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ABSTRACT

Bicyclo[2.1l.1l)lhexene is a rigid, and highly
strained compound. Its unusual geometry suggests that
there would be considerable homoallylic participation
between the double bond and a carbonium ion centre at
C-5. The rigidity of the framework also offers a unique
opportunity to study ([1,3]sigmatropic rearrangement.

These considerations proﬁpted a synthesis of
this skeleton.. The first synthesis of a bicyclo[2.,1l.1l]-
hex-2-en-5-0ol derivative is presented herein. Solvolytic
studies of this system, which involved extraordinarily
large rate enhancements, show that there is considerable
interaction between the double bond and the carbonium
ion at C-5. Evidence is presented to show that a non-
classical carbonium ion is formed.

Thermolysis of the exo-bicyclo[2.l.l]hex-2-en-
5-yl acetate proceeded in a completely stereospecific man-
ner. This reaction represents one of the few known ex-
amples of a Suprafacial [1,3]sigmatropic rearrangement,
which necessarily proceeds with inversion of configura-
tion at the migrating centre. |

Introduction of a three-membered ring at the

double bond position in the above bicyclic system led to



2'4]heptan--6-ol derivatives. A

exo-anti-tricyclo[3.1.1.0
large rate enhancement was again found in the solvolysis
of the corresponding p-nitrobenzcate consistent with homo-
cyclopropyl participation,

Thus, the solvolytic and thermal reactions of

the bicyclo[2.l.1llhexene system are entirely consistent

with the expected behaviour for these molecules.
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INTRODUCTION

In recent years considerable effort has been
directed towards the investigation of interaction between
an incipient carbonium ion and a remote double bondl or
cyclopropane ring?. Among the criteria used to implicate
such a participation are solvolytic rate enhancement,
stereospecificity of the product formation, and scrambling
of isotopic labels in specifically labelled substrates3.
Although the latter two effects have been observed in a
comparatively large number of compounds, very large sol-
volytic raté enhancements associated with the presence of
the double bond or cyclopropane ring in the substrate were
reported in very few cases.

In order to gain a better understanding of the
requirements necessary for an effective homoallylic and
homocyclopropyl participation a study was undertaken in our
laboratory. It is advantageous to carry out such studies
on systems that are free of conformational flexibility.
Because of the rigidity inherent to some bicyclic systems
and the proximity of the double bond to the one carbon
bridge, bicyclo[2.l.l]hex-2-ene derivatives appeared suit-
able for this purpose. 1In addition the inspection of
models indicated that this strained system might undergo

a [1,3] sigmatropic rearrangement with a carbon atom as a



2.

migrating group. No examples of this type of reaction
were known at the time this work was initiated. For these
reasons a synthesis of a functionalized bicyclo(2.1.1] -
hexene was developed in our laboratory. The homoallylic
interaction between the double bond and the incipient car-
bonium ion was then investigated. Thermolysis of exo-
bicyclo[2.1l.1]hex-2-en-5-yl acetate was carried out and
it indeed effected the carbon [1l,3]sigmatropic shift4.
Finally, a subsequent transformation of the bicyclo[2.1.1] -
hexenyl acetate into an gfgfgggiftricyclo[3.1.1.02'4]hept—
6-0l derivative led to the study of homocyclopropyl parti-
cipation in this system.

This thesis is divided into three parts. Part
one describes synthetic studies; parts two and three deal
with solvolysis and thermolysis of the above systems,

respectively.



I. SYNTHETIC STUDIES

HISTORICAL:

At the outset of our studies no synthetic method
was available for the preparation of bicyclo{2.1l.l]lhexene
derivatives. On the other hand the chemistry of the satu-
rated analogs had been explored to a considerable extent
and a number of synthetic routes providing an entry into
this highly strained system were well developeds. Before
presenting our synthetic work, some of the studies,
reported to date, on the syntheses of bicyclo[2.l.l]hexenyl
derivatives are reviewed.

In 1966 Meinwald and Crandall6 reported an at-

tempted synthesis of a bicyclo[2.1l.l]hexene derivative.

‘Photolysis of an a-diazoketone 4 provided a mixture of

two disubstituted bicyclic compounds (2,3), one of which

(R) was in turn converted to the corresponding esters

(4b-44d) . Attempted pyrolytic elimination of acetate (4b) ,
ethyl carbonate (4¢), and methyl xanthate (%Q) failed to
afford the desired unsaturated compound (3). The authors
suggested that the reluctance of the esters to undexrgo
elimination was probably due to the strain of the double

bond in the expected product (3).
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Tanida and Hata7

in 1966 synthesized a substituted
benzbicyclo[2.1l.1]hexene (§) utilizing the synthetic scheme

shown below.

N
2 ] Co,H

The parent hydrocarbon (J]) was also obtained in

the same year by Pomerantz as a minor product of the addi-



tion of benzyne to bicyclobutanes.

, Ny, . L |
S co,- + —— +

In 1967 Meinwald and Kaplan9 obtained tricyclo
[3.3.0.02’6]oct—3—ene (g» introducing a double bond into

the system by the Hofmann elimination reaction.

—_—
i‘: (CHy),

In the following year the same grouplo finally
succeeded in synthesizing the parent hydrocarbon (10) .
The starting point of their synthesis was the bicyclic
ketone (23), prepared according to the method of Bondll.
They first converted it into the tosylhydrazone (3b) which
was then treated with methyllithium to afford the bicyclo-

[2.1.1])hex-2-ene (19) in 25% yield.



g a X=0
b X=NNHOTs

m

In 1968 Bond and Scerbo12 reported another route
leading to the same hydrocarbon. The bicyclic ketone (Ra)
was first reduced to the alcohol (&&g), which was subse-
quently converted to the bromide (%&Q) and dehydrobromin-

ated.

1l a x=om J;Q

b =Br

The synthesis of some 5-substituted bicyclo-
[2.1.1]hexene derivatives (13) was accompliéhed in 1968
by Wiberg and Ubersaxl3. They prepared exo- and endo-
trans-2,3-dichlorobicyclo(2.1.1]hexyl carboxylates (1)
by standard methods. Dehalogenation by magnesium amalgam

gave the product in good yield.



c1 CO.H CO,H

12 )

In 1969 the first preparation of a derivative
of exo-bicyclo[2.l.l]lhex-2~en-5-ol (14) was accomplished
in our laboratory4. Tnis compound possesses appropriate
functional groups for the study of the interaction between
the double bond and the incipient carbonium ion. This
thesis describes the synthesis of this important compound

as well as solvolytic and thermal behaviour of the system.

OCOCH3

In the same year Roth and Friedrichl4

described
the synthesis of exo- and endo-~5-methylbicyclo{2.1l.l]hex-
enes. They utilized the procedure developed earlier by

Meinwaldlo.

The most recent synthesis of this system involved
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an interesting rearrangementls. Deamination of the exo-

bicyclo[3.1.0]hex-2~en~6-yl ammonium chloride (l3) in gla-
cial acetic acid led to the formation of the exo-bicyclo

(2.1.1]hex-2-en-yl acetate (l4).

OAc

+
--NH,Cl



RESULTS AND DISCUSSION:

Two synthetic approaches to the bicyclo{2.l.1l]-
hex-2-ene system have been examined in our laboratory.
The two schemes had a common feature, which consisted of
initial preparation of an appropriately substituted bicy-
clo[2.2.0]lhexyl system and its subsequent transformation
into either a bicyclo[2.l.l1l]hexyl or a bicyclo[2.1l.1l]-
hexenyl derivative. Consequently the initial set of reac-
tions was the same for both approaches.

An easy entry into the bicyclo[2.2.0]hexenyl

system was developed by van Tamelen and Papasls.

XN\—COzH O2H

_J—cosH COH

AR

‘ co
cQ \
> C]:cbo 5
co
AL

R

le6

Utilizing the method of Bayer™ they obtained

trans-1,2-dihydrophthalic acid (16) in high yield by the

reduction of o-phthalic acid with sodium amalgam in acetic
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acid. Brief treatment of the trans diacid (%g) with hot
acetic anhydride effected epimerization and produced cis-
1,2-dihydrophthalic anhydride (%x) in good yield. The key
step leading to the bicyclo[2.2.0]hexene system is the
photoisomerization of the gig—l,z—dihydrophthalic anhydride
(kl). Irradiation of an ethereal solution of the anhydride
(kZ) with a high-pressure mercury lamp using a Vycor filter
produced, after purification, the bicyclo[2.2.0]hex-5-ene-

2,3-dicarboxylic anhydride (18) in 22% yield.
LvY

OoH hv —
@Z%H HoL ( )3 2!

AR

If the photolysis was performed on either cis- or trans-

dihydrophthalic acid (%2)' a complex mixture of ring
opened products was obtained. However, if the 1,2 posi-
tions in the cyclohexadiene system are bridged by a five
membered anhydride, the conrotatory opening of the six
membered ring could not compete favorably with the forma-
tion of a bicyclic product (%§)° The structure of the
bicyclic anhydride (%%) was deduced on the basis of spec-
tral data and chemical transformations. Ozonolysis fol-
lowed by oxidation transformed the bicyclic anhydride (%ﬁ)

into a known compound, cis,trans,cis-1,2,3,4~-cyclobutane
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tetracarboxylic acid (2Q).

COCH

-

(Lo
OOH

2R

On the assumption that the oxidation reaction does not
cause epimerization, this reaction establishes the stereo-
chemistry of the ring fusion as cis, and also the exo
orientation of the five membered anhydride ring. The exo
orientation of the cis dicarboxylic acid derived from 18
was established by Masamune 35_2317. They found that the
half methyl ester and the dimethyl ester of 18 were dif-
ferent from the half methyl ester and the dimethyl ester
(RL) of the stereoisomer obtained from cyclobutadiene and

maleic anhydride.

OOCH,
OOCH;

2

The bicyclic anhydride (%%) represented the
starting point for our entry into the bicyclo[2.1.1l]hexene

system. Hydroboration of this material at -15°, followed
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by treatment with alkaline hydrogen peroxide gave exo-
-5-hydroxybicyclo [2.2.0 hexan-2,3-dicarboxylic acid (%%)

in good yield.

COOCH3

18 - H COOCH,

2R

The stereochemistry of the substituents in this compound
is discussed later.

Up to this point the reaction seguence was iden-
tical for both synthetic approaches. The following dia-
gram illustrates the remaining steps of the first synthetic
attempt, that was executed by Drs. Caine and Nakatsuka of

our laboratoryl7.

COOCH
3
o P‘NO2C6H4503WOOC Hy , COLH
R —>

23 28 COCH5
CO,H CH, Co,H OCH,
-—_> ,
CO,CH, Co,H

&3 26



13.

Eétarification of the hydroxy diacid (28) with diazomethane,
followed by treatment of the'resulting dimethyl ester (%%g)
with P-nitrobenzenesulfonyl chloride and pyridine, afforded
the p-nitrobenzenesulfonyloxy dimethyl ester (ga).When
treated with sodium methoxide in tetrahydrofuran at room
temperature, the ester (%%)underwent base catalyzed elim-
ination of p-nitfobenzenesulfonic acid to afford the tri-
cyclo{2.2.0, 0 ]hexane-z 3-dicarboxylate (%4). Prolonged
heating of the tricyclic half ester with sodium methoxide

in methanol brought about the nucleophilic cyclopropane

ring opening, thus producing the exo-5-methoxybicyclo[2.
l.1l]hexane-2,3-dicarboxylic acid half ester (£§)° The for-
‘mation of the tricyclic derivative and its subsequent
opening have been described by Meinwald and Crandalls. In
their study of base promoted elimination of endo-5-carbo-
methoxybicyclo[z.l.l]hex—gggi-z-yl tosylate, they carried

out the following reactions.

A T

o, w0 I

CO CH

m:<<-— =<

Cco CH
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The treatment of the bicyclic tosylate (%Z) with base
generates a carbanion at Cg» which has proper geometry for
an intramolecular displacement of the g-toluenesulfonate,
yielding a tricyclic ester (%%). The action of sodium
methoxide on the tricyclic ester (%é) represents a nucleo-
- philic addition to a cyclopropyl conjugated carbonyl sys-
tem and gives a mixture of two epimeric bicyclic esters
(22) - The described sequence of reactions proceeded anal-
ogously with the trisubstituted bicyclic derivative (%%)
yielding the trisubstituted bicyclo[2.l.l]hexane deriva-
tive (%é) that appeared suitable'for the introduction of
the unsaturation via a Eig—decarboxylation reaction. Vari-
ous decarboxylation reactions were performed on the exo-
5-methoxybicyclo[2.1.1l]hexane-2,3-dicarboxylate (%g) with-
out success. Nor did oxidation with lead tetraacetate in
pyridine, with or without ultraviolet light, afford any of
the desired unsaturated material. A new method for the
alkene synthesis from vicinal dicarboxylic acids was dev-
eloped in our laboratory18 speéifically for this purpose.
It consists of either photolytic or pyrolytic decomposi-
tion of di-t-butyl peresters of dicarboxylic acids. Sev-
. eral olefins are produced in good yields. However, when
the perester, derived from 26 was subjected to reaction

conditions (A or hv) no desired unsaturated compound was
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present in reaction products., Finally, the anodic oxida-
tion of dicarboxylic acids was attempted, and likewise
failed. Previously Meinwald and Crandall6 had reported
difficulties in introducing a double bond into a bicyclo
[2.1.1l]hexane derivative. They attributed the failure of
the reaction to the strained character of the double bond
in the product. The results may be in accord with their
observation. At this point the above synthetic approach
was abandoned. .

At that time some reports appeared that made it
increasingly clear that the bicyclo[2.l.l]lhexyl or hexenyl
cations might represent energy minima on the energy surface
connecting some related carbonium ions. McDonald and

19

Reinke described a solvolytic study of exo-bicyclo[2.2.

Olhex-2-yl tosylate (30) in acetic acid.

' : OTs
31 32

30
A v OAcC o

OAc

"
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The product of ion pair return, gﬁg-bicyclo[z.l.l]hex—s-

yl tosylate (ék)’ was formed in 53% yield. The mixture

of acetates contained 41% of the acetate having the bicyclo
[Z.i.l]hexyl (%%) skeleton. The predominant formation of
the products having the bicyclo[2.1l.l1l]lhexyl ring indicates
its greater stability, relative to bicyclo[2.2.0]hexyl
system, under these reaction conditions. The same authors20

observed a similar type of rearrangement in the attempted

Oppenauer oxidation of exo-bicyclo{2.2.0]hexan-2-ol (%%).

O O
34 RR

The'major product (n20%) was identified as the bicyclo
[2.1.1] hexan-5-One (£§)° The other two products were
obtained in a low yield (~1%).

Subsequent reports on the chemistry of hexamethyl
Dewar benzene indicated that under certain conditions

rearrangements analogous to those observed in the bicyclo-
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[2.2.0)hexyl system, take place in the unsaturated system
as well. When the hexamethyl Dewar benzene (gg) was
treated with ethyl-N-sulfocarbamate,a 1l:1 adduct (37) was
formed21. The following structure was proposed on the

basis of the NMR spectrum,

— CO,Et

—7 SO9

AR
\\

Cl

However, the treatment of the same starting material with
hydrochloric acid produced a different type (éﬁ and 32)

of adductszz.

23 observed

Paquette and Olah and their coworkers
directly by NMR, cations derived from either hexamethyl
Dewar benzene (éé) or hexamethylprismane in fluorosulfon-
ic acid-antimony pentafluoride solution at low temperatures.,
In either case a mixture of the two cations (49 and 41)

was formed (3:1 ratio). The authors assigned the follow-
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ing structures to the cations observed.

-%

AR
The spectra were temperature dependent. This was attri-
buted to the interconversion of the isomeric cations.
Additional evidence for the presence of the bicyclo[2.l.1l]~-
hexenyl cations (490 and 41) was obtained by quenching the
acidic solution at low temperatures, with excess of
sodium methoxide in methanol. A mixture of two ethers
was formed. The following structures (ég and %é) were

assigned to these compounds on the basis of their NMR

spectra.

OCH, OCH,
42 | A3

v

All these experimental observations suggested

that an entry into the bicyclo[2.l.l]hexenyl system could
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be gained by the solvolysis of the appropriate bicyclo-
[2.2.0]hexene derivative. This then becomes the key of
our second (successful) synthetic approach. As already
mentioned, the hydroboration of the bicyclo[2.2.0]hexene-
dicarboxylic anhydride (18) followed by the oxidation,
afforded the gﬁgfs-hydroxybicyclo[z.2.0]hexan—z,3—dicarboxy1ic
acid (22). The exo configuration of the hydroxy group
was assigned by the analogy with the hydroboration of
norbornene (44) which gives exo-norborneol (43) . Hydro-
boration of the bicyclo[2.2.0]hex-2-ene (46) produces the
corresponding alcohol (47) in which the hydroxy group is

also exo orientedlg.

4 R
1y — [
46 A4

The ' hydroxydicarboxylic acid (22) was converted
into its dimethyl ester (22R) by treatment with diazometh-

ane. The following absorptions were observed in the NMR

spectrum: <t 5.56 (t, 1 H), 6.12 (s, 1 H), 6.62 (s, 6 H)
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and the additional absorptions at 7.05 and 7.53 each inte-
grat;ng for two protons. The triplet absorption at t 5.56
provides further evidence for the exo orientation of the
hydroxyl group, since it has the same multiplicity as that
observed in the exo-bicyclo[2.2.0]hexan-2-ol. The gggg-
bicyclo[2.2.0lhexan-2~cl exhibits greater multiplicity
for the absorptions of C-2 methine proton24. The NMR spec-
trum indicates that no epimerization of the carboxyl groups
occurred during the hydroboration-oxidation reaction. If
epimerization had occurred the methyl protons of the car-
bomethoxy groups would no longer absorb at the same field
positions. The observation that the methyl protons reson-
ate as a sharp singlet at t 6.62 supports their exo (cis)
orientation.

It was found convenient not to purify the hydroxy-
dicarboxylic acid (%%), after the hydroboration reaction,

but rather to proceed with subsequent steps and effect the

purification at a later stage.
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Treatment of RR With acetic anhydride and pyri-
dine, followed by the removal of excess reagents, afforded
crude gggfs-acetoxybicyclo[2.2.@]hexane-2,3-dicarboxylic
anhydride (48).  The NMR data fully support this structure.
The IR spectrum exhibited absorptions at 1860 cm-l (w) and
1785 cm"l (s), with a pattern characteristic of a cyclic
(5-membered) anhydride, and at 1740 cm-l indicating the
Presence of an ester group, |

Treatment of the acetoxydicarboxylic anhydride
A8 with water at 80° followed by chromatography and crystal-
lization provided an acetoxydicarboxylic acid (ég) in good
Yield. The NMR Spectrum exhibited all the features expected,
‘and its similarity to that of the corresponding hydroxy-
dimethyl ester (gge) leave no doubt that both the'acetoxy
and the two carboxyl groups are exo oriented.

Transformation of the acetoxydicarboxylic acid
(42) into the gﬁg-bicyclo[2.2.0]hex-5-en-2-yl acetate (50)

could be effected in two ways.,
49 —— ZZ::Z::Z,DAC
R4

Initially the oxidative bis-decarboxylation with lead tet-

raacetate25 was employed giving product Yields of 40%.
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Subsequently the decarboxylation was improved using anodic
oxidation, according to the procedure of Westberg and
Daubenzs. This method afforded the desired product (ég)
in 60% isolated yield. The NMR spectrum was in full accord
with the expected structure and exhibited the following
signals: Tt 3.67 (m, 2 H), 5.28 (t, 1 H), 6.67 (m, 2 H),
7.87 (m, 2 H) and 7.99 (s, 3 H).

The only modification required at this stage was
the replacement of the acetoxy substituent in 59 with some
better leaving group. This was achieved by treatment of
acetoxybicyclo[2.2.0]hexene (ég)'with lithium aluminum
hydride, or even more conveniently with methylmagnesium
iodide. ‘The hydroxy derivative (Rl) thus obtained was
not isolated but the ethereal solution after concentration
‘and drying, was treated directly with g-nitrobenzenesul-

fonyl chloride and pyridine at 0°.
R —> m on —> mosozcea4noz
R& RR

The exo-bicyclo[2.2.0]lhex-5-en-2-yl g-nitrobenzenesulfon-
ate (pR) was purified by chromatography and crystalliza-
tion. An NMR spectrum exhibited the following signals:

T 1.65 (q, 4 H), 3.56 (t, L H), 3.79 (t, 1 H), 5.17 (¢, 1
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H), 6.55 (m, 2 H) and 7.78 (t, 2 H). The two olefinic
protons of A2 which showed as a broad multiplet in the
NMR spectrum of the corresponding acetate g0, have differ-
ent chemical shifts (1t = 3.56 and 3.79).
Bicyclo[2.2.0]hexenyl g-nitrobenzenesulfonate
(E%) was solvolyzed in acetic acid27 containing two equi-
valents of sodium acetate. It liberated the theoretical
amount of g-nitrobenzenesulfonic acid and the first order
rate constants were determined (see kinetic part). The
product distribution was found to vary with the reaction

time,

OAc

0s0,C_.H NO
m 2767472 e +

RR &4

- OAc

R7

When the solvolysis was quenched at 50% completion the
product mixture consisted of the starting material Y (50%),
benzene (5%), and the two acetates %é and ég formed in 32%

and 11% yields, respectively. Minor products (v2%) were
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also present., However if the reaction time was extended,
and the solvolysis carried out for eight half-lives the
major product, formed in more than 90% yield, was é% indi-
cating that the thermal conversion of %é to é% was taking
place under these reaction conditions. By recycling the
starting material é% the major product %é could be obtained
-in ca. 50% combined yield.

The major solvolysis product 4 was identified
as exo-bicyclo[2.1l.l]hex-2-en-5-yl acetate, whereas the
minor product R3 was shown to be exo-bicyclo[3.1.0]hex-2~
en-6-yl acetate. These structural assignments were made
on the basis of spectral and chemical evidence. The NMR
spectrum of 14 taken in CCl4 exhibited the following sig-
nals: 1 3.27 (t, 2-3 H), 5.31 (4, g = 6.6 Hz, 5-endo-H),
6.76 (m, 6-exo-H), 7.42 (q, 1-,4-H), 7.72 (d4, J = 6.6 and
5.7 Hz, 6-endo-H), and 7.98 (s, acetate).

A number of spectra of bicyclo[2.l.l]hexyl deri-
vatives have been describedzs. Features characteristic
of the compounds having an exo oriented substituent are:
the long range coupling constant, between the 5-endo and
6-endo protons, and a unique geminal coupling constant
between the 6-endo and 6-exo protons. These features are
present in the spectrum of the acetate A4. Thus the 5-

endo proton exhibits a doublet (long range J = 6.6 Hz) and
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6-endo proton appears as a doublet of doublets. It is
coupled to the 5-endo proton with a long range coupling
constant of 6.6 Hz and to the 6-exo proton with a geminal
coupling constant of 5.7 Hz. This interpre;ation of the
NMR spectrum is supported by the results of spin decoup-

ling experiments that are summarized in the following

table.
Table 1
Proton
Irradiated Chemical Shift and Multiplicity
Hl,4 H2,3 H5 H6 endo H6 exo
None 7.42q 3.27t 5.314d . 7.72d44 6.76m
(J=6.6 Hz) J=6.6 and 5.7 Hz
2,3 d - T T -
Hl,4 o S T T : T
H - -- - a(J=5.7 Hz) --
H6 endo —-— —-— —— —— t
H, exo - - - d(J=6.6 Hz) -
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All these spectral data are uniquely accommodated by the
gﬁgfbicyclo[2.l.l]hex-2-en-5-yl acetate structure.
Finally catalytic hydrogenation of %é' with
platinum oxide in methanol, afforded the corresponding
dihydro compound (%%), which was found to be identical
with an authentic sample of exo-bicyclo[2.l1.l]lhex-5-yl
19

acetate®. All these results established the structure

and stereochemistry of the major acetolysis product.

OAcC OAC

A AR

The structure and stereochemistry of the other
acetate product (é%) were also determined in a similar
way. A sample of the acetate g% was obtained by carrying
out the acetolysis of the bicyclo[2.2.0]hexenyl g-nitroben-
zoate (g%) for 10 half-lives. At this reaction time %%
becomes the major reaction product (>90%). An NMR spec-
trum exhibited the following signals: ¢ 4.2 (m, 1 H),
4,5 (m, 1 H), 6.67 (bs, Wy, = 3 Hz, 1 H), 7.5 (m, 2 H),
7.9 (m, 1 H), 8.0 (s, 3 H) and 8.25 (m, 1 H). The spec-

trum is indicative of bicyclo[3.1l.0]hex-2-en-6-yl acetate
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and the stereochemistry of the acetoxy group can be determined
by the magnitude of coupling constants of cyclopropane pro-
tonszg. It is known that spin-spin coupling constants of
cis protons in the three membered ring are larger than
those of the trans protons30. The observation that the Ce
hydrogen absorbs at T 6.67 as a broad singlet (w;5 = 3 Hz)
is strongly indicative of the exo configuration of the
acetoxy group. This argument was further strengthened by
examination of the NMR spectrum of the epimeric endo-
bicyclo[3.l.0]hex-2-en-6-yl acetate (§2), which was subse-
quently synthesized. The C6 proion was found to absorb

at T 6.08 as a triplet with a cis coupling constant of 6.0
Hz.

Catalytic hydrogenation of the exo-bicyclo ace-
tate (33) with Adams catalyst in methyl acetate provided
the corresponding dihydro compound (54a). Treatment of
? (e

that was converted into the corresponding p-nitrobenzoate

(34%) -

-OAc -OH ~OPNB

RER R4R RAL

R4a with methyllithium gave the 6-hydroxy compound2
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The acetate (Qég), the hydroxy compound (gég) and the P~
nitrobenzoate (g%g) were all found to be identical with
the corresponding authentic samples, that were prepared

in the following manner:
OHC HOZC
55 : RR
“OAc
-CO 2X -COCH 3
— ——e -

57 a X=Et 58 ' RAR
b =H
Meinwald and his coworkers31 have demonstrated that the
peracid oxidation of bicyclo[2.2.l]heptadiene gives endo-
6-bicyclo[3.l.0]hex-z-enecarboxaldehyde (RR) . Oxidation
with silver nitrate, followed by catalytic hydrogenation
provides the ¢orresponding endo-carboxylic acid (éé)'
Esterification of the acid by diazomethane and treatment
of the resulting ester with sodium ethoxide in ethanol
provides the epimeric ggg—G—bicyclo[3.l.O]hex-Z-enecar-
boxylic ester (éz%). The ethyl ester was pPrepared accord-

ing to the reported procedure and hydrolyzed and the
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The acetate (Q%@), the hydroxy compound (%%R) and the p-
nitrobenzoate (Q%%) were all found to be identical with
the corresponding authentic samples, that were prepared

in the following manner:
OHC HO,C
LX) : RR
AcC
-CO0,X -COCH,, B
—_— —_—

¥ 2 xEe 3 ~ 24z
Meinwald and his coworkers3? have demonstrated that the
pPeracid oxidation of bicyclo[2.2.1]heptadiene gives endo-
6‘bJ'-CY‘:=31-<>[3-1-0]hex-'Z-enecarboxaldehyde (55). Oxidation
with silver nitrate, followed by catalytic hydrogenation
provides the borresponding endo-carboxylic acid (§Q)°
Esterification of the acid by diazomethane and treatment
of the resulting ester with sodium ethoxide in ethanol
provides the epimeric €x0-6-bicyclo[3.1.0]hex~2-enecar-
boxylic ester (éz%). The ethyl ester was prepared accord-

ing to the reported procedure and hydrolyzed and the
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resulting acid (ézg) converted into the methyl ketone (éé)
by treatment with methyllithium. Baeyer-Villiger oxida-

tion32

of the ketone yielded the exo-bicyclo[3.1.0]hex~
6-yl acetate (é%g) that was identical with the hydrogen-
ated acetolysis product. The synthetic acetate was con-
verted into the corresponding p-nitrobenzoate by. the
Ssequence of reactions already represented (gég = RRL) .
Identical NMR spectra of the compounds (ééél Q%R' é%g)
from the two different sources and absence of the melting
point depression of the mixture of p-nitrobenzoates (gés)
;éonfirm the initial structural assignment, _

| After the successful preparation of the exo-
bicyclo[2.l.l]hex-z-en-s-yl acetate (%%) our intention
was to convert it into a derivative suitable for the sol-
volytic study. The conversion of the acetate (&é) into

the corresponding hydroxy derivative (ég) was therefore

attempted.

H OAc CHO
R i £

Treatment of the acetate %é with potassium hydroxide in
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methanol or methylmagnesium iodide in ether provided no
desired hydroxy derivative (ég). In both attempts the

formation of A3

~-cyclopentenecarboxaldehyde (gg) was evi-
dent, reflecting the extreme instability of the hydroxy
compound (32). The structure of the aldehyde was assigned
on the basis of its NMR spectrum,

Preliminary experiments indicated that the sol-
volysis of the exo-bicyclo[2.1l.l1]hex-2-en-yl acetate in
d4-acetic acid proceeded slowly compared to its transforma-
tion into bicyclo[3.l.0]hexenyl acetate (33) and no kinetic
data could be obtained for the solvolytic ester exchaﬁge
reaction. Since the derivative suitable for solvolysis
could not be obtained via the corresponding hydroxy com-
pound (39), another approach was examined. The bicyclo-
[2.2.0}hexenyl E-nitfobenzenesulfonate (3R) was solvolyzed
in methoxyacetic acid in the presence of two equivalents
of sodium methoxyacetate. At 87° the solvolysis proceeded
in a manner similar to the acetolysis of 52 and provided
the exo-bicyclo[2.1l.1]hex-2-en-5-yl methoxyacetate (§1)

as a major product.

CCH.,OCH

| 2--"2°""3 o -0,CCH,OCH,
mosozc cH,4NO,,

RR | R4
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An NMR spectrum of gL was very similar to that of %ﬁ'
except for the signals due to the methoxyacetate group.

It was expected that, since the methoxyacetic acid is a
stronger acid than the acetic acid, the solvolysis of exo-
bicyclo[2.1.1]hexenyl methoxyacetate (Q%) would proceed
at a greater rate than that of the corresponding acetate
(&%). At the same time the thermolysis rates of the two
esters were expected to be of the same order of magnitude,
which would allow solvolytic study of the bicyclo[2.l1l.1]-
hexenyl derivative. These expectations were borne out by
subsequent experiments which pro#ided the kinetic para-
meters for the acetolysis of the methoxyacetate (Q%)

(see solvolysis section). The methoxyacetate (Q%) on
acetolysis produced exo-bicyclo[2.l.l]hex-2-en-5-yl ace-
tate (l4) as the sole solvolysis product. This material
was identical with an authentic sample of the bicyclic
acetate (l4).

In order to investigate fully the mechanism of
thermal isomerization of the exo-bicyclo[2.l.l]hex-2-en-
5-yl acetate (l4) into the exo-bicyclo[3.1.0]hex-2-en-6-
yl acetate (53) it became desirable to prepare the endo-
bicyclo[3.1l.0]hex-2-en-"-yl acetate (62) . Initially a
modification of the synthetic scheme that was utilized for

the preparation of exb-bicyclo[3.l.O]hefo-yl acetate (34a)
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looked promising. Model reactions were therefore performed

on the following dihydro compounds:

HOzc : "OAc AcO .
G — & 7A
R8 RAR £3

The endo-bicyclo[3.1.0]hexane~6~carboxylic acid (gg) was
prepared as already described (see page 28). Treatment

of the carboxylic acid (gg) with methyllithium followed

by the Baeyer-~Villiger oxidation; afforded a mixture of
the two acetates (éé%' g%). The material obtained was
largely epimerized as indicated by the NMR spectrum of

the mixture which showed the presence of 64% of exo- (éé%)
and 36% of ggggrbicyclo[3.l.O]hex-G-yl acetate (g%). Sub-
sequent reinvestigation showed that the epimerization
ocqurred in the reaction of the carboxylic acid <é£> with
methyllithium. The formation of the carbanion at C6 by
the action of methyllithium, under equilibrating conditions,
could bring about the predominant formation of the thermo-
dynamically more stable exo- isomer (éé&). Due to this
difficulty, the described sequence was not applied to the
unsaturated carboxylic acid (ég),'but another synthetic

approach was sought,
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Sch8llkopf and his coworkers??

developed a very
useful synthetic method for preparation of cyclopropanols.,
It consists of the treatment of dichloromethyl ethers (gg)
with an ethereal solution of methyllithium in the presence

of olefinic substrates, to give alkoxycyclopropanes (QQ)

in good yields.

+ Cl,CHOR ~———> OR

24 &

LiI T Liw
C1l.CHOR \CH-0OR CHOR
—_— —
2 -Licl cY 4 c1”

As indicated in the mechanism proposed for the formation
of the intermediate the presence of lithium iodide in the
reaction mixture is essential. The exact nature of the
intermediate involved in this reaction is not quite clear,
but it seems likely that the 1lithiumcarbenoid complex is
involved33. By studying the additionsto a number of
unsymmetrical olefins it was indicated that a subtle inter-

play of electronic and steric factors in the transition

state is responsible for the stereoselectivity of the
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reaction. In the open chain olefins the endo addition to
give cis cyclopropanes is always predominant. In cyclic
olefins the situation is more complex and depends on fac-
tors influencing the stability of the transition state.
Thus the "methoxycarbene" gives predominantly syn isomers
with cyclopentadiene and cyclooctene, whereas with cyclo-
hexene and cycloheptene anti isomers predominate. The
author provided the rationale for this type of behaviour
in the following way. In the electrophilic addition of
the carbene to the double bond, electronic effects favour
the formation of the syn adduct,.due to the attractive
coulombic interactions between the oxygen of the carbenoid
species and the partial positive charges induced on adjacent
alkyl groups (cyclopentadiene, open chain olefins, cyclo-
octene). However, the situation may be reversed by the
increasing steric demands of the olefinic substrates, as
demonstrated by the predominant formation of anti adducts
in some cases (cyclohexene, cycloheptene). Obviously this
rationale demands further experimental support.

The configuration of the adducts can easily be

established by the examination of coupling constants of

the cyclopropane protons (Jcis>Jtrans). 1In addition the
configuration can be established on the basis of the obser-

vation that the cyclopropyl protons (gem to the substitu-



35.

ent) in the anti isomers absorb at a higher field in the
NMR than the corresponding protons in the syn isomers34.
This is attributed to the fact that the cyclopropyl proton
cis to a C-C pond is anisotropically shielded (see the

following diagram).

H ’
\y
"
/ \
/ \

Particularly useful for the preparation of cyclo-
—propanols is the synthesis of the g-chloroethylcyclopropyl
ethers (gg). These ethers can be trapsformed to cyclopro-
panols by treatment with base and acid, or more conveniently

with E—butyllithium3 4,

Li

RLj
ocH,cH,c1  REET \ .

%L ~— OCH=CH
2
o ™ <
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When the dichloromethyl-f-chloroethyl ether (84a)
was treated with an excess of methyllithium at 0°, in the
pfesence of cyclopentadiene a mixture of the two adducts
was formed. The endo adduct was a predominant product
(ca. 2:1). The mixture of the B-chloroethylcyclopropyl
ethers (§7) was treated with n-butyllithium and the
resulting alcohols were acetylated without isolation. The
acetate mixture consisted of endo-bicyclo[3.l1l.0]hex-2-en-

6-yl acetate (g2) (65%) and the epimeric exo-acetate (33)
(35%) .

OCHZCHZCl

Cl,CHOCH,CH,C1 (64a)
@—L 22 un g

Ac DAc éz
— -0
62 QE

vy

An analytical sample of the endo-acetate (Q%) was obtained
by preparative glpc. The results of spin decoupling experi-
ments are presented in the following Table. The ggggrcs
proton in exo-6-acetoxy([3.1.0]hex-2-ene (53) absorbs at

T 6.67 as a broad singlet (w;s = 3 Hz), whereas the corres-
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Table 2
Proton
Irradiated Chemical Shift and Multiplicity
H Ha,3  Hg Hg He
None 7.82m 4.52m 7.52m 8.29m 6.08t
: J=6,0 Hz
He changed  -- - changed -
Hy - - - - d
Hg - - - -— -
AcO-~ o
2 5
3 4

ponding exo proton in the isomeric acetate (g%) shows a
triplet at lower field (t 6.08, J = 6.6 Hz). This is in
accord with the previous observation that in any given pair

of cyclopropane derivatives Jci is always larger than

S

Jtréns' :

With the successful synthesis of exo-bicyclo-
[2.1.1]hex~-2-en-5-yl acetate (%g) we turned next to the
preparation of the exo-tricyclo[3.1.1.02’4]hept-6-y1 ace-

tate isomers (Qg and gg).
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OAc
Ac OAc

4 '

4 £ £9

Of particular interest was the anti isomer (Qﬁ) which has
the proper geometry for homocyclopropyl participation3,
which we intended to investigate. The limited supply of
the starting material demanded that the cyclopropanation
reaction be very efficient., Because of the instability
of the exo-bicyclic acetate (%é) towards base as well as
its thermal instability, the incorporation of a cyclopro-
pane ring to the system had to be carriéed out under neutral
and mild conditions. Therefore a number of model reactions
were performed in search for the best reaction conditions.
It has been known for a long time that the reac-
tion of oiefins with carbenes results in the formation of
cyclopropanes. With very reactive carbenes, produced
photolytically, insertion and polymerizations compete with
the desired addition reactionsBs. This makes such reac-
tions impractical for synthetic purposes. However some
carbenoid species possess noderate reactivity and give

nuch higher yields of cyclopropanes. One commonly used
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carbenoid source, used in the Simmons-Smith reaction36,

is obtained by reacting methylene iodide with zinc-copper
couple. It is thought that the reactive species is bis-
(iodomethyl) zinc iodide [ (ICH

Zn+*Znl Although this

2)2 2l
reagent has been very extensively used, in some cases it
has been reported to produce adducts in low yields37. A
reaction of norbornene with the Simmons-Smith reagent car-
ried out in our laboratory, indicated that a long reaction
time at ether reflux temperature was required for the pro-
duction of the desired methylene adduct in a high yield.
Another more reactive carbenoid species is formed
from diazomethane in the presence of copper salts38. This
reagent has not been as widely used and the mechanism of
its action is less well understood. The Pincock and Wells39
modification of this reaction, which keeps the concentra-
tion of diazomethane low at all times, minimizes the danger
involved in handling diazomethane. Again norbornene was
used as a model substrate and after 10 hours a mixture of
the starting material and the product waé isolated in essen-
tially quantitative yield. The mixture contained 97% of

the tricyclo[3.2.l.02'4

its NMR spectrum4o. When bicyclo[2.1l.l]hexene (10) pre-

10

Joctane, which was identified by

pared by the method of Meinwald and Uno~ was exposed to

the same reagent, the corresponding tricyclic hydrocarbon
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(Zg) was produced in essentially quantitative yield.

xR [

OAc OAc

. 4 ' R

The following signals were observed in the NMR spectrum:

T 7.70 (m, 2 H), 8,02 (m, 1 H), 8.30 (m, 1 H), 8.55 - 8,75
(m, 3 H), 8.85 - 9,15 (m, 2 H) and 9.35 (m, 1 H). When

the diazomethane was passed through an ethereal solution
containing anti-norbornen-7-yl acetate39 (Z%) the exo-
tricyclo[3.2.1.02'4]°°t'8-Y1 acetate (72) was formed in a
good yield. All the products contained the high field mul-
tiplets in the NMR spectrum that are characteristic of
cyclopropane protons. This method seems to be particularly
useful for the cydlopropanation of olefins available only
in a limited amount since the generation of diazomethane
can be continued until the olefin has been totally consumed.

Another method for the preparation of cyclopro-
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panes consists of photolysis or pyrolysis of pyrazolines4l.

Some pyrazolines can be prepared by the treatment of cor-
responding olefins with diazomethane42, for extended peri-
ods of time at 0°. When norbornene was exposed to an
excess of diazomethane in an ethereal solution the forma-
tion of the corresponding pyraéoline was evident and good
yields could be obtained (80% after 100 hours). However,
the preliminary experiments showed that the photolysis of
.the pyrazoline did not produce the desired product cleanly.
Of the methods tested, Pincock's modification
of the copper salt-diazomethane reaction was found to be
the most suitable for our purpose. Consequently this
reaction was applied to a mixture of exo-bicyclo[2.1l.l]-
hex-2-en-yl acetate (ké) and bicyclo[3.1.0]hexenyl acetate
(éé) in ether. The reaction was monitored by glpc and the
generation of the diazomethane was stopped when all of
the bicyclo{2.l.l]acetate (%%) was consumed (about two
hours). In that time the gggfbicyclo[3.l.O]hexenyl acetate
(2%) did not react to any significant extent. Molecular
models indicate that the environment of the double bond in
(%é) is symmetrical and therefore a mixture containing
equal amounts of the two isomers was expected. To our
surprise only a single major product of longer retention

time (glpc) was formed. Initially it was thought that the



42,

two isomeric tricyclic acetates could not be resolved on
the particular gas chromatography column used. However,
attempts to resolve the "mixture" on various columns failed.
This implied that the methylene addition reaction was pro-.
ceeding in a highly stereoselective manner.

Reaction of carbenoids with olefins is known
to be sensitive to the steric and electronic factors35b.
Thus the Simmons-Smith reaction of particular. allylic and
homoallylic alcohols gives products in which the cyclo-
pPropyl ring is cis relative to the hydroxy group. It is
known that in such cases initial complex'formation of the
carbenoid with the hydroxyl function oécurs which leads
“to the reagent attacking preferentially on one side. Some
other functions, such as methoxy and carbomethoxy, exhibit
the same type of directive effect33.' In other cases, par-
ticularly bicyclic and polycyclic olefinic substrates, the
stereoselectivity of the reaction has been attributed to
steric effects33. Thus the addition of the Simmons-Smith

reagent43, as well as CH2N2—CuCl, to norbornene produces

exclusively the exo-tricyclooctane (3) .

R
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The absence of the endo adduct indicates very
unfavorable steric interactions between the carbenoid and
the endo protons on the ethylene bridge in a transition
state thét would lead to its formation. The situation is
somewhat different in the norbornadiene case in which some
of the endo adduct is formed43. The difference is presunm-
ably due to combination of- the steric and electronic ef-.
fects. Acetoxy substituents have been found not to exhibit
any electronic directive effects. In fact the Simmons-
Smith cyclopropanation of some cyclic allylic acetates has
shown that the formation of products which have cyclopropyl
ring trans to the acetoxy group44 takes place. This was
.attributed to steric hindrance by the acetoxy group to
the approach of the carbenoid from the cis side.

As was already mentioned, models indicate that
both sides of the double bond are equally accessible in
the gggfbicyclo[z.l.l]hexenyl acetate to the approach of
the carbenoid. Since the acetoxy substituent is far
removed from the reaction site it cannot provide any steric
hindrance to the approach of the reagent. Consequently
it was impossible to predict which of the two reaction
pathways was preferred. The determination of the stereo-
chemistry of the product is presented below.

An analytical sample of the tricyclic acetate was
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separated by preparative glpc. The assignment of signals
in the NMR spectrum of the tricyclic acetate (g8 or £9)

by decoupling techniques is summarized in the following

Table.
Table 3
Proton
Irradiation Chemical Shift and Multiplicity
Hl,5 H2!4 H3 H6 | H7 exo H7 endo
None 7.50m 8.72m 8.72m 5,451 8.02m 8.724d
9.40m J=7,8HzZ J=7.8 and 9Hz
H, exo - - - - - dJ=7.8Hz
H7 endo - - - s - -
H6 - - - - - dJd=9Hz
6 OAc

Some characteristic couplings observed in the bicyclo-
[2.1.1]hexene were presentze: C6 endo proton is coupled

to the C., endo proton by a long range coupling constant

7
of 7.8 Hz. The geminal coupling constant between the C,
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exo and endo protons is 9 Hz. The two methylene cyclopro-
pane protons (3 cis and trans) have different chemical
shifts., One appears as part of a three proton multiplet
at 1t 8.72 whereas the other resonates as a one proton
multiplet centered at 1t 9.40. The chemical shifts of these
two protons have not been rigorously assignea; however, we
feel that the trans Hy should be assigned to the absorption
at higher field. A proton in such a position experiences
some shielding effect from the cis carbon-carbon bond534.
In some cases, when the two protons in question have dis-
tinct absorptions, the chemical shift was assigned on the
basis of a peak Width45. The broader signal was assigned
the cis configuration which is in accordance with the
expected coupling constants. However, in our case this
consideration is not possible because one of the methylene
cyclopropane absorptions is overlapping with the methine
cyclopropane absorptions.

The configuration of the cyclopropane ring (syn
or anti to the substituted bridge) could not be conclu-
sively determined from the NMR spectrum. However, the fol-
lowing consideration led us to propose that the cyclopropyl
ring was oriented anti to the substituted carbon bridge.

The diamagnetic anisotropy of the cyclopropane ring which

results in shielding of protons that are positioned above
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the ring is a well known phenomenon. Thus Pincock and his
coworkers46 observed this effect in the isomeric endo-

(74R) and exo-syn (J4P) tricyclo[3.2.1.0 ]Joctan-8-o0ls.

12R 14

With the cyclopropyl ring exo oriented the bridge hydrogen
was ca. 30 Hz farther upfield than in the corresponding
endo compound. A similar effect was observed in the methyl-

ene adduct of the exo-bicyclo[2.l.l]hexenyl acetate.

5( ., &

T 6.62 T 6.76 T 8.02

From the observed spectra of the bicyclo[2.l.l]hexyl deri-
vative (g%) it can be seen that the chemical shift of the
exo 06 proton is not considerably affected by the intro-

duction of the double bond in the 2 position. The intro-
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duction of the three membered ring into the molecule shifts
the proton in question upfield by approximately 1.2 ppm.
The direction of this shift is indicative of the anti
orientation of the cyclopropane ring.

Examination of the solvolytic reactivity of the
corresponding p-nitrobenzoate provided additional support
to the proposed orientation of the three-membered ring.
Subsequently an X-ray diffraction study was performed by
J. Prudham of this department (under the supervision of
Professor M. J. Bennett) on a sample of a tricyclic p-
bromobenzoate and has established the orientation of the
cyclopropane ring as anti. (See Appendix for X-ray data.)

With the stereochemistry of the cyclopropane ring
established, let us consider once more the reason for the
stereospecificity of fhe methylene addition reaction.
Directive effects of electronic origin by the acetoxy group
are not precedented. On the other hand the acetoxy group
is too far removed from the reaction site to offer steric
interference. Because of non-bonded interactions between
the acetoxy group and the C6 exo hydrogen atom it is pos-

sible that the C. bridge of the exo-bicyclo[2.l.1l]hexenyl

5
acetate (l4) is distorted from "normal" geometry towards
the double bond. This would in effect bring the C5 endo

hydrogen into closer proximity to the double bond and thus
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could interfere with the approach of the carbenoid reagent
from the syn side. Testing this proposal would involve an
X-ray study of a crystalline exo-bicyclo[2.l.1l]hexene deri-
vative which could not be prepared. Some evidence that the
stereospecificity is of steric origin was obtained froﬁ
the reaction of gggfbicyclo[z;l.l]hexyl acetate (%&) with
diazomethane at 0°, Diazomethane addition to the double
bond would presumably exhibit different electronic inter-
actions than the carbenoid reagent but a single product
was formed as indicated by vapour phase chromatography.

The treatment of an ethereal solution containing
a mixture of bicyclo[3.1.0]hexenyl (33) and the tricyclic
(gg) acetates with methylmagnesium iodide produced a mix-
ture of alcohols., After drying over molecular sieve (4A) the
mixtﬁre was treated in the usual manner with p-nitrobenz-

oyl chloride and pyridine.

OAc OPNB

— & —

R
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Chromatography and recrystallization from pentane afforded
exo—anti—tricyclo[3.1.1.02'4]hept-6-y1 g—nitrobenzoate (Zé).
The IR spectrum exhibited characteristic absorption at

1l 1l 1

1722 cm~+ (ester), 1560 cm — and 1304 cm

(nitro group).
The following signals were observed in the NMR spectrum:
t 1.75 (m, 4 H), 5.22 (4, 2 H, J = 8 Hz), 7.35 (m, 2 H),
7.90 (m, 1 H), 8.40 - 8,95 (m, 4 H) and 9.41 (m, 1 H).
The resonance due to the 7-endo proton in this compound
is partially obscured by overlap with the signal due to
the three cyclopropyl protons.

The tricyclic g—nitrobenzoate ester (Zg) solvol-
yzed in 60% aqueous dioxane with liberation of ca. 0.76

equivalents of g-nitrobenzoic acid. The following pro-

ducts were formed.

PNB

e 7¢ OH 7]  ©OPNB.

The alcohol (76) was separated by distillation from the

solvent and the product of ion pair return () and com-

pared with an authentic sample of endortricyclo[3.2.0.02'7]
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heptan-4-ol. The two were identical in every respect. An
NMR spectrum taken in deuterochloroform exhibited the fol-
lowing signals: T 5.62 (bm, w = 23 Hz, 1 H), 7.50 - 8.60
(m, 8~H) and 8.80 (m, 1 H). The endo orientation of the
hydroxyl group is indicated by the similarity of the mul-
tiplicity of the Cy methine proton absorption with those
observed in norbornene derivatives with endo oriented sub-
stituents47. The proof of the stereochemistry of the

hydroxyl group follows from the chemical sequence that was

used for the preparation of authentic samples (vide infra).

That the rearranged tricyclic ester (ZZ) has the same
carbon skeleton as the alcohol (Zg) was apparent from its
NMR spectrum, which was identical with the one observed
for an authentic sample of ggggftricyclo[3.2.0.02’7]hept-
2-yl E-nitrobenzoate.

‘'The authentic samples (zg, ZZ) were prepared by
an extension of the synthetic scheme used for the prepara-

tion of some tricyclo[3.2.0.02'7

48

]Jheptane derivatives

recently reported ~. Norbornadien-7-yl chloride was con-

verted into the tricyclic olefin (Zg) according to the

procedure of Brown and Bell49. An analytical sample of

the tricyclic hydrocarbon was separated by the prepara-
tive glpc and it exhibited an NMR spectrum similar to that

reportedso.
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However, for the subsequent reaction the hydrocarbon (Zg)
was not isolated but was used directly in the hydrobora-
tion step. Hydroboration of the tricyclic hydrocarbon
followed by the treatment with alkaline hydrogen peroxide
afforded a mixture of two alcohols in 74:26 ratio (Z%' gg).
The reason for the regioselectivity of the hydroboration
reaction must be of electronic origin since the steric

situation for the approach of the reagent to either side
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of the double bond is similar, It is thought that the
hydroboration reaction proceeds through a polarized transi-
tion state in which one of the factors controlling the
product distribution is the electron releasing properties

of the substituents on the double bondSl.

L AN
22% 78% 50% 50%

LA

I
In the case of spiro-2,5-oct-4-ene (g%), 78% of the boron
attack occurs at the B positionsz. Transition state
energy for the formation of such a product is decreased rela-
tive to the alternative transition state by the ability of
the cyclopropane ring to stabilize an adjacent positive
charge. Comparison with hydroboration of the 3,3—dimethyl-;
cyclohexene indicates that steric effects do not play an
important role in the case of g&. The above argument
rationalizes the finding of Lustgarten that exo-tricyclo-
[3.2.0.02’7]heptane-4-ol is the major product of the hydro-

boration reaction. This reaction is expected to produce

alcohols with the hydroxy group exo oriented which is
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confirmed by the NMR spectrum, Analytical samples were
separated by the preparative glpc and both C,y (89) and N
(Z%) protons were found to exhibit relatively simple mul-
tiplicities (¢ 5.37 t, 6.08 d) in the NMR. Such absorp-
tions are characteristic of the exo oriented substituents
in norbornene derivatives47.

A portion of the mixture of the two alcohols was
treated with p-nitrobenzoyl chloride and pyridine. After
chromatography an oily mixture of the two esters was
obtained (82, 83). An IR spectrum indicated the presence
of an ester group (1715 cm-l) as well as the nitro group

1 l). The NMR spectrum was similar

(1527 cm ~ and 1298 cm
to the one observed for the mixture of alcohols except for
the presence of the aromatic protons and the downfield

shift of some absorptions associated with the introduction
of an electronegative group into the molecule. The C3 and
Cy methine protons resonate at 4.47 (t) and 4.95 (d) respec-
tively. Although the two alcohols were separable by prepa-
rative glpc it was found convenient to proceed with the
oxidation step and effect the separation at that stage.

53

Oxidation with Collins reagent afforded a mixture of two

ketones (§$' gg). They were separated by column chroma-

48

tography (silica gel, hexane-benzene). Lustgarten - has

previously identified the product of the oxidation of the
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minor alcohol as tricyclo[3.2.0.02'7]hept-3-one (gg) by
comparing it with an independently synthesized sample.
The major product (§$) of the oxidation of the mixture of
tricyclic alcohols isolated in this work, had a carbonyl

absorption at 1735 em™t

in the IR. The following signals
were observed in the NMR: T 7.35 (m, 5 H), 8.19 (m, 2 H),
and 8.43 (g, 1 H).

Reduction of tricyclo[3.2.0.02'7]hept—4-one (%g)
with sodium borohydride in methanol produced a single pro-
duct, along with some impurity. The NMR spectrum of the
product differed from the one obtained for the exo tricyc-
lic alcohol (Zg). The C, methine proton in the product
resonates at 1 5.62 as a broad multiplet (w;i = 23 Hz).

The presence of the exo isomer was not apparent in
the NMR spectrum of the product. The exo isomer would be
easy to detect in the NMR spectrum since the two types of
Cy methine protons appear at different chemical shifts.
The sodium borohydride feduction was expected to proceed

stereoselectively. It is known that metal hydride reduc-

tions of bicyclic rigid ketones are kinetically controlled54.

OH

v 80% oy N 20%
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Norbornan-2-one on reduction with sodium borohydride yields
predominantly the endo alcohol. This is interpreted as
the consequence of steric inhibition for the approach of
the reagent from the endo side. Examination of models
suggested that the endo approach is even more hindered in
the tricyclic ketone (ﬁé)r which resulted in the exclusive
attack of sodium borohydride from the exo side to yield
the endo alcohol (Zg). This synthetic material was com-
pared with the alcoholic fraction of the solvolysis pro-
duct and the two were found to be identical in every re-
spect. Finally a sample of the endo alcohol (Zg) was
treated with g-nitrobenzoyl chloride and pyridine to afford
the corresponding ester (ZZ). An NMR spectrum (CDC13)
exhibited the following signals: T 1,78 (m, 4 H), 4.70
(m, 1 H, w;i = 23 Hz), 7.39 (m, 2 H), 7.75 (m, 2 H), 8.08
(m, 1L H), 8.40 )m, 2 H), 8.69 (m, 1 H); and was found to
be indistinguispable from the spectrum obtained for the
product of internal return in the solvolysis of exo-anti
g-nitrobenzoate ester (ZQ).
In order to estimate by Foote-Schleyer's method55
the amount of anchimeric assistance to the ionization in
the solvolysis of 73 a sample of the gggiftricyclo[3.l.0.
53

02’4]heptan-6-one was needed. Collins oxidation”” was

therefore carried out on the mixture of alcohols which
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contained the exo-anti tricyclic alcohol (QZ) as a major
component. Several attempts resulted in the formation of
a mixture of carbonyl compounds containing at least three
different types of carbonyl absorptions in the IR spec-

trum. The desired tricyclic ketone was a very minor pro-
duct as indicated by the low intensity of the absorption

in the 1790 cm 1 region.

OH

¢ R

Ry - R&

However, when the oxidation was effected by aluminum t-

butoxide with p-benzoquinone as a hydrogen acceptor56 in

refluxing ether, the desired strained ketone (ﬁg) was the

1

major product (strong carbonyl stretch at 1788 cm ). The

carbonyl stretching at 1788 t.:m-l was in agreement with the

corresponding bands in the two related ketonesse’ 57.

1798 cm™! 1782 cm™t
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The NMR spectrum, except for some absorptions due to im-

purities, was in complete accord with the proposed struc-

ture.
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II. STUDIES OF SOLVOLYSIS

HISTORICAL:

A. Homoallylic Cations

Various explanations have been put forward to
account for the difference in the relative rate of forma-
tion of carbonium ion intermediatesss, as observed in sol-
volytic reactions. In some systems the relief of strain
present in the ground state may provide the driving force
for ionization. Another cause of lower activation energy
of carbonium ion formation is resonance stabilization of
the intermediate, as in allylic and benzylic cations. Sys-
tems in which this type of stabilization is possible have
ﬁeen found to exhibit enhanced rates of solvolysis, when
compared with these saturated analogs.

Because of the striking rate enhancement and
stereospecificity of product formation observed in some
systems in which the above explanations do not apply, yet
anothef mode of stabilization of carbonium ions was pro-
posed: "nonclassical" carbonium ions3. These ions are
formed by the overlap of the vacant p-orbitai at the
cationic centre with orbitals on carbon atoms that are
not directly bonded to the formal positively charged centre.
Orbitals participating in such charge delocalization may

be of the ¢ and 7 type. In contrast to the resonance sta-
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bilization, which is characterized by pure m overlap, the
mode of interaction in nonclassical ions is intermediate
between ¢ and 7.

Some semi-empirical molecular orbital calcula-
tions, which consider 1,3 orbital interaction in homoal-

lylic systems59

+ suggest that such cations would be sub-
stantially stabilized. Other authors, by applying the

same method, have shown that the stabilization would be
even greater if both 1,3 and 1,4 interactions are taken

into accountso.

Of the numerous homoallylic systems that have
been studied, the bicyclo[2.2.1]heptyl system was found
to be particularly interesting. Some of these studies are
discussed below.

Study of the rates of acetolysis of exo- and endo-
norbornen-2-yl p-bromobenzenesulfonates has shown that
the exo isomer (@g) solvolyzes 7 x 103 times faster than

61

the endo isomer (gg). The rate enhancement of the exo
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isomer is ascribed to homoallylic assistance during the
initial ionization. Due to the unfavorable geometrical
relationship between the double bond and the incipient
carbonium ion in the endo brosylate such an_interaction
is prohibited. However, since both isomers give the same
product'distribution it was suggested that in the case of
the endo ester such an interaction would occur subsequent

to the rate determining ionization step.

Ac
ﬁboss — & + ﬁbﬁcq—_ ﬁb
RR . R

rel.rate 7x103 _ 1 OBs

Subsequent studies on the ¢ labelled exo ester
(gg) indicated that the nonclassical ion (a) cannot fully
describe .the observed scrambling of the label. Interven-

tion of two additional nonclassical’ ions was suggestedsz.
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Similar exo:endo ratios of solvolytic reactivi-

ties were observed in a study of acetolysis of benznorbor-

nen-2-yl g-bromobenzenesulfonates63.

Oty Oty

exo endo OBs

Both compounds gave exo-benznorbornen-2-yl ace-
tate as the-sole product. These observations are consis-
tent with homoallylic participation of the aromatic ring,
which in this system is similar to the double bond in its
ability to assist ionization. The extent of the partici-
pation of the benzene ring in ionization can be assessed
by observing the effect of substituents on the benzene
ring on the solvolytic rate. Tanida studied this effect
in the solvolysis of appropriate exo- and endo-benznorborn-
enyl derivatives. The introduction of a 6-methoxy substi-
tuent (homo para *position)accelerates the solvolysis 178
times, whereas the same substituent in the 7 position

(homo meta) depresses the rate by a factor of 0.4. The

*Denotes that the substituent is in para position to the
carbon atom on the aromatic nucleus that is closest to

the ester function.
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k6 CH30
magnitude of the O
' 6,7

) ratio (1.6 x 107) in the
2/2
exo series implicates the participation of the aromatic
ring in the ionization step. Also the product distribu-
tion is substituent-dependent, as demonstrated by the
decreasing stereospecificity of the reaction with the
introduction (to the aromatic nucleus) of strongly deac-
tivating substituents. In the endo series, the observed
ratio is much smaller (230) and ihe product distribution
is not significantly influenced by substituents. These
observations indicate the substantial decrease in the
anchimeric assistance during the ionization step in the
latter series of compounds .

Rate enhancement is particularly pronounced in

the anti-norbornen-7-yl system64. Solvolysis of the tosy-

late (g%) in acetic acid is lO11 times faster than that
of its saturated analog (gg). The syn isomer (2%) shows

an enhancement of only 104.

OTs TsO OTs

RR Rt RR

rel.rate 1 10 101!
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The large rate increase was explained on the basis of sym-
metrical participation of the double bond in the rate
determining step. In the syn isomer the position of the
double bond relative to the substituent is unfavorable
for homoallylic participation, but instead, assistance by
the ¢ electron pair of the C4 - C5 single bond may be

65

envisaged ~. Such a process would produce an allylic car-

bonium ion and thus account for the observed rate increase.

OTs . : OAc

R RRR

TsO

A 93 OH

The only product in the acetolysis of the anti ester (g%),
was the acetate of repained configuration (2%%)0 support-

ing the concept of homoallylic participation. The product
of the basic hydrolysis of the syn ester (2%) was a rear-

ranged alcohol (gg).

The ability of the double bond to homoconjugate
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with a developing carbonium ion was firmly established.
However, the nature of the intermediate became a subject
of lively controversy.

The main opponent of the symmetric participation
of the 7 electrons of the double bond in the anti-norbornen-
7-yl system has been H. C. BrownGG. In contrast to Win-
stein's proposal of a "nonclassical” ion, Brown suggested
that the»result observed can be accommodated on the basis
of a pair of rapidly equilibrating classical carbonium

ions, in which case the nonclassical ion would represent

the transition state for the equilibration.

It was difficult to devise experiments that would distin-
guish between the two proposals.

When the solvolysis of the anti-norbornen-7-yl
(g%) tosylate was carried out under reductiﬁe conditions,
with sodium borohydride in aqueous diglyme, a mixture of
bicyclic and tricyclic compounds was obtained, indicating

that the hydride might have trapped the classical ions



65'

shown above67.

OTs OH

R2 15% 70% 7%

Brown found it difficult to rationalize this result on
the basis of the nonclassical carbonium ion proposed by
Winstein., He further proposed that the tricyclic com-
pounds might be formed as the kinetically controlled pro-
ducts in the non-reductive solvolysis of anti-norbornen-
7-yl tosylate. They are, however, not observed because
of their instability in the reaction medium.

Winstein68

demonstrated that in 50% agqueous
acetone in the presence of NaHCO3, the solvolysis of anti-
norbornen-7-yl tosylate proceeds in a completely stereo-
specific manner giving anti-norbornen-7-ol (392b). At that
time, the tricyclo[3,2,o,02'7]heptan-6-ol derivative (24)
was not avaiiable but Winstein felt it would be stable
under these reaction conditions. Winstein and coworkers
argued that the presence of a classical carbonium ion at

C7 appeared to be excluded by the high rate of solvolysis

and the lack of leakage into the syn-norbornen-7-yl deri-
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vative. Accordingly the reaction with water exclusively

at C, and the reaction with NaBH4 predominantly at the

7
same center in the reductive solvolysis of anti-norbornen-
7-yl tosylate are difficult to rationalize on the basis

of the equilibrating classical ions. The reduction of
anti-norbornen-7-yl tosylate with NaBH, in dry diglyme
gives a tricyclic hydrocarbon (gé) in high yield. These
observations are explained on the basis of a nonclassical
intermediate in which the ratio of C2=C7 reactivity is
dependent on the nature of the nucleophile.

Winstein's69 study of the methanolysis of anti-

norbornen-7-yl tosylate demonstrated striking changes in .

product composition with increasing sodium methoxide con-

centration.
Ts
CH3
_——>
22, KT ocn39«,§\,
fenond %
0 100 0
0.20 93.6 6.4
1.93 65.3 34.7
3.98 48.5 51.5

These data made it obvious that the presence of sodium

methoxide was responsible for the formation of the tri-
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cyclic ether (395).

When the tosylate (2%) was solvolyzed in meth~-
anol buffered with NaOAc-AcOH, methyl anti-norbornen-7-yl
ether (ggg) was formed in 97.7% yield, along with 0.3% of
a tricyclic ether (gé). Synthetic tricyclic ether was
found to be completely stable under those reaction condi-
tions. Thus kinetic control gives a Cz:C7 reactivity ratio
of ~300.

The stereospecificity of the tricyclic ether
(gé) formation in the methanolysis of anti-norbornen-7-yl
tosylate in the presence of methoxide ion was used as an
additional argument in favor of a nonclassical structure for
the intermediate7°. Most of the additions to the norborn-
ene system occur from the exo side. If classical ions
were intermediates, a mixture of gﬁg'and endo, with exo
product predominating, would be expected. The tricyclic
ether (gé) formed was found to be (>97%) pure endo isomer,
which indicated the involvement of a nonclassical inter-
mediate. When the tricyclic ester (aéé) beceme available
it was demonstrated that the kinetically controlled pro-
duct of its solvol&sis is ggsirnorbornen-7-ol7l. Although
the tricyclic alcohol (95b) was shown to be stable under

solvolysis conditions it was not observed in the solvoly-

sis products. The authors felt that both the o and the =
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route lead to the same intermediate, which is best des~

cribed as a nonclassical ion.

oX

/
_'_I/

OoX gée X=PNB

B =H

The norbornadien-7-yl system (22) has also been extensive-
ly studied and it largely parallels the behaviour of the
anti-norbornen-7-yl system72"50 (%%)° Substituted nor-
bornadien-7-yl derivatives were shown to solvolyze lO14
times faster than the corresponding norborn-7-yl deriva-
tives (gg). The additional solvolytic rate enhancement
(103) of this system, over that of anti-norbornen-7-yl (2%)
was ascribed to either a "ground-transition" state effect
or to extra charge delocalization in the transition state.
The proposal that a syn double bond participates exten-
siVely in charge delocalization was.eliminated when the
NMR spectrum of norbornadienyl cation was observed73.

The presence of two nonequivalent groups of olefinic pro-

tons was most compatible with a nonclassical ion formed

by participation of only the anti double bond. Treatment
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of norbornadien-7-yl chloride with sodium methoxide in
methanol, or LiAlH4 in ether, yields a mixture of bicyclic

and tricyclic compounds74.

&

Some additional evidence for the homoallylic
interaction was obtained in a study'of the acetolysis of
syn and anti benznorbornen-9-yl brosylates75.A In this
system the benzene ring is less effective than a double
bond in assisting ionization. anti-Benznorbornen-9-yl
brosylate (37) solvolyées 105 faster than a norborn-7-yl
(gg) derivative. Respective acceleration for the syn ester
(28) is 102. .The mode of product formation is quite ana-

logous to that observed in the norbornen-7-yl derivative.

OBs Bs

A, 98
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The introduction of a methoxy group at the 4 position of
the anti ester (QZ) increases the rate by a factor of 53.
Introduction of the electron withdrawing nitro group to
the same position reduces the solvolytic rate by a factor

of 104. The magnitude of these effects, as represented

k CH,O
by the Efﬁﬁ;_ ratio of 386,000, is far too large to be
explained by simple electrostatic interactions. In con-
trast, these effects in the syn series (gg) were of a
much smaller order of magnitude. These results are con-

sistent with the presence of homoallylic interactions in

the anti series, whereas in the syn series, such interac-

tions are absent due to the lack of proper geometry. Addi-
tional information about the nature of the intermediate
was obtained by measuriné the rates of solvolyses of 4,5-
disubstituted brosylates. The observation that the accel-
eration effect of the secbnd methoxy group introduced is

of the same magnitude as that of the.first one, is inter-
preted as strong support for a symmetrical nonclassical
intermediate.

76 have studied the effect of

Gassman and Paton
methyl substituents at the 2,3 positions on the rate of
solvolysis of gggifnorbornen-7-yl|gfnitrobenzoate (213) .
This approach was described as being possibly the best

means of determining the nature of the transition state in
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an ionization reaction77.

PNB
OPNB DNB

Aa % 7ac

rel.rate 1 13.3 148

Reactions proceeding through symmetrical transition states
are expected to exhibit cumulative substituent effects.
Each successive substituent affects the reaction rate by
approximately the same factor. Such effects have been
observed in epoxidation and ionic bromination reactions of
olefins. A different effect is exhibited by reactions
that are known to proceed through classical carbonium ion
intermediates, such as acid cétalyzed hydration of olefins,
For exgmple, isobutylene reacts lO3 times faster than
propylene in such a reaction. However introduction of an
additional methyl group on the less substituted end of the
double bond produces no further increase in the reaction
rate. Introduction of the first methyl group to the double
-bond in the anti-norbornen-7-yl P-nitrobenzoate (g&g)
increases the rate of solvolysis by a factor of 13.3.

The second methyl group caused an additional 1l.1 fold
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increase in the reaction rate.

Relative Rate
of Hydration

cH

c=c, 1000
cH,
CH,~CH=CH, 1
CH , ~CH=CH~CH 0.7

The authors felt that such a result is most consistent
with the formation of a symmetrical delocalized norbornen-=
7-yl cation.

All the evidence presented sO far supporting the
nonclassical nature of the intermediate involved in sol-
volyses of the gggi—norbofnen-?-yl system is based on
kinetic results and examination of reaction products and
their stereochemistry. Physical methods78 have also been
used extensively for the direct obsefvation of carbonium
ion intermediates. Although conditions under which car-
bonium ions can be observed are very different from those
in which such species have been postulated and although
the lifetimes of cations are much longer under these con-=
ditions, such studies provide valuable information.

Winstein and cowo;:kers70 studied spectra of norxr-

bornenyl cations derived either from anti-norbornen-7-ol
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or a tricyclic ether (93) in a strongly acidic medium,

N .
L)

Hv -

l"';-,ma Hy T 5.76 (m)

H, and H, 1 2;93

2 3

H, T 6.76 (m)

7

“ow

The spectra showed that the positive charge is delocalized

and mostly concentrated at C, and Y, which is consistent
with the nonclassical ion. However the spectra observed
did not exclude equilibrating classical ions. Deno inter-

preted the high field position of the C. hydrogen in a

7
related norbornadienyl cation as evidence for a classical
cation79.

Much more compelling evidence in favour of the
symmetrical nonclassical intermediate is obtained when
the equivalence of the vinyl positions is destroyed by
the introduction of a methyl substituent, as shown in the

following schemeao.

'OH
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If.equilibrating classical ions.were involved, the tertiary
carbonium ion (a) should be predominant, and the NMR spec-
trum should correspond to that species., Spectra of a
number of cyclopropyl carbinyl cations are known and the
chemical shifts of the cyclopropyl protons (a and B) are

at relatively high fields (1t 7-8). The chemical shifts

of protons in 2-methylnorbornenyl cation are shown below.

H 6.58

H
3.53 H_

7.38 H&™ b 5 g

The position of the C3 proton absorption is almost 3 ppm
lower than expected for a cyclopropyl carbinyl cation.
Clearly this is incompatible with the involvement of clas-
sical ions, and presents another strong argument in favour
of the nonclassical bridged structure.

In summary, much compelling evidence in favour
of a nonclassical intermediate in the anti-norbornen-7-yl
system has been accumulated, firmly supporting the orig- -
inal proposal of Winstein78b. Recent studies by Olah78b

of long-lived carbonium ions utilizing various physical

methods have shown that the classical and nonclassical
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carbonium ions are distinguishable. With these develop-
ments, the whole controveréy that has provided much of

the impetus for research in this area of organic chemistry
may be resolved.

The distance between the developing carbonium
ion and the participating 7 system should have a profound
influence on the effectiveness of homoallylic participa-
tion. The magnitude of this effect must necessarily be
studied in conjunction with other factors that influence
the stability of carbonium ions.Tanida81 has studied the
solvolysis of a homologous series of benzbicyclo[2.1.n]

brosylates (n = 1-4). Relative rates are shown in Table

4,

Table 4
X
n rel.rate
1 32
CHy), Z .
3 4.8 x 1073
4 1.2 x 107°

The first three esters (n = 1-3) gave as the sole product
the acetates of retained configuration (quantitative yield)
whereas the ester that had the lowest rate of acetolysis

yielded some product of inverted configuration. With the
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increasing number of carbon atoms (n) in the bridge, C-C
bond angles at the reaction sites become progressively
larger. Considering only this effect, one would expect
the acetolysis rate to increase with the lengthening of
the bridge, since the increased bond angle at the reac-
tion site facilitates formation of an sp? hybridized
carbonium ion. However, the observed trend of relative
rates is reversed., The observed rate decrease with the
increasing number of carbon atoms in the bridge is caused
by the progressively increasing distance between the reac-
tion site and the participating aromatic nucleus, which
renders homoallylic assistance less effective. Thus the
effect of increased bond angle at the reaction site, which
may play an important role in other substrates, is in this

system overwhelmed by homoallylic participation.

B. Cyclopropyl Participation

It has been known for a long time that the chem-
ical reactivity of the cyclopropane ring differs from that
of other saturated compounds. Often cyclopropanes undergo
addition, rather ﬁhaﬁ substitution reactions, which sug-
~gests the presence 6f greater p-character in cyclopropane
c-C bondssa. Spectral studies have indicated that the
cyclopropyl ring exhibits conjugation effects that are

intermediate between saturated compounds and olefinssg' 92.
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These observations, along with the results of
other physical measurements, led to various models of
bonding in cyclopropanesg. According to the "bent bond"
model, the hybrid orbitals (s and p) which form the ring
system, do not lie along the sides of a triangle, but are

spread to 106°.

The degree of participation of s and p orbitals in form-
ing hybrid annular bonds differs in various models. The
currently accepted description for the bonding is the for-
mation of C-C bonds by overlap of sp5 hybridized orbitals

and sp2 hybridization in the CH, bondsgo. This descrip-

tion was experimentally supported by studies of C13 coup-
liné constants in some cyclopropanesgl. In analogy to

the double bond, the cyclopropyl ring interacts strongly
with a carbonium ion centre and participates in its sta-
bilization. In fact i£ has been observed that the solvol-

ysis of cyclopropyl carbinyl derivatives proceeds at a

greater rate than that of corresponding allylic compoundsgz.
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[:>~—-cnzx >  CH,=CHCH,-X :§> CH,CH,CH,~X

The ability of a three member ring to partici-
pate in the stabilization of an adjacent positive charge

is demonstrated in the following example:

) N

>—Y—x [>—c—x c— x c—%

AA A A

6
rel.rate 1 250 23.5%10° n 25x%10

It can be seen that introduction of each successive cyclo-
propane ring makes an approximately equal contribution to
the stabilization of the carbonium ion. The effectiveness
of the participation of all three cyclopropyl rings in the
solvolysis of tricyclopropylcarbinyl benzoate is demon-
strated by the observation that it solvolyzes appreciably
faster than triphenylmethyl Benzoategz.

In 1962 Deno93 observed the tricyclopropylcar-
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bonium ion by NMR spectroscopy. That all three cyclopro-
pane rings are participating in the stabilization of the
positive charge was confirmed by the NMR spectrum which
consisted of a single sharp line in sulfuric acid.

The maximum interaction between a cyclopropyl
ring and an adjacent carbonium ion occurs when the plane
of the ring is parallel to the p orbital of the carbonium
jon. This follows from the NMR spectrum of cyclopropyl-=
dimethyl cation in which the two methyl groups are not
equivalent94. Tn the bisected form postulated, the methyl
group that absorbs at a higher field is syn to the three-

membered ring and thus is anisotropically shielded.

Recently the barrier for the rotation was measured by a

double resonance technique and was found to be 13.7 kcal/

molgs.

The ultraviolet spectra of several cyclopropyl
carbonium ions have been examined and the results indicate

the presence of extensive charge delocalizationge.
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The existence of a preferred conformation of a
cyclopropyl ring for stabilization of a carbonium ion was

demonstrated in a study of E-cumylchloride derivativesg7.

R

rel.rate 17.8 157 86 9

Introduction of methyl groups ortho to the cyclopropyl
ring prevents it from attaining the bissected geometry
necessary for stabilization, thus making it even less
electron~releasing than the iéopropylAgroup.

When the cyclopropyl ring does not have rota-
tional freedom and is frozen in the unfavoured 90° twist
. geometry, its conjugative stabilization of an adjacent
carbonium ion becomes negligiblega. The same effect is
observed with an adjacent vinyl group that cannot achieve
coplanarity with the developing carbonium ion as shown by
the relative solvolysis rates of the esters presented in

the following scheme.
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Participation of the Ccyclopropane ring in the
stabilization of the positive charge may give rise to
either cyclopropylcarbinyl or homocyclopropylcarbinyl
rearrangementsgg. Cyclopropylcarbinyl rearrangements100
have been extensively studied and are not of major concern
in this thesis,

Several examples of homocyclopropyl rearrange-
ments have been described. The first case of homoallylic
participation of a cyclopropane ring was described by
Winstein and his coworkerlel. They studied extensively
the solvolysis of cis- and trans-bicyclo[3.1.0]hex-3~yl

tosylates.

OTs
A3 £9Q

I T r———
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The cis tosylate (29) solvolyzes in acetic acid 35 times
faster than its epimer, and yields almost exclusively
(99%) the acetate of retained configuration. On the other
hand the slower trans isomer (%QQ) gives, besides cis-
bicyclo[3.l.0.]hex—3—yl acetate, a mixture of acetates and
a considerable quantity of unsaturated compounds (33%) .

In the acetolysis of the cis tosylate with addition of
Liclo, a r"special salt" effect (associated only with rela-
tively stable intermediates) was observed. The trans
isomer did not exhibit the special salt effect. The authors
interpreted the pbehaviour of the cis ester in terms of
cyclopropyl assisted ionization, toO give the tris-homo-
cyclopropenyl cation (194L) - This ion is a symmetrical
analog of the cyclopropenyl cation and is considered to

be a homoaromatic species. The solvolysis of the trans

ester was described as non-assisted ionization proceed-

ing through a classical carbonium ion (kQ%).

::2“ 1-",-—7 S ; .
104 22
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These arguments were further strengthened by solvolysis
studies on C; and C, deuterium-labelled cis-bicyclo(3.1.0]-

hex-3-yl tosylates.,

D D
+
' 1:2
D
+
D D
' 2:1

As shown in the above scheme the deuterium atoms were
statistically scrambled in the reaction products in
accordance with the proposed intermediate. It was conceiv-
able that the observed scrambling.could result from

rapid interconversion of classical carbonium ions. This
possibility was ruled out by the absence of any signifi-
cant deuterium scramlbing in the giifbicyclo[3.l.0]hexyl
acetate isolated as a product of solvolysis of the deuter-
ium labelled trans ester.

102

Corey and Uda tested Winstein's proposal by

studying the acetolysis of 1,5-diphenyl-bicyclo[3.1.0.]-
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hex~3-yl tosylate. 'Their approach was based on the assump-
tion that in the case of involvement of a tris homocyclo-
propenyl cation, the introduction of 1,5~diphenyl substitu-
ents should produce a marked solvolytic rate increase rela-
tive to the parent system. However a small rate retarding
effect was observed which, according to the authors, is

not consistent with formation of the nonclassical inter-
mediate. Rearranged products were eharacterized and al-
though no detailed mechanism was proposed the authors pre-
ferred a variation of a classical type intermediate. Other
authors felt that the rate retardation caused by the intro-
duction of phenyl groups was not very meaningful, since
their effects on rate are complicated by opposing induc-
tive and resonance effectleI. The steric effect of phenyl
groups should also be taken into account as pointed out by
Winstein. The relatively small rate enhancement observed
in the cis ester (33) can be explained; the chair form,
which is required for the formation of the nonclassical
ion; is not the most stable conformation in this system.
Because of the nonbonded interactions in the diphenyl deri-
vatives, the chair form is even less readily attained,
which favours ionization through a classical, boat shaped

intermediate.

Since the electronic effects of alkyl groups are
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léss complex, a number of mono- and di-alkyl substituted
cis-bicyclo[3.1.0]hex-3-yl tosylates were studied under
solvolytic conditions3. The stereochemistry of product
formation and rate enhancement are consistent with the
proposed nonclassical intermediate, although the rate

enhancements are lower than expected.

CH

3
CH3 H3
Ts
— OAc OAc
+
CH3 90% 10%
H3 CH3
OTs H3
OAc
97% . 3%

Some direct observations of the bicyclo[3.1.0]hexenyl
cation by NMR spectroscopy appear to support its non-
classical nature103.

Studies on rigid polycyclic substrates elimin-
ate uncertainties associated with conformation flexibility.

A number of such systems were studied, which led to recog-

nition of the favoured geometry for homoallylic participa-
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tion of the cyclopropane ring.

2,

Solvolyses of isomeric tricyclo[3.2.1.0 4]oct-

6-yl brosylates were studied by two independent groups of

workerle4. The major product in each case is the exo-

exo acetate (%Q%).

Ay Ay

The observed rate accelerations were very modest, as is

k exo

evident from the four fold increase in the )

ratio

over the normal value. Weak participation of the cyclo-

propane ring was suggested as a possible explanation.

2,4 3,7,

105

A study on a related tetracyclo[3.3.0

non-8-yl system was described by Freeman and Bolls

Bs

BsO
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Both brosylates on acetolysis produce the same exo acetate
(194). Rate enhancements were observed for both isomers
with the exo isomer having the greater enhancement. Acet-
olysis of the deuterium labelled brosylate produced

the exo acetate in which the deuterium was equally distri-

buted between the C8 and Cy in the cyclopropyl ring.

6 5
9 4 D
D ——» ACO +
8 7 Ac
3
OTs
D
04

These observations are best explained in terms of a nonclas-
sical carbonium ion, which is formed by cyclopropyl parti=-

cipation in which carbons 8 and 4 become eguivalent.

The cation was directly observed by NMR spectroscopy when
the parent alcohol was treated with fluorosulfonic acid at
low temperature.

A solvolytic study of isomeric tricyclo[3.2.1.02'4]-



88.

octan-8-ol derivatives was particularly informativelos.

The isomeric esters possess four different arrangements of
the cyclopropane ring relative to the C8 leaving group.
Since these are rigid structures, direct comparison of

relative rates is possible.

X X X X
exo~-anti exo-syn endo-anti endo-syn
, M8 13
re.rate 1 10 1014 10

Although the endo-anti and endo-syn esters have essenti-
ally identical steric and angular environments around

the reaction site, their rates of solvolysis differ by a
factor of 1013. Such a tremendous rate acceleration of

the endo-anti ester (%QE) is explained by backside parti-
cipation of the cyclopropane ring during the ionization
step. The geometric relationship optimal for cyclopro-=
pane participation is different from the one described for
a cyclopropyl carbinyl derivatives. It is analogous to the
type of interaction jnvolved in the homoallylic participa-

tion of a double bond and can be visualized as a o type

overlap of the sp5 orbitals of the ring with the develop-
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ing p orbital of the carbonium ion. The cyclopropane ring
'in this particular system is even more effective than the

double bond in homoallylic stabilization of a carbonium

k endo-anti

: 3
- =
ion (F—zpTi—nerbornen-7-yl 10°). It was also suggested

that the release of strain involved in the ground state
may be partly responsible for the rate enhancement observed
for the exo—-anti esterx (kgé» as shown in the diagram, The
geometric arrangement that allows backside edge participa-
tion of the cyclopropane ring is unique in the amount of
anchimeric assistance provided. Other esters that are
suitable for "face" cyclopropane participation have little
or no acceleration at all. The exception is the exo-sSyn
(1Q6§) ester in which a lO4 rate enhancement was observed;
however, it is thought to be of different origin. This
acceleration may be largely due to non-bonded interactions
or, in analogy with §zgfnorbornen-7—yl.system, the ¢ elec-
tron pair from the C; - C, bond may be participating in
the ionization step to give a cyclopropyl carbinyl cation.
The solvolysis of the EES?EEEE g-nitrobenzoate (&Qé) yiel-
ded two rearranged compounds that had an identical carbon
skeleton. The extremely high rate of solvolysis, the
presence of ion pair return, and the stereospecificity of
the product formation all implicate the involvement of

the tris homocyclopropenyl intermediate.
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OPNB
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Recently a study of a related pentacyclo[4.3.0.
02’4.03'8JP'anon-9-y1 system (1Q7) was reportedz. This
structure is capable of three-fold degeneracy. In addi-
tion, participation of the syn cycloﬁropane ring would
lead to complete degeneracy of all ring carbon atoms. The
solvolytic rate of the correspopding g—nitrobenzoate was
found to be just eighty times slower than that of the
tricyclic ester (}Q%). The large rate enhancement cannot
pe attributed to relief of strain, since the reaction
product contains the same pentacyclic carbon skeleton.

The extent of carbon atom degeneracy was determined by
studies of C9 and C, deuterium labelled compounds, using

2H and lH NMR spectroscopy. The experimental observations
are compatible with the threefold symmetric tris homocyclo-
propenyl cation, in which carbons 9, 3 and 2 and alter-
nately 1, 8 and 4 become equivalent. Only the anti cyclo-
propane ring participates in the stabilization of the
carbonium ion as demonstrated by the absence of more exten-

sive carbon scrambling.
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OH

’ PNB
-l-.;l
— 1 —
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This example illustrates the uniqueness of the geometric

relationship required for extensive homocyclopropyl parti-

cipation in ionization.
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RESULTS AND DISCUSSION:

Solvolysis of exo-bicyclo[2.2.0]lhex-5~en-2-yl p-nitrobenz-

enesulfonate -

After the successful preparation of exo-bicyclo-
[2,2,0]hex=5~en=2~-yl p-nitrobenzenesulfonate (g%) a study
of its solvolytic behaviour was undertaken. In acetic acid
containing two equivalents of sodium acetate, the ester
solvolyzed with liberation of the theoretical amount of p-
nitrobenzenesulfonic acid with a first order rate constant

k = 6.07 x 10 sec™?t

at 89.7°. As already described (Part
one) the product distribution varied with the length of
reaction time, indicating that the thermal isomerization
of the primary solvolytic product exo-bicyclo[2.l.l]hex-2-
en-5-yl acetate (%é) to exo-bicyclo[3.l.0]hex-2-en-6-yl
acetate (gg) was taking place under the reaction condi-
tions. The structural proof for the products has been
presented in Part one of this thesis,

Considering the structural features of the
bicyclo[2.2.0]hexenyl sulfonate ester (é%) several solvol=-
ysis pathways leading to a number of products can be con-
sidered. These products could be formed in a mixture, or

any of them could be formed exclusively depending on the

energetics of the respective pathways.
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temperatures in the presence of silica-alumina catalyst
give the same equilibrium mixture consisting of 77% of
nortricyclene and 23% of norborneneaz. The tricyclic pro-
ducts of the above type were not observed in electrophilic
addition reaction on bicyclo[Z.Z.O]hexadiene83 .

The total absence of products that would be gen-
erated via pathway A in the solvolysis of g% indicates

availability of energetically more favourable reaction

routes.

B. A priori, two possible routes can be visualized for
the formation of benzene in the solvolysis of exo-bicyclo-

[2.2.0]hexen-2-yl ester.

| a m 0S0,CH,NO
mosocmmo—'—-'> .——' 2764772

2764772

N\ +
(1) — EN—

De Puy126 has considered the solvolysis of cyclobutyl es-

ters as being analogous to the solvolysis of the corres-
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ponding cyclopropyl derivatives, suggesting that if cyclo-
butanes are viewed as homocyclopropanes, the solvolysis

of their appropriate derivatives may be subject to the
Woodward-Hoffmann ru1e584. Thus, if the ring opening
occurs simultaneously with the departure of the leaving
group, the substituents cis to the leaving group rotate
inward, enabling orbitals of the participating o bond to
interact with the back side of the developing carbonium
ion. Similarly, with substituents that are trans to the
departing group, outward rotation is predicted.

The above considerations have been successfully
utilized as the explanation of the difference in solvoly-
tic reactivity between the two isomeric bicyclo[2.1.0]pent-
2-yl estersll3.

Extension of the above discussion to the solvol-
ysis of the gigfbicyclo[z.2.0]hexen-2-ol derivative im-
pliés that the required mode of rotation in this ester
would lead to a considerable increase in strain enexgy.
For this reason, the concerted pathway (a) that would lead
to the formation of benzene becomes unimportant relative
to the participation of the Cl - C2 bond (path C) in the
initial dissociation. On the other hand, in the solvoly-

sis of the epimeric endo derivative, the concerted pathway

involving the participation of the C, - Cy electron pair
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should play a more important role. The required outward
mode of rotation would lead to a decrease in strain energy
and consequently essentially quantitative formation of benz-
ene can be expected.

An alternative, stepwise process (C) is most
likely responsible for the formation of the small amount
of benzene observed in the solvolysis of the exo-bicyclo
[2.1.0]lhexen-2-yl ester. A "cyclobﬁtane—cyclopropylcarbinyl-
homoallyl" type of rearrangement would result in the forma-
tion of cyclohexadienyl cation. A loss of proton would then

result in aromatization.

C. The solvolysis of the exo-bicyclo[2.2.0]hexenyl p-
nitrobenzene sulfonate (ég) is best described as proceed-

ing largely through an anchimerically assisted ionization

| OAc
4
Al

Participation of the Cl - Cg electron pair could lead either

step.

ZZ:Z::Z—-OSO C_H,NO

27674772

RR

to the formation of the stable bis-homocyclopropenyl cation
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or the gﬁgrbicyclo[z.l.l]hexen-s-yl g-nitrobenzenesulfonate
derived from ion-pair return. In the latter case the sol-
volysis of this ester would then give rise to the same
stable cation (108). Reaction of this cation with solvent
produces the observed bicyclo[2.1l.1llhexenyl atetate (ké)-
Although a comparative solvolytic study has not been done,
some rate acceleration should be observed for the unsatu-
rated ester (32) relative to its saéurated analog.

As mentioned previously, solvolysis of exo-
bicyclo[2.2.0]hexenyl g-nitrobenzenesulfonate ester (ég)
in methoxyacetic acid proceeded in much the same manner
as in acetic acid. The gggfbicyclo[z.l.l]hexen-s-yl
methoxyacetate (g}) was produced as the sole solvolytic

product. The first order rate constant obtained for this

reaction was k = 8.24 x lO“ssec"l at 80.0°.

Solvolysis of exg-bicyclo[2.l.l]hex-2-en-5-yl me thoxy-

acetate

There was some difficulty in preparing an exo-
bicyclo[2.1.l]lhexen-5-yl derivative suitable for solvoly-
sis. A few attempts to obtain the corresponding hydroxy
compound (28) resulted in the formation of A3-cyclopenten-
carboxaldehyde (ég), indicating the instability of the
desired alcohol., Therefore we were unable to obtain deri-

vatives commonly used for solvolytic studies (g-nitrobenzo—
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ate, tosylate, etc.). Also attempted solvolysis of the
exo-bicyclo[2.1.1]hexen-5-yl acetate (%%) in acetic acid-
d4 indicated that solvolytic ester exchange proceeded
slowly compared to thermolysis of the starting acetate.
For this reason we were unable to obtain kinetic data for
that solvolysis reaction.

A different approach that proved successful
was the preparation of gﬁg-bicyclo[é.l.l]hexen-s—yl meth-
oxyacetate (g%) and examination of its solvolytic reac-
tivity. Since methoxyacetic acid (pKa = 3.52) is a
.strohger acid than acetic acid (pKa = 4.75), the acetoly-
sis of the corresponding methoxyacetate (g%).should pro=-
ceed at a greatér rate than that of exo-bicyclo[2.1l.1]-
hexenyl acetate (%%). At the same time the rates of therm-
olysis for the two esters were expected to be of the same
order of magniﬁude which would enable us to obtain the
desired kinetic parameters. The exo-bicyclo[2.1.1]hexen~
5-yl methoxyacetate was solvolyzed in acetic acid; the
reaction progress was monitored by measuring its disap-
pearance against an internal standard by glpc. The meth-
oxyacetic ester (2%) underwent two parallel first-order
reactions, yielding exo-bicyclo[2.l.l]lhexen-5-yl acetate
(%g) and exo-bicyclo[3.1l.0]hex-2-en-6-yl methoxyacetate,

Structural proof for these two products are des- -
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cribed in Part one of this thesis. The reaction sequence
and appropriate rate constants are shown in the following

scheme,

0,CCH,,OCH

2 2 3 -OCOCH.,OCH
X 2 3
1
_*
R .
\"
OAc - OAc
k3
——_*

4 RR

The rate of formation of the acetate (%%) was
determined in an indirect manner because direct determin-
ation of kz requires the measurement of two glpc peak
areas; different detector sensitivities increase the mag-
nitude of error involved in the determination. The fol-

lowing reaction parameters were obtained:

(ky + ky)gg so = 4.03 x 10 Jsec™!
(k; + ky)gg go = 3.17 % 10 4sec™
(k1) 75 5o = 3.81 x 10 ®sec™®

-5 -1

(kl) 96.0° = 5.07 x 10 secC
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The rate of solvolysis (k2) of the methoxyacetate ester
(61) was then obtained as the difference between the total
rate of disappearance (kl + kz) of the starting material

and the rate of its thermolysis (k Thus the rate of

l)'
formation of exo-bicyclo[2.1l.l]lhexenyl acetate (14) is:

k, = (kl + k2) -k

2 1
(k2)75.5° = (3.65 * 0.14) x 10 2sec™?
(Ky) g go = (2.66 = 0.10) x 10 %sec™

aa’ = 24 kcal/mol

14

AS' = =10 eu

The extrapolated rate of acetolysis of methoxyacetate (Q%)

at 25° is:

-1

_ -8
k25° = 9 x }0 sec

The ratio of the rate of formation (kz) of the
exo-bicyclo[2.1l.1l]hexen-5-yl acetate (%&) to the rate of
its thermolysis (k3) was 3-5. Formation of the exo-
bicYclo[3;l.0]hexen-6-yl acetate (é%) was evident during
‘this solvolysis reaction.

In order to compare the solvolytic reactivity
of the methoxyacetate (g&) with those of other simiiar
systems norbornadien-?-Yi methoxyacetate (gg) was pre-

pared.
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Acetolysis of this compound (gg), quantitatively gave the

o)
2CCHZOCH3 one

——
28

corresponding acetate. This reaction was also followed by

glpc, which provided the following kinetic parameters:

Kos so = (1,12 % 0.03) x 10~ 5gec"l

kgg.po = (8.70 % 0.22) x 10~ 5sec!
' = 25 kecal/mol
-i.

AS' = -10 eu

The extrapolated rate constant at 25° was calculated to

be:

kygo ='2 x 107852

Thus acetolysis of gﬁg-bicyclo[2.l.l]hexen-5-yl methoxy-
acetate (g%) is approximately five times faster than that
of the corresponding norbornadien-7-yl derivative. Rela-
tive solvolytic rates of Some representative esters at

25° are given in the following table.
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Table 5
Relative rate Reference
X
EE 1 86
X
< 10° 85
X
ﬁ 1011* 64
X
’; 1014 86
X
14 .
% 5 x 10 this work (4)

*The hydrolysis rate of anti-norbornen-7-yl chloride in 80%
aqueous acetone was compared with that of norbornadien-7-yl
chloride. The relative rates of a given pair of p-toluene-
sulfonates is assumed to be the same as those of the chlor-

ides and methoxyacetates.
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In comparing the solvolytic behaviour of the bicyclo[2.1.1]-
hexene and anti-norbornen-7-yl systems, the additional
anchimeric assistance observed for the former is undoub-
tedly due to the shorter distance between the double bond
and the formal cationic center. Again in this study it

is apparent that the effect of the bond angle at the reac-
tion site plays a minor role in systems possessing favour-
able geometry for homoallylic participation. Thus, al-

though the bond angle (Cl - Ce - C4) in bicyclo[2.1.1]~-

5
hexene derivative is undoubtedly smaller than the corres-

ponding angle (Cl - C7 - C4) in norbornenyl systems the

former system exhibits ca. 5 x 103

reactivity87.

greater solvolytic

Alternatively, as was done in a recent studyl,
the relative solvolytic rates of unsaturated . esters and
their saturated analogs can be used as an indication
of the amount of anchimeric assistance observed for a
particular system. However before such a comparison is
undertaken, the choice of a saturated ester as a model
has to be made carefully. The solvolysis of exo-bicyclo-
[2.1.1]hex-5-yl tosylate (31l) has been studied and it was
shown that the saturated ester itself undergoes anchimer-
ically assisted solvolysis. An extrapolated value for

the acetolysis rate constant for this ester at 25° is
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k = 2.24 x 10" gec™t, However, the unassisted rate for
this system as calculated by the Foote-Schleyer equation
should be k = 2 x 10" 8sec™), Therefore the solvolysis

of exo-bicyclo[2.1.1lhex-5~-yl tosylate is anchimerically
assisted by a factor of ca. 1 x 107. If the calculated

rate is used as the unassisted model the following ratios

are obtained.

Table 6
X kunsat/ ksat Reference
1.9 x 10° 1
1.0 x 1011 64

5.0 x 1010 4
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The above results demonstrate the influence of the dis-
tance between. the double bond and the developing carbon-
jum ion center on the rate of solvolysis of representative
esters. Shortening of the saturated bridge, in the above
bicyclo[n.2.1l]derivatives, brings the potential cationic
center closer to the site of unsaturation. This enables
more effective homoallylic participation, which is reflec-
ted by greatly enhanced solvolytic rates. Even in the
ggggrbicyclo[3.2.l]oct—8-yl system, which exhibits the
least anchimeric assistance of the examples presented,
‘the delocalization of the charge in the intermediate seems
substantial, as demonstrated by the retained configuration
in the solvolysis product.

The extremely high rate enhancement observed in
the gﬁgfbicyclo[2.1.1]hex-2-en—5-yl system indicates the
involvement of a very stable nonclassical type of inter-
mediate. This is further confirmed by the exclusive for-
mation of the product of retained structure and configu-
ration. Thus the acetolysis of the g§gfbicyclo[2.l.l]hex-
enyl methoxyacetate is best described as proceeding through
a Eigfhomocyclopropenyl tYpe of intermediate. This inter-
mediate was directly observed by NMR spectroscopy. A solu-
tion of gﬁgfbicyclo[2.l.l]hexenyl acetate (l4) in methylene

chloride was transferred into fluorosulfonic acid under
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vacuum at liquid nitrogen temperature. The solution was

mixed at -60°, giving a bright orange color in the lower

layer70.,

02CCH20CH3 OAc

R4 A4

The NMR spectrum, using methylene chloride as an internal
standard, exhibited the following signals: Tt 3.35 (unre-
solved 4, 2H), 5.60 (unresolved 4, 2H), 6.80 (dt, 1lH),
7.30 (overlap of d and s, 1H and 3H) and 8.24 (dd, 1H).
Irradiation at either 1 6.80 or 7.30 collapsed thé signal

at T 8.24 into a doublet.

The NMR signals of the bicyclo[2.l.l]hexenyl cation have

been assigned as shown on the above diagramso. This spec-
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trum is quite similar to those recorded for some other
nonclassical cationic species (see page 73 and the above
diagram for norbornyl cation). In these ions, the chemi-
cal shifts of protons attached to the bridging carbon atom
are at a quite high field. This is thought to be due to
the charge delocalization involving Cz'3 and the rehybrid-
ization of the carbon atom in questionso. As seen from
these spectra, the "olefinic" protons in different cations
resonate at approximately the same, low field region.

In conclusion, solvolytic study of the bicyclo-
[2.1.1]lhexene system provides an additional example of
homoallylic participation. Due to the favourable geomet-
ric relationship between the double bond and the potential

cationic center a uniquely large anchimeric assistance to

ionization was observed in this system.

Solvolysis of exo-anti-tricyclo[3.1.1.02'4]hept-6-yl

g:nitrobenznate

After successfully completing the synthesis of
the gﬁgfgggi-tricyclo[3.l.l.02’4]hept-6-yl p-nitrobenzoate
(Z§) a study of its solvolytic reactivity was undertaken.
The products and their structural proofs are described in
the first chapter of this thesis. The ester (13) solvol-
yzed in 60% aqueous dioxane with liberation of 0.76 equiv-

alent of g-nitrobenzoic-acid. The progress of the reac-
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tion was followed by titrating the liberated acid against
a standard solution of sodium hydroxide in 60% aqueous
dioxane using phenolphthalein. The rate constants were
corrected for.the amount of internal return and provided

the following activation parameters:

_ -4 -1
121.56 — 0.08) x 10 “sec
5 -1

klOl.SS = (2.66 * 0.13) x 10 “sec

pT = 22.5 & 1.8 kcal/mol

k (1.30

i

+

ast = -19.8 + 4.6 eu

These data give an extrapblated rate constant for the sol-

volysis of the tricyclic ester at 25°:

_ -9 -1
k25 = 7.82 x 10 “sec

Recently reportedlo7

reaction parameters for the solvoly-
sis of the anti-norbornen-7-yl p-nitrobenzoate (g%g) in
the same solvent system give an extrapolated rate constant

at 25°:

1l -1

Kae = 7.78 x 10 "~ "sec

25

Thus the solvolysis of the tricyclic ester (Zé) proceeds
about a hundred times faster than that of the correspond-
ing anti-nofbornen-7-yl derivative (92d). Rates of sol-

volysis of some representative esters are given in the



following table.

KA b

#7he relative rate in parenthe

T

Table 7

relative rate

1011

1014

105 (1073

5 x 1044

1013

1032

*
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reference

72

72

106,107

85

this work

ses is the unassisted rate

as calculated by the Foote-Schleyer equation.
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Besides demonstrating the ability of the double
bond and cyc lopropane ring to,greatly enhance solvolytic
reactivities, this above table allows additional compari-

sons. The rate acceleration observed for the anti-norbor-

11

nen-7-yl system (2%%) is 10 relative to the correspond-

ing saturated compound. The related exo-anti-tricyclo-

2,4

[3.2.1.0 Joct-8-yl derivative (%gg) exhibits an addi-

tional thousand-fold rate acceleration when compared with
the unsaturated ester (%%g). The additional rate accel-

eration may be rationalized in the following termslos' 108:

examination of models indicates that the participating
orbitals of the tricyclic ester are disposed more favour-
ably towards the incipient carbonium ion than are the
corresponding orbitals in the unsaturated ester. This
effect is illustrated in the following scheme which depicts
both side and front views of the two systems. Angle 6 of
the tricyclic derivative (%Qé) is less than the corres-
ponding angle in the anti-norbornen-7-yl derivative (g%g).
The front view diagram shows that the participating cyclo-
propyl orbitals are oriented 'in such a way as to allow more
effective interaction than are the p orbitals of the
double bond. Both of these effects, it was suggested by
authors, lead to more effective orbital interaction and

may in part account for the additional anchimeric assis-
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tance.

gb - front view

O
side view |
O
< )_%0
In comparison, the pentacyclononyl p-nitroben-
zoate (1Q7) solvolyzes some 80 times slower than the
tricyclooctyl ester (lQ3) or about 10 times faster than
the corresponding ggEi—norbornen-?-yl derivative. The
smaller rate acceleration (101) observed for the pentacyc-
lic ester (%QZ) compared with the tricyclic ester (103)
was discussed in terms of extra strain release in the
transition state of the tricyclic g-nitrobenzoate (%Qé)'
The tricyclic compound rearranges to a less strained struc-

ture while the pentacyclic ester yields product of

retained carbon skeleton. In addition, the change in the
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orientation of the cyclopropane ring was considered. It

was suggested that due to the incorporation of the cyclo-
propane into this polycyclic ring system it might become

less favourably oriented towards the potential cationic

center.

In analogy to the relative reactivities described
above (in particular, those of 105 and 2%%) one would
expect that the gﬁgfgggi-tricyclo[3.1.1.02’4]hept—6-yl
(15) derivative would exhibit greater solvolytic reacti-
vity (ca. 103) than the appropriately substituted bicyclo-
[2.1.1]hexene system. Contrary to this expectation, a.
slight rate retarding effect (ca. 10) was observed. Con-
sideration of some dihedral angles in models of these com-
pounds did not reveal the origin of this discrepancy.

Some theoretical calcuiations109 have indicated that the
amount of stabilization of the tris-homocyclopropenyl cat-
ion is dependent on the angle by which the C3 is raised
above the plane of the molecule. It was also predicted
that the maximum stabilization would occur if the C4 is

raised about 80° towards the chair form;

/

_\__
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The X-ray data are available for the anti-norbornen-7-

2,4 110b

yllloa (a) and §X§ftricyclo[3,2.l.0 joct-8-yl system
(b) and they reveal that the angles under consideration
are ca. 56°. By comparison of molecular models it was
concluded that the angle in the bicyclo[2.l.l]lhexene deri-
vative (c) has a similar value. The X-ray data obtained

in this study for the exo-anti tricyclo heptyl (d) system

reveal that the pertinent dihedral angle is ca. 76°

b oy

a b c d

which gives rise to the prediction that the tricyclol[3.1.
1.02’4]heptyl derivative (d) should exhibit the largest
solvolytic reactivity of the systems under consideration.
The reason for this discrepancy is obscure at this time
and therefore any further discussion would necessarily be
of highly speculative nature.

Another way of estimating the amount of anchi-
meric assistance to ionization in solvolytic reactions is
55

the semi-empirical method devised by Foote and Schleyer

that has been mentioned several times. By this method the
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unassisted solvolytic rate can be calculated by taking
into account the bond angle strain, torsional strain,
nonbonded st;ain and inductive gffects. The amount of
anchimeric assistance is then obtained as the ratio
between the observed rate (relative to that of cyclohexyl
tosylate) and the calculated rate. The following equa-
tion correlates the carbonyl stretching frequency of the
ketone with the rate of solvolysis 6f the corresponding

secondary tosyl ester in acetic acid at 25°.

_ _ -1
109,01, rate (1715 Voo M )/8

The effect of torsional strain can likewise be estimated

from the expression:
1.32Z2(1 + cos3¢i)

This term considers the effect of the dihedral angle be-
tween groups around the reaction site. The effect of non-
ponded interactions is assessed by the (GS - TS) term.
Finally, when electronegative groups are present in the
molecule, an empirical correction for their inductive
effect is employed. The appropriate values for the last
two terms are available in the literature. The equation
that relates all these terms with the relative rate is

given below.
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log Kooy = (1715 - Veo? /8 + . 1.32 (1 + cos3¢;) +
+ (GS - TS)/1.36 + Inductive Term

This equation was successfully employed for calculation

of relative rates of solvolysis for numerous tosyl esters
in acetic acid at 25°, If the method is to be applied to
esters other than tosylates then an estimate of the solvol-
ytic rate for the corresponding tosylate must be made.

For the solvolysis of a p-nitrobenzoate in some common
solvents this estimate can be achieved by multiplying by

a factor of 107

111

the solvolytic rate of the g—nitrobenzé-
ate (25°) . The value thus obtained represents the
estimated rate df solvolysis of a given tosylate in a
particular solvent system. By utilizing appropriate fac-
tors available in the‘literature112 the above rate can
then be converted into an estimated rate in acetic acid.
The results of the application of the Foote~-Schleyer equa-
tion to some pertinent systems are given in the following
table,

Identical treatment of some other systems pro-

vided the following valuest03,

BsO

Bs

Log. anch. 5.9

assistance 3.7
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Comparison of the above two compounds with the
last three esters in the table clearly indicates that the
amount of anchimeric assistance greatly depends on the
relative configuration of the participating cyclopropane
ring and the leaving group. It is interesting to note
that according to the results of the applications of the
Foote-Schleyer equation to the above compounds, the exo-
gggiftricyclo[3.l.l.02'4]hept-6-yl system (Zé) exhibits
the largest amount of anchimeric assistance. Since the
ketone corresponding to the bicyclo[2.1l.1]hexene skeleton
is not known, it is not possible to apply the above cal-
culation to that system. Regardless of the relative reac-
tivities of the unsaturated esters and their counterparts
containing a cyclopropane ring the characteristic feature
emerging from these s£udies is a tremendous anchimeric
assistance observed for derivatives possessing either of
‘these functionalities in proper geometry- relative to the
departing group.

All the evidence accumulated in this study indi-
cates that the solvolysis of ggg-gggiftricyclo[3.1.1.02’4]-
hept-6-yl p-nitrobenzoate (Zg) proceeds through a nonclas-
sical type of intermediate. Carbonium ion formation begins
by equal contribution of cyclopropyl orbitals from C, and

Cy which can lead to the formation of two possible inter-
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mediateslos. If equal contribution continues, a cyclopro-

penyl type of intermediate is formed. Alternatively the
contribution from one of the atoms can predominate, thus

leading to the formation of a classical intermediate (109).

OPNB

e

423

The two types of intermediates under consideration would
lead to different stereoselectivity of product formation.
Therefore the product analysis study is indicative of the
type of intermediate involved. As already indicated the
gggg-tricyclo[3.2.0.02’7]hepty1 alcohol (Zg) and the cor-
responding p-nitrobenzoate (Zz) were the exclusive pro-
ducts of solvolysis of ggg—gggiftricyclo[3.1.1.02’4]hepty1
p-nitrobenzoate. A control experiment indicated that the
2,7

isomeric exo-tricyclo{3.2.0.0 lJheptan-4-ol (79)

survives the reaction conditions. The exo-anti-tricyclo-
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[3.1.2.0%¢

4]heptan—s-ol (%Z) was likewise tested and found
to rearrange slowly into a single product, which was ten-
tatively identified as A3-cyclohexenecarboxaldehYde (coin=-
jection with an authentic sample, mass spectral comparison). .
However neither EEE—EEEE-tricyclo[3.1.1.02'4]heptan—6-ol

nor A3-cyclohexenecarboxaldehyde was present in the sol-
volysis product.

The exclusive formation of rearranged products
indicates extensive delocalization of positive charge
from C7 to C, and Cy in the intermediate. The presence
of ca. 26% of the ion pair return product implicates the
involvement of a relatively stable cationic species.

The high stereoselectivity of the product for-
mation provides similar and more compelling evidence, The
related tricyclo[3.2.0.02'7]heptan-4-one (éé) on reduction
with sodium borohydride yields exclusively the product of
exo attack. In contrast endo attack is the exclusive
mode of approach by nucleophilic species to the corres-
ponding cation under solvolytic conditions. This is con-
sistent with an electronic effect which shields the exo
side and directs the approaching nucleophile to the
sterically more hindered endo side.

Accelerated rates of solvolysis, lack of exten-

sive rearrangement and the stereospecific formation of
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products have all been taken as evidence for the formation
of a tris-homocyclopropenyl cation. In one case the for-
mation of the ion-pair return product was interpreted as
being indicative of the presence of a relatively long lived
cationlos. According to these criteria the solvolysis of

the exo-anti-tricyclo[3.1.1.02'4]hept-6-yl p-nitrobenzoate

proceeds via a nonclassical intermediate.
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III. STUDY OF THERMOLYSIS

HISTORICAL:

Sigmatropic Reactions

A sigmatropic reaction of order [i, j] is de-
fined as '"the migration of a o-bond, flanked by one orx
more T-electron systems, to a new position whose termini
are i-l and j~1 atoms removed from ﬁhe original bonded

n84 sSome

loci, in an uncatalyzed intramolecular process.
~generalized illustrations of sigmatropic reactions are

shown below,

2 2
3/ﬁl 1.3, 3l/\1
R R
3 3
47 TN\2 L 47 Y2
5| 1 5 |l
R R
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5 3
s/ \2
3\\ 4

>

13,5%,

As illustrated for the (1, 5] hydrogen migration there

are two topologically distinct ways of effecting this

migration,

suprafacial
A H — iﬂ‘\
l\,/ '
H
B D D
antarafacial

In the suprafacial process, the hydrogen interacts at all
times with the same face of the m system, In the antara-
facial process the migrating atom passes from the top face
of one carbon to the bottom face of another.

The transition states for thermally induced

reaction may be considered as consisting of interaction
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between a hydrogen atom and the highest occupied molecu-
lar orbital of a radical, containing 2k + 3m electrons.
This is illustrated on the [i, J] sigmatropic migration

within the all cis polyolefinic framework.

1 2 ) 1
R C=CH--(CH=CH)k—CHR2—-——-h»R.CH(CH=CH)kCH=CH2

2

A B

The highest occupied molecular orbital has the

form shown:

l'.llj

00
6 0

2 3 4 5

0

Q .9
6 0

In order to maintain positive overlap between the highest
occupied orbital of the olefinic system and the hydrogen
orbital, the isomerization of A » B must occur thermally
by a suprafacial path when k is odd, and antarafacially
when k is 0 or even. For transformation involving the
excited states, the important consideration is the inter-
action between the lowest unoccupied orbital of the poly-
enic chain and the hydrogen atom orbital. Thus the sel-

ection rule is precisely reversed, as compared with that
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for the ground states. The selection rules for sigmatro-
pic changes of the orxder [1, j] for j < 7 are summarized

in the following table.

Table 9

Selection Rules for a Sigmatropic Change

of the Order [1, jl

(L, 3l Thermal : ﬁxcited State
(L, 31 Antarafacial Suprafacial
[1, 5] Suprafacial Antarafacial
{1, 71 Antarafacial Suprafacial

For sigmatropic changes of order [i, j] in which both i
and j are greater than 1, the appropriate selection rules
have also been derived84.

Sigmatropic reactions that violate these selec-
tion rules may be taking place through multi-step process;
these are expected to proceed through higher energetic
barriers than concerted reactions.

The nature of the orbital binding the connect-
ing atom of the migrating group R to the unsaturated sys-

tem plays a very important role84’ 114

and therefore must
be specified. If and only if the orbital involved is sym-

metrical (s-orbital) or one lobe of an unsymmetrical orbi-
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tal (p-orbital), then the rules summarized in the above
table apply. In such a case a sigmatropic reaction occurs
with retention of configuration at the migrating atom.
However, if the migrating atom uses both lobes of an unsym-
metrical orbital (p-orbital) during the reaction, then the
rules summarized in the table are precisely reversed
(thermally induced [1, 3] migration is suprafacial etc.).
In addition, since the migrating group uses the opposite
faces of its connecting atom in the transition state,

such a process occurs with inversion of configuration at
the atom under consideration. The above discussion is
illustrated in the following scheme by the example of the

(1, 3] sigmatropic migration.

[1, 3] antarafacial sigmatropic shift. R
uses a symmetrical or one lobe of an unsym-

metrical orbital (retention).
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{1, 3] suprafacial shift with inversion of
configuration. R uses both lobes of an

unsymmetrical orbital.

In order that the orbital symmetry rules be ap-
plicable, the unsaturated system under consideration must
retain approximate coplanarity in the transition state.
1f a potential reaction were to involve distortion of the
carbon framework to the extent that overlap within the 7m-
system is impaired, then such a symmetry allowed process
would be rendered difficult or impossible. This may ex-
plain why no examples of thermal [1, 3] hydrogen shifts
have been found. For the same reason antarafacial pro-
cesses are impossible for_transformations within small or
medium size rings. Thus, the study of [1, 3] sigmatropic
shifts is practically restricted to the suprafacial pro-
cesses,

Of primary concern in this thesié are thermally
induced [1, 3] sigmatropic reactions.

Whether or not the particular sigmatropic rear-

rangement is proceeding via a concerted or stepwise path-



127.

way can be tested experimentally in one of the following
ways:

a) by determining the stereochemistry of the pro-
ducts and comparing it with the geometry predicted by the
selection rule: a reaction proceeding via a concerted
mechanism necessarily must yield products of the predicted
stereochemistry.

b) by determining the kinetic'parameters and compar-
ing them with those that were estimated on the basis of
the transition state method calculation. These estimates
are specific to the free radiéal-éathway and concerted
reactions are implicated when the observed value for energy
of activation and a frequency factor are sigunificantly
lower than the predicted ones.

¢c) by obtaining direct evidence for the presence
of radical intermediates,

114 studied thermal

In 1968 Berson and Nelson
isomerization of specifically labelled exo-7-d-bicyclo-
[3.2.0]-2-hepten-endo~6-yl acetate (111) to norbornyl ace-
tate. Since antarafacial migration is improbable in small
and mediﬁm sized rings, only two alternative pathways ap-
peared feasible:

a) [1, 3] suprafacial sigmatropic shift with inver-

sion at the migrating center, or
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b) a stepwise process that would lead either to
randomization (if free rotation around Ce - C, is faster
than the reclosure of the c, - Cs3 bond) or retention (if
the situation is reversed) of stereochemistry at the migra-

ting carbon atom.

OAc
D

AcO " 4R

AL //é!;sure at C,

rotation / .
around CG-C
[ ]
/ D
/ Ac 0j7

. 13
closure at C
. ) >

D

3. OAc

AcO

WA W

Pyrolysis of &&% was quenched at 6-30% completion (because
of competing reactions) and the exo-norbornen-2-yl acetate
(%&%) was shown to contain at least 95% of deuterium in a

cis position to the acetate group. Thus the rearrangement
proceeded in a stereospecific manner with inversion of con-

figuration at the migrating centre. The following transi-
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tion state was proposed

If the 3-5% of the endo-3-d isomer (%%%) that were found
in thé pyrolysis product were formed via a stepwise pro-
cess involving a diradical intermediate (%%g), the activa-
tion energy for such a process is only 2.5 kcal/mole higher
than that of the concerted process.

In the transition state (%%%) the migrating car-
bon and its two substituents lie in a plane perpendicular
to the five member ring. By the attachment of a bulkier
group to the endo C7 position, (according to the authors)
the steric interactions in the transition state would pro-
bably become so severe that the stepwise process might be
dominant in the reaction. This assumption was verified in
their subsequent study116 of the ggggfbicyclo[3.2.0]hept-
2-ene-6-yl acetate having a methyl group in the endo and
exo C7 position.

117

In 1969 Frey et al reported a study of the

thermal gas phase isome;ization of bicyclo[2.l.l)lhex-2~-

ene (kg).
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R

The reaction was found to proceed quantitatively and for
the temperature range of 149-190° the first order rate

constants were found to fit the Arrhenius eqguation:

Kk = 10%3:95 % 0.07,,.(_35,170 + 140/RT)sec

There are no methods available for estimating the activa-
tion energy for the concerted process. The frequency fac-
tor however, can be estimated and the predicted value is
A= 1014. Oon the other hand both E, and A can be esti-
mated for a stepwise process using the method developed
by Benson and O'Neallls. This calculation predicts an
energy of activation of 36.4 kcal/mole and a frequency
factor of 1014‘7. The close agreement between the value
of the A factor predicted for a concerted process and the
observed value lad the authors to conclude that a step-
wise process does not play a major role in this reaction.
The comparison of the estimated energy of activation
(36.4 kcal/mole) with the observed one (35.17 kcal/mole)

seems to suggest that the energetic stabilization of a

concerted transition state in this case is not very sub-
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stantial.

117 studied the thermal isomer-

The same authors
ization of tricyclo[3.3.0.02'6]oct-3—ene (%%é). This reac-
tion must proceed through a radical dissociation-hydrogen
migration process since the presence of the extra ring

makes a concerted reaction impossible.

4 — D
b

First order rate constants were found to fit the Arrhenius

equation

k = lol4.35 + 0.06exp(~35.2000 + l30/RT)Sec-l

The comparison of activation energy observed for AL with

that observed for bicyclo{2.l.l]hex-2-ene (19) is not very
meaningful. The extra strain present in the tricyclic com-
pound (l13) probably lowers the activation energy required

for a diradical process. The estimated value of the A

14.0 T

factor for a concerted process is 10 (assuming that AS

= 0). The observed value of the A factor is 1014'35 cor-
responding to a slightly positive entropy of activation,

which is reasonable for a diradical intermediate.
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We reported in 1969 a study of the thermolysis
of exo~bicyclo[2.1.1l]lhex-2-en-5-yl acetate4 (&é).

Later in the same year Roth and Friedrichllg
described the thermal behaviour of epimeric 5-methylbicy-
clo[2.1.1]hex-2-enes. The two epimers underwent ther-
molysis at different rates (endo isomer being ten times
slower) yielding the following products.

CH; H4C
_—> + + CH,

CH3

Ale Al8 98.5% 0.5% 1%
Hy
—_— 25.2% + 56.5% +
[l
cu
A4 3
- 18.3%

The rearrangement of AAS proceeds in a stereospecific man-
ner' giving the product'(&kg) of inversion of configuration
at the migrating C5 centre. The rearrangement of AAT is
less stereospecific; however, the product formed by inver-
- sion of configuration (L119) is still predominant.

The difference in stereospecificity and the rate

of reaction of the two compounds (%&g, Al{) was explained
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in the following manner:

\w
RRG

The exo methyl isomer (%%g) rearranges through a transi-
tion state (%%Q) in which the methyl group is positioned
outside the ring. 1In contrast, the endo methyl compound
(%%Z) proceéds through the transition state (%%%) in
which the methyl group is positioned over the ring and
therefore suffers strong nonbonded interactions. As a
consequence the distance between the methyl group and the
ring is increased, resulting in less effective orbital
overlap and thus making the stepwise process competitive,
resulting in a decreased rate of rearrangement. Likewise
the tendency for the less substituted methylene bridge to
migrate is increased.

Baldwin and Brown120

, in a study of a thermal
isomerization of the exo-methylenecyclohexadienamine were
able to obtain direct evidence for the involvement of a
radical dissociation-recombination mechanism. When the

rearrangement (%%% *> AR3) was carried out between 120-

170° in the probe of an NMR spectrometer emission and
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enhanced absorption were observed in the NMR signals of
the protons directly attached to the carbon atoms involved
in the rebonding process. Observation of chemically in-
duced dynamic nuclear polarization strongly suggests that
the reaction is proceeding via a diradical mechanism.
Testing of the mechanism of sigmatropic reactions
by following the degree of their stereospecificity has been
the most successful of the methods émployed. The other
two methods are not particularly decisive but they do pro-
vide an insight into the mechanism operating. The draw-
pack of the method employing estimation of activation
parameters is that in some cases the difference between
predicted and observed values are not large enough as to
implicate clearly one mechanistic possibility. On the
other hand the CIDNP121 phenomenon is necessarily time-
dependent and therefore its absence does not exclude an

extremely short-lived diradical intermediate.

cH N//CH3
N/’ 3 ~
N CH3
CH3
—_—

2R AR3
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RESULTS AND DISCUSSION:

Thermolysis of exo-Bicyclo[2.l.l]lhex-2-~en-5-yl Acetate

From studies of the products, it was suspected
that the thermal conversion of exo-bicyclo{2.l.l]hexen-
5-yl acetate (%%) to g§9—bicyclo[3.l.O]hexen—G—yl acetate
(éé) was taking place during the solvolysis of bicyclo-

[2.2.0]hexenyl E-nitrobenzenesulfonate (é%).

| -=0Ac
—
K]

The distribution of acetate products (%4 and g%) varied

OAc

4

with the reaction time and 33 became the major product
(>90%) after ten solvolytic half lives. The structural
proof for the gﬁg—bicyclo[3.l.0]hexen-6—yl acetate is pre-
sented in Part one of this thesis.

The isomerization of 14 was studied in p-dode-
cane, by monitoring (glpc) the disappearance of the start-
ing material against an internal standard. The isomeriza-
tion was first order and provided the following kinetic

parameters.

—5/ -1
k85.l = (3.39 £ 0.10) x 10 “sec
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X (2.78 & 0.07) x 10 %sec™?

105.1
an’t

27.5 kcal/mol

AS+ = =2 eu

The rate of isomerization was also measured in acetic acid.

_ : -5 -1
k90.4 = (4,25 + 0.11) x 10 “sec
Ki10.0 = (3:60 & 0.10) x 1:0‘4sec'l

ant = 29 kcal/mol
AS+ = 2 eu

. . g . n - dodecane _
The insignificance of the rate difference (k Scetic acid -

1.5) rules out the possibility that this process is of an
ionic nature.

As previously noted during the entire course of
the thermal isomerization of gﬁgfbicyclo[z.l.l]hexenyl
acetate (k%) only the formation of gigfbicyc19[3.l.0]hex-
enyl acetate (g%) was observed., No ggggfbicyclo[B.l.O]-
hexenyl acetate (Q%) was formed. When this latter com-
pound (g2) was subjected to the thermolysis conditions it
was recovered unchanged after a reaction time in which
the thermolysis of 14 would have been essentially complete.
This control experiment demonstrated that the endo acetate
(g%) was not involved in the thermolysis of the exo-bicyclo-
[2.1.1]hexenyl acetate (%&). Indeed the observed stereo-

specificity indicates that the rearrangement is a supra-
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facial [1, 3] sigmatropic migration proceeding with inver-
sion of configuration at the migrating centre. Formation
of exo-bicyclo[3.1l.0]hexen-6-yl acetate (R3) would occur
through the following transition state, which is in accord

with the principles of crbital symmetry conservation84.

,,OAc
AR
4 > —_—
3
0

Although the kinetic parameters obtained are the first for
this type of reaction, the lack of any suitable model for
comparison precludes these data from being particularly
revealing,

The above thermal isomeriﬁation is a reverse of
the well-known vinylcyclopropane-cyclopentene rearrange-
ment. Since the vinylcyclopropane-cyclopentene rearrange-
ment is exothermic the reverse process is only rarely ob-
servedlzz. In bicyclo[2.l.1l]lhexene the strain of the
system makes such a process possible,

The rearrangement of vinylcyclopropanes has been
extensively studied and was shown to almost certainly pro-

123

ceed via diradical intermediates. Willcot has shown

that in the thermolysis of specifically deuterium labelled
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vinylcyclopropane the loss of stereospecificity of the
labelled site occurs at least five times faster than its
rearrangement to cyclopentene. These results were explained

on the basis of a diradical intermediate.

D? <—:>DH'C/Q‘ — 'i,
g o

The thermolysis of‘25572,3—dideuterio-vinylcyclopropane
(%%g), studied by the same group provides some additional
evidence for the intervention of a diradical intermediate.
A 2:1 mixture of trans- and cis-2,3-dideuterio vinylcyclo-
propane was produced. This scrambling of the label is
indicative of a diradical in which free rotation around

C - C bonds is rapid relative to the rate of ring closure:
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b :
b L
> 7 — ™ b _
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P D N\ :

+

4R

However, the question of whether or not this radical is -
involved in the vinylcyclopropane-cyclopentene rearrange-
ment has not been established. The present studies clearly
demonstrate that at least the thermal conversion of %% to
é% proceeds in a concerted manner, Stereospecificity

was also observed in the thermolysis of gﬁg-s-meth&l
bicyclo[Z.l.l]hexenellg. Some evidence has been presented
that the isomerization of the parent hydrocarbon proceeds
in a concerted mannerll7. However undoubtedly the pre-
sence of substituents on the system undergoing rearrange-
ment may profoundly influence the course of the reaction;
extrapolation from the substituted molecules to the parent
compound is not possible. Therefore a study of the ther-
mal isomerization of a specifically deuterium labelled

bicyclo[2.1.1l]hexene (%Q) would be warranted. After such

a study has been completed, one can define the role of
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the diradical in the vinylcyclopropane-cycloPentené rear-

rangement with a high degree of confidence.
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" IV. EXPERIMENTAL

All melting points and boiling points are uncor-
rected.

The IR spectra were obtained on a Perkin-Elmer
model 21 and 257 infrared spectrophotometers.

Proton NMR spectra were measured with Varian
Associates A-60 and HA-100 spectrometers.

The mass spectra were obtained on A.E.1l. MS-2,
MS-9 and MS-12 mass spectrometers.

Three glpc chromatographs were employed in this
work (column packing material is specified in each parti-
cular case): F&M 5750 research chromatograph, H P 7620 A
research chromatograph, (both of which were equipped with
6 £t x 3/16 in columns) and an F&M model 700 gas chromato-
graph (preparative) equipped with 10 ft x 1/4 in columns.

Tn all cases when the compound was distilled but
no boiling point is reported a "cold finger” apparatus125
was employed. It consisted of a cylindrical flask with a
spiral-path cooling jacket between the pot and the tray.

A temperature-controlled coolant was circulated through

the jacket. By varying the vacuum and the tewperature of
the system a very effective separation of a number of com-
pounds from solvent could be achieved. In the case of very

small quantities of compound the distillate was washed out
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of the cold finger with appropriate solvent and directly

subjected to NMR analysis.

Preparation of .trans.--.l,2-dihydr.ophthali_c.acid.l6

(16)

A 5 1, three-necked flask equipped with a mech-

anical stirrer was charged with a solution of phthalic
acid (188 g, 1.13 mole) and sodium acetate (270 g) in
water (1700 ml). This solution was cooled in an ice bath
and 3% sodium amalgam (3008 g) was added in 100 § portions
over a 5 hour period. Immediately following the addition
of each portion, 50% aqueous acetic acid.(15—20 ml, 750 ml
total) was introduced. The temperature of the solution
was kept between 8~11°, Stirring was continued for an
additional hour and the mixture was decanted from the mexr-
cury, then filtered. After acidification by 20% sulfuric
acid (to pH ~l1), the solution was stored in an ice bath
until precipitation was completé. The solid was collected
in a Buchner funnel, washed with cold water (3 1l.), and
then dried under reduced pressure (90°, 20mm) to afford
155 g (84%) of 1§, mp 203-207 (lit.2? mp 207-214). MR

spectrum (acetone-d6)= T 4.06 (s, 4H), 6.28 (s, 2H).

Acetic anhydride (800 ml) was heated to 105° in

a three-necked flask equipped with a reflux condenser and
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a meckanical stirrer. To this £lask was then added 1§
(155 g, 0.92 mole). The mixture was heated at 105° with
vigorous stirring for 15 minutes, after which time all of
the solid had dissolved. The bulk of the acetic anhydride
was removed in vacuo (40°/20 mm). Residual acetic anhy-
dride was removed by stirring the solid residue with
xylene, which was then removed in vacuo. After washing
with Skelly B, the solid was further purified by sublima-
tion (80°/0.1 mm) to afford 110 g (79%) of A7, mp 102~106°
(lit, mp 111-113°). NMR spectrum (CDCl;): T 3.70-4,36

(m, 4H), 5.99 (m, 2H). The sublimed anhydride was used

in the subsequent step without further purification.

Preparation of bicyclo[2.2.0]hex—5-ene—2,3-dicarboxylic
1
° G

A solution of kl (5 ¢, 33 mmole) in anhydrous

. anhydride

ether (1800 ml) was photolyzed under a nitrogen atmosphere
using a 450W mercury lamp (Hanovia tyée), which was im-
mersed in the solution in a water coqled gquartz well con-
taining a Vycor filter. The solution was stirred magneti-
cally and photolyzed forltwenty.hours. The quartz well
was removed every four hours and wiped free of yellow
deposit, which blocked the effective irradiation (done 3-
4 times). Ether was then removed in vacuo and the resi-

due chromatographed (silicic acid-chloroform). Sublima-
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tion (65-70°/0.1 mm) provided 1.52 g (30%) of %%. After
recrystallization from Skelly B/ether it had a mp 159-162°

24

(1it., mp 160-164°). NMR spectrum (CDC13): t 3.55 (m,

2H), 6.34 (m, 2H), 6.62 (m, 2H).

Preparation of ~exo-5-hydroxybicyclc[Z2.2.0]hexan-2,3-di~

carboxylic acid (%%I

A solution of %é (4.1 g, 27.3 mmole) in dry tetra-
hydrofuran (80 ml) was placed in a 500 ml round bottom
flask, equipped with nitrogen inlet and a magnetic stirrer.
The flask was cooled to -15°., Diborane solution in tetra-
hydrofuran (1.3 M, 13.4 ml) was then added over a period
of 15 minutes. After addition was complete, the flask was
kept at -15° for two hours. Excess hydride was decomposed
by the addition of aqueous tetrahydrofuran (40 ml, 1:1).
The organo-borane was oxidized at 60° by the addition of
3 N sodium hydroxide (40 ml), followed by dropwise addi-
tion of 30% hydrogen peroxide (16 ml)., The mixture was
heated for another two hours at 60°, then cooled to 0°,
and acidified with dilute hydrochloric acid to pH nvl, The
tetrahydrofuran was removed in vacuo and the acidic aque-
ous layer was continuously extracted with ether‘for twenty-
four hours. After removal of the solvent the residue was

dried by repeated evaporation with benzene (3 x 100 ml).
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Crude 22 (5.3 g) was obtained as a white solid. NMR spec~
trum of the corresponding aimethyl ester exhibited the fol-
lowing signals (CDC13): T 5.55 (t, 1H), 6.12 (s, 1H),

6.32 (s, 6H), 6.60 (m, 2H), 7.05 (m, 2H), 7.53 (m, 2H).

Preparation of exo-5-acetoxybicyclo[2.2.0]hexan-2,3-di~

carboxylic anhydride (4&)

The crude %% (24 g, 0.129 mole) was stirred with
pyridine (10 ml) and acetic anhydride (100 ml) at 45° for
twelve hours in an inert atmosphere, The bulk of the sol-
vent was removed ia vacuo. The residual acetic anhydride
was removed by stirring the residue with xylene (3 x 100
ml) which was then removed under reduced pressure to yield
34 g of crude'ég. NMR spectrum (CDCl3): T 3.80 (t, 1H),
6.30~7.60 (m, 6H), 7.96 (s, 3H). IR spectrum Vinax 1860

em™ (m), 1785 em™! (s), 1740 em”l (s).

Preparation of exo-5-acetoxybicyclo[2.2.0]hexan-2,3~di~-

carboxylic acid (49)

The crude %Q (34 g) was stirred in water (100
ml) at 80° for two hours. The water was removed under
reduced pressure ahd the residual solid dried by repeated
evaporation with benzene (3 x 100 ml), Chromatography of
the resultant solid (silicic acid, 4% methanol in chloro-

form)‘followed by crystallization from chloroform-ether
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afforded 12,4 g of %%r mp 182-183.5°., NMR spectrum (ace-
6.97 (m, 2H), 7.39 (m, 2H), 7.98 (s, 3H).

Preparation.of‘exo-bicyclo[2.2.0]hex-5—en-2yl.acetate (gg)

* A solution of %2 (L g, 4.4 mmole) in water (9 ml)
containing triethylamine (1.4 ml) was added to pyridine
(97 ml) in an electrolysis ce1126. ‘The cell was cooled
externally with an ice bath to maintain an internal tem-
perature of about 20°. The solution was electrolyzed with
an internal current of 0.8 A (DC) which, over a period of
eight hours, decreased to less than 0.2 A at which point
the electrolysis was discontinued. The reaction mixture
was diluted with water (150 ml) then continuously extracted
with pentane for twenty hours. The pentane extract was
washed with cold 2 N hydrochloric acid (3 x 50 ml), 5%
aqueous sodium bicarbonate solution (3 x 50 ml) and brine
(2 x 80 ml). The solution was dried (anhyd. Na2804) and
concentrated to ca. 5 ml by distillation through a spin-
ning band column. Fractionation of the resultant resi-
due under reduced pressure afforded 0.358 mg (59%) of ég.
NMR spectrum (CC14): t 3,67 (m, 2H), 5.28 (t, 1H), 6.67
(m, 2H), 7.87 (m, 2H), 7.99 (s, 3H). Mass spectrum m/e =

78.
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. Preparation of’exo-bicyclo[2.2.0]hex—S-en-Zrol_(Q%)

To a magnetically stirred solution of ﬁéthyl—
magnesium iodide (1.32 M, 27 ml, 36 mmole) in ether, cooled
to 0°, was added dropwise an ethereal solution of gg (500
mg, 3.6 mmole). The reaction mixture was stirred for two
hours at room temperature and after cooling in an ice bath
a saturated aqueous solution of ammonium chloride (20 ml),
was added dr0pwisé. The aqueous layer was extracted with
ether (3 x 50 ml) and the éombined ethereal extracts were
washed with brine (2 x 40 ml) and dried (anhyd. Nazso4).
The solution was concentrated to ca. 5 ml and further dried
over activated molecular sieve (4a). Glpc analysis (UCW-
98, at 100°C) showed the presence of a single product.

Mass spectrum g/g = 96. The above sclution was used di-

rectly in the subsequent step.

- Preparation of exo—bicyclo[2.2.O]hex-S—enQZ-yl-Efnitro-

benzenesulfonate é%

A dry ethereal solution ofﬂég (ca. 3.6 mmole)
and dry pyridine (3 ml), cooled in an ice bath, was
treated with p-nitrobenzenesulfonyl chloride (1.5 g). The
solution was stirred for two hours and an additional por-
tion of p-nitrobenzenesulfonyl chloride (1.2 g,

was added., After standing the reaction mixture in the
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refrigerator for 38 hours a third portion of p-nitrobenz-
enesulfonyl chloride (2 g) was added. When all of the
alcohol had been consumed (total 66 hours) the solution
was poured into ice-water (100 ml) and the mixture was
stirred at 0° for thirty minutes. The resulting solid,
collected by suction filtration, was dissolved in chloro-
form and dried (anhyd. Na2804). Removal of solvent fol-
lowed by chromatography (silicic acid, chloroform and
recrystallization from pentane~ethyl acetate afforded 0.75
g (74%) of é%, mp 73-74°, NMR spectrum (CDCl3): T 1.65
(q, 4H), 3.56 (t, 1H), 3.79 (t, 1H), 5.17 (¢, 1H), 6.55
(m, 2H), 7.78 (t, 2H). -

Preparation of exo-bicyclo[2.1.l]hex-2-en—5-yl acetate (%%)

Bicyclic ester é% (600 mg, 2,13 mmole), anhydrous
sodium acetate (330 mg, 4.0 mmole) and glacial écetic acid
(6 ml) were placed in a pyrex test tube, sealed and heated
in an oil bath at 90 + 2° for four hours., After cooling,
the "tube was opened and the contents poured: into ice-water
(50 ml) . The aqueous layer was extracted with ether (3 x
40 ml), and the combined ethereal layer was washed with
water (3 x 20 ml), cold 2 N hydrochloric acid (3 x 20 ml,
cold 5% sodium bicarbonate solution (3 x 20 ml), and brine,

After drying (anhyd. NaZSO4),,the ethereal solution was
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concentrated to ca. 5 ml and the residue fractionated
under reduced pressure to afford 110 mg (75%) of a mix-
ture of two acetates in a 3:1 ratio. The more abundant
product that exhibited shorter glpc retention time (UCW-
98, ct 100°) was shown to be 14. The product with longer
retention time was identified as é%. The residue was
unchanged starting material (ca. 300 mg). 2an analytical
sample of the acetate %% was obtained by preparative glpc
(UCW-98, 10 foot ct 100°). NMR spectrum of %% (CCl4):

t 3.27 (t, 2H), 5.31 (4, 1H, J = 6.6 Hz) 6.76 (m, 1lH),
7.42 (g, 2H), 7.72 (dd, 14, J = 6.6 Hz and 5.7 Hz), and

7.98 (s, 3H). Mass spectrum m/e = 110,

Catalytic hydrogenation of exo-bicyclo[2.l.l]hex-2-en-5-

yl acetate (14)

A solution of 14 (ca. 10 mg, 0.07 mmole) in
methanol (4 ml) was hydrogenated in the presence of plat-
inum oxide (100 mg), prereduced with hydrogen. After
five hours at ambient temperature the hydrogenation was
discontinued, the catalyst filtered off and the solution
fractivnated, to give 33. NMR spectrum (CDC13): T 5.77
(d, 18, J = 7.2 Hz), 6.62 (m, Hy), 7.53 (m, 2H), 8.02 (s,
3H), 8.41 (s, 4H), 8.77 (t, 1H, J = 7 Hz).



150,

Preparation of exo-bicyclo[3.1.0]hex~2-en-5-yl acetate

- (53)

A solution of 32 (400 mg, 1.42 mmole) and sodium
acetate (200 mg, 2.43 mmole) in acetic acid (4 ml) was
placed in a reaction tube. After sealing, the tube was
heated in an oil bath at 100° for 14.5 hours, then cooled
and analyzed as follows. The contents were diluted with
ether (80 ml) and the organic layer was washed with cold
water (40 ml) 5% aqueous sodium bicarbonate solution (2 x
30 ml), water (2 x 20 ml) and brine. After drying (anhyd,
Na2804 and molecular sieve 4A) the solution was concen-
trated to ca. 2 ml by distillation through a spinning
band column. Fractionation of the residue afforded ca.
100 mg (51%) of R+ NMR spectrum (CDC13): T 4.25 (m, 1lH),
5.47 (m, 1H), 6.67 (bs, Wl/2 = 3.5 Hz, 1lH), 7.53 (m, 2H),
7.95 (m, 1H), 8.05 (s, 3H) and 8,30 (m, 1H).

Catalytic Hydrogenation of exo-bicyclo[3.1.0]hex-2~en-6~yl

_acetate (ég)

Platinum oxide (35 mg) was suspended in methyl
acetate (10 ml) and reduced with hydrogen over a period of
15 hours. A solution of R3 (90 mg, 0;65 mmole) in methyl
acetate (3 ml) was then added and the reaction continued

for an additional four hours. The catalyst was filtered
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off and the solution concentrated to ca. 2 ml. Fraction-
ation of the residue afforded 67 mg (73%) of géﬁ' NMR
spectrum (THF-dg): T 6.30 (b.s., 1H), 8.00-8,70 (m, 11H).

Preparation of exc-bicycloIB.IJOJhexan-G-ol.(%%Q)

A solution of é&% (80 mg, 0.57 mmolé) in anhy-
drous ether was treated with methyllithium (1.6 M in ether,
2 ml, 3.2 mmole) at 0° under an inert atmosphere. The
reaction mixture was stirred at room temperature for 2
hours and then transferred to a separatory funnel and
added dropwise to an aqueous solution of boric acid (1.5
g, 20 ml). The aqueous layer was extracted with ether
(2 x 30 m1) and the combined ethereal extracts were washed
with brine (2 x 20 ml) and dried (anhyd. Nazso4). The
solution was concentrated to ca. 2.5 ml and further dried
over molecular sieve (4A)., This ethereal solution of the
bicyclic alcohol (EQQ) was used directly in the subsequent

step.

Preparation of exo—bicyclo{B.l.O]hexan-G-ylfgfnitrobenzo-

Nate.(ggg)

An ethereal solution of éék (ca. 0,57, mmole)
was cooled in an ice bath and pyridine (1 ml) and P-
nitrobenzoyl chloride (300 mg, 1.49 mmole) were added with

stirring. The reaction mixture was stirred at 0° for 30
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minutes and then poured into ice-water (25 ml). The aque-
ous layer was extracted with ether (3 x 30 ml) and the
combined ethereal layer was then washed with water (2 x
5 ml), 2N hydrochloric acid (2 x 5 ml), water (2 x 5 ml)
saturated aqueous sodium bicarbonate (3 x 5 ml), and brine.
After drying the ether was evaporated to yield 170 mg of
yellowish solid. Chromatography (silicic acid, chloroform)
followed by recrystallization from 95% ethanol afforded
RAc, mp 86-87°, NMR spectrum (CDCl3): T 1,82 (m, 4H),
5,94 (b.,s.,.7H), 7.90-8,55 (m, 8H). |

An authentic sample of é%k was likewise converted
into the corresponding p-nitrobenzoate ester. The acetate
%ﬁ% (100 mg, 0.72 mmole) was treated with methyllithium
(L.6 M, 2,1 ml, 3.36 mmole) to yield the alcohol which was
in turn treated with p-nitrobenzoyl chloride (310 mg,
1.54 mmole) in the presence of pyridine (2 ml). The result-
ing crude ester éég (200 mg) after chromatography and

recrystallization from 95% ethanol had a mp 86.5~87.5°.,

- Preparation of endo-bicyclo[3.1.0)hex-2-en-6-carboxalde-

_hyde .(35)

This compound was prepared according to the pro-

cedure described in the literature3l.
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. Preparation of endo-bicyclo[3.l.0]lhex-2-en-6-carboxylic

Cacid3l (36)

Oxidation of éé with silver nitrate provided ég

in good yield.

~Hydrogenation~of’endo-bicyclo{3ul.O]hex-Z-en-tharboxylic

acid (gg)

Hydrogenation was effected according to the lit-

erature procedure3l.

Epimerization of endo-bicyclo[3.l.0]hexan-6-carboxylic

acid methyl ester (gZ%)

An ethereal solution of %Q was esterified by
treatment with diazomethane. The resulting methyl ester
(QZQ) was epimerized according to the procedure of Mein-

wald et al’l,

Preparation of methyl exo-bicyclo[3.1.0]hex-6-yl ketone

(38

A solution of %ZR (1.0 g, 7.9 mmole) in anhydrous
tetrahydrofuran was treated with methyllithium (1.7 M, |
10.5 ml, 7.8 mmole, in ether). The methyllithium solution
was added over a period of 30 minutes at such a rate as to
maintain gentle reflux of the solution; The reaction mix-

ture was then stirred for one hour at ambient temperature



154,

and then 10 ml of a saturated aqueous solution of ammonium
chloride was added dropwise, The aqueous layer was
extracted with ether (3 x 20 ml) and the combined organic
layer was washed with aqueous ammonium chloride solution
(15 ml), 5% aqueous sodium bicarbonate (10 ml), and brine,
After drying (anhyd. Na2804) solvents were removed and

the resultiné residue distilled to afford 680 mg (69%)

-1
of éé' IR spectrum showed vmax 1695 cm .

Preparation of exo-bicyclo[3,1.0Jhex—6-yl.acetate3g.(§%%)

To a suspensioh of 96% hydrogen peroxide (0.85
ml) in methylene chloride was added dropwise trifluoroace-
tic acid anhydride (5.2 ml) at 0° over a period of 20
minutes. The mixture was kept at 0° for an additional
twenty minutes.

One-half of the above mixture was added to the
solution of éé (498 mg, 4.01 mmole) in methylene chloride
(20 ml) containing anhydrous disodium phosphate (13 g),
with vigorous stirring'over a period of twenty minutes,
The reaction mixture waé then refluxed for forty minutes
and cooled to room temperature, Water (10 ml) was added
and the aqueous layer was extracted with methylene chlo-
ride (4 x 30 ml). The organic layer was washed with 5%

aqueous sodium bicarbonate solution (2 x 15 ml), aqueous
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sodium bisulfate solution (3 x 10 ml), water and brine.

After drying (anhyd. Na2804),,the solution was concen-

trated to ca. 4-5 ml and fractionated to afford 380 my

(67%) of é&g. NMR spectrum (CCl4): T 3.30 (b.s., lH),
1

8.00-8.70 (m, 11H). IR Viax 1732 cm ~.

Hydrolysis of exo-bicyclolz,l,l]hex-Zren-.ryl.acetate.(%ﬁ)

An ethereal solution of a mixture of acetates %&
and 33 (ca. 100 mg) was treated with 0.1 N methanolic
sodium hydroxide (2 ml) with stirring at ambient tempera-
ture. After twelve hours the reaction mixture was diluted
with ether (75 ml) and was then washed with water (25 ml x
2) and brine (25 ml). The solution was dried and concen-
trated to 3 ml by distillation through a spinning band
column. The residue was fractionated to give §f. NMR
spectrum (CDCl;): t 0.22 (4, 1H, J = 2.2 Hz), 4.24 (s,
2H), 6.92 (m, 1H), 7.20-7.45 (m, 4H).

. Attempted preparation of exo-bicyclo[2.l.l]hex-2-en-5-ol

- (59)

A solution of the acetate %% (ca. 15 mg, 0.1
mmole) in ether was treated with an ethereal solution of
methyl magnesium iodide (1.2 M, 1 ml, 1,2 mmole) at 0° in-
an inert atmosphere. The reaction mixture was stirred for

one hour at room temperature and water (4 drops) was added.
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The aqueous layer was extracted with ether and the com-
bined ethereal layer washed with water and dried (anhyd.
Na2804). The solution was concentrated to ca. 3 ml and
the resulting solution fractionated. The product exhi-

bited an NMR spectrum characteristic of gg.

Preparation of exo-bicyclo[2.l.l]lhex-2-en-5-yl methoxy-

acetate (g%)

A solution of é% (725 mg) and sodium methoxy-
acetate (440 g) in methoxyacetic acid (3 ml) was placed
in a reaction tube, After sealing, the tube was heated
in.an oil bath at 87° for one hour, then cooled and
opened. The contents were diluted with ether (150 ml),
and the organic layer was washed with aqueous sodium bi-
carbonate solution (4 x 40 ml), water and brine. After
drying (anhyd. Na2804) the solution was concentrated by
distillation through a spinning band column and fraction=-
ated to give 170 mg of g%. NMR spectrum (CDC13): T 3.25
(t,"2H) 5.10 (4, 1H, J = 6.8 Hz), 5.91 (s, 2H), 6.52
(s, 3H), 6.73 (m, 1H), 7.34 (g, 2H) and 7.67 (dd, 1H, J =
6.8 and 5.7 Hz).

. Preparation of endo-bicyclo[3.1.0]hexan-6-yl acetate.(g%)

To a solution of ég (1L.00 g, 7.9 mmole) in anhy-

drous tetrahydrofuran (25 ml) and ether (15 ml) was added
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ethereal methyllithium (1.6 M, 10.7 ml, 17.1 mmole) over
a period of twenty-five minutes., The reaction mixture was
stirred for one hour at room temperature and then worked
up in a manner similar to that described for the prepara-
tion of the exo bicyclic ketone (gg). After concentra-
tion, the solution was fractionated to yield 250 mg (25%)
of a mixture of methyl, exo-bicyclo[3.l.0]hex-6-yl and
endo-bicyclo[3.1.0]hex-6-yl ketones. The above mixture
(250 mg, 2.0l mmole) was oxidized in a manner similar to
that described for ég. After work up and fractionation

a mixture consisting of ééﬁ (72%) and Q% (28%) was obtained.
NMR spectrum (CC14): 7 6.30 (s, 0.72H), 6.45 (s, 0,.28H),
7.80-8.80 (m, 11H).

Preparation of g-chloroethyl formate29

"A solution of ethylenechlorohydrin (160 g, 2
mole) in benzene (500 ml) was added to 80% formic acid
(115 g, 2 mole)., After adding p-toluenesulfonic acid
(2 g) the mixture was refluxed under a Dean-Stark appara-
tus, until no more water-benzene azeotrope was formed.
After neutralizing by the addition of sodium bicarbonate,
the reaction mixture was distilled to give 152 g (70%) of
a fraction boiling at 129-133°. This was redistilled
through a spinning band column to afford g-chloroethyl for-

mate. NMR spectrum (CDC13): T 1.82 (s, 1H), 5.92 (m, 4H),
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-1
IR spectrum V.. 1740 cm .

. Preparation of dichloromethyl43rchloroethyl.ether??.&g%%)

3-chloroethylformate (26 g, 0.24 mole) was
treated with phosphorus pentachloride (46.8 g, 0.22 mole),
added in small portions at 0°, After the initial evolu-
tion of heat and dissolution of the phosphorus pentachlox-
ide, the reaction mixture was stirred at room temperature
for two hours. Fractional distillation of the reaction
mixture yielded 384 g (98%) of the dichloromethyl g-chloxo-
ethyl ether, bp 106-110/110 mm. NMR spectrum (CDC13);.
.z 2.67 (s, 1H), 6.03 (m, 4H) .

Preparation of g-chloroethyl bicyclo[3.1.0]hex—2hen—6-

29
yl ethers (gz)

To a mixture of freshly distilled cyclopentadi-
ene (260 ml) and Q%% (32.5 g, 0.20 mole), cooled to -7°,
was added dropwise an ethereal solution of methyllithium
(0.8 M, 400 ml), over a period of three hours. Excess
methyllithium was then quenched by the addition of wet
ether (100 ml) followed by water (150 ml). The agueous
layer was extracted with ether and the combined ethereal
extracts were washed with water and concentrated in vacuo.
The residue was di;uted with hexane and dried (anhyd. Na2804,

then molecular sieve 4A). The solvents were distilled
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off and the residue fractionated to give 29.5 ¢ (92%) of
a mixture of endo- (67%) and exo- (33%) 87, bp 80-88°/13
mm. NMR spectrum (CDC13): ¢ 3.95-4.45 (m, 2H), 6.18~

6.55 (m, 5H), 7.10-7.62 (m, 2H), 7.75-8.70 (m, 2H).

_ Preparation of exo- and endo~bicyc1013.l,OJhex—Zren-G-olszg

To an ethereal solution of gz (10 g, 62 mmole)
in hexane, was added dropwise a solﬁtion of Efbuthyllith-
ium (92 ml, 2,25 M), over a period of two hours at room
temperature, After the addition was complete the reac-
tion mixture gave a positive Gilman test. The excess of
Efbutyllithium was quenched by the addition of an aqueous
solution of boric acid. The aqueous layer was extracted
with ether (3 x 50 ml) and the extract washed with brine
and dried (anhyd. Na,SO,, then molecular sieve 4A). This
solution was concentrated to ca. 20 ml by distillation

through a spinning band column and used directly in the

subsequent step.

. Preparation of‘exo—-and-endo-bicyclo{Bul.O]hex-2~en—6-yl

. acetates (53, §2)

To a solution of exo- and endo-bicyclo[3.1.0]~-
hex-2-en-6-ols ‘(ca. 62 mmole) in hexane was added dry

pyridine (5 ml) and acetic anhydride (50 ml). The mixture
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was stirred for twelve hours at room temperature. After
the addition of methanol (100 ml) the solution was héated
at 50° for one hour. The reaction mixture was cooled and
poured into ice-water (50 ml) and the aqueous layer was
extracted with hexane (2 x 50 ml). The organic layexr was
washed with water, 5% aqueous sodium bicarbonate solution
(3 x 50 ml) and brine. After drying (anhyd. Na,S0,) the
solution was concentrated to ca. 10 ml. The residue was
fractionated under reduced pressure to afford 2.11 g
(42%) of a mixture of ns (35%) and 62 (65%) .

An analytical sample of g% was obtained by pre-
parative glpc (10 ft., gR'-oxidopropionitrile column 15%
on firebrick, ct 85°), NMR spectrum (CDC13): T 4.52 (m,
2H), 6.08 (t, 1H, J = 6.0 Hz), 7.52 (m, 2H), 7.82 (m, 1H),
8.17 (s, 3H), 8.29 (m, 1lH).

Preparation of exo-anti-bicycloIB.111102’4]hept-6~y1 ace-

tate (éﬁ)

To a magnetically stirred cold (0°) mixture of

potassium hydroxide solution (100 ml, 50%) and ether (150
| ml) in a 250 ml flask (without ground joints), was added
N-nitrosomethylurea in ca. 1 g portions every hour39. A
nitrogen stream (70 ml/min) bubbled through the solution,

swept the generated diazomethane first through a drying
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tube (potassium hydroxide and soda lime) and then into a
cold magnetically stirred ethereal (50 ml) solution of the
acetates 14 and 33 (330 mg, 2.39 mmole) containiﬁg sus-
pended cuprous chloride (500 mg). The progress of the
reaction was followed by glpc (UCW-98, ct 100°). In two
hours all of %ﬁ had been converted into a single product.
The reaction mixture was filtered through celite and con-
centrated to ca. 5 ml. Fractionation of the residue under
reduced pressure afforded 330 mg (90%) of a mixture of gi
and gg. An analytical sample of E% was obtained by pre-
parative glpc (10 foot SE-30 column, ct 130°). NMR spec-
txum (CDCl3): r 5.45 (4, 1H, J = 7.8 Hz), 7.50 (m, 2H),
7.92 (s, 3H), 8.02 (m, 1lH), 8.72 (m, 3H), 8.95 (dd, 1lH,
J =7.8 and 9 Hz), 9.46 (m, 1lH). The tricyclic acetate
.showed as a single peak in the glpc trace on the follow-
ing columns: UCW-98, ga'-oxidopropionitrile, reoplex,
squalene, carbowax and diisodecyl phthalate.

By this method, the following olefins have been
converted into corresponding compounds containing a cyclo-

propane ring:

. Bicyclo[2.l.1]hexene (10): The starting olefin was pre-

pared by the method of Meinwald and treated with diazo-

methane in the presence of cuprous chloride. After the
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work up an analytical sample was obtained by preparative
“glpe (10 fdot,<SE-30 column, ct 35°). NMR spectrum (CDCl3):
t 7.70 (m, 2H), 8.30 (m, 1H), g.75 (m, lH), 8.55-8.75 (m,
3H), 8.85-9.15 (m, 2H), 9.35 (m, 1H). Mass spectrum-gjg.=
92,

Noxbornene: Commercially available norbornene was exposed

to the reaction conditions similar to that described for

14, to afford tricyclo[3.2.l.02’4

Joctane. NMR spectrum
(CDC13): t 7.82 (m, 2H), 8.50-9,10 (m, SH), 9,10-9.50 (m,

2H), 9.55-10.35 (m, 2H).

anti-norbornen-7-yl acetate (Z%): The starting material

was prepared by diimide reduction of norbornadien-7-yl
acetate. The gggifno:bornen-7—yl acetate was converted,
as described above to 12. NMR spectrum (CDC13): T 5.57
(m, 1H), 7.67 (m, 2H), 8.02 (s, 3H), 8.15-8,75 (m, 4H),
9.00-9,40 (m, 3H), 9,75-10,10 (m, 1H).

Treatment of exo-bicyclo[Z.l.l]hex-z-en-S-yl acetate (14)

" with diazomethane42

An ethereal solution of %&'(gg. 40 mg) was
treated with a ten fold excess of diazomethane at 0° over
a period of two weeks. Reaction was monitored by glpc and

the formation of a single majoxr product was evident. At-
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tempted chromatographic purification of the reaction mix-

ture resulted in decomposition of the product.

Preparation ofﬁexo-anti-tricyclo[3flflf02”4}heptan-6~ol

(81

To a magnetically stirred solution of methyl mag-
nesium iodide (1.5 M, 18 mol) in ether, cooled in an ice
bath, was added dropwise an ethereai solution of é% and
é% (ca. 2,47 mmole). The mixture was stirred for one hour
at room temperature, then cooled in an ice bath and hydro-
lyzed by dropwise addition of a saturated agueous ammonium
chloride solution (10 ml). The aqueous layer was extracted
with ethef (3 x 10 ml), and the combined ethereal extracts
were washed with brine (10 ml) and dried (anhyd. Na2804).
The solution was concentrated to ca. 5 ml and further dried
over molecular sieve (4A). (In most instances the result-
ing dry ethereal solution was used directly in the subse-
quent step). Fractionation of the resulting residue under
reduced pressure afforded 250 mg (92%) of a mixture of R
and 87 (68%). -

- Preparation of exo-anti~tricyclo{3ulu1102’4]hept-s-yl

. p-nitrobenzoate (73)

To a solution of gz (ca. 1.3 mmole; in anhydrbus

ether, cooled in an ice bath, was added dry pyridine (2 ml)
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and p-nitrobenzoyl chloride (400 mg, 2.16 mmole). The
solution was stirred for one hour and then stored in the
refrigerator overnight. The mixture was then poured into
ice-water (60 ml) and stirred for thirty minutes in an
ice bath. The resulting solid was filtered off and the
aqueous layer was extracted with chloroform (3 x 20 ml)
which was then washed with water (2 x 10 ml). The fil-
tered solid was dissolved in phloroéorm and combined with

the chloroform extract and dried (anhyd._Na SO4). The

2
solvent was evaporated to give 599 mg of crude Zg. Chro-
matography of the crude ester (silicic acid, 3% ether in
pentane), followed by crystallization from pentane afforded
300 mg (80%) of pure material mp 82-83°, NMR spectrum
(CDCl3): T 1.75 (m, 4H), 5.22 (d, 1H, J = 8 Hz), 7.35

(m, 2H), 7.90 (m, 1H), 8.40-8,95 (m, 4H), 9.41 (m, 1H).

1 1

IR spectrum: Vv 1717 em™~ (ester), 1556 and 1299 cm~

max
(nitro group). Anal, calecd. for C14H13N04: C, 64.86; H,

5.05; N, 5,40, found: C, 64.92; H, 5.23, N, 5.67.

Preparation of exo—anti-tricycloIBilu1;02’41hept-6—y1

p-bromobenzoate K%&Q)

To a solution of gz (ca. 90 mg, 0.81 mmole) in
anhydrous ether, cooled in an ice bath, was added dry pyri-

dine (1.2 ml) and p-bromobenzoyl chloride (178 mg, 0.81
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mmole). The reaction mixture was stirred at 0° for one
hour and then stored overnighﬁ in the refirgerator. The
mixture was poured into ice-water (40 ml) and stirred for
30 minutes in an ice bath. The resulting solid was fil-
tered off and then dissolved in chloroform and dried
(anhyd. Na2804). The solvent was removed in vacuo to yield
319 mg of crude %%Q' Chromatography of the crude ester
(silicic acid, 2% ether in pentane) followed by recrystal-
lization from pentane-ether afforded 70 mg (30%) of white
crystals, mp 61-63°. NMR spectrum (CDCl3): T 2,50 (q,
4H), 5.37 (4, 1H, J = 7.2 Hz), 7.49 (m, 2H), 8.02 (m, 1lH)
8.60-9.27 (m, 4H), 9.42 (m, 1H). IR spectrum: v_.. 1712

cmt.

Solvolysis of exo-anti—tricyclo[3.li1w02'4]hept-6-yl

Efnltrobenzoate (Zé)

A solution of zé (100 mg, 0.38 mmole) in 60%
aqueous dioxane (30 ml) was placed in a reaction tube,
degassed on a high vacuum line, and sealed. The tube
was immersed in an oil bath at 121.5° and heated for
twenty hours. The tube was opened and the contents were
diluted with pentane (200 ml). The organic layer was
washed with water (3 x 100 ml), agueous sodium bicarbon-

ate solution (3 x 30 ml), and brine. The solution was
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dried (anhyd. Nazso4),.concentrated by distillation through
a spinning band column and distilled under reduced pres-
sure. The distillation residue was recrystallized from
pentane to give 20 mg (20%) of a solid, that had an NMR
spectrum identical to synthetic Zg.

The distillate was washed out of the tray with

CDCl;. NMR spectrum was identical with the one of syn-

thetic zg. Mass spectrum m/e = 110. The average yield
of Zé was ca. 90% as determined by gipc (internal stand-

ard) at two solvolytic half-lives.

Preparation of tricyclo[3.2,0.0277Jhept-4rene:(Zg)

In a stirred flask, at 50° were placed sodium
borohydride (15 g, 0.39 mole), diglyme (65 ml), and water
(35 ml). Norbornadien-7-yl chloride (5 g, 39 mmole) was
added dropwise and the reaction mixture stirred for two
hours. The aqueous layer was extracted with pentane (3
x 50 ml) and the combined organic extracts were washed
with water (2 x 30 ml) and dried (anhyd. NaZSO4). The
solution was concentrated to ca. 50 ml by a distillation
through a spinning band column and used without further
isolation of the hydrocarbon. Glpc (UCW-98, ct room tem-
perature) analysis showed the presehce of 78 (86%) and

norbornadiene (14%). An analytical sample of the tri-
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cyclic hydrocarbon was obtained by preparative glpc (4
foot silicon rubber gum, ct 40°). NMR spectrum (CDCl3):
7T 4.10 (m, 2H), 7.22 (m, 2H), 7.87 (m, 1H), 8.23 (m, 1H),

9.49 (q, 1H). Mass spectrum m/e = 92

Preparation of exo—tricyclo[3,2.0.0217]heptan-4rol4(12)

and exo-tricyclo[3.2.0.02,‘7]heptan--3-ol48 (89)

An anhydrous solution of 18 (ca. 33 mmole) in
pentane (50 ml) was diluted with dry tetrahydrofuran (100
ml) and placed into a flask immersed in an ice bath. A
solution of diborane in tetrahydrofuran (1 M, 30 ml, 30
mmole) was added dropwise and the reaction mixture stirred
for one hour at room temperature. An aqueous solution of
sodium hydroxide 13 N, 20 ml) and 30% hydrogen peroxide
(30%, 20 ml) was then added and the mixture was refluxed
for one hour. The aqueous layer was extracted with ether
(3 x 70 ml) and the combined organic layers were washed
with brine and dried (anhyd. Na2804). The solution was
concentrated to ca. 10 ml and the residue fractionated to
afford 3.1 g (86%) of a mixture of 79 (74%) and 80 (26%).
Analytical samples of the two alcohols were separated by
preparative glpc (10 foot Carbowax column, ct 130°), NMR
spectrum of Zg (CDC13): T 6.08 (4, 1H), 7.45-8.15 (m, 6H),

8,50 (m, 2H), 9.15 (q, 1H). NMR spectrum of §Q (cnc13):
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t 5.37 (t, 1H), 7.32-8.38 (m, 6H), 8.50 (m, 2H), 9.05 (m,

1H). Mass spectra m/e = 110,

Preparation of exo-tricyclo[BJZ.O.02’7Jhept-4-yl (82)

and ex0rtricyclo[3.2.0.02’7]hept—3-yl (83) p-nitrobenzo-

ates

A mixture of 79 and 80 was converted into the
vy vy .
corresponding p-nitrobenzoates (g% and %%) in a manner
similar to that described for the preparation of 75. No
separation was attempted on the oily product mixture, NMR
spectrum (CDC13): T 1.76 (m, 4H), 4.47 (t, 0.73H), 4.95

(d, 0.27H) and 7.3-9.1 (m, 8H). IR spectrum y___ 1715 em™t,

.4
1527 em™t, and 1298 cmt.

Preparation of tricyclo[3.2.0.02’7]hept-4—one (gé) and

tricyclo[3.2.0.0277 Jhept-3-one (85)

Chromium trioxide (30 g, 0.27 mole) was added to
a magnetically stirred solution of dry pyridine (50 g) in

methylene chloride53

(50 ml). The resultant burgundy solu-
tion was stirred for 15 minutes at room temperature, After
this period a solution of {2 and 89 in methylene chloride

(5.1 g, 46 mmole) was added in one portion., After stirring

for an additional 15 minutes the solution was decanted

from the residue, which was washed with ether (3 x 50 ml).
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The combined organic layers were washed with 5% aqueous
sodium hydroxide solution (3 x 100 ml), 5% hydrochloric
acid (100 ml), 5% sodium bicarbonate solution (3 x 50 ml)
and brine. After drying (anhyd. Na2504) the solution was
concentrated to ca. 10 ml and the residue was fractionated
under reduced pressure to give 3,1 g (60%) of a mixture

of %% and gé. 3.1 g of this mixturg was chromatographed
(silica gel, hexane~benzene) to give 700 mg of pure gé.
NMR spectrum (CDCl3): T 7.35 (m, 5H), 8.19 (m, 2H), 8,43

-1
(g, 2H). IR spectrum vmax 1735 em —,

Preparation of endo-tricyclo[3.2.0.02'7Jheptanr7rol4(zg)

To a methanolic solution of 84 (650 mg, 6.01
mmole) at room temperature was added sodium borohydride
(600 mg, 15,7 mmole) in methanol (10 ml). The reaction
mixture was stirred for 20 minutes and then refluxed for
an additional 10 minutes. Aqueous‘sodium hydroxide solu-
tion (3%, 50 ml) was added and the aqueous layer was
extracted with ether (3 x 30 ml). The organic layer was
washed with brine and dried (anhyd. NaZSO4), then concen-
trated to ca. 5 ml. Fractionation of the residue under
reduced pressure afforded 607 mg (91%) of Zg. NMR spec-

trum (CDC1 T 5.62 (m, wy,, = 23 Hz, 1H), 7.50-8.60 (m,

3):
8H), 8.80 (m, 1H). Mass spectrum m/e = 110,
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Preparation of»endo-tricyclo{BuzuO.02’7]hept-4-yl P

nitrobenzoate (77)

A sample of 76 was converted into the correspond-
ing p-nitrobenzoate 77 in a manner similar to that des-
cribed for the preparation of 7J5. After chromatography
(silicic acid, 5% ether-hexane) and recrystallization from
pentane, 77 had a mp 86.5-88°, NMR spectrum (CDCl3):

t 1.78 (m, 4H), 4.70 (m, Wy sy = 23 H;, 1H), 7.39 (m, 2H),
7.75 (m, 2H), 8.08 (m, 1H), 8.40 (m, 2H) and 8.69 (m, 1H).
IR spectrum v__ 1717 an~l, 1527 cm™t, and 1343 com™l,
Analysis: C14H13N04 Calc., C 64.86%, H 5.05%, N 5.40%
Found. C 64.59%, H 4.85%, N 5.66%

Preparation of exo—tricyclo[3,1J1.02'4]heptan-6rone (%Z)

To a dry ethereal solution of gz (40 mg, 0.36

mmole) was added ;_)--benzoquinone56

(235 mg, 2.3 mmole)

and aluminium_g-butoxide (140 mg, 0.5 mmole). The mixture
was refluxed for 17 hours under an inert atmosphere. The
mixture was filtered through celite and washed with 2 N
hydrochloric acid (2 x 5 ml), 5% sodium hydroxide (2 x 5
ml) and brine. ' After drying (anhyd. Na2804) the solution
was concentrated by distillation through a spinning band

column and fractionated under reduced pressure to afford

21’ NMR spectrum (CC14): ¢ 6,97 (m, 2H), 8.85 (m, 3H),
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9.15 (m, 2H) and 9.42 (m, 1H). IR spectrum v___ 1788 cm™l.

" Kinetic Studies

The kinetic studies of 52 and J5 were carried
out in a manner similar to that described in the litera-
turelg’gz.

In all kinetic runs temperature control of the

oil bath used was accurate to at least 0.03°.

Acetolysis of exo-bicyclo[2.2,.0] hex-5-~-en-2-yl p-nitrobenz-

enesulfonate (é%)

A solution of RR (68.0 mg, 0.24 mmole) in acetic
acid (25 ml) that contained an excess of sodium acetate
was prepared. Two milliliter aliquots of this solution
were placed into ten reaction tubes which were then sealed
and immersed in a constant temperature oil bath at 89,7°.
Tubes were withdrawn periodically and after cooling in an
ice bath opened and analyzed. Excess sodium acetate was
titrated against a standard solution of p-toluenesulfonic
acid in acetic acid. A saturated solution of p-naphthol
benzene in acetic acid was used as an indicator. The p-
nitrobenzenesulfonic acid liberated essentially equalled
the theoretical amount expected with the first order rate

constant k = 6.07 x 10 >sec”t.



172,

- Solvolysis of exo-bicyclo[2.2.0]hex-5~en-2-yl p-nitroben-

. zenesulfonate (32) in methoxyacetic acid

A solution of A2 (29 mg, 0.10 mmole) in methoxy
acetic acid (5 ml) that contained an excess of sodium
methoxyacetate was prepared. A one milliliter portion of
this solution was placed in a reaction tube then sealed and
immersed in a constant temperature oil bath at 80°, After
two hours the tube was cooied and analyzed as follows.

The contents were diluted with ether (5 ml) and a 2 ml
portion of a standard solution of p-toluenesulfonic acid
(0.0392 M) in acetic acid was added. The excess acid was
titrated against a standard solution of sodium acetate in
acetic acid (0.0102 M) in the presence of bromocresol green
indicator. The first order rate constant for this reaction

was found to be k = 8.24 x 10 “sec™ 1 (ty /5 = 2.33 hours).

Acetolysis of exo-bicyclo[2.l.l]hex-2-en-5-yl methoxy-

acetate (g%)

A solution of 61 (60 mg, 0.36 mmole) and cis-
decahydronaphthalene (internal standard) in anhydrous
acetic acid (1 ml) containing sodium acetate (70 mg in 2
ml) was prepared., The solution was divided among ten
reaction tubes which, after sealing, were immersed in a

constant temperature oil bath kept at 75.5°. The reaction
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tubes were withdrawn at appropriate times and the reaction
quenched by cooling them in an ice bath. The samples thus
obtained were analyzed by glpc. Integration of the peaks
was carried out with a planimeter., The decrease of the
starting material was measured against the standard. The
kinetic parameters obtained for this reaction are summar-
ized on page 99. Another kinetic run was performed at
96.0°, in an identical manner, These results are shown on

the same page.

Acetolysis of norbornadien-7-yl methoxyacetate

The norbornadienyl methoxyacetate (65 mg) and
n-dodecane (641) were dissolved in anhydrous acetic acid
(1 ml) containing_sodium acetate (35 mg, 0.43 mmole). The
solution was divided among ten reaction tubes which were
then sealed and immersed in an isothermal oil bath at 75.5°.
Sample tubes were withdrawn at appropriate time intervals,
cooled‘in an ice bath and then opened. The disappearance
of the starting material was measured against the standard
by glpc.

Another kinetic run was carried out on a similar
sample at 96,0° in an identical manner. The kinetic re-

sults are presented on page 101,
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Solvolysis~ofiexo-anti—tricyclo[3.1.1«02’4]hept~7-yl p-

nitrobenzoate (Z§)

A solution of 4R (115 mg) in 60% aqueous dioxane
(25 ml) was divided among seven reaction tubes. Tubes
were degassed on a high vacuum system, sealed aﬁd immersed
in a constant temperature oil bath. Samples were withdrawn
at appropriate times, cooled and then opened. One milli-
liter aliquots were withdrawn and the liberated p-nitroben-
zoic acid was titrated against standard sodium hydroxide
solution in 60% dioxane in the presence of phenolphthal-
ein indicator. Kinetic parameters thus determined are
presented on page 108. Rate constants are corrected for
internal return and are average values of two independent

runs.

Thermolysis of exo-bicyclo[2.l.llhex—2~en-5~yl.acetate.(%g)

A solution of 14 (25.6 mg) and cis-decalin (6
mg) in acetic acid (400 mg) was distributed among ten reac-
tion tubes. Tubes were sealed and placed.into a constant
temperature oil bath at 110.0°. Saméles were withdrawn
at appropriate times and the decrease of starting material
measured against the standard, by glpc.

Another kinetic run was performed at 90.,4° in

the same manner. Kinetic parameters obtained for those
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reactions are given on page 136.

Thermolysis of exo-bicyclolle,lJhexﬂzfenrsryl.acetate.(%g)

A solution of ki (21.6 g) in n-dodecane (1 ml)
which contained cis-decalin (7.1 mg) as an internal stan-
dard was prepared. This solution was partitioned between
ten tubes. After sealing the tubes were immersed in a
constant temprature oil bath at 105.1°, Tubes were with-
drawn at appropriate times and the contents analyzed by
glpc. The kinetic parameters obtained are presented on
page 136. Another kinetic run was performed in a similar

manner at 85.1°., (see page 135 for kinetic parameters) .
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