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ABSTRACT

Part 1

To date, no example of a planar, homonuclear,
monocyclic 10 m-electron system is known, which is some-
what surprising in view of the fact that Huckel's "4n+2"
rule predicts that this type of system should show aro-
matic properties. 1,5-Bisdenhydro[10]annulene (%%) repre-
sents this type of system, and would be expected to be
aromatic, Synthesis of 32 would then constitute a valu-
able contribution to aromatic chemistry.

Attempts were made to synthesize both 3,4-benz-
1,5-bisdehydro{l0]annulene (%é) and 3,4-tetramethylene-
l,S-bisdehydro[lO]annulene (%Z). In both cases, the tar-
get molecule was found to be too reactive to allow iso-
lation, The 3,4—benz-derivative (%Q) reacted to form
anthracene (0); the 3,4-tetramethylene derivative (3)
gave 1,2,3,4-tetrahydroanthracenc (g%) and 3,4-benzcyclo-
dec-3-ene-1,5-diyne (%%). It was concluded that QQ and
g% were formed from diradical intermediates, and that 2%
was the result of a "Cope-like" rearrangement of the in-
plane electrons of compound %Z. These results were indi-
cative of the behaviour of tie (hypothetical) parent mol-
ecule (32) and to some extent the chemistry of this sys-

0

tem is now understood. The results obtained also suggested
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tnat a trimethylene derivative of A4 may be isolable.
Preliminary work towards this goal is presented. The 1,5-
bisdehydro[1l0]annulene system is also discussed with ref-
erence to other 10 m-electron aromatic systems.

The 1,5-bisdehydro[ll]annulenyl cation (%é) is
also a potentially planar, 10 w-electron aromatic syétem,
in analogy with compound A+ Hydride abstraction from
3,4~benzcycloundeca-3,7,10-triene~1,5-diyne (%Q) and 3,4~
tetramethylenecycloundeca-3,7,10~triene-1,5-diyne (QQ)
failed to yield the corresponding dehydro[1l]annulenyl
cation derivatives. A discussion of these results in terms
of the molecular geometry and in reference to a known

bridged [1l]annulenyl cation is presented.

Part II

Recently there have been reported numerous ex-

amples of transition metal-catalysed rearrangements of

hignly strained hydrocarbons. These reactions promise to
yield valuable informatici concerning strained molecules,
transition metals, .nd their interaction. Some of these
rearrangements are discussed, Particular emphasis is placed
on the Ag(I)-, Pd(II)- and R:(I)- catalysed conversion of
substituted bicyclobutanes into butadienes. The dependence
of the course of the reaction on the metal, the metal lig-

ands and the substitution pattern of the bicyclobutane is



emphasized. Mechanistic possibilities for these rearrange-
ments are presented.

At the start of this work, no intermediates in
the conversion of bicyclobutanes into butadienes had been
detected, It was found that PdClZ(C6H5CN)2 (QQ) rearranges
tricyclo[4.1.0.02’7]heptane (43) into 3-methylenecyclohex-
ene (43). Monitoring this reaction by cold temperature
nmr spectroscopy showed that two intermediates (QZ and g%)
are involved in this reaction. Intermediate p8 was shown
to be a carbene-metal complex which had been proposed
earlier as an intermediate. Complex Qé represents the
first detection and characterization of an intermediate
in the transition metal-catalysed rearrangement of bicyclo-
butanes. Details of the conversion of %% into %E by cata-

lytic amounts of pf are presented.
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PART I

CONCERNING THE 1,5-BISDEHYDRO{10]ANNULENE SYSTEM

"And if a thing is unknown, how is it possible for

anyone to endeavour to produce it or to destroy it?"

Avicenna

De Mineralibus

circa 1020 AD



CHAPTER 1
INTRODUCTION

A. Cyclic m-Electron Systems

In 1931, Erich Hiickel reported the first applica-
tion of Molecular Orbital (MO) Theory to organic chemistry.l
His representation of the structure of benzene thus flaced
earlier, more empirical descriptions2 on a firmer theore-
tical basis, and allowed extending the concept of aromati-
city to other m-electron systems, thereby providing impetus
for a vast amount of theoretical and synthetic organic
chemistry.

Hiickel's theory for conjugated monocyclic poly-
enes has had remarkable success, considering the rather
generous assumptions inherent to it.3 The planar o-bond
framework is considered to be completely separable from
the m-system, which is made up of 2pZ carbon orbitals per-
pendicular to the plane of the molecule. The interaction
of the non-adjacent p, orbitals is assumed to be non-
existent. The molecule is also assumed to consist of
equivalent CH units with equal carbon-carbon bond distances
around the pefiphery.

Linear combination of atomic orbitals (LCAO) then
leads to a set of molecular orbitals. Some of these mol-
ecular orbitals have energies lower than the constituent

P, orbitals (bonding MO's) and some are of higher energy
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(anti-bonding MO's). The lowest lying MO is always single,
and therefore accommodates two electrons of opposite spin.
Higher bonding levels occur in degenerate pairs, each pair
requiring 4 electrons to fill them. Each group of bonding
MO's can be thought of as a shell, and so it is that 4n+2
electrons (n is an integer) are required to yield a

filled-shell configuration., These features are illustrated

below.
A M = 4n+2 M = dn
(n=2) (n = 3]
2pz ___________________________

e
JSE ISR

=
4

-
4

n-Type Molecular Orbitals for Cyclic Polyenes, CMHM

In some 4n-electron cases, absence of alterna-
tion in bond lengths results in degenerate MO's containing

1 electron each, The system will distort in order to
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remove the degeneracy and pair the electrohs in a highest
bonding MO, leaving a lowest non-bonding MO vacant. This
is illustrated above for a l2-electron system,
Hiickel's theory leads to a rule, which has become
known as the "4n+2" rule; it may be stated as follows:3
"those monocyclic coplanar systems of trigonally
hybridized atoms which contain 4n+2 electrons
will possess relative electronic stability.”
Thus, benzene (1) (n=1) is a particulariy inac-
tive compound, Cyclopentadienyl anion4 (2) and cyclohep-
tatrienyl éation5 (3) are far more stable than might be

expected for classical organic ions. The next extension

©

: 3

of Hiickel's rule is that the particular electronic stabil-
ity associated with a filled-shell configuration is re=
flected in the classical concept of aromaticity. In this
way, aromatic character might be expected of any planar,
cyclic array of 4n+2 1-electrons.

Originally, the concept of aromaticity was asso-
ciated with low chemical reactivity, This however, is a

reflection of the transition state energy, which is not
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easily calculated, nor particularly convenient. That
tropylium cation (3) is stable is irrefutable, but it is
also highly reactive,

A far more useful description of aromaticity
would be one based on ground-state properties, which would
be a better reflection of electronic structure, and there-
fore more in keeping with Hiickel's theory. Some measurable
property of 4n+2 m-electron systems is thus needed as a
basis for a new definition of aromatic character.

The attempt to reconcile the classical concept
of aromaticity with the more modern idea of low ground-
state enthalpy has resulted in recent years in a plethora
of naw terms and classifications of polyenic molecules:

1) pseudo-aromaticity6

2) quasi-aromaticity7

3) anti-aromaticity8

4) non-aromaticity9

5) homo-aromaticity10

6) pseudo-anti-aromaticityll
The suggestion has even been made that the term "aromati-
city" be discarded altogether.12

This host of terms is a reflection of the fact
that no single physical criterion has emerged as a defini-
tive means of establishing whether or not a compound is

aromatic, This omission is not due to a lack of sugges-
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tions.l3 For instance, low enthalpy of formation is thought
to be indicative of aromatic character. However, the
"lowness" of this enthalpy of formation must be judged
relative to a hypothetical molecule, whose enchalpy of
formation is dependent on some rather arbitrary assumptions
about the geometry and electronic structure of this (fic-
titious) molecule.l4 Thus this criterion is hardly rigor-
ous. The designations of "alternant" and "non-alternant"
hydrocarbons, and Craig's symmetry rules also fail to
provide a rigorous definition of aromaticity.13

Benzenoid aromatic compounds show diamagnetic
susceptibility effects. In order to explain this pheno-
menon, Pauling15a and London15b proposed the existence of
an interatomic ring current induced in the cyclic, conju-
gated m-electron system when a magnetic field is applied
perpendicular to the.plane of the ring, Aromatic hydro-
carbons also exhibit characteristic chemical shifts in the
nmr spectra of protons attached to the aromatic ring.
These shifts are generally downfield from the "normal
olefinic" positions. The ring current model was invokedls’17
to explain these shifts, the effect of a diamagnetic ring
current being to cause considerable downfield shifts
(deshielding) in the molecular plane outside the ring and
even larger upfield shifts (shielding) inside.

In 1966, Pople and Untch18 pointed out that
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London's theory of ring currents15b did nét restrict them
to diamagnetic effects. Indeed, by mixing in of non-
bonding MO's, the theory predicts a negative contribution
to the magnetic susceptibility (diamagnetic ring current)
for 4n+2 m-electron systems and a positive contribution

(paramagnetic ring current) for 4n systems,

A few interesting facts emerge from this descrip-
18

tion:

1) For all sizes of rings, the magnitude of the ring
current is partially quenched by bond alternation, This
quenching gets larger in larger rings.

2) For 4n systems, infinite paramagnetism is pre-
dicted in the absence of bond alternation, This, however,
is not likely to occur because the molecule will distort
to remove the degeneracy of the highest occupied and low-
est unoccupied orbitals.

3) For 4nt2 systems, n<7, the theory predicts an
increase in diamagnetic ring current with ring size. 1In
the event that rings are puckled, the magnitude of the
ring currents will decrease with the decrease in the effec-
tive overlap of the 2p atomic orbitals.

4) In the nmr spectrum of these molecules, protons
on the outside of a diamagnetic (4n+2) ring current will
be deshielded; those inside will be shielded, For para-

magnetic systems (4n) these effects are precisely reversed.,
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By this theory, some measure of fing planarity,
type of m-conjugation, and degree of conjugation is indi-
cated by nmr spectroscopy. These factors are precisely
those dealt with by the Hiickel theory, Accordingly, chem-
ical shifts of protons bonded to cyclic polyenic systems
may reflect the aromaticity of the system, Indeed, such
effects were proposed as a new, qualitative measure of
aromatic character.”’19

However, such a description is apparently not

e e 13
accurate enough as a quantitative measure of aromaticity.

Musher20 has attacked the ring current model, arguing that
the chemical shifts displayed by aromatic hydrocarbons can
be explained by the sum of contributions from localized
electrons of both o- and m-character. In turn, this theory
was criticized21 in that it failed to predict shielding

of protons inside the aromatic ring,

It is the view of the present author that the
ring current model gives a qualitative account of chemical
shifts, and therefore may be used as a test of aromatic
character, but it is not indicative of the degree of aro-
maticity, Discussion of degree of aromaticity appears
futile; any such discussion presupposes an exact definition
of aromaticity, none of which has been generally accepted

(see for instance, ref, 14)., The MO description of aroma-

ticity is a good, qualitative means of understanding the
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phenomenon, and any attempts at quantitati&e measure have

been based on measurement of physical properties which can
be accounted for on the basis of a delocalized m-electron

system. |

In all branches of chemistry (indeed, in a}l
branches of knowledge) there exists a tendency to classify
or group facts according to certain patterns. The periodic
table is a prime example of this. Once grouped, a common
criterion is sought or proposed, to place on an objective
plane the reasons for the grouping of the facts--the source
of their common characteristics. This process is exceed-
ingly valuable for garnering deeper understanding of the
physical realities in question.

Benzene is an aromatic compound. Its curious
properties, as related to polyolefinic compounds, then led
to the development of the class of compounds called aroma-
tic. Those molecules with features in common with benzene
(low chemical reactivity, delocalized electron systems,
diamagnetic susceptibility, etc.) have thus been included
in this class. Hiickel's theory, and extensions of it,
allowed prediction of unknown structures that should exhi-
bit similar properties.

Measurement of physical properties that may arise
from factors delineated by Hiickel's theory as quantitative

measures of the concept of aromaticity will lead to situa-
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tions in which compounds intuitively considered aromatic
are then excluded from the class, which in turn, is bound
to cause disagreement among those working in the field,

Discussion of aromaticity as a class of com-
pounds has to some extent been confused with discussion
of aromaticity as a physical phenomenon, this latter des-
cription being, at the very least, a controversial means
of proceeding (see for instance, ref. 12-14). However,
aromaticity as a class of compounds necessarily involves
subjective and/or intuitive judgement when the question
arises as to whether or not a particular compound is
aromatic; any comparison, for instance, of a non-benzenoid
hydrocarbon with benzene obviously must discount differences
between the two as being unimportant relative to the sim-
ilarities that may exist. This discounting thus involves
subjectivity, insofar as quantitative assessment of the
relative importance of physico-chemical facts is not pos-
sible,

Finally, the following statement may be perti-
nent: "In these cases in which a given theoretical notion
is made to correspond to two or more experimental ideas,
it would be absurd to maintain that the theoretical con-

cept is explicity defined by each of the two experimental

, 22
ones in turn.,"
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For the purposes of this Thesis,.the term "aro-
matic" or "possessing aromatic character” will be used to
mean that the compound under consideration is a member of
the class of aromatic compounds; that is, the compound
possesses certain properties, in common with benzene in
kind, if not degree, that are at least explicable in terms
of Hiickel's molecular orbital theory. These properties will
include, for instance, planarity of the molecule, lack of
bond alternation, evidence for extensive electron delocal-
ization (with reference to uv spectroscopy) and particularly
diamagnetic anisotropy effects. This preceding discussion
is not intended as a definition of aromatic character, but
rather a working description of particular molecules that
allow their classification as aromatic compounds. The
description is used with recognition of the limitations
inherent in applying these physical phenomena, but also with
recognition of the utility of dealing with compounds as
groups, rather than individuals. Labelling a compound in
no way affects the reasons why that compound is interesting.

The prediction of aromaticity for cyclic, planar
fully conjugated 4nt2 m-electron systems was mentioned at
the outset. Perhaps in no other endeavour in chemistry has
the coupling of theory and experiment been so fruitful in
gaining understanding of the electronic structure of mole-

cules, This section has briefly discussed some theoreti-
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cal aspects of aromatic chemistry; the next section will
present some representative experimental work which sup-

ports the "4n+2" rule.

B. Some 4n and 4n+2 m-Electron Systems

The annulenes are monocyclic, fully conjugated
polyenes, with the ring size being indicated by a number
in brackets. Conjugated polyene-polyynes are called dehy-
droannulenes, with bis, tris, tetra, etc , being used as
prefixes to indicate the number of acetylenic bonds in the
ring. Thus, benzene (é) is [6]annulene, cyclooctatetraene
(é) is [8]annulene, and compound p is 1,3,7,9-tetradehydro~-
[12] annulene, This system of nomenclature was suggested
by Sondheimer23 in order to simplify the names of macrocyc-
lic polyenic compounds, and it will be used throughout the

remainder of this Thesis,

0 9

Sondheimer has done much of the synthetic work
24,25

ol
It

in the higher annulene series, This followed from
his discovery26 that oxidative coupling of a,w-diacetyl-

enes led to the formation of cyclic polyacetylenic com-
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pounds, Rearrangement of these compounds in strong base
gave rise to fully conjugated dehydroannulenes, which on
partial catalytic hydrogenation produced the desired annu-
lenes,

Both annulenes and their dehydro-analogues are
useful compounds for investigating the limits of Hiickel's
theory. Dehydroannulenes are particularly interesting
because the acetylenic bonds induce planarity and some
degree of rigidity into the annulene ring, which still
possesses the correct number of out-of-plane m-electrons,

Monodehydro[14]annulene (g, or an isomer) was
formed by coupling of trans, trans-4,10-tetradecadiene-1,7,-
13-triyne, followed by treatment with potassium t-butoxide.

Hydrogenation of § over Lindlar catalyst gave [14]annulene

(Z), a (4n+2) m-electron system (n=3).27 [14)Annulene is
not very stable, but exhibits a uv spectrum characteristic

of a conjugated system (Amax 321 and 378 nm; ¢ = 69,000 and
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5,700) . [14]Annulene exists in two forms,'thought to be
1A and 7B, which result from the crowding of the internal
protons, This crowding probably accounts for the instab-

ility of this compound.28

- 1R

The nmr spectrum of isomer JA at -126° shows peaks at T
2,12 (10H) and t 10.61 (4H), assigned to the outer and
inner protons respectively.29 The presence of a diamag-
netic ring current is indicated. Recently, Oth has shown29
that the temperature dependence of the nmr spectrum of [14]-
annulene (1) is due to a fast isodynamic transformation
between the two conformers, [A and JC. X-ray analysis30
shows that JA is the crystalline form of [14] annulene.

The molecule is not quite plamar, but the near centro-
symmetric structure, and C-C bond lengths (1.350 - 1.407
K), indicate that there is no chemically significant al-

ternation in bonds. [l4]Annulene (1) is in accord with
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SR

Hﬁgkel's rule, and is aromatic. Several dehydro-derivatives
show similar properties,17 and are also aromatic,

The first higher annulenes that Sondheimer re-
ported were those containing the 18 m-electron system.3l-37

1,7,13-Tridehydro[18] annulene (g)31 is a stable aromatic

~\
/

/

compound; its nmr spectrum shows absorptions for the outer

ring protons at T 1,7-3.1 and for the inner protons at
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T 8.26.17 Partial hydrogenation of 8 led to [18]annulene
(,‘a).32 The uv spectrum of 2 shows maxima (benzene) at
378, 415, and 456 nm (e = 297,000, 8,700 and 28,400), A
stabilization energy of 100:6 kcal/mole was determined by
combustion analysis.33 The size of the 18-membered ring
permits conformational mobility, and thus the nmr spectrum
of [18]annulene is temperature-dependent, a phenomenon
which is observed in other large annulenes.17 At -60°,

2 shows peaks in the nmr at t 0,72 (12H, outer protons)

29,35

and 1 12,99 (6H, inner protons). Compound 9 also

37 [18]Annulene is

undergoes electrophilic substitution.
an aromatic compound. Several dehydro[18]annulenes have
been prepared,34’36 and they show properties consistent

with them being aromatic.

38 that annulenes containing

Dewar had calculated
4n+2 m-electrons and a reasonably planar carbon skeleton
would be aromatic up to and including [22] annulene, but
that [26]annulene would no longer be aromatic. Similar
considerations apply to the dehydro analogues. Thus Sond-
heimer's synthesis of monodehydro[22] annulene (%Q) was of
considerable interest.39

Compound 10 shows uv absorption (ether) at 280
m (¢ = 28,800), 372 (132,000), 438 (11,900), 452 (12,200)

and 495 (3,600), The nmr spectrum of 10 showed multiplets
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b . W

at T 1.55-3.75 (13H, outer protons) and t 6.55-9,30 (7H,
inner protons). The exact structure of this compound (1)
is unknown, and 1f represents one of several possibilities.
The compound is aromatic.

Partial hydrogenation of 10 gave [22] annulene
(&k).40 The nmr spectrum of 1l was found to be temperature-
dependent, At -90°, it consisted of multiplets at T 0,35~
0.7 and T 0,9-1.5 as well as a high-field multiplet at T
10.4-11.2. At 65°, the spectrum is a broad singlet at T
4,35, [22]Annulene is aromatic, by virtue of the diamag-
netic éhifts in its low-temperature nmr spectrum,

A tridehydro[26]annulene (for instance, l2) has
been synthesized by Sondheimer's group.41 The nmr spec-
trum of 12 showed only a very broad multiplet at t 2.0-
4,5, Cooling did not significantly alter the spectrum,
Thus there is no evidence that this compound (%%) can sus-

tain a diamagnetic ring current; it is not aromatic.
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W¢

12 1A

However, a monodehydro[26]annulene (%é) has
recently been reported.42 At -90°, this compound has ab-
sorptions in the nmr spectrum at T 2.1-3,8 and 1 5.8-6.0.
This difference in the chemical shifts for the inner and
outer protons indicates that 13 is capable of sustaining
some diamagnetic ring current, and is therefore aromatic.
The limit, then, of aromaticity with ring size38 appears
to be the 26-membered ring. Compound A3 is the largest
monocyclic compound for which a diamagnetic ring current
has been detected.

All of the above compounds contain 4n+2 m-electron
systems, Hickel's theory allows the prediction3 that sys=
tems of 4n+3 m-electrons should be capable of giving up an
electron to form a cation with 4n+2 m-electrons; systems

of 4n+l m-electrons should similarly add an electron to
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form a closed-shell 4n+2 m-electron anionic system, [4n]-
Annulenes may also add 2 electrons to form 4n+2 m-electron
annulenyl dianions,

Examples of each of these systems are known,
[5]Annulenyl anion (,%)4 and [7]annulenyl cation (,\31)5’45
have already been mentioned, Non-aromatic [8]annulene (4)

N

is converted into [8]annulenyl dianion (14) by reduction

® O

14 L

of % with alkali metals.46 2-Chlorobicyclof6.1.01nona-

2,4,6-triene gives the anion k§.47 '

That these compounds
even exist should justify their inclusion into the aromatic
class of compounds. The nmr spectrum of %é is a sharp
singlet at 1 2,96, a low field absorption in spite of the
shielding effect of the negative charge. Thus s sustains

a diamagnetic ring current.

The simplest of all aromatic systems is the

1
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cyclopropenyl cation (1f) (n = 0), which has been prepared

in substituted and unsubstituted form.48

Sondheimer has begun extending his annulene

25,49

chemistry ta ionic systems. One example of this work

is the [17]annulenyl anion (%Z).49d This compound shows

OMe

nmr absorptions at T -0.47-2.16 for the outer protons, and
1 18,54, 18.85, and 19,01 for the inner protons. These
unusually large differences in chemical shifts are demon-
strative of a ring current for this 4n+2 m-electron system.
The simplest of [4n]annulenes is cyclobutadiene
(n = 1), It is unknown, and still presents a considerable
challenge to synthetic organic chemistry; some derivatives
of [4]annulene have reportedly been isolated in the lat-

tice at liquid nitrogen temperatures.50 [8]Annulene (4)

was synthesized in l9ll;51 it is not at all like benzene,

a fact that provided further impetus in looking for an
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explanation of aromaticity.
Dehydro-analogues of [12]annulene have been syn-

thesized (compounds 18 and &2).52 The two protons on the

=7 7~
)

®
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trans- double bond of %Rg resonate in the nmr spectrum at

T ~-0.9; it was suggested that this is the result of an
averaging process caused by interconversion of two planar
conformers, and that the ring is sustaining a paramagnetic
ring current.18 This conformational change is not possible
in compound A9b because of the size of the bromine atom,
The syhthesis of compound 19b was achieved by Untch and

>3a The single, inner proton appeared at t -6.4.

Wysocki,
kgk is therefore planar, or nearly planar, and supports an
induced paramagnetic ring current, which is elegantly in
agreement with the theory briefly discussed earlier.18
[12]Annulene (%Q) has been prepared, but not isolated.53b

Compound %Q is thermally unstable above ~40°,
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!

[16]Annulene (%%) has been prepared, and is a

very unstable compound.54 Evidence has been presented to

show that dehydro-analogues of 21 sustain an induced para~

magnetic ring current.

&

[20]Annulene (%%) has also been reported.55 Both

yal and 24 are definitely not aromatic. [24]Annulene is

also known,56 and it has paramagnetic properties.
Experimental work in annulene chemistry appears

to be in complete agreement with theory. The ring current

model seems also to have been vindicated, at least as a

means of explaining otherwise anomolous chemical shift



22,

data,

In all of the above work, there is one notable
blank space. No mention has been made of the 10 7~
electron system, (10]annulene (n = 2), or its dehydro~-

analogues.58 They merit a separate discussion on their

own,

C. The 10 m-Electron System

[10]Annulene is the next highest 4n+2 homologue
of benzene, and thus might intuitively be assumed to be

aromatic, Three configurations of the molecule are pos-

sible (33, 24, 23).

& i &

Isomer %é is free of angle strain, but the trans-
annular interaction of the internal hydrogens appears to
be so great that the carbon skeleton is not expected to be
planar, Isomer %% has no such interactions, but the bond
angles for a planar structure (144°) are considerably dis-
torted from the normal angle (120°) for sp2 hybridized

carbons, Structure %é can be considered a compromise
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between 23 and 4, and it too would involvé c&nsiderable
angle strain and geometric distortion,

Isomer 25, however, does suggest a means of con-
structing a 10-membered annulene with only minor distortion
from planarity. This involves replacing the internal hy-
drogen atoms with a one atom bridge. Such an approach has

been successfully employed by Vogel59 who synthesized com-

pounds 26a-c.

ggg)x=c1{2
h) X=0
¢) X =1NH

These compounds do indeed exhibit aromatic character,
Further discussion of them is deferred to Chapter 5.

Whichever of the isomers of [10]annulene (%%, %%
or %é)'are considered, a lack of planarity and a tendency
for transannular reaction would be expected.60 This lack
of electronic stabilization coupled with the expected high
reactivity were evidently responsible for the failure of
synthetic attempts to make this molecule.

Sondheimer has reported the synthesis of the

tribenz{10]annulene (%Z).Ss He concluded that the 10-
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0

membered ring in 27 is not planar, and no evidence for a
delocalized electron system around this ring existed.

This indicated that any stability achieved by such delo-
calization was outweighed by the steric and strain effects
involved in a planar structure, as expected,

In 1967, van Tamelen and Burkoth reported the
apparent trapping of an intermediate [10]annulene gener=
ated by the photolysis of §£§E§j9,10-dihydronaphthalene;6l
the first synthesis, isolation and characterization of
[10]annulenes was finally accomplished in 1971 by Masamune
and co-workers, by low temperature photolysis of 935-9,10-
dihydronaphthalene, followed by low temperature workup.60'62

The two isomers, (gig)s-[IO]annulene (%@) and
EEEEE,(925)4-[10]annulene (%%) were indeed very reactive,
stable only up to -10° and -50° respectively. The nmr
spectra shoved only olefinic absorptions; both lH and 13C
nmr spectra of 24 were temperature dependent, indicating
that this isomer was not planar. Neither compound (23 OY

%%) can be called aromatic. It should be pointed out that
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these two compounds are not exceptions to Hiickel's rule;
they simply fail to meet its requirements,

In 1948, Sworski briefly discussed incorporating
acetylenic and/or cumulenic bonds into 4n+2 m-electron
systems;63 the triple bonds in some instances induce the

molecule to assume a planar configuration, Sondheimer has

used this approach with particular success in [12]~ and
higher annulenes, as outlined previously, Sworski made
particular reference to 1,6-bisdehydro[10]annulene (%@),
for which the Kekulé structures are shown. The molecule

should be planar, with only moderate apparent

} = ——
L=
- %

strain.

-

Sondheimer has reported an attempted synthesis
of a molecule (£9) which formally incorporates the bisde-

hydro[10]annulene (%@).58 The only isolable product from

03658

i

I

\

L
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this attempt was zethrene (30). The formation of A9 indi-
cated that 29 was very unstable (assumedly this compound
was an intermediate) and reaaily undergoes transannular
reactions,

This instability is probably a reflection of

the interaction of the in-plane m-electrons of the acetyl-

enic bonds. The centre of the molecule might well be
expected to be crowded for this reason, and transannular
reaction would relieve repulsive interactions. Little is
known about l0-membered ring cyclic acetylenes. Recently,

Reese reported the synthesis of compound 3&64 (along with

OMe

MeO

XD

b

the unwarranted claim that this was the first example of
a l0-membered ring containing two acetylenesss). A is
apparently a stable compound, indicating that the inter-
action of the in-plane m~electrons, in this case, is not
severe, Jl also is an intermediate in a possible synthe-
tic pathway to 1,6-bisdehydro{10]annulene (¢8), although
how promising this route is awaits further work.

It is apparent, however, that 48 will probably

suffer severe interaction of the acetylenic m-electron
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clouds, There is an alternate bisdehydro[l0]annulene:
1,5-bisdehydro{10]annulene (é%)ss (for which, Kekulé struc-
tures are shown)., This molecule should be planar, and, as

indicated by Dreiding models, should not be unduly strained

--certainly it should be less strained than a planar (gig)s

W
/
)
I\

L

]
N\

[10]annulene (23). It also contains a 10 m-electron sys-
tem, and thus should be ideally suited for studying the
properties of planar 10 7-electron systems, making 32 a

desirable synthetic objective,

The structure of 32 suggests another interesting,
potentially planar 10 m-electron system, and that is the

l,5-bisdehydr6[ll]annulenyl cation, 33.

Assumedly, the cation %% could be generated by

hydride abstraction from cycloundeca-1,5-diyne-3,7,10~-
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triene (g%). The attractive aspect of this latter mole-
cule is that models suggest that it is vir£ually strain=-
free, and it therefore should be a stable compound, which
augured well for the ultimate preparation of cation g%.

Our synthetic objectives were then to build mole-
cules 32 and 34, or compounds which formally contained
these systems. In practice, the first synthetic targets
were compounds 35 and 28s the 3,4-benz-fused analogues of

34 and A4, respectively,

/Ié\ 270
NS S/
EE) EE)
ié\ Z7\
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This choice was made for two reasons: 1) the starting
materials necessary for the projected synthetic schemes
were readily available; 2) it was hoped that the presence
of the benzene ring in the synthetic intermediates would
help stabilize them, thus facilitating the synthesis of
both 35 and 36. This body of work is the subject of

Chapter 2,
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For reasons that will be delineated later, we

also pursued the synthesis of compounds aq and 38, which

are the 3,4-tetramethylen:~ derivatives of the 10 7~
electron systems 32 and 34. Some intriguing chemistry
arose from these studies, which are presented in Chapter
3.

Chapter 4 dea:s briefly with other synthetic
approaches to the 1,5-bisdehydro{10]annulene system,
Chapter 5 is a summary and assessment of this body of

work as it relates to other 4n+2 m-electron systems.
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CEAPTER 2

SYNTHETIC APPROACHES TO A BENZ-FUSED 1,5-BISDEHYDRO-

[10] ANNULENE

A. The 10-Membered Ring

The first synthetic objectives in our study of
bisdehydro[10] annulenes were the benz-fused systems 35 and

A, as was mentioned previously.

\\

i
N

a2
X
P2 )
—-—

3

It would obviously be of great advantage if the
respective syntheses of these two molecules were similar
in concept, or even if they involved some of the same syn-
thetic intermediates. Consider first the *dissection" of
the molecules into possible "building blocks". The only
difference between 3 and 3¢ is the methylene carbon at
position 9 in 36, and therefore, in order to utilize com-
mon synthetic intermediates, the breaking up of the mole-

cules must occur at points to the "left" of this carbon



K}

atom, Two lines of dissection can then be considered, as
indicated by the broken lines (a and b) in the figure
above,

The first line (line a) implies a synthetic route
in which, at some stage, a benz-fused, 8~carbon unit is
condensed with a 2~ or 3-carbon unit to form the 10- and
11-membered rings of 35 and 3f respectively, Inclusion of
acetylenic bonds in the 8-carbon unit offered the advantage
of approximately correct geometry for the ring formation,
The Wittig reaction converts carbonyl functions into double
bonds, with concommitant introduction of carbon atoms.
There was some precedence for using a bis-ylid i1 ring

58,66 and thus formation of at least the

forming reactions,
(strain-free) ll-membered ring by this route seemed quite
favourable, These considerations dictated that the de-

sired structure of the 8-carbon unit was the dialdehyde 39.

;Ei"4<: _,,——*”*' R

3\{{ T ¥
"

A readily available starting material was o-

phthalicdicarboxaldehyde (40). The synthesis of 39 con-
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sisted of adding 2-carbon moities to each of the aldehyde
groups in 40, followed by functional group modification

leading ultimately to 39. The synthesis is outlined below,

. CHO 02Et
@
CHO e
1 a1 . NCO,Et

2

CHO
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as first performed by S. Sarkar of our labaratory.

Condensation of phthalicdicarboxaldehyde (40)
with 2 mole equivalents of carboethoxymethylenetriphenyl-
phosphorane gave without complication, the bis-vinylic
ester 41, as colourless crystals (mp 77,5-78°). The ir
spectrum of 41 showed absorption for the a,B-unsaturated
ester carbonyl at 1710 L,

In order to avoid possible 1,4-addition to the
o, B-unsaturated ester groups in a metal hydride reduction
of 41, di-isobutyl aluminum hydride in benzene was chosen
as the reducing agent, This reagent has proven to be more
satisfactory than lithium aluminum hydride for these types
of reduction.67 Reduction of 41 by this method gave the
allylic diol 42, as colourless crystals (mp 91-91,5°).
Presence of OH absorption (3600 cm'l) in the ir spectrum
of é% confirmed that the reduction had occurred; a complex
multiplet at t 2,4-4,0 in the nmr spectrum showed that the
double bonds were still intact after the reduction,

Oxidation of the diol 42 to the dialdehyde 43
was achieved in good yield by reaction with MnO, in methyl-
ene chloride.68 The ir spectrum of 43 (2700 enl and 1680
cm-l) confirmed the presence of the aldehyde residues.
Treatment of 43 with bromine in acetic acid, followed by
anhydr. X,C0,, gave the vinylic dibromide 24 (aldehyde

2
proton at 1 0,5 in the nmr spectrum of éé), which, on treat-
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ment with ethyl orthoformate and a trace of acid gave the
bis-diethyl acetal 45, This compound was bis-dehydrobro-
minated by the action of potassium hydroxide in ethanol to
give the acetylenic diethyl acetal 4f, which gave the
desired bis-acetylenic aldehyde 39 upon mild acid hydroly-
sis,

Unfortunately, the overall yield of A9 was not
very good (37%), and the procedure was somewhat lengthy,
and not particularly amenable to the production of large
quantities of AR which we expected would be necessary.
Several attempted conversions of A into an ll-membered
ring compound failed, as did attempts at chain extension
reactions, in order to ultimately construct the 10-membered
ring, At the time that the synthesis of 39 was complete,

a second approach to the synthesis of %é and 36 was offer-
ing promising results, and so the route through dialdehyde
AQ Was abandoned,

This second synthetic approach is indicated by
the doéted lines marked b in the figure on page 30. Con-
densation of a benz-fused 6-carbon unit with an appropri-
ate 4- or 5-carbon unit would lead to a molecule containing
the required 10~ and ll-membered rings, respectively. Fur=
ther modification of these latter compounds would then lead

to 35 and 36.

The choice of the 6~carbon unit was obvious.
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ngiethynylbenzene (QZ) contained the required acetylenic

X —
Y = Y
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bonds, and suggested that the ring formation could be

Ul

Y 4
A\

achieved by nucleophilic displacement by the bis-acetyl-

enic anion. ngiethynylbenzene was a known compound, and
our synthesis of 47 was modelled on that reported.69

Once again, gfphthalicdicarboxaldehyde (éQ) was
the chosen starting material. Reaction of éQ with 2 mole
equivalents of methylenetriphenylphosphorane gave gfdivinyl-
benzene (48) without complication., Reaction of 48 with
bromine in carbon tetrachloride quantitatively gave the
tetrabromide (%2) as colourless prisms (mp 74-75°) .,
Treatment of 49 with 4 moles of potassium t-butoxide in

~ t-butanol gave the desired o-diethynylbenzene (%x) in ca

—
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65% yield as a colourless liquid (bp 59° at 3.5 mm Hg),

//4

which turned red-brown on exposure to air., 47 exhibited a
sharp singlet at 1 6.65 (2H) in its nmr spectrum, attribu-
table to the acetylenic protons. Bands at 3230 and 2110
cm_l in the ir spectrum confirmed this assignment,

In order to form the l0-membered ring, the 4-
carbon unit chosen was 2—phenyl-4,5-§£§E§fditosyloxymethyl-
dioxolane (EQ). The actual cyclization reaction was envis-
aged as a nucleophilic displacement of the tosylate groups
by the bis-acetylenic anion formed from o-diethynylbenzene
(%Z). This condensation involves the formation of a some-
what strained ring system, Therefore the most favourable

arrangement of the tosyloxymethyl groups was that in which
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the distance between them most closely matched the distance
between the ends of the acetylenic groups. Molecular models
indicated that this arrangement was best achieved by the

trans stereochemistry on the dioxolane ring, implying a

molecule with a g};configuration (EQ)°

Attempted reaction of dilithio diethynylbenzene
with 1,4-dibromobutane failed to yield any of the 10-
membered ring compound. This indicated that some rigidity
in the 4-carbon unit was desirable to facilitate the cyc-
lization reaction. The dioxolane ring system of g0 was
suitable from this point of view. In addition, after the
cyclization, hydrolysis of the dioxolane ring would result
in the formation of a l0-membered ring substituted by two
hydroxyl groups, which could be converted into functional-
ity suitable for p-elimination to the desired bisdehydro-
[10]annulene (33). The synthesis of 30, which was achieved
in collaboration with Dr. J. Salalin of this laboratory, is

outlined below,
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Etozc\ OH Et0,C\
N 27N

Et0,C OH B0,CY 52
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The desired g};stereochemistry of 50 dictated the
choice of starting materials to be diethyl dl-tartarate
(g%). The dioxolane ring was formed by acid-catalysed
reaction of é% with benzaldehyde, under benzene reflux,
with azeotropic removal of water formed. The dioxolane di-
ester (p2) was formed in excellent yields, That the stereo-
chemisfry of this compound was as desired was evident from
the nmr spectrum. The protons on the ethyl groups reson-
ated at T 8.72 as a triplet of doublets (6H) and at t 5.70
as a quartet of doublets (4H), indicating that two differ-
ent ethyl groups were present, as is necessary in a struc-
ture such as 52, with the phenyl group on one side of the

ring, The protons at positions 4 and 5 on the ring showed
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as an AB quartet cantred at 1 5,08 (JA,B = 4), thus con-
firming the stereochemical assignment.

Compound 52 was reduced by lithium aluminum hy-
dride in excellent yields to give diol 53 as colourless
crystals; 53 was not further purified, but reacted directly
with p-toluenesulfonyl chloride in pyridine to give the
desired ditosylate (ég) as colourless crystals (mp 131,5-
132,5°), Besides aromatic absorptions (t 2.42, m, 13H) and
the tosylate methyl absorptions (t 7.60, s, 6H), the nmr
spectrun of 50 showed a sharp singlet (t 4.20, 1H) for the
benzylidene proton, and a broad singlet (apparent) (t 5.80,
6H) for the methylene protons and the protons on the dioxo-
lane ring,

The condensation of o-diethynylbenzene (47) with
the ditosylate (30) was attempted under many different con-
ditions. Generally, the dilithio salt of 47 was generated

by reaction with g—butyllithium. In refluxing ether, THF,
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and liquid NH3, no reaction with 30 occurfed, and él could
be recovered, The use of THF-DMF as a solvent system resul-
ted in the destruction of the dilithio o-diethynylbenzene.
The only solvent in which reaction occurred as desired was
dioxane. Thus, reaction of 47 in dioxane with 2 mole
equivalents of Efbutyllithium in hexane resulted in the
precipitation of a fine white solid, After adding 1 mole
equivalent of the ditosylate (30), and refluxing the mix-
ture for ca 100 hr, chromatographic separation on alumina
with hexane/benzene (1:1) eluent gave the desired compound

(éé) in 10-15% yield.

= .
0>/6H5
= 0

Compound éé was a colourless, crystalline com=
pound (mp 143,1-144,3°), Mass spectroscopy showed a mol-
ecular ion at m/e = 300, The ir spectrum of 34 showed a
sharp absorption at 2220 cm-l, indicating that the acetyl-
enic bonds were intact, The nmr spectrum showed peaks at
T 2,66 (m, 9H) for the aromatic protons, and at 1 4,20 (s,
1H) for the benzylidene proton. Peaks centred on T 5.6l
(m, 2H) and 1 7.08 (m, 4H) were assigned to the remaining

dioxolane and propargylic protons, respectively.
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The dioxolane ring of compound ég proved remark-

ably resistant to acid hydrolysis.70 Under those condi-

tions (6N HCL in refluxing dioxane/water) under which some

dioxolane hydrolysis was detected (presence of benzalde-

hyde) , it was evident that attack on the acetylenlc bond

had occurred, which is probably a reflection of the

gtrained nature of these bonds. compound BpR (formed in

21><

R
p) Ry = OBt R2 B

a manner identical to that of éé) proved no more amenable

to hydrolysis. Compound 39+ which might have been expec-

ted to be quite acid-sensitive, could not be made, Clearly

some rather different approach to the hydrolysis of the

dioxolane ring was necessary.

In 1960, Meervein had published work concerning

the abstraction of a hydride ion from the 2-position of

dioxolane rings.7l fe reported isolating geveral fluoro-

porate salts of these systems, the most stable of which

was the 2-phenyl case, in which the positive charge is

delocalized through the aromatic ring as well as over the

two adjacent oxygen atoms. Hydrolysis of these salts

~gives an u-hydroxybenzoate, which in turn is readily hydro-
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lysed by alkali to the parent diol,

This seemed to be the ideal solution to our
problem--the desired destruction of the dioxolane ring in
éé could be achieved under neutral conditions. Thus,

treatment of p4 as a solution in CH3CN with trityl fluoro-

P
= .-0
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borate45b.gave a bright yellow crystalline compound (which
was not characterized, but presumably was the salt, pf).
Hydrolysis of »6 with aqueous NaH2P04 (1M; pH 7 buffer),
followed by chromatography on silicic acid (to remove the

triphenylmethyl species) gave excellent yields (>80%) of

the hydroxybenzoate 7. The ir spectrum of 37 showed
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absorptions at 1725 cm_1 (carbonyl) and 3460 cm-l (hydroxyl) ,
indicating that the reaction had occurred as indicated above.

Transesterification of 31 with methanol, sodium
methoxide catalyst, gave diol 28 quantitatively (ir: 3340
cm'l, proad), which was a colourless highly crystalline
compound, Reaction of 58 with methanesulfonyl chloride in
THF in the presence of triethylamine gave the dimesylate
derivative p9, as yellow-brown crystals (mp 113°). The mnmr
spectrum of >9 showed absorptions at T 2.76 (broad s, 4H;
aromatic protons), T 5.00 (m 2H; methine protons), T 6.92
(s, 6H; methylsulfonate protons) and T 7.04 (m, 4H; propar-

_gylic protons).

Dimesylate p was the penultimate compound in
this synthetic scheme leading to 3,4-benz-l,5-bisdehydro-
[10]annulene (%E)- The next reaction was envisaged as a
base-induced elimination of the mesylate groups to intro-
duce the necessary double ponds. Several different bases
were employed in this reaction. Representative of these
are: botassium t-butoxide, l,5-diazabicyclo[4.3.0]non-5-
ene (DBN), lithio hexamethyldisilazane (LiN[Si(CH3)3]2),
Efbutyllithium, and sodium methoxide, In each case, in
various solvent systems (protic and aprotic) the result
was always the same, The only detectable product formed
was anthracene (60) (<10% yield), along with large amounts

of intractable tarry materials.
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Lowering the temperature of the reaction to -30°

A\

"

did not change its course. (Much of the work on the elim=
ination reaction was done in collaboration with Dr. S.
Takada, of this laboratory) .

Anthracene (§0) (C14H10) is not isomeric to benz-
bisdehydro[10]annulene (gg) (Cl4H8), but contains two more
hydrogen atoms. When the dimesylate elimination was car-
ried out in THF-ds, with DBN as the base, there was about
50% incorporation of deuterium into the 9,10-positions of
the product anthracene. The use of benzene as solvent gave
trace amounts of a product whose mass spectrum (m/e = 256)
suggested that it was a phenylanthracene (Qé). These
results are readily accounted for, as depicted in the fol-

lowing scheme.

The assumption implicit in this scheme (that the
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B, The ll-Membered Ring

Concurrent to the work on the l0-membered ring,
a synthesis of 3,4~benzcycloundeca-1,5-diyne-3,7,10-triene

(36) was undertaken, As discussed earlier, loss of a

| *@t}

hydride ion from 36 would give the potentially aromatic
3,4-benz~1,5-bisdehydro[1l}annulenyl cation (Qé). The
synthesis was analogous to that of the 10-membered ring
compound (see the previous section) and was based on the
addition of a 5-carbon unit to o-diethynylbenzene (47).

The 5-carbon unit chosen was cis-4,6-ditosyloxy-

methyl-2-phenyl-1,3-dioxane (64). Again, the cyclization

H\><CGH5
! be 0Ts

TSOH. C 5

Ha C6H5
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reaction was to involve displacement of thé tosylate groups
of g4 by the acetylenic dianion derived from 47, thus form~
ing the ll-membered ring, Hydrolysis of the benzylidene
blocking group leads to a diol, which, on appropriate modi-
fication, would permit the introduction of the requisite
double bonds in 3f.

The stereochemical considerations for éé are
defined by the same analysis applied to ditosylate gg. In
the case of 4, however, the meso- configuration (as illus-
trated) is best suited for the cyclization reaction to
occur,

The synthesis of ditosylate 64 was quite differ-
ent from that of ég; the extra carbon atom had a rather
profound effect, as is seen below, This synthesis was
originally performed in collaboration with Dr., K. W. Shel-
ton, of this laboratory.

Neat glutaryl dichloride (Qé) was brominated
directly in the presence of a tungsten filament lamp, giv-
ing the dibromide £$. Methanolysis of g6 gave, in good
yield, dimethyl 2,4-dibromoglutarate (£7). Unfortunately,
the two bromine atoms could not be hydrolysed to give the
desired dihydroxyglutaric ester. This behaviour had been
reported previously.72 Hydrolysis of §7 would give 2,4~
dibromoglutaric acid (éﬁ)l and hydrolysis of the two bro-

mine atoms (by NaOH in aqueous methanol) led to the lactone
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Qg.72 From our point of view, this lactone formation was
an unfavourable circumstance. The difficulty arose in
trying to convert $3 into the desired 2,4-dihydroxyglutaric
acid (70); the reverse reaction was by far the favoured
process, and was catalysed by acid or base. Thus diacid

19 had to be handled under conditions as mild and as nearly
neutral as possible.

This difficulty was overcome in the following
manner: lactone 9 was titrated with aqueous NaOH; two
mole equivalents of the base were absorbed, and thus, pre-
sumably, the disodium salt of diacid 19 was formed. Pas-
sage of this solution over an acidic cation exchange resin
(Dowex 50WX8) gave a nearly neutral solution of the diacid
(70}, which was freeze-dried as rapidly as possible. With-
out further purification, the residual crystalline diacid
was esterified with diazomethane in methanol, to give the
dimethyl 2,4-dihydroxyglutarate (Zk) in ca. 80% overall
yield from the dibromide §7. Reaction of ]l with benzal-
dehyde in the presence of anhydrous, fused, ZnCl2 gave the

1,3-dioxane diester (Z%) as a mixture of isomers (Zéﬁ and

ARR) -

It is reasonable to assume that the bulky phenyl
group on compound {2 would assume an 'equatorial' configu-
ration, as shown, in order to avoid non-bonded interactions.

For the same reason, the carbomethoxy groups would also
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prefer an 'equatoria] Position, In the "dl" form of Z%

(Z%Q), one carbomethoxy group suffers nNon-bonded interge-

tion with protons Hl and Hs. This analysis woulq then pre-

dict that tpe "meso" isomer, Z%E' is the more stable form,

The mixture of isomers of Zé Was subjected to

equilibration by NaOMe ip methanol, ag eXpected, the

"meso" isomer (de) Predominated, ang could be obtained

free of Z@Q by fractiona] Tecrystallizatiop from methanoi,

Repetition of the equilibration-recrystallization Proced-

ure converted virtually a1 of the isomerig mixture intg

the desireq Z%@.

The distinction between the two isomers was made

in the following way. In both isomers, Protons H, ang H3

of Z%‘ However, ip the "mego" isomer, protons Hl and H4
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should be identical as far as the nmr is concerned. The
protons Hl (H4) and HZ’ H3 are in sufficiently different
environments to allow a crude first-order analysis (that
is, the chemical shift differences between B and Hys Hy
are much larger than the coupling constants Jl,2 and.J1,3).
Thus the "meso" isomer (Zgg) would be expected to exhibit

a quartet (doublet of doublets) for the protons Hl and H4.
In fact, the nmr spectrum of the more stable isomer of Z%
shows a clear doublet of doublets centred on T 5.49 (2H)
for the protons H, and H,, Coupling constants are assigned

4
as: J =4 and J = 10, on the assumption that the
1,2 1,3
Karplus relationship generally holds true in this system.73
Z%% also exhibits a multiplet (t 7.7-8.1, 2H) for protons

H, and Hy and a sharp singlet (t 4.46, 1H) for the benzil-

2
idene proton.

The "dl" isomer was never obtained in a pure
state, but the complexity of the nmr absorptions for pro-
tons Hl and H4 (t 5,1-5,7, m, 2H) and H2 and H3 (t 7.4-8.0,
m, 2H) allowed the distinction between Z%g and Z%Q. The
position of the proton H5 of 72b (tr 4.07) compared to that
of 72a (1 4.46) also reflects the differences in the con-
formations and stereochemistry of these two isomers.

The diester J2a was reduced by lithium aluminum

hydride to the diol 73, which was then converted into the

desired "meso" ditosylate p4, a colourless, crystalline
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compound (mp 135-137°) . The ir spectrum of §4 showed peaks

1 (sulfonate esters) .

at 1600 ot (phenyl ring) and 1350 a
The nmr spectrum of §4 consisted of a quartet centred on

T 2,50 (8H, tosylate aromatic protons); a broad singlet at
t 2,70 (5H, phenyl protons); a singlet at 1 4.60 (1H,
benzylidene proton); an unresolved doublet centred on T
5,95 (6H, tosyloxymethyl protons and the protons adjacent
to the O atoms); a singlet at T 7.62 (61, tosylate methyl
groups); and a complex multiplet at T 8.25-8.80 (2H,

methylene protons).
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The cyclization reaction of diethynylbenzene

(%Z) with the ditosylate (Q%) was performed under the same
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conditions as those used to form the 10-membered ring.

Thus, the dilithio salt of éz was refluxed in dioxane with
ditosylate Q% for about 100 hr. Chromatography on alumina
with benzene eluent, gave the desired product (Zé) in 5-8%

yield, as colourless crystals (mp 253-254°). The ir spec-

1

trun of ]4 showed absorption at 2240 em ™~ for the acetyl-

ene bonds and 1130 and 1025 cm—l for the dioxane ring (C-
0). The nmr spectrum of J4 exhibited lines at 7 2.4-3.0
(m, 9H) for the aromatic protons; a singlet at 1 4,50 (1H)
for the benzylidene proton; a multiplet at 1 5.40~5.9 (2H)
for the methine protons; and a multiplet at v 6.9-7.6 (6H)
for the methylene protons. Compound l% was exceedingly

- stable, remaining unchanged in air at room temperature for
over three years.

The yields for this formation of the ll-membered
ring were consistently lower than those for the formation
of the 10-membered ring, which is somewhat surprising in
view of the fact that virtually no strain is involved in
the product molecule (4) . However, no intensive attempts
were made at improving the result; the reactants could be
made in quantity, so that the disappointing yield was not
too great a hindrance to further pursuit of the synthetic
scheme.

The hydrolysis of 1,3-dioxanes generally pro-

ceeds faster than hydrolysis of 1,3-dioxolane rings,
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Thus, the 1,3-dioxane ring in 74 proved aménable to hydr-
lysis (compare this to compound 54), which gave diol T
as colourless crystals (mp 193-194°), This diol was then
converted into the ditosylate Jf (mp 176-177,5°) by the
action of toluenesulfonyl chloride in pyridine, Elimina-
tion of the ditosylate moities by potassium t-butoxide
gave, in 83% yield, hydrocarbon 36, the desired product.
Compound eg was a stable, colourless crystalline
compound, (mp 78.5-79,5°), being unchanged in air at room
temperature for at least two months. The uv spectrum
showed maxima (cyclohexane) at 252 mm (e = 36,000), 256.5
(34,900), 264.5 (60,900), The mass spectrum (parent ion,
m/e = 190,0761 (measured); calculated mass for ClSHlo =
190.0771) was particularly heartening for us, because the
base peak occurred at m/e = 95, which was probably due to
the doubly charged parent ion, indicating the willingness

of the system to accept positive charge.

The nmr spectrum of 36 in CDCl3 proved quite
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interesting (see figure 1), The aromatic érotons showed
as an AA'BB' multiplet (4H) centred on 1 2.50. The vin-
ylic protons showed as an apparent triplet of doublets (2H)
centred on T 3,68 and a doublet of doublets (2H) centred
on t 4,05, The methylene protons (Ha and Hb), at -15°,
appeared as two groups of multiplets (2H) in the T 6,4-7.5
region, From the model, it is apparent that Hy lies within
the deshielding region of the acetylenic bonds, and there-
fore might be expected to resonate at a lower field than
Ha.

Double irradiation experiments provided further
information, Irradiation at t 3.68 (at -15°) collapsed
the methylene multiplet to an apparent AB quartet. The
coupling constant (Ja,b = 12) and chemical shifts (Ta 7.30;
T, 6.63) were then available for the protons B and Hy .
Irradiation at 1 4.05 collapsed the methylene multiplet into
two sets of multiplets, each appearing as a doublet of trip-
lets, This patéern then allowed assignment of coupling con- |
stants.(Ja’c = 5,5; Jb,c =9,5; Jc,d = 10) and chemical
shifts (TC 3.68; 13 4.05) to the remaining protons, HC and
Hd. Some long-range coupling between protons By and Ha |
could be seen, but not measured accurately (Ja,d = ca 1),
A computer-simulated spectrum of hydrocarbon %Q was cal-

culated on the basis of the above parameters. The calcu-

lated spectrum reproduced the essential features of the
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olefinic and methylene absorptions of the experimentally

determined (in CDCl,) spectrum of 36.

3)

The H_, H, coupling constant (J_, = 12) indi-
a a,b

b
cates that the methylene carbon of 3¢ is not distorted

from a normal tetrahedral geometry,73 which is a reflec-
tion of the unstrained nature of the molecule. More con-

vincing evidence of this fact was obtained from temperature-

dependent nmr studies on compound 36.

Vi

Ha and Hb of 36 are in different magnetic envir-
onments. Models indicate that the methylene carbon (Cg)
is capable of conformational 'flipping' through the ring,
as illustrated, so that the environments of Ha and Hb are
interchanged. Thus, if the energy barrier for this flip-
ping is low enough, heating the sample should collapse the
signals due to the oo By quartet to a singlet_.74 This
would then imply a flexibility in the ring incompatible

with a strained structure,
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Fig., 2: Temperature-dependent nmr spectrum of the C-9
protons of hydrocarbon 36; double irradiation
608 Hz.
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In methylcyclohexane-dl4, with hexamethyldisil-
ane (HMDS) as internal standard, the nmr spectrum of hydro-
carbon 36, at 5°, exhibited absorptions for the aromatic
protons as an AA'BB' multiplet (t 2,5-3.0, 4H); for the
olefinic protons as a complex multiplet (t 3.8-6.4, 4H);
the methylene protons as a pair of multiplets (1 6.4-7.4,
2H). Irradiation at 608 Hz from HMDS collapsed the methyl-
ene multiplets to a virtual AB system (see figure 2) (Tb
= 6,63, T, = 7.53, Ja,b = 12), Heating the sample to 50°
caused the AB quartet to coalesce to two broad singlets.
This temperature and frequency separation (12 Hz) corres-
ponds to a rate of 'flipping' at 50°: k = 26.6 sec ™ (AG#

» 16,9 kcal/mole). Further heating to 75° caused the doub-
let to coalesce to a broad singlet, corresponding to a rate:
k = 200 sect (AG# ~ 16.8 kcal/mole). Heating further to
120° gave rise to a broad singlet centred on T 7.08. The
spectra were too complex to obtain accurate rate constants
easily; however, the fact that coalescence of the AB multi-
plet was achieved demonstrates the strain-free nature of
hydrocarbon 36.

It should be emphasized that protons Ha and Hb
are actually passing through the ring, if the geometry of
the molecular model (Dreiding) is a true reflection of the

actual molecule, The relevance of this point will be fur-

ther discussed in Chapter 5.
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Hydrocarbon 5% could not be indﬁced to surrender
a hydride ion to yield a stable cation (QE)- Treatment of
Af with trityl fluoroborate gave only intractable tarry
material, although the formation of small amounts of tri-
phenylmethane was evident in the nmr spectrum of the reac-
tion mixture (CD3CN solvent),

The mononitro-triaryl methyl fluoroborate ZZ was

synthesized in a routine manner, The nitro-group should

C6D5
02N @ BF4

CeDs

s

destabilize the trityl cation, making this compound a bet-
ter hydride abstractor, and the deuterated phenyl rings
considerably simplified the nmr spectrum of a reaction mix-
ture containing a6 and 77, No peaks attributable to the
desired product cation 3 could be detected in the nmr
spectrum of such a mixture in the range 1 -10 to T +20.

In hopes of generating compound Z%, a tropone
analogue of gé, hydrocarbon éé was treated with SeO2 under

various conditions.75 Those conditions strong enough to

effect any reaction at all resulted in total destruction
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of the starting material (eg)'giving only tarry material
as product. Nor could the hydrocarbon 38 be induced to
react with N-bromosuccinimide, to give the bromide 79.

A discussion of all these results is presented

in Chapter 5.



62,

CHAPTER 3

- SYNTHETIC APPROACHES TO A TETRAMETHY LENEBISDEHYDRO~-

* [10] ANNULENE

A, The 10-Membered Ring

Substitution of one double bond in a polyenic
system by incorporating it in a fused benzene ring often
stabilizes that system by lowering its reactivity. One
example of this phenomenon is the difference in stability
between Egggg,(333)4-[10]annulene (%4)62 (stable only be-
low -40°) and its tribenz-derivative (%Z), (stable up to
100°).58 Compound %é isomerizes thermally77 to §£§E§;9,10-
dihydronaphthalene.62 In order for 2] to undergo such a
rearrangement, the aromatic configuration of a benzene

ring must be destroyed, thus increasing the energy barrier

0
e

On the other hand, fusing a benzene ring to an

for the reaction.

(&
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aromatic annulene system can dramatically change the aro-
matic properties of the annulene, and in some cases, desta-
bilize considerably the aromatic nucleus. Sondheimer has
synthesized compound g0, a tribenz-derivative of tride-

hydro{18]annulene (8). The 18-membered ring of 80 does not

=
Vi
£
\E% B
0

show evidence of a diamagnetic ring current, although the
parent compound does.24 Compound 81 is a benz-fused deri-
vative of 1,6-methano[l0]annulene (%@é), which is a stable,
10 m-electron aromatic system. Hydrocarbon §l is an un-
known compound, in spite of attempts at synthesis by E.

Vogel and others.78

These considerations suggested that the fused
benzene ring of 3,4-benz-l,5-bisdehydro[10]annulene (3)
may disrupt the 10 m-electron system to such a degree that

the isolation of Jp was not possible, Thus the parent com-
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pound, or a suitable derivative, might yield to synthesis.
Sondheimer had reported in a preliminary commun-

ication the synthesis of 1,2-diethynylcyclohexene (@%).79

% %
St ®
=7
A N
L2 L M

This compound (82) offers two advantages in a synthesis of
a bisdehydro[l0]annulene over the 1,2-diethynylethylene

(83) necessary for construction of the parent compound (%%).
In the first place, the 6-membered ring of 82 ensures that
the two acetylenic groups are held in a cis-configuration
and yet the 4-carbon bridge should not significantly affect
the delocalization of the double bond into a 10-electron
system, Secondly, the synthesis of Q% appeared less tedi-
ous than that of éé. (This latter synthesis necessitates

80a

separation of double-bond isomers. A stereospecific

80b but it did not

synthesis of §3 was later reported,
appear amenable to large-scale manipulation.) We thus

embarked on a synthesis of 3,4-tetramethylenebisdehydro-
[10])annulene (%Z). The synthetic route was modelled on

the approach described for the 3,4-benz-fused molecule (33).
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Our synthesis of l,2-diethyny1cyélohexene (82)
followed the reported brief outline.79 After experimental
procedures had been worked out, Sondheimer published full
details of his synthesis,81 which differed from ours mostly
in reaction workup procedures, There were no major dif-

ferences.,

0 0
J - CK
CHOH N\
8

w1

CHO

Condensation of cyclohexanone (gé) with ethyl
formate in the presence of sodium methoxide gave the
hydroxymethylene derivative (83), the hydroxyl group of
which was blocked by reaction with 2-iodopropane in the
presence of K2C03 to yield the 2-isopropyloxymethylene-
cyclohexanone (86). Reaction of 86 with lithium acetylide
ethylenediamine complex,82 followed by mild acid hydroly-
sis, gave, on sublimation and recrystallization, the 1~

ethynylcyclohexene-2-carboxaldehyde (87) (mp 47-49°) in
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ca 50% yield., This compound showed ir absérptions at 3230
c:m"l (acetylenic hydrogen), 2080 cm-1 (acetylene bond) and
1672 cm-l (conjugated carbonyl); the nmr spectrum exhibited
peaks (among others) at 1 6.58 (s, 1H; acetylenic proton)
and 1 -0,02 (s, 1H; aldehydic proton). The presence of
the aldehyde and acetylene functional groups was thus
assured,

Reaction of ] with chloromethylenetriphenyl-
phosphorane Wittig reagent83 gave, in ca 65% yield, the

chlorovinyl compound 88, as a mixture of cis- and trans-

isomers (ca 1:3). The vinylic region of the nmr spectrum
of B8 showed an AB quartet centred on T 3.25 (JA,B = 14)
for the trans- isomer; another AB quartet centred on T
3,55 (JA,B = 8) was assigned to the cis-isomer. The mix-
ture of compound 88 isomers was isolated by vacuum distil-
lation (bp 46-47° at 0.05 mm Hg); it was a colourless to
pale yellow liquid, which showed some tendency to polymer-
ize, but was not overly difficult to handle, Sondheimer's
group isolated 88 by chromatography on silicic acid;81 it
appeared as though 88 isolated in this manner was far less
stable than that isolated by distillation, possibly because
of the presence of trace amounts of acid picked up on the
column,

The chlorovinyl compound (88) was dehydrochlor-

inated by the action of sodium amide in liquid ammonia, to
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give the desired l,2-diethynylcyclohexene'(gg) in ca 65%
yield after distillation (bp 27° at 0,1 mm Hg) as a col-
ourless liquid, Pure 8¢ froze at ca 10°. Exposure to air
turned 82 a red-brown colour, §¢ absorbed in the ir at
3360 cnL (acetylenic hydrogen) and 2130 emt (mono-substi-
tuted acetylenic bond). The nmr spectrum of §¢ was very
clean, with absorptions at t 8,35 (m, 4H; homoallylic
methylene protons); t 7,78 (m, 4H; allylic methylene pro-
tons); and 1 6,88 (sharp s, 2H; acetylenic protons),

From this point on, the approach to tetramethyl-
enebisdehydro[10] annulene (@Z) was exactly analogous to the
approach to the benz-fused system (éé)- Thus, reaction of
the dilithio salt of @% with the ditosylate (ég) in reflux-
ing dioxane for ca 100 hr gave the desired 10-membered ring
benzylidene derivative, 89, in ca 10% yield as colourless
crystals (mp 154,5-155,5°),

The mmr spectrum of 89 showed absorptions at t
8.42 (m, 4H), 7 7.88 (m, 4H), and 1 7,27 (m, 4H) for the
three kinds of methylene protons present; 1 5.76 (m, 2H)
for the protons on the 10-membered ring adjacent to the
oxygen atoms; t 4,19 (s, 1H) for the benzylidene proton
and T 2,64 (m, 5H) for the aromatic protons, In the mass
spectrum, 82 had a molecular ion at m/e = 304 (calculated

mass for C21H2002: 304.1463; nmeasured, m/e = 304.1467),
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Reaction of 82 with trityl fluoroborate45b as a

suspension in CH3CN gave a dark red-brown solution, which,
on hydrolysis with pH 7 buffer solution, followed by chro-
matography on silicic acid gave as pale yellow crystals
(mp 145°, dec,) the hydroxy-benzoate QQ‘ Compound gg
showed ir absorptions at 3520, 2195 and 1720 cm™* for the
hydroxyl, acetylenic and ester functional groups, respec-
tively. Methanolysis of 20 with sodium methoxide in meth-
anol gave the diol g% as colourless platelets (chars at
100°) (ir 3380 an™t, hydroxyl groups; 2198 em™L, disubsti-
tuted acetylene)., WNo carbonyl absorption was seen in the
ir spectrum of AL. Reaction of this diol with methanesul-

fonyl chloride and triethylamine in THF gave the dimesylate



69.

92 as a colourless glass, which was unstabie at room tem-
perature in air. After two weeks at -30°, 92 was partially
crystalline, but no melting point was obtainable, The ir
spectrum of 92 showed strong absorption at 1340 and 1169
! for the sulfonate esters, and a singlet at t 6.92 (6H)

in the nmr spectrum for the sulfonyl methyl protons.
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Elimination of the dimesylate functions of 32 by
strong base (KOt-Bu, LiN[Si(CH3)3]2, DBN) in aprotic media
(e.g., THF) gave small amounts (ca 1-5% yield) of 1,2,3,4~
tetrahydroanthracene (2%)1 and large amounts of intractable
tars. This situation was reminiscent of the elimination
reaction of dimesylate 59 in the benz-fused series of com-
pounds, which yielded anthracene (see Chapter 2).

However, treatment of 92 with 2 mole equivalents
of sodium methoxide in a methanol-THF mixture gave, in 30-
40% yield, a new hydrocarbon (24) as colourless crystals

(mp 73.0-74,5°); calculated mass for Cl4H12’ 180,0939;
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found, m/e = 180.0937 (base peak in the mass spectrum) ,
Tetrahydroanthracene (%él C14H14) was also formed in this
reaction (20-30% yield).

Catalytic hydrogenation of 2% over Rh at -80°84.
and then over PtO, in acetic acid afforded in 85% yield
a bicyclic compound, C14H26’ which was identical with
bicyclo[8.4,0]tetradecane, prepared in an unambiguous man-
ner (see below). The proton signals in the low-field nmr
spectrum of 94 constituted an AA'BB' system (t 2,80 and

0.0) and

2.89; JA,B 7.5, d 1.4 8.8, J

A,B' 7 Ig,B" A',B'
additional signals appeared at 1 7.82 (m, 44) and t 8.04
(m, 4H), The uv spectrun of 94 showed absorption maxima:

vAmax (cyclohexane) 223 nm (loge 4.61), 234 (4.85), 262
(3.98), 267 (3.93), 276 (3.89), 290 (2.56) and 323 (2.12).

This information and the synthetic scheme were
compatible with assigning the desired structure-~3,4-
tetramethylene-1,5-bisdehydro{10])annulene (QZ)--to the
hydrocarbon 94. However, some doubt was cast upon this
assignment in comparing these data with those obtained in
our previous work.

We had obtained, from the benz-fused series of
compounds, molecules containing the o-diethynylbenzene
moiety incorporated into a l0-membered ring (see Chapter

2). All of these intermediates containing the o-diethynyl-

benzene system had uv spectra similar to that of 2%- This
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opened up the possibility that 94 was not the desired
structure, %Z' but rather 3,4-benzcyclodec-3-ene-l,5-diyne,
an isomer of 3. Because chemical and spectral data could
not differentiate rigorously between these two possibili-
ties (the results of catalytic hydrogenation under various
conditions were inconclusive) and because 3,4~benzcyclodec-
3-ene-1,5-diyne could not be synthesized directly from o-
diethynylbenzene and 1,4-dibromobutane, an x-ray analysis
of 94 was undertaken by Professor M. J. Bennett and Mr. R.
Smith of this department. Some problem of disorder was
presented, but the nain features were those of the unde-

sired isomer, and not the desired tetramethylenebisdehydro-

[10]annulene (%Z).

W
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The formation of gé can most readily, if not
upiquely, be explained by considering the resonance forms
of the bisdehydro[l0]annulene (372 and %ZR). A "Cope-like"
rearrangement of the in-plane 7- and g-electrons, as de-
picted (37b), would lead directly to 24. The distance (or
interaction) between the in-plane m-electrons of structure

%Z% (or %ZQ) is little different from that in 2%! and mol-
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ecular models indicate that not a large difference in the

strain of the two 10-membered rings exists., Thus, if the

3050
s o= =
AR R %

rearrangement does occur as shown, then one can conclude
that any stability associated with the 10 m-electron system

of 31 is at most comparable with that associated with benz-

ene.

Considering again the benz-fused bisdehydro(10]~
annulene (gé), a "Cope-like" rearrangement would lead to

degenerate isomerization, as depicted below,
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Likewise, a similar synthetic approach to the
parent hydrocafbon (éé) might be expected to give o-diethyn-
ylbenzene (47), ironically enough, the starting point in
our studies of the 1,5-bisdehydro[l0]annulene system.

The origin of the 1,2,3,4~tetrahydroanthracene
(gg) from the dimesylate 32, is as pointed out earlier,
comparable to the formation of anthracene (f0) from dimesyl-
ate p9. Thus, it is postulated that transitory formation
of 37 can lead to diradical 95, which abstracts two pro-

tons to form 33. A discussion of this, and the formation
=N
-0~
= 7
A " W

of 94 is presented more fully in Chapter 5.

A very brief description of the synthesis of bi-
cyclo[8.4,0] tetradecane, mentioned previously, is presented
below (see the Experimental section for details)., The
route chosen was somewhat lengthy, but yields were good at
each step, and no difficulties were encountered,

Hydrogenation of diester 41 (previously described)
followed by hydrolysis of the ester groups gave the diacid

(gg) as colourless needles (mp 171,0-171.8°)., An Arndt-
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Eistert bishomologation85 gave the diester a7 (bp 80-85°
at 0,1 mm Hg) (calculated mass for C16H2204’ 278,1519,
found m/e = 278,1518)., Diester gz was converted into the
acyloin 98 (mp 93-94°) (ir; 3520 and 1705 em™l) by the
action of sodium in refluxing xylene, The acyloin 28 was
acetylated by acetic anhydride in pyridine, and the acetyl

group was then removed by reaction with calcium in liquid

ammonia,86 to give the l0-membered ring ketone A3 as a
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colourless liquid (bp ca 70° at 0,08 mm Hg), which showed
carbonyl absorption in the ir spectrum at 1702 cm_l.
Wolff-Kishner reduction88 of ketone 93 gave the hydrocar-
bon 100 as a colourless liquid (bp ca 50° at 0.1 mm Hg),
Compound 190 showed no carbonyl absorption in its ir spec-
trum, and was homogeneous to glpc on various columns (UC-
W98, Reoplex, Carbowax)., Hydrogenation of 100 over PtO2
in acetic acid gave a 91551255357 mixture (ca 5:1) of bi-

cyclo[8.4,0]tetradecane (%Qk) (mass spectrum: m/e = 194).

B, The ll-Membered Ring

For the same reasons that the synthesis of 3,4-
tetramethylene-1,5-bisdehydro[10]annulene (QZ) was under-
taken, it seemed wise to synthesize 3,4-tetramethylene-
cycloundeca-1,5-diyne-3,7,10~triene (%@) in hopes that it

would easily surrender a hydride ion to form the cation 102.

qpecy

Because the synthesis of the benz-fused analogue
of 38 had been successful, the synthesis of 33 itself was

in exact analogy to it. The stereochemical considerations
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for the "S-carbon unit" to be added to l,Z;diethynylcyclo~
hexene (B2) were identical in each synthetic scheme, and

thus ditosylate 4 was again employed (see Chapter 2), The
synthesis of hydrocarbon +8 was done in collaboration with

Dr. C, U. Kim of our laboratory,
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Condensation of the dilithio salt of 1,2-diethyn-
yleyclohexene (éé) with the ditosylate (Qé) in refluxing
dioxane (ca 100 hr) gave, in ca 5% yield, the desired 11~
membered ring benzilidene derivative (%Q%) as a colourless
crystalline compound (mp 215-217°, dec). Compound %Q%
showed absorptions in its nmr spectrum at t 8,0-9,0 (m, 4H)

and 1 7,6-8,0 (m, 4H) for the 6-membered ring methylene
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protons, and 1 7.0-7.5 (m, 6H) for the remaining methylene
protons. The ll-membered ring protons adjacent to the
oxygen atoms absorbed at T 5.8~6.3 (m, 2H). The benzyli-
dene proton appeared as a singlet at t 4.60 (lH) and the
aromatic protons as a multiplet (5H) at t 2,5-3.0.

Hydrolysis of compound 103 by mild acid led
directly to the diol 194 (mp 184-185°), which was converted
into its dimesylate derivative (l05) in the usual way.
Dimesylate 105 was a colourless glass which could not be
induced to crystallize, The methylsulfonate protons res-
onated at T 6,90 as a sharp singlet (6H) in the nmr spec~-
trum of 105,

Elimination (by DBN) of the mesylate groups of
%Q% gave, in 70% yield, the desired hydrocarbon (38) as
colourless platelets (mp 46-48°). Calculated mass for
C15H14, 194,1096; found, m/e = 194,1090, The nmr spectrum
showed peaks at 7 8.0-8,5 (m, 4H) for the homoallylic
methylene protons; t 7.0-7.7 (m, 6H) for the allylic meth-
ylene and the C-9 methylene protons; t 3.7-4.3 (m, 4H) for
the olefinic protons.

The similarities between the syntheses of 38 and
its benz-analogue (3f) are obvious. Unhappily, the simi-
larities extended one step further. Treatment of 38 with
trityl fluoroborate45b in CH3CN gave no detectable products,

and large amounts of intractable tars, WNo starting mater-
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ial (gg) could be recovered from such reaction mixtures.
O:Z \ ZZA
: \.\4

A discussion of this result is given in Chapter
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CHAPTER 4

" A THIRD GENERAL APPROACH

1f, as was briefly discussed in Chapter 3, a
"Cope-like" rearrangement is responsible for the formation
of compound gé from éz, then a means of preventing this

type of reaction can be visualized.
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Consider the effect of replacing the tetramethyl-

6).

ene-bridge in hydrocarbon 37 with a 3-carbon bridge (égw

Rearrangement of compound 196 would lead to the hydrocarbon
A7, which contains two acetylenic bonds and (formally) a
double bond in a 9-membered ring. Molecular models indi-
cate that such an array would be impossibly strained (in-
deed, the Dreiding model of %QZ cannot be built using "nor-

mal" bond lengths and angles)., This introduction of so
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much strain would then raise the energy bafrier of a "Cope-
like" rearrangement to a level that would possibly prevent
the reaction from occurring at all,

There is, of course, an alternate mode of decom-
position open to a (hypothetical) compound 106. Formation

of diradical 108 (in the same manner as was postulated for
D~ C00-000
S 7
L WA W

the formation of tetrahydroanthracene g%%) from %Z) would
lead, via abstraction of convenient species, to trimethyl-
ene-bridged naphthalene derivatives (e.q. %Qg). However,
molecular models of compound %Qé indicate that inclusion
of the cyclopentenyl double bond (in %Qg) results in the
spreading of the distance between the carbons C-1 and C-6,
which would lower the in-plane interaction of the m-electron
clouds, thus lowering the tendency of this molecule to form
diradical %QQ. Such an analysis, by its hypothetical nature,
is somewhat oversimple, but at least incorporation of a
cyclopentenyl double bond into the 10-membered ring is
indicated to be a favourable circumstance,

Again, the synthetic plan of previous approaches

was adopted in this third attempt at making a bisdehydro-
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[10]annulene derivative, Therefore a synthesis of 1,2-

diethynylcyclopentene (%%Q) was undertaken, based on the

method of synthesizing 1,2-diethynylcyclohexene (Q%)'
Condensation of cyclopentanone (%%%) with ethyl

formate proceeded in only fair yields (35-40%) to give 2-
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hydroxymethylenecyclopentanone (%%%), the hydroxyl group of
which was blocked by reaction with 2-iodopropane to give in
good yields, compound %%%. Reaction of %%% with lithium
acetylide ethylenediamine complex, followed by mild acid
hydrolysis gave only poor yields (8-10%) of the desired
acetylenic aldehyde (%%%). The lithium acetylide ethylene-
diamine reaction with cyclopentanone itself reportedly goes
in good yields.82 The reason for the failure of this reac-
tion on compound 113 is not immediately apparent. It may

be due to self-condensation of %%% (with the lithium acetyl-

ide acting as base).
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At this point, the proposed syntﬁesis of 1(2-
diethynyleyclopentene (%&Q) included two poor steps, making
the synthesis of a bisdehydro[l0]annulene derivative a dim
prospect, especially in consideration of the low expected
yieid of the cyclization reaction, However, if indeed the
failure of the lithium acetylide reaction was due to the
acidity of the protons a- to the cyclopentanone carbonyl
in compound %%%, then lowering the acidity of these protons
might well improve the situation, Enolization of a norbor-
nanone'derivative would involve a double bond at the bridge-
head of a small ring-containing bicyclic compound, thus
violating Bredt's rule, The target molecule was therefore
changed to 2,3-diethynylnorbornene (119) s which satisfied
all of the requirements for this third approach to a bis-
dehydro[l0]annulene derivative.

The synthesis of %%é paralleled that of 1,2-
diethynylcyclohexene (%%), but differed significantly in
one aspect, 2-Norbornanone ( g) was converted via its
hydroxymethylene derivative ( Z) to the 3-isopropyloxy-
methylenenorbornanone (%%§)° This compound did not react
cleanly with lithium acetylide ethylenediamine complex,
resulting in poor yields of the desired acetylenic alde-
hyde (%%Q). The reason for this is obscure; the most ob-

vious explanation is that steric hindrance between the

methylene bridge and the approaching nucleophile was re-
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sponsible for the low yield.

However, reaction of %%% with sodium acetylide
in liquid ammonia gave good yields of the acetylenic alco-
hol (119), which, on acid hydrolysis, was smoothly converted
into the desired acetylenic aldehyde (%%Q). (This reaction
sequence was originally performed by Dr. K. Abé of this
laboratory). Compound %%Q was an unstable, yellow crystal-
line compound (mp ca 25°) which showed ir absorption for
the aldehyde carbonyl at 1725 enl, The nmr spectrum of
%%Q showed sharp singlets at t 0.08 and t 6.18 for the
aldehydic and acetylenic protons, respectively.

Reaction of %%Q with the chloromethylenephosphor-

ane83 gave reasonable yields (ca 50%) of the chlorovinyl
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compound 121, as a mixture of isomers. %%l was an unstable
liquid. The acetylenic proton absorption in the nmr spec-
trum of 121 showed as an unsymmetrical doublet (1H) cen-
tred on 1 6.54, reflecting a difference of magnetic envir-
omments for the acetylenic protons of the cis- and trans-
double bond isomers of %%&. The vinylic protons absorbed
at t 3.0-4,1 (m, 4H),

Dehydrochlorination of &%% by the action of sod-
ium amide in liquid ammonia gave, in 75% yield, 2,3-diethyn-
ylnorbornene (%%é) as a colourless liquid, isolated by vac-
wum distillation (25° at 0,1 mm Hg) onto a dry-ice cooled
cold-finger, Compound k&é was unstable in air, turning
red-brown, with a marked increase in viscosity. The ir
spectrun of 115 showed absorptions at 3300 and 2100 cm-l,
indicating the presence of the acetylene groups. The nmr
spectrum of kéi showed peaks at 1 8,0-9.0 (m, 6H) for the
methylene protons; 1 6.92 (m, 2H) for the bridgehead pro-
tons; 1 6.45 (s, 2H) for the acetylenic protons.

Reaction of both o-diethynylbenzene (%Z) and 1,2~
diethynylcyclohexene (g%) with gfbutyllithium in dioxane
produced white precipitates, which presumably were the
respective dilithio salts of %Z and Q%' However, diethyn-
ylnorbornene (%%2) produced no such precipitate, even after
the solution was heated at 60°, That the dilithio salt

had formed was evident from the evolution of a gas (pre-
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sumably butane) on admixture of the hydrocérbon and n-
butyllithium, Apparently dilithio diethynylnorbornene is
soluble in dioxane,

The cyclization reaction between %%é and the
ditosylate p0 failed completely, with no identifiable
products being produced, Many different solvents, reaction
times and reaction temperatures were tried, with no suc-
cess, Refluxing the dilithio salt of AlS in dioxane for
24 hr completely destroyed the acetylenic compound, It
was apparent, therefore, that the prolonged heating that
is necessary to effect cyclization may destroy the start-
ing material at a rate which is too fast for the cycliza-
tion reaction to be competitive. Models of Alp indicate
that the separation between the two acetylenic groups (4.7
i) is greater than in, say, diethynylcyclohexene (B2) (4.1
i), Thus, compound 115 may surpass the geometric limits

needed for this type of cyclization to occur. 1In any case,
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a synthetic approach to hydrocarbon 122 must somehow cir-

cumvent any step like that just described.
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CHAPTER 5

AN ASSESSMENT

A, The 10-Membered Ring

A synthesis of a bisdehydro[l0]annulene system
has been a challenge for some years now, and considerable
effort has been expended to solve this problem.58'63’65
The impediments offered by the interaction of the in-plane
n~electrons are severe; however, to some extent the chem-
istry resulting from this interaction is now understood.

There was recently published88 a study of the

thermolysis of 1,2-diethynylethylene (Qé). This study

was centred around elucidating the properties of the 1,4-
benzenediyl radical (l23). Heating %é-l,6-d2 to 200°

resulted in scrambling of the label to give §5-3,4—d2, with
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no evidence of any unsymmetrically substitﬁted isomers,
Pyrolysis of 83 in hydrocarbon solvent produced benzene

(1) at the expense of 3. In toluene, diphenylmethane is
produced, Using CCl4 as solvent gives 1,4-dichlorobenzene.
Thus the transitory existence of the diradical seems secure.
The activation enthalpy for the reaction was estimated:

A = 32 kcal/mole.
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Both compounds 35 and %Z formally incorporate
the diethynylethylene molecule, although this system would
be considerably strained, and probably distorted to some

extent because of its incorporation into the 10-membered
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ring, This strain is such that reaction ﬁo form the respec~-
tive diradicals (Q% and %E) should be facilitated, relative
to the reaction not involving the ring system.

Consider first 3,4-benz-1,5-bisdehydro[10]annul-
ene (35). The diradical that is presumably formed is a
dibenz-derivative of the 1,4-benzenediyl radical, and thus,
is expected to behave in a similar fashion, In deuterated
solvents at -30°, some 9,10-dideuteroanthracene (QQ) was
formed, as mentioned previously. In benzene, there is some
evidence (mass spectrum, m/e = 256) that a phenylanthra-
cene is also formed. Thus, it is apparent that the in-
plane n-interaction is severe enough that the energy bar-
rier to produce 1 is overcome with facility, and anthra-
cene or its derivatives are the only detectable products.
A "Cope-like" rearrangement in this system is degenerate,
and therefore the formation of anthracene is again favoured,
in that an alternate route of decomposition of A7 1s not
available,

The 3,4-tetramethylene-1,5-bisdehydro[10]annulene
(3]) case is more complex, and therefore more interesting,
but is completely analogous to the benz-substituted com-
pound. The yield of identifiable products (25 and gé) is
considerably greater, however, and as such, processes in
some ways different from the benz-fused case may be in-

volved, Three routes of decomposition of %Z may be con-
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sidered, as depicted on the preceeding pagé.

Route 1 involves the isomerization of the tetra-
methylene[10]}annulene (%Z) to hydrocarbon 8%! followed by
collapse to the diradical (gé), and then proton abstraction
to form the anthracene derivative A3+ This route can be
excluded as a possible mechanism. Hydrocarbon 94 forms the
anthracene derivative (2%) only at higher temperatures, and
has a half-life of ca 2 hr at 140° (methylcyclohexane;
sealed tube), Comparing these conditions to those under
which 93 is formed in the elimination reaction suggests
that 94 cannot be the precursor to A3

The second route offers somewhat more promise;
the bisdehydro[10]annulene derivative (%Z) collapses to
form the diradical (33) which then either forms %% or Eé'
However, these two products are formed in comparable amounts,
and thus the energy barrier for their formation from the
diradical should be about the same in each case. Bond
reorganization to form hydrocarbon 2% (from diradical gg)
involves the introduction of strain, whereas, formation of
the anthracene derivative (2%) involves no strain at all.
Moreover, product gé has less resonance energy than 2%°
Indeed, the only barrier to form the anthracene derivative
(2%) is in the abstraction of protons from whatever source
is available. Both THF and MeOH, co-solvents for the elim-

ination reaction of dimesylate A2 are ready hydrogen sources,
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and thus, this energy barrier is low, Route 2, therefore,
is tenuous at best. There is little reason to suppose it
is operational, when compared to route 3.

This latter pathway gives the tetramethylenebis-
dehydro[10] annulene (%Z) two destructive alternatives, One
is the "Cope-like" rearrangement to form hydrocarbon 24
directly; the other is direct formation of the diradical
gg, followed by hydrogen abstraction, Such a route would
suggest that the two rearrangements are of comparable en-
ergy. The first ("Cope-like") might be expected to have
relatively low energy, because of the proximity and rela-
tive positions of the relevant orbitals (all are in-plane),
which are ideally disposed for this sort of bond reorganiz-
ation, Relief of ground-state strain is also a favourable
factor. The ease with which hydrocarbon %é is formed (<0°)
suggests that a low energy process is indeed involved., The
same types of conditions are also favourable for the dirad-
ical (%%) formation, even though the result is a high energy
species, That the 3,4-benz-1,5-bisdehydro[10]annulene (%3)
showed no tendency to survive supports the fact that decom-
position through the diradical species is not energetically
unfavourable, Thus it seems that of the three alternatives
for the destruction of %Z, the last route (#3) is the most
likely to be occurring,

In the foregoing discussion, several assumptions
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have been made, One is that the dehydro[lb]annulene system
has been formed at all, even as a transient species, Only
indirect evidence supports this claim, The monomesylate
A¢4, the product of elimination of one mesylate moiety from

compound 39, has been isolated, and it showed reasonable
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stability, Basic elimination of %%é again gave only anthra-
cene as the product. This suggests that 2 mole equivalents
of base are required for hydrocarbon formation. Secondly,
presence of the diene unit in the 10-membered ring would
promote the rearrangements (for instance, to form hydrocar-
bon 23 or the diradical 2%) by providing an aromatic system
in the products, thus facilitating the reaction. Again the
ease with which these products are apparently formed sup-
ports the fact that the bisdehydro[l0]annulenes have at
least transient existence,

Another assumption is that, in the tetramethyl-
ene~bridged case (%Z), a diradical intermediate is involved
in the rearrangement of Al to the anthracene derivative (%%)'

There is an alternate explanation, The bisdehydro[10]annul-
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ene system may abstract two hydrogens in a concerted fash-

ion, to give the intermediate diallenic compound pvey which,

=
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as has been predicted,77 would be very susceptible to ther-
mal isomerization to the anthracene derivative (2%)- Such
a postulate is aesthetically pleasing, but there is no evi-
dence to suggest that it ig valid. Indeed, intervention of
a diradical species in the benz-fused case (%E) is strongly
indicated, thereby disfavouring this process. As far as
the tetramethylene-bridged system is concerned, however,
this process cannot be rigorously excluded.

Compound 126 has been synthesized, and shows rea-

sonable stability.89 It is certainly more strained than
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cationic species £3 and 102 failed. The hydrocarbons in=-
tended as the precursors to these species were stable and
apparently strain-free, as demonstrated earlier.

It is apparent from the behaviour of the 10-
membered ring compounds that the centres of these ring sys-
tems are somewhat crowded, due to the in-plane r-electrons.
An explanation of the failure of the cation synthesis could
lie here, In order to achieve sp2 hybridization at the car-
bon atom forfeiting the hydride ion, the remaining proton
on the methylene carbon is forced further into the centre
of the ring than it is during the thermally induced "flip-
ping" of this carbon, It is conceivable then that the
resultant crowding forces the proton out of the plane of
the m-system, and thus the cation is destabilized by the
reduction in the amount of overlap between the filled and
empty p-orbitals. The degree of the resulting non-planarity

is then too great to allow any sort of stability.

This distortion, however, must be more severe
than is indicated by models. The bicyclic system A¢9 has

been synthesized, and is stable.66 In fact, its stability
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is quite remarkable, Assumedly the peripheral carbon atoms
do not all lie in a plane, as is the case in its parent
hydrocarbon.9l Thus some distortion from planarity of the
ring carbons can be tolerated, The analogy between the
compound é%% and ge or %Q% is somewhat tenuous (see the
next section), However, it is apparent that the cationic
systems é% and %Q% would be far less stable than any other
aromatic cations such ag %%g, tropylium cation (e) or cyclo-
Propenium cation (%g). Whether this instability is due to
the geometry of g3 (or A02), or to some peculiarity of the
10 7-electron System is an open question, Only indications
to a solution can be given at this time,

The reluctance of thig 11-membered ring system
(in f or a8) to achieve planarity may be reflected in some
attempted reactions of the methylene carbon, Treatment of
36 with SeO2 in aqueous ethanol at reflux, or acetic acid
at room temperature, did not effect any oxidation, In
refluxing acetic acid, the hydrocarbon was destroyed, and
o products were detectable, Nor was attempted allylic
bromination with NBS successful., The hydrocarbon 36 was
inert to this reagent under several conditions,

It was hoped that the expected products of the
SeO2 reaction (Z@ or the corresponding intermediate alco-
hol) on protonation in strongly acidic media would yield

the ll-membered ring cation in solution, so that it could
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be studied spectrometrically. Likewise, compound /3 might
also have provided information about the ion. It is note-
worthy, however, that for both reactions, the mechanisms
that would presumably be operating demand trigonal carbon
at C-9;75'76 this ring system is apparently reluctant to
incorporate such an array. However, the synthesis of, say,
28 substituted in an appropriate manner at C-9 probably
offers the best opportunity for studying the 1l-membered

ring cationic system.
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¢, The 10 ﬂ-Electron‘Aromatic System

Few monocyclic, non-benzenoid 10 t-electron aro-

matic compounds are known. Cyclooctatetraenide dianion46

(ké) and cyclononatetraenide anion47 (%é) are considered

to be aromaticy and are 10 T-systems. Cycl[3.2.2]azine

(%%Q), is a bridged [10]annulene in which a nitrogen atom

acts as a link to three carbon atoms. The nmr spectrum of

0 0 &
14 i? 19

130 shows absorptions (T 2,14-2,80) characteristic of aro-

matic systems.

Each of these compounds have features peculiar

to them, other than the 10 m-system, that account for their

stability relative to the parent {10]annulenes. The ionic

species have the advantage that any distortion from plan-

arity (so as to relieve the strain associated with this

_geometry) would result in localization of the negative

charge(s) s clearly an unfavourable circumstance. The cycl-

azine (kég), on the other hand, is a rigid system prevented

from transannular reaction and held nearly planar by the
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nitrogen atom,

Some 10 m-electron systems that show particular
stability are the 1,6-bridged [10]annulenes (%é) and the
1,6-methano{11]annulenyl cation (129). These species are
all very stable, and little doubt exists that they are in
fact aromatic.59 But these compounds too have a peculiar-

ity that may, in fact, be responsible for this (extraordin-

ary) stability.

AR3 L

As mentioned previously, the periphery of %ﬁ
(and by inference, %%%) is not planar; the distortion from
coplanarity is ca 20°.91 Models of %Q show that the car-
bon 2pZ orbitals at positions 1 and 6 are considerably
distorted from being parallel to the other 2pz orbitals
on the.ring, and in fact, these orbitals (at C-1 and C-6)

are directed toward each other across the 10-membered ring.

This particular geometry could then result in homoconjuga-
tion, which would stabilize these systems, as illustrated.

In such a case, these compounds might best be described as

substituted naphthalenes.
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Some evidence for this type of homoconjugation
exists, Heilbronner has calculated the uv spectra of %g
and %%2,92 and invokes homoconjugation across the ring in
order to explain the experimentally determined spectra,
similarly, the explanation of the esr spectrum of the
radical-anion of 26 involves homoconjugation between the
C-1 and C-6 positions.93 Recently a natural abundance 13C
nnr spectrun of 129 was obtained in this department.94 The
spectrum indicated that the positive charge is not evenly
distributed over the peripheral carbon atoms. Cation L29
might better be repfesented as shown below., This diagram
inplies that 129 is a "penz-fused homotropylium ion" if

any name at all is required.

L

These considerations in no way detract from the

interest and fascination of these compounds (%Q and kgg);

if anything, the homoconjugation increases their importance.
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It is becoming increasingly evident, howevér, that these
systems are not true reflections of mono-cyclic, planar,
10 m-electron systems.65

Thus it is that no planar, monocyclic, homo-
nuclear, neutral, aromatic 10 m-electron systems are known
at the present time. A gap in our knowledge of aromatic
systems therefore exists; a synthesis of a bisdehydro[10]~-

annulene could go a long way to filling this gap.
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CHAPTER 6
EXPERIMENTAL

All melting points and boiling points are uncor-
rected,

The ir spectra were obtained on Perkin-Elmer
model 21 or model 257 infrared spectrometers, CHCl3 solvent,
unless otherwise specified. In reporting ir spectral data,

the following abbreviations are used:

s strong absorption
m medium absorption
j weak absorption
b broad absorption

The nmr spectra were measured with Varian Associ-
ates A-60 or HA-100 spectrometers; CDCl3 was used as sol-
vent unless otherwise stated, and tetramethylsilane was used
as internal standard, unless otherwise stated, All coupling
constants are reported in Hz, In reporting nmr spectral

data, the following abbreviations are used:

m multiplet
s singlet
d doublet

t triplet
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q quartet

The mass spectra were measured on A.E.I. MS-2,
M5-9 and MS-12 mass spectrometers, The uv spectra were
Mmeasured on a Cary model 14M recording spectrometer,

Analytical glpc was performed on a F & M model
5750 research chromatograph employing 6 ft. x 3/16 in. col-
umns (packing indicated in the text), with a flame ioniza-
tion detector,

Alumina column chromatography employed Woelm
Neutral Alumina, Activity Grade II, as the column packing,
Silicic acia colunns were prepared from Mallinckrodt Silic
AR-CC-4, 100 mesh silicic acid, unless otherwise specified,

The following abbreviations are used for chemical

names:
THF tetrahydrofuran
MeOH methanol
NaOMe sodium methoxide
HC(OEt)3 ethyl orthoformate
t-BuOH tertiary butanol
KOt-Bu potassium tertiary butoxide
DBN 1,5~diazabicyclo[4,3,0]non-5-ene

All experiments were conducted under a dry nitro-

gen atmosphere, unless otherwise specified,
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Diethyl g—phenylenediacrylate (é%)

Carboethoxymethylenetriphenylphosphorane (5.6 g;
14,8 mM) was dissolved in CHZCl2 (50 ml), To this solution
was added dropwise, with stirring, a solution of o-phthal-
icdicarboxaldehyde (1 g; 7.4 mM) in CH,Cl, (20 nl). The
solution was refluxed 18 hr, Acetone (7 ml) was then added
and refluxing continued a further 1 hr. Solvents were then
removed in vacuo, and the semi-crystalline residue was
extracted with pentane (5 x 10 ml)., The pentane was removed
in vacuo and the residue recrystallized from MeOH, giving
1,66 g (82%) of é% (mp 77.5-78°).
nmmr: T 1,7-3.9 (m, 8H); 5,5-6.0 (q, 4H); 8.5-8.9 (t, 6H).

frs 1710 ant (s); 1640 (s); 975 (m).

nghenylenedi-l-hydroxyprop-z-ene (é%)

To a stirred solution in benzene (50 m1) of 41
(1.6 g; 5.82 mM) was added a 25% solution of di-isobutyl-
aluminum hydride in benzene (30 ml) under N, atmosphere.
The temperature of the mixture was not allowed to rise
above 45°. The mixture was then stirred at 40° for 12 hr.
The excess hydride was then destroyed by the addition of
methanol. The resulting nixture was filtered over Celite,
and the solvents then evaporated to give a crystalline

residue, Recrystallization from benzene gave 1.1 g (98%)
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of diol é% (mp 91-91,5°),
mme: T 2,5-4,1 (m, 8H); 5.5-5.8 (dd, 4H); 8.3 (s, 2H).

ir: 3330 et (broad); 965 (s).

‘g;Phenylenediacrolein (éé)

The diol é% (291 mg; 1,53 mM) was dissolved in

CH2C12 (30 ml) and to it was added active MnO2

the mixture was shaken at room temperature for 6 hr. The

(3 g) and

MnO, was then filtered off, and the filtrate evaporated to

2
give pale yellow crystals of the dialdehyde 43 (mp 115-
116°). VYield 233 mg (82%).

nmr: 1 1.8-3,6 (m, 8H); 0.0-0.3 (d, 2H).

ir: 1680 cn”l (s); 1125 (m); 970 ().

o-Phenylenedi-2-bromoacrolein (%%)

The dialdehyde %% (1.0 g; 5.38 mM) was dissolved
in glacial acetic acid (15 ml) and to this solution was
added dropwise a solution of Br, (1.72 g; 10.7 mM) in ace-
tic acid (4.5 ml), at which point no more bromine colour
was discharged. The solution was stirred for another 15
min and then anhydr, K2CO3 (1 g) was added, After 5 min,
evolution of gas had ceased. The solution was heated at
80° for 30 min, and then cooled. The acetic acid was eva-

porated by co-distillation with xylene, and the residue was
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treated with water (5 ml) and extracted wiﬁh CHC13. The
organic layer was washed with IM NaH2P04 solution (10 ml)
and dried (anhydr. Na2S04). Evaporation of solvents gave
a crystalline residue that was recrystallized from MeOH to
“give colourless crystals (1.4 g; 76%) (mp 122,5-123°, dec).
mmr: T 1.6-2.8 (m, 6H); 0.5 (s, 2H)

ir: 1700 ant (s); 1610 (s); 1110 (s).

nghenylenedi~2—bromoacrolein,,bisdiethylacetal (éé)

The dibromo-dialdehyde (éé) (1 g; 2,91 mM) was
treated with HC(OEt)3 and abs. ethanol (3 ml) and NH4C1
(50 mg). This mixture was refluxed 9.5 hr. The reaction
mixture was poured into ice-cold NaHCO, solution (5%) and
extracted with CHCl3 (3 x 5ml)., The organic phase was
washed with brine (5 ml), dried (anhydr. NaZSO4) and eva-
porated, The residue was chromatographed on alumina, pen-
tane eluent, to give the bisdiethylacetal 45 as a colourless
solid.

vield: 1.23 g (86%).

tQ;Phenylenedipropargylcarboxaldehyde, bisdiethyl acetal

(4)

The dibromo-bis-diethylacetal (éé) (9.1 g; 18.5
mM) was dissolved in abs. ethanol (10 ml) and to it was

added KOH (50 ml) in abs. ethanol (1.1 N), and the mix-
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ture was stirred 10 hr, The mixture was ﬁeated at 50° for
30 min, and then poured into a pH 7 buffer solution
(NazHPO4-NaH2PO4; 50 ml) and the resulting mixture was
extracted with CH2C12 (4 x 100 ml); the combined organic
layers were washed with brine (25 ml), dried (anhydr.
Na2504) and evaporated to give 6.15 g of a semi-crystalline
residue, which was not purified further, but used as is in

the next reaction.

o-Phenylenedipropargylcarboxaldehyde (%8)

The bisdiethyl acetal (éﬁ) (6.1 g; 18,5 mM) was
dissolved in THF (125 ml) and to it was added p-toluene-
sulfonic acid monohydrate (4.2 g) and water (74 ml). Thus
the whole solution was 0.11N in the sulfonic acid. The
solution was heated at 60° under N2 for 7 hr, After this
time, Na2C03 (1.48 g; 14 mM) was added keeping the solu-
tion at 0°. The THF was evaporated, and the residue ex-
tracted with CH2C12 (3 x 50 ml), The combined organic
layers were washed with brine (25 ml), dried {anhydr.
Na2504) and evaporated, The crude crystalline residue

was sublimed at 65°, 0.025 mm Hg, which gave 2.4 g (72%)

of colourless crystals of the dialdehyde A3 (mp 64-66°).
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0-Divinylbenzene (48)

Sodium (13.7 g; 0.596 M) was dissolved in liquid
NH3 (1.5 1,) in the presence of Fe(NO3)3.6H20, giving a
grey suspension, To this was added triphenylmethylphos-
phonium bromide (218 g; 0,596 M), and the NH3 was allowed
to evaporate overnight under a stream of Nz. Ether (1.0 1.)
was distilled into the reaction mixture, and the resulting
suspension was refluxed 30 min., To this suspension was
added dropwise with stirring a solution of the phthalic-
dicarboxaldehyde (40 g; 0,298 M) in THF (220 ml), at a rate
sufficient to reach and maintain reflux, -Reflux was con-
tinued for 1 hr. The solvents were then evaporated, and
the residue extracted with ether (5 x 200 ml), Evapora-
tion of the ether, and filtration of the precipitated tri-
phenylphosphine oxide at stages gave a brown oily residue,
Distillation of this crude product gave 259 (65%) of QQ.

bp 53° at 3 mm Hg (lit.69

bp 80-82° at 16 mm Hg).
ir: 1625 en™" (s); 1483 (s); 1450 (m); 1410 (broad, m);

985 (s); 910 (broad, s).

o-(x,0',B,8'-Tetrabromo) diethylbenzene (ég)

The divinylbenzene (ég) (28.0 g; 0.215 M), dis-
solved in CCl4 (60 ml) and cooled to 0°, was treated with

Br2 (68.8 g; 0,431 M) in CCl4 (100 ml), at a rate suffi-
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ciently slow so as to allow disappearance of the Br, col-
our., The mixture was stirred overnight at room tempera-
ture. Evaporation of the solﬁent left pale brown crystals.
Recrystallization from ether/pentane gave colourless prisms

9 mp 72-74°)

of 49 mp 73-74° (Lit.°
Vield: 91.0 g (943).

nmre T 204"207 (m, 4H); 403"4.7 (t, ZH); 5|9-6.1 (s' 4H)!

o-Diethynylbenzene (%Z)

Potassium metal (52.6 g; 0.834 M) was dissolved
in dry t-BuOH (1400 ml). The tetrabromide (ég) (91.6 g;
0,202 M) was dissolved in benzene (250 ml) and this solu-
tion was added dropwise to the t-BuOH solution over 90 min
at gentle reflux, The resulting mixture was refluxed a
further 2.5 hr. Most of the solvents were distilled off
at 50°, 30 mm Hg, To the residue was added aqueous HC1
(0,9M; 1.0 1.) and the aqueous phase was extracted with
ether (3 x 200 ml). The ether extracts were washed with
H20 (100 ml) and brine (100 ml), dried (anhydr, Na2804),
and evaporated., The residual oil was distilled to give a
colourless oil. bp 56-57° at 2.5 mn Hg. (1it.%? 80-82° at 14 m)
Yield: 16.15 g (64%).
nmr: T 2.4-2.9 (m, 4H); 6,65 (s, 2H).

irs 3250 enl (s); 2090 (w); 1470 (s); 1440 (m); 950 (m).
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2-Phenyl-4,5-biscarboethoxy-1,3-dioxolane (52)

Diethyl dl-tartarate (é&) (154 g; 0,75 M) was dis-
solved in dry benzene (500 ml), To this solution was added
freshly distilled benzaldehyde (82.7 g; 0.78 M). After the
addition of E;toluenesulfonic acid monohydrate (650 ng)
the solution was refluxed under a Dean-Stark apparatus for
88 hr, after which time the theoretical amount of H20 had
been collected. The benzene solution was washed with 5%
Na2C03 solution (150 ml), HZO (150 ml), brine (100 ml),
then dried (anhydr. Na2804). Removal of the solvents and
excess benzaldehyde gave pale yellow crystals, Recrystal-
lization from MeOH (-20°) gave colourless prisms (mp 44.5-
45,5°).
vield: 165 g (75%).
nmr: T 2.2-2.7 (m, SH); 3.80 (s, lH); 5,0-5.,25 (q, 2H);

5.4-6,0 (qd, 4H); 8.5-8.9 (td, 6H) .

QL-Z-Phenyl—4,5—bis(hydroxymethyl)-l,3—dioxolane (p3)

LiAlH, (28.5 g; 0.75 M) was dissolved in dry THF

4
(1500 ml)., To this solution was added dropwise, with

stirring, a solution of the diester é% (147 g; 0.5 M) in
THF (400 ml) at a rate sufficient to reach and maintain

reflux. The mixture was refluxed a further 2 hr following

the addition. HZO (28.5 g), then 15% NaOH solution (28.5
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g) then more HZO (85.5 g) were added slowly in sequence,
leaving a colourless solution and a white precipitate,
After filtering, the solvents were evaporated, leaving a
semi-crystalline solid, Azeotropic drying with benzene
gave colourless prisms, which were used without further
purification in the subsequent reaction.

vield: 86.1 g (82%).

gl—Z-Phenyl-4,5-bis(tosyloxymethyl)-l,3-dioxolane (QQ)

The diol 33 (86 g; 0.41 M) was dissolved in dry
pyridine (680 ml) and cooled to 0°., To this solution was
added E;toluenesulfonyl chloride (234 g; 1.23 M) and the
mixture was stirred at 0° until all of the solids had
dissolved, This solution was stood at 0° for 18 hr., The
resulting mixture was poured onto crushed ice (500 g) and
a white solid crystallized out, which was filtered off,
then washed successively with H20 (2 x 400 ml), MeOH (2 x
100 ml), then cyclohexane (2 x 200 ml), The resulting
solid was recrystallized from ethyl acetate to give col-
ourless crystals of 50 (mp 131.5-132.5°).

Yield: 174 g (83%).

mmr: 1 2.1-2.8 (m, 13H); 4.25 (s, 1H); 5.83 (bs, 6H);
7.60 (s, 6H).

ir: 1600 cn~t (ss); 1380 (bshi 1170 (s); 970 (bs).
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3,4-Benz~8,9-dihydroxycyclodeca-1,5-diyne-3-ene-0,0"' -benz-

ylidene (54)

Diethynylbenzene (él) (9.50 g; 75.4 mM) was dis-
solved in dioxane (400 ml), then reacted with Efbutyllithium
in hexane (155 mM), giving a white suspension, The ditosyl-
ate (30) (39.0 g; 75.4 mM) was dissolved in dry.dioxane
(300 ml) and added to the dilithio salt at room temperature.
This mixture was then refluxed for 96 hr, giving a very dark
mixture, CO2 was bubbled into the cooled reaction mixture,

followed by addition of H,0 (10 ml), The solvents were

2
evaporated in vacuo, and the resultant dark semi-solid
residue was extracted with 1M NaH2P04 solution (100 ml) and
ether (4 x 300 ml), The combined ether extracts were washed
with brine (100 ml) and dried (anhydr. Na2804), then eva-
porated, The dark residue was chromatographed on alumina (600 g,
Woelm, neutral, activity II), hexane/benzene (l:1) eluent,
which gave as the second fraction, light brown crystals.
Recrystallization from CH,CN gave colourless needles (mp

145.0-145.5°),

nmr: T 7.08 (m, 4H); 5.61 (m, 2H); 4.20 (s, 1H); 2.66 (m,9H)
ir: 2220 en™t (s); 1062 (s); 970 (s).
Mass spectrum: Calc. for C,,H..0,: 300.1150

2171672
Meas. for " ¢ 300.1145

3,4-Benz-8~hydroxycyclodeca-1,5-diyne-3-ene~9-yl benzoate (57)

The benzylidene derivative 54 (400 mg; 1.33 mM)
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was dissolved in CH3CN (11 ml). To this solution was added
trityl fluoroborate (485 mg; 1.47 mM) in CH3CN (5 ml). The
resultant dark solution was stirred overnight at room tem-
perature, producing a yellow crystalline precipitate. This
mixture was poured into 1.3M NaH2P04 solution (30 ml) and
the resultant mixture was extracted with CH2C12 (3 x 25 ml);
the combined organic phases were dried (anhydr, Na2804) and
evaporated, leaving a pale yellow crystalline residue.
Chromatography on silicic acid (20 g) gave the hydroxy-
benzoate (5]) as pale yellow platelets (mp 133-135°dec.).
vield: 400 mg (95%).
omr: T 1.7-2.9 (m, 9H); 4,63 (m, 1H); 5,70 (m, 1H); 7.00
(m, 5H).
1(

ir: 1725 cn — (s).

3,4-Benz-8,9—dihydroxycyclodeca—l,5-diyne—3-ene (28)

The hydroxybenzoate p7 (400 mg; 1.27 mM) was dis-
solved in MeOH (25 ml) and THF (7 ml), NaOMe (ca 40 mg)
was added, and the mixture was stirred at room temperature
for 1 hr. CO2 was then bubbled in, and the flask contents
were then poured into 1M NaH2P04 solution (75 ml). This
mixture was extracted with CH2C12 (3 x 50 ml), and the
organic phase was washed with brine (30 ml) and dried
(anhydr. Na,S0,). Evaporation of the solvents left a yel-

2774
low oil. Chromatography on silicic acid, 2% MeOH in CHCl3
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eluent, gave the diol ég (mp 110-112° dec.ﬁ.

Yield: 240 mg (90%).

pme: T 7.30 (m, 4H); 6.64 (m, 2H); 5.92 (m, 2H); 2.76
(bs, 4H).

ir: 3340 en} (broad, m); 1045 (s); 978 (s).

3,4-Benzcyclodeca-l,5-diyne-3-ene-8,9-diyl dimesylate (52)

The diol 38 (530 mg; 2.5 mM) was dissolved in
benzene (20 ml) and THF (1.5 ml), and methanesulfonyl
chloride (855 mg; 7.5 mM) was added. This solution was
cooled to 0° and to it was added triethylamine (760 mg;
7.5 mM) in benzene (3 ml). After stirring 1 hr, at 0°%,
the mixture was poured into NaH2P04 solution (50 ml) and
then extracted with ether (3 x 30 ml). The ether extracts
were washed with brine (20 ml), dried (anhydr. Na2504),
and evaporated, leaving a yellow syrup. Chromatography on
silicic acid (8 g) followed by recrystallization from benzene
gave the dimesylate 59 as light brown crystals (mp 113°).
vield: 782 mg (82%).
nmr: T 7.04 (m, 4H); 6.92 (s, 64); 5.00 (m, 2H); 2.76

(s, 4H).

1)

Dimethyl 2,4-dibromoglutarate (6]

Thionyl chloride (300 g; 2.5 M) was added drop-

wise to glutaric acid (132 g; 1.0 M) and this mixture was
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refluxed 14 hr, The excess thionyl chloride was distilled
off, and the residual liquid was pumped out under high
vacuum. The residual acid chloride was then heated to 100°
with stirring, and bromine (384 g; 2.5 M) was added drop-
wise under reflux. The mixture was stirred overnight at
100° with simultaneous irradiation from a 400 W tungsten
lamp. The crude dibromide was then slowly poured into ice~
cold methanol (200 ml)., Ether (600 ml) was added, and the
organic layer was washed with 5% NaHCO3 solution (200 ml)
and dried (anhydr, Nazso4). Evaporation of the solvents,
followed by distillation (bp 125° at 2.5 mm Hg) gave 6] as
a colourless 1iquid.72
vield: 267 g (84%),

nmr: T 5.4-5.8 (g, 2H); 6.20 (s, 6H); 7.2-7.5 (t, 2H).

Dimethyl 2,4-dihydroxyglutarate (J1)

A solution of the dibromoester 67 (265 g; 0.835 M)

in MeOH (200 ml) and 5.0N NaOH (800 ml) was refluxed for

90 min. The cooled solution was then acidified with conc.
HCl to pH 1, and stirred overnight at room temperature.
After removal of the HZO (in vacuo), the residue was ex-
tracted with hot acetone, The hot acetone solution was
filtered, and evaporated, leaving a dark oil. This dark
oil was dissolved in HZO (800 ml) and washed with ether

(5 x 100 ml) to remove the dark impurities. The resulting
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Water solution was titrated with 5N NaOH (éhenolphthalein
indicator), then passed over an acid-form ion-exchange
column (Dowex 50WX8; 500 g). The eluent was freezé-dried
overnight, leaving crude dihydroxyglutaric acid (ZQ).

This crude acid was immediately dissolved in methanol

(100 ml) and esterified with diazomethane (ca 5M). The
solvents were removed in vacuo, giving an oily pale yellow

residue (Z%), which was used in the next step without fur-

ther purification.

2-Phenyl-4,6-biscarbomethoxy-l,3—dioxane (Z%)

The diester 1 (150 g; 0.78 M) was dissolved in
penzaldehyde (350 ml) and cooled to 0°. ZnCl2 (fused and
powdered; 120 g) was added, and the resulting mixture was
stirred 24 hr at room temperature. Ice-water (500 ml)
was added, and the mixture was extracted with CHCl3 (3 x
100 ml)., The solvent and excess benzaldehyde were removed

in vacuo. The residue was then dissolved in MeOH (400 ml)

containing NaOMe (21.6 gi 0.4 M) and refluxed 60 min. The
MeOH was then removed ig vacuo, and the residue extracted
with CHCl3 (3 x 100 ml). The CHCl3 solution was then fil-
tered, and the solvents evaporated. The residue was recrys-

tallized from MeOH to give the pure meso= dioxane diester

(72). (mp 127-129°).
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vield: 158 g (73%).

See text for spectroscopic details of compound 72.

meso-2—Phenyl-4,6—bis(hydroxymethyl)-l,3-dioxane (Z%)

A solution of the diester ]2 (26 g; 92 mM) in
THF (100 ml) was added dropwise to a suspension of LiAlH4
(7.2 g; 190 mM) in THE (200 ml) at reflux. The mixture

was refluxed 11 hr, then cooled to 0°. HZO (20 ml) in THF

(100 ml) was added slowly, followed by celite (50 g). After

———

filtering, the THF was evaporated in vacuo and the residue

was a colourless oil, which was not further purified.

vield: 20.6 g (100%).

ir: 3330 ot (broad, s).

meso-2—Phenyl-4,6—bis(tosyloxymethyl)-l,3—dioxane (gé)

EfToluenesulfonyl chloride (52 g; 260 mM) was
added to the diol Z% (24 g; 100 mM) in pyridine (100 ml)

at 0°, This mixture was stirred at 0° for 10 hr, then

poured into crushed ice (500 g). The white solid was fil-

tered off, and washed with HZO (100 ml), MeOH (100 ml),
then hexane (100 ml). The solid was then dissolved in
CHCl3 (300 ml), and this solution was then washed with IN
HCl until the aqueous layer remained acidic. The CHCl3

layer was then washed with HZO (100 ml), prine (50 ml) and
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dried (anhydr. Na2804). Removal of the CHCl3 and recrys-

tallization from ethyl acetate gave colourless needles (mp

135-137°).

Yield: 45 g (84%),

nmr: T 2.1-2,9 (m, 13H); 4.61 (s, 1H); 5.8-6.1 (m, 6H);
7,52 (s, 6H); 8.,3~8,8 (m, 2H).

irs 1600 et (s); 1350 (s); 1160 (s).

3,4-Benz-8,10~-dihydroxycycloundeca-1,5-diyne-3-ene-0,0'-

4)

benzylidene (Zm

Diethynylbenzene 47 (5.82 g; 46,2 mM) dissolved
in dry dioxane (500 ml) was treated with a solution of n-
butyllithium in hexane (92,4 mM). After stirring 30 min
at room temperature, the ditosylate (gé) (23.1 g; 46,2 mM)
in dioxane (500 ml) was added., The mixture was refluxed
for 110 hr. The resulting dark brown mixture was filtered,

and bubbled with CO, while adding HZO (10 ml), The sol-

2
vents were removed in vacuo and the residue thoroughly
extracted with CHCl3 (5 x 25 ml). The CHCl3 extracts were
washed with HZO (25 ml) and brine (25 ml) then dried
(anhydr, Na2504) and evaporated. The dark brown residue
was dissolved in a minimum amount of benzene and chromato-
graphed on alumina (500 g; benzene eluent). The second band

was crystalline, and recrystallization from CHC13/hexane

gave the desired compound Zé, as colourless crystals (mp
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253-254°),
vield: 740 mg (5.1%).
mr: T 2.4=3,0 (m, 9H); 4.50 (s, 1H); 5.4-5.9 (m, 2H);

609"7.6 (m, 6H) .

3,4-Benz-8,10—dihydroxycycloundeca—l,5-diyne—3-ene (17)

The benzylidene derivative 74 (630 mg; 2,01 mM)
was suspended in distilled dioxane (50 ml) and stirred at
room temperature, p-Toluenesulfonic acid in H,0 (840 mg in
4.6 ml) was added all at once, and the mixture stirred
vigorously for 24 hr, The resulting clear solution was

treated with H.O (35 ml) and then extracted with CHCl3 (3

2
x 50 ml), The combined organic extracts were then washed
with 5% Na2CO3 solution (25 ml), and dried (anhydr. NaZSO4).
Removal of the solvents in vacuo gave a solid residue that
was recrystallized from CHCl3 to give the desired diol YK

as colourless crystals (mp 193-194°).

vield: 407 mg (90%).

,3,4-Benzcycloundeca—l,5-diyne-3-ene-8,lO-diyl ditosylate (ZQ)

The diol Zé (340 mg; 1,50 mM) was dissolved in
dry pyridine (2.0 ml) and cooled to 0°. E;Toluenesulfonyl
chloride (600 mg; 3.15 mM) was added all at once, and the

resultant solution was stood at 0° for 18 hr. The solution
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was then poured onto crushed ice (50 g) ana this mixture

was stirred until the sticky precipitate had crystallized.

The solid was then filtered off and washed with HZO'

Recrystallization from CHzclz/hexane gave colourless crys-

tals of the ditosylate Jp (mp 176-177.5°) .

Yield: 596 mg (77%).

nmr: T 2.1-2.8 (m, 12H); 5.2-5.6 (m, 2H); 7.2-7.4 (d, 4H);
7.55 (m, 6H); 7.9-8.5 (m, 1H); 6.7-7.1 (m, 1H).

ir: 1600 o™l (m); 1350 (broad, s); 1150 (s); 1090 (s);

960 (s).

3,4-Benzcycloundeca-1,5-diyne=-3,7,10-triene (36)

The ditosylate Zé (490 mg; 0.918 mM) was dissolved
in dry THF (50 ml) and stirred at 0° under N2 while KOt-
Bu (285 mg; 2.55 mM) was added in 100 mg portions. A blue
colour appeared, which faded in ca 1 min, After 10 min,
the solution was quenched by pouring it into 1M NaH2P04
solution (125 ml). This mixture was then extracted with
CH.C1. (3 x 50 ml), and the combined organic extracts were

2772
washed with HZO (25 ml) and brine (25 ml), then dried
(anhydr, Na2504) and evaporated, leaving a solid residue.
Sublimation at 50°, 0,02 mm Hg, followed by recrystalliza-
tion from MeOH gave hydrocarbon 36 as colourless crystals

(mp 78.5-79.,5°).
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vield: 145 mg (83%),

nmr: See text for details.

{r: 2190 cn™) (w); 1470, 1450, 1430 (m); 1100 (m); 945
(s); 895 (s).

w: 252 nm (e = 36,000); 256.5 (34,900); 264.5 (60,900).

190,0771

mass spectrum: calc, for ClSHlO: m/e

meas. for C15H10: m/e = 190.0761

base peak: m/e = 95,

. 2-Isopropyloxymethylenecyclohexanone (gg)

K2C03 (

(1600 ml), To it was added 2-hydroxymethylenecyclohexanone

207 g; 1.5 M) was suspended in dry acetone

(125 g; 1.0 M), followed by freshly distilled 2-iodopropane
(212 g; 1.25 M), This mixture was refluxed for 72 hr, after
which time the reaction mixture did not give a positive
test with FeCl3. The acetone and excess isopropyliodide
were evaporated and H20 (1,0 1,) was added to the residue.
This mixture was extracted with ether (3 x 300 ml), and

the combined ether extracts were washed with 5% NaOH (200
nl), HZO (200 ml), brine (200 ml) and then dried (anhydr,
Na2504). The ether was evaporated, and the residue was
fractionally distilled. The fraction boiling at 72-77° at

0,05 mm Hg was collected to give compound 86 as a colour-

less liquid.81

vield: 151 g (90%).
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nmr: T 2055-237 (m, lH); 5;4-601 (Sept., lH); 7.4-810 (m,

4H); 8,0-8.5 (m, 4H); 8.7 (d, 6H).

_l-Ethynylcyclohexene-Z—carboxaldehyde (QZ)

Lithium acetylide ethylenediamine complex (49 g;
0.533 M) was suspended in dry THF (350 ml) in a 3 litre
flask., To this suspension, at 0°, was added dropwise com-
pound 86 (60 g; 0.358 M) in THF (100 ml). This mixture was
stirred 15 min at 0°, then 21 hr at room temperature, Ice
(150 ¢) was added at 0°% and this mixture was stirred 30
min, 5,80, (2,128, 1360 nlj L.44 M) vas then added, and
the mixture was then stirred vigorously for 1.5 hr. The
resulting mixture was extracted with ether (3 x 200 ml) and
the combined ether extracts were then washed with saturated
NaHCO3 solution (100 ml), brine (50 ml) and then dried
(anhydr. Na2804) and evaporated, leaving a dark oil. This
oil was sublimed at 50°, 1.0 mm Hg, onto a cold finger at
0°. The sublimed product was then recrystallized from
hexane to give yellow prisms of the desired acetylenic
aldehyde mp 47-49° (1it.% mp 49.5-50°).
vield: 24.0 g (50%).
mmr: T 8.37 (m, 4H); 7.68 (m, 4H); 6.85 (s, 1H); -0.02

(s, 1H).

ir: 3230 ent (s); 2080 (w); 1672 (s).
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1-Ethynyl-2-(B-chlorovinyl)cyclohexene (gg)

Triphenylchloromethylphosphonium chloride (22.9 g;
66 mM) was suspended in dry THF (100 ml), and treated with
n-butyllithium in hexane (64 mM) at -78°, This mixture
was stirred 15 min at -78°, giving a red-orange mixture,
which was then allowed to warm to room temperature. The
resulting yellow-orange mixture was then stirred 15 min at
room temperature, and then the aldehyde 87 (8,05 g; 60 mM)
in THF (25 ml) was added dropwise., The resulting dark
green suspension was then stirred overnight at room tem-
perature, H20 (12 ml) was then added, and the solvents
were removed in vacuo, The dark semi-crystalline residue
was then thoroughly extracted with pentane (6 x 75 ml),
and the pentane extracts were dried (anhydr. Na2804) and
evaporated, Distillation of the residue gave the chloro-
vinyl compound B8 as a pale yellow liquid (bp 46-48° at
0,05 mm Hg).5!
vield: 7.0 g (70%).
nmr: 1 8.38 (m, 4H); 7.76 (m), 7.38 (m); 6,74 (s, 1H);
ap "8
ir: 3290 cn”l(s); 2080 (w); 1572 (m).

3.25 (q, JA,B = 14); 3.55 (q; J

1,2-Diethynylcyclohexene (82)

NaNH, was prepared in liquid NH, (700 m1) from

2
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Na metal (8,55 g; 372 mM) using Fe(NO 6H20 (150 mg) as

33
a catalyst, To the grey suspension of NaNH2 was added the

chlorovinyl compound 88 (19.4 g; 116 mM) in dry ether (200
ml), with vigorous stirring, The red-brown mixture was

then stirred 2 hr at NH3 reflux, and then NH,Cl (28 g; 520

4
mM) was added in portions, followed by more ether (450 ml).

The NH3 was evaporated and H20 (150 ml) was added., The
layers were separated, and the HZO layer washed with ether
(50 ml). The combined ether extracts were washed with 1,0
(50 ml), brine (50 ml) and then dried (anhydr, Na2304).
After evaporation of the solvents, the residual brown oil
was distilled to give as a colourless oil, diethynylcyclo-

81

hexene (82) (bp 27-28° at 0.1 mm Hg; 1lit™~ 52-53° at 18 mm).

Yield: 9.50 g (63%).
nme: 1 8,35 (m, 4H); 7.78 (m, 4H); 6.88 (s, 2H).
1 ( |

ir: 3360 cm  (s); 2130 (w); 1452 (m).

3,4-Tetramethylene~8,9-dihydroxycyclodeca~1,5-diyne=3-ene-

0,0'-benzylidene (gg)

Diethynylcyclohexene (12.6 g; 97 mM) was dissolved
in dry dioxane (500 ml), To this solution was added n-
butyllithium in hexane (194 mM) at room temperature, After
stirring 1 hr at room temperature, a white precipitate had
formed, To this suspension was added a solution of the

ditosylate (EQ) (50.3 g; 97 mM) in dry dioxane (300 ml).
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This mixture was refluxed for 90,5 hr, After cooling, CO2
was bubbled into the mixture for 5 min, followed by the
addition of H20 (10 ml). The solvents were evaporated under
reduced pressure, and the dark residue was then hydrolysed
with 1M NaH,P0, solution (200 ml). The resulting mixture
was extracted with ether (4 x 200 ml). Any insoluble solids
were then filtered off, and the combined ether extracts
washed with brine (100 ml) and dried (anhydr, Na2804).
Evaporation of the ether left a dark brown semi-crystalline
residue which was chromatographed on alumina (600 g) giving as
the second band, light brown crystals. Recrystallization
from hexane/benzene (4:1) gave compound 89 as colourless
crystals (mp 154,5-155,5°),
Yield: 2.95 g (10%).
nmmr: T 8,42 (m, 4H); 7.88 (m, 4H); 7.27 (m, 4H); 5.76 (m,
2H); 4,19 (s, 1H); 2,64 (m, 5H).
irs 1383 et (m); 1074 (m).
mass spectrum: calc. for C,,H,,0,: 304.1463

2172072°

found for C21H2002: 304,1467.

3,4-Tetramethylene-8-hydroxycyclodeca-1,5-diyne-3-ene-9~-yl

benzoate (gg)

The benzylidene derivative (ég) (300 mg; 1 mM)
was suspended in dry CH3CN (7 ml), and to it was added tri-

tyl fluoroborate (420 mg; 1.25 mM) in CH,CN (4 ml). The

3
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yellow suspension was stirred at room température for 9 hr,
after which time, all of the precipitate had dissolved,
This solution was hydrolysed with 1M NaH2P04 solution (45
ml) and the resulting suspension was extracted with CH2C12
(3 x 25 ml). The combined organic layers were washed with
brine (25 ml) and then dried (anhydr, Na2504) and evapor-
ated, leaving a brown semi-crystalline mass, Chromatography
on silicic acid (25 g) gave as a yellow solid a mixture of
the hydroxybenzoate (90) and triphenylmethyl species, which
was not usually further purified, but used directly in the
subsequent step. On one run, the hydroxybenzoate was
chromatographed four times on silicic acid to remove the
impurities, which gave the hydroxybenzoate as colourless
crystals (mp 145° dec,).
Yield: 288 mg (90%).
nmr: 1 8.38 (m, 4H); 7.86 (m, 4H); 7.26 (m, 4H); 5.78 (m,
1H); 4,68 (m, 1H); -1.80-2,83 (m, 5H).

ir: 3520 enl (broad, m); 2195 (w); 1720 (s).

~3,4-Tetramethylene-8,9-dihydroxycyclodeca~l,5-diyne-3-ene

(1)

The mixture of the hydroxybenzoate 30 and the
triphenylmethyl species (ca 650 mg) was dissolved in dry
MeOH (20 ml) and dry benzene (5 ml). To this solution,

at 0° was added NaOMe (32 mg). This solution was stirred
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at 0° for 75 min, then hydrolysed with 1M ﬁaHZPO4 solution

(150 ml), This mixture was then extracted with CH2C12 (3

x 30 ml), and the combined organic layers were washed with

brine (50 ml) and then dried (anhydr. Na2804). Evaporation

of the solvents left a light brown oil which was chromato-

graphed on silicic acid (15 g) to give as the third band the

diol 1, as colourless crystals (mp 100°, dec.).

vield: 80% overall from the benzilidene derivative 83.

nmr: T 8.38 (m, 4H); 7.88 (m, 4H); 7.46 (m, 4H); 6,13 (m,
4H) .

ir: 3380 e’ (broad, m); 2198 ().

3,4—Tetramethylenecyclodeca—l,5-diyne-3-ene-8,9-diyl

dimesylate (32)

The diol 2& (216 mg; 1 mM) was dissolved in THF
(6 ml), Methanesulfonyl chloride (345 mg; 3 mM) in THF (1
nl) was added, followed by the addition of triethylamine
(335 mg; 3.3 md) in THF (2 ml) at 0°, A white precipitate
formed immediately. This mixture was stirred for 135 min
at 0°, and then evaporated. The residue was dissolved in

CHCL, (25 ml), washed briefly with brine (25 ml) and then

3
dried (anhydr. Na2504) and evaporated, leaving a pale yel-

low glass. Chromatography on silicic acid (7 g) gave the di-
mesylate 92 as a colourless glass that rapidly turned green-

brown in air,
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vield: 370 mg (100%).

mr:  T18.38 (m, 4H); 7,90 (m, 4H); 7.30 (m, 4H); 6.92 (s,
6H); 5.18 (m, 2H).

fr: 2190 cn b (w); 1340 (s); 1169 (s).

3,4—Benzcyclodeca-3—ene—l,S-diyne (g%)

The dimesylate g% (150 mg; 0,404 nM) was dissolved
in THF (2.5 ml) and MeOH (1.3 ml) at 0°, NaOMe (49 mg;
0.910 mM) was added in MeOH (3 ml). This solution was
stirred overnight at room temperature, resulting in a light
brown solution containing a small amount of silky precipi-
tate, The mixture was hydrolysed with M NaH2P04 solution
(50 ml), and this mixture was then extracted with pentane
(5 x 25 ml). The combined pentane extracts were washed
with brine (25 ml) and dried (anhydr. NaZSO4) and evapor-
ated, leaving greenish crystals, which were a mixture of
hydrocarbons 32 and 4. This crude residue was dissolved
in a minimum amount of MeOH. Cooling this solution to -78°
crystallized out the tetrahydroanthracene (g%). Evapora-
tion of the mother liquors gave a pale yellow solid resi-
due. Recrystallization from hexane at -30° gave 94
as colourless crystals (mp 73-74.5°) (ca 95% pure).
vield: 22 mg (30%) of g%; 18 mg (25%) of 2@.

See Chapter 3 for spectroscopic data of compound 94.
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Diethyl o-phenylenedipropionate

The diene Giester %& (20,7 g; 75.5 mM) was dis-
solved in THF (150 ml), and 5% Pd/C (1.40 g) was added.
This mixture was shaken under H, pressure (40 psi) for 50
min, after which time no more H2 was absorbed. The cata-
lyst was filtered off, and the THF evaperated, leaving a
yellow oil, which showed no trace of starting material in
its nmr spectrum, This saturated ester was used without
further purification in subsequent reactions.

vield: 20.6 g (98%).

.g-Phenylenedipropionic acid (gg)

The diethyl ester (see above) (20.5 g; 74,0 mM)
was dissolved in ethanol (200 ml). To this solution was
added 2.1N KOH solution (98 ml), and the resulting yellow
solution was refluxed 2.5 hr, then stirred overnight at
room temperature, The solvents were removed in vacuo and
Hzo (100 ml) was added to the residue, The H20 solution
was acidified with conc, HCl to pH 2, which produced a
white precipitate. Recrystallization from hot H20 gave
colourless needles of the diacid 96 (mp 171.0-171.8°).
vield: 13.2 g (80%).

nme: T 7.20 (m, 8H); 2.72 (s, 4H),
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Dimethyl o-phenylenedibutyrate (gl)

The diacid %Q (10,0 g; 45 mM) was suspended in
benzene (200 ml), and to it was added oxalyl chloride (27
g; 210 md) , with stirring at room temperature, This mix-
ture was stirred at 45° for 19 hr, at which point the solu-
tion was clear. Solvents were removed in vacuo and the
residual diacid chloride was dissolved in benzene (200 ml)
and then added dropwise, with stirring, to a solution of
CH)N, (270 mM) in ether at 0°. This solution was stirred
17 hr at 0°, Evaporation of the solvents left a yellow,
gemi-crystalline residue., This was dissolved in dry MeOH
(300 ml) and to it, with stirring, was added dry AgOCOC H,
(7.5 g) in triethylamine (50 ml), in portions, until no
more N, evolution occurred, The resulting brown mixture
was stirred 17 hr at room temperature. Activated charcoal
(2 g) was then added to the mixture, and the mixture was
then refluxed 30 min, After filtration and evaporation,
the residual brown oil was dissolved in CH2C12 (50 ml) and
washed with 5% HCL (25 ml), HZO (25 ml), saturated NaHCO3
(25 ml) and brine (25 ml), and then dried (anhydr, Na2804).
Evaporation of the solvent left a dark brown oil, Distil-

lation (bp 120° at 0,05 mm Hg) gave the diester I as a pale

yellow oil.,

vield: 7.5 g (608),
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mass spectrum: calc., mass for C16H2204: 278,1519

meas. m/e = 278,1518.

. 6,7-Benz-2-hydroxycyclodeca-6-ene~-1-one (g@)

Sodium metal (2.30 g; 100 mM) was suspended in
refluxing xylene (160 ml)., With vigorous stirring, a solu-
tion of the diester 27 (6.0 g; 21,6 mM) in xylene (60 ml)
was added dropwise, at reflux. The resulting mixture was
refluxed for 22 hr., Acetic acid (10 ml) in xylene (50 ml)
was added dropwise to the cooled ((°) nixture, followed by
HZO (100 ml), fThe resulting mixture was stirred at 0° for
15 min, after which time the organic phase was a pale yel-
low colour, After filtering with glass wool, the organic
layer was washed with brine (25 ml) and then evaporated,
leaving a yellow, semi-crystalline mass. Sublimation (70°
at 0,05 mm Hg) gave the acyloin A8 as colourless crystals
(mp 93-94°),

Yield: 3.1 g (65%).
mmr: T 2,6-3,0 (m, 4H); 5.7-6.0 (m, 1H); 6,1-6.4 (bs, 1H);
6.9-9,0 (m, 12H),

ir: 3520 en™l (broad, m); 1705 (s); 1100 (n) .

5,6-Benzcyclodeca-5-ene-1-one (99)

The acyloin A8 (L.67 g; 7.65 mM) was dissolved
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in acetic anhydride (4 ml) and pyridine (G'ml) and this
solution was then heated at 50° for 3 hr, Xylene (5 ml)
was added, and the solvents were removed in vacuo. The
residue was dissolved in CH2C12, and washed with Hzo (10
ml) and brine (10 ml), then dried (anhydr, Na2804) and
evaporated, leaving a yellow syrup. Chromatography on
silicic acid gave pale yellow crystals, which were sub-
limed (100° at 0,08 mm Hg) to give colourless crystals
(mp 104-105°) of the 6,7-benzcyclodeca-6-ene-1-one-2-yl
acetate (95% yield), (ir: 1725 cm o (s), 1745 (s))
Calcium (1.05 g; 26.2 mM) was freshly cleaned
with emery cloth and then dissolved in a mixture of liquid
NH, (120 ml) and dry THF (40 ml) at -78°, The keto-acetate
(490 mg; 1,88 mM) was dissolved in THF (40 ml) and this
solution was added dropwise to the dark blue Ca/NH3 solu~-
tion, with vigorous stirring, After 10 min at -78°, the
mixture was poured onto crushed ice (300 g), and this mix-
ture was then extracted with CH2C12 (3 x 25 ml), The com=
bined organic phases were washed with 10% HCL (25 ml),
saturated NaHCO, (25 ml) and brine (25 ml). After drying
(anhydr. Na2804) the solvents were evaporated, leaving a
pale yellow oil. Distillation (oil bath temperature 70°;
0.08 mm Hg) onto a cold finger (at 0°) gave 99 as a col-
ourless oil,

vield: 270 mg (71%).
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1

ir: 1702 cm — (s),

Benzcyclodecene (199)

Powdered KOH (600 mg) was dissolved in ethylene
glycol (6 ml) and this solution was bubbled with argon to
remove oxygen, Hydrazine hydrate (85%; 0.6 ml) was then
added, followed by the ketone 99 (240 mg; 1,19 mM). This
solution was heated at reflux for 90 min, and then volatile
components were allowed to slowly distil off until distil-
lation ceased. The residual solution was then refluxed
19 hr, then poured into H20 (50 ml); this mixture was
extracted with CH2C12 (3 x 10 ml), and the combined organic
layers were washed with H20 (10 nl) and brine (10 ml), then
dried (anhydr., Na2804) and evaporated, Distillation of
the residue (oil bath 50°; 0.1 mm Hg) onto a cold finger
(0°) gave the hydrocarbon 100 as a colourless oil,

Yield: 150 mg (67%).
ir: 3010 en™t (s); 2950 (m); 2870 (m).

_Bicyclo[8.4,0] tetradecane (%Q%)

The benzcyclodecene (86 mg; 0.458) was dissolved
in acetic acid (3 ml) and PtO2 (40 mg) was added; this
mixture was stirred under H2 (1 atm) for 22 hr, The mix-
ture was filtered, and the filtrate was diluted with pen-

tane (15 ml), The pentane solution was washed with HZO
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(3 x 5 ml), saturated NaHCO, (5 ml), and brine (5 nl).
After drying (anhydr. Na2804), the pentane was evaporated,
leaving a colouriess oil. Glpc analysis of this oil on
UC-W98, Reoplex, and Carbowax showed 2 peaks in the ratio
5.1 whose mass spectra (glpc-MS12) were virtually identi-
cal (P+: m/e = 194). The peaks were assigned the cis-
and Eggggfbicyclo[B.4.0]tetradecane structures for the
small and large components, respectively. Hydrogenation

of hydrocarbon 94 gave identical results.

3,4—Tetramethylene-8,10-dihydroxycycloundeca—l,5-diyne-3-

ene-0,0'-benzylidene (103)

Diethynylcyclohexene 82 (1.00 g; 7.69 mf) was
dissolved in dry dioxane (60 ml), and this solution was
then treated with E}butyllithium in hexane (15.38 md).
After 1 hr at room temperature, a white precipitate had
formed. To this mixture was added the ditosylate Q% (4,09
g; 7.69 mM) in THF (30 ml), This mixture was refluxed 94
hr. The reaction mixtﬁre was cooled to 25°, and CO2 was
bubbled in for 10 min, followed by the addition of HZO
(2 ml). The solvents were removed in vacuo, leaving a dark
brown residue. This residue was triturated with 2M
NaH2P04 solution (25 ml), and this mixture was extracted

with ether (4 x 50 ml). The combined ether extracts were
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washed with brine (25 ml) and dried (anhydf. Na2804).
Evaporation of the solvents left a dark brown residue,
which was chromatographed on alumina (200 g; benzene elu-
ent) to give as the second band, the benzylidene deriva-
tive 103 as pale yellow crystals, Recrystallization from
hexane/benzene (1:4) gave 103 as colourless needles (mp
215-217° dec.).

Yield: 110 mg (4.5%).

nmr: T 8.0-9.0 (m, 4H); 7.6-8.0 (m, 4H); 7.0-7.5 (m, 6H);

5,8-6.3 (m, 2H); 4.6 (s, 1H); 2,5-3.0 (m, 5H).

3,4-Tetramethylene-8,10-dihydroxycycloundeca—l,5-diyne-3-

ene (1)

The benzylidene derivative %Q% (102 mg; 0,32 mM)

was dissolved in CHCl3 (4 ml) and MeOH (4 ml). To this
solution, p-toluenesulfonic acid monohydrate (60 mg; 0.31
mM) in HZO (0.5 ml) was added. The solution was stirred
at 25° for 7 hr. The solvents were removed in vacuo and
the residue was dissolved in CHCl3 (30 ml) and washed with
5% NaHCO3 solution (20 ml), HZO (20 ml) and brine (20 ml);
after drying (Na2804), the solvents were removed to give
%Qé as yellow crystals. Recrystallization from hot CHCl3
gave the diol 104 as colourless needles (mp 184-185°).
Yield: 55 mg (75%).

Mass spectrum: Calc. for C15H1802: 230,1307; found 230,131l
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omr: T 8.1-8.8 (m 6H); 7.7-8.1 (m, 4H); 7.0-7.7 (my 4H) ;

6-0-605 (m, ZH) .

3,4-Tetramethylenecycloundecahl,5-diyne-3-ene-8,10-diyl

dimesylate (kgé)

Methanesulfonyl chloride (80 mg; 0.46 mM) in THF
(0,5 ml) was added to a solution of the diol %8% (53 mg;
0.23 mM) in THF (2 ml) at 0°, To this solution was added
triethylamine (70 mg; 0.69 mM) in THF (1 ml) a" 0°, After
5 min, the colourless mixture was evaporated, and the
residue was dissolved in CHCl, (10 ml) which was washed
with H20 (2 x 3 ml). After drying (anhydr. Na2804) and
removal of the CHC13, a pale yellow glass remained, which

was the desired dimesylate 10.

yield: 177 mg (100%).
nmr: T 8.2-8.6 (m, 4H); 7.6-8.0 (m, 6H); 6.8~7.2 (m, 4H);

6.9 (s, GH); 4-9-5.4 (m' 2H)|
-l,5-diyne-3,7,10-triene (38)

3,4-Tetramethylenecycloundeca 38

mo a solution of the dimesylate %Qé (92 mg; 0.238
mM) in THF (3 ml) at 0° was added a solution of DBN {350
mg; 2.81 m) in THF (0.5 ml). The solution was stirred
4 hr at room temperature, turning a deep orange colour.

Ether (100 ml) was then added, and the resulting solution
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was washed with saturated boric acid solution until tne
aqueous phase was acidic. The organic phase was then
washed with brine (25 ml) and dried (Na2504). Removal of
the solvents gave a slightly yellow oil. Sublimation at
60°, 0,05 mm Hg gave hydrocarbon 38 as colourless crystals
(mp 46-48°).

vield: 32 mg (70%).

omr: T 8.0-8.5 (m, 4H); 7.0-7.7 (m, 6H); 3.7-4.3 (m, 4d).
mass spectrum: calc. mass for C15H14: 194,1096

Meas: m/e = 194,1090.

3—Isopropyloxymethylenenorbornan-2—one (%%é)

To a solution of 3-hydroxymethylenenorbornan-2—
one (7.0 g; 51 mM) in dry acetone (120 ml) was added anhydr.
K2C03 (10.5 g; 75 mM) and 2-iodopropane (10.8 g; 64 m).
This mixture was refluxed 66 hr. After filtration, the
solvents were removed in vacuo, and the residue was dis-
tilled to give the desired L18 as a colourless liquid (bp
68° at 0,05 mm Hg).

Yield: 7.85 g (84%).
mmr: T 2.9 (s, 1H); 5.6-6.1 (sept., 1H); 6.7 (bs, 1H);
7.4 (bs, 1H); 8.0-8.6 (m, 6H); 8.7 (a4, 6H).

ir: 1725 et (s); 1210 (m).
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2-Ethynyl-2-hydroxy-3-isopropyloxymethylenenorbornane (%kg)

NaNH, was generated in liquid NH3 (50 ml) from

2
Na (460 mg; 20 mM), Dry acetylene was then bubbled into
this mixture, at -78°, for 15 min, Compound %&% (2,76 g;
20 mM) in dry ether (3 ml) was added dropwise at -78°,

The reaction mixture was stirred for 48 hr at -78° under
an atmosphere of acetylene, after which time NH4C1_(1.5.g;

28 mM) was added, The NH, was evaporated, and the residue

3
was dissolved in HZO (10 ml), This mixture was extracted
with ether (3 x 30 ml), and the combined ethereal extracts
were washed with brine (25 ml) and dried (anhydr. Na2504).
After removing the solvents, the residue was recrystal-
lized twice from pentane, to give the acetylenic alcohol

Ald as a yellow solid (mp 40-41°), (ca 90% pure)
Yield: 2.12 g (51%).

2~Ethynylnorborn-2-ene-3-carboxaldehyde (%%Q)

To a stirred solution of compound L9 (5.25 g;
25,4 mM) in THF (50 ml) was added 1,87N HZSO4 (59 ml).
After stirring 2 hr, NaCl (5 g) was added, The resulting
mixture was extracted with ether (3 x 100 ml) and the com-
bined ethereal extracts were washed with HZO {3 x 75 ml}),
and brine (2 x 35 ml), then dried (anhydr, Na2804). After

evaporation of the solvents, the residue was chromatographed
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on silicic acid which gave the acetylenic.aldehyde as an

unstable, yellow semi-crystalline solid.

Yield: 4.0 g (75%).

mr: t 0.1 (s, 1H); 6.2 (s, 1H); 6.4-6.7 (m, 1H); 6.8-7,0
(m, 1H); 8.,0-9.0 (m, 6H),

ir: 1725 en™t (s); 1640 (m).

. 2-Ethynyl-3-(g-chlorovinyl)norborn-2-ene (k%k)

Chloromethyltriphenylphosphonium chloride (16 ¢;
46 mM) was suspended in dry THF (75 ml) at -78°, "n-Butyl-
lithium in hexane (40 mM) was added at this temperature,
and the resulting dark red mixture was stirred 45 min.
The aldehyde %%Q (5.0 g; 35 mM) in dry THF (20 ml) was
added dropwise at -78°, and the resulting dark brown mix-
ture stirred for 2 hr at this temperature. This mixture
was warmed to room temperature and stirred for 3 hr, H20
(30 ml), NaCl (5 g) and ether (30 ml) were then added,
and the organic phase was separated and washed with brine
- (25 ml) and dried (anhydr, NaZSO4). After evaporation of
the solvents, the dark semi-solid residue was extracted
thoroughly with pentane (6 x 25 ml). After evaporation of
the solvents, the residue was chromatographed on silicic
acid/supercel (3:1; 75 g), pentane eluent, to give the vinyl-
chloride 121 as a pale yellow oil,

Yield: 3,61 g (56%).
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mr: T 3,1-4,1 (m, 2H); 4.1 (bs, <lH); 6.55 (d, 1H); 6.6

(bs, <1H); 7.0 (bs, 1H); 8,0-9.2 (m, 6H).

2,3-Diethynylnorborn-2-ene (kké)

NaNH2 was generated from Na (3,3 g; 143 mM) in
liquid NH3 (300 ml) using Fe(NO3)3.6H20 (50 mg) as cata-
lyst. To this suspension was added the vinylchloride A2l
(5.60 g; 31.3 mM) in dry THF (30 ml) at -78°, This mixture
was stirred for 2,5 hr at -78°, after which the mixture
was warmed to NH3 reflux, and stood 2 hr, NH4C1 (7.70 g;
144 mM) was added, and the NH3 was evaporated. The resi-
due was treated with ether (150 ml) and HZO (30 m1l), The
ether layer was washed with brine (30 ml) and dried (anhydr,
Na2504). Evaporation of the solvent left a dark oil which,
after distillation at room temperature (0.05 mm Hg) gave
the diethynylnorbornene as a colourless liquid,

Yield: 3,33 g (75%).
nmr: T 6,45 (s, 2H); 6.8-7.0 (bs, 2H); 8.0-9,0 (m, 6H),

ir: 3300 en™l (s); 2100 (),



(1)

(2)

(3)

(4)

(5)

(6)

(7)

(10)
(11)

(12)

(13)

140,

REFERENCES

E. Hiickel, Z, Physik, 70, 204 (1931) and subsequent
papers.,
7. W. Armit and R, Robinson, J, Chem, Soc., 127, 1604

(1925).
A, Streitweiser, Jr., "Molecular Orbital Theory for
Organic Chenmists", Wiley and Sons, IncC., (1961) .

J. Thiele, Ber. Deut, Chem.-Ges., 33, 660 (1900) .,

G. Merling, Ber., 24, 3108 (1891).

G, M. Badger, "Aromatic Character and Aromaticity",
Cambridge University Press (New York) (1969).

D, M, Lloyd and D. R. Marshall, Chem. Eﬂé' (London),

1760 (1964).

R, Breslow, Angew. Chem., Intern. Ed., 7, 565 (1968).

M, J. S, Dewar, Advances in Chemical Physics, Vol. III,

p. 65, Interscience Publishers, (New York) (1965).
S. Winstein, Quart. Rev., 23, 141 (1969).
D, T. Clark and D. R, Armstrong, Chem. Comm,, 850

(1969).

J.-F. Labarre and F, Crasnier, Topics in Curr. Chem.,

No. 24, 33 (1971).
For a review on this subject see: A. J. Jones, Rev.

Pure and Appl. Chem,, 18, 253 (1968) .

The Jerusalem Symposia on Quantum Chemistry and Bio-



(15)

(16)
(17)

(18)
(19)

(20)
(21)
(22)

141,

chemistry, Vol, III, "Aromaticity, Pseudo-aromaticity,
and Anti-aromaticity", (1970).

a) L. Pauling, J. Chem, Phys., 4, 673 (1936) .

b) F. London, J, Phys. Radium, 8, 397 (1937).

J. A, Pople, J. Chem, Phys., 24, 1111 (1956) .

L, M, Jackman, F. Sondheimer, Y. Amiel, D. A. Ben-
Bfraim, Y. Gaoni, R, Wolovsky, A. A, Bothner-By, J.
Imer, Chem. Soc., 84, 4307 (1962) .

J. A, Pople and K. Untch, ibid., 88, 4811 (1966).

R, J. Abraham and W. A, Thomas, J. Chem. Soc. (B),
127 (1966).

J. 1. Musher, J. Chem. Phys., 43, 4081 (1965) .

7. M, Gaidis and R. West, ibid., 45, 4218 (1967).

E. Nagel, "The Structure of Science--Problems in the
Logic of Scientific Explanation", Routledge and Kegan
paul (London) p. 99 (1961).

F, Sondheimer and R, Wolovsky, J. Amer. Chem. Soc.,

84, 260 (1962).

F. Sondheimer, Accts. Chem, Res., 5, 81 (1972).

F, Sondheimer, Pure and Appl. Chem., 28, 331 (1971).
F. Sondheimer, Y. Amiel and R. Wolovsky, J. Amer,
Chem. Soc., 81, 4600 (1959).

r. Sondheimer and Y. Gaoni, ibid., 82, 5765 (1960).
Y, Gaoni and F, Sondheimer, Proc. Royal Soc., 299,

(1964) .



142,

(29) a) Y. Gaoni, A, Melera, F, Sondheimér and R, Wolov-
sky, ibid., 397 (1964),
b) J. F. M, Oth, Pure and Appl. Chem., 25, 573 (1971),
(30) a) J. Bergman, Nature, 194, 679 (1962).
b) C. C. Chiang and I. C. Paul, J., Amer, Chem. Soc.,
94, 4741 (1972).
(31) F. Sondheimer and R, Wolovsky, ibid., 81, 1771 (1959).

(32) F. Sondheimer and R. Wolovsky, Tetrahedron lLett.,

(3), 3 (1959).
(33) A, E. Beezer, C. T, Mortimer, H, D. Springall, F.
Sondheimer and R. Wolovsky, J, Chem. Soc., 216 (1965).
(34) R, Wolovsky, J. Amer, Chem, Soc., 87, 3638 (1965),
(35) I. C. Calder, P. J. Garratt and F. Sondheimer, Chem,
Comm,, 41 (1967).
(36) W, H. Okamura and F., Sondheimer, J. Amer, Chem. Soc.,
89, 5991 (1967).
(37) I. C. Calder, P, J. Garratt, H., C, Longuet-Higgins,
F. Sondheimer and R. Wolovsky, J. Chem, Soc., (g),
1041 (1967),
(38) a) M, J. S. Dewar and G, J. Gleicher, J. Amer, Chenm,
soc., 87, 685 (1965).
b) H. C. Longuet-Higgins and L. Salem, Proc.” Roy.
"Soc., Ser, A, 251, 173 (1959); 257, 445 (1960).
(39) R, M. McQuilkin and F, Sondheimer, J. Amer, Chem.

Soc., 92, 6341 (1970),



(40)

(41)

(42)

(43)

(44)

(45)

(46)
(47)

143,

R, M, McQuilkin, B, W, Metcalf and F. Sondheimer,

" Chem, Comm,, 338 (1971).

C. C. Leznoff and F. Sondheimer, J. Amer, Chem, Soc.,

89, 4247 (1967),

B, W. Metcaif and F. Sondheimer, ibid., 93, 5271

(1971),

a) F, Sondheimer, R, Wolovsky and Y. Gaoni, ibid.,,
82, 754 (1960),

b) F. sondheimer, R, Wolovsky and Y, Gaoni, ibid.,
82, 755 (1960),

F, Sondheimer, I, C. Calder, J. A. Elix, Y. Gaoni,

P, J. Garratt, K. Grohmann, G, diMaio, J, Mayer,

M, V. Sargent, and R, Wolovsky, Chem. Soc. Spec.

Publ., No. 21, 75 (1967).

a) W. E. Doering and L. H. Knox, J. Amer, Chem,
Soc., 76, 3203 (1954),

b) H, J, Dauben, F, A, Gadecki, K. M. Harmon, and

D, L. Pearson,'ibid.,'zg, 4557 (1957),

-T. J. Katz, ibid., 82, 3784 and 3785 (1960).

a) T. J. Katz and P, J, Garratt, ibid., 85, 2852
(1963); ibid., 86, 5194 (1964),

b) E. A, Lalancette and R, E. Benson, igig.,'gg,
2853 (1963); ibid., 87, 1941 (1965),

a) R. Breslow and H. Hover, ibid., 82, 2644 (1960).

b) R. Breslow, H, Hover and H, W. Chang, ibid., 84,



(49)

(50)

(51)

(52)

d)

See

a)

b)

c)

d)

b)

b)

144,

3168 (1962),

R, Breslow, J. T, Groves and G. Ryan, ibid., 89,
5048 (1967).

R, Breslow, and J. T, Groves, ibid., 92, 984
(1970) .

for instance:

P, J. Garratt, N. E, Rowland and F. Sondheimer,
Tetrahedron, 27, 3157 (1971).

J. F. M, Oth, G, Anthoine and J. M. Gilles,

Tetrahedron Lett., 6265 (1968).

J. F, M. Oth and J. M, Gilles, ibid., 6259 (1968).
J. Griffiths and F. Sondheimer, J. Amer, Chem.
Soc., 91, 7518 (1969).

M, P, Cava and M, J. Mitchell, "Cyclobutadiene
and Related Compounds", Academic Press, Inc.,

(New York) (1967).

G, Maier, U, Mende and G, Fritschi, Angew, Chem,,
Int, Ed., 8, 912 (1969).

R. Willstatter and E. Waser, Ber., 44, 3423 (1911).
R. Willstatter and M., Heidelberger, Ber., 46,

517 (1913),

R, Wolovsky and F. Sondheimer, J, Amer. Chem,

“Soc., 87, 5720 (1965).

F. Sondheimer, R. Wolovsky, P. J. Garratt and

I. C, Calder, ibid,, 88, 2610 (1966).



(53)

(54)
(55)
(56)
(57)
(58)

(59)
(60)

(61)

(62)

(63)

(64)

(65)

(66)

145,

c¢) XK. G, Untch and D. C. Wysocki, iéig., 88, 2608
(1966) .

a) K. G. Untch and D. C. Wysocki, ibid., 83, 6387
(1967) .

b) J. F. M, Oth, H, RBttele, and G, Schr6der,'gggf

' rahedron Lett., 61 (1970) ; igig., 67 (1970).
F. Sondheimer and Y. Gaoni, ibid., 83, 4863 (1961},
F. Sondheimer and Y. Gaoni, ibid., 83, 1260 (1961).

F. Sondheimer and R. Welovsky, ibid., 81, 4756 (1959).

I. C. Calder and F, Sondheimer, Chem. Comm., 904 (1966).

F. Sondheimer, Proc. Robert A, Welch Found. Conf,

“ Chem, Res., 12, 125 (1968) and references therein,

E. Vogel, Pure and Appl, Chem,, 28, 355 (1971).

S. Masamune and N, Darby, Accts. Chem. Res., 5, 272
(1972).

E. E, van Temelen and T. L. Burkoth, J. Amer, Chem.
Soc., 89, 151 (1967).

S. Masamune, K. Hojo, G. Bigam and D. L. Rabenstein,
ibid,, 93, 4966 (1971),

T, J. Sworski, J. Chem. Phys., 16, 550 (1948).

C. B. Reese and A, Shaw, Chem. Comm,, 331 (1972).
N. Darby, C., U. Kim, J. A, Salaun, K. W, Shelton,
S. Takada and S. Masamune, ibid., 1516 (1971).

E. Vogel, R. Feldmann and H, Duwel, Tetrahedron Lett.

(22), 1941 (1970).



(67)

(68)

(69)

(70)

(74)

146,

K. E, Wilson, R, T. Seidner and S. Masamune, Chen,

Comm,, 213 (1970),

J. Attenburrow, A, F, B, Cameron, J, H, Chapman, R

M. Evans, B, A. Hems, A, B. A, Jansen and T, Walker,

~J. Chem, Soc., 1094 (1952),

0. M, Behr, G, Eglington, A. R, Galbraith and R. A,

Raphael, ibid., 3614 (1960),

See for instance:

a) P, Salamaa and A, Kankaanpera,'ég&g.'gggg. Scand.,,
15, 871 (1961),

b) F. Aftalion, M., Hellin and F, Coussemant,jggil.
“Soc. Chim, Fr., 1497 (1965),

H. Meerwein, vV, Hederich, H, Morschel and K, Wunder-

lich, Ann,, 635, 1 (1960),

C. K. Ingold, J, Chem, Soc., 305, (1921).

J. R. Dyer "Applications of Absorption Spectroscopy

of Organic Compounds", Prentice-Hall (New York) pp

116-117 (1965),

J. A, Pople, W, G. Schreider and H. J. Bertsein,

"High Resolution Nuclear Magnetic Resonance", McGraw-

Hill (New York) (1959),

K. B, Wiberg and S, D, Nielsen, J. Org, gggg., 29,

3353 (1964),

C. Djerassi, Chem, Rev., 43, 271 (1948),

R, B. Woodward and R, Hoffmann, "The Conservation of



(78)
(79)

(80)

(81)

(82)

(83)

(84)
(85)

(86)

(87)

(88)

(89)

147,

Orbital Symmetry", Verlag Chemie GmbH and Academic
Press Inc., (1970),

E. Vogel, private communication,

G, M. Pilling and F. Sondheimer, J. Amer, Chem, Soc.,

90, 5610 (1968).

‘a) H, Okamura and F, Sondheimer, ibid,, 89, 5991

(1967) .

b) H, P. Figeys and M, Gelbcke, Tetrahedron Lett,,

(59), 5139 (1970).
G, M, Pilling and F, Sondheimer,‘i.‘éggE. Chenm, Soc.,
93, 1970 (1971),
a) 0. F. Beumel and R, F. Harris, J. Org. Chem,,
28, 2775 (1963),
b) 0. F. Beumel and R, F. Harris, ibid., 29, 1872
(1964).

G. Kobrich, H., Trapp, K. Flory and W. Drischel, Chem,

"Ber., 99, 689 (1966),

S. Masamune and R, T, Seidner, Chem, Comm., 542 (1969).
W. E. Bachmann and W. S. Streuve, Org. Reactions, 1,

38 (1942),

J. H. Chapman, J, Elks, G. H, Philipps and L. J.

Wyman, J. Chem. Soc., 4344 (1956),

Huang-Minlon, J. Amer. Chem. Soc., 68, 2487 (1946),

R. R. Jones and R. G. Bergman, ibid., 94, 661 (1972),

0. M, Behr, G. Eglington, A, R. Galbraith and R, A,



(90)

(91)

(92)

(93)

148,

Raphael, J. Chem. Soc., 3614 (1960).
W. X, Grant and J, C, Speakman, Proc, Chem. Soc,,
231 (1959),

M, Dobler and J. D. Dunitz, Helv, Chim, Acta., 148,

1429 (1965).

a) H. R, Blattmann, W, A, Boll, E, Heilbronner, G.
Hohlneicher, E. Vogel and J,-P. Weber, ibid., 49,
2017 (1966),

b) W. Grimme, E. Heilbronner, G. Hohlneicher, E.
Vogel and J.-P, Weber, ibid,, 51, 225 (1968).

c) H,-R, Blattmann, E. Heilbronner and G. Wagniere,

'J. Amer, Chem, Soc., 90, 4786 (1968),
a) F. Gerson, E, Heilbronner, W. A. Boll and E.

Vogel, Helv, Chim, Acta, 48, 1495 (1965),

b) F. Gerson, J. Henizer and E. Vogel, ibid., 53,
95, (1970).
S. Masamune, A, V, Kemp-Jones, M, Sakai, A. J. Jones,

and C, Beeman, unpublished results,



PART II

SOME ASPECTS OF

TRANSITION MEYAL-CATALYSED REARRANGEMENT OF BICYCLOBUTANES

"Those properties that are perceived by the senses are
probably not the differences which distinguish one metal~
lic species from another, pbut rather accidents or conse-

quences, the essential specific differences being unknown."

Avicenna
De Mineralibus

circa 1020 AD



CHAPTER 1

TUE TRANSITION METAL-CATALYSED REARRANGEMENT OF

STRAINED SYSTEMS

Strained carbon frameworks have long fascinated
organic chemists as probes to study the degree to waich
the normally tetrahedral carbon atom can be distorted.
These molecules have made up an intriguing chapter of the
science, from which has come ingenious solutions to both
theoretical and synthetic problems. The strained systems
have, in some instances, shown what first appeared to be
anomalous properties, which have in turn been the key to
closer understanding of the chemical bond and the laws
tilat govern its existence and behaviour.

By this time, the concept of the conservation of
orbital symmetry, as presented by Woodward and Hoffmann,la
has gained wide acceptance and utility., Strained systems
have provided a unique means of testing the extent of orbi-
tal symmetry control by providing geometry in which other-
wise improbable bond reorganization is more likely to occur.

One molecule which proved extremely interesting

2,5. 3,8.04,7]

from this point of view was pentacyclo[4.4.0.0 0

dec-9-ene (basketene, 1), which was synthesized several

years ago nearly simultaneously by two independent groups.

Later, this compound (1) was inter~related with other (CH)10



150,

=

isomers, a group of molecules whose transformations ele-
gantly demonstrated the power of the conservation of or-
bital symmetry.4

A third group5 was also pursuing a study of the
pasketane ring system, along lines closely parallel to
those followed by the other two groups. There were, hov-
ever, large discrepancies in physical and spectral proper-
ties of some key intermediates obtained by the Frencn and

North American teams. Closer examination of the French

i

) Ag(T)
e —p
| 02Me CO Me
/
Y Yy o2
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work revealed that the intermediate diester 2 had been
purified by caromatography on a silicic acid column impreg-
nated with silver nitrate. Under these conditions, rapid
conversion of % into compound % occurred; subsequent hydro-
lysis and oxidative bisdecarboxylation gave rise to penta-
cyclo[3.3.2.02’4.03'7.06’8]dec-9—ene (%). Tt was soon
shown that addition of catalytic amounts of silver fluoro-
borate to dilute solutions of 2 in chloroform rapidly con-
verted % into % (<3 min).5 Basketene (%) can also be con-
verted into 4 under the same conditions, but at a slower
rate.

This rearrangement of the cubyl skeleton is now
Known to be a general reaction type. Cubane (3) rearranges

to cuneane (Q) and homocubane (l) to homocuneane (,ié).6 If

these rearrangements are concerted, then tne overall trans-

/ Ag(I)

1 4

formation is a [02a+021] reaction, which is thermally for-
[ .

. 1 . T ‘
bidden.” In order to naintain the protons on the carbon
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atoms on the outside of the molecular framework, then two
of the carbons participating must undergo inversion of con-
figuration. Several questions immediately arise: 1if the
silver-catalysed reaction is concerted, how does the metal
atom interact with the hydrocarbon framework in order to
maintain orbital symmetry control? If the reaction is not
concerted, then what is the mechanism of the rearrangement?
Is silver the only transition metal to effect these changes,
and if not, are there any differences with other metals,
and what is the origin of such differences?

Answers to some of these questions were SOOn forth-
coming. Both Rh(I) and Pd(II) rearrange cubane (é), but
in a dramatically different manner. Pd(II), in this in-
stance, behaved much like Ag(I), rearranging p to compound
Q. Treatment of é with Ra(I), however, produced syn-
tricyclo[4.2.0.02'5]octa—3,7~diene (,(\)‘).7 Thus, not only
do other transition metals catalyse rearrangements of the
cubyl system, but they do not all act in the same manner.

Studies on the Rn(I)-catalysed reaction indicated that
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Ag, Rh
< >,
/ Pd

the mecnanism was not concerted;7 isolation of an inter-
mediate has been reported.8 Treatment of cubane (g) with
[Rh(CO)ZCl]2 (&Q) gives, via an oxidative addition to a
carbon-carbon bond, an acyl-rhodium adduct (%%). Thus,

at least the Rh(I)-catalysed rearrangement of cubane is

)___ i ""-”)_

OC-—%h
Cl

a multi~step process.

Dauben recently reported a study of the effects
of the metal ligands on the course of the cubyl rearrange-
ment.9 With the basketane diester (%) as the organic sup-
strate, various complexes of Rh(I) and PA(II) were employed
as catalysts., Rither diester 3 or A%, or varying combina-
tions of the two were the products, as expacted, Transi-

tion metal complexes with ligands that were weak o-donors
it g
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and m-acceptors, (e.g., PdClZ(C6H5CN)2), acted in the same
manner as the uncomplexed metal ion, and gave rise exclu-
sively to the dicyclopropyl derivative (é). This rear-
rangement was viewed as the transition metal interacting,
edge-on, with a strained carbon-carbon g-bond, the metal
acting as a strong o-acceptor, to yield an intermediate
with an electron deficient centre (i.e., carbonium ion-
like intermediate) which collapses to the product.

The production of the dienes (%%) from Rh(I) com-

plexes, (e.qg., Ra((C_H.P).Cl), and some Pd(II) complexes,

657 3
(e.q., PdIZ{(C6H5)3As]2), is in agreement with the sugges-
tion that the rearrangement proceeds via a bidentate inter-
action of the strained carbon system with the transition
metal complex. This sort of interaction is equivalent to
an oxidative addition of the metal to the strained organic
substrate; there existed a good correlation between those

ligands which enhance the oxidative addition of a transi-

tion metal, and those ligands on PA(II) wirich favour the
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formation of the dienes (%%). Dauben's study indicated
systematically for the first time the manner in which the
product distribution from a transition metal-catalysed
rearrangement of a strained system is variant with the
nature of the ligands on the metal,

The cubyl system is not the only.strained carbon
framework which undergoes rearrangement catalysed by tran-

sition metals. Another such molecule is quadricyclene (%%),

D~ - oy
h
AJ% OC/R(; X 0 %

i

wiich is converted on treatment with Ag(I),10 Pd(II),ll and
Rh(I)12 to norbornadiéne (%%). In analogy with the Rh(I)-
catalysed reaction of cubane (3)+ Halpern reported isolation
of an acyl-rhodium intermediate (13) from the quadriéyc-
lene isomerization; thus this reaction also appears to pro-
ceed in a step-wise fashion. Caution should be exercised
in this instance, however. In our laboratory, attempts

at reproducing Halpern's results, as reported in the brief
communication,12 were completely unsuccessful. Following
the reaction by nmr spectroscopy (in methylcyclohexane-d

14)
did not give any evidence that an intermediate such as that
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reported was in fact involved. The source of this discre-
pancy may lie in differences in experimental detail; resol-

ution of this problem awaits publication of full procedures.

g > O

0 0 3
n B

Strain is apparently not the only factor which
determines whether or not a hydrocarbon will rearrange
under the influence of transition metals. The anti-tri-
cyclooctadiene (&Q) is stable to Ag(I), although the syn-
isomer () is not.13 The strained systems 17 and 18 and
19 are likewise inert;l4 nor does hydrocarbon 20 rearrange
in the presence of Ag(I).10 These results may be inter-
preted as the result of unfavourable steric interactions,
or unsuitable geometry, although at this time, sucn pro-
posals are speculative.

Many metals have been found to promote rearrange-

ment of strained systems; Zn(II), Hg(II), Ir(I), Cu(I),



157.

Ru(I), Pt(II), and Sn(II) are some examples, The follow-
ing discussion will, however, be limited to Ag(I), Rh(I)
and Pd(II), because these metals have been used most fre-

quently in studying the mechanisms of these rearrangements,
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CHAPTER 2

THE REARRANGEMENT OF BICYCLO{1.1.0]BUTANES--

Ag(I) AND Rh(I)

Bicyclo[l.1.0]butane (%&) is a highly strained
(63-68 kcal/mole)15 hydrocarbon. In spite of this high
strain energy, thermal isomerization of bicyclobutanes
to butadienes (e.g., %&+%%) requires a high activation

energy (41-43 kcal/mole).16 If such isomerizations are

2

N — U

1 3
2 [

concerted, they must involve a [02s + 02a] process, which
is thermally allowed.l

The bicyclobutane skeleton is particularly amen-
able for the study of these types of processes because it
can be specifically labelled, with, for instance, methyl
groups or deuterium, soO that £he stereochemical coufse of
a reaction can be deduced from the product structure.

Evidence that the thermal isomerization of bicy-
clobutanes to butadienes is concerted was provided by Closs
and Pfeffer in 1968.17 ggg,ggng,4-Dimethylbicyclo[l.1.0]—
butane (g3) on thermolysis yields predominantly the cis,

trans-hexa-2,4~diene (%é); the endo,gzg—isomer (%é) gives
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mostly tne trans,trans-hexa-2,4-diene (%Q). These results
are in accord with the operation of a [02S + 0Za] concerted

. 1
mechanism.

& #

Catalytic amounts of transition metals such as
Ag(I), Rh(I) and P4(II) also, in general, convert bicyclo-
putanes to butadienes. Before 1971, a few scattered ex~
amples of these reactions were known, and all could be
formulated as [2S + ZS] or [2a + Za] type reactions, as was
the case in the cubyl rearrangements (see above). The pro-
posal was therefore made that these rearrangements of bi-
cyclobutanes were concerted. However, the organic sub-
strates studied were so constituted that only one mode of
reaction was possible to explain the observed geometry of
the product and alternate stereochemical pathways were
structurally prohibited.

As in the thermal isomerization, compounds 23 and

%Q allowed a probe of the stereochemical consequences of
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Ag(I)-catalysed rearrangements of bicyclobutanes, by pro-
viding more than one possible reaction pathway.18 Treat-
ment of %% with catalytic amounts of AgClO4 in benzene, at
room temperature or 5°, gives predominantly the hexadiene
iy and under the same conditions, n gives %%18 (see above
diagram). The Ag(I)—promoted isomerizations axe not com-
pletely stereospecific (see Table I), but it appears as
though the stereochemistry of the bicyclobutane-Ag{I)
reaction may be governed at some stage by the orbital sym-

metry of the whole system undergoing skeletal rearrange-

nent.

Table I
% Yield

product Distribution of Ag(I)-Catalysed

Reaction of 2,4-Dimethylbicyclobutanes

Compound %4 %Q Total Yield

4"
3 2 78 89
25 95 5 99

These changes (%%+%Q and %é+%%) represent [02S +
025] (or possibly for 2p, [02a + 0Za]) reactions, in the
orbital symmctry sense. However, rapid accumulation of
data concerning the structural relationship between start-
ing materials and products soon demonstrated that the

mechanism is not concerted, but in fact procceds in a step-
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wise manner, Three possibilities are presented for the

mechanism of the metal-catalysed rearrangement of bicyclo-

butanes.19
H
4 2 B 4 <2
RN ---->\
.\,
1 3 '\\ 1 3
% wo
Type I
Product
B
4
+-—->\
T\ /
; T 3
M Type II
%z Product

In the conversion of bicyclobutanes into butadi-
enes, two bonds of the starting material must be broken.
Cleavage of the C-1,2 bond (to give a species like %Z) fol-
lowed by C-1,3 bond breakage, gives rise to a (formal)
carbene-metal complex (%@). Two modes of decomposition
are open to such an intermediate. Hydrogen migration to
the carbenoid centre (mechanism A), followed by loss of
the metal atom, produces a butadiene (%%) of a sort that

will be called the Type I Product. An analogous vinyl
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migration (mechanism B) leads to a butadiene which will be

called the Type I Product. (See diagram above.) BAs will
be seen belov, specific labelling allows distinction be-
tween these two types of products.

Alternately, cleavage of the C-3,4 bond in %Z,
with concomitant loss of the metal (mechanism C) also

leads to the Type II product. It is important at this

point to emphasize that a Type II product is the result

of either mechanism B or mechanism C. The Type I product
can only arise from mechanism A.

gince the recognition that the metal-catalysed
rearrangement of bicyclobutanes is probably a step-wise

process, a considerable number of specifically labelled

bicyclobutanes have been prepared, in attempts to eluci-
date the mechanism of this reaction. One particularly

interesting example was published by Gassman.20 Reac-

N e
W s 7 D
(D)
AR

: iR 34
tion of the trimethylpbicyclobutane 22 with catalytic am-
ounts of [Rh(CO)ZCl]? gives the diene 30 and the cyclo-

propyl compound %k as products. Compound %% is a strong
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indication of a step-wise mechanism, through an intermed-
iate like 27. Diene 30 is either a Type I or a Type II
product. However, deuterium labelling at C-3 of %%, as
shown above, established that %Q must be a Type I product,
and is therefore formed by mechanism A (hydrogen migra-
tion to a carbenoid centre). Later, paquette studied bi-

cyclobutane %2 on treatment with Ag(I).l4 The products

AN + Y #

N

2 . .

are the dienes 32 and 33, and compound 31 (71:19:8). Again
the presence of 31 suggested a step-wise mechanism. Both
dienes 32 and 33 are Type I products, and therefore arise
via mechanism A.

Gassman has performed a further series of experi-
ments concerning compound %%.20 In MeOH, with [Rh(CO)2Cl]2
(%Q) as catalyst, 29 gives the methyl ether 34 (see refer-
ence 29 for a refutation of this type of experiment), which
supports the fact that a carbonium ion intermediate is
involved and is trapped by the solvent. This result is
subject to the proviso that the production of %Q by acid-

catalysed reaction must be excluded, In our laboratories,
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a trace of p~toluenesulfonic acid in MeOH converts 29 into
A4 quantitatively within 2 min at room temperature. Di-
carbonylrhodium acetoacetonate [Rh(CO)zacac] in CHC13 con-
verts 29 into 30 and 3l; in MeOH, in the presence of base
(BaCO3), mostly 34 is produced, but at a rate only 5 times
faster than the reaction of 29 with MeOH alone. Gassman
claims that these results prove that Rh(I) produces a car-
bonium ion intermediate like %z. However, both the insta-
bility of these Rh(I) complexes in MeOH,29 and the fact
that the metal-catalysed reaction is not exceptionally
faster than that not involving tie metal, mitigate against
any definitive claims of mechanistic proof.

The dimethylbicyclobutane %é, on treatment with
Ag(I), gives rise exclusively to the diene %Q, which is

again a Type I product.l4’19

Again a carbene-metal com-
plex appears to be an intermediate in this reaction; it

would decompose via a hydrogen shift to the diene KIY
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Ag(T)

3 22

The tetramethylbicyclobutane 37 is particularly

interesting, because if a carbene-metal intermediate (%2)

AV Y
3 I #

M

R

is involved, no hydrogen migration is possible. Treatment
of 37 with Ag(I) or Rh(I) gives diene 33, which is a Type

II product, and therefore may arise from either mechanism

B or C. However, hoth Paquette and Gassman chose to in-

21,22 Such a mechanism demands a vinyl

voke mechanism B.
migration to the carbenoid centre.

Compound 40 is another tetramethylbicyclobutane
isomer. Again the effect of varying alkyl substitution on
the strained system is evident in the rearrangement of

this molecule. Thus éQ: on treatment with [Rh(CO)2C1]2

gives 41 and 42 in about equal amounts. Both these dienes
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are Type I products, and their formation has been inter-
preted in terms of a carbene-metal complex intermediate,22
and mechanism A.

Tricyclo[4.1.0.02’7]heptane (43), on treatment
with catalytic amounts of Ag(I) gives 1,3-cycloheptatri-
ene (44), which is a Type II product. Once again, Paquette

has chosen to interpret this result in terms of mechanisn

B, in which a vinyl migration, instead of a possible hy-

drogen migration, is responsible for the product formation.l4

Reaction of %% with [Rh(CO)ZCl]2 gives an entirely dif-
ferent product, the methylenecyclohexene éé, vhich is a
Type I product, and is therefore formed by migration of

hydrogen to a carbenoid centre (mechanism ).
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Hydrocarbon é% provides a particularly clear-cut example
of how different metals provide different results in this
type of catalytic action,

Methyl substitution on 43 again results in some

changes in the course of the reaction.l4’21 Thus, treat-

Ag(I)
@ — + +

A

8

ment of the l-methyl-derivative (46) with Ag(I) produces
v

P
3
S
o
O
Pratel

dienes 47 (Type II product) and 48 (Type I product) and
the bicyclic compound %a. Again these results were inter-
preted as arising solely from mechanism A (for %g) and
mechanism B (for %l); the formation of ég was described

as the result of "deep-seated skeletal rearrangement" of
the intermediate carbene-metal complex.21 However, if

the initial step in the reaction is breakage of a side-~
bicyclobutane bond (to form gg), then it is easy to see
that formation of 43 could arise simply from bond reor-
ganization to give a tertiary carbonium ilon (%k) wiich

22,23

then collapses directly to %%. If tne first step in

this sequence is rate determining, then the reported kH/
kD = 1,74 may be explained by this mechanism, and there

would be no demand to invoke the rather complex proposal
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(of”

Ag

% A *4 R

(D) (D) Ag (D)

21b : .
offered. No reason was given for excluding such a car-
ponium ion mechanism; nor was explained the rejection of

mechanism C as a possibility to explain the formation of

e
. . 22,23 ..
Rh(I) rearranges 4p into the diene 32, which

is again a Type I product; the reaction was interpreted as

Rh (I

iR »%

an example of mechanism A by Gassman. Again, the differ-
ent catalytic actions of Rn(I) and Ag(I) are obvious in
this case.

The foregoing instances of transition metal-cata-
lysed rearrangement of bicyclobutanes are not exhaustive,
but are intended to be exemplary. Several pertinent facts

have arisen, which must be considered in discussing pro-
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posals for mechanisms of these reactions:

1) There are significant differences in the actions
of different metals. Thus, if a rigorous proof of the
action of one metal is forthcoming, it cannot be general-
ized to other metals. Indeed, it has been shown9 that
changes in the ligands on one metal can significantly alter
its catalytic action, so that discussion of the reactions
of one metal must include a consideration of its ligands.

2) It has been shown that variation in the substi-
tution pattern of the bicyclobutanes has a profound effect
on the course of the reaction. Therefore discussing the
isomerization of one or two bicyclobutanes to provide a
general mechanism explaining all such isomerizations is,
at best, a risky means of proceeding.

3) In most of the cases of Type II product forma-
tion, both mechanisﬁs B and C can explain the products
that are formed. In few instances is it possible to rig-
orously distinguish between the two alternate routes, nor
is it possible to say that only one, ratner than both,
mechanisms are operating in any particular instance. To
say that a product is a Type II product is merely a formal-
ism. Thus it is curious that at least one author14 has
specifically proposed mechanism B (involving a carbene-
metal complex as an intermediate) for nearly all Ag(I)--
catalysed rearrangements of bicyclobutanes, to give Type

IT products.
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Two papers concerning the Ag{I)-catalysed reac-
tion appeared recently19 which at least cast doubt upon
the interpretation of these reactions as involving mech-
anism B, As discussed previously, Ag(I) catalyses the

following rearrangements.

SENe

4

= #

N — A

x %

W -
% &
N~
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Recent studies have indicated that reactions of
diazoalkanes with transition metals (including Ag(I)) lead

to the formation of complexes consisting of the metal and
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the carbene species formally derived from the diazoalkane.24

Therefore, reaction of a diazoalkene of general structure

éé with Ag(I) will provide useful information as to whe-
ther carbene-metal intermediates are involved in the Ag(I)-
catalysed rearrangements of bicyclobutanes to give Type II

products. The following reactions were carried out.

HCN2
@ A (I) b
R 4 (95%)

| \\//—- Ag(I);’_ M AN
HCN2

24 (38) 28 (A7)
56 /’§>¢1L\
35 1)

IICN2

5l 3 (o0
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Thus, if the proposal by Kirmse24a for the mechanism of
diazoalkane-metal reactions is applicable to the present
case, then the intermediacy of the carbene-metal complex
is excluded in one case (%%+%%) and is not mainly respon-
sible for product formation in at least two others (2326
and %§+%%). A mechanistic alternative is necessary for
these cases.

Treatment of 43 with Ag(I) in methanol gives a
nearly quantitative yield of the methoxynorcarane (28)
as a mixture of isomers. (Care was taken to eliminate
the possibility that this reaction is the result of acid

catalysis). This result strongly indicates that the

OMe

43 Ag 58
R

initial intermediate in the Ag(I)-bicyclobutane reaction
in an aprotic solvent such as benzene would possess the

structure shown as pj (resulting from the initial cleavage
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Comparison of cyclopropylcarbinyl and Ag(I)~-catalysed

rearrangements
Comoound Reagent | Products (%)
pyr;
OMs DBN
4 (95)
& é 5 (0)
Ny
@ Ag (1) 44 (97) 4 (0)
"
i
MsOq! CH3 pyr;
DBN
fiR
28 (75) 24 (20) b (0)

X m@ g on 2 30

g T e e g o
i
—WJ Ag (1) 26 5) 24095 36 (0)
%

OMs I
W DBN /~§)\
3 (55
?4 A (1) 3 (95)
ks
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The similarities between the Ag(I)—bicyclobutane
and cyclopropylcarbinyl mesylate reactions are striking.
It is therefore reasonable to propose that bond cleavage
in QQ proceeds in such a fashion as to produce the more
substituted carbonium ion, waich in turn ejects Ag(I) (or
H+) to complete the reaction.

It is now apparent that there is insufficient
evidence to invoke the intermediacy of an Ag(I)-carbene
complex in the catalytic rearrangement of some bicyclo-
butanes. All the experimental evidence so far presented
tends to suggest that the initial one-bond cleavage inter-
mediate {0 is the dividing point leading to various types
of products for the bicyclobutanes thus far examined.19
However, in the absence of detailed knowledge concerning
C-Ag and C:-Ag bonds, additional work is required before
the exact mechanism‘of the Ag(I)—catalysed reaction can
be defined.

Some trends are evident at this point. In the
case of an unsymmetrically substituted bicyclobutane,
Ag(I) generally attacks at the most supstituted bicyclo-
butane bond, whereas Rh(I) (and PA(II), for wnich see
Chapter 3) attacks the least substituted side. An example

of this is the trimethylbicyclobutane 2



176.

Rh(I) (and PA(II)) generally prefers a mechanism
(A or B) involving a carbene-metal intermediate. Ag(I)-
catalysed reactions, however, may involve each of the three
possible mechanisms (A, B, or ). Waich pathway is pre-
ferred (through intermediates like g1 and f2) appears to
depend very much on the substitution pattern at the C-1
and C-3 positions.

Pd(II)~-catalysed rearrangements of bicyclobutanes
differ in many instances from both the Ag(I) and Rh(I)
reactions. Some of these differences, and the first de-
tailed description of a Pd(II)-catalysed reaction, with

confirming experimental data, are presented in Chapter 3.
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CHAPTER 3
THE REARRANGEMENT OF BICYCLO[1.1.0]BUTANES-~Pd(II)

As mentioned previously, PA(II) catalyses the
isomerization of bicyclobutanes to butadienes. The cata-
lyst most commonly employed is palladium(II) chloride-

benzonitrile [(PdClz(C6H5CN)2’ Qg)]. This compound offers

several advantages over other Pd(II) complexes:

1) the preparation of §6 is straightforward25 (PdCl2
in benzonitrile at 100° for 0.5 hr);

2) QQ is a stable crystalline compound;

3) it is soluble in most organic solvents;

4) it is a convenient starting material for making
other PA(II) complexes, because of the lability of the
nitrile ligands.26

Treatment of 1,3-dimethylbicyclobutane (%%) with

193 gives the diene 36, as does Ag(I)-catalysis. However,

NS Pd (II)

{ = vy

; 2R

treatment of the isomeric dimethylbicyclobutanes 23 and

A with Pd(II) gives different results from that with

Ag(I), as summarized in Table III.27
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TABLE III

Comparison of Ag(I) and PA(II) catalysis

Bicyclobutane Metal Products (%)

%W

23 Pd (I1) 16 37 47
& Ag(1) 2 18 0
25 Pd (I1) 20 51 24
R Ag (1) 95 30

Compounds 24 and 26 are interconverted by Pd(II}, and
therefore the values in the table represent equilibrium
mixtures.

As mentioned previously, the Ag(I)-catalysed
reaction is stereoselective. The Pd(II) reaction clearly
is not; the types and distribution of the products are
dissimilar from those obtained by a cyclopropylcarbinyl
carbonium ion type of reaction. These results then
clearly indicate mechanistic differences between the two
metals.

The Pd(II) complex (§6) also catalyses the re-

arrangement of %% into Q%, and not %é.
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The treatment of diazo compound Eé with PdClz(CGHSCN)2

gives exclusively the diene 4. These data were consis-

HCN

" &

tent with a palladium-carbene complex being involved in
some rearrangements of bicyclobutanes. A mechanistic
scheme can be constructed, as follows (for the tricyclo-
heptane %%).27

The initial intermediate or complex (Ql), of as
yet unspecified structure, is not necessary, but is inclu-
ded for generality. The second intermediate is the pro-
posed Pd-carbene complex (QQ), or the complex (Q%) resul-
ting from c1” transfer to the carbenoid centre. Both
RE and 69 result from a cleavage of the c-1,7 and

c-2,7 bicyclobutane bonds in 43. Hydrogen migration and

expulsion of the metal from 68 then results in the forma-
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4
3 QQ intermediate
2 Ny complex
7 1

o1

I\JI
42

= -

9 Cl PAC1L i

tion of the diene 45.

Such a proposal lacked rigorous definition. If
intermediates in the reaction could be detected spectro-
metrically, then little doubt would remain as to the mech-
anism of the rearrangement. Up to this point, all of these
isomerizations of bicyclobutanes involved the use of cata-

lytic amounts (up to ca 10 mole %) of the transition metals.
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Obviously the best conditions for detecting intermediates
in these reactions would involve ca 1l:1 mole ratios of metal
and organic substrate. Just as obvious is the necessity
of working at low temperatures in order to slow the reac-
tion sufficiently to allow characterization of any inter-
mediates.

With these factors in mind, we proceeded to exam=
ine the reaction of %% witn PdClz(CGHSCN)2 (QQ) in methyl-
ene chloride—d2 by means of low temperature nmx spectro-
scopy (100 MHz).28 Thus, %é dissolved in CD2C12 was added
slowly with vigorous mixing to a solution of 1.2 mole
equivalent of 66 in CD2C12 at -50°, In the nmr spectrum
of the resulting canary yellow solution, no signals due
to starting material (%%) were present after 15 min at
-50°., There appeared new signals indicating the formation
of a new complex or complexes (él) at t 5.39 and 5.72 (m,
total integration 1H) and T 6.8-8.6 (complex m, total
integration 9H). These signals remained unchanged for at
least one nr at -50°, but on warming to -30°, gradually
disappeared to give an orange solution, exhibiting a new
set of signals for a new complex (Q§)= T 4.42 (broad d,
1H; J = 6.5); 1 4.73 (m, 1H)}; 7 6.21 (s, 1H) and t 7.7-
8.5 (m, 7H).

This spectrum is consistent with a structure for

QQ as the carbene-metal intermediate. The first two sig-
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nals (t 4.42 and 4.73) are assigned to H, and H,. The
third signal, a sharp singlet at 1 6.21 is assigned to H..
This proton is attached to a formal carbene-metal centre
and the chemical shift is lacking in appropriate preced-
ence, but the assignment is at least reasonable. £2 also
satisfies the spectral data, and cannot be excluded at
this time.

The structure of QQ implies that the double bond
ig also coordinated to the metal. Models of Q§29 indicate
that it is less strained than norbornadienYlpalladium com-
plexes, and also show that the hydrogen at C-7 is ortho-
gonal to that at C-6, waich accounts for the singlet at 1
6.21. This data represents the first detection of a
carbene-metal intermediate (Qé) in the transition metal
catalysed rearrangements of strained systems, and thus
constitutes an important key to understanding these reac-

tions.

At almost the same time as our work was reported,
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Dauben and Rielbania also published data on £8, apparently
scanning the nmr spectrum very rapidly immediately after
é% and QQ are mixed in CDCl3 at room temperature;29 both
reports were essentially identical in the interpretation
of the spectral data,

Further warming of solutions of £8 to 0° for 2
hr or 30° for 20 min, effected another transformation of
g@, as expected, giving a red-orange solution of a new
complex (ZQ) which exhibited absorptions in the nmr spec-
trum at 1 5.61 (broad s, 1H); T 5.88 (broad s, 1H); T 6.21
(broad s, 1H); 1 7.14 (broad s, 1H); T 7.36 (m, 2H); and
T 7.6-8.5 (m, 4H)., A l:1 mixture of the diene %é and PdCl2
(CGHSCN)Z (QQ) in CD2C12 reproduced this spectrum. Dauben

isolated this last complex (7Q)29 (mp 60-65°) and agreed

N

with our assignment of the structure of 10 as the m-allyl

complex,

The dimeric nature of 70 is a possibility sugges-

ted by analogy to the known structures of other m-allyl
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PA{II) complexes.26

Addition of diene 4y to g6 at -50° gave an nmr
spectrum totally unlike that of complex §]. Warming this
solution did not give 8. At -30°, the mixture of 45 and
QQ slowly forms the m~-allyl complex ZQ. The adduct of
diene 4p and complex §6 at -50° may be that in which one

30 but this

double bond of éé is coordinated to the metal,
has not been rigorously defined.

We propose that the initial Pd-hydrocarbon adduct
(§7) (which Dauben did not detect)29 is a mixture of com-
plexes §7 and '+ which result from "Pd-Cl addition"

across tnhe C-2,7 and C-1,7 bonds of é%, respectively.

1 . i
PACLL 1 = ~~PdCL,L

61 dclL, 1k

These structures are analogous, for instance, to that of
the dihydrobullvalene-PdC12(C6I~I5CN)2 adduct isolated by
Vedejs.3l Structures such as 1%8 cannot at this time be
rigorously excluded, but spectral data, and MeOH quench-
ing experiments (see below) make them less likely than
those proposed.

The quenching experiments were performed as fol-
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lows. If solutions of 43 with 66 in CH2C12 are treated (at
-50°) in the presence of K2C03 with MeOH, the only product
detectable is diene 4. Complexes $8 (at -30°) and JQ (at
room temperature) also give only the diene 4p on reaction
with MeOH, Reaction of 43 with QQ in MeOH at room temper-
ature in the presence of K2C03 also only gives diené 45
All these results indicate that a cyclopropylcarbinyl cat-
ion species, if involved in this reaction, cannot be trap-
ped, which is completely unlike the analogous reaction
(éé+éé) catalysed by Ag(I).

Each of the intermediates (7, b8 and ZQ) possesses
catalytié action, and effects the destruction of 43 at
approximately equal rates at -50°. Thus, addition of 1
equivalent of the tricycloheptane 43 to the $7-4{' mixture
at ~50° afforded, after ca 0.5 hr, a mixture of diene %E
and QZ-QZ'. Addition of 43 to p8 at -50° gave the same
mixture. Warming both these solutions to -20° led to a
mixture of QQ and diene %%7 at 0°, a solution of 1-allyl
complex ZQ and diene Q% was formed. Thus it is apparent
that a second molecule of hydrocarbon %% attacks the inter-
mediates p7, QZ' or 68, ejecting the "hydrocarbon ligand" }
as the diene %é, with the second molecule of %é concom-
mitantly reforming this ligand. Repetition of this pro-
cess suggests the mechanism for the catalytic action of

PACl. (C 1 CN)2 (QQ) at low temperatures.

2( 65
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In contrast to QZ, QZ‘ and ﬁ%r the m-allyl complex
10, when mixed with 43 at ~50°, showed an nmr spectrum
with absorptions characteristic of 70 and QZ—QZ' (no diene
43 was present). Warming to -20° gave a species with peaks

characteristic of 79 and (8. We formulate these species

Cl

PAXL \\pac1xL

£l &8

Cl

2
>
u

Cl

=
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u

respectively as QZR-QZLQ and 68, in which one Cl atom on
the metal has been replaced by the m-allyl fragment, as
shown above. At room temperature, 68b formed 70 and 42.
ATUVRY] vy v
These results strongly indicate that the catalytic species
at room temperature in the conversion of %é to éé is the
m-allyl complex, ZQ. Attack on ZQ by a molecule of %%
results in the formation of the new intermediates QZQ and
Ql&gl then éﬁ% is formed, which is in turn transformed into
70 and diene 45. Thus is the catalyst (ZQ) regenerated,
and a molecule of product (%m) formed. Repetition of the

process leads to the total catalytic destruction of the
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tricyclic hydrocarbon (%@). The formation of ZQ from QQ@
may proceed by expulsion of diene 45 from £8ar with subse-
quent formation of the 7-allyl group of 10 but distinguish-
ing this from a direct route has not been accomplished.
Indeed, both these processes may be operating.

We had hoped to extend this type of work to other
bicyclobutanes in which the cleavage mechanism might
be defined. Reaction of hydrocarbon él with PdClz(C6H5CN)2
(fe) at low temperatures was particularly interesting., At

~70°, 1:1.2 mixtures of 37 and §f showed absorptions in

B ad

o\ [
%

%

the nmr spectrum characteristic of 37 and 38, No peaks
attributable to intermediate species were detectable. At
this temperature (-70°), 37 was fairly rapidly converted
into 38. Thus the mechanism of this conversion is still
an open question. However, both Paguette and Gassman have
used the rationale that hydrogen migration to a carbenoid
centre is favoured over vinyl migration. MHethyl groups
are even less likely to migrate. Consider the structure

of a carbene-Pd complex (Z%) that might arise from hicyclo-
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butane 3]+ No hydrogen is available for migration. Thus
the vinyl group must migrate to form the product. The struc-
tures of QQE and J2 are analogous; therefore, applying

the rationale of the relative migratory aptitudes of hy-
drogen vinyl and methyl, it might be expected that {4 would
be a fairly stable intermediate, at least as stable as f8a.
No ¢ could be detected. Thus; by this rather negative
reasoning, it may be that the isomerization of Al to 8
involves mechanism C, as shown below, This proposal is

of course highly speculative. It depends on the relative
migratory aptitudes of vinyl groups, which both Paquette
and Gassman had reported to them by means of a private
communication. It may also be worthwhile to point out

that Paquette's original explanation for the Ag(I)-
catalysed reaction of 43 to 44 necessitates invoking

vinyl migration in preference to hydrogen migration,
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The reaction of the dimethylbicyclobutane 35 with
the Pd~complex QQ at cold temperatures also has not, as
yet, yielded positive evidence of detectable intermediates.
The nmr spectra of reaction mixtures were quite complex,
but at low temperatures consisted mainly of products.
However some small peaks not attributable to these species
were evident, although the information obtainable is at
this time too sparse to allow any conclusions.

Quadricyclenre, (%%) is converted by PA(II)-
catalysis to norbornadiene (%%). This reaction, at -70°,
is quenched, Warming the solution (CDCl3) of 13 and 1
(1:1) to temperatures high enougi to effect reaction (ca
-20°) results in the precipitation of the norbornadienyl-
palladium chloride complex (Z%)' No intermediates could

be detected in such recaction mixtures.
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CHAPTER 4
AN ASSESSMENT OF TRANSITION METAL~CATALYSED REARRANGEMENTS

OF STRAINED SYSTEMS

The isomerization of tricyclo[4.l.0.02’7]heptane
(43) to 3-methylenecyclohexene (43) on treatment with
PdCl

(CGHSCN)Z (Q@) is the only transition metal-catalysed

2
rearrangement of bicyclobutanes for which intermediates
have been identified, The mechanism of this particular
reaction is the best understood of all such isomerizations.
It is not possible, however, to generalize from this reac-
tion to any others. As pointed out previously, changes in
hydrocarbon substrate, metal, or ligands on the metal can
all dramatically alter the course of these reactions.

Some details of the mechanism of the %% to %2
conversion are still obscure. The major problem is the
exact structure of the first intermediate (QZ—QZ'). One
report has appeared on the reduction of organo-palladium
o-bonds.32 Our attempts at effecting such a reduction of
f met with limited success. Treatment of CH2C12 solu-
tions of ] at -50° with NaBH4, followed by dry MeOH
resulted in immediate precipitation of the Pd as the ele-
mental metal. The major, organic product was methoxynor-
carane (éé)- A small (<2%) amount of two other products

was present. Glpc-mass spectral analysis showed m/e =

130 and 132 (C7HllCl) for hoth these compounds; this mol-



192,

ecular composition could represent structure Zé and Zé'
but isomers containing double bonds (e.q., Zé) have not

been eliminated. Obviously more work is necessary to de-

N1

1
14 c1

R 18

fine further the structure of intermediate(s) QZ (QZ').
A specific reduction of the Pd~C bond would be the most
desireable means of such an identification, because it
would allow introduction of deuterium at a specific site
as a marker for the position of the carbon-metal bond.

The mechanisms of other metal-catalysed rearrange~
ments of other strained systems also need more extensive
study. The most desireable objective of such work is the
characterization of intermediates. In rearrangements
catalysed by Ag(I), usually ClO4- and BF4- have been used
as counter ions; both are poor nucleophiles. Replacing
them with more nucleophilic species (such as tosylate
anion) may stabilize intermediate species in aprotic sol-
vent, and allow their identification.

The transition-metal catalysed rearrangements of

strained systems still presents many unanswered questions,
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although relationships among the mode of reaction, the
substitution pattern and the trend toward oxidative addi-
tion of the metal as described earlier are beginning to
emerge., Future investigation of these reactions holds
pronmise of closer understanding of the chemistry of transi-

tion metals, strained bonds, and their interaction.
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CHAPTER 5
EXPERIMENTAL

All melting points and boiling points are uncor-
rected.

All nmr spectra were run on a Varian Associates
HA-100 100 MHz spectrometer (12 inch and 15 inch magnets)
in CCl4 solvent, with TMS as internal standard, unless
otherwise specified.

Analytical glpc was performed on a F & M model
5750 research chromatograph, employing 6' x 1/16" columns
(packing indicated in the text), with a flame ionization
detector. Preparative glpc was performed on a F & M model
700 preparative chromatograph, employing 6 x 3/16"
colums (packing indicated in text) with a thermal con-=

ductivity detector.

Preparation of uadricyclene (13)

The synthesis of %% was performed as per refexr-
ence 34.

Norbornadiene (25 g; 0.27 M) was dissolved in
pentane (1300 ml) and to this solution was added acetophen-
one (50 ml). Tnis solution was irradiated (flanovia 450
watt high pressure lamp) through a pyrex filter, with

external cooling. Irradiation time was 5 hr. The pentane
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was distilled off through a spinning band column., The
distillation residue was then fractionally distilled througn
a short Vigreux column and the fraction boiling at 103-104°
was collected as a colourless liquid. yield: 12.3 ¢
(49.2%).

nmr: T 7.98 (&, 2H); 1 8.4-8.7 (m, 6H).

preparation of exo,exo—z,4-Dimethy1bicyclo[l.l.O]butane

(%é) and endo,exo-z,4—Dimethylbicyclo[l.l.O]butane (%E)

The bicyclobutanes %% and %é were prepared accord-
ing to the outline given in reference 17, Prof. Closs
kindly provided us with experimental details. This syn-

thesis was performed by Dr. M. Sakai.

CH(CO,Et)

Br

Y It

Diethyl malonate (120 g, 0.75 M) was dissolved in
dry ethanol (350 nl) containing Ha (17.5 g, 0.75 ¥). The
bromide ZZ (111 g, 0.75 i) was added, and the mixture was
heated to reflux for 19 hr. After the ethanol had been
distilled off, the product was washed with HZO (50 ml).
Distillation gave the diester ]3 as a colourless liquid

(bp 100-105° at 5 mm of llg). Yield: 160 g (93%).
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— — — 02H

CH(COzEt)2

It 1R

The diester Zﬁ (160 g, 0.704 M) was suspended in
aqueous KOH solution (80 g KOH in 100 ml H20) and heated
at 100° for 15 hr. The reaction mixture was acidified
to ca pH 1, and then extracted with ether (3 x 150 ml).
The combined ether extracts were washed with H20 (2 x75
ml), dried (anhydr. Na2504), and evaporated, leaving the
dicarboxylic acid. Heating the diacid at 135° for 15 hr,
followed by distillation gave the 3-methylhex-4-enoic acid
13 (bp 110-115° at 10 mm Hg). Yield: 90 g (96%).
nmr: T 4.1-4.4 (m, 2H); T 6.9-7.5 (m, 2H); T 7.9-8.1

(4, 31); T 8.5-8.7 (d, 3MH).
— 0, cocl
iR iR

The acid Z% (90 g, 0.68 M) was suspended in benz-
ene (200 ml) and to it was added SOCl2 (180 g, 1.5 M).
After refluxing 0.5 hr, the benzene and excess SOCl2 were

distilled off. Distillation gave 3-methylhex-4-enoyl
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chloride (§Q) (bp 90-93° a¢ 20 mn Hg) as a colourless

Liquid,  Yield: 95 ¢ (934,

nmr: 1 4,5-4,9 (m, 2H); 7 7.1-8,0 (m, 3H); 1 8.4-8.6
(d, 3H); 1 8.9-9.1 (4, 3H).

———

= cocl —_— \\__‘ o,
) 84

NaN3 (50 g, 0.77 M) was dissolved in water (150

ml) and cooled in an lce-bath, The acid chloride QQ (95

9r 0.63 M) in acetone (150 ml) was then added dropwise

at such a rate that the reaction temperature never exceeded

15°,  After stirring at 0° for 1 hr, the water layer vas

carefully Separated, and the upper layer was added care-

fully to toluene (500 ml), The acid azide (%%) was used

without further purification,

The toluene solution of the acid azide %% was

warmed to 60°, p rapid evolution of gas ensued, and

the mixture was kept at 80-9q° until no more N2 evolved
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(ca 2 hr)., The crude .socyanate %% was distilled with the

toluene, and not further purified.

CHZNCO CHZNHz.HCl

R R

The toluene/isocyanate (Q%) distillate was heated
to reflux with conc. HCL (250 ml) and water (300 ml) for
3 hr with vigorous stirring, Separation of the phases and
evaporation of the agueous phase yielded the amine hydro-

chloride 83 (ca 45 g) vhich was used without further puri-

fication.

CHZNHZ.HCl CHZNHCONH2

L #

The crude amine hydrochloride 83 (45 g) was heated
at reflux in a solution of KCNO (50 g, 0.62 M) in HZO
(200 m1) for 1.5 hr. Extraction of this mixture with ether
(3 x 150 ml), followed by evaporation of the ether, and
recrystallization of the residue from benzene-heptane gave
the N-(2-methylpent-3-enyl)urea (%é) as colourless crystals

(mp 80-82°). Yield: 40 g (44.6% from the acid chloride

-
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nmr: T 4.3-4.8 (m, 1H); T 4,9-5.3 (m, 1H); 7 6.8-7.1 (m,
2); 1 7.5-7.9 (m, 1H): T 8.2-8.4 (d, 310); T 8,9-9.1 (d,

.
!

3H) .

- —> NO

|
CH2NHCONH2 H..NCONH

2NN
f4 R

To the urea %% (40 g, 0.28 M) in acetic acid-
acetic anhydride (7:3: 300 ml) was added NaNO3 (23 q,
0,30 M) in H20 (100 ml) over a period of 1 hr. This mix-
ture was stirred an additional 30 min, then H20 (1000 ml)
was added and the mixture cooled to 0°, N-(2-methylpent-
3-enyl)-N-nitrosourea (ﬁé) precipitated, and was filtered
off and dried in vacuo, to give pale yellow crystals (mp
55-57°), Yield: 25 g (52%).
nmre: T 3.0-4,2 (m, 1H); T 4,6-5.0 (m, 1H); T 6.2-6.5

(m, 1H); 7 7.3~8.2 (m, 2H); 1 8.4-8.6 (d, 3H); 9,0-9.2

(@, 3H).

— 0 1.KOH V v
—p .
HNCONE) 5 cyen .
t 2%

&
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To a mixture of ether (100 ml) and 50% KOH solu-
tion (10 ml) was added, with shaking, the nitrosourea &
(2.0 g, 11.7 mM) as a fine powder in small portions over
2 min. The bright yellow ether phase was decanted, and
dried over KOH pellets, This ether solution of the 1-
diazo-2-methylpent~3-ene was then added to CuCN (2 é, 22,2
mM) in ether (25 ml) with stirring. N2 evolution was
instantaneous. After filtration, the ether was removed
by distillation through a spinning band column; the pro-
ducts were then separated from the distillation residue
by preparative glpc (dimethylsulfolane, 40°). The exo,~
ex0-2,4~dimethylbicyclobutane (23) was the first C6 peak,
and was collected as a colourless liquid. Yield: 118 mg
(12.3%).
nmr of 23 (benzene-d6): T 8.0-8.2 (m).

The endo,exo-isomer (47) was the second C6 peak
on the glpc and was collected as a colourless liquid.
Yield: 200 mg (21.29%).
nmr of 25 (benzene-dG): T 6.7-7.4 (complex m, 2H; C-2
and C-4 protons); v 7.8-8.2 (m, 8H; bridgehead and methyl

protons).

Rearrangement of exo,exo-2,4-Dimethylbicyclobutane (%%) b

PACL, (C H CN), (6§)

In a typical experiment, to the exo,exo-dimethyl-
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bicyclobutane (%%) (30 mg, 0,37 mM) in CHCl3 (1.5 ml), was
added pf (1.0 mg, 0.026 mi). mhis mixture was stood for
14 hr at room temperature.' The solution was washed with
dilute NH4OH solution, then dried over anhydr. Na2804.

The products were separated by preparative glpc (dimethyl-
sulfolane, 40°) and identified by comparing them with
authentic samples (nmr spectra and glpc retention times).
The products were the substituted butadienes 24 2 and 3f.
(See Table III for product distribution) .

In a similar fashion, the gggg,ggg—isomer (%g)
was rearranged to %4, 29 and 36 by the action of the pal-
ladium complex §f. (See Table III for product distribu-
tion).
nmr of gig,;;gggfhexa—2,4—diene (%%): T 3.6-5.2 (complex
m, 4H); T 8.3-3.6 (m 6H) .
nmr of Egggi,gggggfhexa—Z,4—diene (%Q): 1 4.0-5.0 (com~

pleX m, 4H); T 8.4-807 (d' 6H; J = 5.5).

Preparation of 2,2,4,4-Tetramethylbicyclo[l.1.0]butane (%Z)

The synthesis of 37 was performed as in reference
35 according to the following scheme.

Dimethylketene dimexr (86) (100 g, 0.715 M) and
phosphorous pentachloride (500 g, 2.4 M) were dissolved in

ccl, (1 1.) and refiuxed 3 hr. The reaction mixture was

4
cooled in ice, and excess PCl5 was filtered off. The fil-

trate was poured into ice (500 g) and the CCl, layer was
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Cl 1

R4 ’

washed with H20 (3 x 200 ml), saturated NaHCO3 solution
(200 ml), brine (200 ml) and then dried (anhydr. Na2804).
Evaporation of the CCl, gave a crystalline residue which
was recrystallized to give 1,1,3,3-tetrachloro-2,2,4,4-
tetramethylcyclobutane (QZ) as colourless crystals. Yield:
84 g (47%).

mr: T 8.5 (s) (it © 8.47 ().

cl c1
U B

The tetrachloride (gl) (11.7 g, 47 mM) was dis-
solved in dry benzene (80 ml), and to this solution was
added 2,2'-azobis (2-methylpropionitrile) (50 mg). Tri-
n-butyltin hydride (30.1 g, 103 m) dissolved in dry
benzene (50 ml) was added dropwise at reflux over 1 hr.
Another portion of the azonitrile (50 mg) was then added

and refluxing was continued 3 hr. A third portion of the
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azonitrile was added (50 mg) and the mixture was refluxed
a further 19 hr, After this time, the reaction mixture

was steam-distilled. The aqueous layer of the distillate
was washed with benzene (2 x 25 ml). The combined benzene

layers were washed with brine (50 ml), dried (anhydr. Na,SO

2
and evaporated, leaving a colourless oil,. Distillation
gave 88 as a colourless solid, bp 70° at 20 mm Hg. (lit.37
bp 85-85.5° at 32 mm Hg). Yield: 4.75 g (56%).

nmr: 1 6,13 (s) and 6.30 (s, total integration, 2H); T

8.8-9.0 (d, total integration, 12H).

Cl [

i | )

Sodium metal (1.19 g, 51.8 mM) was suspended in
dry triglyme (30 ml), at 125° and under 80 mm Hg pressure.
To this suspension, with vigorous stirring, was added
dropwise a solution of the dichloride (88) (2.5 g, 13.8
m) in triglyme (10 ml), The resulting mixture was heated
for 3 hr at 125°, 80 mm Hg. The product was distilled on
forming into a dry-ice cooled trap. This crude product
was distilled to give 3] as a colourless liquid, bp 94~98°

37

(1it.”" bp 104°) vield: 1.04 g (68%).

nmr (CDZClz): T 8.75 (s, 6H; exo-methyl protons); 1 §.94
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(s, 6H; endo-methyl protons); t 9.04 (s, 2H; bridgehead

protons) .

Preparation of 1,3-Dimetiylbicyclo[1,1.0]butane (%E)

Compound %é was prepared as per reference 36,

according to the following scheme.

Br,
N4
mpmes + HBr — / \
/ “Br
R

Allene (28 g, 0.7 M) and HBr (57 g, 0.7 M) were
condensed into a Carius tube at -78°, The tube was sealed
and stood at -78°, with occasional shaking, for 6 days,
after which time it was gradually warmed to room tempera=
ture over 24 hr. The tube was then opened, and the gase-
ous components removed by bubbling the reaction mixture
with argon. The residue was a pale yellow liquid, which
was distilled until the fraction hoiling at 65°, 90 mm Hg,
had all been removed. The distillation residue was treated
with pentane (6 ml) and cooled to -30°, whereupon crystals
formed. These crystals were collected and washed briefly
with cold pentane to give the dibromodimethylcyclobutane
8 as colourless prisms. Yield: 9.6 g (10%).

nmr: 1 6.82 (s, 4H); 1 7.88 (s, 6H).
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& A

The dibromide 89 (3.0 g, 12.4 mM) was added to
lithium amalgam (0.5%; 100 g) in dry dioxane (50 ml). This
mixture was stirred vigorously at room temperature for 46
hr, The organic layer was decanted from the remaining amal-
gam, then filtered. The dioxane solution was then distilled
at atmospheric pressure, stopping when the boiling point
reached 94°, The distillate consisted of dioxane and the
desired bicyclobutane. The bicyclobutane (%2) was obtained
pure by preparative glpc (UC-W98, 70°) as a colourless
liquid. Yield: 824 mg (81%).
nmr (CDZClZ): T 8.63 (s, 6H; methyl protons); 1 8.93 (s,
2H; exo-methylene protons); t 9.46 (s, 2H; endo-methylene

protons) .

2,1

Preparation of'Tricyclo[4.l.0.0 Jheptane (4%)

un

The preparation of 43 followed that given in ref-
erence 37.

KOt-Bu was prepared freshly from potassium metal
(9.0 g, 0.231 M) and t-BuOll, To the dry, powdered KOt-Bu

was added cyclohexene (16.4 g, 0.20 M) in dry olefin-free
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Br

Br

R

pentane (100 ml). This mixture was cooled to 0°, and to

it was added dropwise, with vigorous stirring, bromoform
(51.8 g, 0.205 M). The mixture was then stirred at room
temperature overnight. Water (70 ml) was added to
dissolve the solids, and the aqueous layer was extracted
with pentane (25 ml). The combined organic phases were
washed with brine (30 ml), dried (anhydr. Na2804) and eva-
porated, leaving a yellow oil. Distillation gave the 7,7-
dibromonorcarane 20 as a colourless oil (bp 58° at 0.8 mm
Hg). VYield: 35.2 g (70%).

nmr: T 7.6-9.1 (2 overlapping multiplets centred on Tt

8.1 and 8,65).

99 43

The dibromide 20 (10 g, 39.4 mM) was dissolved
in dry pentane (150 ml) and cooled to -45°. To it, slowly

over 1 hr, was added a solution of methyllithium in ether
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(47 mM) at -45°, This mixture was stirred for 1 hr at -40°,
then warmed to 0° for 1 hr. After recooling to -40°, wet
cther was added to the mixture until excess methyllithium
had been destroyed. After warming to 0°, NaH,PO, solution
(1M; 100 ml) was added and the organic layer was separated
and dried, at 0° (anhydr. Na2804 and K2CO3 mixture). The
solvents were then evaporated at 0°, 145-155 mm Hg, then
the residue was distilled at room temperature, 10 mm Hg
onto a dry-ice cooled cold finger. Preparative glpc (UC-
W98, 80°) gave the tricycloheptane (%%) as a colourless
liquid., vYield: 444 mg (12%).
nmr (CC14): T 7.54-7.76 (m, 2H; C-2, C-6 protons); T
8.38-8.56 (t, 2H; C-1, C-7 protons); 1 8.60-8.76 (m, 6H;

methylene protons).

Preparation of l,2,2-Trimethylbicyclo[l.l.O]butane (%2)

The preparation of 29 followed that given in ref-

erence 38,

Br Br

L £

The dibromide J1 was prepared from tetrametiayl-
ethylene and dibromocarbene in the same manner as 7,7-

dibromonorcarane (QQ) was prepared.
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The dibromide gk (10 g, 39 mt) was dissolved in
dry ether (30 ml) and cooled to 0°, To this solution was
added dropwise an ether solution of methyllithium (40 M) .
The resulting mixture was stirred 1 hr at 0°, then hydro-
lysed with H20 (25 ml). The organic phase was washed with
brine (25 ml) and dried (anhydr. K2C03). Evaporation of
the solvents gave a yellow oil which was distilled to give
the trimethylbicyclobutane (%Q) as a colourless liquid, bp
a1-g5¢ (1it. %% bp 84°). vield: 1.69 g (45%).
nmr: T 8.54 (s, 3H; C-1 methyl protons); T 8.94 (s, 3H;
C-2 exo-methyl protons); T 9.22 (s, 3H; C-2 ggggfmethyl

protons); T 8.2-9.1 (m, 3H; bicyclobutane ring protons).

Preparation of 3-Methylenecyclohexene (gé)

R

Methyltriphenylphosphonium promide (31 g, 87 mi)
was suspended in dry ether (400 ml) and reacted with n-
butyllithium in hexane (85 mM). This mixture was stirred
30 min at room temperature. Cyclohexenone (7.0 9, 73 mM)
was dissolved in ether (25 ml) and added to the methylene-

triphenylphosphorane solution at room temperature at a
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rate sufficient to maintain reflux. The resulting mixture
was refluxed 2 hr. H20 (20 ml) was added, and the ether
was distilled off at atmospheric pressure. The residue
was thorougnhly extracted with pentane (6 x 30 ml) and the
combined pentane extracts were dried (Na2804) and evapo-
rated. The residual oil was distilled onto a dry-icé cooled
cold-finger (at room temperature, 10 mm Hg). The 3-
methylenecyclohexene (éé) was obtained pure by preparative
glpc (UC-W98, 80°) as a colourless liquid. VYield: 1.25

g (18%).

nmr: T 3.7-4.3 (m, 2H); T 5.2-5.4 (m, 2H); t 7.5-8.1 (m,

4H); v 8.1-8.4 (m, 2H).

Preparation of Palladium(II) Chloride-Benzonitrile (QQ)

Palladium dichloride (510 mg, 2.88 mM) was added
to dry benzonitrile (10 ml) and heated at 100° for 25 min
under an N, atmosphere. The resulting mixture was fil-
tered hot and cooled. The precipitated crystals were fil-
tered off and washed with hexane (3 x 25 ml), to give the
palladium(II) chloride-benzonitrile as yellow-orange crys-

tals (mp 128-129°).%% vield: 780 mg (70%).

Detection of Intermediates QZ, gg and ZQ

In a typical experiment, PdClz(CGHSCN)2 (QQ)
(14.0 mg, 0.037 mM) was dissolved in CD2C12 (0.25 ml) con-

taining ca 4% TS (by weight). This solution was placed
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in an nmr tube (which had been previously been washed with

dilute NH,OH solution and dried at 110° for 24 hr, then

4
cooled under a stream of argon). Into the nmr tube was
inserted a narrow (1 mm diameter) glass rod, flattened at
the end. The nmr tube containing the solution of the pal-
ladium complex (Qg) was then cooled to =50°, under a stream
of argon, by inserting most of its length into an acetone/
dry-ice bath at this temperature, After 15 min, a solution
of the tricyclo[4.1.0.0°'Jheptane (43) (3.3 ng, 0.035 m)
in CD2Cl2 (0.1 ml) was added dropwise (ca 30 drops) to

the cold metal complex solution under argon, by means of

a very fine capillary pipette., During the addition of é%r
a constant and vigorous agitation of the reaction mixture
was maintained by means of the glass rod inserted in the
nmr tube. Care was taken not to splash any of the reaction
mixture onto those sections of the walls of the nmr tube
which might have been at temperatures above -50°., After
the addition of %%, a canary yellow solution resulted. The
nmr tube was tightly capped and inserted into the nmr spec-
trometer probe at -50°., This solution (of complex QZ and
QZ') showed nmr signals at t 5.39 and 5.72 (m, total inte-
gration 1H) and t 6.8-8.6 (complex m, total integration 9H).
No peaks due to starting material (%%) were detectable
after 15 min at -50° (see text).

Warming the solution of §7 and p]' to -20°, qave
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the carbene-Pd complex 8, as an orange solution at ~20°
The nmr spectrum of 6B showed peaks at 7 4.42 (broad d,
1H; J = 6.5); 7 4,73 (m, 1H); 1 6.21 (s, 1H); and T 7.7~
8.5 (m, 7H). (See text for interpretation of this spec~-
trum) .

Warming the solution of §8 to room temperature
gave a dark red-orange solution of the m-allyl complex 70
after ca 20 min, The nmr spectrum snowed peaks at 1 5.61
(broad s, 1H; C-2 protons); 1 5.88 (broad s, 1H; C~1 pro-
ton); T 6.21 (broad s, lH; C-7 gggg-proton); 1 7.14 (broad
s, 1H; C-7 exo-proton); T 7.36 (m, 2H; C-5 methylene pro-
tons); and 1 7.6-8.5 {m, 4H; C-3 and C-4 methylene pro-
tons) .

All of the above spectra also showed absorptions
due to the benzonitrile protons (1 2.2-2.7, m).

Reaction of 10 with excess NH, pyridine or tri-
phenylphosphine generated the diene 45 as the gole organic

product.
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APPENDIX TO PART I

At the request of the examiners, the analytic

data for the following compounds is now included.

Compound ég. Calcd for C25H260852: c, 57.90; H, 5.05.

Found: C, 58.26; H, 5.18.

Compound 2%- calcd for C15H1806’ c, 61.22; H, 6.17,
Found: C, 61.28; H, 6.24,

calcd m/e = 294.1103.

Meas m/e 294,1111,

Compound %é' Calcd for C21H1602: c, 83.98; H, 5.37.

Found: C, 83.96; H, 5.37.

Compound Qé: Calcd for C26H280852: c, 58.63; H, 5.30.

Found: C, 58.92; H, 5.39.

Compound 4. Calcd for C22H1802: n/e = 314.1307,

314,1314.

Meas m/e

Compound gg. Calcd for C12H14O4: c, 64.85; H, 6.35.
Found: C, 64.90; H, 6.45.
Calcd m/e = 222.0892

Found: m/e = 222,0897

Compound 28 - acetate, Calcd for C16H2003: c, 73.82;

H, 7.74.
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Found: C, 73.74; H, 8.19,

Caled m/e = 260,1413,

Meas m/e 260,1422,

Compound 100. cCalcd m/e for Cl4H20 = 188,1565,

Found: m/e = 188,1570,

The following experiments are also inclnded at

the request of the examiners,

Attempted Preparation of 3,4-Benz-1,5-bisdehydro[10]annul-
ene (éé)

Tﬁe dimesylate ég (105 mg; 0,287 mM) was dis-
solved in a mixture of methanol (1 ml) and THF (1,8 ml) at
0°, To this solution was added sodium methoxide (32.9 mg;
0.575 mM) in methanol (1.8 ml). This solution was stirred
at 0° for 0.5 hr, theﬁ at room temperature for 6 hr, A
silky precipitate formed. The mixture was hydrolyzed with
1 NaH2P04 solution (50 ml) and extracted with benzene
(50 + 2 x 25 ml), The organic players were dried (anhydr,
NaZSO4) and evaporated, leaving a brown semi-crystalline
residue, Nmr analysis of this residue showed it to contain
anthracene, Sublimation of the residue (90°, 0,05 mm Hg)
gave nearly pure anthracene (ca 10% yield).

Repetition of this experiment in anhydrous THF,

using DBN, KOt-Bu and LiN[Si(CH3)3]2 gave similar results,
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Attempted Preparation of 3,4-Benz-l,5-bisdehydrofll]-

annulenyl cation (Qé)

The hydrocarbon Eé (22,5 mg; 0,116 mM) was dis-
solved in dry CD3CN (0,1 ml) and placed in an nmr tube.
To it was added a solution of trityl fluoroborate (38.3
mg; 0.116 mM) in CD3CN (0,25 ml), The mixture turned
black instantly, After standing 19 hr, all of the start-
ing material had disappeared, Monitoring the reaction by
nmr spectroscopy gave no indication that 63 had formed,
Only tarry material could be obtained by workup of the
reaction mixture,

In an attempt at forming cation 102, 3,4-tetra-

methylenecycloundeca-1,5~diyne-3,7,10-triene (QQ) was treated

with trityl fluoroborate in the above manner. The results
were qualitatively the same, and again no evidence of pro-

duct formation could be obtained.



