinking. Indeed, they should

receive the recognition they deserve as the real pioneers of a completely new approach to the theory of gas phase reactions.

For

while complete ion-pair formation is probably impossible in the

gas phase, the results of Benson and Bose clearly show that
polarity at least to a limited extent with partially developed charges
is certainly not energetically impossible and should not be dismissed
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without some consideration as a possible mechanistic pathway.

This charge separation, although limited, is evidently extensive
enough in some cases to manifest itself in the form of electronic
substituent effects and induce rearrangements typical of more fully
developed carbonium ion intermediates.

In the light of Benson and Bose's calculations, the mechanism
which we proposed in Scheme VI to explain the thermal 7 r o ut e

rearrangement of II-Ac in a flow system should probably be amended
to show only partial cleavage of the a-carbon-ether oxygen bond in

the starting material and only partial rather than fully developed
charges. With this partial bond breakage, however, it is difficult
to understand how the partially formed acetate anion could ever be

sufficiently free from the original a-carbon position for migration
to the endo-face to form the observed major product III-Ac. Leakage into the exo -3. 2. 1 and 2.2.2 bicyclo octyl systems seems equally

difficult without passage through the classical 3. 2. 1- carbocation
shown in Scheme VI.

Sealed Ampoule Results

Pyrolysis of 4- cycloheptene- 1- methyl acetate II-Ac in sealed

ampoules under static conditions gives every indication of being an
ordinary homogeneous unimolecular gas phase elimination. The

reaction follows the first-order rate law with the rate proportional
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to the concentration of starting material II-Ac remaining unreacted
at any time t. The first-order rate constant

105 k

1

= 6.38 sec-1

at 350°C was reproduced on three different occasions and is certainly

the correct order of magnitude to be expected for a reaction of this
type.

Since our primary objective in studying the pyrolysis of II-Ac

did not involve examining this simple elimination to

methylenecyclohept-4-ene X, we did not investigate the variation
of k with temperature to determine Arrhenius parameters for the
1

reaction. However, we can arrive at a general conclusion regard-

ing the possible activation energy for this reaction if we make an
assumption about the value of the pre-exponential term A in the

Arrhenius rate equation. From tables of data compiled by Smith (4),

this pre-exponential term for the elimination of most primary
acetates centers around 1012.5, and if we use this as an estimated
value for the pyrolysis of II-Ac, the activation energy for the
reaction calculated from the Arrhenius equation becomes roughly
47.5 Kcal mole-1. These same tables show that the activation

energies for the pyrolysis of the acetates of most unsubstituted
primary aliphatic alcohols lie within the narrow range of 46-49
Kcal mole-1.

The fact that methylenecyclohept-4-ene undergoes extensive
conversion to 3-vinylmethylenecyclopentane XII under the prevailing

reaction conditions comes as no great surprise. This, in effect is
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a Cope-type rearrangement (eq. 19), which in the more modern
terminology of the Woodward-Hoffmann rules corresponds to a

thermally allowed [3,3]- sigmatropic shift.

350°C
(19)

XII

X

Reactions of this type commonly have activation energies on the

order of 10-15 Kcal mole-1 below the activation energies required

for the elimination of primary acetates. Neglecting the small
changes in the pre-exponential factors for these two reactions which

are of differing structural types, a difference of 10 Kcal/mole in
activation energy alone at 350

oC

would make the rate constant of

the more favorable reaction about 2.5 X
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times as great as that

for the reaction which has the higher activation energy. The fact

that a sample of X obtained from independent sources underwent
over 90% conversion to XII after pyrolysis for only one hour at this

temperature in a control study indicates that the rate constant for

rearrangement is quite large at this temperature.
Table XV shows that continued pyrolysis of II-Ac in a sealed
ampoule at 350°C after 2 hours fails to result in any appreciable
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change in the ratio of XII to X in the product mixture. This

implies that these two isomeric olefins are in equilibrium with
each other and that this equilibrium has already been reached after
two hours at 350°C.

The vexing question that has remained unanswered throughout

the course of this work is why the pyrolysis of II-Ac takes such a

drastically different course in sealed ampoules compared to that in
a flow system. The only answer that seems appropriate is the

trivial one which is that despite our efforts, we obviously failed to
duplicate the actual reaction conditions that prevailed in the flow

system. We added both pyrex beads and crushed glass to our
ampoules in attempts to increase the surface area to that which the
flow system afforded, and we later combined this with sealing the
ampoules under a positive pressure of one atmosphere of nitrogen

to duplicate the pressure of the flow system which operated at one

atmosphere with the nitrogen carrier gas. All attempts failed to
result in rearrangement of II-Ac to the products observed in flow
systems.

Whatever the causes of our failure to observe Tr-route
rearrangement of II-Ac in sealed ampoules, it is clear that the
reaction under flow conditions, although heterogeneous, has a much

lower activation energy than the ordinary elimination reaction.
Although the rate constant fluctuates and no meaningful kinetic data
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can be obtained from pyrolysis of II-Ac under flow conditions, the

fact that it undergoes reaction at a rate comparable to the simple
elimination of II-Ac in sealed ampoules but at a temperature

roughly 75°C lower clearly indicates that the transition state for
n- -route rearrangement is more easily attainable energetically than

that for simple elimination.
General Mechanism of Homo eneous

Ester Pyrolysis.
In recent years, extensive research on the mechanistic
details of ester pyrolysis in the homogeneous gas phase suggests
that the long accepted mechanism which Hurd and Blunck first

formulated nearly four decades ago needs some revision (69) . As
shown in Scheme IX, these workers proposed that the reaction

occurs in a single step involving a cyclic, concerted six-membered

transition state and a cis-orientation of the p -hydrogen and acetoxy
leaving groups. Admittedly, this hypothesis contains several
attractive features which have enabled it to survive all these years
with virtually no modification. In addition to accounting for the
observed kinetic order of the reaction, the picture of a concerted

process for bond making and bond breaking in the transition state
also provides an explanation for the fact that the activation energies
for elimination are generally from 15-30 Kcal male-1 less than the
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Scheme IX. Hurd and Blunck's Mechanism For Ester Pyrolysis.
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homolytic bond dissociation energies of the compounds in question.

In light of the rotational degrees of freedom that would be lost in a

constrained arrangement of six atoms in a ring as shown in Scheme
IX, the negative entropies of activation which are observed in most
cases are well accounted for

Without the restrictions of such an

ordered transition state, these activation entropies might be thought
to be positive since progress of the reaction results in the formation of two product molecules from one reactant, with a consequent

increase in the number of translational degrees of freedom. The
p - deuterium kinetic isotope effects which have been observed for

the reaction are also consistent with rupture of the p -carbonhydrogen bond in the rate-determining step as shown in Hurd and

Blunck's mechanism. Values of kH/kD ranging from 1.5 to 2.8
at 400o C have been reported by several workers for esters of

differing structural types (4). Finally, the definite stereochemical
preference for cis-elimination which has been clearly demonstrated
on several occasions is a logical consequence of a reaction occur-

ring through the transition state depicted in Scheme IX.
Despite these favorable points, however, there is ample
evidence that Hurd and Blunck's mechanism for the pyrolysis of

esters is not entirely correct. Its principal detraction is its
failure to include any degree of charge separation in the transition state. As a consequence, the mechanism provides no
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explanation for the fact that the acid moiety, while playing no role
in determining the composition of the pyrosylate, does nevertheless

influence the rate of the pyrolysis. Likewise, the well-documented
effects of a-polar substituents in the alcohol portion of the ester
on the reaction rates and the resulting rate correlations with
Hammett cr

+- values which give a negative p-factor of -0.65 for

the reaction cannot be rationalized by the completely nonpolar
representation of Scheme IX (70). Equally incompatible with the

mechanism is the evidence that the p -carbon appears to have

developing carbanion character in the transition state (p=ca. + 0.15)
although the degree of charge development at this carbon is only

about one fourth as large as the carboniun ion character developed
at the p ca rbon ( 71).

One of the more interesting alternatives to Hurd and Blunck's

mechanism for ester pyrolysis was that suggested in 1963 by
Kooyman and his research group who launched a series of extensive

investigations on the factors influencing the rates and products of

ester pyrolysis (46). As shown in Scheme X, they proposed an
ionic pathway which involves a rapid, reversible formation of an

intimate ion pair intermediate. The carbocation within the ion
pair could then either undergo subsequent internal rearrangement
(k ) followed by collapse with the anion to form a rearranged ester,
r

or else suffer loss of a p -hydrogen to the anion (k 2) thereby

124

forming the usual olefin and acid.
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Scheme X. Ion-Pair Mechanism for Ester Pyrolysis Proposed by

Scheer, Kooyman, and Sixma.

With its involvement of ion-pair intermediates, this mecha,
nism readily accounts for many of the observations regarding
charge development in the transition state that Hurd and Blunclos
isopolar mechanism neglects. In addition, as long as k 2 is

smaller than k -1, this polar mechanism is not incompatible with
the observed (3-deuterium kinetic isotope effect. However, one
must candidly admit that despite any of these apparent advantages,
any mechanism which involves the existence of fully developed

ion pairs in the ga,s phase is suspect. The thermodynamic
arguments against the feasibility of such intermediates in the
complete absence of solvation as advanced by Benson and Bose
appear quite convincing. In addition, the failure to detect any
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degree of randomization of the ether oxygen label in unreacted

acetates and carbarnates upon partial thermolysis casts further
doubt upon the formation of such intermediates. As Kwart, who

has remained steadfast in his criticism of the gas phase ion-pair
theory points out, these hypothetical flintermediatesil must possess
a lifetime even shorter than one free rotation and as such fail to

satisfy this definition of a true intermediate. The argument
could be made that the coulornbic attraction between the positive

and negative ions within the pair is so strong in the absence of

solvation that free rotation cannot occur, thereby thwarting isotopic scrambling and giving rise to the observed negative entropy
of activation. But such an argument in essence seems nothing

more than a paraphrase of Hurd and Blunckts concerted mechanism
showing only partially developed bond changes.

In a subsequent attempt to provide a more meaningful
explanation of ester pyrolysis, Kooyman and his group proposed
the interesting mechanism depicted in Scheme XI (72). This

mechanism is of special significance since it is the most complete
that has been advanced to date, incorporating both Hurd and

Blunckis concept of a cyclic, concerted transition state with
Maccoll and Ingo ldis views of charge separation.

In contrast

to the mechanism shown in Scheme X, however, the charge

development is only partial, rather than full, bond formation and
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cleavage is only partial rather than complete, and rotation is

restricted.
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Scheme XI. Semi-Polar Mechanism for Ester Pyrolysis Proposed
by Tinkelenberg, Kooyman, and Louw.

Kooyman viewed the reaction as occurring via a ilconcerted

heterolysisil which involves strong polarization of both the acarbon-oxygen and the I -carbon-hydrogen bonds in the transition

state. Although this mechanism provides a fuller explanation of
the experimental results of ester pyrolysis than either the completely concerted nonpolar or the completely ionic mechanisms

alone can offer, the true meaning of this picture of partially formed
bonds and partially developed charges is vague.

Taylor has recently attempted to clarify this picture of dashed
lines and partial charges in Scheme XI suggested by Kooyman by

estimating the relative degrees to which these various processes
of bond-making and bond-breaking have progressed in the transition
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state (73). By employing 1, 2- diarylethyl acetates as the substrates

for his studies of substituent effects at the a- and (3-carbons
in the alcohol group of the ester, he avoided the usual complica-

tions of statistical effects and the differences in stabilities of the
various olefin products which cloud the significance of substituent

effects themselves. Like Kwart, he reported that the p -deuterium
kinetic isotope effect was quite large (ca. 2.15) compared to its
theoretical maximum value of 2.70 at 3600 C. In sharp contrast

to Kwartts interpretation of this large isotope effect, however,
Taylor contends that this value supports an unsymmetrical transition state with the hydrogen atom perhaps only one third transferred
from the 3 -carbon to the carbonyl oxygen atom. Kwart has

maintained that since this isotope effect is close to its theoretical
maximum, it proves that the hydrogen atom is half-transferred
between the carbon and oxygen atoms in a completely symmetrical,

concerted transition state. However, this principle of half-

transference for a maximum primary kinetic isotope effect is
based upon the assumption that the transfer occurs between two
atoms of like basicity and as Taylor points out, such is not the

case with ester pyrolysis. For atoms of quite differing basicity
such as carbon and oxygen, calculations indicate that the isotope

effect increases rapidly with a small degree of bond breaking in
the transition state and then levels off as the bond between
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hydrogen and the less basic carbon atom tends toward being half
broken. Hence, the transition state depicted in Scheme XI is

unsymmetrical with the hydrogen atom lying closer to the (3-carbon
atom and the p -carbon-hydrogen bond stronger than the developing
carbonyl oxygen -(3- hydrogen bond.

The direction of electron flow

as indicated by the curved arrows is certainly consistent with
Hammett correlation studies which show that the a-carbon has
developing carbonium ion character (pR-,, -0. 65) while the p -carbon

has developing carbanion character

+0. 15) in the transition

state. Rate acceleration by the presence of electron withdrawing
groups in the acid portion of the ester

+ 0,33) is also consistent

with this direction of electron flow pictured in scheme XI. On

the basis of the considerable difference in the magnitude of the

p-values at the a- and p -carbons, even after taking into consideration the diminished effect of substituents at the p -position because

they are one more carbon removed from the reaction site, Taylor
contends that cleavage of the a-carbon-oxygen bond is more
extensive than cleavage of the p -carbon-hydrogen bond and
formation of the carbon-carbon It -bond. This would seem to

support his argument based upon kinetic isotope effects that the

hydrogen on the p -carbon is less than half transferred to the

carbonyl oxygen. The positive p-value at the carbonyl carbon
indicating that this atom is electron rich in the transition state
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stands as further evidence in support of this picture since rupture
of the a-carbon-ether oxygen bond must be more complete than
formation of the carbonyl oxygen -3- hydrogen bond. Hence from

Taylor's point of view, breaking of the a-carbon-ether oxygen
bond and simultaneous formation of the new carbon-oxygen
Tr-bond seems the most fully developed process in the transition

state of ester pyrolysis, Cleavage of the original carbon-oxygen
7r-bond in the carbonyl group of the ester and simultaneous
formation of the oxygen -(3 -hydrogen bond seems to be the next

most developed process. The bond changes which have progressed

the least upon approach to the transition state according to Taylor's
view are cleavage of the f3 -carbon-hydrogen bond and formation of
the carbon-carbon Tr-bond. Hence if the arrows depicting electron-

pair bond charges in Scheme XI are numbered as shown in

Figure 10, the extent of electron pair movement would be 1>2>3.
1

CHR

R -C
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H

Figure 10. Taylor's Estimate of the Relative Degrees of BondMaking and Bond-Breaking in the "Concerted
Heterolysisif of Esters.
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To this quite complete explanation of the mechanism of

ester pyrolysis in the homogeneous gas phase we can only add that

there is apparently also a parallel reaction pathway of lower

activation energy available to esters possessing a suitable carbon
skeleton. This reaction seems largely if not completely hetero-

geneous and leads predominantly to rearrangement rather than to
simple elimination. The esters most likely to react by this

parallel pathway generally contain a carbon framework which

permits some type of charge delocalization either through cr- or
Tr -bond interaction with the developing positive center at the

reaction site. The rearranged products that arise have the same

structures as those obtained from carbonium-ion type rearrangements of substrates containing the same carbon skeletons under
polar conditions in the liquid phase.
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EXPERIMENTAL

General

Infrared spectra were measured on a Beckman IR 8 infrared

spectrophotometer. Nmr spectra were measured on a Varian
Associates A-60 or HA-100 instrument. Medium resolution mass

spectra were obtained using the Atlas CH7 Mass Spectrometer
equipped with a direct gas chromatograph inlet system. Elemental

analyses were performed by Galbraith Laboratories, Analytical
gas chromatography (gc) was conducted employing a VarianAerograph Model 1200 instrument with flame ionization detector

which was equipped for either 0.125 in, packed analytical or 0.01

in, capillary columns. The helium flow rate through the 0.125 in.
columns was about 25 ml/min, while the rate through the capillary
columns was 4 ml/min. Preparative gc was done with an Aerograph
A-90-P instrument using helium flow rates of 60-80 mi./min in most

cases. The following columns were used:
Column A,

0.125 in x 10 ft. UC ON Polar LB 550X on 110/120
Anachrom, 5%;

Column B,

0.125 in x 32 ft column packed with 5% Carbowax
20M, 0. 5% XF 1150 on 60/80 firebrick;

Column C,

0,01 in. x 150 ft. TCEP capillary;
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Column D,

0. 125 in x 7 ft. column packed with 2. 5% KOH, 2. 5%
Carbowax 4000 on 80/100 Chromosorb W;

Column E,

0.125 in. x 7 ft. TCEP on 80/100 Chromosorb W, 4.7%;

Column F,

0. 25 in. x 10 ft, UCON Polar LB 550X on 70/80
Chromosorb G, 5%;

Column G,

0. 25 in, x 10 ft. TCEP on 70/80 Chromosorb G, 5%.
Pyrolysis Conditions

General

Pyrex glass was used in all flow reactors and all sealed
ampoules.
Flow Systems

Samples were placed in a glass bulb vaporizer (Figure 4)
maintained at about 50o and a nitrogen inlet tube was directed toward

the sample and a side outlet. The flow of prepurified nitrogen was

passed through hot copper turnings, Ascarite, and Drierite as a
final purification step before it was passed into the vaporizer. The

flow was regulated by a restrictor and a calibrated fine metering
valve, The flow was measured at the outlet by means of a 50 ml

bubble flow meter, correcting for the temperature difference
between the heated reactor and the outlet stream. All flow reactors
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were maintained at a given termperature (±0. 50) by means of a 55%

potassium nitrate-45% sodium nitrite fused salt bath regulated by a
Bailey Model 124 temperature controller and knife-edge as the base

heater. In all kinetic studies, the sample was collected in a U-tube

attached to the exit port and chilled in acetone-dry ice only after a
period of three contact times had elapsed whenever flow rates were

changed in order to ensure that the reactor had attained its steady

state concentrations. An inert atmosphere of nitrogen was maintained in the flow systems at all times (even when not in use) by
means of a tube shunting the vaporizer (Figure 4). Samples were

also added to the vaporizer in this way.
Sealed Ampoules or Static Conditions

In analytical or kinetic studies, pyrolyses were conducted in
evacuated 10-ml ampoules containing 10 p,1 of acetate. The

ampoules were frozen in acetone-dry ice, evacuated for 30 min

while frozen, then sealed under vacuum. After warming to room
temperatures they were pyrolyzed in the fused salt bath. No difference was noted whether the ampoules were washed with water,

acetone, and ammonia, then dried in the oven before use, or whether
they were merely rinsed with acetone and dried in the oven overnight.
The samples were analyzed by quickly withdrawing the sealed

ampoules from the constant temperature bath, cooling them to room
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temperature in a stream of compressed air, then centrifuging
followed by quenching in acetone-dry ice before breaking, When

products were to be isolated under static reaction conditions, 60-m1
ampoules were generally charged with 200-300 p,1 of sample and

then sealed as described above. However, due to limitations available in the fused salt bath, the block oven shown in Figure 4 was used

for these larger ampoules. The unregulated aluminum tube heater in
this oven thus caused a much greater temperature uncertainty
(±100) when ampoule pyrolyses were carried out on the preparative
scale.
Glass Beads

The sample of acetate was slowly dripped down a vertical
13 X 12 mm pyrex tube packed with no. 3 pyrex beads heated in
the block oven to 350±100 (Figure 5). The beads were prepared by

washing with dilute sulfuric acid, water, concentrated ammonia,

acetone, then drying in the oven. A stream of purified nitrogen
(10 ml /40 sec) was passed through the system and the products

collected in a dry ice-acetone cold trap and analyzed by gc. These

products were the same as those seen in the flow system described
above.
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Preparation of 4- Cycloheptenecarboxylic Acid (I)

The compound was synthesized in four steps by the method of
Stork and Landesman (50) involving addition of the enamine of

cyclopentanone and pyrrolidine to acrolein as shown in Scheme II.

The enamine was prepared in a 5-liter round-bottom flask equipped
with a Dean-Stark apparatus and an Allihn condensor by refluxing
180 ml (2. 05 mol) of cyclopentanone and 574 ml (6. 85 mol) of

pyrrolidine in 3-liters of dry benzene (distilled from sodium).
After refluxing for 10 hours, the solvent and excess pyrrolidine were
removed under reduced pressure and the resulting red-brown liquid
was vacuum distilled, giving 242 g (83%) of the enamine, by 70°
(2 mm).

To a solution of 242 g (1.76 mol) of this enamine in 450 ml

of dry benzene contained in a 3-liter three-neck round-bottom flask
equipped with a reflux condensor, mechanical stirrer, and pressureequalizing dropping funnel were added 167 ml (2. 5 mol) of freshly

distilled acrolein, by 55- 570 (760 mm) in 400 ml of dry benzene.
The addition was carried out dropwise with cooling in an ice bath

over a 3 hour period. The reaction mixture was then refluxed for
6 hours, followed by removal of benzene and acrolein by distillation

under reduced pressure. Vacuum distillation of the concentrate
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gave 140 g (41. 5%) of the viscous, pale yellow aminoketone, by
135o (0.5 mm).

The corresponding quanternary ammonium salt of the bicyclic
aminoketone was formed by adding dropwise 125 ml (2.01 mol) of
methyl iodide to 140 g (0.725 mol) of the aminoketone with mechan-

ical stirring and ice cooling. The mixture was allowed to stand for

12 hours in a refrigerator and then distilled under reduced pressure
to remove any excess methyl iodide. The resultant dark green salt
was then converted to the desired 4-cycloheptenecarboxylic acid (I)
by refluxing in 1-liter of 30% aqueous potassium hydroxide for 5
hours.

The aqueous layer was separated and the black organic layer
extracted with 700 ml of 5% aqueous sodium hydroxide. The two

aqueous layers were then combined and acidified to Congo red with
concentrated hydrochloric acid and chilled with ice,. The yellow

solid was collected by filtration, dissolved in ether, filtered, and
the ether solution extracted twice with 350 ml of 10% potassium
hydroxide. The aqueous layers were combined and again acidified

to Congo red, giving 25. 4 g (25%) of 4-cycloheptenecarboxylic

acid (I); colorless crystals, mp 68-69°.
Preparation of 4-Cycloheptene-l-methanol (II)

A sample of 4-cycloheptene-l-methanol (II) was prepared
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from the corresponding acid (I) by dropwise addition of a slurry of
3.45 g of lithium aluminum hydride in 20 ml of dry ether to 5,06 g
(0.036 mol) of the acid in 20 ml of dry ether with stirring. A slow

flow of purified nitrogen was continuously swept through the system

to remove hydrogen gas as soon as it was formed. The reaction

mixture was stirred overnight and then carefully decomposed with
ice cooling by the addition of 12 ml of 20% Rochelle's salt, and

the organic layer separated, washed with saturated sodium chloride
solution, and dried over anhydrous magnesium sulfate. After

removal of excess ether by distillation under reduced pressure,
vacuum distillation gave 3.95 g (87%) of the clear, colorless
alcohol: by 57-60° (0.5 mm); it (neat) 3300, 3010, 2930, 1625,

1425, 1052, 1020, 926, 694 cm-1. Analysis of the product by gc
with Column D revealed a single peak (5.2 min) at 115°.
Preparation of 4-Cycloheptene-1 -methyl
Acetate (II-ac)

In a 250-m1 three-neck round-bottom flask equipped with a

reflux condensor and pressure-equalizing dropping funnel 5.8 g
(0.046 mol) of the alcohol (II) were dissolved in 30 ml of dry pyridine

(distilled from and stored over barium oxide). After the addition of
8 ml (0.085 mol) of acetic anhydride to the solution was complete

(ca. one hour), the reaction mixture was refluxed for 3 hours. At
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this point, gc analysis with Column D at 115° revealed that the
alcohol (5. 2 min) had virtually disappeared. After cooling, 10 ml of

water was added to destroy excess acetic anhydride and the reaction
mixture then extracted three times with 50 ml portions of ether.
The ether extracts were combined and washed three times with 500

ml of 5% sulfuric acid, three times with 300 ml water, twice with
saturated sodium chloride solution, and then dried over anhydrous
magnesium sulfate. After removal of the ether by a rotary evapor-

ator, the ester was purified by column chromatography on 150 g of
Silicar. With 3% ether-pentane as eluent and removal of the

solvent from each fraction by rotary evaporation, a total of 6.25 g

(80%) of the clear, colorless, fragrant ester was obtained: it (neat)
3030, 2935, 1725, 1435, 1385, 1359, 1233, 1058, 1040, 1027,
703 cm

-1

; NMR (CC1 4)5 0.85-2.30 (m, 12, H at C2

C4, C7, C89

and acetoxy methyl H), 3.83 (d, J = 6 Hz, 2, H at C1) 5.70
(m, 2, H at C5, C6). Analysis of the ester by gc with column D at

100° (10. 2 min. ) and by tic with 3% ether-pentane confirmed its
purity. The ester was vacuum transferred in a final step to remove

it from any possible non-volatile acidic impurities arising from
chromatography over Silicar.

Analo Calcd for Ci0H1602: C, 71.39; H, 9.59. Found: C,
71.34; H, 9. 51.
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Preparation of 4-Cycloheptene-1-methyl-ybromobenzenesulfonate (II-Bs)
4-Cycloheptene-1-methanol (II) was converted to its 2bromobenzenesulfonate by adding 8.94 g (0.035 mol) of .2-

bromobenzenesulfonyl chloride to an ice-chilled, stirred solution of
3.95 g (.).0324 mol) of the alcohol in 20 ml of dry pyridine. The

reaction was stirred for 1 hour, then placed in the refrigerator overnight. At this point, 1 ml of water was slowly added to destroy

excess 2-bromobenzenesulfonyl chloride and the mixture stirred for

1 hour at room temperature. After pouring the mixture into 10 ml
of ice water, followed by allowing the mixture to stand in the

refrigerator overnight, 9.92 g (89%) of the crude white 2bromobenzenesulfonate ester (II-Bs) were obtained:

The crude ester was recrystallized by dissolution in a minimum amount of ether (ca. 14 ml), followed by the addition of
distilled pentane until the solution reached the cloud point. The

turbid solution was then placed in the refrigerator overnight, result-

ing in the gradual formation of the crystalline brosylate ester.
Vacuum filtration yielded 7. 57 g (68%) of colorless, rock-like

crystals: mp 53-540, it (nujol) 3010, 2910, 1625, 1555, 1450,
1385, 1345, 1265, 1170, 1085, 1060, 1000, 813, 732 cm

-1

.
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Pre aration of endo-Bic clo

3. 2. 1

octan-2-ol III)

The solvolytic rearrangement of (II-Bs) reported by Goering
and Fickes (49) was accomplished by heating 7. 57 g (0.022 mol) of

the brosylate (II-Bs), 2 ml of pyridine, and 83 ml of 80% aqueous
acetone in a sealed ampoule in an oil bath at 58o for one week,
Following removal of the acetone by rotary evaporation, the non-

volatile residue was extracted with pentane and the pentane layer
withdrawn and dried over anhydrous magnesium sulfate, Removal
of pentane by rotary evaporation gave 2.09 g (75%) of the alcohol
(III) as a white solid

The crude alcohol was purified by vacuum

sublimation at 80o (0.7 mm) to remove any unreacted brosylate or

other non-volatile by-products resulting in a 92% recovery of

endo-bicyclo [3 2.1] octan-2-ol (HD. The sublimed product
showed a single spot on a tic plate (30% ethyl acetate-benzene).
A 3% ether solution of the product on column C at 1000 revealed
that it was 97% pure endo-bicyclo [3, 2.

1]

octan.-2-ol (III) con-

taminated with 2% of the exo-isomer (IV) and 1% of bicyclo-[ 2. 2. 2]
octan-2-ol (V). These impurities were identified by gc retention

time comparisons (coinjection) with authentic samples of IV and V
on column C.
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Preparation of endo-Bicyclo
Acetate (III-Ac)

3

2. 11 octan-2-y1

The acetate ester of (Ill)was prepared in a 25-m1 single-neck
round-bottom flask by adding dropwise with magnetic stirring at

room temperature 0.6 ml (6. 21 mmol) of acetic anhydride to .767 g
(6. 08 mmol) of the alcohol (III) in 5 ml of dry pyridine (distilled

from barium oxide). After stirring for 3 hr, 2 ml of water was

slowly added to destroy any unreacted acetic anhydride, and the

reaction mixture then extracted three times with 10 ml portions of
ether. The ether extracts were combined and washed with cold 5%

hydrochloric acid, 5% sodium bicarbonate, saturated sodium chloride,
and then dried over anhydrous magnesium sulfate. Removal of the

solvent by rotary evaporation left a colorless, sweet-smelling liquid.
The crude ester (III-Ac) was then dissolved in a minimum
amount of distilled pentane and chromatographed on a column of

Silicar using up to 3% ether-pentane as eluents

The ester was

found in the 3% ether-pentane fractions, and after these fractions
were combined and the solvent removed by rotary evaporation,
0.593 g (58%) of the pure ester was obtained: it (neat) 2950, 2890,

1725, 1470, 1450, 1375, 1360, 1295, 1235, 1150, 1090, 1052,
-1
1025, 972, 890, 875 cm ; NMR (CC1 4 100 MHz) 6 1.20-1.75

(m, 10, H atC 3-C4,

C6

C8) 1 85 (s, H on acetoxy methyl)
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1.95-2.35 (m, 2, H at C1, C5) 4 45-4.65 (m,

1

H at C2). Analysis

of the ester by gc with column E at 1000 (6, 9 min) and tic with 3%

ether-pentane confirmed its purity,
Preparation of Bicyclo 2. 2 21 octan -2 -yl
Acetate (V-Ac)
A solution of 0.127 g (1 mmol) of the alcohol V provided by

Prof. H. L. Goe ring in 2 ml of dry pyridine (distilled from and
stored over barium oxide) was stirred magnetically in a 10 ml
round-bottom flask while 0 153 g (1. 5 mmol) of acetic anhydride
was added dropwise at room temperature, . The reaction mixture was

stirred for 3 hr. , then water (ca. 0. 5 ml) was added to destroy any
unreacted acetic anhydride. The reaction mixture was then extracted

three times with 5 ml portions of ether, and the ether extracts
were combined and washed with 10 ml of cold 5% hydrochloric

acid, 10 ml of 5% sodium bicarbonate, and then 10 ml of water and
10 ml of saturated sodium chloride solution. After drying over

anhydrous magnesium sulfate, the solvent was removed by rotary
evaporation, leaving 0.121 g (72%) of the ester V-Ac as a clear

colorless, fragrant liquid: it (neat) 2940, 2890, 1725, 1445, 1435,
1375, 1360, 1235, 1172, 124, 1083, 1020, 975, 953, 917, 892,
840 cm-1; NMR (CC1

4'

100 MHz) ö 1. 32-2. 00 (m, 12, H at C

C3 - C8) L 78 (s, 3, H on acetoxy methyl), 4. 18 (rn, 1, H at C2).
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The este gave a single peak on column E at 1000 (6.8 min),
Preparation of exo-Bicyclo [3. 2. 1] octan -2 -yl
Acetate (IV-Ac)

An authentic sample (also provided by Dr. H. L. Goering)

of

exo-bicyclo [3. 2. 1] octan-2-ol (IV) was converted to its correspond-

ing acetate using acetic anhydride and pyridine in the same manner

described earlier for the 2. 2. 2-isomer (V-Ac). The it and 100 MHz

nmr spectra were consistent with the structure of the product and
showed no extraneous absorptions. As expected, they were virtually
identical with those of the epimeric ester III-Ac reported above.
The product showed a single peak on column E at 1000 and one spot

on tic analysis with 3% ether-pentane.
Conversion of Bicyclo [ 2. 2. 2] oct-2-ene (VI)
to Bicyclo 2. 2. 2] octan-2-ol (V)
A solution of 2 12 g (0.02 mol) of Bicyclo [2. 2. 2] oct-2-ene
(VI)

in 30 ml of tetrahydrofuran (dried by refluxing over lithium

aluminum hydride for two hours followed by distillation) was pre-

pared in a 200-m1 three-neck round-bottom flask equipped with a

reflux condensor, pressure equalizing dropping funnel and thermoo
meter. The solution was cooled to 0 in an ice bath then 25 ml of a

1 M solution of diborane in tetrahydrofuran was added dropwise

with magnetic stirring under an atmosphere of pre-pure nitrogen.
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After the addition was complete, the clear, colorless solution was

stirred for one hour at 0 0 after which excess diborane was
decomposed by the dropwise addition of water. Upon addition of the

first few drops of water, the solution frothed and bubbled up, but at
no time did the contents of the flask warm to reflux. After the initial

reaction with water had subsided and little reaction took place upon

adding more water, (ca. 5 ml of water was added in all) the solution

turned cloudy, and a white suspension formed. The contents of the
flask were then heated to 400, and 10 ml of 3N sodium hydroxide
were added, which changed the cloudy suspension into a clear,

colorless solution again, At this point, 10 ml of 30% hydrogen
peroxide were added dropwise which caused the temperature to

rise to 50° and required an ice bath to maintain the temperature at
350. After the addition of hydrogen peroxide was complete, the

contents in the reaction flask were stirred an additional hour at 300
then extracted with ether

After extracting the reaction mixture

twice with 200 ml portions of ether, the ether extracts were combined, washed twice with water, once with saturated sodium chloride,
then dried over anhydrous magnesium sulfate.. Removal of the ether
by rotary evaporation left 2.17 g (87. 5%) of the alcohol (V) as a

white drystalline powder,

Coinjection of this product with an

authentic sample of bicyclo [2. 2. 2] octan-2-ol supplied by Dr. H. L.
Goering produced a single peak (10. 8 min) in the gc on C olumn E at 900.
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Oxidation of Bicyclo 2, 2. 2] octan-2-ol (V)
to Bicyclo [ 2, 2. 2] octan-2-one

Bicyclo [ 2. 2. 2] octan- 2-ol was oxidized to the corresponding

ketone with a solution of Jones reagent in acetone. The Jones

reagent was prepared by dissolving 26.7 g of chromium trioxide
in 23 ml of concentrated sulfuric acid and 80 ml of water. At this

point, the solution was then diluted with water to a total volume of
100 ml in a volumetric flask.
A solution of 2. 0 g (15,8 mmol) of the alcohol in acetone was
cooled to 0 o with an ice bath while the Jones reagent was added

with a dropping funnel and the mixture magnetically stirred. The

rate of addition of the oxidant was controlled so that the temperature did not exceed 150. After the orange color of the Cr (VI) ion

was no longer discharged, the addition was halted, and the reaction

mixture stirred for 2 hours more at room temperature, After this
point, 100 ml of water were added to dissolve the green Cr (III)

salts, and the reaction mixture extracted twice with 100 ml portions
of ether. The ether extracts were combined, washed twice with

water, twice with 10% sodium bicarbonate solution, once with

saturated sodium chloride, then dried over anhydrous magnesium
sulfate. Removal of the ether by rotary evaporation left 1.19 g
(61%) of a white solid: it (CC14) 2940, 2855, 1700, 1430, 1384,

1325, 1313, 1244, 1212, 1092, 1060, 850 cm-1, mp 177-1780. The
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product showed a single spot on tic (25% ether-pentane), and a single
peak (8. 3 min) on Column D at 800 .

Preparation of
s ultonylhyd r az one

The p-tosylhydrazone of bicyclo [ 2. 2. 2] octan-2-one was

prepared according to the method of Bamford and Stevens (74)

from the ketone and p-tosylhydrazine in methanol containing a

catalytic amount of hydrochloric acid. A solution of 1.19 g (9.

6

mmol) of ketone in 20 ml of methanol containing 2 drops of 1 M

hydrochloric acid was stirred at room temperature in. a 50-m1
single-neck round-bottom flask while 1.79 g (9. 6 mmol) of
E-tosylhydrazine was slowly added. The reaction mixture was

stirred for 30 min after the addition was complete, then filtered.
Recrystallization of the crude tosylhydrazone from 95% ethanol
gave 2. 21 g (79%) of white needles, mp 224-225° (lit. 225-226°).
7
Preparation of Tricyclo [ 3. 2. 1.02, ] octane (VIII)
From Bicyclo [ 2. 2. 2] octan-2-one-p-

toluenesulfonylh-yd r az one

Thermal decomposition of the dry lithium salt of the 2tosylhydrazone was carried out in a modification of the method
reported earlier by Grob and Hostynek (75). The recrystallized

2-tosylhydrazone was first pumped under vacuum at room
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temperature for 1 hour to remove any adhering traces of ethanol,
then a sample of 0.294 g (1 mmol) was placed in a 25-m1 retort and

enough dry ether added to make a slurry. At this point, the retort
was placed in a dry bag under an atmosphere of dry nitrogen and
one equivalent (470 pi of a 2, 13 M solution in anhydrous ether) of

methyl lithium added. The ether was evaporated in a stream of

purified nitrogen, leaving the dry, white lithium salt of the
tosylhydrazone on the sides of the retort. The retort was then
connected to a cold finger (acetone-dry ice bath) by means of a
vacuum take-off tube and heated in an oil bath at 1600 (0.5 mm) for
1 hr. The contents of the cold finger were washed into a vial with

ether and the product mixture examined by gc. The product mixture on Column B at 500 gave one peak at 13. 4 min (30%), another
peak at 14. 2 min (2. 3%), and a major peak at 16, 7 min (58. 7%),

Co-injection of the product mixture with an authentic sample of
bicyclo [2 2. 2] oct- 2 -ene (VI) enhanced the peak at 13 4 min,

indicating that the carbene intermediate had undergone 30%
a-hydrogen migration to the alkene in agreement with Grob's

earlier results

The peak at 16, 7 min appeared to have the same

retention time on Column B as an authentic sample of tricyclo
[3, 2. 1. 02' 7] octane (V111) supplied by Dr. G. N. Fickes, although a

direct comparison by co-injection was nct possible due to an insufficient amount of sample on hand. After collecting the major peak
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from the product mixture by preparative gc on Column F at 100o,
analysis on Column B at 50o revealed that the isolated fraction
was 95% pure, with a 5% contamination of bicyclo [2. 2. 2] oct-2ene ( VI) still remaining

A comparison of the mass spectrum of

the collected fraction with that of the authentic sample (Table XVII)

confirmed the identity of the major product of the reaction to be the
desired tricyclic hydrocarbon(VM) arising from 1, 3-carbon-

hydrogen insertion of the carbene intermediate. Unfortunately, the
100 MHz nmr spectrum of the collected fraction was taken with

tetramethyl silane as the reference, thus masking out the cyclopropyl proton absorption However, there was no absorption

beyond 6 2.0, and the absorption pattern in the range 6 0.70-2.00
was identical with that observed in the spectrum of Dr. Fickes'
7]
sample of tricyclo [3. 2. 1 02, octane.

Preparation of Methylenecyclohept-4- ene (X)

From 4-Cycloheptene-l-methyl-abromobenzenesulfonate (II-Bs)

In a 500-m1 three-neck round-bottom flask equipped with a

reflux condensor and drying tube, dropping funnel, and nitrogen

inlet tube, 3.76 g (10.6 mmol) of the brosylate (II-Bs) was
dissolved in 100 ml of dry dimethyl sulfoxide (refluxed over and

distilled from calcium hydride). A solution of 2.4 g (11. 2 mmol)
of potassium-t-butoxide in 125 ml of dry dimentyl sulfoxide was
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added dropwise to the brosylate at room temperature with magnetic

stirring over a 3 hr. period. The reaction solution gradually turned
from a pale yellow to a red-orange color near the end of the addition,
but no moderation by cooling of the reaction was necessary. The

solution was stirred for 6 hr. at room temperature, then 50 ml of
distilled water added to destroy any unreacted potassium-t-butoxide.

At this point, the mixture was extracted four times with 50 ml portions of pentane, and the pentane extracts were combined, washed
five times with 75 ml of water, then dried over anhydrous magnesium
sulfate. The pentane was carefully distilled off with a vigreux

column to avoid any loss of possible volatile olefins. After the

pentane was removed, 3.67 g of a clear, colorless solution was
left in the distilling flask. Although the colorless solution contained
traces of pentane and dimethyl sulfoxide as impurities, no final
purification by distillation was attempted due to possible product
loss upon evaporation. Analysis of the product mixture by gc on

column A (temperature programmed at 50o for 2 min, then

increased to 70o) revealed a major peak at 5.9 min (93%) and a
minor peak at 6. 4 min (7%). The product mixture was separated
o
by preparative gc using column F at 90 with a helium flow rate of

60-80 ml/min and the two peaks collected. The nmr spectrum of

the major fraction was consistent with that expected for the desired
methylenecyclohept-4-ene X; NMR (CC14, 100 MHz) 6 2.01-2.38
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(m, 8, H at C2-C3, C6-C7) 4.64 (s, 2.exocyclic methylene H)
5.75 (m, 2, H at C4 and C5); it (neat) 3010, 2954, 2890, 1616, 1449,
1418, 1370, 1341, 1234, 1217, 1183, 1085, 1069, 1007, 973, 877,
753, 698 cm-1. The mass spectrum is shown in Table XIX. On the

basis of its nmr spectrum, the minor component was assigned the
structure 1-methylcyclohepta-1, 4-diene (XI):

NMR (CC14, 100

MHz) 5 1. 58-2.03 (m, 3, H at methyl carbon) 2 07-2. 53(m, 4, H at

C6 and C7) 2.58-3.00 (m, 2, H at C3) 5.24 -5.45 (m, 1, H at C2)

5 46-5.62 (m, 2, Hat C4 and C5)
Preparation of a, a, -D2-4- Cycloheptene - 1 -methanol .(II-D2L

A solution of 0.519 g (3.71 mmol) of

4

-cycloheptenecarboxylic

acid (I) in 30 ml of anhydrous ether was added to a 300-m1 threeneck round-bottom flask equipped with a reflux condensor and dry-

ing tube, a pressure-equalizing dropping funnel, and a nitrogen inlet
tube. The contents in the flask were magnetically stirred while a

slurry of 0.159 g (2. 78 mmol) of lithium aluminum deuteride in 100

ml of dry ether was slowly added dropwise at room temperature.
After the addition was complete, the reaction mixture was stirred

for 2 hr. at room temperature, then decomposed with a 20% solution of Rochelle's salt. The ether layer was separated from the
inorganic salts and dried over anhydrous magnesium sulfate.
After removal of the ether by rotary evaporation, 1420 g (89%) of
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the clear, colorless dideuterated alcohol was obtained: ir (neat)
3330, 3030, 2930, 2850, 2190, 2075, 1640, 1435, 1284, 12465

1191, 1145, 1122, 1094, 982, 967, 694 cmPreparation of a, a, -D2-Cyclohepteny1-5-methyl
Acetate (II-D2-Ac)
The dideutero alcohol (II-D 2) was converted into its correspond-

ing acetate ester with acetic anhydride in dry pyridine as described
above. After column chromatography on Silicar with 3% ether-

pentane and removal of the solvent by rotary evaporation, 0.397 g
(72%) of the a, a, -dideutero acetate (II-D2-Ac) was obtained as a

clear, colorless, fragrant liquid: ir (neat) 3030, 2930, 2225,
1725, 1640, 1433, 1365, 1250, 1170, 1070, 1025, 977, 940, 699
cm-1: NMR (CC14)

6

085-2,30 (m, 12, H at C2 -C4, C7, C8' and

acetoxy methyl H), 5. 70 (t, 2, H at C5 and C6) doublet at 3.83 (H

on C1) absent. After vacuum transfer, the dideuterated acetate

gave a single peak (10. 3 min) on column E at 100°C.

Isolation of Products From Flow Pyrolysis of
4-Cycloheptene-1-methyl Acetate (II-Ac)
A stream of purified nitorgen (vide, infra) was swept over

250 pl of the ester (II-Ac) in a vaporizer heated at 75° with an oil
bath. The gaseous ester was then sent by the nitrogen train to the
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flow reactor shown in Figure 4 where it was pyrolyzed at 285o for
7.5 min. The gaseous products from the reactor were condensed

in a cold trap (acetone-dry ice) and continuously collected for 5

days. At this point, the contents were washed into a vial with 2 ml
of ether and analyzed by gc on column A. The solvent appeared one

minute after injection at 50o, then one minute later the temperature

was increased to 70o, The first product peak appeared at 5.7 min.
(14.8%) followed by a second at 7.3 min (8. 7 %). Twelve minutes

after injection, the column temperature was increased to 130o.
A small peak appeared at 19.3 min (ca. 1%) followed by a significant peak at 20.2 min (13. 1 %), and a final peak at 22.4 min (62.3%).
Subsequent injection of a 3% solution of 4-cycloheptene-l-methyl

acetate (II-Ac) in ether on column A under identical conditions indi-

cated that the last peak at 22.4 min was likely unreacted starting

material.
The mixture of pyrolysis products was then partially separated by preparative gc using column G at 100° and a helium

flow of 60-70 ml/min. Under these conditions, the ether and the
first two product peaks on column A appeared as one large peak

one min after injection and all three were collected as a mixture.
The longer retention time product (20.2 min) on column A also
appeared as a single peak on column G (17 min) and was collected.

Spectral analysis by nmr (100 MHz) and it of the final peak
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collected by preparative gc on column G (25 min) confirmed its

identity as unreacted starting material (II-Ac).
Identification of Products From Flow Pyrolysis
of 4-Cycloh'eptene - 1-methyl Acetate (II-Ac)

Hydrocarbons. The first fraction isolated (1 min) from preparative gc of the product mixture on column G at 1000 was further
analyzed by gc on column B at 80

In addition to the large ether

peak at 4 minutes, the fraction was found to contain four distinct

components, all apparently hydrocarbons on the basis of their
retention times: 10.5 min. (11%), 11.0 min (50%), 12.8 min (15%),
and 13.3 min (24%). Evidently, the four products were not com-

pletely separated on column A, with the first two appearing as the
single peak at 5.7 min and the second two as the single peak at 7.3
min. In spite of the poor separation on UCON Polar

1

solation of
isolation

each of the four products was attempted by preparative gc on column

F at 900 using a helium flow of 30-40 ml/min. Following the
solvent peak (2 min) the major component of the hydrocarbon

mixture appeared at 8. 5 min and was collected. It was assigned

the structure bicyclo [3, 2.1] oct-2-ene(W) on the basis of its
The preparative analogue of column B was no more effective
than the preparative UCON Polar column in separating the four
products, and the much longer retention times proved to be
impractical.
1
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spectral properties: it (neat) 3075, 2950, 1650, 1635, 1428, 987,
906, 873 cm -1 ; NMR (CC1 4' 100 MHz) 6 1, 25-2.06 (m, 7, H at
Cl and C 4 )" 5. 16-5.35 (m, 1, H at C2), 5.69-5.91 (m, 1, H at C3).

Comparison of these spectral properties with those of an authentic
sample of bicyclo [3. 2. 1] oct-2-ene as well as coinjection with the
sample on column. B at 80o showed the major hydrocarbon to be

identical in all respects,
The second peak (9. 0 min) containing the last two apparent

hydrocarbon products from the flow pyrolysis of 4-cycloheptene1-methyl acetate (II-Ac) was also collected from column G.

Althought the fraction was collected as a mixture, its NMR spectrum
(100 MHz, CC14) showed no absorption beyond 6 2. 5, indicating that

neither of these two longer retention time products was an olefin.
Identification of all three minor hydrocarbon products was

made by comparing mass spectra and gc retention times with those
of authentic samples. The direct gas chromatograph inlet system

into the Atlas CH 7 Mass Spectrometer allowed the medium resolution mass spectrum of each of the four hydrocarbon components to
be obtained when the ether mixture was injected on column B at
100o.

Table XX shows the mass spectra of all four hydrocarbon

products from the flow pyrolysis of 4-cycloheptene-1-methyl

acetate (II-Ac), as well as those from authentic samples of bicyclo
[ 2, 2. 2] oct-2-ene (VI) provided by Dr G. J. Gleicher and

Table XX. Mass Spectra of Hydrocarbons from Flow Pyrolysis of 4 -Cycloheptene-l-methyl Acetate (II-Ac).
91

81

80

10

100

79

M/E

108

Peak at
10.5 min on

15.4

5.4

16

6

VII

27

23

11

3.2

37

100

Peak at
12. 8 min on

29

22

15

4. 1

45

VIIIb

18

16

10

9.5

Peak at
13.3 min on

10.5

10.5

8.2

5. 7

7

6.4

93

6. 4

44

78

77

67

12

16.4

12.7

66

65

8. 2

7. 3

54

6. 4

53

8. 2

52

51

SO

7. 3

17.3

6.4

9

13.7

6.5

15

7

15

6.5

Column B
VI

a

10

7

20

25

37.1

61, 2

11.3

21

10.5

100

22

31

52

82

13. 3

36

12

36

100

17

28

49

90

13.5

47

15

9.5

4.3

54

45

9

IS. 2

100

19

9. 7

8.9

7

6.2

9. 3

4. 3

4.7

59

47

7.7

17.4

100

13

11.5

8.5

11

8. 5

15.3

6.4

100

10

Column B

Column B
nc

a
b

b

T. Goto et. al. , Tetrahedron, 19, 2213 (1963).
Authentic samples provided by Dr. G. N. Fickes.
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tricyclo [ 3. 2. 1. 02' 7] octane (VIE) and tricyclo [3. 3. 0. 02' 8] octane

(IX) provided by Dr. G. N. Fickes. Coinjection of the product
mixture with VI

gave enhancement of the first peak (10> 5 min)

at the expense of the other three, while coinjection of the mixture
with samples of VIII and IX gave enhancement of the last two peaks

at 12.8 min and 13.3 min respectively. As clearly evident from
Table XVII the mass spectral agreement of the three minor
constitutents at 10. 5 min, 12.8 min, and 13,3 min with authentic
samples of VI, VIII, and IX respectively was excellent and the three

unknowns were assigned these corresponding structures.

Rearranged Esters, The fraction which was collected 17
min after injecting the product mixture on column G was found by

spectral analysis to contain predominantly endo-bicyclo [3. 2.

1]

octan-2-y1 acetate (III-Ac): it (neat) 2940, 2870, 1725, 1460, 1362,
1240, 1025, 972 cm-1. NMR (CC1 4' 100 MHz) 6 1.25 -2. 55, m,

4. 45-4.80, m. The fraction gave a single peak on column E at
100o (5,8 min) when coinjected with an authentic sample of

but subsequent glc analysis of the fraction on column B (temperature

programmed at 50o, 20 min;

130o) revealed the presence of a

significant shoulder on the major peak at 40 min,. Following

reduction of the mixture of esters with lithium aluminum hydride,
then adding 20% Rochelle's Salt to destroy excess reducing agent,
glc analysis on column C at 1100 showed that three products were
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present which had the very similar retention times of 35.6 min
(10%) 38. 5 min (14%), and 41.6 min (76%). Coinjecting the mixture

of reduced esters on column C with an authentic sample of exo-

bicyclo [3. 2. 1] octan-2-ol (IV) provided by Dr. H. L, Goering
greatly enhanced the peak at 38. 5 min, while similar coinjection
with samples of bicyclo [ 2 2. 2] octan-2-ol (V) (also provided by
Dr. Goering) and endo-bicyclo [3. 2. 1] octan- 2-0l (III) enhanced the

peaks at 38. 5 and 41,6 min respectively.
The mass spectra of the three unknown products obtained from
lithium aluminum hydride reduction of the pyrolysate were obtained
by injecting the mixture on column C at 110° and employing the

direct glc inlet into the Atlas CH 7 mass spectrometer. The
excellent mass spectral agreement (Table XVIII) of the unknown

peaks at 35.6 min and 41.6 min with authentic samples of exobicyclo [3, 2. 1] octan-2-ol (IV) and endo-bicyclo [3. 2. 1] octan-2-ol
(III) respectively confirmed the identities of these two unknown

alcohols and also established the structures of the corresponding
esters initially obtained from the flow pyrolysis of 3-cyclohepten.e1- methyl acetate (II-Ac)

As expected, the mass spectra of the

two epimeric alcohols III and IV were virtually identical. However,

the 2, 2. 2-isomer V was not separated from the endo-isomer III
well enough under the glc conditions necessary for utilization of

the direct inlet system, thus rendering mass spectral comparison
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useless in the identification of this product. The mass spectrum of
both the unknown alcohol and an authentic sample of endo-bicyclo[3. 2. 2] octan-2 -01 (III) revealed extensive contamination by the latter.

Identification of Products From Sealed Ampoule Pyrolysis
4- Cycloheptene -l- methyl Acetate (II -Ac)

A 60-ml pyrex ampoule was filled with 350 mg of the ester

(II-Ac), frozen in acetone-dry ice, then sealed under vacuum. After
the ampoule and its contents warmed to room temperature, it was
heated in the block oven at 350o for 5 hr. After cooling the ampoule

to room temperature with a stream of compressed air, it was
quenched in an acetone-dry ice bath, then opened and its contents

transferred into a vial with 10 ml of anhydrous ether. Analysis of
the ether solution by glc with column A at 70° revealed that II-Ac
had undergone 35% conversion to two products which appeared to

be hydrocarbons on the basis of their retention times of 2.8 min
(30. 2%) and 4.8 min (4. 770)

Following increase of the column

temperature to 130o, the unreacted ester (II-Ac) appeared at 17.1
min.

3-Vinylmethylenecyclopentane (XII). The reaction mixture

from the sealed ampoule pyrolysis of II-Ac was separated by

preparative glc on column F at 900 using a helium flow rate of

60-80 ml/min. A small shoulder on the major peak appeared at

Table XXI. Mass Spectra of Reduced Esters from Flow Pyrolysis of 4-Cycloheptene- 1-methyl Acetate (II-Ac).
M/E

126

108

95

93

91

82

80

79

77

69

68

67

66

65

Peak at
35.6 min.
on Column C

12

30

12.5

25.

5.7

37

97

45

11

17

18

100

25

8

15

30

10

31

8.2

36

97

53

11

23

23

100

20

12

30

11

26

6

30

96

35

10

17

18

100

HI

13

27

8

25

4

32

97

32

16

20

II

18

20

32

91

24

57

95

22

IV

a

58

57

55

54

53

41

28.5

44

29

22

20

66

11.5

26

43

26

25

18

80

20

7.6

20

40

22

20

17

50

100

22.5

7

26

42

19

15

14

53

100

29

45

41

81

Peak at

41.6 min.
on Column C

a

b

Sample provided by Dr. H. L. Goering
Prepared by solvolysis of H-Bs

CPeakatm /e =56

8.7
31

16

34c
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8 min, and although the fraction could not be collected in sufficient

quantity for a good 100 MHz-nmr spectrum, the spectrum that was
taken did indicate olefinic proton absorption. The major product

(9 min) was collected and assigned the structure 3-vinylmethylene
cyclopentane (XII) on the basis of its nmr spectrum: NMR (CC1 4,

100 MHz) 5 1.48 (m, 2, H at C4), 2.10

2.65 (m, 5, H at C2, C3,

C5), 4.73-4.95, 5. 03 (m, 4, vinyl and exo-cyclic methylene H),
5.79, (ABC pattern, vinyl H). This agreed favorably with the nmr
spectrum reported (66) tor 3-vinylmethylenecyclopentane. Table
XXII shows the mass spectrum.
Methylenecyclohept-4-ene (X) The minor product from the

sealed ampoule pyrolysis of II-Ac appeared at 13 min after the
reaction mixture was injected on column F. It was isolated by
prep glc and its nmr and mass spectra examined: NMR (CC1 4,

100 MHz) 6 2.15-2.35 (m, 8, H at C2 -C3, C6' C7), 4. 57 (s,

2

exo-cyclic methylene H) 5. 70 (m, 2, H at C4, C5). The mass

spectrum of the minor product from the sealed ampoule pyrolysis
of II-Ac at 350° is shown in Table XIX. Its identity as methyl-

enecyclohept-4-ene

(X)

was confirmed by nmr and mass spectral

comparisons with an authentic sample synthesized from independent
sources (vide infra).

Table XXII. Mass Spectra of Hydrocarbons from Sealed Ampoule Pyrolyses at 3500.
78

77

67

66

65

55

54

52

15

49

30

18

13

22

26

75

70

10

45

30

19

17

23

29

11

34

100

12

29

18

14

11

16

66

31

79

100

21

54

48

27

19

100

56

28

87

19

72

15

17

24

108

93

91

81

80

12

100

34

10

55

14

100

33

12

X

18

35

Ac A

28

Bc

57

M/E
XII
XII

a
b

a
b

7.4

79

53

52

51

41

39

10.5

7

43

48

10

17

6.5

36

37

14

5

7

3.5

24

33

28

25

10

21

9

34

58

9

20

11

26

5.5

33

48

8.5

As major product in ampoule pyrolysis of 4- cycloheptene -i- methyl acetate (II-Ac) for 5 hr.
As major product in ampoule pyrolysis of synthesized sample of methylenecyclohept-4-ene (X) for 1 hr.
Representative unknown minor products from ampoule pyrolysis of authentic sample of methylenecyclohept -4 -ene (X) for 1 hr.
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Material Balance Study of Sealed Ampoule Pyrolysis
of 4-Cycloheotene-1-methyl Acetate (II-Ac)
A 60-ml pyrex ampoule containing 34 mg (202 mmol) of

4-cycloheptene-l-methyl acetate (II-Ac) was sealed under vacuum,

then heated in the fused salt bath for 4 5 hr at 350°

It was then

cooled, quenched, and opened as described above. Then 13 mg of
a synthesized sample of endo-bicyclo [3.2. 1]- octan -2 -yl acetate

(III-Ac) was added as an internal standard. After washing the
contents of the ampoule into a vial with 3 ml of anhydrous ether, the
pyrolysis mixture was then analyzed by gc using column B. Compari-

son of relative peak areas for the internal standard III-Ac and
unreacted starting material II-Ac showed that 12. 2 mg of the

original ester remained unreacted, with 21.8 mg (130 mmol) having

been converted to products. A similar comparison of peak areas
for all hydrocarbon products (dividing hydrocarbon areas by 1.3 as

usual to correct for the observed difference in detector response
between hydrocarbons and esters) showed that the total amount of

all substances present, including unreacted II-Ac was 26 mg, leaving 8 mg of the original 34 mg of II-Ac unaccounted for by gc

analysis. However, since 130 mmol of II-Ac had reacted, 130

mmol or 7.8 mg of acetic acid must also have been produced. This
compound proved to be very difficult to detect by glc analysis in
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some of our previous studies and must have undoubtedly accounted

for the remaining 8 mg balance of material, (The co-pyrolyses of

hydrocarbons and esters with glacial acetic acid described in
the "Results" above required the direct titration of the contents of
the U-tube collector with .013 N sodium hydroxide to a phenol-

pthalein end-point to assay the amount of acetic acid passing through

the reactors since gc analysis could not be used. ) Thus, the
sealed ampoule pyrolysis of II-Ac at 350° does not lead to any
unknown non-volatile or polymerized products which escape glc

analysis (except for the special case of acetic acid itself) and all
material can be accounted for on the basis of glc analysis.
Sealed Ampoule Pyrolysis of Methylenecyclohept-4-ene (X)

A 10-ml pyrex ampoule containing 5µl of methylenecyclohept4-ene (X) which had been synthesized from II-Bs and potassiumt-butoxide in dimentyl sulfoxide (vide infra) was sealed in vacuo then

heated to 350° for 1 hr in the fused salt bath. Analysis of the
pyrosylate using column B at 80° revealed that the starting material

(X) had undergone extensive conversion (92%) to form essentially
one product (86%). Four other minor coproducts comprised the

remaining 6% of the product mixture. Analysis of the mixture by
100 MHz nmr (without separation by prep gc due to insufficient

quantities) revealed the presence of a vinyl group (6 5. 55-5.88),
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and olefinic hydrogens (6 4.62 -5. 1), suggesting that the major
product in this mixture might be 3- vinylmethylenecyclopentane
(XII).

Retention time comparison (coifijection on column B at 80o)

and mass spectral comparison (Table XXII) confirmed the identity
of the major product from the ampoule pyrolysis of (X) to be
3-vinylmethylenecyclopentane (X1I), the major product from the

sealed ampoule pyrolysis of II-Ac at 350o

Sealed Ampoule Pyrolysis of endo-Bicyclo [3.2.1]
octan-2-y1 Acetate (III-Ac)
A 60-ml pyrex ampoule was filled with 200 p.1 of endo-

bicyclo [3.2.1[ octan -2 -yl acetate (III-Ac), sealed under vacuum,
then heated in the block oven for 1 hr at 350o. After cooling the

ampoule and transferring its contents to a vial as described above,
gc analysis with column B at 80° revealed that the starting ester
III-Ac had undergone 39% conversion to a single product. This

product was collected by prep gc on column F at 1000 with a helium

flow rate of 30-45 ml/min. Its 100 MHz nmr spectrum was superimposable with the nmr spectrum of the major hydrocarbon obtained
from the flow pyrolysis of II-Ac at 2850, and with the nmr spectrum

of authentic samples of bicyclo-[ 3.2.1] oct-2-ene obtained from

Professors G. J. Gieicher and P. K. Freeman of this department.
A subsequent pyrolysis study of III-Ac under static conditions on
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an analytical scale where the fused salt bath could be used for

better temperature control verified the earlier result that pyrolysis
of III-Ac at 3500 for 1 hr results in a 39% conversion to VII.
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