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INTRGDUCTION



PART ONE: GENERAL

Organié chemistry, originally the study of the
building material of living matter, is now more‘generally
defined as the study of compoundé of carbon, Similarly,"
organic photochemistry is the study of the effect of light
on carbon compounds. Although the general field of organic
chemistry has enjoyed a century of rapid growth, it was not
until quantum mechanics provided a workable theory that
photochemistry became a clearly defined area of research,
Early observations, such as the bleaching of linen by light,
and the ability of green plants to utilize sunlight, could
then be correlated under the one theory. However, due to
the fact that manyvnrganic bhotoreactions yield intricately
structured products, or complicated mixtures, extensive
study of the effects of light on 0fganic>compounds became
possible only wifh the advent of modern instrumesntal methods
for identification and separation, such as nuclear magnatic
resonance spectroscopy and vapour phase chromatography.
Since these methods became generally available, the wealth of
data produced mékes it a prime task of the organic phdto-
'chemist to aftempt to correlate research results into
hypotheses which may be generally applicable.

In the absence of light (or in general, electro-

magnetic radiation) an organic molecule will normally occupy



'the lowsst electronic state available to it. This "ground
state"'molecule*can then undergo various reactions, depen-
dihg on the influence to which it is submitted, such as heat,
acid, or other reagents, These reactions then constitute
what is known as organic chemistry. However, in addition
to the ground state, every organic molecule has availablse to
it several other electronic states. Thess are known as
"oexcited states", since they are of higher energy (and hence
genérally more reactive) than the ground state, Excited
states are formed from the ground state by the absorption of
ultraviolet or visible light, and organic photochemistry is
concerned with the properties and reactions of these excited
states, .

A large number of organic excited state reactions

1, and consaquently no attempt will be made here

ars now known
to disbuss, or even enumerate, them, However, a disEussion
of photoadditions and photorearrangements of a@Guunsaturated
ketones is pertinent to this thesis and will be presented in
some detail, First of all, a short summary of the basic
theory used in desc:ibing excited states will be given; the

principles will be illustrated by reference to carbonyl

compounds,

ﬁphotochemical terminology used but not defined in this thesis
may be found in J. N. Pitts, Jr., F. Wilkinson, and G. S.

Hammond, Advan. Photochem,, 1, 1 (1963),




BART TwD: EXCITED STATE THEORY

All organic molecules can contain electrons which
occupy three types of orbitals, These types are O (sigma)
and w (pi), both bonding in character, and n, or non-bonding,
orbitalsz. These ares the orbitals which are normally popu-
lated in the ground state., Orbitals of higher energy are
called anti-bonding, designated by an asterisk, and ars not
usually populated in the ground state. Hence, the molescular

orbitals of a carbonyl (C==0) group may be represented by the

enargy level diagram:

a"*

+Energy
A

T*

v
- =Ensrgy

_,J.F__.o’

In accordance with the Pauli Exclusion Principle, sach orb-
ital may contain no more than two electrons, and so ths six
elactrons of the carbonyl group (four forming the double bond,

and tuwo hon-bonding localized on nxygen)-can be placed in



'the threg orbitals of lowest energy. When two electrons
occupy the same orbital,'they must have opposed spins, as
indicated by the arrows pointing in opposite directions.
This then repraesents the ground state configuration, since
the electrons cannot be rearranged to produce a molecule of
lowsr energy. . ' | .

»= It is often desirable to be able to show an eslec-
tronic state schematically, Several methods of accomplishing
this have been_proposed3; here we choose to use that of
ZimmermanSb, which may be illustrated by thg carbonyl ground

state under discussion:
o o
I o
C—@x8
Yy

The g—-electrons .are represented by the line joining the
carbon and oxygen, the m-slectrons by the solid circles, and
the n-electrons by the Y's, The open circles are additional
non=bonding electrons localized on oxygen; howsver, they are
of such low energy that they do not take part in photo-
chemical transfarmétions, and hsnce are not pictured in the
enerqy level diaqram,

Now when the molecule absorbs ultraviolet light,
excitation may occur in several different ways. Excitation
of a ¢~ electron to either the n* or % orbital involves a
large amount of energy, and normally does not occur in the

range of wavelengths of light (250 to 400 @u) transmitted by



'quartz.

Similarly, excitation from either 7 or n to o* is a

high-enerqy jump, obtainable only at wavelengths less than

250 %u.

Thus, the carbonyl group is generally electronically

excited by promotion of eithser a  or a n electron to the n#*

orbital,

These are designated as q-n* and n-u* transitions,

respectively, and the excited states which are formed are

called n-n#* and n-w* states., The energy level diagrams and

schematic representations are as follows:

o

ot

n. —1H;— AE

M=T1%

D ———

® o

CG—08
Yy
ground

transition state

N =gy 3
transition

Ny %
state

It may be seen that the m-n* process requires more gnerqy

than the nen%*, since the two lavels are spaced farther apart,



;Furthermore; since in both cases we now have two singly-
occupied orbitals, the two electrons need no longer be
opposed in spin, They may be opposed, this arrangemant
giving risé to a singlet state, or parallel, resulting in a

triplet state,

Enargy 4 o

singlet triplet

In the ground state,lthe electrons must be opﬁoséd in spin
(Pauli Principle), and hence the ground state is a singlet
state, Since electronic excitation to an upper triplet state
is forbidden in a first aphroximatioh, the excited state
first formed must also be a singlet state, However, if the
" singlet excited state is sufficiently long-lived (reaction
with a ground state molecule, or deactivation by transfarringv
energy to the surrounding medium, is slow) it may subsequent-
ly cross to a triplet state. It has been found®™? that
cyclic ﬂ;yel-unsa;urated ketones usually undergo triplet
reactions; that is, the singlet originally formed by
absorption of light decays to a triplet before underguoing
reaction,

Since the energy delivered to a molecule by light
depands on the wavelength of the light, a given transition

(n-m* for example) in a given molecule can only be



accomplished if light of the proper wavelength is used.
The energy'to wavelength correspondence is given by:

2.86 x 104

A

where £ is energy in Kcal/mole, and A.is waveléngth in

E =

millimicrons (lﬂﬂ'a 10-7 cm), Hence, if a molecule has its
n and w* levels separatéd by 95 Kecal/mole, the negn* trané-
ition can be effected with light of wavelength 300 qﬂ.

In general, the m-m* transitions of ketones corres-
pond to wavelengths about 190 @g; and the nén% transitions
require about wavelengths of 290 mpL The introduction of an
ctVG-doubIe bond shifts these waveiengths to approximately
230 and 330 Tﬂ” respectively. In this work we are interested
in exciting cyclic.ccy@-unsaturated,ketones (enones) only
to their n-w* state., This is accomplished most easily by
Piltering the light from the lamp through pyrex glass, which

ramovaes ultraviolet light of wavelength less than 290 @w.



PART THREEs: CYCLIC ENONE PHOTOCHEMISTRY

Cyclic conjugated enones have been observed to under-
go various types of reactibns on photolysis., These include
reduction, bond dissociation, oxetane formation, dimerization,
rearrangemant, and addition,

Photoreduction, a common reaction of saturated ketones
when photolysed in protic solvents, is also encountered when

10

the katone is con jugated with one or more double bonds™™,

An example is the photoreduction of l in isopropanollls

Oy O -
hP Wi

iaPrOFi> +

Yo
{

CH
1

In the absence of proton donors, this reaction is not
observad,
photodissociation, an example of which is the photol-

12 13

ysis of 2°°, is a common reaction™™, but is not relevant

0

Neg WP
H20; Et20 . Ho,c

I~
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to the work in this thesis,
Oxetane formation, generally known as the Paterno-

14, competes well with other possible reaction

Buchi reaction
pathways of saturated ketones. However, the presence of a
con jugated double bond in the ketone generally suppresses
the Paterno-Buchi reaction in favor of the formation of
cyclobutane products, There exist instances, nevertheless,
in which oxetane Formétion is not completely suppressed.,
One such case ié the reaction studied by Chapmang, to which

we will have occasion to refer later:

0 Ofed 1]
g
OfMe
+ 1S +
{Ma
a0 OMe OMe

Photorearrangement, the redrrangement of an elec=
tronically excited molecule, accompanied or followed by loss
of the excitation energy to form a new molecule, was one of

the earliest photochemical réactions to be observed., Hence,

[[%
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as sarly as 183015’16 it was noted in the literature tha£
cc-santonin (3) undergoes a light-induced rearrangement,
although it was not until recent tim9316 that the structure
of the product was slucidated. Not only has it been found
that almost all compouhds containing the cyclohexadienons
structure (4) undergo this reaction, but cyclohexenones (5),

lacking one double bond, also give formally analogous

0 | 0 ,
R R
, R. R
' R
4 5

photorearrangement producté, Thus, cholest-4-en-3-0ne (6)

yields the cyclopropane product 7 on irradiation in tert-

butyl alcoholl7.

CgH17 CgHy7

o5 = 55

A simpler example is the one on which part of the work in

this thesis is based; that is, the 4,4-dimethyl-2-cyclo-
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hexengne (Q) rearrangementle’lg. These enone rearrangemsnts
0 0
t-BuOH
8 - 9 10 '

are generally quite iheFFicient#; however, they have been
sufficiently well characterized to permit the study of other
reactions which can be performed in competition with the
rearrangement (see Discussion),

Photodimerization of cycliec conjugated enones has
long been known, and is a very general reactionzo. Ona of
the earliest examples to be studied was 3-methyl-2-cyclo-
hexenone (11), which was found to yield a dimer (12) when

alcoholic solutions were exposed to sunlight21{

a 0

h¥

%The efficiency of a photochemical reaction is generally

given in terms of its quantum yield Gi» which is defined as:

Qb= Moles of enone underqoing reaction
Moles of light absorbed by enone
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In some cases the orientation of the monomer moieties
within the dimer has not been well established, However, it
has been suggested that the photodimer of isophorone (13)

has the head-to-head cis-anti-cis structure (14)2%;

| 0 0 0 .
\Q\ o Q:
H,0 |
13 14

‘This same configuration has been shown23 to be present in the

dimer of 3-phenyl=2-cyclohexenones

0 0
[:ii:];\ > [:ii:;;::
—_—
Ph oh 'ph

Cyclohexgnone itself, however, yields two photodimers, both

having the cis-anti-cis configurationss

sBie:elo:
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The same difficulty in identifying the various
isomeric dihers is encountered with 2-cyclopentenone., This
enone (l§) yialds approximately equal amounts of the head-to-
head and head-to-tail dimers, 16 and 17, both of which were

shown to be cis—anti-cisza.

0 0 0 0
aEN ANy
' 0
15 16 17

Mixed addition, a quite general reaction of cyclic
ocv6~¢msaturated ketones, can compete favorably with dimer-
ization., Hence the presence of a large excess of cyclo-

pentene suppresses the formation of cyclopentsnone dimerszds

|

0 : 1]

G - D 2D

| | : 25-27
A few general examples of mixed additions 2 ares

0




CHa
~hY
CH3
0
CO,Me
+

UH

15

CH3
HC

by COoMMe
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PART FOUR: MECHANISTIC ASPECTS

In presenting the known photoaddition chemistry of
cyclic enones, it is necessary to discuss in some datail
savaral recent publications; Eaton's work on the dimer-.
ization of cyclopentenones’za led him to expect that mixed
additions of this enone might be as facile as dimerization,
This he found to be the 065924. Howsver, the broad scope
of this addition reaction was first demonstrated by Corey

28, using 2=-cyclohexenones (lg) and‘a variety

and coworkers
of ethylene derivatives, The tentative conclusions that
Corey drew From'his results are discussed below:

a) Definitive experiments to determine the multi-
plicity (singlet or triplet) of the excited state were not
 performed, However, since initial excitation was to the
n-q#* singlet, and since it is well known that intersystem
crossing of this species to the triplet ;s Facile, Coray
favored the n-w® {riplei as the reactive excited state,

b) To explain the orientational specificity of the
products obtained, i.e. from cyclohexenone (18) and 1,1~
dimethoxyathylene (19), Corey proposed initial formation of

a charge-transfer complex between the excited state of the

enone and the ground stato of the olefin (20): /
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N _hP 1
. OMe
e Me Me Me

ONMe

c) The excited state complex subsequently collapses
to a diradical species which then yields the observed prod-
‘ucts, This diradical may be written as either 21 or 22, 21
being the more stable of the two, and hence probably a mors

realistic representation:

Oe

Oie

This diradical intermediate was suggested to explain the
result that both cis- and trans-2-butene give the same
products on addition to cyclohexsnone, Furthermore, the
prasence of isobutenyl-substituted cyclohexanones (gg, gé)
in the reaction product of isobutylene (23) with cycic~

hexenone can be easily ratioenalized by postulating a
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18 - 23 ’ 24 (ma jor)

(minor) 25 26

9

d) TIrans-fused cyclobutanes are formed in all of
the cycloﬁexenone cycloaddition reactions studied by Coreyze,
often in greater amounts than the corresponding cis-isomers,
Hence, the major product in the above reaction (24) is a
mixture of cis- and trans-fused cyclobutanes in the ratio of

approximately 1:4, An explanation of this was not given;
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Recently, considaerabls controversy has arisen con-
cerning the enone excited state (or states) thét is respon-
sible for cycloadditions with olefins. In the photodimer-
ization of Z-éyclupentenon924, it was originally suggested
that the reaction was via the triplet®, and this is now

quite deFinite7b. Similar tentative conclusions were made

in the cass of 2-cyclohexsnone dimerizations. However, it
has recently been reported that the 2-cyclopantanone axcited
species involvad in cycloadditions with cyclohexene is not
the lowest lying triplet (Tl); but rather a triplet of
higher energy (TZ) 8,

In the reaction of 4,4-dimethyl=2-cyclohexenone (8)
with 1,l-dimethoxyethylene (19), Chapman and coworkarsg have
postulated that the three products observed (27-29) arise

from two distinct triplet species. Oxetane formation (27)

0
N hP o
fa e

8 139
Me 0 0
e X

+ Offe + ——0Offe
Ome Oia
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is quenched by di-tert-butyl nitroxids (a known triplet
quancher) at approximately the same rate as that of the
Egggg;Fused cyclobutane (28), while formation of the cis-
fused adduct (29) is quenched at a faster rate.

In summary, thres major questions about snone photo-
additions remain unanswered. These are: 4 .

a) What is the origin of the Egggg—?uséd cyclo-
butanes?

b) What is the multiplicity of the excited species,
and is more than one excited state involved in thesas
reactions?

(When this work was begun, no answers were available for
these questions),

c) Are the diradicals proposed by Corey28 a general
feature of these reactions?

The work presented in this thesis attempts to
answer these gquestions. A study of the photoadditions of
4,4~dimgthyl=2~cyclohexenone (8) and cyclopentene, in
competition with the rsarraﬁgement of the énone, was under-
taken with’two goals in mind, Firsf, since the rearrange-
ment is known to proceed via the triplet state, quenching
experiments should reveal the nature 6F the excited species
leading to adduct formation. Second, quenching experiments
similar to those performed by Chapman9 may allow further data
to be gathered on the formation of Eggﬂgafused cyclobutanes,

It was thought that these strained products arise as a
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result of the geometry of the reacting enone excited state,
but data on excited state geometries is not available in the
literature. The results of recent calculations by Santry
and Ohorodnyk29 in this departmesnt, which provide the first
information on this problem, will be given in the Discussion.,
In attempting to clarify the matter of diradica1~
intermediates, McCullough and Kally30 began a study of the
2-cyclohexenone-norbornadiene system, They found the

following productss

0
P
+ haxana
or
18 30 t-BuOH
+
31
0
o - and ~{(norbornene )=
. N 8- ( )
2-cyclohexenones
33

An extensive study of this reaction, including the effects
of methyl substituents at ths - andﬂ»positions of the

gnone, is presented in this thasis,



RESULTS
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PART ONE: TISOLATION AND IDENTIFICATION OF PRODUCTS

As noted in the introduction, the photoaddition

of 2-cyclohexenone and norbornadiene had been investigated
by McCullough and Kellyzu. The structures of some of the
products had been assigned (see page 21); however, the
struqtures of the «- and /3-(norbornanyl)acyclchexenones
were not known with certainty., It was believed that these
were S5-substituted norbornene derivatives, and further
studies were undertaken to confirm this, and to allow an
assignment of the stersochemistry of the cyclohexenone
moiaty;

| Since the cyclohexeﬁone-substituted adducts are

30, the effect of substituting a

formed by a hydrogen shift
blocking methyl group for hydrogen in the enone reactant was
of great interest. Thersfore the author's work began with
investigations of the reactions of 2-cyclohexencne and

2-nathyl=and 3~mothyl-2-cyclohexenone with norbornadisne,

The products from these will be described first.

The 2-cyclohexanone~-norbornadiene system

The structures of the norbornenyl ecyclohexenones
were invastigated first., Isolation of the/g-norbornenyl
cyclohexenons was achieved by preparative vapour phase

chromatography (vbc) 30, The 100 Me nuclear magnetic
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resonance (nmr) spectrum of this compound, shown in Figure 1,
is consistént with a 7-substituted horbornene. Thus, the
exo~ and endo-proton resonances appear as two multiplets

(two hydrogens each) of an AA'XX' system, the endo-proton
resonance being at higher FieldEl. Decoupling irradiation

of the multiplet at 2.9 ppm (assigned to tha bridgehead .
protons) causes the multiplet at 1.6 ppm to simplify to a
quartet, thus identifying the latter resonance as that of

the gig-protonssz. Furthermore, irradiation of the multiplet
at 2.2 ppm, which includes the resonance of the allylic
proton, H7, causes the gndo-multiplet to collapse to a guar-

tet. This shows that H is coupled to the enda-protons,

7
thereby establishing that the cyclohexenone moiety is anti
to the norbornene double bond32’33. On the basis of this

nmr data, and the results reportsed earlierso, the structure

3«(7-antji-norborn=2-enyl)-2-cyclohexenone (gﬁ) is assigned

to this adduct.

34 - 35

— s

30 :
The other cyclohexenong adduct is assigned the
structure 2-(7-anti-norborn-2-enyl)-2-cyclohexenone (;g) by

comparison with thes oC-substituted cyclohexenone ad&ucts
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FIGURE 1. 100 MHZ NMR SPECTRA. A, spectrum of 34. B, spectrum
of 36, showing one deuterium in the exv-position.
C, spectrum of 37.
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obtained from the photoaddition of 3-methyl-2-cyclohexenans
(see later results),

The photolysis of 3-dauterooz-cyclohexenone34 and
norbornadiene was carried out as described in the Experi-
mental section, The product mixture obtained was identical
to that from the 2-cyclohaexenone photuadditionzo. The .
product corresponding to the adduct 34 was isolated and
characterized by spectroscopic means, Its mass spectrum
(parént ion at m/e 189) and elemental analysis wers consise
tent with incorporation of one deuterium (CISHISDU)’ and its
infrared spectrum was identical to that of the undeutefated
adduct (gﬁ);

The nmr of this monodeuterated adduct is shown in
Figure 1. It is seen that the deuterium is located in an
gig-position of the norbornene moiety, since the relative
area of the multiplet at 1;6 ppm is decreased to ong-half
its valus in the non-deuterated adduct. 1In all respects,
the nmr is consistent with the 7-substituted structure 36,

0

36

]

f

The stereochemical implications of this result with 3-deoutoere-

2-cyclohexenone will ba given in the Discussion section,
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The g-mefhyl—g-cyclohexanone-norbornadiene system
Irfadiation of 3-methy1§2-cyclohexenone and
norbornadiene, as outlined in the Experimental section, gavse
riss to four 1:1 adducts (mass spectrum parent m/e 202) other
than the expected cyclobutane derivatives. These products

are shown in Scheme 1. ' .

The cyclobutane products were not extensively
examined; however, cis- and trans-fused isomers were present,
as indicated by infrared bands at 5.90 and S.SI/L,ZB respec-
tively;. Tha trans-fused isomers could not be isolated, as
they were unstable to vpc and alumina., They survived column
chromatography on silica gel, but could not be obtained free
of the cis-fused cyclobutanes by this method.

Two of the cis-fused cyclobutanes were isolated; one
gave an infrared spectrum with strong bands at 5.90 and
14.22fc(the latter is typical of nnrbornenesas), the other
showed thasa bands at 5,91 and.ld.igfb.

' The structures assigned to the two norbornene enones
(gz and gﬁ) uars Easad on spactroscopic evidence and a
chemical degradation, 1In the infrared spectra, both com=-
pounds had bands at 14,%/L (norbornene double bond35), while
the carbonyl band for 37 was at S'QQfL’ and that for 38 at
5.83/&5 The latter compound also showed a strong bapd at
II.Z/L which is assignable to the exocyclic methylene group.
These two enones were shown to be tautomers, since mild

treatment of 38 with base caused clean isomerizatiqﬁ to 37.
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0
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CHz
CH
+
CHx
599 | 37, 2%
CHa CH
+ +
tooh
0
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SCHEME 1

PHOTOADDITION OF 3-HETHYL-2-CYCLOHEXENONE AND NORBORNADIENE
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Diimide-reduction36 of 37 gave the corresponding norbornane

(QL, sea Schame 2) in quantitative yield. Oxidation of the

latter with aqueous permangante-parindat937 gave 7=-norbornana

carboxylic acid (42), mp 74-75°C (Lit.38 75-76,5°C), ident-

ified by comparison with an authentic sample,

CH,

NaGH

—
dioxane
H20

CH

CO5H

KMnO,
-t
NaIUd

SCHENME 2
'DEGRADATION OF EXOCYCLIC METHYLENE ADDUCT
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The nmr of the conjugated enone 37 is shown in
Figure 1, and is seen to be similar to those of the two
7-substituted norbornene derivatives discussed previously
{(also shown in Fiqure 1). Decoupling irradiation at the
multiplet centred at 2.2 ppm, which includaes the vinyiic
7-proton resonance, causes the gggg—multiplatSI at 0,8 ppm
to simplify>S, This evidence, coupled with the results of
the unambiguous degradation, confirms that both enones 37
and 38 are 7-substituted derivatives., | .

The nmr of the unconjugated enone (38) is quite
different in appearance from those shown in Figure 1. Res-
cnances appear at 4,60 and 4.70 ppm, which are attributed to
the exocyclic methylene protons, and a triplet at 6,11 ppm
is due to the norbo:nene vinyl protons., The gggé-protons
give rise to a multiplet (two hydrogens) centred at
0.9 ppm31; the remaining proton resonances are all ihcludad
in a multiplet bounded by 1.5 and 2.6 ppm,
| This unique nmr may be explained from an inspaction
of a space-filling m0d9139 of the enone 38, This reveals that
there is severe steric hindrance to rotation of the methylene-
byclohaxanone substituent, and this would create an aniso=-
tropic environment for the exo- and the bridgehead-protons,
thus resulting in an anomalous nmr., If the barrier to
rotation is fairly low, it should be possible to overcoﬁa it
by raising the temperature. This was attempted using

hexadeutero«dimethylsulphoxide as solvent, but no change in
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the nmr was apparent at temperatures up to 15055;

The nortricyclic enone adduct (39, Scheme 1) was
assigned this structure from spectroscopic data (infrared
bands at S.Q%g_ and 12.33u, the latter being typical of the
nortricyclene systemao) and by comparison with the nortri-
cyclic enone adduct isolated from the 2-cyclohexenone .
addition (31)30., The two adducts were found to yield sim-

ilar nmr spectra, except, of course, for the presencs of a

CH 0

39 31

methyl singlet in fhe nmr of the former compound (gg).

The product which was assigned the Five-memqbred ring
structure (40) in Schemevl was very difficult to obtain free
of the other reaction products. Since all of the other
adducts contain at least ong doublé bond, thay were removed
from 40 by oxidation with aqueous permanganate»pariodat937.
The pure product 40 had infrared bands at 5,90 and 12.3?fg
(doublet, nortricyclene). The nmr showed no signals in the
vinyl proton region, but had a methyl resonance at 1,02 ppm,
The mass spectrum showed the parent ion at m/e 202, which

was also the base peak, the rest of the spectrum being com-

paratively featureless (see Appendix), The structurs was
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thus assigned on its stabliity in the mass spectrometer, its

resistance to oxidation, and the above spectroscopic results,

The g-methyl-g-cyclohexenoné-norbornadiene system

Photolysis of 2-methyl-2-cyclohexenone and
norbornadiens yielded two substituted cyclohexenone 1l:1

adducts (mass spectra of all products have the pareht ion at

m/e 202) in addition to cyclobutane products, as outlined in

Scheme 3,
0
CH3
+ h¥
0 0
CH CH
0 CH4 |
+ +
76% . 43, 14% 44, 10%
SCHEME 3

PHOTOADDITION OF 2-METHYL-2-CYCLOHEXENONE AND NORBORNADIENE
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The cyclobutane adducts included both gis- and trans-
fused bicyclo[4.2.0]octan-2-0ones as shown by the infrared
spectrum of the mixture, which had carbonyl bands at 5.90
and S.BO/L. It is evident that the presence of the 2-methyl
substituent will block the enolization which leads to isomer-
ization of a Egggé-?used cyclobutane, Hence, it was possible
to isclate a trans-fused cyclobutane from this photolysis
product via preparative vpc. |

| The two substituted cyclohexenona produéts 43 and 44
both gave an infrared carbonyl frequency of 5.98/L (cxz/g-
unsaturated). The nortricyclic derivative showed the band
typical of these systems at»12.31fb, @hile the norbornenyl
isomer gave the norbornene double bond band at 14.2/&.

The nortricyclic product (gg) gave an nmr that is
consistent with thé proposed structure, Thus, its nmr showed
narrow pesaks at 1,15 aﬁd 1.25 ppm which are attributable to
the nortricyclene system (similar peaks are present in the
nmr spectra of all such systems studied here), and a singlet
at 1,65 ppm due to the allylic methyl protons, This product
was synthesized by an independent route, as outlined in
Scheme 4,

' The structure of the norbornenyl product (44) was
assigned from the infrared data discussed above, and its nmr,
shown in Figure 2. This nmr has the following features: a
multiplet at 0,97 ppm due to the pair of endo-protons; a |

broad peak at 2.52 ppm assigned to the C7 proton of the
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FIGURE 2. NMR SPECTRUM OF 2-METHYL-3-(7-ANTI-NORBORNENYL)~2-CYCLOHEXENONE (44)

A, normal spectrum; B, endo-proton multiplet when H» peak is irradiated.
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0
. CH
MgBr 0
CHS
4 ‘ ——D
OEt
gg .
SCHEME 4

| SYNTHESIS OF
2-METHYL=3~( TRICYCLO[2.2.1.02* 8 JHEPTYL)=2-CYCLOHEXENONE

norbornene; a multiplet at 2.95 ppm (bridgshead protons);
and a sharp triplet at 6.11 ppm (norbornene vinyl protons)Q
The remaining protons gave rescnances whicﬁ were contained
in two complex multiplets centred at 1.70 ppm (7 H) and
2.20 ppm (4 H); the former included the finely split methyl
proton resonance,

Decoupiing irradiation of the ﬁ7 resonance at
2,52 ppm rasulted in the simplification of the endo-proton
multiplet at 0,97 ppm (see Figure 2), thus indicating that
the cyclohexenone substituent is anti to the norbornens double
bond32,33,

In all three of these additibns to norbornadiena,
quadricyclene was formed, and the amount of this product

varied with the structure of the cyclohexenone used (sse

below, Table 5).
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The above structural work on the cyclohexenone-
norbornadiéne addition rapresedtad a major part of the
research described in this thesis. The mechanistic aspecﬁs
of this reaction, particularly the origin of cyclohexenone
derivatives, and the relevance of the results to enone
additions, will be dealt with in the Discussion, .

Tha remainder of the Results will report work on
additions to cyclopentena, followed by the results of exper=-
iments designed to gain mechanistic information on all of

these reactions.

The ﬂ,ﬁudihethyl-g-cyclohaxenone-cyclopentene system

Irradiation of 4,4-dimethyl-Z-cyclohexenon941 with
an excess of cyclopenteda gives rise to three products
(Schems 5), as shbwn'by nmr (see below). These three prod-
ucts are l:1 adducts (mas§ spectra parent ions at m/e 192)
having no vinyl proton resonances in the nmr, and hence are
assigned pyclobﬁtana structures,

Attempted preparative vpc on the photolysis mixture
afforded only two adducts; one isomer apparently does not
survive the relatively high temperature., One of the cyclb-
butanes isolated contains a gis-fused 6-4 ring junction
(carbonyl band atlS.Q{fL in the infrared) and is assigned

the la:,%é ;96 s 7ac. configuration (gg)#; This assignment

i

¢The configuration about the cyclobutane ring in these

adducts is specifisd as in steroid nomenclature, Hence
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is based on the fact that only one cis-fused isomer is
formed in the photolysis, and hence most probably is the
less sterically hindered isomer (45) (see Discussion),

The other cyclobutane isolated is trans-fused
(carbonyl band at S.B%F,) and is found to isomerize cleanly
and rapidly to a cis-fused cyclobutane (carbonyl band at
S.QI/L) on treatment with basic alumina., This new cis-
fused isomer is different from the §i§-Fused adduct formed
in tﬁe photblysis (as shown by nmr--see below) and hence is
assigned the I/B,Zﬁ..,ﬁﬂ,?ﬂ‘ configuration (48). The trans-
fused adduct isolated must thersfore be the la,2/4 ,93 ,@8
compound (46).

Analysis by vpc of fhe above mixture of adducts was
found to be impossible, sinée the four adducts share two
retantion times onvboth FFAP and F81265Avpc columns, Fortun-
ately, nmr provides a 5ethod of analysis, because e#ch adduct

shows a characteristic pair of methyl proton resonances.

yg ,%@ ,?3 ,?@ indicates that the hydrogens at carbons

1, 2, 6, and 7 are above the plane of the paper, as shoun

in the accompanying formula. Hydrogens below the planas of

the paper are designated by o,



45 (473)
0.87; 0,88%

47 (15%)
0.95; 1,10%

Aly0s

38

46 (38%)

0.98y 1.19%
| 1 A1.0

273

48

0,95; 1.02%

#Numbers indicate the chemical shifts (in ppm)

of the methyl proton resonances.

SCHERME 5

PHOTOADDITION OF

4,AGDIMETHYL«Z—CYCLBHEXENONE AND CYCLOPENTENE
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Thekéécond trans-fused cyclobutane (52) can also be detected.
Thus, nmr of the photolyéis products showed the pairs of
methyl resonances due to 45 (0.87, 0.88 ppm) and 46 (0.98,
1.19 ppm), and a third pair (0.95, 1.10 ppm) which did not
correspond to that of the cis-fused adduct, 48 (0.95,
1.02 ppm), When the mixture was stirred in ether with basic
alumina this third pair disappeared, as did the pair due to
46, The nmr of the equilibrated product indicated the
presence of oniy’the two cis-fused isomers 45 and 48.
Hence the third‘adduct present in minor amount in the photol-
ysis product was assigned the lﬁ ,2/3 ,6/)2 s7cc configuration
(ﬁZ)Q The characteristic methyl proton resonances of each of
these isomers are;given in Séheme 5 in ppm downfield from
tetramethylsilane,’along with their relative percentages, as

measured by nmr,
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PART TWO: MECHANISTIC ASPECTS

Quenching of 2-cyclohexenone-norbornadiene adduct formation

In order to elucidate the multiplicity of the enons
excited state @hich gives rise to the pfoducts‘of these
enons~-norbornadiene reactions, quenching gxpariments with
naphthalene were carried out,

Naphthalene is known to be an efficient quencher of
2acyclohexenone’tripletsd. Furthermore, phoutocycloadditions
(formation of cyclobutanes) of 2-cyclohexenones have been
shown to generally involve the triplet excited state "7,
Thus, addition of napﬁﬁhalene to the 2~cyclohexenona-
norbornadiene photdlysis should retard the overall rate»of
the réaction, without altering the adduct ratio, providad
that the substituted cyélohexenone products arisa from the
same axéited state(s) as do the cyﬁlobuténes. The results

of quenching this photoaddition with 0,050 M naphthalens are

given in Table 1.

Quenching of 4,4-dimethyl-2-cyclohexenone-cyclopentene

adduct formation

In the presence of naphthalena (0.0500 M), the photo-
addition oF.4,4-dimethy1~2-cyclohexenone to cyclopentene is
slowed by a Fa¢t0r of approximately thres. The effact of

this quenching on the product ratio (as measured by nmr
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TABLE 1

QUENCHING OF 2-CYCLOHEXENONE-NORBORNADIENE ADDUCT FORMATION

Solvent ffolar Concentrations Relative Percentagesa

@ cyclo~  cc-sub, /B-sub.
dﬂ @ butanes enones enonas

P7% meoH o |
in 0.0247 0,280 0.0500° 51+4 16x1 34472
t-BuOH |
t-BuOH  0.0240 0,262 0.0500C  46+4 1741 3742
de.guoH  0.0241 0.262 - 534 161 31£2
dHexane 0.0250 0.250 - 5444 14%1 3142

a. Analyses by vpb on column B, .

b. Light filtered by a copper-bismuth solution%@,
equilibrated at 359C, Pyrex glass filter used
in the other runs, |

c. Quenched runs required three times as much
itradiation time; measurements made at about
70% conversion of starting enonse,

d. Ref, 30b, Thess percentages represent averages

of measurements made at about 25, 45 and 70%

convarsion of starting enone,
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TABLE 2

QUENCHING OF 4,4<-DIMETHYL-2-CYCLOHEXENONE=-CYCLOPENTENE
ADDUCT FORIMATION

Molar Concentration? Irrad, Percent of Product”
time
cyclo- naphthae )
(hr.) c
pentene lene 45 48 47 487
0.797 . 39 47 38 15 -
0.570 - - 3° 47 37 16 -
0.570 0,0500 9@ 44 30 11 15
0,570  0,0500 98 43 28 14 15

a. Methanol as sdlvent. Enona concentration,
0.0143 M. |
b. As measured by'integration of the methyl
proton resonancesg,estimated maximum error: +8%.
¢, Numbers refer to products, Schema 5.
d. About 10% siarting enone remaining (by vpc).

8. About 2% starting esnone remaining (by vpc).
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integration of the methyl proton resonances, and indepen-
dently checked by vpc analysis) is outlined in Table 2.

In addition, the two qnquenched reactions wers
performed with differsnt concentrations of cyclopentene~-no
aeffect on the p:oduct.ratio‘is apparent from the results in

Table 2, _ ‘ _ .

Competition of wnimolecular rearrangement and bimolecular

photoaddition of 4,4-dimethyl-2-cyclohexenons

If cyclopentene is used in excess in the photoaddition
of 4,4-~dimethyl=2~cyclohexenona, .only l:1 adducts are
obtained, However, if the concentration of cyclopentene is

18,19
rearrangement

reduced to about 0,1 M, the well-knoun
of 4,4-dimethyl-2-cyclohexenone (shown in Scheme 6) can com=
pete with adduct formation, Since this rearrangement has

been shownaz’aa

to proceed via a triplet excited state, it

was of interest to determine if added naphthalene--which does

quench the rearfangemsnt reactionaa»-would have any effect on

the rearrangement/adduct ratio, The results of this quenching

experiment are recorded in Table 3.

0 | 0
-I!1> [:izq// + ‘ifz;_—
-9 _];_[_]_ /

0

8
SCHEIME 6

PHOTOREARRANGEMENT OF 4,4=DIMETHYL=2-CYCLOHEXENONELB519
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TABLE 3

COMPETITION OF UNIMOLECULAR REARRANGEMENT AND BINULECULAR‘
PHOTOADDITION OF 4,4-DIMETHYL-2~CYCLOHEXENDNE

Parcent Product Composition (Mole Percent)a!d
Conversion ' .
Naphtha- of Starting Rearrangement Product Addition
lene  Enone gb 10b  Products
- 72.5 10.6 8,49 81.0
- 83,0 10.3 5.8 83.9
- 76.4 10.0 6.9 83.2
0.050 m°® 80,4 10.4 11.0 78.6
0,050 m 73.8 : 10,5 11.0 78,5
0,050 M 82.7 10,7 11.1 78.2

a, Analysis by vpe on column B, 175°,

b, Numberé refer to products, Scheme 6,

c. Methanol as solvent, folar concentrations
were 0,0143 and 0,0858 (13:6) for startin§
enone and cyclopentene respectively.

d. Estimated maximum error: +4%. The greater
variation in the percentagevof 10 is probably

due to decomposition on the vpc.
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Quenching of gquadricyclens formation in the 2-cyclohexenone-

norbornadiens photoaddition

Quadricyclene was found in the reactions of 2- and
3-methy1-2-cyclohexanona,and 2-cyclohexenone, with norborna-
diene (see Experimental section). To determine the excited
specias‘éiving rise to the quadricyclene, the effect of -
naphthalene quenching on the quadricyclene/adduct ratio was
measureq for the 2-cyclohexenone~norbornadiene reaction;

Thaese results are shown in Table 4,

TABLE 4

QUENCHING OF QUADRICYCLENE FORMATION IN THE 2-CYCLOHEXENONE=-
NORBORNADIENE PHOTOADDITION

ﬁolar Concentrations Mole Percentagesb Percent
Cyclo- Norbor-  Naphtha-  Quadri-  Total Enone
haxenone nadisne lene cyclene Adducts Convarsion
0.0462° 1,11 - 79+4 211 44
0.0460° 1.11 - 81x4 19+1 42
0.04629 1.11 0.0500 834 17+1 58

a, Hexane as solvent,

b, Calculated from actual weight of product Fufmed,
as measured by vpc with an internal standara.

c. Irradiation times: 1 hr,

.d., Irradiation time: 3 hr,
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Quantum yields

The details of these measurements are given in the
Experimental section, The quantum yields of product Form-»
ation in fhe photoadditions of 2-cyclohexenone and its 2-
and 3-methyl derivatives to norbornadiene were measured, and
thess are given in Table 5, : -

The method of analysis used for theéé measurements
is as follows: In the 3-methy1-2-cyclohexenoneAreaction, the
totai amount of 1:1 adduct formed was measured by vpc (calumn
B) by cutting out and weighing the adduct peaks, and com=-
paring the weight of these with the weight of the.peak dug to
a known amount of internal standard (di-gfbutyl phthalats),
added after the photolysis was terminated., In the cases of
the 2-cyclohexenone and its 2-mathyl derivative, it was
"deemed more accurate to measure the weight ratio of the in-
ternal standard peak and that of the 3-(3-tricyclo[2.2.1.02°°]
heptyl)-2-cyclohexenone adduct (31 or gg). Then, on the
assumption that the response of the flame-ionization dstector
is the samg for isomeric compounds, the quantum yield for
total adduct formation could bs balculated from the knouwn
percentage of noftricyclic enone (gi or ﬁg) in the product,

A calibration curve was obtained For'thé vpe using
3-(3~tricyclo[2.2.1.02’6]hepty1)-2-cyclohexenone (31), puri-
fied by preparative vpc.

The amount of quadricyclene formed in each reaction

was measured against an internal standard (toluene) by the
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4
TABLE 57

QUANTUM YIELDS

Light
Absorbed Amount of Amount of  Quantum Yields
(milli=- Adduct Quadricyclene Add- Quadri-
Enone ginsteins) mg mmoles mg mmoles ucts cyclene
‘ 11.5 154 0.822 783 8.51 0,072 0.74
[ff] 11.4 152 0.812 771 8.38 0.071 0.74
0 31.3 351 1,74 729 7.93 0,064 0,25
(itl\cﬁs 34,2 440 2,18 787 8,55 0,056 0,25
. Ha 107 316 - 1,56 324 3,52 0,015 0,033
[jt]/c 105 226 1.12 302 3.28 0,011 0,031

#MDlar concentrations in haxane were: starting

enonas 0,0192; norbornadiene: 0.525; Estimated

maximum error of gquantum yields: +8%.
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same method (cutting out and weighing of vpc peaks)., This
assay was performed separately from the adduct measurements,
since quadricyclene requires much lower temperatures to

ensure its stability on ths upc;



DISCUSSION
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PART ONE: NORBORNADIENE AS SUBSTRATE

A large part of the Results section describdd the
photoadditions of 2-cyclohexenone derivatives and norbor-
nadiene, and some of the adducts formed were shown to hawve
novel structures which would not have been predicted. Con-
sequently, the first part of the Discussion will deal with
the wéy in which these structures arise, and a fairly def-
initive mechanism will be pfoposad. Discussion of this
mechanism will be divided into three parts:

a) The excitation process, and the nature of the
reacting excited state,

b) The reaction of the excited state with ground
state substrate.

c) Subsequent migrations and/or rearrangemebts
which lead to the adaucts.

As an aid in the following discussion, Scheme 7 out-
linegs the mechanism proposed for formation of tuo of the

observed adducts,

The Excitation step

As mentioned in the Introduction (p 8), cz,/g-
unsaturated ketonas (i.e. 2-cyclohexenones) show absorption
maxima in the ultraviolet at ca., 230 and 330 @#, the latter

band being due to the n-n* transition., 1In all the work
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reported hefe, pyrex gldass was used to filter the light from
the photolysis lamp, thereby ensuring that light of wave-
length less thah 290 mL was not admifted to the photolysis
solution, Thus, the first step of the photoaddition must be
excitation of the cyclohexenone to its n-m* singlet state
(norbornadiene does not absorb light above 290 gu). .

It is known that photochemical reactions of cyclic
enones, including rearrangements4 and cycloadditionss-g,
generélly proceed gié trinlet excited states. Furthermore,
if many photoreactions of cyclohexenones are carried out in
the presence of naphthalene, the latter acts as an efficient
quencher of the cyclohexanone tripletsd. Thus, if the
reaction of 2—cyclohexennﬁe and norbornadiene, leading to
substituted cyclohexenones, arises from the same triplet
spucies that leads to the cyclobutanes (see p 21), the
" addition of naphthalene should retard the reaction without
altering the product distribution,”

It was found that, in the reaction of 2-cyclochexenone
and hﬁrhnrﬁadiéﬁe, the prusdhee of 0,05 M naphthalens causad
a threefold retardation in rate without changing the product
ratio, as measured by vpc (Table 1, Results section)., Thera-
fore, all the products must arise from the same triplet
excited state, or two triplets may be involved which transe-
fer energy to naphthalene at similar rates.

It should be pointed out that, although the product

distribution, as measured by vpc, did not changs, infrared
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spectra of the photolysis mixture showed that the fraction
of cis-fused cyclobutanes was considerably smaller in the
quenched runs, This finds parallel in the results of
Chapman st gl.g. The apparent discrepancy betwsen the vpe
and infrared data may be due to both proposed 9 enone trip-
lets being involved in the formation of cyclohexenone der-

ivatives, or the change in the cis-/trans-fused cyclebutane

ratio may not be large enough to cause appreciaple change in
the vbc; It is also possible that both vpec analyses
(quenched and unquenched) are measuring only cis=-fused
cyclobutanes, since it is known that the trans-fused isomers
do not survive preparative vpc30.

The electronic configquration of the reacting trip-
let(s) is not known at present, since the n-m* singlet may
decay to either the n-w* or me-n* triplet, or both. Although

calculations43

show that, for ground state geometry,fthe
cyclohexenone n-n* triplet should be lowest in snergy, con-
firmation of the proposeda’9 two-triplet mechanism would
ohyiata~this arguement. (Sze the lator discussion on the

4,4=dimethyl-2~-cyclohexenone work).

Bimolecular reaction of the excited state

The sscond step in the photoaddition must be attack
of the cyclohexenons triplet(s) on the norbornadiene to form
one new single bond., This is probably best described by

picturing the cyclohexenone triplet as a.biradical, i.e.:
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°
This reprasentation is accurate in that it accounts for the
formation of - and /3-substituted cyclohexenones, such as
31 and 32 (p 21). These are certainly a result of respective
reactions of the diene at the o=~ and /3~positions of the
enone,
| Whether the «- or the B-carbon of the excited enone
is the major site of attack is a difficult problem; the
factors which determine the ratio of «- to /B-attack are not
clear, Huickel-type calcqlations for acrole;nolike systems
indicate that the higher electron density should be at the
/3-position for both the n-n* and mem* tripletaa; consequent-
ly, if reaction occurs faster at higher odd-electron density,
/3-attack should be the major pathway. This would seem to be
borna out by the ac-//3-substituted cyclohexenone product
ratio in the reaction of 2-cyclohexenone, which has hydrogén
suhstituwnts at both positions, This ratio is 4&930. Hot-
ever, it is unsafe to attach greaﬁ significaﬁcs to this ratio
because the relative amounts of cyclobutanes which arise from
initial o= and'/Z-bonding to the @none-triplet are not
known (and cannot be dotermined at the present time),
Corey has suggasted?d that acéattaék is the major
pathway in the photoadditions of 2-cyclohexenones. He based

this on the observation that an a«-methyl substituent
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considerably retarded the rate of reaction while a /B-mathyl
did not apbear to have an appreciable effect. In this work
it was shown (Table 5, Results section) that an & -methyl
substituent decreases the quantum yield for formation of
adducts by a factor of 5.5, relative to the unsubstituted
enone, This indicates that & ~attack is an important mogde
of reaction, since a methyl group éhbuld not significantly
change the electronic configuration of the gnong excited
state; This finding is therefore in agreement with that of
Coreyza. |

It would appear, however, that such a straight-
forward explanation may not be applicable. A /G-methyl sub-
stituent should be far encugh removed so that it would not
hinder cc~attack; in spite of this, /3omethy1 substitution
on tﬁe reacting enone is found to decrease the quantum yield
for Formation of adducts by a factor of 1.2 (Table 5, Rasults
section). Also, as noted above; in‘the cyclohexenong=-
norbornadiene reaction, /3-substituted cyclohexenones are
tha major enone products; a rvesult not consistent with
cc-attack being the preferred mode of reaction.

It is important to consider the possibility that
cyclohaxenone derivatives arise in the norbornadiene photo-
additions via energy transfer from the enone to norbornadiene,
followad by attack of the excited nurbornadiene on tﬁe enone,
An enery~-transfer mechanism such as this appears to be

unlikely since intramolecular cycloaddition of oxcited
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norbornadiens £0 form quadricyclene (32) is fast enough

hY

—

-

45 .
to exclude dimerization. Thus, in the direct or sensi-

tized4®

irradiation of norbornadiene, no dimer is detscted.
Therefore, it is unlikely that excited norbornadiene is
sufficiently longwlived to permit addition to cyclohexenone,
which is present in low concentration (0.0192 M, sse Table 5,
Results section).

The detegction of large amounts of quadricyclene (ﬁg)
in these photoadditions to norbornadiene (see later Discussion)
suggests another possible mechanistic pathway to»the observed
adducts; that is, energy transfer from the enone to norbor-
nadiene to form quadricyclene (é procass observed with
sensitizers such as acetone and acetophenoneas), followed by
attack of exciterd-enons oA the quadricyclene, This was
easily eliminated by irradiation of 2-cyclohexenone and
quadricyclene; no adducts were formed (see Experimental
section).

Thus, the most probable mode of initial attack in
the cyclohexenons-norbornadiene photoadditions is sibgle
bond Fdrmation from ground staté norbornadiene to the oc-

or /Bncarbon of the cyclohaexenone., The intermediate formed
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is most prbbably a dira&ical.‘ Zwitterionic intermediates
seem unlikély'since the pruduét ratios in these photvadditions
are identical in n-hexane and tert-butyl alcoh0130 (see also
Table 1, Results section), It has élso been shown®’ that
the /3~carbon of an excited cyclbhexenune is not eslectron
deficienﬁ, making Zwitterions less likely than diradicals.
Such a diradical species has been propuosed previously28’48
as the species which cyclizes to a Four-membered‘ring, and
yields products of a hydrogen transferza. \

The derivatioé of the observed products from dirad-

ical intermediates will be outlined in the next section,

The Formation of the adducts

Consideration of the geometry of the substituted
cyclohexenone products obtained leads to the conclusion that
- two distinct diradical intermediates are formed in these
photoaddition reactions--one arisiqg from gndo-attack of the
gxcited cyclohexenons, the other from exo-attack. We will
consider these two separately.

Endo-~attack leads to a diradical intermediate which
may exist in two forms, 50 and 51. Unly,/guattack ié shouwn;
attack by the &-position of the enone would lead to dirad-
icals and cc-substituted products in an analogous manner.

Disfegarding the possibility of decay to starting

materials (to be discussed later), two pussible reaction

pathways are open to 50 and 51: closure of the diradical,
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and hydrogen transfer to form the stable enone system,

51

Radical combination in 50 leads to the well-known cyclobutane
formation, while the 1,3-hydrogen shift necessary for form-
ation of an enohe product does not occur, since no S-substi-
tuted norbornenes (52) are observed. This is not a éurprising
result, since 1 3-hydrogen shifts do not occur readily in

radical aystams

“b d% Ay

m _

The tautomer 51, on the other hand, yields a product

which must be a result of a l,4~hydrogen shift (31), while
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simple closure to a five-membered ring is not observed
(unless a‘/g-methyl substituent is present, see below).
Although the 1,4-hydrogen shift postulated is known 'in radi-
cal reactions®®, it is difficult to see why the ring closure
reaction is not competitiﬁe. Models indicate that the strain
opposing such a closure should be small, Thus, the_l,dﬂ
shift muét be quite fast. This is borne out by the fact that
closure does occur when the l,4-hydrogen shift is blocked by

a methyl substituent:

40

It is seen that endo-attack of the excited enone,
acting as a diradical, gives rise to the nortricyclene
products detected in these photcadditions (and also, in one
case, the five-membered ring adduct, ﬁg). Tharefore, to
account for the products, at least 26% of enone attack must
be from the gndo-side in the cyclohexenone-norbornadiene
reaction30, In-the 2~methy1¥2~cyclohexénone reaction, this
figure becomes 14% (Scheme 3), for 3-methyl-2-cyclohexenone, .
24% (Scheﬁe 1), These results czn be reconciled with ground

state free radical additions to norbornadieng--there have

been at least two reports of 20% of a free-radical addition
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proceeding via andu-attackSI.

Exp-attack of the excited cyclohexenone must be
postulated to explain the formation of 7-substituted norbor-
nene products, Again, we can envisage t@o tautomeric dirad-
icals (53 and 54) being formed via exo-attack. The tautomer

53 can only undergo closure to form cyclobutanes; the alter-

nate pathway of 1,3-hydrogen transfer is not observed. The
0

_ 0
1] °
;:jﬂ::}& v 1::%:]
®
°
v T 53 54
" tautomer 54 does not have a geomatfy that is favorable for

gither closure or l,4-hydrogen transfer. Thus, there ars

two pathways\that this intermediate may follow. Scission of

l,ﬁabong

scission
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the 1,2-bond merely results in regeneration of tautomer 53.
However, the near-symmetry of 54 demands that opening of the
1,6-bond be as likely as 1,2-bondscission. The former would
result in the formation of diradical 55, which has a suitable
geometry‘toballow a facils l,d-hydrogen shift, to form an
observed product (34). : . .

If the above mechanism for the formation of 7-§ubsti-
tuted norbornenes is correct, it should be possible to demon=-
strate that the 1,4-hydrogen shift is intramolecular. This
was accomplished by irradiating 3-deutaro-z-cyclohaxenoqa
in the presence of excess norbornadiene. The product mixture
obtained was identical by vpc to that of the undsuterated
gnone=-norbornadiene phutolysissu. The product 36 was iso--
lated and it was Fpund by mass spectrum to contain one

deuterium atom/molecule, The nmr showed that the deuterium
0 |
|

36

was situvated wholly in the gﬁg—poéition, as indicated in the
structure 36 (see Results sectiﬁn).

- The deuterium-containing analog of 31 was also iso-
lated from the reaction, and shown to be the result of intra=-

molecular deuterium transfer (see Experimental section),
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providing further evidence in support of the above diradical
mechanism, |

Tha uniqua exocyclic methylene product (gg) isolated
from the reaction of 3-mathy1-2-cyc10hekenon9 and norborna-
diene can be envisaged as arisihg from an intermediate (§§)

which is analogous to the diradical intermediate 55,

Thus, attdck by the ¢cocarbon of the enone, followed by
bridging ahd.bondscissiun, leads to the diradical 56. A 1,6-
hydrogen shift then yields the observed product,

A 1,6~hydrogen shift in radical systems has not
apparently been reported in the literature, but this may be
due to lack of systems with the appropriate geometryL it
seems that such a geometry is present in this system. Thus

the exocyclic methylens compound (382 probably arisés from
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the same intermediate as the conjugated photoproduct (37).

0

It is surprising that the 1,6-shift is apparently favored
over the 1,4-process (approximately 7:1, ses Results sectiuon),
A control experiment was performed, showing that 37 is quite
stable to photolysis, and certainly is not the precursor of

38 in the reaction.

The Question of complex formation

As mentionad earlier, an energy transfer meschanism
leading to excited norbornadiene is an unlikely mechanistic
pathway to the observed 1l:1 adducts. It remains then to
explore the possibility that the quadricyclesne formed in all
of these photoadditions to norbornadiene (see Table S, p 47)
arises through such a meschanism,

It is well known that the conversion of norbornadiene
to quadricyclene is easily accomplished via photosensitization
with low ensrgy triplet sensitizers such as bsnzil (ET~m 54
kcal/mole) and 2-naphthaldehyde (E£; = 60 kcal/mols)*®. since
2-cyclohexanone has been shown to have a triplet energy of
61 kcal/moles, it would seem that.energy transfer from this

enone to norbornadiene could occur, However, methyl
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substituents on 2-cyclohexenons should not appreciably alter
its m system, and the triplet excited state energy of 2-
cyclohexenone should be similar to that of its methyl deriva-
tives., All three enonas should therefore transfer énergy to
norbornadiene at the same rate (if-at all), since triplet-
triplet energy transfer depsnds mainly on the donor and
acceptor energy levelssz. This is found not to bs the case
(see Table 5, p 47). A A-methyl substituent on the enone
decreasaes the quantum yield of quadricyclene formation by a
factor of three; an a-methyl by a factor of 23, Clearly,
the quadricyclene cannot arise from simplé triplat ensrqy
transfer,

It is possible that the observed effect of a methyl
group on the quantum yields is due to a difference in triplet
lifetimes of thé eﬁones. That is, if the presence of a methyl
substituent on the cyclohexenone decreases the enone lifetime
(g.g., increasas the rate of triplet processes, such as
radiationlass debay to ground state, which do not lead to
products), it would necessarily decrease thes quantum yisld
of product formation., No data is as yet available on life-
times; however, the possibility of a lifetime effect is
desmad unlikely for two reasons. First, because of its
(probable) negligible effect on the slectronic structure of
the enons, a methyl group should not greatly change &he life-
time, Any small change that doss occur should be similar for

both o~ and /Q—methyl substitution; and this is contrary to
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experimental findings (Table S5). Second, a liFetimebeFFect
would probably be of the same order in both adduct and
quadricyclene formation., Experimentally, an oc~-methyl sub-
stituent has an effect four times greater on quadricyclens
formation than on adduct formation, |

1t remains then to propose a mode of attack of the
excited enone on norbornadiene which is consistent with the
data available. If quadricyclene is not formed via energy
transfer, it must arise from a reversibility of the initial
attack of the enone, This can be envisaged as reversible.
formation of a complex, or as an initially formed diradical
which can decompose to starting enone plus quadricyclens,.
We shall consider both of these possibilities,

An initially formed complex similar to that proposed

by Corey28 may be formulated as 57:

0.
*
+d1—-—><

Calculations have shown that the excited triplet of norbor-

57

nadiene has appreciable bonding character betwsen the two

non-con jugated double bondsss; Hence, a complex formed

between excited enone and norbornadiasne could wall have such

.

a bonding interaction, and decay to ground state enone and-
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quadricyclené is possible if the complex is sufficiently
long-lived (that is, if collapse to a diradical is suf=:
ficiently slow). Endo-complexes (in the ground state) of
norbornadiene are well knownsa, but if the enone products
arise from collapse of a complex to diradicals, invocation

of an egxo-complex is necessary to éxplain the 7-substituted
norbornene products (see above). Such a complex has not been
observed experimentally; however, if excited 2-cyclohexenone
can form a complex with simple olefins (as suggested by

Corey28

to explain orientational specificity), complex form-
ation from the exo-side of norbornadiene cannot be ruled out,
Little attention has been devoted to a possible rever-

55 as an alternative to complex

sible g -bond formation staep
formation, although in most cases it is difficult (if not

impossible) to differentiats betwsen the two possibilities.
Thus, the quadricyclene formed can arise from a complex, as

shown above, or from reversible diradical formation:
0 0
> ¢ |
+ —> —> +
° o

The ambiguity is illustrated by recent work on the photocyclo-

addition56 and photudimerization57 of cyclopentenone., The

~
~

data suggests a reversible addition step, but the natures of

this step (formation of an actual bond or a complex) is not



clear, Clarification of this problem must await further

experimental results.,

87
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PART TWO: CYCLOPENTENE AS SUBSTRATE

Quenching studies

It was shown in an earlier part of this Discussion
that, in the addition of 2-cyclohexenone and norbornadiepe,
the nortricyclyl and norbornenyl products arise from the
same triplet state or states as do the‘cyclobutqne adducts
(p 52). At the time this work was begun, it was not known
whaether mixed photoadditions of cxclic enonas and alkenas
proceedaed entirely or partiélly by way of a triplet staﬁé.
It was fairly certain, howsver, that triplets were involved
to some extent, in view of their intermediacy in many other
phutoreactionsaa’6’7.

The reaction chosen to examine this problem was the
photoaddition of 4,4~dimethyl-2-cyclohaxanone and cﬂclopah-
tene; this choice was made because it is known that the
"type A" enone rearrangement (Scheme 6, Results section), which
4,4-dimethyl-2~cyclohexasnona undergoesls, is a triplet stats

43

reaction In view of the relatively slow rate of this

reactionaa, it seemed that interception of the triplet was
possible witﬁ a suitable concentration of alkene. Cyclopen-
tene was usaed as the alkene in the competing addition reaction
since tha numbar of isomeric adducts possible maé small,

1t was found that, on photolysis of 4,4-dimethyle2-

eyclohexenone in the presence of 0,0858 m cyclopsntene, 1l:1
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mixed addition products were formed, and so also was a
measurable amount of "type A" rearrangement product (9,
Schems 6). The adducts were isolated and characterized,

and were of the cyclobutane type. Speculation on the origin
of these adducts, with particular reference to their stereo-
chemistry, is reserved for later discussion, .

To establish the intermediacy of triplet states in
the addition reaction, the photolysis was performed in the
presence of naphthalens (known to quench the "types A" rear-
rangementaa), and the adduct/type ﬂ product ratio waé mease
urad, The results are given'in Table 3, p 44, 1t uas qund
that the overall reaction is slowed down by a factor of thres
by 0.050 M naphthalens (the same as in the quenching of the
2-cyclohexenong-norbornadiens reaction, Table 1, p 41) while
the product ratio did not change significantly. The adducts
must therefore arise from the same excited triplet state(s)
as the type A rearrangement prodﬁct (9).

The comparison of the gquenchad to unquenched product

ratio is most consistent if only the rearrangement product 9

0
9 10 -

8

ey
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is considered. However, the minor product 10 has been shown
to be a primary phutoproductsa'(Formed via initial absorption
of light by 8), and is formed in considerable amounts under
the conditions used here. It was found that the g/ig prod-
uct ratio was approgximately two in the absence of naphthalene,
but this figure decresased to about unity in the quenched runs,
It is difficult to speculate on the meaning of this variation
in the absence of further data.

The cyclobutane adducts formed in this reaction wasre
isolated and characterized (ses Results and Experimental),
Thres adducts were formed, fwo of which contained Ezgﬂg-fused‘
ring junctions, Although analysis of the mixture of cyclo-
butanes was difficult by vpc, each isomer exhibited a char-
acteristic paif of methyl singlets in the nmr, thus providing
a convenient method of analysis. Consequently, quenching
studies were performed in order to determine the ef#ect of
naphthalene on the adduct isomer ratio. Excess cyclopentens
was used to suppress the rearrangement reaction and avoid
oxtranaous poaks in the nmr,

The results (Table 2, p 42) show that the overall
cls-/trans-fussd.cyclobutane ratio is not éppraciably changéd
on gquenching with 0,050 M naphthalene. Furthermore, the
highly strained cis-fused isomer (ﬁg) which is not observed
in the‘absenca of naphthalene, seems to be formed in}signif—
icant amounts on quenching., No explanation can be offered at

presant for this observation.
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The Origin of cis- and trans-fused cyclobutanes

‘In order to discuss the origin of the cis- and trans-
fused cyclobutanss in the 4,4-dimethyl-2-cyclohexenona-
cyclopentens addition, it is first necessary tb outline the
method by which the isomeric structures were assigned. Since

only one cis-fused cyclobutane is formed (ﬁg), it was assigned
Q 0
h
Q-0 = (JD
45
' 0

46 47

the cis-anti-cis configuration on the basis of published

results on analogous reactions. Thus, cyclopentenone forms

24

two dimers and a cross-addition adduct with cyclopentenezd,

all of which were shown to be cis-anti-cis, Similarly, the

ma jor 2-cyclohexsnone-cyclohexene adductsgand the dimer of

3«-9henyl—2-cycluhexanon923 have been assigned this configur-
ation, Corey and NozoebO have found that the ma jor adduct of
the photoaddition of 3-methyl~2~cyclohexenbne and A,é—dimethyl-
cyclopehtene can be convartedytu cc~caryophyllene alcohol

(the structure of which is well knownﬁl), thus unambiquously
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specifying the configuration of the former as being cis-anti-
cis,

Therefore, the major adduct in the photoaddition of
4,4-dimethyl-2-cyclohaxenone and cyclopentene (the only cis-

fused adduct) is almost certain to have the cis-anti-cis

structure, 45, The configurations of the other twokphotp-
adducts then can be sasily assigned, as outlined in the
Rasults séctiun, p 37,

It does not seem possible at this time to postulate
a general hypothesis on the origin of gis- and trans-fused
cyclohutane adducts, Although the suggestion of Coreyzanthat
a diradical can cyclize to afford both types of ring junction
may be correct, there remains the question of why the mors
strained Eggﬂé-Fused system often predominates in the mixtures
formed. |

The possibility that two distinct triplets @ay be
involved in some photvaddition rsactions has been recognized

14b

by some workers., Both Chapman62 and Yang considered two

triplet states in‘an attempt to explain some photochemistry

of 9-nitroanthracens, In the photvoaddition of 9-anthralde-

14b"

hyde to trimethylethylene, Yang advanced a two-triplet

63

hypothesis, and later showed that two reactive excited

states we:e.indesd involved., Related to these results is the
later observation that the phosphorescence of l-indanona

involves two triplets of differing lifetimes®®, /
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It has been reported by de Mayo that 2-cyclopentenons
yields twoﬂphotochemically reactive triplet states on photol-
ysisB. 'An‘upper triplet (TZ), which cannot be sensitized by
benzophenone, gives rise to mixed cycloadditions, while a
“lower triplet (Tl) is unreactive towards olefins., It was
shbwn that 2-cyclopentenone quenches the photoreduction nf
benZOphehune by isopropanol, a reaction known to proceed via
benzophenone tripletsﬁs. Thus benzophenone is capable of
transferring triplet enerqy to 2-cyclopentenone, but ths
excited enone triplet thereby formed does not undergo the
cycloaddition reaction, |

Chapman was led to postulate two reactive triplets
in the photodimerization of isophoroneﬁﬁ, and he later ex-
tendaed this postulate to the photoadditions of isophorone
and 4,4-dimethyl-2-cyclohexenone with l,l-dimethoxyethylena?
Stern-Volner plots obtained by quenching thé two mixed photo-
additions showed that Formation‘DF*the cis-fused cyclobutane
adduct was quenched faster than that of the trans-fused
product,

Tha intervention of two triplets, which lead to
adducts of different geometries, is an intriquing possibility,
and if this is indeed the case, then the trans-fused adducts
should be formed from a non-planar triplet. Recent calcu- |
lations in this department?’ indicate that the lowest triplet
state of acrolein (a model for the enbns system) is n-n* in

character and planar in its squilibrium conformation.,
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However, the triplet of next highest energy (m-n*) is non-
planar with respect to the CHzﬁtwisting coordinate., The
equilibrium angla of rotation of the CH, group was calculated
to be approximately 729, The potential curves calculated for
the ground state and two lowest triplets of acrolein are
shown in Fiqure 3 (p 74). | . .

It is obvious from these calculations that the non-
planar m-n#* triplet of enones may well be the reactive species
from which the trans-fused cycluobutane products are derived.

In the photuaddition of 4,4-dimethyl-2-cyclohexenone
and cyclopentene, only one cis-fused cyclobutane (the cis-
anti-cis isomer 45)-is formed. This is noé surprising since

the cis-syn-cis isomer (48) is highly strained. It remains,

howsver, to account for the formation of two trans-fused
adducts (ﬁé and 31), and more particularly, why’one of them
(ﬁé) pradominates in the product mixture. Examination of
models reveals that the amount of strain should be about the
samg in both isomers.

Assuming that original attack on the cyclopénﬁena is
by the o&-carbon of the excited enone, the two major products
of the reaction (45 and gg) have one featurs in common (see
diagram), That is, the bond formed by Ce Of the enone is
formed in such a way as to put the carbonyl and methylene
groups trans to oﬁa another, i.s8., bonds a and b are trans
in the two major adducts (ﬁg and ﬁé). This is reasonable,

since this mode of attack presents the least amount of steric
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0
a a
b
45 48
base base
5] e —0
a 5
' b
47 46

hindrance, Thus, it is postulated that this first skep
determines the course of the reaction (gﬁ. review by Eaton67);
subsequent steps can yield only 45 (as a cis-fused adduct) or
46 (Ezggg—Fused) by diradical closure, Reaction in‘the oppos=-
ite sense (the initial bond having a cis-configuration) is
sterically hindered, so much so that the cis-fused adduct 48
cannot be detected in the photolysis product. The preséneg

of thavgsggg-Fused isomer 47 in the product may be due to the
twisted excited enone presenting less steric hindrance to

initial cis-bond formation, or it may arise from attack of
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Ca of the enone.,

It is possible that an argument such as the above may
be valid as a first approximation, but, as pointed out prev-
iously in connection with photoadditions to norbornadiens,
simple oc-attack by an excited enone probably is an oversim-

plification, ' .
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PART THREE: CONCLUSIONS

It should be noted that the results reported hare
demand that hydrogen transfer (to form the substituted cyclo=-
hexenone products with norbornadiene) takes place intra-
molecularly after the initial bond formation step, Although
Corey postulated such a sequence in his workza,'he was not
able to eliminate the possibility of hydrogen abstraction
bging the initial step in formation of non-cyclobutane
adducts.

The formation of largs amounts of quadricyclene in
the reactions with norbornadiene is also of interest, since
it is unlikely that this highly strained hydrocarbon arises
via simple energy transfer, Whether this isomerization pro-
cesds by reversible ¢ -bond formation or not is a pﬁoblem
which deserves attention in the futurs.

Finally, although much is now known about enone
photoc?cloadditions (cyclobutane formation), much remains to
be done. This is amply illustrated by the uncertainty that
exists régarding the origin of trans-fused cyclobutanes, and
by the growing conviction that not vnly the lowest triplet of

an excited state is capable of undergoing reaction in solution,



EXPERIMENTAL
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laterials

All solvents and reagents for photoaddition reactions
were distilled before use. The cyclohexenones used had the
following boiling points: 2-cyclohexenons (Aldrich reagent),
bp 61-62°C/16 mm; 3-methyl-2-cyclohexenone (Aldrich reagent),
bp 589C/10 mm; 2-methyl-2-cyclohexenone ®8, bp 60-666C/20 mm;
4,4-dimethyl-Z-cyclohexenonaAl, bp 53-559C/2.5 mm,

8109010[2.2.1]hepta~2;5-diane (norbornadiene, Aldrich
reagent) was distilled at atmosphéric pressure, bp 89-90°C,
and was used immediately, as it polymerized on standing.
Cyclopentene was Aldiich reagent, bp 44°(C,

Hexane (Eastman practical qrade) was purified by
successive shaking with concentrated sulphuric abid, aqueous
potassium permanganate, and water. It was dried (Drierite),
filtered through silica gel, and distilied (bp 66;5167.5°C).
The solvent thus pufified had negligible absorption above
250 mp, Cyclohexane (bp 80-80,5°C) and cyclopentane (bp 55.0-
56.0°C) wera purified in the same manner. Jert-butyl alcohol
was Baker Analysed reagent, bp 82°C, Methanol was B&A Rea-
gent, and had bp 64,5=65°C, Naphtﬁalena (Fisher purified)

was recrysfallized from benzene, mp 80°C,

Dhotolyseé

All photolyésé were run undar nitrogen, Canadian

Liquid Air certified grade, further purified by successive
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paééage through vanadous sulphate solutionﬁg, concentrated
éulphuric écid, and over potassium hydroxide pellets. The
lamp used was a Hanovia Type L450W, fitted with a pyrex

sleeve in a water-cooled quartz immersion apparatus,

Chromatography

v

Column chromatography was on silica gel, Grace,
grade 923 (100-200 mesh), Analytical vapour phase chroma=-
tography (vpc) was performed on a Varian-Asrograph Model
204-8 dual éolumn instrument w;th flame ionization detectors.
The following columns were used with a flow rate (helium
carrier gas) of 27 ml/mins Column A, 5' x 1/8" 10% FFAP
on 60/80 Chromosorb W; Column B, 10' x 1/8" 12% FS1265 on
.60/80 Chromosorb W; Column C, 5' x 1/8" 10% UCON 300X on
60/70 Chromosorb W, Preparative vpc was conducted on a
Varian-Aerograph Model 200 dual column instrument with ther-
mal conductivity detectors. A helium flow rate of approxi=-
mately 60 ml/min was used with the following columns:

Column D, 9 x 3/8" 20% FS1265 on 60/80 Chromosorb W
Column E, 3' x 3/8" 25% FFAP on 45/60 Chromosorb W; Column

F, 15' x 3/8" 30% FFAP on 60/80 Chromosorb W,

Spectra
Nuclear magnetic resonance (nmr) spectra were rous
tinely run en a Varian A-60 instrument ; - carbon disulphidae.

was the usual solvent, with tetramethylsilane as internal
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standard, Chemical shifts are given in parts per million
(ppm) down?ield from this standard. Spectra in which spin-
decoupling was required were run at 100 Mc on a Varian
HA-lUd instrument,

Infrared spectra.were recorded with a Beckman IR-5
or a Perkin-Elmer Model 337 instrument, Precise measure-
ments were obtained from a Perkin-Elmer 521 spectrometer.
Usually spectral grade carbon disulphide was the solvent.

Ultraviolet spectra were rescorded on a Cary 14
spectrophotometer; usually Fishef,"spectroanalysed n—hexane?
was the solvent,

Mass spectra were obtained using a Hitachi Perkine
Elmer MRU6 instrument,

Elemeﬁtal analyéeé were by the Spang Microanalytical

Laboratory, Ann Arbor, Michigan.

Photoaddition of 3Jemathyl-2-cyclohexsnone and norbornadione

Irradiation of 3-methy1~2—cyclohexehone (4,583 g3
0.0416 mole) and norbornadiens (50,0 g; 0.543 mole) in tert-
butyl alcohol (350 ml) and methanol (20 ml) for 3 hr,
resulted in reaction of about 60% of the 3-methyl-2-cycloe
hexenone, estimated by infrared and vpc (column B, 231°C)
monitoring, \Afﬁar solvent distillation, the liquid rosidue
(5.960 g)"wés chromatographad on a 36 x 4 cm column pF silica

gel, slurry-packed in 3% ethyl acetate-benzene, The column

was eluted with 5 litres of 3%, 6 litres of 5%, and 10 litres
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of 15% ethyl acetate-bsnzene, and 200 ml fractions were
collectad.‘ The fractions were monitored by inffared and

nmr spectra, and by vpc on column C (195°C), on which all the
products of interest had different retention times,

Fractions 10-12 (688 mg) contained a single product,
3-methylene-2-(7-anti-bicyclna[2,2.1]hept-2-anyl)-cyclo~- -
hexanone (38), retention time 12,4 min; fractions 13-15
(1.045 g) contained five products: v§§, retention time 12.4
min; a cis-fused cyclobutane adduct of norbornadiens and
J=methyl-2-cyclohexenone, 18,0 min; 9-methyl-pentacyclo=-

[7.4.0199,0%s7 g3+5 o8

Jtridecan-13-one (40), 19.6 min;
3-mathyl=2-(7-anti-bicyclo[2.2,1]hept-2-enyl)-2-cyclohexenone
(37), 21.4 min; and 3-methyl-2-(3-tricyclo[2.2.1.0326]heptyl)~
2-cyclohexenone (39), 24,4 min,

Fractions 16 and 17 (474 mg) contained Qii“ and
trans-fusad cyclobutane adductsrof 3-methyl=2-cyclohexenone
and norbornadiene, but showad only one vpc peak (ratention
time 19,0 min), Fractions 18-60 contained a mixture of cis-
and trans-fusod eyslobutanes (1,090 g) which were not invaste
igated in detail, 3efethyl-2-cyclohexenone (1.619 g) was
aluted in the latsr fractions., Racovery from the column was
4,916 g (84%), From ths vpec analyses of the chromatography
fractions, an estimate of the various product yields could be
made, These yieldé are given below for each componént along

with its isolation and characterization,



84

3-Methylene-2-(7-anti-bicyclo[2.2.1]hept-2-enyl)-
cyclohexanone (38) ’ N ‘

The yield of this product was 15%, also maasuredvby
vpec of the original reaction mixture on column B at 230°C,

Preparative vpc (column E, 245°C) of fractions 10-12
afforded pure 38, retention time 11 mih. The spectral data
showed that this compound was a cyclohexanone, and contained
a vinyl methylenes group and a norbornene double bond, The
ultraviolet spectrum showed enhanced n-u* absorption,
j\ggiane 300 @F' € 103, suggesting a/ﬁ,x-unsaturatéd ketone,
The mass spectrum had a parent ion of m/e 202,

Anal, Calculated for CldHIBG‘ c, 83.123 H, 8,97,

Found; C, 83.22; H, 8.86.

Cis-fused cyclobutane adducts

Two such adducts were isolated from the photolysis
mixture,. |

Fraction 13 from the column was subjected to prepara-
tive vpe, column £ at 245°C (retention time 17 min), The
infrared spectrum had strong bands at 5.90 and 14.20f&,'cun~
sistent with a cis-fused cyclobutane structure.

Fractions 16 and 17 showed a peak of retention time
18 min (column E, 235°C) which contained both cis- and trans-
fused cycloﬁutanes (infrared bands at 5,86 and 5.95y9. The
latter part of this peak was collected (column E, 235°C) to

yield a 1:1 adduct (mass spectrum parent ion at m/e 202)
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whicﬁ showed iﬁfrared aEsorptiOn at 5.91 and 14.12fu; The
adduct was thus identified as a cis-fused cyclobutane.

Anal, Calculated for Cj,H,q0: C, 83.12; H, 8.97.
Fouﬁdg c, 83,19; H, 8.95,

)y 2,7 3, 5
E-Methyl-pentacyclo[7.i.Ul’9.0 .0 ]tridecan-

13-one  (40)

The infrared and nmr spgctra of fractions 14 and 158
suggested the presence of a nortricyclic adduct having a
cyclohexanohe carbonyl (infrared band at S.QUfL). Since.it
could not be isolated by prepafative vpe, the following:
oxidation procedur837 was employed to remove unsaturated come
‘pounds from the mixture,

R mixture (640 mg) containing 57% (by vpc on column
C) of the Five-mehbered ring compound (dﬂ), in 30 ml of tert-
butyl alcohol-water azeotrope, was added to K2C03 (278 mg) in
water (70 ml) with stlrrlng. This was followed by ths add-
ition of 5 ml of a solution of sodium metaperiodate (2.0 g)
in water (25 ml) and 2.0 ml of 0,8% aquaous potassium psrman-
ganate, A further 10 ml of periodate solution was édded over
10 min, followed by 7.0 ml over 20 min., Further additions of
parmanganate solution were made--cne ml after 2 min, then
six 0.5 ml portions added at 5 min intervals.

.Stirring was continued for 3 hr, excess bisulphite
solution was added, and the solution concentrated to half

volume in vacuo; it was cooled in ice, neutralized with cold
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50% H,50,4, and extracted with ether. The extracts were
washed with water and dried over calcium sulphata,

Evaporation of ﬁhe ether. gave pure ég (160 mg),
retention time 21 min (column C, 195°C). The infrared spec-
trum had peaks at S.QUfL (cydlohexanode carbonyl) and
12.35/¢ (nortricyclene doublet), The nmr showed a methyl
'signal at 1.02 ppm, and no absorption downfield of 2.5 ppm.
The mass spectrum had a molecular ion of m/e 202, which was
also the base peak. The yield of 40 from the photolysis is
estimated at 16%. An analytical sample was obtained byr
preparative vpc (column E, 227°C).

Anal. calculated for Cy,H,a0¢ C, 83.12; H, 8.97,

Founds C, 83.10; H, 8,87,

3-Methyl-2-(3-tricyclo[2.2.1.02?%Theptyl)-2-cyclohexencna (39)

Fraction 13 from chromatography of the photolysis
mixtura-was subjected to preparative vpe: (column E, '235°C).
A pwvak of retention time 18 min was collected and afforded
pure 39, which had a methyl peak at 2.07 ppm in the nmr, and
no vinylic proton resonances. The infrared bands wére at
6.00 and'12.3?fL. This product was formed in 8% yield in the

photolysis;

3-Methyl-2-(7-anti-bicyclo[2.2.1]hept-2=gnyl)-2-

cyclohexenone (37): Base catalysed isomegrization of 38 to 37

The exocyclic methylene ketons (38) (0.786 g;

0.00388 mole) was stirred with sodium hydroxide (0,494 g;\
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0.0124 mole) in dioxane (150 ml) and water (60 ml) under
nitrogen for 52 hr at 259C. The solution was ether extracted
(4 x 50 ﬁl), the extracfs washed with water (8 x 50 ml) and
dried (MgS0,). Evaporation of the ether gave 0,50 g (64%)
0F>a 2-cyclohaxenone (infrared band at S.Q%M,L identified with
component 37 of the photolysis by vpc on columns A, B and C
(on column C at 200°C the retention time was 19.6 min).
This compound (37) was not isolated from the photolysis,
since it was onlybformed in 2% yield. The spsctral data
(see Reéults) were obtained on material from this isomsr-
ization,

Anal, Calculated for Cy4Hyg0: C, 83.12; H, 8.97.
Found: C, 82.99; H, 8,97,

Diimide reduction3® of J-methyl-2-(7-anti-bicyclo[2.2.1]

heptog-enyl)uz-cyclohexenpne (37)

Compound 37 (0,50 g3 0,00247 mole) and dipotassium
salt of azodicarboxylic acid (0.800 g; 0.00412 mola) in
mathanol (30 ml) were stirred under nitrogen while glacial
acetic acid was added dropwise until all of the solid salt
had dissolved, Saturated NaHCU3 solution (40 ml) was added,
the solufion was extracted with ether (3 x 25 ml) and the
extracis mare‘dnimd,(MQ504); Evaporation of the ether
afforded 0,450 g (90%) of liquid which gave one_paag on vpe

(column B, 2289C). This compound was a cyclohexenone (infra-

red band at S.QQfL) and showed no vinylic proton resonances
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in the nmr., The mass spectrum had a molecular ion, m/e 204,
consistent with the structure 3-methy1-2-(7-bicyclo[2.2.1]'

heptyl)-2-cyclohexenone (41).

Oxidative degradation>’ of 3-methyl-2-(7-bicyclo[2.2.1]

heptyl)-2-cyclohexenone (41).

To a mixfure of the 7-norbornyl cyclochexenone (é})
from the diimide reduction (0,450 g; 0,00221 mole) and
potassium carbonate (0.452 g; 0.00328 mdle) dissolved in
13 ml of water and 48 ml of Egzifbutyllalcohol-water azgo=-
trope, 8 ml of a solution of sodium metaperiodate (3.23 g in
40 ml of_water) and 8 mlboF 0.8% aqueous potassium perman-
ganate were addad., A further 33 ml of the above periodate
solution was added at the rate of 1.8 ml/min rdr 10 min,
then 0.5 ml/min for 30 min, A further 8 ml of the perman-
ganatae solution waé added 5 min aFtef the beginning of the
reaction, \

Wwhen the addition of the periodate was complets,
sodium bisulphite solution was added until the solution
turned from red to brown, then a slight excess. The solution
was concentrated under reduced pressure to about 30 ml,
conled to 4°C, acidified with ice~cold 50% HZSD4 (40 ml),
and extracted with ether (4 x 25 ml)Q The extracts werse v
washed with éodium biéulphite, then with water, dried (MQSOQ,
and the etﬁer removed, The oily raéidua was subject;d to

liquid-liquid partition chromatography70 on a 3 x 55 cm
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column slurry packed in pentane with 83.3 g of silicic acid
(Maliinckrbdt) and 16,7 g of Eagle-Picher Celatom, which had
been coated with a mixture of 8.5 ml water, 40 ml methanol,
7;5 drops of -1N ammonia, and 5 ml of bromocresol green sol-
ution (0,200 g/25 ml methanol), Pentane was used as eluent
and 125 ml fractions were collected. Fractions 3 and 4 -con-
tained an acid, mp 56-64°C, which was sublimed twice at
atmospheric pressure to afford waxy white crystals, mp 74.0-
75.00C, identical to an authentic sample of 7-norbornane

38

carboxylic acid (Lit, mp 75-76.5°C) by infrared, nmr, and

mixture melting point,

Photostability of 3=methyle2-(7-anti-bicyclo(2.2.1]hept-

2-enyl)-2-cyclohexenone (37)

The con jugated enone (37) (141 mg) from isomerization
of the exocyclic mathylene compound (§§), in hexane (54 ml),
was irradiated with ths Hanovia 4500 lamp for 5.5 hr, Gas
chromatography (ecolumn C, 195°¢) did not show any psaks other
than that due to 37, retention time 23 min, Evaporation of
the hexane afforded a quantitative recovery of 37, character-

ized by infrared and nmr spsctroscopy.

Photoaddition of 2-mathyl-2-cyclchexenone and norbornadiens

. 2=flethyl=2-cyclohexenone (2.327 g3 0,0211 mole) and
nocrhornadiane (19.854 q; 0,2155 mole) in tert-butyl 'alcohol
(375 ml) and methanol (20 ml) were photolysed for 8 hr under

the usual conditioné. Monitoring by vpc (column B,’2459C)
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showed peaks of retention times 2.8 min, 6.9 min (44), and
7.9 min (gg). Also observed were sevaeral peaks of ratention
times between 3.8 and 4,6 min; these were shown to be cis-
fused cyclobutanes (ses below) and were not investigated in
detail., The vpc analysis also showed that approximately 75%
of the starting enone had reacted. The infréred spectra of
‘aliquots had carbonyl bands at 5.80, 5,90 and 5.9%y,.

The mixture remaining after solvent removal was
chromatographed on a 36 x 4.0 cm column of silica gel, slurry
packed in 2% ethyl acetate-benzene, The column was eluted
with 6 litres of 2%, 1.5 litres of 3%, 2.5 litres of 4%, and
2 liﬁres of 15% ethyl acetate-benzene, 200 ml fractions being
collected. | |

Fractions 12-17 (1.145 g) contained the components
with retention timeé 3,8-4,6 min, and these had infrared
absorption at 5.90 and ld.l%fk (cis-fused cyclobutanes),
Fraction 12 showed an additional band at S.BUfL and was shouwn
by vpe to contain mainly the compound of 2.8 min retention
time, Fractions 18-60 (688 mg) contained compounds 43 and

44, Recovery from the column was 1,833 g.

Trans-fused cyclobutahe adduct

The peak of 2,8 min retention time in fraction 12 was
collectéd'by preparative vpc (column E, 245°C) Thg pure com-
pound had infrared carbonyl absorption at 5,80 and lA.%}L,

typical of trans-fused cyclobutane adducts of 2-cyclohexenones
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and norbornadiene., This product was formed in approximately

5% yield in the photolysis.

2-Methyl-3-~(7-anti-bicyclo[ 2.2.1]hept-2-enyl)-2-cyclo-
hexenone (44)

Fractions 20~-28 were resolved by preparatiﬁa vpc
(column E, 245°C). The component of retention time 36 min
was collected and showed infrared bands at 5,99 (conjugated
carbonyl) and 1&.29u. (norbornens double bond).‘ The nmr is
discussed in the results section, and is consistent with the
structure 44. This compound constituted 10% of the photolysis

product,

g-MBthzl—Q-(g-triczclo[g.g.l.02’6]heptyl)-Z~cyc10hexenona (43)

Fractions 36-44 contained the compound 43, which was
purified by preparative vpc (column E, 245°C), retention time
40 wmin, The infrared spectrum showed unsaturated carbonyl
absorption at 5.9?/L and a nortricyclene'band at 12.3?/4.

The nmr was similar to those of other nortricyclene deriva=
tivss which have been characterized in this laboratory. This
compound (43) constituted 14% of the photolysis product, and

its structure was confirmed by independent synthesis,

2-flgthyl-3-gthoxy~2-cyclohexenone

This was prepared by a modification of the method of

Gannon and House7l. A mixture of 2-methyl-1,3-cyclohexang-

dione (Aldrich, 24,82 g; 0,197 mole), p-toluenesulphonic acid
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monohydrate (1,035 g; 0.00544 mole), absolute ethanol

(115 ml) and benzene (400 ml) were heated for 10 hours so that
sufficient benzene-water-ethanol azeotrope distilled during
this time to reduce the volume to half, The mixture was
extracted as described for 3-ethoxy-2—cyclohexencn971. The
dried ether solution was evaporated, and the following erys-
tallization procedurs was conducted in a dry-box, under dry
nitrogen.

To the solid residue from the ether evaporation was
added 300 ml of dry hexane, and the solid was dissolvedrby
warming, The solution deposited white crystals on cooling,
which were filtered, mp 58,5-59,5°C, 11.75 g. A second and
third crop (total 6,85 g) of yellow crystals were obtained ©
from the Filtraté; these had mp 56-59°(C, Total yield was
18,60 g (61%). The infrared showed two peaks in the carbonyl
region, at 6.05.and GQISfL, which are also shoun byf3-ethdxy-
2-cyclohexenone. The nmr was consistent with the structure
2-mathyl-3-ethoxy=-2-cyclohexenone,

Anal. Calculated for CgHyp0pt G, 70,105 H, 9,15,
Found: C, 70,263 H, 9,25, |

The crystals were very hygroscopic, and liquified

rapidly in the air of the laboratory,

Synthesis of 2-methyl-3-(3-tricyclo[2.2.1.0226Theptyl)-2-

— o

cyclohexenone (43)

The Grignard reagent from 3-nortricyclyl bromide
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(Aldrich, 8.572vg; 0.0495 mole) and magnesium (1,227 g;
0.0505 mole) in ether (30 ml) was prepared by the procedure
of Woods g&vgl.72; The reaction was run in a dry-box under
dry nitrogen. To the Grignard reagent, cooled to 0°C, was
added, with stirring, 2-methyl=3-gthoxy-2-cyclchexencne
(7.735 g; 0.,0502 mole) in ether (45 ml); the addition -
required 15 min, Stirring was continued for a further 30 min,
and the solution was allowsed to reach ambient temperaturs,
- After decomposition with 5% H,504, the ether solution was
separated, washed with water, and dried (CaSUa). The ether
was svaporated to yield 7.62 g of eil, which was chromato-
graphed on a 44 x 3 cm column of silica gel, slurry packed.
in 6% ethyl acetate-benzene, and eluted with this solvent,
Collection was by 200 ml fractions. Fractions 3-7 contained
1.10 g (11% yield) of compound, judged pure by vpc (column C,
1959C), and identical with the photolysis product (ﬁg) by
infrared and nnr, |
ﬁggl; Calculated for ClAHIBO’ c, 83.12; H, 8,97,
Found: C, 83.21; H, 8.90, ‘

Isvlation of quadricyclene from the 2-mgthyl-2-cyclohexenone-

norbornadiene photolysis

2-flethyl-2-cyclohexenone (3.300 g; 0,0300 mole) and
norbornadiens (42,7 g; 0,465 mole) in hexane (350 ml) were
irradiated, as deécribed previnuély, for 10 houré, The sol-

vent-quadricyclene-norbornadiens mixture was distilled under
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reduced pressure, and the distillate subjected to slow
distillation at atmospheric pressure through a 30 cm

Vigreaux column, Distillation was discontinued when the head
temperature reached 909C, and_the residue was analysed by vpe
(column £, 78°C). Besides hexane, with a retention time of

4 min, the vpc showed only two peaks, with retention times

of 14 min and 28 min, the former corresponding to norbbrna-
diene and being in large excess. This excess diene was then

53 as follows:

removed via its silver ion complex
The 20 ml of residue from the distillation was
pourad into aqueous silver nitrate (40 g in 50 ml water), the
mixture shaken, and the curdy white precipitate (which rapid=-
ly darkensd) was filtered and washed with water, The com-
bined filtrate and washings were extrabted three times, and
the precipitate once, with ether. The ether extracts were
combined, washed with water and saturated NaCl, and dried
(CaSGa). Removal of most of the ether, and vpc analysis of
the residue as above showed the two components, with reten-
tion times of 14 and 28 min, to be in the approximata ratio
of 2:1., Preparative vpc under the same conditions resulted
in the isolation 6F pure norbornadiene (14 min) and quadri-
cyclena (28 min), Tha: latter was identical to authentic
quadricyclena by infrared, nmr, and vpec analysis (colunmns.

8 and E£),
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Preparation of quadribyclene
Nofbornadiéne (68.2 g; 0,741 mole) and acetophencne
(3,074 g; 0.,0256 mole), dissolved in ether (1000 ml), were
irradiated for 29 hr with the Hanovia 450W lamp under the
usual conditions. Analysis by vpc (column B, 33°C) showed
96% conversion of norbornadiene (retention time 5.5 min) to
a new compound of retention time 9.8 min, Removal of the
ether, and distillation of the residue at atmospheric .
pressure yieldéd 30,9 g (45.4%) of quadricyclene, bp 108-
109eC, containing 2% norbornadiene, as shown by vpe (column
B, 33°C) and nmr, Redistillation and collection of the
fraction boiling at 108,5-109¢C yislded 99% pure quadri-
cyclene, which gave infrared and nmr spectra identical to

those reporteddsﬁ 73.

Photolysis of 2-cyclohexensne and quadricyclene

2-Cyclohexenone (0,888 g; 0.00925 mole) was dissolved
in 200 ml of hexane and the solution divided into two equal
portions. Norbornadiens (10.198 g; 0.111 mole) was added to
one portion, and quadricyclene (10,203 g; 0.111 mole) to the
other, The two solutions were then irradiated simultaneously
in identical pyrex tubes for one hour. Analysis (vpc on col-
umn B8 at 215 oC) of tha tuwo solutions shoued approximately
504 conversion of the étarting enone in the norbornadiane case,

and less than 0,2% as much reaction in the cass of quadri-

cyclene,
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Photoaddition of 3-deutero-2-cyclohexenone and norbornadiens

3-Deutero-_-Z-cyclohexenone34 (4,955 g; 0,0510 mole),
judged 99% deuterated at the /B-position by nmr, and norbor-
nadiene (36,72 g; 0,399 mole) in hexane (380 ml) wers
photolysed for 5 hr in the usual way, The photolysate
(8.623 g) obtained on solvent svaporation was analysed By
vpc (column A, 228°C) and showed the sams product distri-
bution as the photoaddition of 2-cyclohexenons ahd norborna-
dienasﬂ.

5-Deutero=3-(7-anti-bicycle[2.2,1]hept-2-enyl)-2=-
cyclohexenonsa (36) and monudeuter0-3u(3stricyclo[2,2.l,02’5]
heptyl)=2-cyclohexenone were isolated in the same manner aé
the corresponding undeuterated adducts (34 and 31, respac-
tively)30, |

The adduct 36 gave a mass spectrum with parent ion

m/e 189, an infrared spectrum with bands at 5.99 and 14.2%ﬁ,
and an nmr which is treated in detail in the Results section,

Anal. Calculated for Cy3zHy5D0: C, 82.50; H+D, 9.0S5.
Found: €, 82.53; H, 9,11,

The deuterated nortricyclic derivative gave a mass
spectrum wiﬁh parent ion m/e 189, an infrared spectrum iden-
tical to that of the undeuterated adduct (gl)SO, and an nmr

differing only in relative peak areas from that of 31.

[
{
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Naphthalene quenching of the 2-cyclohexenone-norbornadiens

photoaddition

2-Cyclohexenone (0.947 g; 0,00987 mole), norborna-

diene (10.329 g; 0.112.mole), and naphthalene (2.560 g;
0.0200 mole) were dissolved in 30 ml of methanol, diluted to
400 ml with tert-butyl alcohol, and photolysed for 6 hodrs
in the wusual way. The products were then analysed by vpc
(see Table 1, Results section) before removal of the solvent,
The solvent was removed, and an inF£ared spactrum taken on
the residus. The carbonyl region showed only two distinct
bands, at 5.82 and 5.98/&, as opposed to thé unquenched prod-
uct, which shows an additional, equally intense, band at
5,890,

/u’ Ultravioiet spactra were run on the photolysis
solution (for which hexane was the soclvent) before and after
irradiation, and the two were found to be assentially the |

same ‘.

Quenching of guadricyclene formation in the 2-cyclehexenone-

norbornadiens photolysis

2-Cyclohexenone (0.886 g; 0.0922 mole) and norborna=-
diene (20,406 g; 0.222 mole) were dissolved in hexane to make
200 ml oﬁ_solution. This solution was divided exactly in
half, and naphthalene (0.640 gq; 0.00500 mole) was dissolved
in one portion, The two solutions were placed in idantical

pyrex tubes, mounted directly to the lamp well, surrounded
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vwith éooling water, and irradiated with the Hanovia 450W
lamp, The tube containing no naphthalene was removed after
one hour, the other after a total of three hours irradiation.
The two solutions were analysed immediately by vpc
on column B, Tha total amount of 1l:1 adduct formed was
measured at an oven temperature of 205°C, using di-n-butyl
phthalate (Fisher CP, bp 142-146°C/0.9 mm) as an internal
standard, Measurement of the amount of quadricyclens formed
was accomplished at an oven temperaﬁure of 30°C, using tolu-
ane (Mallinckrodt Reagent, bp 109°C) as the internal stan-
dard, 1In analysing for quadricyclene, it was necessary to
usag injector temperatures of less than 120° to insure its
stability. At the conditions used (injector: 110°C;
detector: 110°C§ oven: 30°C), an injection of pure quadri-
cyclene showed only one peak (detection of extraneous peaks
possible to less than 0,1%). The rasults of this ex@erimant

ara given in Table 4, Results. saction,

Photoaddition of 3-methyl-2-cyclohaexenone and erbornene‘

3-Mothyl-2-cyclohexenone (0,957 g; 0,00870 mole) and
raesublimed norburnene.(10.43 g; 0.111 mole), in hexane
(400 ml), were irradiated for 4 hours in the usual manner.
Tha solvqnt was removed, and énalysis by vpe (column D,
2459C) shéwed thfae product peaks of retention times 11,8,
12;9, and 14,5 min in the approximate ratio of 1:3:1, and

more than 90% conversion of starting enone. An infrared
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spectrum of the product mixture showed no nortricyclic
absorption (12-12.§/L), and no carbonyl band above S.Q%ft
(at least two bands are present between 5.80 and 5.95#.).

The nmr showed no resonances below 3 ppm.

Quantum yield determinations on the photoadditians to

norbornadiense

The light source used was a Philips 5004 high
pressure mercury arc lamp giying directed radiaﬁion, placed
at the focus (12 cm) of a lens 11 cm in diameter.

Filter solutions were std to provide the appropriate
‘wavelength band; these were contained in a cell made up of
thres compartmenté, each 11,7 cm in diameter with 5 cm path
length, and each cooled internally with a cooling coil, The
compartments were separated, and the 2nds covered, with
gasketed quértz disks, The filter solutions used in this work
ware:s compartment one (nearest lamp), distilled waters com-
partment two, 1.6 g of stannous chloride dihydrate per litre
of 15% hydrochloric acid; compartment three, 160 g.of cobalt
sulphate heptahydrate and 60 g of nickelous sulphate‘hexa-
hydrate per litre of 3N HZSGaaa. This‘combination of solus
tions had maximum transmission of 45% at 330 3y, and 0% at
298 and 375 Mhds A small amount of light (ca., 0,5% T) was
transmitted at dSDWM.

It was found that the transmission properties of the

cobalt-nickel solution did not change significantly during
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 prolonged irradiation; however, the stannous chloride
solution was freshly prepared immediately preceeding each
quantum yiéld determination,

for quantum yieid measurements, a cell with quartz
windows, 11.7 cm in diameter by 10 cm path length, was used
to contain the solution of the enone and norbornadiene, -
Behind this, a similar cell with 5 cm path length contained
0.006 M potassium ferrioxalate and was used to measure the
light output of the 1amp74.

Each determination required thres irradiations:
the first with only the actinometer (ferrioxalate) present;
the second with both actinometer and photolysis solutiong
the third was a repeat of the first, When only actinometer
was present, it was placed in the position occupied by the
photolysis solution in the second irradiation, The first
énd third irradiations, which generally differed by less than
2%, were then used to calculate the light output during the
second irradiation, corrected for the change in the actin-.
omotar during the latter run, This calculation assumed ths
quantum efficiency of conversion of ferrioxalate to be 1,23
at the band of wavelengths usad74. Fresh actinometer
solutions ware used for each irradiation; Cooling of all
the cells with tap water, circulated through the cooling
coils, maintained the tempesrature at 6-8e(C, |

Duplicate quantum yields were measured on 2-cyclo-

hexenone and its 2~ and 3-methyl derivatives. 1In each case
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‘the photolysis was performed on 1200 ml of hexane, 0,0200 M
in the enone, and 0,524 M in nafbornadiene. The solution
was purged of oxygen with argen (Canadian Liquid Air) before
and during irradiation., Both the photolysis and the actin-
omgter solutions were stirred mechanically,

In a typical run, 3-methy1-2-cyclohexenone was
irradiated for 200 minutes, leading to the absorption by the
enone of 3.42 x 10”2 Einsteins of light. Analysis by vpc
showed the formation of 440 mg (2.18 x 10~3 moles) of 1:1
adduct, and 787 mg (8.55 x 10~3 moles)of quadricycléne, thus
leading to quantum yields of 0.064 and 0.25 for adduct and
quadricyclene formation, respectively. The quantum yield

results are given in Table 5, Results section.,

Photoaddition of 4,4-dimethyl-2~-cyclohexenone and cyclo-

pentene

4,4-Dimethyl-2-cyclohexenone (2.009 g; 0.0162 mole)
and cyclopentene (22.1 g; 0.324 mole), in methanol (400 ml),
wera irradiated under the usual conditions for 2 hours, fBSn
ulting in reaction of about 70% of the starting enone, as
estimated by infrared and vpc (column D, 225°C) monitoring.
The vpe analysis showed two products of retention times of
16 and 19 min, in the ratio of approximately 7:3, These two
addﬁcts were isolated by preparative vpc (column D, 225°C),
The major product, retention time 16 min, showed carbonyl

absorption at S.QSM. in the infrared, and two sharp singlets
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bin the nmr at 0,87 and 0.88 ppm, Its mass spectrum had a
parent ion at m/e 192, and'it was assigned (see Rgsults
section) the structure lcc,%B ,98 ,70¢ -8,8-~dimethyltricyclo-
[5.4.0.02’6]undecan-11-cne (45).

‘Anal, Calculated for C 0:s C, 81.25; H, 10.42,

13720
Found: C, 81.02; H, 10,40, .

The minor component (retention time 19 min) had a
carbonyl band at 5.8§fu in the infrared, and sharp methyl
singlets at 0,98 and 1.19 ppm in thé nmr, The mass spectrum
showed the parent ion at m/e 192, 1t was assigned (see»

Results) the structure 10&,%6 ,98 ,?8 -8,8-dimethyltricyclo="

[5.4.0.02’6]undecan-11-one (gé);

Equilibration of the i,i—dimethyl—g-cyclohexenone—cyb1opentené

photolysis product

The nmr of the above photolysis showed the following
methyl singlets, given with their relative peak areas and
assignment: 0,87 and 0.88 ppm, 41%°(45); 0.98 and 1.19 ppm,
19% (46); 1.17 ppm, 28%, starting enone; 0,95 and 1.10 ppm,
12%, assigned to the trans-fused adduct (47), see below,

The photolysis mixture (0.75 q) was stirred in ether
(50 ml) with basic alumina (Fisher, 13 g) for one hour, after
which time monitoring by vpc (column B, 245°C) showed complete
disappearanca of the élower moving component, An infrared
spectrum of the product éhowed only one carbonyl band, at

5.91/L, and analysis by vpe (column E, 218°C) gave two peaks
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in the approximate ratio of 6:4, Equilibrétiun caused the
mathyl sinélets at 0.98 and 1.19 ppm (46) in thé nmr, as well
as those atAD.95 and 1,10 ppm, to disappear, with the appear-
ance of two new singlets at 0,95 and 1,02 ppm., Since the
peaks at 0,98 and 1,19 ppm are assigned to the trans-fused
isomer (46), which is known to give the cis-fused isomer (48)
on equilibration (see below), the two singlets at 0.95 and
1.10 ppm are assigned to the other trans-fused adduct

(47, the 143 ,2ﬁ,5/3 ,7¢¢ isomer). Hence, on equilibration of
the photolysis hixture, the trans-fused compound (gz)vis
converted to the major cis-fused isomer (é§)Q These results
are shown in Scheme 5, Results section,

Preparative vpc (column E, 218°C) was carried out on
the equilibrated product, reéulting in isolation of the
lec,2/3 ,63 y7cc isomer (45), retention time 13 min (identical
by vpec, nmr and infrared spectrum to that isolated from the
photolysis product), and a new cumbound, retention time 15
min, This new isomer was assigned the structure 14 ,%8 ,93 ’
73 =8,8~dimethyltricyclo[5.4.0,0228Jundecan-11-one (48, see
Results section)., It showed a carbonyl band at 5.95u, in the
infrared, and two methyl singlets in the nmr at 0.95 and

1.02 ppm,

Equilibration of 1,2/ ,6/3 ,7/3 -8,8-dimethyltricyclo

[5.3.2.02,Gjundecan-lloone (46)

The trans-fused cyclobutane adduct (46, gé.jSD mg )
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isolated from the photolysis product was stirred with basic
alumina (lb g), in ether (50 ml) solution, untii the infrared
spectrum showed complete disappearance of the carbonyl band
at 5.8§/L, with appearahce of a new band at 5.95u.. The
alumina was filtered and the ether evaporated to yield a
compound (EE° 50 mg) identical by vpc, nmr, and infrared
spectra to the 13,243 ,6/3 {?3 isomer (48) isolated from the

equilibrated photolysis product,

18

Photorearrangemsnt of 4,4-dimethyl-2-cyclohexenone

» 4,4-Dimethyl-2-cyclohexenone (3,586 g; 0.0289 mole)
was dissolved in Eggg-butyl alcohbl (370 ml) and methanol
(30 ml) and irradiated in the usual way for 60 hours. The
solution was concentrated to about 6 ml under reduced
pressure; analysis by vpc (column B, 180¢C) showed more than
95% conversion of the starting enone.

Four major products were detected by vpc (column Fy
215°C); their retention times (in min) and relative psrcene
tages are: 22 (204), 30 (55%4), 36 (6%), and 45 (19%).
Preparative vpc was carried out under these conditions, iso-
lating in greater than 95% purity the products of retention
times 30 and 45 min, The oﬁher two products were not char-
actarized, as they are most probably products of secondary

photochemical reactions,

J
i

The major product (retention time 30 min) showed a

singlet in the nmr at 1,10 ppm, squal in area to a éomplex
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multiplet centred at 1.8 ppm. Its infrared spectrum showed
a carbonyl band at 5.8%}L. Ff;m this avidgnce, whi;h is con-
sistent with tHat reported in the literaturelaa’az, the ma jor
product is assigned the structure 6,6-dimethy1-bicy§10[3.l.UJ-
hexan-2-one (9).

The minor product (retention time 45 min) showed
two singlets at 1.13 and 1.23 ppm in the nmr (total: 6
hydrogens), a complex multiplet centred at 2.3 ppm (5 hydro-
gens), and a quartet at 5.73 ppm (one hydrogen). The infra-
red spectrum had a carbonyl band at S.B%FL. Thus this

. product is 3-isopropyl-2-cyclopentenone (LQ)IBF’AZ.

ﬁe 4,4-dimethyl-2-cyclohexenone~-cyclopentene systam:

————

measurement of product ratios

" 4,4-Dimethyl-2-cyclohexenons (0.0143 M in methanol)
was divided equally between four identical pyrex tubes,
Cyclopentene was added to each tube to make three solutions
0.570 M in cyclopentene, the other 0,797 M, Naphthalene
(0.050 M) was added to two of the tubes which wsre 0,570 M
in cyclopentena., All tubes were then purged of oxygen by
three freeze-pump-thaw cycles, sealed under nitrogen, and
irradiated simultaneously. The unquenched solutions uwere
removed after 3 hr, the éolutioné containing naphthalene
after a total of 9 hours., The ratio of the adduct products
was then measured by hmr, without removal of the solvent.

These results are qgiven in Table 2, Results ssction,
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Six methanolic solutions (0,0143 M in 4,4-dimethyl-
2-cyclohexenone and 0,0858 M in cyclopentene), three of which
were made Q.DSD M in naphthalene, were cooled in dry ice-
acetone, flushed with purified nitrogen for %'hour, and
irradiated, The unquenched solutions were photolysed for
190 min, those containing naphthalene for 570 min, The-
products (rearrangement and 1:1 adduct hroducts) were anal-
ysed by vpe (column B; 175°C) without removal of the solvent.
The product ratios obtained are givén‘in Table 3, Results
ssction. The vpc was calibrated for this work with prepared

~mixtures of purified adduct and rearrangement product.

Low temperature photolysis of i,i—diméthyl-g-cyclohexenone

and cyclohentene

4,4=-Dimethyl=2-cyclohexenone (0,105 g; 0.000847 mole)
and cyclopentene (3.9 g} 0.057 mole), in cyclopentane (50 mil)
ware deoxyqenated by three cycles of the Freeze-pumg-ﬁham |
method and sealed under nitrogen in a pyrex tube. It was
then irradiated with a 275W Hanovia medium pressure mMeTcury
arc lamp for 5 hours (surrounded by methylene chloride for
cooling), and analysed by vpc (column B, 20&56). The anal=-
ysis showed three components other than solvent: starting
gnone (retention time 2.3 min, relative percent 88), and
two adducts (7.6 and 8.5 min, combined relative percent 12)
with the peak area ratio of 66:34,

An identical experiment was carried out, this time
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cooling the solution to -78°9C with a dry ice-methylense
chloride bath during irradiation. The vpc analysis (column
B, 204°C) showed the product consisted of 95% starting enone,
plus three products with retention times of 7.0, 7.6 and 8.5
min, in the ratio of 13:45:41; Meaningful analysis of the
above products by nmr or infrared spectroscopy was made “im-

possible by the large amount of starting enone presant,
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