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ABSTRACT
PART 1

Ultra-violet irradiation of N-acylindoles in the presence of alkenes results
in the formation of 242 photocycloadducts containing a cyclobutane ring derived
from the bonding of the alkene termini to the 2 and 3-positions.of the indole.
The reaction proceeds via the triplet excited state of the N-acylindole with a
quantum yield of product formation which is much less than that of the quantum
yield for intersystem crossing. The reaction's inefficiency is explained by the
existence of 1,4-biradical intermediates which can undergo cleavage to yield ground
state starting materials in competition with ring closure to give the observed
photocycloadducts. Part I of this thesis describes evidence for the existence of the
1,4-biradical intermediates and for their structures. The cycloadducts obtained
from N-acylindoles and flexible alkenes show mixed stereochemistries which is
indicative of a 1,4-biradical intermediate. The structures of the products formed
by rearrangement of the biradical generated from the photocycloaddition of
N-benzoylindole with vinylcyclopropane indicate that the initial site of bonding
between the indole and the alkene is at the 2-position of the indole moiety. The
products observed from this reaction along with those from the photocycloaddition
of N-benzoylindole with 1,6-heptadiene allow the lifetimes of the biradicals to be
"clocked” at approximately 100 ns. The finding that initial bonding of the alkene

is to the 2-position of the indole is confirmed by trapping studies in which

(23]
1 4]




bydrogen selenide (H,Se) was used as a hydrogen donor to intercept the
1,4-biradical intermediate. These studies also indicate that the 2-position of the
indole becomes bonded to that end of the alkene iess able to support a radical
centre. This can be used to rationalize and predict the regiochemistry of the
cycloaddition reaction with non-symmetrical alkenes.

PART II

The possible factors governing the regioselectivity of the 2+2
photocycloaddition reaction of enones with alkenes are discussed in Part II of this
thesis. A study was conducted aimed at determining whether the regioselectivity
of the photochemical reaction between cyclopentenone and ethyl vinyl ether is
governed by the relative rates of formation of the isomeric 14-biradical
intermediates or by the proportions with which these intermediates partition
between cycloadducts and starting materials. It is shown that the rate constants
for formation of the biradical intermediates and proportions with which they
partition to products cannot be dctermined using steady state kinetic analysis.
The generation of the 1,4-biradicals implicated in the 2+2 photocycloaddition
reaction by independent routes is discussed. A route for the generation of modeis
of the 14-biradicals generated in the photocycloaddition reaction of
cyclopentenone with ethyl vinyl ether was examined. The model study indicated

that the isomeric 1,4-biradicals partition to products with similar efficiencies.




The relative rate constants for formation of the 1,4-biradical intermediates
in the reaction of cyclopentenone with ethyl vinyl ether were determined by
trapping the biradicals with H,Se. The structures of the trapped biradicals
indicate that initial bonding occurs to a similar extent at both the « and
g-positions of the enone. The bonding occurs to that terminus of the alkene less
able to support a radical centre. This result suggests that the regioselectivity of
the photocycloaddition reaction of enones with alkenes is not dependent on the
rate of interaction of different orientations of the alkene with the excited state
enone (Corey-de Mayo mechanism), but rather on the efficiencies with which the

intermediate biradicals proceed to products in competition with reversion to

ground state starting materials.
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PART |

N-ACYLINDOLE 2+2 PHOTOCYCLOADDITION REACTIONS




CHAPTER 1
INTRODUCTION

PHOTOCHEMICAL CYCLOADDITION REACTIONS OF N-CARBONYL

SUBSTITUTED INDOLES

The first part of this thesis will describe work carried out on the
photochemical cycloaddition reactions of N-acylindoles with alkenes. This chapter
will review the literature describing the photochemical and photophysical
properties of N-carbonyl substituted indoles. In the first report of
N-carbonylindole cycloaddition photochemistry Julian and Foster found that
p-chlorobenzoylindole, 1a, irradiated in the presence of benzophenone yielded the
corresponding oxetane 23 with high regioselectivity (1). The reaction also yielded
oxetanes when an N-acetyl group was substituted for the benzoyl group as shown

by the cycloaddition of benzophenone to 1b to yield cycloadduct 2b (2).

Pn
Ph

o) hv
+ —— el
Ph /U\Ph N
OJ\R

20,b

1o R=p--Cl=Ph
20 ReCHy




Reactions of this type are also characteristic of the photochemistry of other
aromatic heterocycles such as furans (3! and 2,5-dimethylthiophene. Thiophene,
pyrrole, oxazole, isoxazcle, and indole itself do not however undergo such
cycloadditions (4). Their failure to undergo photochemical cycloaddition may be
due to several reasons. For example, it is possible that the excited state ketone
is quenched by the non-bonded electrons on the heteroatom of some of these
compounds; however it is more likely that the lack of reactivity of some of these
heterocycles is a reflection of greater resonance energy in the heterocyclic
x-system. In the case of indole the presence of an electron withdrawing group on
the nitrogen atom may cause the compound to become photoreactive by
delocalizing the electron pair on the nitrogen atom into the N-substituent. This
would serve to make them less available for construction cf the aromatic system.
Thus the molecule is less delocalised and the double bond in the C2-C3 position
of the indole becomes less aromatic and more alkene-like in character.

It has also been shown that carbonyl compounds such as acetophenone,
benzaldehyde and propionaldehyde do not yield oxetane adducts when irradiated
with N-acylindoles, whereas venzoylformamide and methylbenzoyl formate do give
oxetanes. This reactivity, or lack thereof, correlates with the triplet energies of
the carbonyl compounds and suggests that only those with triplet energies of less
than 68 kcal/mol can add to the acyl indole. It would seem, therefore, that it is
the triplet carbonyl compound which adds to the ground state indole and that any
carbonyl compound with a higher triplet energy is quenched by the indole
derivative so that no cycloaddition occurs.

Indole itself appears to be quite unreactive photochemically and does not

form cycloadducts when irradiated in the presence of carbonyl compounds or




alkenes (vide infra). However, if an alkene which is a good acceptor is used in
a sufficiently polar solvent then indole can be induced to undergo a photochemical
reaction involving electron transfer. Thus, Sato reported that
3-(2-cyanoethyl)indole, 3, and 4-(2-cyanoethyl)indole, 4, are formed when indole
or is irradiated with acrylonitrile in methanol (5). Analogous products are formed
by irradiation of N-methylindole with acrylonitrile.

CN
hv
N MeOH

I
H

In addition to examining the photochemical addition of carbonyl compounds

to N-acylindoles, Julian & Foster also irradiated N-benzoyhindole, §, and

p-chloro-N-benzoylindole, 13, with various mono-substituted ethenes and obtained

exo and endo cyclobutaue products such as § (6).

X
=
- =1
N /N\
A A"
0”7 g 07 g

1o R=p-Ci-~Ph X=C0O,Me,CO,H 6 R=Ph, X=CN
2 R=Ph Ac,0Ac,OE¢




It was noted that with all the mono-substituted alkenes examined the reaction
showed preferred regiochemistry in which the olefin substituent is oriented in a
head-to-tail arrangement’. The preferred adduct stereochemistry was found to be
exo in which the adjacent methine protons Hy and H_ in § arc trans to each
other. The reaction showed no change in efficiency or product distribution when
the N-aroylindole was irradiated directly or under sensitized conditions
(acetophenone). However, irradiation of indole or N-methylindole with the same
olefins under direct or sensitized conditions gave no photocycloaddition products.
This suggests as with the addition of carbonyl compounds that the acyl substituent
is critical to cycloaddition. This has recently been demonstrated to be general for
a series of N-carbonylindoles which have been synthesized and shown to undergo
photochemical cycloaddition with cyclopentene (7).

Julian and Foster reported that irradiation of 3 with isobutane yielded 7
only, while acrylonitrile, acrylamide and ethyl viny} ether also added to § yielding

the corresponding head-to-head endo and exo-adducts (6).

In this nomenclature, derived from that commonly used in enone
cycloaddition photochemistry, the “head" of the indole molecule is the Nitrogen,
while the "head” of the alkene is the substituent X.




In a competitive irradiation of § with acrylonitrile and ethyl vinyl ether only the
cyanocyclobutane products were formed suggesting that photoaddition is more
efficient with olefins possessing electron withdrawing substituents. It was
suggested, based on the evidence of sensitization experiments, that the
photocycloaddition involves a triplet excited state of the indole derivative. Support
for this was obtained by showing that the triplet quencher naphthalene inhibited
the formation of cycloaddition products from 1a and alkenes (6).

Hino and coworkers (8) reported that when 1,3-diacetylindole, 8, was
irradiated in various solvents the product formed had structure 9 resulting from

2+2 dimerisation.

i HH
T A,
¢) CH; 0)\ 3
c

Hs
s 3
The photodimer shown was the only isomer isolated. The reaction outcome
was independent of solvent and irradiation conditions (direct or sensitised).
Product 9 was isolated by precipitation from ethanol and its molecular structure
was determined by X-ray analysis. It has also been reported that analogous

photodimerizations occur with indene, benzofuran and benzothiophene 1,1-dioxide

2The designation of this reaction as a 2+2 cycloaddition is not meant to
imply that it is a concerted reaction. The usage is based upon that commonly
applied in enone cycloaddition chemistry where the designation 2+2 is used to
indicate a reaction between two pi-bonds forming a cyclobutane ring, albeit non-
concertedly via a triplet excited state.




under both direct and sensitized conditions (9).

The synthetic utility of the photochemical cycloaddition reaction of
N-acylindoles with alkenes has been explored by Ikeda and coworkers (11). They
have shown that the benzoyl-2-cyanomethylindoles 153 and 15b can be synthesized
by the route shown in Scheme 1.

Scheme 1

R R
R OAc QAc [
[\:Ctj.r‘
m + |r e @?ﬂ NP i
N hv N = N
A -
07 ph 0P~ pn

OJ\Ph

100 R=H 1Mapb 12q.b
10b R=Me
CrOy/pyndine
R R
R NOH o)
‘ ———— e e
CN
N SOCl N NH,OH N
b g
07 “Spn 0 pn 0” “~pn
150.b 14490 130.b

In this scheme acetophenone sensitized benzene solutions of 103 and 10b
in the presence of a large excess of vinyl acetate gave cycloaddition products 11a
and 11b, respectively, which after alkaline hydrolysis gave alcohols 123 and 12b
in excellent yield. Oxidation with chromium trioxide-pyridine complex gave
cyclobutanones 13a and 13b. The structures of these compounds were deduced




from their spectral data and by subsequent Baeyer-Villiger oxidation of the
cyclobutanones to the corresponding v-lactones 16a and 16b.

R R

x 20 H,0,/AcOH @_ﬂ/ 0.__0
® N/A'"j
P

oA

130.b 16a.b

h

Treatment of the oximes ]4a and 14b with thionyl chloride in
dimethylformamide yielded 2-cyanomethyl-N-benzoylindoles 152 and 15b. Had the
photochemical cycloaddition proceeded with head-to-head regiochemistry, the
product from 10a would bave been 3-cyanomethyl-N-benzoylindole 17. This was
independently synthesised from indole-3-acetonitrile and benzoyl chloride and
shown to be different from the product isolated, 15a. The same workers used
the cycloadduct derived from N-benzoylindole and methy! acrylate as the precursor
to 1H-1-benzazepines as shown in Scheme 2 (12). The mixture of stereoisomers
with structure 18 was subjected to alkaline hydrolysis; subsequent oxidative
decarboxylation with lead tetraacetate gave 3-benzoyl-2a,7b-dihydrocyclofblindole

and treatment of this with lithium aluminium hydride at room temperature yielded




19a and unsubstituted 2a,7b-dihydrocyclo[b) indole 19b. The indole moiety was
then substituted with various acyl substituents to yield indoles 19c-f. When these
dihydrocyclofblindoles were heated to 270°C they underwent rearrangement to

1H-1-benzazepines, 20a-f.

Scheme 2
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Ikeda et al. also investigated the regioselectivity and stereoselectivity of the 2+2
photocycloaddition of various N-benzoylindoles with methyl acrylate and vinyl

acetate (13).

OJ\Ph OJ\P; OJ\P:\

220~1 2301
2701
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A0 NaOH
a HH § HCN pyndine
b MeH g CNMH
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e HAC | HCI wOH OH
- -
N N
)\ \ J\ 1
0 Ph o Pn
240t 25a-1
C'OJ ‘
7
X
NoBH, NoBr,
Ry
Swut
Z N
)\ ’
0 Pn
260-1{

When vinyl acetate was irradiated with the indoles, 21a-f, regioselective

formaiion of adducts 22a-f and 23a-f resulted. Comparable amounts of the




exo-isomer and endo-isomer were present in the reaction mixture. Isolation of
these adducts were effected by alkaline hydrolysis to alcohols 24a-f and 25a-f
followed by chromatographic separation and reacetylation. The structures of the
acetates were elucidated by 'H-nmr spectroscopy and by oxidation of the alcohols
to cyclobutanones 26a-f. Treatment of both alcohols 24a-f and 25af with
chromium (VI) oxide yielded a single cyclobutanone, 26a-f, whose treatment with
sodium borohydride would yield alcohol isomer 24a-f only, a result of hydride
attack on the less hindered exo-face.

Irradiation of compounds 213 and 21d-f with methyl acrylate gave a mixture
of three isomers. Isolation and characterization of these products revealed that

the exo-isomer 27a-f was the major product and that regioisomers 29a-f were

minor.
Scheme 3
¥ com ¢ _com
COMe  ny L oale 2Me
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Despite an abundance of 'H-nmr spectroscopic evidence the authors had to rely
on chemical manipulation in order to prove the structure since assignment of
sterecochemistry on the basis of nmr coupling constants proved to be too
ambiguous.

From the results described above it can be concluded that the
photochemical cycloaddition reaction of N-acylindoles with alkenes proceeds in
moderate yields and with high regioselectivity and, in some cases, high
stereoselectivity. This type of regioselectivity is similar to that observed when
olefins are added to other aromatic heterocycles such as 2-quinolones (14),
1-isoquinolones (15), coumarins (16), indenes(17), and thianapthene 1,1-dioxides
(18). In these cases a single regioisomer is formed irrespective of the type of
olefin. This contrasts dramatically with the photocycloaddition reaction of olefins
with a,8-unsaturated ketones where the regiochemistry is dependent on olefin
structure. Ikeda has proposed that the reaction regiochemistry can be rationalised
if it is assumed that the product is formed via a 1,4-biradical intermediate in
which the 2-position of the indole has become bonded to that end of the alkene

least able to support a radical. Such a radical would have structure 30.

o
P

30

Ph
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Neckers and coworkers (19) have shown that indoles need not possess an
N-acyl moiety in order to undergo photochemical cycloaddition reactions if the
reacting partner is an alkyne. Thus irradiation of N-methylindole with
dimethylacetylenedicarboxylate (DMAD) resulted in the direct formation of
N-methyl-3,4-dicarbomethoxybenzoazapine 31.

CO,Me
P ,Me
N DMAD Z N//_
(|:H3 h!ﬂe

31

The reaction is thought to be a x%s + s cycloaddition process followed by a
thermal cyclobutene ring opening at room temperat To prevent the ring
opening the N-alkylindole was ring-fused at the C-2 and C-3 positions as in
compounds 32 and 33. Irradiation with DMAD then yielded the cyclobutene

adducts which were stable with respect to ring opening.

X (CHa ),
hv | CO,M
N DMAD e

! COyMe
Me
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COaMe

~
(CHy), CO,Me
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The 2+2 photochemical cycloaddition reaction of N-derivatized indoles with
olefins suggests a potential route to 2- and 3-substituted indolines and, following
oxidation, indoles. Thus formation of the cyclobutane ring could be followed by
selective cleavage to yield indoline products which in turn could be oxidized to
synthetically useful indoles as shown in Scheme 4.

Scheme 4
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Because of this potential synthetic utility, a better understanding of the mechanism
and the factors which govern quantum efficiency, regioselectivity, and

stereoselectivity of the photocycloaddition reaction is desirable. The work

described in part of this thesis was designed to achieve this understanding.




12 SPECTROSCOPIC PROPERTIES OF N-ACYLINDOLES

In most organic solvents indole shows principal absorption maxima at circa
225 nm (e = 25 X 10" and 270 om (¢ = 6 X 103); vibrational structure is
observed and their positions are somewhat sensitive to polarity. The appearance
of the absorption spectrum of indole is very characteristic and is often used to
identify the presence of indole chromophores in alkaloids. The absorption
spectrum arising from the indole ring of tryptophan, a naturally occurring amino
acid, is also quite characteristic and the longest wavelength bands in the spectra
of many proteins are largely the result of their tryptophan content (20).

The absorption spectra of N-acylindoles are quite different from that of
indole. N-Benzoylindole exhibits two characteristic absorption bands in the
ultraviolet spectrum, an intense band around the 250 nm region (¢ = 25 X 10%)
and a second weaker band in the 303 nm region (¢ = 8 X 103) (Figure 1).
N-Carboethoxyindole, 34, shows a similar absorption spectrum (Figure 2) with the
weaker band absorbing at slightly lower wavelength, 292 nm region, presumably
because it is less highly conjugated than N-benzoylindole. The spectra show no
little vibrational structure. It is the excitation of the weaker, longer wavelength
band of N-acylindoles which has been used in the photochemical cycloaddition
reactions in which a medium pressure mercury vapour lamp has been employed
(1). It has been shown (21) that changing the polarity of the solvent yields no
changes in the wavelengths of the absorption maxima of N-benzoylindoles and

this suggests that the absorption maxima do not correspond to a simple nex'

transition localized on the carbonyl group.

15
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18
13  MECHANISTIC ASPECTS OF 242 PHOTOCYCLOADDITION
Several pathways can be envisaged for deactivation of the excited state of
N-acylindoles to the ground state. These pathways could reasonably include;
(i) rearrangement of the N-acylindole via the photo-Fries reaction.

(ii) cycloaddition reactions, either to the C2-C3 double bond or to the

carbony! group to yield 1:1 adducts. This could,. in principle, occur
from either the singlet or the triplet excited state.
(ili) radiative decay to ground state.
(iv) non-radiative decay to the ground state.
(v) dimerization by reaction of the excited state with 1 ground state
N-acylindole molecule.
Oldroyd and Weedon have reported (22) that both N-benzoylindole, §, and
N-carboethoxyindole, 34, undergo a photo-Fries rearrangement in which cleavage
of the N-acyl fragment is followed by recombination to give a nuclear substituted

indole (23).
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The efficiency of the rearrangement was found to be solvent and wavelength
dependent and it is believed that the cleavage necessary for rearrangement was
occurring from an upper excited state or from an upper vibrational level of a
lowest excited state. It could not be determined whether the reaction was
occurring from a singlet or triplet excited state.

As mentioned above Hino (8) has observed photochemical dimerization
of 1,3-diacetylindoles; however it has been shown that N-benzoylindole does not
dimerize, even though some evidence of inefficient quenching of the triplet excited
state of 5 has been observed (24,25). It has recently been found that
N-carboethoxyindole, 34, forms a photodimer, very inefficiently, by addition of the
2,3-double bond of an excited indole to the same bond of a ground state partner
(10).

The early work of the groups of Julian (6) and lkeda (13) on the
photochemical addition of alkenes to N-aroylindoles yielded little information
about the mechanism, beyond the fact that at least part of the products were
formed from the indole triplet excited state. In 1987 Disanayaka and Weedon
(21) produced the first two papers reporting the results of an investigation of the
photophysical and photochemical properties of N-benzoylindoles 5, 34-40. Their
photophysical studies revealed that various N-benzoylindoles did not fluoresce
normally but instead emitted light at an unusually long wavelength. The
fluorescence emission occurred between 400 nm and 600 nm and its position was
determined to be solvent dependent and also dependent on the nature of the aroyl
substituent conjugated with the indole system. It was concluded that this emission
was occurring from a singlet charge transfer excited state in which electron density

had moved in the excited state from the indole moiety to the aroyl moiety.
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Such a state only occurred with aroylindoles; thus N-acylindoles such as
N-carboethoxyindole and N-acetylindole did not show any such fluorescence. It
was also determined that this charge transfer state was not quenched by the
addition of cyclopentene and therefore is not involved in the cycloaddition reaction
with alkenes. Other photophysical studies with N-benzoylindole revealed the first
singlet excited state energy to be 95 kcal/mol while the lower energy charge
transfer state was found to have a fluorescence lifetime of ca 0.5 ns.
Phosphorescence measurements at 77°K yielded a relaxed tripiet excited state
energy of 68 kcal/mol.

Disanayaka and Weedon's studies of the mechanism of the 2+2

photocycloaddition reaction between N-benzoylindole, §, and cyclopentene revealed

two pieces of conflicting data (25). The efficiency of population of the triplet

20




excited state is given by the quantum yield of intersystem crossing, ¢.,, and was
determined by Disanayaka and Weedon using the triplet counting procedure to be
039 in benzene. A triplet lifetime of 2.8 X10"® s was also obtained from the
triplet counting procedure. If the formation of cycloadducts is assumed to proceed
exclusively from interaction of the N-acylindole triplet excited state with ground
state alkene, then the pathway shown in Scheme S can be envisaged. Application
of the steady state approximation to Scheme 5 yields Equation 1, where k,_ is the
rate constant for quenching of triplet excited state 5 by an alkene, k; is the rate
constant for the deactivation processes of the wriplet excited state of 3, ¢, is the
quantum yield of intersystem crossing of the singlet excited state of S to the triplet
excited state of 5, and [A] is the concentration of the adding alkene. At high
alkene concentration k;< <k [A] and Equation 1 equates the quantum yield of

product formation to that of ¢, (Equation 1).

Scheme §
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ka [A] + kd

(equation 1) ¢ =

Equation 1 also predicts a linear relationship between 1/¢ and 1/[A] as

shown in equation 2. This equation predicts that a plot of 1/¢ verses 1/[A]
should have an intercept if 1/s,,. corresponding to the limiting quantum yield at

*infinite” alkene concentration.

1 kg
<+

¢ isc ko [A]¢ 15C

(equation 2) ¢ =

Disanayaka and Weedon found that a double reciprocal plot does indeed yield a
linear relationship. However the experimental intercept yielded a value of ¢, of
0.061 which is far different from the value of 0.39 they determined by the triplet
counting procedure. The authors concluded from this that interception of the
triplet excited state of the indole by the alkene must produce an intermediate
which can collapse to ground state starting materials in competition with
proceeding to pro;iucts.

A similar situation has been shown to exist for the 2+2 photochemical
cycloaddition reactions between alkenes with 2-cyclopentenones and
2-cyclohexenones (26). In these cases it has been shown that a biradical

intermediate is involved along the reaction pathway and that this intermediate

accounts for the low quantum yield of product formation, compared to the




quantum yield of intersystem crossing, at high alkene concentration.

This led Disanayaka and Weedon to propose the mechanism for the indole
photocycloaddition shown in Scheme 6. This mechanism proposes a biradical
intermediate formed from the triplet excited state of the indole derivative by
interaction with the ground state olefin. This biradical intermediate is proposed
to have two fates; it can either undergo cleavage to give back the starting indole
derivative and olefin, or it can close to yield cyclobutane products. Both of these
processes occur following spin inversion in the triplet 1.4-biradical intermediate.
Application of steady state analysis to Scheme 6 yields Equations 3 and 4. The
latter predicts a linear relationship between 1/¢ and 1/[A].

Scheme 6
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The experimental data was re-interpreted in terms of these relationships.
Combining the intercept from the experimental plot of 1/¢ verses 1/[A] with the
value for ¢, =039 obtained from triplet counting a value for k./(k +k) of
0.16¢0.02 was determined. This means that 16% of the biradicals formed close
to give products and the other 84% revert back to starting materials.

The objective of the work described in Part I of this thesis was designed

to provide additional evidence for the presence of the biradical intermediate(s)

and to deduce their structures and their lifetimes.
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CHAPTER 2

PHOTOCYCLOADDITION REACTIONS OF N-BENZOYLINDOLE AND

N-CARBOETHOXYINDOLE WITH OLEFINS

2,1 BIRADICAL INTERMEDIATES

In the previous chapter kinetic evidence for the intermediacy of triplet

1,4-biradicals in the photochemical cycloaddition reaction of N-benzoylindole with

alkenes was presented. For the reaction of N-benzoylindole with cyclopentene

there are two possible structures for the intermediate biradical. These are structures

43 and 44, and each of these can be formed as a mixture of sterecisomers as

shown in Scheme 7.

Scheme 7
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If triplet 1,4-biradicals of the type 43 and 44 are indeed intermediates in this
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reaction and if, as the kinetic evidence indicates, they do revert to the ground

state starting materials in competition with product formation, then use of a
suitable 1,2-disubstituted olefin as the alkene partner in the photochemical
cycloaddition reaction could allow for the detection of the reversion process by
observation of geometrical isomerisation of unconsumed alkene. The possibility

is illustrated in Scheme 8; this type of alkene photoisomerisation, in which the

alkene is never in the excited state is called Schenk isomerisation.

Scheme 8
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In addition to the isomerisation of unreacted alkene, if the putative biradical




intermediates in Scheme 8 are sufficiently long lived, so that any memory of the
alkene stereochemistry is lost, then the stereochemistry of the cyclobutane adducts
will be mixed. Alternatively, if no biradical intermediates are formed, or if they
are too short lived for conformational relaxation, then different products might be
expected depending on the geometrical isomer of the alkene used, and no
isomerized alkene would be seen in the reaction mixture.

This chapter reports the results of an investigation in which N-acylindoles
have been irradiated in the presence of cyclic and acyclic 1,2-dialkyl substituted
ethylenes and the stereochemistry of the products examined. These results are

then discussed in terms of the postulated biradical species.

22 STRUCTURE AND STEREOCHEMISTRY OF CYCLOADDITION

PRODUCTS

The addition of a 1,2-disubstituted ethylene to an N-acylindole leads to the
formation of four chiral centres. The maximum number of stereoisomers which
can be produced is however reduced by the presence of a cyclobutane-cyclopentane
ring fusion which is expected to be cis as was shown as in Scheme 7. Consequcntly
if the two substituents on the ethylene are the same (so that no possibility of
regioisomerism exists) then the photoaddition is expected to produce four
enantiomeric pairs of diastercomers. The major analytical problem in this work was
to detect, separate and assign the stereochemistries of these diastereomers.

Several groups have examined the use of nmr-spectroscopy for the
stereochemical assignment of substituted cyclobutane rings (27-37). The use of

'H-'H coupling constants for the hydrogens of the cyclobutane ring has met with

27
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some success but ambiguities can be caused by the conformational mobility of the
puckered cyclobutane ring (35-37). Recently it has been shown that nuclear
Overhauser effects between cyclobutane ring hydrogens or substituents can lead to
stereochemical assignments (27,28), however this has not been demonstrated to be
a general method.

Because of these problems of stereochemical assignment the first alkene

examined in this work was cyclopentene. It was anticipated that with this alkene

only the two enantiomeric pairs of diastereomers represented by structures 41 and
42 would be formed since the sizes of the rings fused to the cyclobutane would
preclude the formation of products in which the hydrogens on adjacent ring fusion

curbons could be trans.
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It was hoped that the spectroscopic characteristics of the cyclopentene adducts

could then be used as models for the deduction of the stereochemistry of adducts

from other alkenes.




22.1 Irradiation of N-Benzoylindole and N-Carboetboxyindole with Cyclopentene

Both gas chromatography (g.c.) and thin layer chromatography (t.l.c.) indicated
the formation of a single major product and a minor product when a benzene
solution of N-benzoylindole, 5, and cyclopentene was irradiated with ultraviolet light
under conditions such that only 36 was excited. The minor product was indentified
as N-carboethoxyindole, 34. Following work-up and removal of the unconsumed
starting material, the 'H-nmr and !3C-nmr spectra of the product suggested the
presence of two compounds in a 2:1 ratio. The major component was highly
crystalline and this allowed its separation from the minor component which was
subsequently isolated from the mother liquors as an oil. The mass spectra of the
isolated products indicated them to be adducts of § and cyclopentene, and the
"H-nmr spectra were consistent with the expected structures of 4] and 42 (Scheme
9). In particular the cyclobutane methine protons were clearly visible; for the
major isomer they appeared at 3.94, 3.32, 2.84, and 2.66 ppm and these were
assigned to protons H, Hy, H,, and H,, respectively. These assignments are based
partly upon the positions calculated using additive chemical shift correlations, and
partly on the appearance of the signals and their coupling relationships as deduced
from spin-spin decoupling experiments and 2-dimensional homonuclear correlation
experiments. The signal assigned to H, appeared as a broad singlet and its
splitting by H, and H, was unresolved. This lack of resolution is ascribed to slow

rotation of the adjacent N-benzoyl group. However, the signal assigned to H,

appeared as a doublet of doublets with J=7.5 and 2.9 Hz.
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Molecular models of 41 show that the structure is quite rigid and suggest that with
the cyclobutane ring in either of its puckered conformations the dihedral angle
between Hy and H, are close to zero, and between H, and H_ are close to 90°;
in this situation the Karplus equations predict the small and large coupling
constants observed.

In the minor photo-adduct the signal assigned to H, was also an unresolved
broadened singlet and was seen at 4.70 ppm; the signal assigned to H, was a
doublet of doublets at 4.05 ppm with coupling constants of 7.5 and 8.0 Hz. The
observation of two large coupling constants between H, and H, and H, and H,
is consistent with the minor photoadduct having structure 42 as judged by the
inspection of the dihedral angles between the appropriate hydrogens in a molecular
model of 48. The relevant dihedral angles in this case are both close to zero.

In order to support the above assignments attempts were made to remove
the benzoyl group from the photoadducts; it was hoped that in the absence of this
group the signal assigned to H, would be resolved so that its coupling constants
to H, and H, could be measured independently. the benzoyl group was however
totally resistant to hydrolysis under both basic and acidic conditions. Eventually
it was found that treatment of the photoadducts with lithium aluminium hydride
resuited in the formation of a mixture of the N-benzyl derivatives 45 and 56 as
well as the products of cleavage, 47 and 48. These compounds were separated by
chromatography and their 'H-nmr spectra recorded. As anticipated, the signal
assigned to H_ in these compounds was resolved as a doublet of doublets and the

coupling constants were consistent with the cis-anti-cis stereochemistry in 45 and

47, and the cis-syn-cis stereochemistry seen in 46 and 48. The coupling constant
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data for the cyclobutane methine hydrogens of these compounds are summarised
in Table 1,

The above assignments were further tested by a molecular modelling (MM2)
calculation to derive the structures of the most stable conformations of 41, 42,
45-48 (38). The dihedral angles between the cyclobutane methine hydrogens in the

most stable conformations were then substituted into the appropriate Karplus

equation in order to predict the expected coupling constants. For ease of
calculation and because the nitrogen parameters necessary for 41, 42, 45-48 were
unavailable to us, the indane analogues 49 and 50 were used. The results for 49
and S0 are shown in Table 1 along with the actual coupling constants measured
from the "H-nmr spectra of 4], 42, 45-48. The agreement between the calculated
values for 49 and 50 and those measured for compounds 41, 42, 45-48 is
qualitatively very good and quantitatively reasonable, and indicates that for these
systems the calculation is reliable for deduction of stereochemistry from coupling
constant data, even though indane is being used as a model for indoline. It should
also be noted that no allowance was made for the effect of an electronegative
substituent (the nitrogen atom) on the coupling consiants.

The calculated structures of the most stable contormations of 49 and S0 were
also used to predict the likely effect of a lanthanide shift reagent (Eu(fod),)
complexed to the nitrogen atom of 47 and 48 on the chemical shifts of the
cyclobutane methine hydrogens. The calculated relative shifts of the cyclobutane

methine hydrogens were then compared with the observed relative shifts when the

shift reagent Eu(fod); was added to deutero-chloroform solutions of 47 and 48.




EXPERIME! TAL AND CALCULATED 'H-'H COUPLING CONSTANTS (Hz)
FOR CYCLOBUTANE METHINE HYDROGENS IN CYCLOPENTENE

TABLE 1

AND CYCLOHEXENE ADDUCTS OF N-BENZOYLINDOLE AND

COMPOUND

BB BB R’

49 (calculated)
50 (calculated)

23

S R BERK

64
57 (calculated)

S8 (calculated)
59 (calculated)
60 (calculated)

N-CARBOETHOXYINDOLE
o Ly
75 29
7.5 7.7
7.9 2.5
9.4 9.0
7.6 2.5
9.6 9.0
7.8 3.6
7.8 8.1
7.0 25
8.5 9.0
8.5 93
8.7 93
8.0 3.0
6.0 4.0
7.8 1.9
7.9 82
7.7 6.8
73 7.2

dpe
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8.0
2.7
9.0
2.7
9.2
2.0
7.9
2.5
9.0
9.0
9.0
20
8.0
32
7.9
6.9
7.1

ded
7.0

8.2
6.6
6.4
7.0
8.2
8.0
8.0
7.0
9.5
9.0
9.0
8.0
7.0
7.3
8.1
6.6
8.5
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The change in chemical shift of a proton in a rigid molecule induced by a
lanthanide shift reagent complexed to a remote Lewis base site in the same
molecule is proportional to the magnitude of the pseudocontact interaction between
the lanthanide and the proton. The change in chemical shift is given as AM whose
magnitude is proportional to l/r’, where r is the distance between the lanthanide
and the shifted proton. The magnitude of AM is also related to the angle, o,
between the line connecting the lanthanide with the shifted proton and the axis of

the bond between the lanthanide and the basic site in the molecule, as defined by:
aM = (3cos?e - 1)/1°

Using this relationship for the most stable conformations of 47 and 48, with the
assumption that the Eu(fod), complex is attached from the less hindered face of
the molecule to a tetrahedral nitrogen atom, allows the expected relative changes
in chemical shifts of the cyclobutane methine hydrogens to be calculated. These
can then be compared with the experimental values. The results of such an
experiment for compounds 47 and 48 are shown in Figures 3 and 4 where the
experimentally determined Eu induced shifts are expressed relative to the shift
observed for H,, and the calculated values of {3cos”e-1)/r> for each cyclobutane
methine hydrogen are normalised relative to the value for H,. The gradients of
the lines in Figures 3 and 4 are proportional to AM for each hydrogen and these
are summarised in Table 2. The experiments in Figures 3 and 4 and Table 2

indicate that for both 47 and 48 the cyclobutane methine closest to the site of Eu
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complexation (i.e. H,)) is the most greatly shifted. In addition, in 47 H, is more
greatly shifted than H, and H_ while in 48 H,, H, and H; are shifted to
approximately similar extents. The predicted relative shifts for these hydrogens
obtained using the calculated most stable conformations follow the same pattern
with H, the most greatly shifted in both compounds H; more greatly perturbed in
47 only.

For the Eu induced shift experiments it was found convenient to generate the
amine adducts 47 and 48 by photochemical cycloaddition of cyclopentene to
N-carboethoxyindole, 34, rather than N-benzoylindole, S. The initially formed
adducts S1 and 56 were obtained in a 10:1 ratio and were immediately hydrolysed
to 47 and 48 by strong base. This gave the amine adducts in good yield and
uncontaminated by their benzylated analogues 45 and 46 which were by-products
formed in the removal of the photochemical activating group from the
N-benzoylindole photoadducts. It was found necessary to use the free amine
adducts 47 and 48 for the lanthanide induced shift study rather than analogues 41,

42, 45 and 46. It was determined that these compounds did not form sufficiently

strong complexes to give measurable changes in chemical shift.
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TABLE 2

CALCULATED AND OBSERVED RELATIVE LANTHANIDE INDUCED
SHIFTS FOR CYCLOBUTANE METHINE HYDROGENS OF
N-ACYLINDOLE-CYCLOALKENE PHOTOCHEMICAL ADDUCTS AND
THEIR DERIVATIVES

COMPOUND H, H, H. Hy
47 (calculated) 1 31 39 )
47 (found) 1 40 38 65
48 (calculated) 1 30 25 38
48 (found) 1 63 45 45
63 (calculated) 1 33 44 68
63 (found) 1 42 40 90
62 (calculated) 1 27 24 40
62 (found) 1 38 27 40
65 (calculated) 1 29 22 g3
64 (calculated) 1 40 .61 34
64 (found) 1 47 96 41

%The observed relative lanthanide induced shift data are obtained from the
gradients of the lines in the plot of the change in chemical shift of each proton
relative to the change in chemical shift of H,. Examples are shown in figures 3
and 4. The method for derivation of the calculated numbers is described in the

tex‘ L]




22.2 Irradiation of N-Benzoylindole and N-Carboethoxyindole with Cyclohexene

The photochemical cycloaddition of cyclohexene to N-benzoylindole could, in

principle, yield the four diastereoisomeric pairs of enantiomers represented by 53-56

(Scheme 10).

Scheme 10

53 X = NCOFh
£E7 X = CH:

63 X = NM

T

55 X = NCOPNh
59 X = CH2

65 X = NH

54 x = NCOPR
S8 X CH,
€1 X = CH,Ph

62 X = NH

56 x = NCOPN
§_9 X = CHy

64 X = NH
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In fact when N-benzoylindole was irradiated in the presence of cyclohexene only
two products were detected. These compounds were not separable by
chromatography but one of them was highly crystalline and could be separated in
pure form by recrystallisation. The second product was isolated as an oil
contaminated by small amounts of crystalline isomer. The mass spectra of these
compounds indicated them to be 1:1 adducts between the indole derivative and
cyclohexene and the 'H-nmr and BC pmr spectra were consistent with their being
cyciobutane adducts analogous to those formed with cyclopentene. Most
importantly, the four cyclobutane methine hydrogens were visible for each
compound and their coupling constants could be measured. The coupling constants
are shown in Table 1 for the crystalline product, 34, and its non-crystalline isomer,
53. The expected coupling constants for the cyclobutane methine hydrogens in the
cyclohexene adducts were estimated from the dihedral angles in the most stable
conformations of the indane analogues $7-60. These conformations were derived
from molecular modelling calculations in the same way as for the cyclopentane
analogues 49 and 50. The results are shown in Table 1; they suggest that the
non-crystalline isomer is the cis-anti-cis stereoisomer 33 because of the small values
of J_; and J,_ which are predicted for 37 and which were seen in the cyclopentene
adduct analogues 41, 45, and 47. However, for the crystalline isomer the estimated
and observed coupling constants do not allow determination of stereochemistry.

This is because all the coupling constants are predicted to be of similar magnitude

in 88, 59, and 60 as those in the crystalline isomer.
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As with the cyclopentene cycloadducts, the cyclobutane methine H, was poorly
resolved in the 'H-nmr spectra of the two cyclohexene adducts and the coupling
constants to H, and H,, could not be seen directly but had to be inferred from the
splitting seen in the signals assigned to Hy and H;. As before, the broadening of
the signal for H, was associated with slow rotation of the N-benzoyl group in these
compounds. Treatment of the crystalline adduct with lithium aluminum hydride
yielded the N-benzyl derivative, 61, and the free amine, 62, in which the signal
ascribed to H_ was resolved. The coupling constants of the cyclobutane methine
hydrogens seen in the 'H-nmr spectra of these two compounds are shown in Table
1 and are similar to those of the parent compound prior to reduction.
Irradiation of N-carboethoxyindole, 34, with cyclohexene also gave two major
products but two minor products were also detected by g.c. Examination of these
four compounds by g.c.-mass spectroscopy indicated them to be 1:1 adducts of the
indole derivative with the cyclohexene and the 'H-nmr spectrum of the mixture
indicated the presence of the characteristi. pattern of methine signals associated
with the cyclobutane adducts. Gas chromatography indicated that the products were
formed in the ratio 1.1:2:142:100. The product mixture was not separated but was
instead hydrolysed to the free amines and separated by chromatography. One of
the two major isomers present was identical with the product of reduction of 54
formed from N-benzoylindole (i.e. 65). The 'H-nmr spectrum of the other major
isomer suggested it to be structure 63. This was inferred from the values of the
coupling constants between the cyclobutane methine hydrogens and these are listed

in Table 1. The cis-anti-cis relationship of the hydrogens is indicated by the

smaller values of J 4 and J . This assignment was confirmed by lithium aluminum
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hydride reduction of 53 which gave the compound identified as 63 (a free amine
isomer).

Of the two minor cyclohexene-N-carboethoxyindole cycloadduct isomers present
in the original mixture, only one was separated following hydrolysis, the other being
inseparable from the major isomers present. This compound was also
non-crystalline and the coupling constants for the cyclobutane methine hydrogens
are shown in Table 1. Comparison of these with the coupling constants predicted
for 58-60 does not allow unambiguous assignment of any one of the possible
structures 62, 64, or 65 to this compound.

In order to allow a stereochemical assignment of isomers 54, 56, 62, and 64,
and to confirm the identification of the major non-crystalline isomer as 53 the
lanthanide induced shift experiment already described for 47 and 48 was performed
using the three isolated free amine isomers tentatively assigned to 62, 63, and 64.
The relative shifts observed for the cyclobutane methine hydrogens of these three
isomers are shown in Table 2 and are compared with those estimated for 62-65
using conformations calculated (MM2) to be the most stable. For the major
non-crystalline isomer the shift reagent perturbs H, and Hy most highly, and H

and H, are much less affected; this mirrors the behaviour of the cis-anti-cis

cyclopentene cycloadduct 47 and confirms the assignment of structure 63 to this
isomer based upon coupling constant data. Similarly, comparison of the calculated
shifts for the methines of 62, 64, and 65 with those found for the major crystalline
and the minor non-crystalline isomers strongly suggests that the former is 62 (H,,

H,, and H; all similarly shifted) and that the latter is 64 (H, more shifted than H,

and Hy). It can also be inferred that neither isomer can be 65 since neither shows
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the predicted selective shift of H,.

223 Irradiation of N-Benzoylindole with Cycloheptene

As with cyclohexene the photochemical cycloaddition of N-benzoylindole to
cycloheptene could in principle lead to four pairs of enantiomers related as
diastereomers. When the irradiation was performed under the same conditions as
for cyclopentene and cyclohexene only two products were detected by g.c. These
were formed in a 20:1 ratio and were shown to be 1:1 adducts between S and
cycloheptene by g.c-ms.. The two adducts were separated by chromatography;
their 1H-nmr spectra exhibited the characteristic signals associated with the
cyclobutane methine protons and confirmed them to be the expected cyclobutane
adducts. The minor isomer is assigned as structure 66 which possesses cis-anti-cis
stereochemistry; this assignment is based upon the observation of coupling constants
of 2.5 and 3.0 Hz for J 4 and J,, respectively, which by analogy with the other
cis-anti-cis stereoisomers in this work is indicative of a trans relationship between

protons H, and H,, and H, and H_.

I

o
I

o
X

o
1ex

43




Unlike the other cis-anti-cis N-benzoyl substituted adducts 41 and 33, the H,
be measured without removal of the N-benzoyl activating group. This was not the
case with the major isomer from the cycloheptene reaction; however the coupling
constants for the H, methine could be discerned and were 9 and 3 Hz. The
former of these can be unambiguously assigned to the expected larger cis coupling
between H, and H, so that the latter must correspond to J.. The small value of
3 Hz is strongly suggestive of a trans relationship between H, and H, and since the
cis-anti-cis stereochemistry in 66 has already been assigned to the minor isomer, the
major isomer must therefore have the structure §7 which possesses a trans

cycloheptane-cyclobutane ring fusion.

2.3 IRRADIATION OF N-BENZOYLINDOLE AND N-CARBOETHOXYINDOLE

WITH CIS AND TRANS-2-BUTENE AND 4-OCTENE

Irradiation of N-benzoylindole with trans-2-butene gave all four possible
diastereomeric 1:1 adducts 68-71 in a ratio 7:21:68:4 as determined by g.c. and
g.c-ms.. The adducts were separated as a mixture from the other components of
the reaction; in the 1H-nmr spectrum of the separated mixture the cyclobutane
methines of the two major isomers could be discerned, as could high field doublets
corresponding to the methyl substituents on the newly formed cyclobutane rings.
The adducts were not further separated. Irradiation of N-benzoylindole with the
cis isomer of 2-butene gave the same four adducts in almost the same ratio

(2:21:74:2); the identity of the products of the two reactions were confirmed by g.c.

co-injection and by comparison of the 'H-nmr spectra which were superimposable.
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Similar results were obtained with cis and trans-4-octene. In these cases only three
of the four possible diastereoisomeric adducts were present in detectable quantities;
these were formed in the ratio 2:49:49 from the trans isomer and 10:47:43 from the

cis isomer.
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As with the butene adducts, the cyclobutane methines of the two major octene
adducts were clearly visible in the "H-nmr spectrum of the product mixture.

In the reaction with the octenes the reaction mixture was also examined for
the presence of isomerised alkene. No cis-4-octene was formed in the irradiation
of S with trans-4-octene. However, in the irradiation of § with cis-4-octene it was
found that the trans isomer was formed as the irradiation proceeded. In these

experiments the concentration of cis alkene was kept very high relative to that of




S so that the trans isomer formed would never build up to a high enough

concentration to enable it to react with the excited state of §; thus the formation
of a similar product distribution from both alkenes cannot be attributed to faster
reaction of § with the trans isomer formed during the irradiation.

The formation of trans-4-octene during the irradiation of 5 with cis-4-octene
was quantified at low conversions by measurement of the amount of trans-octene
produced relative to the amount of light absorbed. The result is shown in Figure
5 and the gradient of this plot yields a value for the quantum yield of formation
of the trans isoruer of 0.074 : 0.004.

For reasons which will be discussed below the quantum yields of formation of

the adducts from both the cis and trans octenes were also measured as a function

of alkene concentration; the results are given in Table 3.
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TABLE 3

QUANTUM YIELDS OF PHOTOCHEMICAL CYCLOADDITION OF
N-BENZOYLINDOLE, §, WITH CIS AND TRANS-4-OCTENE"

[trans-octene) [cis-octene] Py
2035 M 0.013
2.379 0.017
2.608 0.018
2.990 0.020
4.060 0.027
5.048 0.033

4401 M 0.0039
2.797 0.0043
3.210 0.0046
3.874 0.0048
4.350 0.0049
4931 0.0052

*5 excitation wavelength: 313 nm. Solvent : benzene
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2.4 DISCUSSION OF RESULTS

For the reasons outlined in section 2.1, if biradicals are intermediates in the
photochemical cycloaddition reactions of N-carbony!' -ubstituted indoles with
alkenes and if their lifetimes are long compared with the time required for
conformational relaxation then it would be expected that trans fused adducts would
be obtained from cis alkenes and cis fused adducts could be obtained from trans
alkenes. The conclusion of this work is that this is indeed the case. Thus with
cyclohexene three of the four possible diastereoisomeric adducts are formed; these
are assigned the structures 54, 54 and 56 and of these 56 does not preserve the
stereochemistry of the alkene. Similarly with cycloheptene the major product is
assigned the structure 67 which has the same stereochemistry as 56, the trans fused
product formed with cyclohexene, and does not preserve the stereochemistry of the
alkene. With the non-cyclic alkenes 2-butene and 4-octene, where both the cis
and trans geometrical isomers of the alkene are available, almost the same
distribution of products is obtained from each geometrical isomer. This is
consistent with the intermediacy of the biradicals shown in Scheme 8 in which all
memory of the alkene stereochemistry can be lost. It should be noted that each
of the regioisomeric biradicals shown in Scheme 8 have two new chiral centres;
it is not necessarily the case that each geometrical isomer of the alkene would
produce the same proportions of the regioisomeric and diastereoisomeric biradicals
and it is, in fact, quite surprising that the final distribution of the stereoisomeric

cyclobutane adducts is so similar from each alkene geometrical isomer.
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In earlier work on the mechanism of photochemical cycloaddition between
N-benzoylindole and cyclopentene (25) the quantum yield of adduct formation as
a function of alkene concentration was examined and it was shown that the
quantum yield varied with alkene concentration as predicted by the relationship
shown in Equation 5. This equation was derived assuming the validity of the
mechanism shown in Scheme 6.

1 ke Ky
(equation 5) O = 1+
¢isc kr + kc kq [A]

In Equation §5, ¢ is the quantum yield of cycloadduct formation, ¢, is the
quantum yield of intersystem crossing, k, is the rate constant for decay of the
triplet excited state of 3, [A] is alkene concentration and k, is the rate constant
for reaction of the triplet excited state with alkene. The rate constants k_ and k_
are those for cyclization of the intermediate biradical to product and reversion to
starting materials, respectively. Thus the fraction k_/(k_+k ) is the fraction of the
biradicals which proceed to the cycloadducts rather than reverting to the ground
state starting materials. This treatment is an approximation since it assumes a
single biradical intermediate is involved; since stereoisomeric biradicals may well
be intermediates, the fraction k /(k.+k) and k, are composites for all the
intermediate biradicals. The plot of 1/¢ versus 1/[A] can be used to yield values

of k./(k.+k ) and k_ if ¢, and k, are known. For N-benzoylindole, $, the values
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of ¢, and k; have been independently determined as 0.39 ¢ 0.01 and (3.6 ¢ 0.4)
X 107 s}, respectively, using the triplet counting procedure; using these values the
quantities k /(k.+k ) and k, have been estimated as 0.16 and (4.0 = 0.8) X 105
M's"), respectively, for the reaction of 5 with cyclopentene (25). This treatment
was applied to the photo-addition of both cis- and trans-4-octene to 5 and the data
shown in Table 3 plotted according to Equation S are shown in Figure 6.

For the addition of cis-octene to 5 the intercept in Figure 6 yields a value of
k./k +k_ of 0.019 + 0.001, indicating that only 2% of the intermediate biradicals
proceed to cyclobutane adducts and the remainder revert to ground state 3 and
alkene. In addition, the intercept indicates that at very high alkene concentration
(i.e. when all of the triplet excited states of 5 are intercepted by alkene) the
maximum value of ¢ is 0.0075 = 0.0002. Assuming a value of 3.6 X 10’ 57! for
k4 combining the intercept of the plot for cis-octene with the gradient yields a
value of k,, the rate constant for reaction of the triplet excited state of 5 with
cis-octene, of (1.7 ¢+ 0.3) X 107 M!s’!, which is slightly faster than that observed
for the reaction of 3 with cyclopentene.

Formation of trans-4-octene when irradiating § with cis-4-octene is an example
of Schenk isomerisation, i.e. a photochemical isomerisation in which the
isomerising species itself never attains the excited state. The isomerisation of
cis-octene to the trans-isomer cannot be a result of energy transfer from the triplet
excited state of S to the alkene since the triplet energy of the latter is higher than
that of the indole derivative (25). The quantum yield of Schenk isomerisation for

cis-octene was determined to be 0.074 £ 0.004; the concentration of the alkene 1n
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this experiment was 531 M. At this concentration more than 70% of the triplet
excited states of 3 are intercepted by the alkene (assuming k =17 X 10’ and
k;=36 X 107); since ¢, =039, the maximum quantum yield of Schenk
isomerisation possible would be 0.27 if the 98% of the biradicals which do not
cyclize to products revert to give only cis-octene. The value of 0.074 measured
here would appear to indicate that the reverting biradicals prefer to give back
cis-octene rather than the frans isomer. This assumes that no other energy wasting
step leading back to starting materials occurs between interception of the triplet
excited state by alkene and the formation of the biradical intermediates; such an
energy wasting step would be exciplex formation and decay.

For the addition of trans-octene to 5 the plot in Figure 6 yields an intercept
of 0.9 £+ 3. This is indistinguishable from zero and its reciprocal cannot be used
to obtain a reliable value of ¢ extrapolated to infinite alkene concentration.
However it does allow limits for this value of ¢ to be estimated; the smallest
value possible, corresponding to the largest value of the intercept, is 0.26, while
the largest is 0.39, the value determined for ¢,... This means that between 67%
and 100% of the intermediate biradicals formed from the triplet excited state of
3 and trans-octene pruceed to the product. Using these extreme values of the
intercept, the gradient of the plot in Figure 6 can be used to estimate limits on
the values possible for k,, the rate constant for reaction between triplet excited
S and trans-octene. The values are 1 X 10° and 6 X 10° M"s", which are

substantially slower than those determined for the photoaddition of § to

cyclopentene and cis-octene.
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In summary, it can first be said that some products formed from the
photochemical addition of cyclic alkenes to N-benzoylindole and
N-carboethoxyindole do possess trans stereochemistry at the cyclobutane cycloalkane
ring fusion. This trans stereochemistry must directly result from the closure of a
1,4-biradical intermediate in which the adding cyclic olefin possesses some flexibility
which allows for the formation of trans-fused cycloadducts from cyclic cis starting
olefins. If there is to be any mixing of stereochemistry ia this case it must be
consistent with the intermediacy of a triplet 1,4-biradical intermediate. Secondly
we have shown in two cases that the photocycloaddition of N-benzoylindole to
differeat stereoisomeric alkenes (cis an trans) leads to very similar reaction product
mixtures. This could only be the case if the two reactions proceed via a common
intermediate. The fact that we obtain a mixture of all four stereoisomers from
both alkenes as above supports the assertion that the intermediate is a 1,4-biradical.
Lastly the evidence of Schenk isomerisation in which cis-4-octene is converted to
trans-4-octene again supports the assertion that the reaction proceeds via a

1,4-biradical intermediate in which most of these biradicals revert back to starting

N-benzoylindole and isomerised alkene.




CHAPTER 3
REARRANGEMENTS AND TRAPPING OF
1,4-BIRADICALS FROM PHOTOCYCLOADDITION OF N-BENZOYLINDOLE
WITH OLEFINS

3.1 REARRANGEMENT PRECURSORS

The work described in Chapter 2 of this thesis confirmed the earlier
proposal (25) of Disanayaka and Weedon that biradicals are intermediates in the
photochemical cycloaddition reaction of N-acylindoles with alkenes. In order to
better probe the structures of these biradical intermediates attempts were made
to divert them from their normal paths of decay, namely cleavage to starting
materials or closure by cyclobutane ring formation. In principle this could be
accomplished bty modification of the alkene precursor in such a way that the

biradical intermediate could rearrange to alternative products (Scheme 11).

Scheme 1
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Alternatively a reagsnt could be added to trap the biradical intermediates
(Scheme 12). Elucidation of the reaction products could then yield structural
information such as the site of initial bonding between the alkene and the indole.
In addition, if the rate of the competing rearrangement reaction indicated in
Scheme 11 is known, then the lifetime of the intermediate biradicals can be

estimated.

Scheme 12
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Reactive radicals decay by several processes which include hydrogen abstraction,
addition, disproportionation and coupling. The goal of the work described in this
thesis was to exploit one or more of these processes in order to gain information
about the 14-biradicals implicated in indole-alkene photocycloaddition. Others
(40) have utilised these radical reactions to probe the 1,4-biradicals generated in

other photochemical reactions. These will be discussed later.




As noted in chapter 2 (Scheme 7) for the reaction of N-benzoylindole with
cyclopentene the intermediate biradicals could, in principle, have structures 43 or
44; these correspond to initial bonding of the alkene to the 2-position or the

3-position of the indole derivative, respectively.

@PD oD
P, A

43 44

Ph

If this reaction were to be performed using alkenes that yield biradicals which
can undergo a rearrangement, in competition with ring closure or bond homolysis,
to form alternative products, then the rearrangement reaction could be used as a
probe of both the structurc of the biradical and, if the rate of the rearrangement
reaction is known, as a clock to measure its lifetime. Alkenes which fulfil this
requirement are tetramethylethylene, 1,6-heptadiene, and vinylcyclopropane.

Scheme 13 shows the anticipated outcome of the reaction between
N-benzoylindole and vinylcyclopropane. Interaction of the triplet excited
N-benzoylindole with the alkene can, in principle, lead to biradicals 74-77,
although 74 and 77 would be expected to domunate over 75 and 76 since the latter
pair possess primary radical centres. Biradicals 74 and 75 can cyclize to
stereoisomers of 78 while 76 and 77 can close to stereoisomers of 79. The
intermediates 74 and 77 contain a cyclopropylalkyl radical which is known (41-44)
to ring open rapidly to a homoallylic radical; this would yielding intermediates 80
and 8] respectively.
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If the double bond geometry is correct in 80 and 81 then they can close to give
82 and 83, respectively. The ring opening is, in principle, reversible but the
homoallylic radical is heavily favoured thermodynamically. Since the rate of the
rearrangement of the cyclopropylalky: radical to a homoallylic radical is known
(41-44), the quantities of 82 and 83 formed relative to the amounts of 78 and 79
can be used to estimate the lifetimes of 74 and 77. In addition, since §2 only
produces 74, and 83 only yields 77, the identity of the products formed yields
information about the structures of the intermediate biradicals and the position
of the first bond made between the indole and the alkene.

In Scheme 14 the expected outcome of the reaction between
N-benzoylindole and 1,6-heptadiene is shown. The expected biradicals are 84-87,
although 84 and 87 should dominate since 85 and 86 contain primary radical
centres. Cyclization of 84 and 85 gives 88 while cyclization of 86 and 87 gives 89.
However, 84 and 87 contain derivatives of 1-hexenyl radicals which can cyclize to
cyclopentylmethyl radicals. If this occurs then species 90 and 91 are formed which
can proceed to give various stereoisomers of 92. The rate of cyclization of
1-hexenyl radicals to cyclopentyimethyl radicals is known (45) and so the
proportions of 88 and 89 relative to 92 formed can be used to define the lifetime
of the biradicals 84 and §7.

In Scheme 15, the expected outcome of the reaction between
N-benzoylindole and tetramethylethylene is shown. Here only the two biradicals
93 and 94 are possible, and both may cyclize to give 95. This should lead to a
single photocycloadduct.
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However, by analogy with the products obtained in the photochemical 2+2

cycloaddition reaction between 2-cyclohexenones and methyl-substituted
(Scheme 16) alkenes (46), it is possible for disproportionation of the 1,4-biradicals
to occur so that "ene” products 96 and 97 can be produced. The structures of 96
and 97, if formed, can be used to infer the site of initial bonding between the
indole and the alkene. This is further discussed in chapter 3.3 (Scheme 16).

32 PHOTOCYCLOADDITION REACTIONS OF N-BENZOYLINDOLE

3.2.1 Irradiation of N-Benzoylindole with Tetramethylethylene

Ultraviolet light irradiation of a benzene solution of N-benz-wlindole and
tetramethylethylene, under conditions such that 5 absorbed all of the light, gave
a single major product which was identified as the 2+2 cycloadduct 95 on the
basis of its mass spectrum and 'H-nmr spectrum. In the latter the four methyl
groups were seen as the expected high field singlets and the two cyclobutane
methine protons were observed at 4.60 and 3.56 ppm, which is characteristic for
alkene adducts of N-benzoylindole. The signal at 4.60 ppm was broadened and
its splitting pattern unresolved, and is assigned to H, in 95. As noted in chapter
2, for the adducts this broadening is associated with slow rotation of the N-benzoyl
group and has been seen in other N-benzoylindole adducts and characterised by
variable temperature nmr spectroscopy (4748). The signal at 3.56 ppm was a
doublet coupled to H, and is therefore assigned to Hy. The coupling constant of

8 Hz is typical of the cis fused indole-cyclobutane ring system. Inspection of the

reaction mixture by 'H-nmr spectroscopy or coupled gas chromatography mass




spectroscopy (g.c.-m.s.) revealed no evidence for the presence of products with the

structures 96 or 97.

322 Irradiation of N-Benzoylindole with 1,6-Heptadiene

Ultraviolet light irradiation of a benzene solution of N-benzoylindole and
1,6-heptadiene under conditions such that only S absorbed light gave one major
and three very minor products in a ratio of 0.3:99.4:0.2:0.1 as indicated by g.c.
Analysis by g.c.-m.s. indicated that all four products were 1:1 adducts of § and the
diene. The four compounds were not scparable by preparative liquid
chromatography; however, the minor components were present in such small
amount that they were not discernable in the 'H-nmr spectrum of the
chromatographed mixture and so did not interfere with the assignment of structure
892 to the major isomer by 'H-nmr spectroscopy. This structure is based upon
the observation of the expected aromatic signals as well as signals corresponding
to the pentenyl side chain and cyclobutane protons. The regiochemistry and
stereochemistry was determined by analysis of the ccupling pattern of the
cyclobutane protons. Decoupling of the H, resonance, which appeared at
4.60 ppm and showed characteristic broadening by the adjacent N-benzoyl group,
caused a 2 proton multiplet at 2.52 ppm to collapse to an AB quartet. The
multiplet at 2.52 ppm is therefore assigned to Hy and H ., which establishes the
regiochemistry of the photoadduct. Proton Hy, was seen at 3.58 ppm as a double
doublet coupled to H, (J=8 Hz) and H, (J=2 Hz). Small vicinal coupling
constants between protons on cyclobutane rings in indole-alkene adducts have been

found indicative of a frans relationship so that the value of J, found suggests the
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stereochemistry shown in 8§93, corresponding to exo addition of the alkene to 3.

I

Hb 'jc
T ]
o N Hg
J\Ha Hy
0~ “Ph
89a

The coupling constants between H_; and H 4. upon irradiation of H, were quite
small (approximately 1 Hz) and thus were not well resolved. Hydrogenation of
the mixture of cycloadducts resulted in reduction of three of them to give new
products in the ratio 0.3:99.5:0.2 which were shown by g.c.-m.s. to have increased
in mass by two units. The third minor product (0.1% of the mixture) was
unchanged. Based upon this evidence, two of the minor photoaddition products
possess a single double bond and so may be diastereocisomers of 893 or 90. The
failure of the third minor component to undergo hydrogenation indicates it to be
saturated; consequently it is possible that it may be a stereoisomer of the expected

rearrangement product 92.

3.23 Irradiation of N-Benzoylindole with Vinylcyclopropane

Ultra-violet light irradiation of a benzene solution of N-benzoylindole and

vinylcyclopropane gave a mixture of three 1:1 adducts in the ratio 5:31:64, as
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determined by g.c., g.c-m.s. and "H-nmr spectroscopy. The adducts comprising
64% and 31% of the mixture were separated in pure form by preparative liquid
chromatography and were assigned structv-cs 23 and 793, respectively.

"

Vi ~

N N
J\Ho )\Ha "
0 Ph 0 Ph
83 790

The structure of 83 was assigned on the basis of the appearance of its
'H-nmr spectrum. In the spectrum H_ appears at 4.9 ppm and H, at 3.7 ppm.
As in other adducts of 5 and alkenes the signal assigned to H, exhibited
broadening attributed to siow rotation of the N-benzoyl substituent. Irradiation
of H, resulted in partial decoupling of a methylene multiplet at 2.40 ppm which
in turn was also decoupled by irradiation of the two olefinic protons which
appeared superimposed on one another at 5.6 ppm. Irradiation of H, resulted in
decoupling of a methylene multiplet at 2.0 ppm; however, the latter was not
affected by irradiation of the olefinic protons. This pattern allows unambiguous
assignment of structure 83 and rules out the alternative, 82. The value of 7, was
8 Hz which suggests cis ring fusion stereochemistry in 83. The structure of 792
was also deduced from the 'H-nmr spectrum. The mouc-substituted cyclopropyl

group gave rise to a characteristic pattern of signals consisting of a methine
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multiplet at 0.86 ppm, and methylene multiplets at 0.52 and 0.14 ppm. For the
cyclobutane protons a broad signal at 4.60 ppm assigned to H, was coupied to
signals at 3.70 (assigned to H,) and 2.50 and 2.20 ppm (H, and H,.), while H,
was weakly coupled to a signal at 1.95 ppm (H,). This pattern is consistent with
the regiochemistry in 793 but nc* for its regioisomer 78 (scheme 13). The trans

relationship of H, and H, shown in 793 is assigned on the basis of the small

value of J,. and corresponds to exo cddition of the alkene to the indole. A cis

arrangement of H, and H_ would lead to a coupling constant of the order of

8 Hz as observed for J ;.

The minor component of the mixture (i.e. that comprising 5% of the
adducts) was not isolated in sufficiently pure form to allow characterization.
However, the presence of cyclopropyl protons in the 'H-nmr spectrum of the
impure material suggest that it is either the stereoisomer of 792 or one of the

stereoisomers of the regioisomer 78.

3.3 DISCUSSION OF RESULTS

The isolation of 95 as the exclusive product in the irradiation of
N-benzoylindole with tetramethylethylene implies that disproportionation of the
putative biradicals 93 and 94 to give products 96 and 97 is slowsr than their
alternative fates which are closure to 95 or reversion to S and the alkene. Since
96 and 97 are not prodncts, irradiation of § with tetramethylethylene yields no
information at:ut the point of initial bonding between the alkene and the indole.

With vinylcyclopropane the major product, 83, accounts for 64% of the adducts

and must have its origins in the biradicals 81 and 77 (scheme 13); thus it can be




concluded that for this product the first bond formed between the indole and the
alkene is to the 2-position of the indole. In addition, the second most prevalent
product, 793, accounting for 31% of the adducts, must have its origins in either
biradical 76 or biradical 77. The addition of radicals to mono-substituted alkenes
results in bonding to the less hindered alkene terminus and the formation of a
secondary radical at 2 much faster rate than bonding to the more substituted
alkene terminus and formation of primary radicals (49); thus if radicals are
accepted as satisfactory models for the triplet excited state of the N-benzoylindole,
then it can be argued that the biradical 77 should be formed preferentially over
biradical 76 and therefore that the addition of vinylcyclopropane to 5 to give 79a
also proceeds by initial bonding between the alkene and the 2-position of the
indole. The argument that the regiochemistry of addition of radicals to alkenes
is a good model for the expected orientation of addition of triplet excited states
to alkenes is supported by the outcome of the addition of 2-methylpropene to
triplet excited 2-cyclohexenones (50) as outlined previously by Rudolph and
Weedon (51). In addition to cyclobutanes, reactions of this type yield substantial
quantities of products derived from the intramolecular disproportionation of the
intermediate biradicals. For example, the photochemical reaction between
3-methylcyclohexenone and 2-methylpropene (50a-c) (Scheme 16) gives 98-101 in
the yields shown. These must be formed from the biradicals 102-105, with 98
derived exclusively from 102, and 101 exclusively from 10S. Of the isolated
products, at most 14% (i.e. 100) can have their origin in a biradical resulting from

addition of the enon¢ triplet excited state to the more substituted end of the

alkene (i.e. 104).
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The rate constant for rearrangement of secondary cyclopropylalkyl radicals
to the corresponding open chain homoallylic radical has been estimated (44) to
be 2 X 107 s, Using this value for the rearrangement of biradical 77 to
biradical 81 and assuming that formation of 793 is proceeding exclusively from
biradical 77 and hence competitively with rearrangement, the sum of the rate
constants for closure of 77 to 79a and reversion of 77 to S plus alkene can be
estimated to be of the order of 1 X 10’ s). This translates into a biradical
lifetime of 100 ns for 77.

The product of addition of 1,6-heptadiene to §, compound §9a, can be
formed from closure of either of biradicals 86 or 87; using the same arguments
as above, formation of 89a via 87 is likely to be the favoured pathway. Thus the
isolation of 89a as the almost exclusive product of addition suggests that with this
alkene also, the position of initial bonding of the alkene is to the 2-position of the
indole. In addition, the fact that 8§9a accounts for more that 99% of the adducts
formed from 3 and 1,6-heptadiene, and the fact that compounds with structure
92 form at most 0.19 of the adduct mixture, indicate that closure of biradical 87
to 89a is 100 to 1000 times faster than rearrangement of §7 to 91. The rate
constant for the latter rearrangement can be estimated from the rate constant
measured (45) for closure of hexenyl radical to cyclopentylmethyl radical, which
is 1 X 10° s”). This leads to a rate constant for closure of 87 of 107-108 s°! which
is similar to that estimated above using vinylcyclopropane as the radical clock
precursor.

‘The value of 100 ns estimated for the lifetime of the 1,4-biradical produced

in the cycloaddition of N-benzoylindole to vinylcyclopropane is similar to the
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lifetimes reported for other 1,4-biradicals such as those generated via the Norrish
Type Il reaction (40,52), the 2+2 photocycloaddition reaction between cyclic
enones and olefirs (51), and the Paterné-Buchi reaction (52,53). The general
similarity reflects the fact that the lifetimes of these biradicals at room
temperature largely depend on the rate of intersystem crossing from the triplet
biradical to the singlet biradical, and not so much on the structural effects in the
biradical (54). For synthetic purposes it is attractive to consider the possibility of
trapping the 1,4-biradical intermediates in these indole cycloaddition reactions.
The biradical lifetimes estimated here suggest that for this to be successful, species
capable of reacting with radical centres with rate constants of the order of
10® M'!s! would be required.

The conclusion that adduct formation between triplet excited § and alkenes
occurs via initial bonding between one terminus of the alkene and the 2-position
of 3 can be used to rationalise the generally observed regiochemistry of addition
of mono-substituted alkenes to 5. As noted in the Introduction, the addition is
normally regioselective and does not depend upon the nature of the alkene
substituent. This is in contrast to the situation found for photochemical
cycloaddition of alkenes to cyclic enones, where the regiochemistry is apparently
governed by the polarity of the group attached to the alkene (46). With the
indole system the regiochemistry can be understood and predicted if it is assumed
that initial bonding occurs between the 2-position of the indole and the terminus
of the alkene less able to stabilise a radical centre. One way of examining this
is to intercept all the biradical intermediates formed and deduce the point of

initial bond formation from the products produced.
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34 TRAPPING OF 14-BIRADICAL INTERMEDIATES

34.1 Previous Trapping Studies

At the time of writing there are no known examples of - -apping
1,4-biradicals formed from the 2+2 photocycloaddition of N-acylindoles with
olefins. Nor are there any examples of detection of these intermediates by
spectroscopic methods. However, many reactions have been reported in which
1,4-biradicals are generated photochemically and then trapped to yield other
products. These reactions include Paternd-Biichi reactions (55), Norrish Type I
and Type II reactions (55), and 2+2 photocycloaddition reactions of some enones
(56).

Adam has reviewed the use of triplet oxygen in trapping biradicals (56a,b)
and Saito has reported several interesting examples of the use of oxygen to divert
cyanoenones from their normal pathway of photocycloaddition reaction with
2-methylpropere (56c). Cyanoenone 106 affords both 2+2 and 2+3 phototadducts,
107 and 108 with olefins. In the presence of O, the 2+3 adduct, 108, is totally
suppressed and product 110 is formed in its place. However, the formation of the
2+2 photoadduct is unaffected by oxygen. It is proposed that the 14-biradical,
109 is intercepted to form the peroxide which in turn rearranges to yield 110.
This would seem to indicate that the 1,4-biradical is too short lived to be trapped
and that atomic oxygen-catalyzed spin inversion leading to the singlet biradical and
subsequent closure occurs to the exclusion of trapping. Saito's work provides an

excellent example of the rational use of oxygen trapping as a probe in the study

of competing photochemical processes.
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Caldwell and Creed (57) cxamined the possibility of trapping of biradicals
formed during the photocycloaddition of dimethyl fumarate with phenanthrene
using oxygen as the trap. No trapped products were observed; instead they
discovered only a slight increase in cyclobutanes, which they attribute to
O,-catalyzed intersystem crossing of the biradical.

Although there are many examples (58) of inu.:molecular trapping of
1,4-biradicals formed from 2+2 photocycloadditions (by use of intramolecular
biradical rearrangements as discussed above), there appear to be no known
examples in which 14-biradicals generated by this reaction have been trapped

intermolecularly. There do exist, however, many examples of intermolecular

12




trapping of 1,4-biradicals generated from the Norrish Type 11 reaction (55).

In these reactions (scheme 17) a ketone such as 111, is photochemically
excited (nen") to yield its singlet excited state. This excited state undergoes
intersystem crossing to give the triplet excited siate of tae ketone which can
abstract a hydrogen from the v-carbon. The result is a triplet biradical such as
112. The 1,4-biradical can then follow the typical paths of ring closure to give 113

or fragmentation to yield acetophenone, 114, and alkene.

Scheme 17
3 ™
o o "o R
‘a v H ~
P NN T IS =
R
111
i i re el ind
Pr——t—7 '°< I
; Fr | ; E
13 112

73




D —————
4

34.2 Trapping of Norrish Type Il Biradicals

It has been reported (59) that Norrish Type II 14-biradicals can be
intercepted by oiefins although in very poor yields. The result is usually polymer
formation which renders this method not very useful.

Scaiano and coworkers (60) have shown di-tert-butyl selenoketone, 116, to
be a.. effective trapping agent for Type II biradicals. Reactions of this kind can

proceed with quantum yields up to 021 and with rate constants as hig: as

7 X 10 MIs7),
Scheme 18
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In this case (scheme 18) the initial trapping step occurs at the biradical alkyl
terminus and the trapping is terminated by an intramolecular hydrogen transfer
to yield the selenide 118 as opposed to the product of cyclization of the biradical.
The proposed trapping scheme was deduced by the identification of the trapping
product 118, derived from v-methylvalerophenone, 115. The shortcoming of this
trapping agent is that the selenoketone, 116, is also a diffusion controlled triplet
quencher. Fortunately the selenoketone is not consumed in the quenching process
but its quenching ability reduces the efficiency of the trapping reaction.
Another method of 1,4-biradical trapping has been demonstrated by Wagner

and coworkers (61,6Z) in which Type II biradicals are intercepted through reaction

of alkyl thiols at the biradical alkyl terminus (scheme 19).
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In order to show that the thiol was intercepting the biradical and not the triplet
excited state of the carbonyl deuterium incorporation studies were carried out.
The use of deuterated thiols gave the ketyl radical, 120, which can undergo either
disproportionation with the thiyl radical in the solvent cage to regenerate the
starting ketone deuterated in the + position, or, upon leaving the solvent cage,
dimerize to a mixture of pinacols. The trapping rate constant has been estimated
by using the known rate constant for the reaction of mono-radicals with tin
hydrides (ca 10° M's?) as a clock. This leads to a biradical lifetimes of
approximately 109 s. More recently, the trapping reaction has been reexamined
by direct observation of the ketyl radical by flash photolysis (63) and the rate
constant for abstraction from n-CgH,,SH was determined to be 1 X 10" M5!,

Hydrogen bromide has also been observed to quench Norrish Type 11
1,4-biradicals in the gas phase (64). Although the trapping products were never
identified they are also presumed to be derived from hydrogen abstraction by the
v-radical terminus. Insp-:tion of the examples in the literature indicate that the
most effective and clean trapping reagents are those which readily donate
hydrogcn atoms to the biradical intermediate. Thus reagents which possess weak
bonds to hydrogen and yet do not react with the starting material(s) would be
preferable.

In 1987 Kambe and coworkers (65) reported the use of hydrogen selenide
and deuterium selenide to quench the 14-biradical intermediates formed from
Norrish Type Il reaction in the photolysis of butyrophenone derivatives, 122.
(scheme 20).
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It is well known that photolysis of butyrophenones, 122, in methanol yields
Type 11 products 125 and 126 via 1,4-biradical intermediate 124 with a total
quantum yield of 1.0 (66). When 122a-¢ was irradiated in the presence of D,Se,

the formation of Type Il products was greatly suppressed and alcoho! 131 was
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obtained as the major product in which deuterium was incorporated. Scheme 20
describes all the possible paths which are taken by the intermediates. It has been
shown (67,68) that the triplet excited state 123 can be rcduced in the presence of
H,Se or D,Se to yield intermediates such as 127 which affords alcohols 130.
However the major process involves formation of the 1,4-biradical and subsequent

hydrogen transfer to yield radical intermediate ]128 rather than homolytic cleavage

or ring closure to yield 126 and ]25. The intermediate 128 has two fates;
disproportionation to yield 128d or hydrogen abstraction to yield the fully trapped
biradical product 131.

Perhaps one of the major advantages that this method of trapping has over
the other methods described is the ease of product identification. It is also
superior in that the trapping agent is easily removed and that the byproduct of
the trapping process is selenium metal. Based on the known values of
1,4-biradical lifetimes, it was estimated that the rate constant for trapping of 124
by H,Se was approximately 2 X 10 M5!, This value is quite large in
comparison with the reported rate constants of carbon radicals with thiols
(61-63,69,70) and tin hydrides (61-63,71). Using the biradical lifetimes of between

10”7 and 10" seconds estimated earlier in this chapter for 1,4-biradicals formed

from N-benzoylindole-alkene photocycloaddition, it would appear that H,Se could

be employed to trap these shourt lived intermediates.
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3.43 Irradiation of N-Benzoylindole in the presence of Cyclopentene and

Hydrogen Selenide

A method similar to that reported by Kambe and Sonoda (65) was applied
to the photochemical cycloaddition reaction of N-benzoylindole with cyclopentene.
The concentration of H,Se prior to irradiation was measured by "H-nmr and
found to be approximately 0.5 M. Irradiation of a benzene solution of
N-benzoylindole with cyclopentene led to the formation of the expected
stereoisomers 41 and 42 which were described previously in this chapter. When
an identical solution containing H,Se was irradiated in parallel with the solution
containing no H,Se, g.c. indicated the formation of four new products in a ratio

of 0.9:1:1:0.25. The last two peaks possessed g.c. retention times similar to that

of the 2+2 cycloadducts 41 and 42. G.c. analysis of unirradiated solutions of §
and cyclopentene ueated with H,Se showed ne change in the starting materials
and no formation of products. G.c. co-injection of the reaction mixture with
authentic samples of 2+2 cycloadducts, 41 and 42 indicated that none of the new
products were cycloadducts. Thus cycloadduct formation had been completely
quenched and the four new products result from diversion of the normal reaction
pathway by the H,Se. Relative rates of reaction were determined by g.c. analysis.
In the absence of added },Se the reaction showed 11% conversion of the starting
N-benzoylindole to products after 45 minutes irradiation, whereas the solution
containing H,Se gave only 0.45% conversion of the indole derivative to products.
Column chromatography allowed separation of the starting material from the
products; subsequent separation of the products by preparative t.l.c. gave 4 purc

characterizable fractions. The structures assigned to these products are 133-136




and are shown also in scheme 21 (chapter 3.5).

The product with the shortest g.c. retention time was identified as 133 by

mass spectrometry and 'H-nmr spectroscopy. Evident in the mass spectrum was

a characteristic isotopic distribution in the parent ion, m/e 218, arising from the
presence of a single selenium atom. The mass of the molecular ion is therefore
indicative of a product containing two cyclopentyl rings and a selenium atom.
Fragments of m/e 69 were also observed and are consistent with the presence of
cyclopentyl groups. In the 'H-nmr spectrum a methine quintet shifted downfield
to 3.24 ppm confirmed the assignment of compound 133.

N

PN

135

The second most volatile peak in the gc. was identified as
N-benzoylindoline, 134. Thus the parent ion in the mass spectrum had increased

by 2 mass units from that seen for N-benzoylindole and the fragmentation pattern




generated from the parent ion indicated homolytic cleavage of the benzoyl group
to yield an indolinyl ion. The 'H-nmr spectrum confirmed the assignment of
structure 134 by exhibiting two coupled methylene signals at 4.05 and 3.10 ppm.

The third peak in the g.c. was assigned to the trapped biradical product
135. Mass spectrometry gave the expected parent ion with m/e 291 and the
fragmentation pattern yielded mass ions of 222 and 105 indicative of

N-benzoylindolinyl and benzoyl ions respectively, derived from cyclopentyl or

benzyl scission in 135. The 'H-nmr of the product exhibited a broad triplet at

4.76 ppm which was assigned to the methine proton next to the indoline nitrogen.
This was coupled to three other single proton signals at 3.28, 2,75, and 2.20 ppm.
Decoupling experiments determined that the protons at 3.28 and 2.75 ppm were
coupled with a large vicinal coupling constant of 16 Hz. These signals were
therefore attributed to the methylene protons on the indoline moiety and the
remaining signal at 2.20 ppm was assigned to the cyclopentyl methine. Decoupling
of the aliphatic region perturbed only the methine signal at 2.20 ppm which
sharpened to a doublet. All the above information allowed for unambiguous
assignment of structure 135.

The fourth and least volatile product peak in the g.c. was assigned to the
2-substituted indole 136 Mass spectrometry showed this compound to fragment
quite differently from that of 135. The molecular ion had m/e 289, the same as
2+2 cycloadducts 41 and 42, but yielded no fragment m/e 221 indicative of the
retro 2+2 cleavage commonly seen for these adducts in the mass spectrometer.
A benzoyl ion fragment m/e 105 was present suggesting that this compound was

an addition product of N-benzoylindole and cyclopentene. The 'H-nmr spectrum
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showed t -ic..! a:omatic signals for the indole moiety (and not for an indoline)
and aliphauc mettylene signals indicative of a cyclopentane ring. No cyclobutane
signals were present. A methine quintet at 348 ppm suggested that the
cyclopentane ring was attached to an unsaturated quaternary carbon. A singlet
at 6.45 ppm could be assigned to the methine at the 3-position on the indole ring;
other substituted indoles and N-benzoylindole itself normally show the 3-position
proton a ca. 6.5 ppm split into a doublet by the adjacent protons in the 2-position.
This and the absence of the proton in the 2-position at circa 7.0 ppm allowed for
assignment of the structure as 2-cyclopentyl-N-benzoylindole 136.

A similar trapping reaction was carried out by irradiation of
N-carboethoxyindole, 34, in the presence of cyclopentene and hydrogen selenide.
This reaction also showed total quenching of 2+2 photocycloadduct formation.
Compound 133 and three other products which were identified by gc.-m.s. as
having molecular ions of m/e 191, 259, and 257 were formed. This is indicative

of the formation of 137, 138, and 139.
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Compared to the reaction of N-benzoylindole, this reaction appeared to be quite
inefficient. Even after 80 hours of irradiation, compound 138 and 139 only

accounted for ca. 4% of the total producis while product 133 accounted for ca

30% of the mixture, thus the reaction mixture was not characterized any further.
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344 Imadiation of N-Benzoylindole and 3,3-Dimethylacrylic Acid Methyl Ester
with Hydrogen Selenide
Ultraviolet irradiation of § in benzene with 3,3-dimethylacrylic acid methyl
ester, 140, yielded four new products as detected by g.c. in a ratio in order of
increasing retention time of 5:38:45:13. G.c-m.s. showed all four products to have
a parent molecular ion m/e 335 indicative of 1:1 adducts of S and 140 Since

none of these products had been characterized previously, the mixture was
chromatographed by preparative tl.c. to yield three fractions. The first fraction

contained the second peak in the g.c. and was assigned to structure 141.
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Thus the methine proton Hy, at 4.21 ppm appeared as a doublet of doublets with
coupling constants of 8 and 4 Hz coupled to H, and H_ respectively. The
relatively small coupling constant between Hy and H_ suggested their relationship
to be trans. Methine proton H, at 492 ppm appeared as a broad doublet and is
coupled only to H, since it is adjacent to the carbon bearing the two methyl
groups.

The second fraction contained a mixture of the third and fourth g.c.

products in a ratio of 4:1 respectively. Further chromatography showed the two

isomers to be inseparable by this technique. In the "H-nmr spectrum of this

mixture of adducts only the cyclobutane protons for the major isomer could be
discerned clearly. Thus the structure of the minor adduct could not be assigned.
For the major isomer methine proton Hy (3.65 ppm) appeared as a doublet and
H, (4.90 ppm) as a doublet of doublets. This allows assignment of regiochemistry
and suggests structure 142 or 143. The coupling constant between H, and H,
was found to be 6 Hz by decoupling experiments; as discussed below, this does
not allow for unambiguous assignment of stereochemistry and does not distinguish
between 142 and 143.

The third fraction contained the first (minor) g.c. adduct and was found to
be a stereoisomer of the major compound present in fraction 2. Thus it has
structure 142 or 143. The regiochemistry, as before, was based on the appearance
of the signal at 3.68 ppm assigned to Hy; this appeared as a doublet coupled only

to H, (4.92 ppm) and is therefore adjacent to the carbon bearing the two methyl

groups.




Decoupling experiments showed H, to be coupled to Hy (2.94 ppm) which
appeared as a doublet of doublets with coupling constants of 6 and 0.5 Hz. The
first coupling constant arises from coupling with H, and the latter is due to a long
range coupling with H,. It should be noted that although regiochemistry in this
adduct has been established the stereochemistry is again ambiguous. Trends have
shown that with other adducts (table 1) if two vicinal protons, specifically H, and
H,, on different moieties of the photocycloadduct are cis then the stereochemistry
is reflected by a large (8-10 Hz) coupling constant. Alternatively, if they are trans
a small (2.5-3 Hz) coupling constant arises. Unfortunately this trend does not
seem to allow for the stereochemical assignment between H, and H, protons as
measured coupling constants for some adducts (table 1) range between 3.5 and
6.6 Hz. Thus a J 4 of 6 Hz for the above adducts 142 and 143 does not allow
for a stereochemical assignment.

It was believed that the stereochemical relationships of all four methine
cyclobutane protons could be elucidated by measuring any nuclear Overhauser

effects (nO¢) on decoupling. Attempts were made to observe nOe's by recording

the coupled and single proton decoupled 200 MHz 'H-nmr spectra and subtracting

the two spectra to yield possible differential nOe's. Unfortunately the experiment
gave ambiguous results. Problems associated with selective irradiation, due to
the proximity of the cyclobutane protons, and detection of nOe, due to proton
signals which were nearly isochronous, yielded ambiguous spectra and thus this
method of stereochemical elucidation was abandoned for 'H-'H decoupling

experiments which yielded cyclobutane methine coupling constants.




Ultraviolet irradiation of a benzene solution of § and 3,3-dimethylacrylic
acid methyl ester, 140, in the presence of hydrogen selenide yielded three new
products by g.c. in a ratio of 1:1:1, the latter two products possessing retention
times slightly shorter than those of the 2+2 photocycloadducts.. G.c. and g.c-m.s.
confirmed that none of these products were the 2+2 cycloadducts of 5 and 140
produced by the parallel, untreated reaction in which H,Se was absent.
Unirradiated solutions of 5 and 140 containing H,Se showed no change by g.c.
and by 1H-nmr spectroscopy. G.c. comparison of reactions performed in the
presence and absence of H,Se showed 13% conversion of starting 5 to
cycloadducts in the absence of H,Se and 0.9% conversion to the 3 new products
in the presence of HZSe, after 60 minutes irradiation. The thrce new products
were separated by column chromatography. yielding three fractions.

The first of the products off the chromatography column contained the

second most volatile g.c. product and was identified as compound 145a.
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Mass spectrometry indicated a molecular ion of m/e 337; this suggests a 1:1

adduct of § and 140 with two additional hydrogens. The fragmentation pattern was

similar to that of 135 in parent ion fragments to yield an ion with m/e 222,

86




which corresponds to an N-benzoylindolinyl fragment. 'H-Nmr spectroscopy
revealed a broad signal assigned to H, at 5.05 ppm; decoupling experiments
showed that this was coupled to the methylene protons assigned to H, at 3.19
ppm; the multiplicity of this signal was obscured by the presence of a broad
methoxy singlet at 3.10 ppm. The two methyl groups appeared as a singlet at
circa 1.0 ppm, indicating that they are attached to a saturated quaternary carbon.
A methylene singlet at 2.0 ppm was assigned to the protons adjacent to the methyl
ester. The conclusion that the alkene derived side chain of 14523 is attached to
the 2-position of the indoline rather than the 3-position is based upon the
chemical shift of H,, and upon the fact that it shows the characteristic broadening
arising from slow rotation of the benzoyl group. In order to resolve the
methylene H, signal at 3.19 ppm, compound 1453 was subjected to base hydrolysis
to yield the corresponding acid 145b. Ms. yielded a molecular ion m/e of 323

indicative of an acid product of ester hydrolysis. The 'H-nmr spectrum showed

signals similar to that of 1453 except for the absence of the methoxy signal at
3.1 ppm. The H, methylene signal was resolved as a doublet of an AB quartet
coupled to a downfield signal (H,) at 425 ppm.

The second fraction off the chromatography column contained the first g.c.
component and possessed a retention time identical to that previously isolated
N-benzoylindoline, 134. G.c.-m.s. and g.c. coinjection with an authentic sample of
134 confirmed this. The 'H-nmr spectrum was also identical to that of 134.

The third fraction off the chromatography column contained the least
volatile component of the reaction mixture, as identified by g.c., and was identified

as 146a. Thus the mass spectrum established a molecular ion of m/e 337




indicative of a 1:1 adduct of § and 140 plus two hydrogens atoms. The
fragmer-ation pattern was similar to that of 1453 and 135 in that the parent ion
fragmented to yield an ion with m/e 222, which corresponds to an
N-benzoylindolinyl fragment. 'H-Nmr spectroscopy indicated that only one
diastereomer of 1463 was present. The signal assigned to H, (5.25 ppm) appeared
as a doublet of doublet of doublets (J=8, 4.5, and 2 Hz). Proton H, was coupled
to the methylene Hy protons (3.63 ppm), and another proton at 256 ppm, a
doublet of doublets, which was assigned to the a-proton of the methyl ester; the
multiplicity of the H, signal was obscured by the presence of a methoxy singlet
at 3.50 ppm. A septet of doublets at 2.07 ppm was assigned to the methine
proton on the carbon bearing the two methyl groups. The methyl groups
appeared at 1.07 and 0.9 as doublets (J=6 Hz) and this is a result of the methyl
groups being diastereotopic. In order to resolve the methylene Hy signal at 3.63
ppm, compound ]46a was subjected to base hydrolysis to yield the corresponding
acid J46b. M.s. yielded a molecular ion m/e of 323 indicative of an acid product
of ester hydrolysis. The 'H-nmr spectrum showed signals similar to that of 1463
except for the absence of the methoxy signal at 3.5 ppm. The H, methylene

signal was resolved as a doublet of an AB quartet coupled to a downfield signal

(H,) at 424 ppm. This allowed for an unambiguous assignment of the este:

precursor to 146b as 146a.
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345 Irradiation of N-Beazoylindole and Methyl acrylate in the Absence and

Presesce of Hydrogen Selenide

Ultra-violet irradiation of § in benzene with methyl acrylate yielded four
new products as detected by gc in a ratio of 0.5:1.48:506:1. Ikeda (13)
previously reported finding only three photochemical products in this reaction.
G.c-m.s. showed all four products to have a parent molecular ion with m/e 307
indicative of 1:1 adducts of § and methyl acrylate. It was decided to characterize
these products in order to establish the regioisomeric ratio and to determine if the

assignments were consistent with those reported in the literature.

Hb fjc Hb Hc
| N T==CO,Me | X He
CO,Me
kHo J\Ho Hy
/
07 >pp 0 Ph
147 148
Hy, H.
l \\ HIC02Me
Z N
A
0 Ph
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After removal of solvent the major isomer, as indicated by g.c., crystallized
out and was identified as 147. The 'H-nmr spectrum showed the typical broad
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signal at 4.79 ppm, due to slow rotation of the benzoyl group, and this was
assigned to H,. Decoupling experiments showed this signal to be coupled to one
signal at 4.18 ppm which appeared as a doublet of doublets (J=8 and 2.5 Hz).
This signal was assigned to Hy, whose coupling pattern suggests that Hy is coupled
to two protons. Decoupling of Hy, showed it to be coupled to I3, (4.79 ppm) and
another proton, H_ (3.12 ppm). The stereochemical relatio: . nip was based on the
coupling pattern of H,. The doublet of doublets, which is tynified in cycloadduct
41, showed small coupling between H and H_ and is indicative of a trans
arrangement in the cyclobutane ring.

The rest of the mixture was chromatographed by preparative t.l.c. to yield
three fractions. The first (least polar) fraction was found by g.c.-m.s. and 'Honmr
to contain cycloadduct 147. This was confirmed by gc. coinjection with an
authentic sample of 47.

The second fraction was mostly one compound although g.c. indicated the
presence of a small amount of 147. The major component was assigned structure
148. Regiochemical assignment was based on the multiplicity of Hy (3.96 ppm),
which appeared as a doublet of doublets of doublets. Decoupling experiments
showed H, was coupled not only to H, (broad signal at 4.89 ppm) but to two
other protons, H, (252 ppm) and H. (225 ppm). Proton H; (3.41 ppm)
appeared as a multiplet whose coupling constant, J_,, could not be determined.
Thus the compound was assigned to one of the two stereoisomers of 148.

The third (most polar) fraction was shown by g.c. to contain the least

volatile cycloadduct of the reaction mixture as the major component with small

amounts (12%) of 147 and 148. This isomer was identified as 149. The




regiochemistry was assigned on the basis of decoupling experiments which showed
H, (broad signal at 455 ppm) coupled to H, (436 ppm) and two other protons
H, and Hy, (2.75-2.50 ppm). The stereochemical assignment was based on the
two large coupling constants of 8 and 8.5 Hz seen for coupling of H, to H, and
H_ between respectively. This is indicative of a cis relationship between H, and
H_ as was illustrated with cycloadducts 42 and 34.

The fourth, and smallest component of the reaction mixture could not be
separated but was contained in the third isolated fraction as shown by g.c. and
'H-omr spectroscopy. This isomer was assumed to have the regiochemistry shown
in 148 and to be a stereoisomer of the cumponent already assigned to this
structure since it was the only isomer unaccounted for. The above assignments
are all consistent with the li-erature assignments (13).

Ultra-violet irradiation of a benzene solution of § and methyl acrylate in
the presence of hydrogen selenide yielded three new products by g.c. in a ratio
of 231:040:1.74 in addition to N-benzoylindoline, 134, and the four 2+2
photoadducts 147-149. The presence of the latter products was confirmed by
g.c-m.s. and g.c. coinjection with authentic samples. The ratio of adducts 147-149
differed from that of the typical isomeric ratio obtained from photoreactions
performed in the absence of H,Se. The ratio of the four cycloadducts was
14:1:868:1 in the presence of H,Se and 1:3:10:2 in the absence of H,Se.
Unirradiated solutions of 5 and methyl acrylate in the presence of H,Se showed
no change by gc. and by 'H-nmr spectroscopy. Relative rates of reaction in the
presence and absence of H,Se, as determined by g.c. after 1 hour, were 16% and

0.4% conversion of 3, respectively. Attempts to completely quench the formation
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of 147-149 by using the highest attainable concentration of H,Se (0.6 M) proved
unsuccessful.

Attempted isolation of the new photoproducts formed in the presence of
H,Se was unsuccessful. All fractions isolated by column chromatography,
preparative tlc. or HP.L.C. were found to be Leavily contaminated by the 2+2
photocycloadducts 147-149. G.c-m.s. did p-or.de some information as to the
nature of the new products however. The two major products possessed molecular
ions with m/e 309. This is equivalent to the addition of methyl acrylate to §
along with the addition of two hydrogens. The fragmentation patterns were very
similar to those of the trapping products 1453 and 146a; thus ions of m/e 222, the
N-benzoylindolinyl moiety, and m/e 105, the benzoyl fragment were observed.

COzMe
A
NN N CO,Me

Ph Y Ph

152 153




These compounds may therefore be the products of trapping, 150-153. The
minor product present in the reaction mixture possessed a molecular ion with m/e
307. This is indicative of a 1:1 adduct of 5§ and methyl acrylate; however the g.c.
retention time of this product was much shorter than that for the 2+2
photocycloadducts characterized previously and could not therefore be 147-149.
The fragmentation pattern of this compound was very similar to that of
2-cyclopentyl-N-benzoylindole, 136, in that major fragments with m/e 105 and 77
and a very minor fragment with m/e 221 (1%) were observed. This is suggestive

of structure 154 or 155. Because of the separation problems the characterization

of these products was not carried any further.
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35 DISCUSSION OF TRAPPING STUDIES

Ir order to trap successfully any biradicals produced from the 2+2
photocycloaddition of N-acylindoles and olefins the trapping method must adhere
to a number of conditions. These include a fast rate of reaction of the trapping
reagent with the 1,4-biradicals, ease of identification of trapping products, absence
of dark reaction products and of secondary photochemistry, and ease of removal

of unused trapping reagent. Only when these conditions are met can accurate




statements with regards to the nature of the 1,4-biradical intermediates be made.

Any successful trapping must start with biradical intermediaics which are
long lived enough to react with the trapping reagent. Chapter 2 described the
rearrangement of the biradical generated from N-benzoylindole and
vinylcyclopropane. The lifetime of the biradical intermediate involved was
estimated to be circa 100 ns. Thus to trap this biradical the trapping reagent
must react with a rate constant of at least 10’ M's™. Consequently the reagent
chosen in this work was hydrogen selenide, H,Se, since it has been shown that
this is one of the few species which can react with radicals at a sufficiently fast
rate. Hydrogen selenide is easily prepared by hydrolysis of aluminum selenide,
Al,Se,, and has been reported (66) to react with radicals with a rate constant on
the order of 108 m's!. The previous work indicated that the byproduct of
biradical trapping was selenium metal which could be removed by filtration. In
this work the products of trapping would be simple 2 and 3-substituted indolines,
a result of hydrogen atom donation to each of the radical centres in the proposed
biradical intermediates. Thus the first trappinyg experiments of 1,4-biradicals from
the 2+2 photocycloaddition of N-benzoylindole with olefins were carried out using
H,Se.

Literature reports suggest that H,Se is relatively inert to olefins bearing
alkyl substituents (72). Thus the first reaction attempted was irradiation of
N-benzoylindole, 3, and cyclopentene in the presence of H,Se. IH-Nmr studies
demonstrated that both 5 and cyclopentene do not reaction with H,Se under dark

conditions. It was also shovn that cyclopentene does not react with H,Se under

the conditions of photolysis. Irradiation of § with cyclopentene and H,Se resulted
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in the formation of products shown in scheme 21.

Scheme 21
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The absence of cycloadducts 41 and 42 demonstrates clearly that the cycloaddition

reaction is quenched and that products 135 and 136 are a direct result of

interception of biradical 4] and not 44.

The first step in the trapping reaction would seem to involve donation of
a hydrogen atom to the less stable, more reactive cyclopentyl radical centre rather
than the more stable benzylic radical centre generating intermediate 156. This
intermediate then accepts another hydrogen from H,Se or other donating source
leading to the major indoline product 135. Intermediate 156 disproportionates
with H,Se to yield the minor product, the 2-substituted indole 136. It is this
product which leads to the conclusion about the site of initial trapping since initial
reaction at the benzylic terminus would, after disproportionation, lead to totally

different products, 157 or 138.

N N

e PN

Ph

187 158

Byproducts 133 and 134 are also accounted for in scheme 21. Product 133 was
identified as dicyclopentylselenide. This is a reasonable product to expect since
the HSe' radicals formed by bydrogen donation to the 1,4-biradical could easily
add to the cyclopentene present in high concentration. The resulting selenol, 137,

like H,Se is an excellent hydrogen donor (72) and may assist in quenching the




biradical 43 or benzylic radical intermediate 156. This would produce the
cyclopentyl selenyl radical which could react with another molecule of cyclopentene
to yield 133. In addition, once HSe' is formed in the system conditions for a
radical chain reaction are initiated for the production of the cyclopentany! selenol.

Product 134 was identified as N-benzoylindoline and is presumably a resulit

of quenching of the triplet excited state of 5. This was verified by photolysis of

S in the presence of hydrogen selenide only; as anticipated, this resulted in the
formation of ]134. This reaction may partly contribute to the inefficiency of the
trapping reaction. Comparison of the relative rate of trapping with the 2+2
cycloaddition reaction shows that the trapping reaction proceeds at a much slower
rate (ca. 20 times slower). Since the formation small quantities of 134 cannot
account for the large inefficiency of trapping it is suggested that the hydrogen
selenide is for the most part quenching the triplet excited N-benzoylindole via
energy transfer or via heavy atom induced intersystem crossing. This problem also
appeared in the photolysis of N-carboethoxyindole, 34, with cyclopentene and

H,Se; in this case product formation seemed even more inefficient.

The trapping products 135 and 136 are derived from 43. Since these are
the only two products of biradical trapping it can be concluded that initial bonding
of the cyclopentene to the excited state indole must occur exclusively at the
2-position, rather than at the 3-position, which would lead to 44.

These findings that photocycloaddition of 5 and cyclopentene proceeds
through intermediate 43 exclusively demonstrates a preference for bonding to the
indole 2-position and formation of a benzylic radical centre rather than bonding

to the 3-position and formation of an amino alkyl radical. In order to probe this




preference further an asymmetric olefin which yields a mixture of regioisomers
under 2+2 photocycloaddition conditions was substituted for cyclopentene. Using
an asymmetric olefin which gives mixed regiochemistry demands the presence
of a minimum of 2 biradical intermediates which would be trapped by the
hydrogen selenide. The olefin chosen was 3,3-dimethyl acrylic acid methyl ester,
140.

Irradiation of § with 140 yielded four products as shown in scheme 22.
The regioisomeric ratio of 141 + 144 to 143 + 142 was estimated to be close to
1:1.  The l4-biradical intermediates 159-162 represent the structures of the
possible precursors to the cycloaddition products and as with cyclopentene

(scheme 21) allow for the possibility of initial bond formation at the 2 or

3-position. The resuits of irradiation of § with 140 in the presence of H,Se are

depicted in scheme 23. In this reaction N-benzoylindoline, 134, was formed along
with trapping products 1453 and ]46a in a ratio of 1:1. The latter two products
can only be formed from biradicals 159 and 160, which from the product ratio of
146a to 145a would be present in equal amounts. Exclusive formation of ]46a
and ]45a demonstrates, as in the reaction for cyclopentene, that initial bond
formation must be at the 2-position and it is proposed by analogy that radicals 163
and 164 are the intermediates formed on initial quenching of 159 and 160. The
fact that only one diastereomer of 1463 is seen in the trapping reaction and the
two stereoisomers 142 and 143 are formed in the 2+2 photocycloaddition suggests

that a single diastereoisomeric 1,4-biradical is formed and leads to these products.
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If two diastereomeric biradicals led to the two stereoisomeric cycloadducts then
a diastereomeric trapping product should have been detected. Formation of
biradical intermediate 160 rather than 161 suggests that the formation of the
benzylic radical centre is preferred. However, although 160 also possesses a
tertiary radical centre on the alkene derived portion of the biradical; this is more
stable than the secondary radical centre in the alkene derived portion of the
biradical of 161 and it could be argued that this is responsible for the preferential

formation of 142 over 143. However, intermediate 159 is preferred over 162 since

only the former is trapped by H,Se thus formation of the biradical by initial

bonding of the alkene to the indole 2-position is preferred regardless of the nature
of the alkene terminus.

It was then decided to examine a mono-substituted olefin known ir the
literature to react yielding a mixture of regioisomers and therefore invoking the
need for a minimum of two 14-biradicals along the reaction pathway. The
3,3-dimethyl acrylic acid methyl ester was thus replaced with methyl acrylate.
Scheme 24 shows the products of photocycloaddition of § and methyl acrylate and
Scheme 25 depicts the putative intermediates for the cycloaddition reaction and
trapping reaction. The 2+2 photocycloaddition reaction between § and methyl
acrylate had been previously studied by Ikeda (13) and, although our studies
revealed four isomers as opposed to three previously described, the assigned
structures were consistent with the literature and yielded a regioisomeric ratio for
147 + 149 to 148 of 3:1. If the reaction does involve exclusive initial bond
formation at the indole 2-position, as in the previous cycloaddition reactions, then
biradical 160, precursor to product 148, must be formed. This would suggest tnat
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formation of a benzylic radical centre by initial bonding to the indole 2-position
is preferred even if the alkene derived radical terminus is primary.
As previously described (section 3.4.5), irradiation of § with methyl acrylate
in the presence of hydrogen selenide yielded a mixture of cycloadducts, indoline
134, and three suspected trapping products. Unfortunately the reaction products
could not be isolated and no conclusion can be drawn about the structures of the

intermediate biradicals. The failure of H,Se to trap all the biradical
intermediates, so that the product mixture contained considerable quantities of
cycloadducts, is, however informative. What this indicates is that methyl acrylate
derived biradicals are short-lived (and therefore change incompletely trapped) than

those derived from methyl dimethylacrylate. In addition, the ratio of cycloadduct
regioisomers changed from 3:1 (147 + 149 : 148) in the absence of H,Se to 4:1

in the presence of H,Se. Also the ratio of the stereoisomers of each regioisomer
was altered drastically by the presence of H,Se. This suggests that the isomeric

biradicals possess different lifetimes, and so are trapped with different efficiencies.




Scheme 24
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In conclusion it has been shown that in the 2+2 photocycloaddition

reaction between N-benzoylindole and olefins a single 1,4-biradical intermediate
exists along the reaction pathway with an estimated lifetime of 100 ns. When the
biradical is capable of undergoing a rearrangement, as opposed to cyclobutane
formation, the products indicate that they were derived from an intermediate in
which initial bonding between the alkene and the N-substituted indole occurs at
the 2-position of the indole moiety. Thus the intermediate is one which always
possesses a benzylic radical centre regardless of the alkene used. This assertion

was supported by hydrogen selenide trapping experiments in which the 1,4-biradical

intermediates for most reactions could be intercepted by the donation of hydrogen
atoms to the radical centres. The products from these experiments yielded
2-substituted indoles and indolines exclusively which indicates that the site of

initial bond formation on the indole moiety is the 2-position.




CHAPTER 4
EXPERIMENTAL

Melting points and boiling points are uncorrected. Melting points were
determined on a Koffler hot stage melting point apparatus. LR. spectra were
recorded with IBM System 9000 FT-IR spectrometer. Ultra-violet absorption
spectra were recorded on a Hewlett-Packard 8450A diode array spectrophotometer
or a Shimadzu UV160 spectrophotemeter. All 'H-nmr spectra were recorded at
200 MHz on either a Varian XL-200 nmr spectrometer or a Varian gemini
200 MHz nmr spectrometer. All !3C-nmr spectra were recorded at 75 MHz using
a Varian XL-300 nmr spectrometer. Methyl, methylene, methine and quaternary
signals were identified by comparing the fully decoupled spectra with the APT
spectrum (73). The chemical shifts are given in parts per million (ppm) downfield

from tetramethylsilane in & units and coupling constants are given in cycles per

second (Hz). The data is reported as chemical shift, multiplicity (s=singlet,
d=doublet, t=triplet, q=quartet, quin=quintuplet, m=muitiplet, dd=doublet of
doublets, ddd =doublet of doublet of doublets), coupling constants, and number of
protons.

Gas-liquid chromatography (g.c.) analyses were performed using a Varian
2400 gas chromatograph equipped with a flame detector, Megabore DB-1 (15 m),
and a Hewlett Packard 3390A integrator, or using a Hewlett Packard HP5880 gas
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chromatograph equipped with either a DB-1 (30 m) or a DB-5 (30 m) capillary

column. G.c-ms. analyses were performed using a Finnigan-MAT 8230 mass

spectrometer coupled to a Varian 3400 gas chromatograph equipped with a DB-5

(30m) capillary column. High performance liquid chromatography (H.P.L.C.) was

performed using a Waters automatic gradient controller with dual Waters model

510 pumps and a Waters 490 programable multiwavelength detector. The column
used was a Varian normal phase silica semi-preparative steel column and fractions .
were collected with a Gilson 201 collector. Quantum yield determinations were
performed using a PTI Quantacount apparatus equipped with a 100 Watt high
pressure Hg lamp.

Reagent grade solvents were used for all large scale reactions.
Spectrophotometric grade solvents were used for all irradiations. Tetrahydrofuran
was freshly distilled before use from sodium and benzophenone. Anhydrous ethyl
ether was BDH anhydrous grade and was used without further purification. All
anhydrous reactions were performed under a dry nitrogen atmosphere with
all glassware being dried overnight in a drying oven at 150°C prior to use.
Assembly of the dry reaction apparatus was conducted under a flow of dry

nitrogen. The drying agents were either potassium carbonate (K,CO,) or sodium

sulphate (Na,SO,) and were BDH reagent grade.

General Procedure for Preparation of Cycloadducts
All preparative irradiations (gram scale) were carried out in a preparative

irradiation well into which was immersed a 450 W Hanovia medium pressure

mercury lamp housed in a water cooled quartz jacket. The lamp was filtered with




a Pyrex sleeve to ensure that only wavelengths greater than 300 nm were

transmitted to the reaction solution. Solutions of N-benzoylindole, 5, or

N-carboethoxyindole, 34, ([5_]>lO" M) and alkene ({alkene]>0.05 M) were

prepared in benzene previously purged with nitrogen. The solutions were flushed
with nitrogen and sealed with a rubber septum. The solutions were stirred during
irradiation. Smaller scale irradiations (milligram scale) were prepared similarly
in a Pyrex tube and irradiated in front of a 450 W medium pressure mercury lamp

house in a water cooled Pyrex jacket.

p . f N- lindole
To a stirred suspension of indole (5 g, 0.043 Mol), powdered NaOH (S g,
0.125 Mol) and (Bu),NBr (0.2 g) in dry methylene chloride (150 mL) was added

a solution of benzoyl chloride (9.25 g, 0.88 Mol) in methylene chloride (25 mL)
over 15 minutes. During addition, the reaction was cooled with ice. After 1.5

hours, HyO (50 mL) was added and was extracted (3 X 50 mL) with CH,Cl,.
The extracts were dried (K,CO,) and solvent removed to yield a red oil which

was crystallized from ether/hexanes to yield 8.6 g (91%) of § as white crystals, mp
63-64°C; lit. (2) 57-58°C.

P . f N-carboethoxyindole 34

Indole (12 g, 0.1025 Mol), powdered NaOH (10 g), (Bu),NBr (0.5 g) and
CH,Cl, (150 mL) were stirred together and ethylchloroformate (12.5 g, 0.115 Mol)
was added dropwise with ice cooling. After stirring for 1.5 hours the reaction

mixture was worked up as for § to givc a red oil which was distilled to yield
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13.7g (72%) of 34 as a clear pale yellow liquid; bp 133°C at 3 mm of
Hg; lit.(74) 142-144°C at 16 mm of Hg; 'H-nmr 5 (CDACl,) 820 (m, 1H), 7.6-7.0
(m, 4H), 6.55 (d, 1H), 4.43 (q, 2H), 1.38 (t, 3H).

Iradiation of N lindole with cvel

As described in the general procedure, a solution of N-benzoylindole
(1.626 g, 7.36 mMol) was irradiated with cyclopentene (7.8 g, 111.5 mMol) in
300 mL of benzene for 89 hours. Removal of the benzene and unreacted alkene
under reduced pressure afforded 2.13 g of a brown oil. The oil was purified by

column chromatography (silica gel, 30% ether/70% hexanes) to yield unreacted

N-benzoylindole (0.53 g) and a yellow oil (0.49 g) in which crystals formed. The
white crystals were washed with hexanes to yield 0.3 g of cis-anti-cis photoadduct
41, mp 123-126°C, 'H-nmr 8(CDCl,) 8.30 (broad s, 1H), 7.44 (m, SH), 7.4-7.0 (m,
3H), 3.94 (broad s, 1H), 3.32 (dd, J=7.5, 2.9 Hz, 1H), 2.84 (m, 1H), 2.66 (m, 1H),
1.80 (m, 2H), 1.62 (m, 2H), 131 (m, 2H), m/e(%) M* =289(4.1), 221(46),
105(100), 77(20), calc. m/e=289.14666 (found 289.14654), '3C NMR & 25.4, 30.9,
324 (CH,), 45.1, 46.2, 419, 63.7 (CH), 110.5, 1183, 124.7, 126.4, 126.8, 127.6,
128.3, 128.4, 130.0, 137.5 ppm (aromatic C), 193.8 (quaternary C=0).

The remaining mother liquor was evaporated to yield 0.18 g of yellow oil
determined to be mainly cis-syn-cis photoadduct 42, 'H-nmr, 8(CDCl,) 830
(broad s, 1H), 7.44 (m, SH), 7.4-7.0 (m, 3H), 4.70 (broad s, 1H), 4.05 (broad dd,
J=175, 8.0 Hz, 1H), 3.08 (broad m, 2H), 1.80 (m, 2H), 1.62 (m, 2H), 1.31 (m, 2H),
calc. m/e=289.14666 (found 289.14656), 1*C-nmr 5 27.1, 27.9, 289 (CH,), 422,
434, 45.5, 61.7 (CH), 1105, 118.3, 125.7, 1264, 126.8, 127.3, 1283, 128.4, 130.5,
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137.5 ppm (aromatic C), 195.0 (quaternary C=0).

Reducti { N lindol l d 4] and 42

A sample (570 mg, 1.97 mMol) of the irradiation products obtained from
wrradiation of N-benzoylindole and cyclopentene which had been partially purified
to remove unreacted N-benzoylindole was dissolved in dry ether (25 ml.' and
reduced with excess lithium aluminium hydride (121 mg, 318 mMol). After one
hour the reaction was quenched by slow addition of water (50 mI.) and the
reaction mixture was extracted (3 X 50 mL) with ether. The ether extracts were
washed with water, dried (K,CO,), and solvent removed to yield §34 mg of
a green oil. T..c. (30% ether/70% hexanes) revealed the oil to be . .xture of
three compounds with R, 049, 063, and 0.70.  The green oil was
chromatographed on a column of silica gel (15% ether/85% hexanes) to yield 3
fractions. After removal of eluent the last fraction yielded 99 mg of light pink
crystals of secondary amine 47, recrystallized from MeOH/H,0, mp 95-96.5°C,
'H-nmr 8(CDCl,) 7.00 (m, 2H), 6.68 (m, 2H), 3.94 (s, 1H), 3.72 (dd, J=75,
2.5 Yz, 1H), 3.33 (dd, J=7.6, 2.5 Hz, 1H), 2.68 (m, 2H), 1.78 (m, 4H), 1.48 ppm
(m, 2H), C-nmr s 25.6, 31.8, 32.6 (CH,), 472, 47.3, 49.1, 60.8 (CH), 1099,
118.8, 1244, 127.3 (aromatic CH), 134.1, 151.5 (quaternary C), ms m/e(%)
M7 =185(19), 117(100), 90(33), calc. m/e=185.120449 (found 185.12049).

The second fraction yielded a red oil (50 mg) which crystallized from

MeOH/H,0 to afford white crystals of secondary amine 48, mp 90-92°C, "H-nmr

8(CDCl,) 6.93 (m, 2H), 6.62 (m, 2H), 4.81 (s, 1H), 4.42 (dd, J=9.6, 9.0 Hz, 1H),

4.14 (dd, J=9.6, 92 Hz, 1H), 3.08 (m, 2H), 1.9-1.1 ppm (m, 6H), }*C-nmr & 26.6,
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28.4, 28.8 (CH,), 426, 45.0, 56.4 (CH), 109.1, 117.8, 1260, 1272 (aromatic CH),

130.0, 154.0 ppm (quaternary C), ms m/e(%) M™* =185(15), 117(100), 90(30),
calc. m/e=185.120449 (found 185.120992).

The third fraction afforded 254 mg of a brown oil. A portion (60 mg) was
chromatographed on preparative tic plates (100% hexanes) to yield two bands.
The first band gave 21 mg of a solid which was recrystallized from ether/hexanes
affording white crystals of cis-syn-cis benzyl products 46, mp 57-58.5°C, 'H-nmr
8(CDCl;) 722 (m, 5H), 6.91 (m, 2H), 6.55 (m, 1H), 6.32 (d, J=4 Hz, 1H), 4.31
(AB q, J=16 Hz, 2H), 4.30 (dd, J=9.4, 9.0 Hz, 1H), 4.11 (dd, J=9.4, 9.0 Hz, 1H),
3.01 (m, 2H), 1.71 (m, 2H), 140 ppm (m:4H), 1*C-nmr s 27.8, 284, 28.7 (CH,),
422, 434, 455, 62.0 (CH), 51.3 (benzyl CH,), 1054, 115.7, 125.8, 126.7, 127.3,
127.4, 128.2 (aromatic CH), 129.5, 138.6, 154.7 ppm (quaternary C), ms m/e(%)
275(3.4), 207(93), 91(100), calc. m/e=275.167399 (found 275.167344).

The second band yielded 144 mg of crystals recrystallized from

ether/MeOH afforded cis-anti-cis benzyl product 45, mp 52-55°C, 'H-nmr

6(CDCl,) 7.17 (m, 5H). 7.00 (m, 2H), 6.58 (m, 5H), 6.36 (d, J=4 Hz, 1H), 4.33
(AB q, J=15 Hz, 2H), 3.62 (dd, J=7.6, 2.5 Hz, 1H), 3.29 (dd, J=7.6, 2.7 Hz, 1H),
280 (d of t, J=7.0, 2.7 Hz, 1H), 2.68 (d of t, J=7.0, 2.5 Hz, 1H), 1.9-1.2 ppm (m,
6H), 13C-nmr & 254, 315, 32.6 (CH,), 452, 453, 46.3, 65.6 (CH), 49.8 (benzy!
CH,), 105.5, 116.5, 124.1, 126.8, 127.44, 127.46, 128.22 (aromatic CH), 133.8, 138.6,
1523 ppm (quaternary C), ms m/e(%) 275(9.2), 207(100), 91(96),
calc. m/e=275.167399 (found 275.167344).




112

Irradiati f N-carboethoxyindole, 34, witl i
N-carboethoxyindole (2.87 g, 152 mMol) in 300 mL of benzene was

irradiated in the presence of cyclopentene (16.25 g, 239 mMol) for 65 hours. The
benzene was removed to yield 3.58 g of brown oil. G.c. analysis of the oil
indicated ca. 30% conversion to 3 new products in a ratio of 1:1.24:6.34. G.c.-ms.
revealed parent ions for the three products to be m/e 189, 257 and 257
respectively. The first of these is isomeric with 34 and the latter two correspond
to the adducts 51 and 52 produced from 34 with cyclopentene. A portion
(300 mg) of the crude irradiation product was chromatographed on preparative tlc
plates (silica gel, 50% ether/50% hexanes) and yielded three bands which were
analyzed by g.c-ms.. The first band (166 mg) contained a mixture of
N-carboethoxyindole and the two adducts §1 and $2 both of which had m/e(%)
257(3.0), 189(100), 73(32), indicative of 1:1 adducts. The second band was
identified as indole, g.c-m.s., m/e M* =117, and confirmed by coinjection. The
third band (7.5 mg) was identified as 3-carboethoxyindole, mp 122-124°C (lit. mp
124°C), 'H-nmr 8(CDCl,) 8.68 (broad s, N-H), 8.18 (m, 1H), 7.93 (d, J=3 Hz,
1H), 7.30 (m, 3H), 440 (g, J=7 Hz, 2H), 140 ppm (1, J=7 Hz, 3H).

Hydrolysis and Decarboxylation of Photochemical Adducts 51 and 52

A sample (1.66 g) of the crude product obtained from irradiation of
N-carboethoxyindole with cyclopentene was hydrolysed by refluxing in 25 mL of
MeOH/H,O (2:1) saturated with KOH for three hours. The reaction was cooled

and acidified with conc HC], then refluxed for 20 minutes. The reaction mixture

was cooled and extracted (S X S0 mL) with ether. The extracts were combined
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and extracted (5 X S0 mL) with 10% HCl. The acid extracts were combined and
washed with ether and then CH,Cl, to remove any remaining indole. The acid
extracts were then made basic with saturated NaOH and extracted (7 X 50 mL)
into CH,Cl,. The organic extracts were washed with water, dried (Na,SO,) and
solvent removed to afford 212 mg of white solid. G.c.-m.s. showed two peaks with
m/e 185 in a ratio of 1:10. Isolation by column chromatography yielded 18 mg
of indoline 48 (previously described), confirmed by g.c. coinjection and mp 90-91°C*
(MeOH/H,0), and 190 mg of indoline 47 (previously described), confirmed by g.c.
coinjection and mp 94-95°C (MeOH/H,0). All spectral data were identical to

the authentic samples.

N-Benzoylindole (2.54 g, 0.0115 Mol) was irradiated in 300 mL of benzene
containing cyclohexene (8.5 g, 0.104 Mol) for 48 hours. The solution was filtered
and solvent removed to yield 3.78 g of brown oil which was purified on a
silica gel column (eluent 20% ether/80% hexanes) to give unreacted
N-benzoylindole (1.28 g) and cycloadducts (0.95 g) which appeared as crystals in

a yellow oil. Crystallization from CH,Cl,/ethyl acetate afforded 0.3 g of white

crystals identified as ci