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Preface

The thesis entitled : "Photoclectron Transfer Catalyzed Reactions of Some

Amines: Synthetic Applications and Mechanistic Studies” consists of six chapters.

The first Chapter of the thesis consists of a brief review on the
photoinduced electron transfer reactions of amines and a description of the

objecuves of the present investigation,

Chapter 2 deals with the mechanistic studies of photoelectron transfer
catalyzed addition of a tertiary amine (triethvlamine) and a secondary amine
(diisopropylamine) to electron deficient olefinic substrates such as methyl
methacrylate and acrylonitrile. Anthraquinone, acridone, and dicyanoanthracene
were used as photosensitizers in these reactions. Anthraquinone and acridone were
found to catalyze the addition reactions with greater efficiency than dicyano-
anthracene. These studies reveal that the o-aminoalkyl radicals generated by
photosensitized clectron transfer undergo multiple addition reactions with olefinic
substrates. For example, irradiation of an argon-saturated solution ofl tricthyl-
amine (2) (1.5 g, 15 mmol) and methyl methacrylate (5) (1.5 g, 15 mmol) in
acetonitrile (350 mL) containing 10-4 M nmltra:]uinnm: (1) for 1 h using Pyrex
filtered light of a medium pressure mercury lamp (Hanovia 450 W) and separation
of the photoproducts by column chromatography gave amine adducts, containing
one (8), two (11), three (12) and four (17) methyl methacrylate molecules added
on o one molecule of tricthylamine# The reported yields of products are based

on the amount ol § that has reacted (20 %).

A mechanism mvolving the addition ol a-aminoalkyl radicals to olefinic

substrates, followed by a |,5-hydrogen abstraction of the adduct radicals has been

vifii



proposed to rationalise the formation of the multiple addition products. In the
photosensitized addition of diisopropylamine (23) with methyl methacrylate (S),
along with the multiple addition product (28), the formation of a pyrrolidone
derivative (26) was also observed. These results suggest that the addition of
o, B-unsaturated esters to primary and secondary amines could be developed as a

simple procedure for the synthesis of the corresponding lactams.

The use of photoelectron transfer sensitized addition of primary and
secondary amines to o, 3-unsaturated esters as a method for synthesising lactams
was explored and these results are presented in Chapter 3 of the thesis.
Anthraquinone photocatalyzed reaction of secondary amines such as pyrrolidine,
piperidine and morpholine, as well as a primary amine such as cyclohexylamine
with different o,B-unsaturated csters has been investigated.  For example,
irradiation of an argon-purged solution of a mixture of piperidine (2) (1.3 g, 15
mmol), methyl methacrylate (3) (1.5 g, 15 mmol) and 10-4 M anthraquinone (1)
for 2 h, using Pyrex filtered light gave a diastercomeric mixture of 2-methyl-3-
indolizidone (4) (70%) as the major product. The yield of 4 was based on the
amount of 3, that reacted (20%). Similarly, the anthraquinone photosensitized
reactions of cyclohexylamine (7) with methyl acrylate (8) gave nse lo the
spirolactam 9 in a 75 % yield (based on the conversion of 8 (32%)). A major
problem that was cncountered  in these reactions was  that unlike methyl
methacrylate, o,f3-unsaturated esters such as methyl acrylate and methyl crotonate
undergo Facile thermal Michacl-type additon 1o give the N-adducts, quantitatively,
By carrying outl these reactions at low temperatures (~07C), the thermal reactions
could, however be effectively controlled, without adversely affecting  the photo-
chemical free radical reactions. Using this procedure, indolizidone, pyrrolizidone

and a diastereomeric mixture of heliotnidone and pseudoheliotridone could be
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synthesized from the parent amines. Although the yields of the products were
modest, the simple one step procedure for the synthesis of such products from the

parent amines could give it some advantage as a synthetic tool.

Our studies on the anthraquinone photosensitized reactions of some
aliphatic allylamines with o, B-unsaturated esters form the subject matter of
Chapter 4. The major photoproducts formed in these rcactions were the
corresponding lactams. These results are very different from those obtained in the
photosensitized addition reactions of tertiary amines to  o,f-unsaturated esters,
described in Chapter 2. In some cases, an additional minor product arsing out of
the addition of the a-aminoalkyl radical of allylamine to «,-unsaturated cster,
followed by a tandem cyclization of the adduct radical, was observed. Thus, for
cxample irradiation of an argon-bubbled acctonitrile solution of N-allyldicthyl-
amine (2) with methyl crotonate (6), contaiming catalytic amounts of anthra-
quinone under Pyrex filtered light gave a diastercomeric mixture of N-ethyl-4,5-
dimethyl-2-pyrrolidone (8) as the major product, along with minor amounts of the
pipenidine derivative 9, ansing out of the tandem radical addition.  Probable
mechanisms have been suggested for the formation of the various photoproducts,

in these reactions.

Chapter 5 of the thesis deals with our studies on the photoinduced electron
transfer reactions of a variety of aliphatic amines in aqucous media using the
sodium salt of anthragquinone-2-sulfonic acid (1) as sensitizer.  These studics
revealed an interesting difference between the photosensitized addition reactions
of tertiary amines o o,f-unsaturated esters in organic and aqueous media.
Whercas in non-aqueous media, the major process observed was the formation ol

multiple olefin-amine adducts, in aqueous media, the major products  were the



corresponding lactams. These results suggest that in aqueous medium,  dealkyl-
ation of the starting amine i1s much more facile than in non-aqueous media. Thus,
the sodium salt of anthraquinone-2-sulfonic acid scnsitized photorcaction of
ricthylamine (2) with methyl methacrylate (3) gave a 60 % yicld of N-cthyl-3,5-
dimethyl-2-pyrrolidone (4), based on the conversion of methyl methacrylate
(10 %). A probable mechanism has been suggested for the formation of the
different products in these reactions. The photosensitized addition of both
secondary and primary amines with o,-unsaturated esters in aquecous medium,

however, were similar to those observed in non-agueous media,

Chapter 6 of the thesis deals with some comparative studies of the effi-
ciency and sclectivity of different sensitizers in the addition reactions of amines Lo
a,PB-unsaturated olelinic substrates.  The sensitizers that we have used include
anthraquinone, acridone, anthrone, benzophenone,  dicyanoanthracene  and
xanthone. The main objective of this study was to optimize the reaction condi-
tions with respect to the percentage conversion, as well as product selectivity.
These studies reveal that maximum efficiency with respect to percentage
conversion could be obtained by using higher concentrations of benzophenone as
sensitizer, Thus, for example, 5x10-3 M of benzophenone sensitized photorea-
ctions of cyclohexylamine (11) with methyl acrylate (12) under pyrex filtered lhight
for 4 h gave the lactam 13 (65%) with 80% conversion of methyl acrylate. In the
benzophenone (5%10-3 M) sensitized photoreaction of piperidine (1) with methyl
methacrylate (2), besides the expected product namely, 2-methyl-3-indolizidone
(3), an adduct of 3 with methyl methacrylate, (4) was also observed. A probable

route to the formation of these products has been suggested.

# The compound numbers listed in this preface refer to those given in the different
Chapters of this thesis.
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Chapter 1. A Brief Review on Photoinduced Electron Transfer Reactions of

Amines and Objectives of the Present Investigation
1.1. Introduction

The fundamental aspects of photoinduced electron transfer processes have
received considerable attention in recent years in view of their relevance to a
number of important areas such as photosynthesis, solar energy conversion and
storage and imaging processes. -6 Most of these studies deal with theoretical and
mechanistic aspects of photoinduced electron transfer. Morc recently, there has
also been a growing interest in the development of organic synthetic procedures,

based on photoinduced electron transfer processes.7-12
1.2, Photoinduced Electron T'ransfer

Photochemical excitation of an electron acceptor (A) or an clectron donor
(D) leads to changes in their redox propertics and Figure 1 illustrates the reason
for these changes. When a sensitizer (Sens) molecule is excited, an electron is
transferred from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). The electron from the LUMO can be
transferred to the vacuum continuum wath less energy than an clectron in the
HOMO. The excited state of the sensitizer therefore 1s a far belter reducing agent
than its ground state. Similarly, the excitation of the sensitizer also leads to an
increase in the electron alfinity ol the excited state relative to  that of the ground
state, duc to a vacancy in the HOMO as shown in Figure 1. Thus, the excited
state of the sensitizer is a  better clectron donor as well as a better clectron
acceptor, relative to its ground statc. The magnitude of this enhancement is given

by the HOMO-LUMO gap of the molecule. When the excited state molecule
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Figure 1. Redox propertics of a sensitizer in the ground
and excited states

comes in contact with a ground state clectron donor or acceptor within the excited
state lifetime, then electron transfer can occur. The feasibility of producing radical
ions via these processes can be predicted by the well known Weller equation

(Eqn. 1).13

AG= E(D)-E, (A) - AE + O, Eqn. |



Lo . . . s red .
where, E,2 (D) 1s the oxidanon potential of the donor, i (A is the
reduction potential of the acceptor, AEu;; 15 the cxcitation energy of the
clectronically excited species, AEcoy 1s the coulombic repulsion associated

with solvent and AG i1s the free energy change associated with the electron

transfer reaction,

The above equation can be used to estimate the degree and direction of the
clectron transfer reactions.  Based on this equation, it can be assumed that, in
general, electron tramsfer from 1 1o A may proceed relatively rapidly, whenever
AE 1s more positive than -0.4V (AG < 9.23 kcal/ mol) and that the clectron transfer

will be complete whenever AE is more positive than 0.4 V14

The overall mechanism involving the clectron transfer process in a (luid
medium is illustrated in Scheme 1. The dynamics of the electron transfer process
i a fluid medium involves the formation of an encounter complex between the
excited state and the ground state molecule.3:15.16 The encounter complex can be
described as an intermolecular ensemble of excited and ground state molecules
separated by a small distance (~7 A) and surrounded by solvent molecules. During
the hifetime of the encounter complex, the reactants undergo mutual collisions
inside the solvent cage and as a result of these collisions a stage is reached where
the reactants are in contact to form what is called the collision complex. I the
mteraction between the reactants is strong cnough (~5-20 keal/ mol), the collision
complex can rapidly change o a new intermediate called exciplex, having partial
charge transfer character and large dipole moment. Electron transfer may occur at
any one of these stages.? Electron transfer from the collision complex or from the
exciplex leads to the charge-transfer species called contact ion pair (CIP). The

contact ion pair can undergo slight separation in the solvent cage to generate a



solvent separated ion pair (SSIP),  Alternatively, electron transfer [rom the
encounter complex can directly lead to the SSIP. The solvent saperated 1on pairs
can then diffuse apart from the solvent cage and become separated to form the free
solvated radical ion (FRI), which are analogous 1o frec radicals and can undergo

chemical reactions to yield products.

* * *
DA = D A = (DA)
Encounter Collision Exciplex
complex complex

Polar solvents
1 = Nonpolar solvents 3 =
D--A 3 = DA
SSIP Polar solvents cip
+ X
D+ A
FRI

Scheme 1, Schematic representation of the electron transfer renction
of Donor and Acceptor molecules in solution

All these processes, 1.¢., the formation of the encounter complex, collision
complex, contact 1on pairs, solvent separated 1on pairs and free radical ion pairs,
are reversible.  For the generation of free radicals in good yields, forward electron
transfer processes have lo compete elficiently with the energy wasting back
clectron transier processes. Over the years, considerable amount of work has been

carried out in devising methods o circumvent the back electron transfer process.



As a result of these studies, some of the factors histed below have been identfied

as those that control the back electron transfer (BET). 1. 18
1.2.1. Control of Back Electron Transfer Processes

a) Solvent polarity. One of the most important factors that control the
efficiency of radical ion formation via photoinduced electron transfer processes 1s
the polarity of the reaction medium (solvent polanity). The effect of solvent in

clectron transfer processes 1s depieted in Figure 2.

i %
D+ A

FREE
ENERGY !DAF

\u+i
=

SOLVENT POLARITY

Figure 2. Effect of solvent polarity on the encrgetics

of electron transfer

In polar solvents, the contact ion pair (CIP) rapidly dissociates Lo the more
stabilized solvent separated 1on pair (SSIP), which in turn separates to form [ree

radical 1ons (FRI). In polar solvents, exciplexes are stabilized to a lesser extent



than the free radicals, whereas in non-polar solvents, formation of free radicals is
energetically unfavourable. Thus, in non-polar solvents, exciplex emission is the

most favoured route of deactivation. 18

b) Use of triplet sensitizers. The spins of the electrons are conserved
duning electron transfer. Thus, electron transfer from singlet excited state yields
singlet radical ion pairs, which can easily undergo BET. Electron transfer from the
triplet excited state, however, leads to the triplet radical ion pairs and for back
electron transler to occur the radical on pairs have 10 undergo a spin flip. Beflore

the spin flip occurs however, the radicals can diffuse apart (10-20 A) and thereby
reduce BET.

¢) Use of sacrificial clectron donors and mediators (relays). Sacnficial
electron donors which are irreversibly oxidised can be utihized for preventing back
electron transfer, whereas certain molecules which can gencrate stable [ree
radicals can act as electron relay molecules which can also prevent the back

electron transfer.

y +2 +2
+3x
Rh PreO,
+3 1
0T Rh .
EDTA MV If+ OH"
hv

Scheme 2




An example in which cthylenediaminetetraacetic acid (EDTA) 15 used as a
sacrificial electron donor and methyl viologen cation (MV12) is used as the rel ay

in the sensitized generation of hydrogen from water is depicted in Scheme 2. 4,19

d) Use of ionic species. A very efficient way to inhibit the BET is the use
of an ionic species as one of the reactants. After electron transfer, the product will
consist of a neutral and an ionic species which are not electrostatically attracted,

thereby reducing the tendency for back electron transfer.

¢) Formation of reactive intermediates. Reactive intermediates produced
after the electron transfer process can undergo further transformation. The product
thus formed can be energetically more stable, making BET thermodynamically
unfavourable, An example of the reactive intermediate formation i1s shown in
Scheme 3. Carboxylate anions can undergo electron transfer with excited state of
acceptors (A*). The radical cation, produced after the electron transfer process 1s
highly reactive and undergoes facile decarboxylation 1o give an alkyl radical.
Since one of the partners involved in the BET decays rapidly, charge saperation
becomes efficient in such processes.

T - . N
RaN-CH2-COO + AT, RpN-CH2-COO + A — RpN-CHz + CO2 + A

Scheme 3

f) Electron transfer at interfaces. The separation of the donor and
acceptor, after the electron transfer process can be achieved by partitioning the
reactants in different phases by using microhelerogencous systems such as
micelles,  bilayers, polyelectrolytes, semiconductors and  polymer  bound

sensitizers.9.20-23  Among these microheterogeneous systems, the use of



semiconductors have several advantages over other molecular assemblies. Thus,
for example, in a semiconductor such as TiO2, the diffusion constant of clectron is
104 times larger than that of molecular charge carriers in micelles or vesicles.
The use of semiconductors for photoinduced charge scparation has however been
investigated more from the point of view ol solar energy harvesting than for the

photocatalysis of organic reactions.3.0

1.2.2. Comparison of Photoelectron Transfer Processes and Electrochemistry

The redox processes induced by photoexcitation are very similar to
electrochemical processes, in which radical ions are eventually generated.

However there are a few significant differences. 24

a) In excited state electron transfer, generally single celectron transfer
processes arc observed, This is duc o the relatively short Lifetimes of the redox-
active excited states.  In conventional electrochemistry, the imitial electron transfer
process can be followed by a sccond electron transfer Irom the intermediate 1on o
the electrode if the oxidation potential of the intermediate 15 lower than that of the
starting material. For example, the oxidation potentials of a-aminoalkyl radicals
are much lower than those of the parent amines and subsequent electron transfer
from a-aminoalkyl radicals prevent the possibility of using such radicals in
synthetically useful reactions, involving electrochemical and thermal electron

transfer processes.

b) In clectrode reactions, the effective reaction volume is limited, thereby
creating a  high local concentration of reactive intermediates, which can  lead to

dimerization and disproportionation reactions.



c) The electrode 1s not capable of becoming chemically involved. For
example, the radical anion formed in the photoinduced clectron transier is capable
of removing or accepting a proton, radical coupling. disproportionation and a

vartely of other chemical transformations,
1.3. Photoinduced Elcctron Transfer Reactions of Amines

Photoinduced electron transter reactions of amines have been reviewed
extensively in the hterature!-® and only those aspects relevant to the present work

are discussed here.
1.3.1. Mechanistic Aspects

Amines arc one ol the most casily oxidizable class of organic substrates
because of their low oxidation potential (0.8-0.5 V).25.26 Electron transfer
oxidation ol amines leads to the removal of a single electron, resulting in the
formation of anmumium radicals (cauon radical ol amines). Amimium radicals are
highly reactive intermediates and can react via four different modes, namely i)
deprotonation at nitrogen, i1) deprotonation at an  a-carbon, 111) intra- or inter-
molecular hydrogen abstraction and iv) coupling reactions, Nitrogen deproto-
nation usually requires an added base, in addition to the parent amine especially in
aprotic solvents such as acetonitrile.  The resulting nitrogen centered radicals can
couple to form dimers or can undergo further oxidation to yield nitrenium ions,
The subscquent oxidation of nitrogen centered radicals form a minor process in
photoinduced clectron transfer reactions (PIET), whercas in thermal clectron
transfer reactions of  amines, the second celectron removal s very elficient.
Hydrogen atom abstraction and coupling reactions of aminium radicals arc found

to be less important processes.  The best known examples in the case of
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mtramolecular hydrogen abstraction reactions ol the amimium radicals 1s the
Hoffman-Loffler-Freytag reaction in which the aliphatic  aminium  radicals
derived from N-haloamines undergo hydrogen abstraction with high sterco-

selectivity from the '6' or 'w' carbon of the amine.

[ntermolecular  hydrogen abstraction by aminium radicals have been
reported to occur from a carbon ‘o to a heteroatom. For example, it has been
observed  that the rate ol hydrogen abstraction from the a-carbon of alcohols

increases in the order MeOH = EwOH = -PrOH,

The most common rcaction of amimum radicals 1s however the a-CH

deprotonation to produce a-aminoalkyl radicals (Scheme 4), 27

R H R 13
\ ﬁ‘ \ +
—4 I N— + I
/ R /
R 1

R R

Scheme 4

The mechanistic aspects of these deprotonation reactions have been studied
extensively. The overall mechanism of deprotonation involves partial overlap
of the half vacant nitrogen 'p' orbital and the o-carbon 'c' orbital which 1s
controlled by a stereoelectronic effect or the ability of the «-CH bond to align
isell wath the half vacant 'p' orbital. As a result of this interaction, the w-CH
bond gets weakened and this facilitates the deprotonation, giving rnse to a-amino-
alkyl radicals. a-Aminoalkyl radicals arc known to undergo a number of reactions
such as disproportionation, dimerization, oxidation, hydrogen abstraction, as well

as carbon-carbon bond formation with olelinmic substrates.
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There are a number of reports on the a-CH kinetic acidity of tertiary amine
radical cations.9.10.28-30 The rate ol deprotonation of the a-carbon depends on the
relative kinetic acidity of the eliminating protons, The relative aciditics of some

protonated amines and their corresponding radical cations are listed in Table 1.

Table 1. Acidities of radical cations and protonated parent amines

Radical cation precursor pKa values
NI NHY
Ammonia 6.7 9.2
Diethylamine 7.0 10.7
Hydroxylamine 42 6.1
Methoxylamine 7.0 4.6
Trimethylamine g0 98

The differences in the acidities of the protonated amincs  and their
corresponding radical cations have been justified in terms of the differences
expected in the deprotonation of an 'sp3' center in the parcnt amine and an 'sp2'
center i the oxidized form. Hydrogen attached to an atom with more 's' character
I expected to be more acidic. The ease with which protons can be removed
depends on the type of carbon to which they are attached. As discussed earlier,
this deprotonation is governed by the stercoelectronic effects or ability of a C-H
bond to align itself with the half vacant 'p' orbital. The most important finding of
thesc studies is that a relationship exists between the thermodynamic and kinetic
aciditics of the cation radicals. These studics show that clectron withdrawing

substituents, adjacent o the a-C of amines decrease the oxidation potentials,
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thereby lowering the pKg values of the aminium radicals and enhancing the rate

constant for a-CH deprotonation. 3/

Equation 2 shows the relation of the pK, values of the aminium radicals to

the oxidation potential of the neutral precursor (E?) and the bond dissociation

energy (BDE) of the C-H bond, undergoing cleavage. 3¢

) ) =

B BDE - 375 :
Ky = + Ean. 2
Pha = 1059 1.36 q

Thus, substituents which can decrease EY can reduce the pK, values and

thereby increasc the rates of deprotonation.  Likewise, a-substitution should
govern the o-CH pKy values of tertiary amine cation radicals, principally through
a control of «-CH bond dissociation energies. Thus, substituents which stabilize
the resulting o-aminoalkyl radical (lower BDE) should enhance the
thermodynamic acidity of the charged radical intermediate (decreasing pKy).
Stabilization of the transition state for the w-CH deprotonation by radical
stabilizing groups are found to enhance the kinctic acidity of the concerncd

protons.32

An extensive investigation on the varnous aspects of deprotonation of
tertiary anune cation radicals and the influence of the substituents on the kinctic
aciditiy of a-CH protons has been conducted by Lewis and co-workers. 1033 They
have studied the photoinduced clectron transfer reactions of a variety of stilbenc-
amine systems. In nonpolar solvents, the singlet excited state of rrans-stilbenes
form nonreactive but fluorescent exciplexes with tertiary amines. Increasing

polanty brings about a decrease in the fluorescence yicld along with a concomitant
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increase in the amount of 1:1 adduct formation. The reaction sequence is

indicated in Scheme 5,

L +
St" + Me,N-CH,R — | SU, Me,N-CH,R

- + ] %
[St, Me,N-CH,R| —  H,CN—(Me)}-CH;R + Me,N-CHR

St = stilbene

Scheme 5

Studies on the quenching rate constants ol the excited singlet states ol
stlbenes by amines as well as the product composition, reveal that the reactivity
lor methyl vs alkyl oxidation by the excited singlet state of stilbene increases in
favour of the methyl groups. Thus, with isopropylamines, highly sclective
oxidation of the methyl group could be observed.  This i1s because the
conformation necessary for the methyl deprotonation is of lower energy than that
for the isopropyl deprotonation. Thus, the stercoclectronic effect serves to
counterbalance the greater product stability of the more substituted free radical.
However, 1t has been shown that more substituted w-aminoalkyl radicals are

formed selectively from several tertiary amines of the type MeaNCH2G where G

1s the radical stabilizing group with minimal steric requirements (e.p .G =
CH2=CHCH9, PhCH7, HC=CCH> and CI15CO»EL).

Marnano and co-workers have studied the relative rates of «-CH de-
protonation ol varnous o-substituted tertiary amine cation radicals by product
distribution studies of the aminc-enone SET systems and by following the rate

constants for n-butyl acetatc promoted deprotonation of N-alkyl-N,N-diphenyl-
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aminium radicals using laser spectroscopic techniques, in an effort to understand
how the substituents govern the kinetic a-CH aciditics of tertiary amine cation
radicals. They have compared these results with stilbene-amine SET photosystems
reported by Lewis and co-workers.34 Table 2 shows the relative rates of a-CH
deprotonation of a-substituted tertiary aminium radicals from the product distri-
bution studies of the stilbenc-amine and cnonc-amine as well as from the laser
spectroscopy studies of the acetatc promoted deprotonation of N-alkyl-N,N-
diphenylaminium radicals. For the stilbene-amine system (Column 4) it ois
observed that increasing alkyl substitution leads to a decrease in the rate of
deprotonation. A decrease in the deprotonation was also observed for the ethylene
substituents, whereas, for the acctylene moiety large increase in the rate of
deprotonation was observed.  As discussed earlier, for stilbenc-amine systems,
these results indicate that a-CH kinetic acidity 1s largely determined by steric
factors and not by electronic effcets, with the exception of acetylene, which has

minimal steric requirements.

Different conclusions about the effect of «-substituents on tertiary aminium
radicals on «-CH kinetic acidity have been made from product distribution studies
with tethered amino-enones. The SET promoted photoreactions of these systems
follow pathways in which «-CH proton transfer occurs via an intermediate
switterionic diradical. The results of this work (Column 5, Table 2) suggest that
steric lactors are less pronounced in governing the kinetic acidity. A regular
increase in the relative rate of deprotonation is observed for compounds 'a' to 'f' in
Table 2. Radical stabilizing groups enhance the relative rates of deprotonation of
the tethered enone-amine photoreactions, indicating thereby that in these sysiems
the clectronic effect of a-substituent groups play a predominant role in describing

o-CH kinetic acidity.
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Table 2. Relative rates of deprotonation of a-substituted tertiary amine
cation radicals from product distribution and laser spectroscopy studics

o e 0

H
\/ H

Relative rate of deprotonation

Entry X Y FFrom stlbene- From enone-  From rate constant for
amine SET amine SET acetatc promoted depro-
system system tonation of diphenylanu-

nium radical
(laser spectroscopy)

) H H 1.1 0.1 0.3
b) H  CHj 0.5 0.2 0.1
¢) CH3 CHj 0.05 = 0.05
d H  Ph 1.0 1.0 1.0
¢) H  CH=CHy; 0.5 1.9 0.8
N H C=CH 111 3.9 22

Proton transfer in the stilbenc-amine photoreaction occurs from a contacl
ton radical pair whose rigid structure (i.e. relative orientation of negative and
positive radical partners) may be poverned by the need for maximum charge
neutralization.35.36 This effect could cause kinetic acidities to become greatly
influenced by steric factors, whereas, the intramolecular nature of proton transfer
in the amine-cnone zwitterionie diradical dislavours coplanar alignment of 'g’ CH
and the nmitrogen 'p" orbitals at the carbon radical center. This could very well

result in the mommmization ol the influence of both steric and stercoelectronic
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factors on kinetic acidity and greater importance of clectronic effects of

a-substituents.

The results of the acetate base promoted intermolecular deprotonation of
amimium radicals obtained from laser spectroscopic studies are shown in column 6
of the Table 2. Here the relative rates of deprotonation values were found 1o be in
good agreement with those of stilbene-amine systems. The slight differences seen
in the stilbene-amine and the laser spectroscopic studies may be due to the
differences in the pKa of the bases (ketyl anion versus acetate) involved in these

reactions.

Ph
H % \p
-C! IR
1{"“5
Stilbene- Amine Enone- Amince

The mechanism of photoreduction  of various quinones, dyes and metal
complexes via electron transfer or hydrogen atom transfer from amines, alcohols
and aminoalcohols have been extensively studied by Whitten and co-workers.27.37
These studies show that the overall reactions involve two electron oxidation of the
corresponding donors and studics on quantum efficiency show the role of a
secondary dark reaction, involving quinones and the primary photolysis products.
The sccond clectron oxidation of the donor species can occur via a thermal oxi-

dation of the initially formed radical (after the deprotonation of the cation radical)
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by the ground state acceplor or via a disproportionation rcaction between the

products lormed in the imual electron transler process.

The mechanism of photoinduced electron transfer between aromatic
carbonyl compounds and amines has been studied in detail using nanosecond and
picosecond laser flash photolyses techniques.3® Using these techniques, the
various stages of the photoinduced electron transfer processes such as the
formation of the collision complex, contact ion pair, free radical ions and free

radicals have been monitored.

The transient absorption spectra of free radicals and radical 1ons of several
amines and aromatic carbonyl compounds have been well characterized by pulsc
radiolysis.  The optical absorption spectra of the 1on pairs that are produced by
photoelectron transfer will be similar to the sum ol the donor and acceptor radical
ions. The electrostatic interaction between the donor and acceptor radical 1ons in
the collision complex and contact ton pair can however lead to minor differences
in the absorption spectrum of the ketyl and aminoalkyl radical ions. Since the
amine radicals absorb in the ultraviolet region, where the aromatic carbonyl
compounds have a very strong ground-state absorption, the formation and decay of

the ketyl radicals arc gencrally monitored in ketone-amine systems.

Cohen and co-workers have studied the photochemical reactions of
benzophenone with aliphatic amines (Scheme 6) by product analysis, as well as by
using nanosccond laser flash photolysis technique.?? In nanosccond laser flash
phololysis studies, there was no ewidence for the participation of the intermediate
charge-transfer complex {3CTC*}: however, 1t has been assumed that the
interaction between the amine molecule and tnplet benzophenone results in the

formation of 3CTC*. The laser flash photolysis studies of benzophenone in the
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presence of a variety of aliphatic amines indicate the formation of ketyl radicals
(Amax, 235 nm) with a quantum yield of almost unity. Ketyl radicals could be
generated via hydrogen abstraction processes rather than via the clectron transfer
mechanism, However, the extremely fast (diffusion controlled) quenching of the
benzophenone triplet by amines support the view that electron transfer reactions
are involved. In order to prove that electron transfer reachions are involved in
these reactions, Cohen and co-workers have examined the flash photolysis of the
benzophenone-DABCO (1,4-diazabicyclo[2.2.2]octane) system. 40 The benzo-
phenone-DABCO system indicated the formation of the ketyl radical anion as a
transient species (A 060 nm). The formation of the ketyl radical anmon n this
system 1s due o the increased stability of the radical cation of the DABCO, as
compared to other aliphatic amines. Deprotonation of the «-CH protons of
DABCO is not facile due to the low overlap of the half vacant 'p’ orbital of

nitrogen with the a-CH bond of this constrained amine.

*
Ir— S

©CO"3 + NRR;R3——> | B, C-0-—*NRR;R3 | or 3CTC*)

e
S

30T fla C—OH + Amine radicals
Scheme 6

In order to study the formation of radical anions in benzophenonc-amine
systems, Shizuka and co-workers have carried out the nanosecond flash photolysis
studics of benzophenone in neat amines such as secondary butylamine and
tricthylamine at various temperatures (300-77 K).41 At higher temperatures, they

observed the formation of the ketyl radical (Apgyux, 555 nm), whercas on decreasing

the temperature, the transient absorption spectrum showed a decrease in intensity
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around 555 nm which was accompanied by an increase in absorption at 660 nm.
This can be attnbuted to the slowing down of the proton transfer between the
radical ion pairs at low temperatures, thus making it possible to measure the ketyl
radical anion absorption at 660 nm.42 AL very low temperatures, however
(~120 K) only the triplet state of benzophenone was observed (Amax, 525 nm)
indicating, thereby that under these conditions, the triplets do not undergo electron

transfer with the amines.

Dircet evidence for the formation of radical anion intermediates in the
benzophenone-amine system was also obtained by Peters et al.43 Picosecond laser
flash photolysis studies have indicated the formation of the ketyl radical anions
within 10 ps of irradiation. The transient absorption decays with a lifetime of
1555 ps to give ketyl radical via an intracomplex proton transfer.  Based on their
studies, they have proposed a mechamism in which the solvent separated 1on pair
(SSIP) is formed first, which collapses into a contact ion pair (CIP) and proton
ransfer to form the ketyl radical takes place in the CIP.  This mechanism was
based on the observation that the ketyl radical ion undergoes a time dependent blue
shift. The SSIP being more solvated than the CIP is expected to have its
absorption spectrum red shifted as compared to that of the CIP. Recent studics by
Devadoss and Fessenden on benzophenone-DABCO system however indicate that
the spectrum of initial transient has an absorption maximum at 700 nm, which
shifts to the red (720 nm) in the picosecond time domain.*4 These results scem to
suggest that it is the CIP which s initially formed, which eventually leads to the

SSIP and proton transfer occurs at this stage.

Hamanoue et al. have investigated the electron transfer reactions of several

amines with the triplet state of anthraquinones.#3 The photochemistry of anthra-
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quinones is expected to vary depending on the nature ol the lowest excited state.
It has been observed that the lowest n-n* state abstracts a hydrogen atom, while
the lowest m—m* stale reacts via electron transfer. By introducing substituents on
the anthraquinone chromophore, the nature of the lowest tnplet state can be
changed from n-n* to a—n*. Picosecond laser flash photolysis studies of the
mixtures of anthraquinone and |-chloroanthraquinone with amines reveal that the
anthraquinone triplet forms a triplet exciplex with triethylamine., This exciplex
changes to a contact ion pair in polar protic solvents such as ethanol and polar
aprotic solvents such as acctonitrile. The contact 1on pair disappears by proton
transfer from the triethylamine cation radical to the anion radical of anthraguinone,
o generate the a-aminoalkyl radical and the ketyl radical ol anthragquinone. In
acctonitrile, two transients due to the SSIP and the tniplet exciplex were observed.
Among these transients, the SSIP 15 assumed o be produced by electron transler
from triethylamine to a higher triplet (T5) of anthraquinone upon laser excitation,

whereas the exciplex is produced by the reaction of the lowest triplet (T,) of

anthraquinone with triethylamine. Deprotonation of the aminium cation, produced
after the electron transfer reaction with anthraquinone, was proposed to occur n
the contact ion pair. Recent CIDNP studics of the deprotonation of the aminium
cation, generated from the anthraquinone sensitized electron transfer reaction
reveal that the relative group reactivity or substituent effect plays a key role in
determining, the site of proton chimination. #® These studies show that deproto-
nation of the methyl, cthyl and isopropyl substituents oceurs exclusively in the
solvent separated i1on pair whercas the deprotonation ol the allyl substituents
occurs in contact ion pair. The different behaviour of the deprotonation can be
explained on the basis of an increase of the rate of incage proton transfer relative

to the cage hife wath increasing AG of the rcaction,



21

1.3.2. Synthetic Applications

Although the mechanism of the photoinduced clectron transker reactions of
amines, leading 1o a-aminoalkyl radicals, using a varicty of sensitizers have been
extensively investigated, the use of these reactions in organic synthesis has been
limited. According to frontier molecular theory (FMO). it has been suggested that
a—-aminoalkyl radicals are nucleophilic in nature and can react very fast with
olefinic substrates. substituted with electron withdrawing groups (nitrile, ketone or
esters ctc.) with rate constants of k~| 03-106 m-1s-1.47 The increase in the rate of
addition to electron deficient olefins with respeet to neutral and cleetron rich
olefing is duc to the lower LUMO energy of the electron deficient olefinic

substrates. which reduces the SOMO-LUMO difference.

T'here have been numerous studies on the mechanistic and synthelic aspects
of the addition of amines to alkenes via the sequential SE'T deprotonation roule.
Direct excitation of arenes, cyanoarenes. alkenes, o,f—unsaturated esters and
ketones in the presence of tricthylamine leads to the corresponding a-aminoalkyl
derived products (Scheme 7).4% In carlier reports, Mariano and co-workers have
shown that the photoreactions of silylated tertiaryamines. such as 10 with cyclo-
hexenone, 9 gave two types of adducts, the timethylsilyl (TMS) containing adduct
11 and non-TMS adduct 12 (Scheme 8). The distribution of 11 and 12 varied,
depending on the nature of the solvent.?? The TMS adduct was found to
predominate in less polar aprotic solvents such as acctonitrile. whercas the non-
TMS adduct was formed in higher yields in polar protic solvents such as methanol.
These results can be  explained on the basis of the mechanism shown in
Scheme 9. where the relative rates of amine cation radical deprotonation and

desilylation are controlled by the basicity of the enone-radical anion 13, Thus,
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the proton transfer from 14 to 13 in a contact ion pair (CIP) can lead to the TMS
adduct 11, in an aprotic solvent (CH3CN), In protic solvents, however the cnone
radical anion can pick up a proton from the solvent, permitting the amine radical
cation to undergo desilylation to yield the radical pair 15 and 17, which can
subsequently couple to yield the observed product (12). In the presence of
oxophilic metal cations also the major product formed is the adduct 12 and this
can be attributed to the coordination of the radical anion by metal cations leading
to a decrease in the anion strength, The exclusive formation of the non-TMS
adducts (20, 23) rom the photoreacuons of the silylamine 10 with acenaphthenc-
quinone (18) and N-methylphthalimide (21) in acetonitrile (Scheme 10) supports
the view that the base strength of the amion radical plays a key role

determining the chemoselectivity of the a-silylamine cation radical reactions.”

A higher chemoselectivity was observed in the photoreactions of
silylamines 25 and 28 (Scheme 11). Irradiation of 25 and 28 in methanol leads to
the cyclized non-TMS products 26 and 29, respectively, whereas the TMS
containing products 24 and 27 were formed when the irradiations were carned oul
in acetonitrile>®  Similar silylamine-enone photocyclization reactions  were
promoted by single clectron transfer (SET) sensitization process as shown in
Scheme 12. Thus, the irradiation of dicyanoanthracene (DCA) in an acctonitrile-
methanol solution containing 25 resulted in the cfficient production of the
diastereomeric mixture (6:1) of perhydroisoquinolinones (30, 31) and <2 % of
perhydroindolinone 32.9 Likewise, the DCA sensitized photoreaction of 33 and 34
in acetonitrile-methanol gave the substituted piperidines 35 and 36, respectively in
high yiclds, along with the pyrrolidine ester 37 in the case of 34. The  formation
of the pyrrolidine 37 in the DCA sensitized reaction of 34 is due to the dealkyla-

tion of the initially formed radical cation containing the silyl group (Scheme 12).
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This dealkylation pathway is analogous to the two clectron oxidation of amines
observed in thermal reactions and this was proved by synthesising the same
pyrrolidine derivative via metal cation oxidation of the silylamine 34 In

acetonitrile. 3!

Pandey and co-workers had observed that the DCA-sensitized intra-
molecular photoreaction of the silylamines 38a-d proceed in a regio and stereo-
selective manner yielding the eyclized products 39a-d and 40a-d (Scheme 13). 52
Similarly, the synthesis of the biologically active natural product (%) epilupine (43)
and (%) isorctronecanol (46) were achieved using the DCA scnsitized photo-

reactions of the silylamines 41 and 44, respectively (Scheme 13).52

In a recent reinvestigation, Mariano and coworkers have shown that the
DCA sensitized photoreaction of 38b in presence of oxygen leads to the
corresponding pyrrolidones and not the azabicyclic products.>  They have
demonstrated that activated olefins (clectron withdrawing substitution) are

necessary for the formation of azabicyclic ring system as shown in Scheme 14.

3
47a, n=1 48a. n= | 49a. n= 1|
47b. n=2 48b. n=2 49b. n=2

Scheme 14
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These results are in agreement with the carlier studies by Padwa et.al. in
which it was shown that a-aminoalkyl radicals, unlike their a-amido analogues, do
not efficiently add intramolecularly to unactivated olefins. 34 It may be pointed out
that the photocyclized products such as 48a could be the precursors of several
natural products. Thus, the synthesis of (X) epilupine was achieved by a two step

chemical transformation of 48a.
1.2.3. Objectives of the Present Investigation

Although the mechanistic aspects of the generation of a-aminoalkyl radicals
[rom amines, using a vanicly ol photosensitizers such as quinones, porphyrins,
flavins and semiconductors have been well studied, the synthetic applications,
such as carbon-carbon bond forming reactions of the c-aminoalkyl radicals thus
generated, have not been well investigated. Studies on the synthetic applications
have mainly been concerned with the use of dicyanoanthracene (DCA) and
dicyanonaphthalene (DCN) as photosensitizers in the generation of a-aminoalkyl

radicals from a-silylamine derivatives.

In this thesis, we describe the results of our studies on the photosensitized
generation of a-aminoalkyl radicals from primary, secondary and tertiary amincs
in the presence of clectron deficient olefinic substrates, using sensitizers such as
anthraquinone, benzophenone, anthrone and xanthone. The mechamisuic aspects,

as well as the synthetic applications of these reactions have been looked into,
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Chapter 2. Photoclectron Transfer Catalyzed Reactions of Tricthylamine and

Diisopropylamine with Methyl Methacrylate and Acrylonitrile!

2.1. Abstract

The result of an investigation of single electron transfer (SET) promoted
photoreaction of triethylamine and diisopropylamine with methyl methacrylate and
acrylonitrile, using various sensitizers such as anthraquinone, acridone and
dicyanoanthracene are presented. Photoexcitation of the sensitizers leads 1o the
generation of a-aminoalkyl radicals from the amines in good yields, which add on
to methyl methacrylate and acrylonitnile, leading to amine-olefin addition
products,  The sensitized photoreaction of  tricthylamine (2) with methyl
methacrylate (5), for example gave a mixture of products 8, 11, 12 and 17, formed
through the addition of one, two, three and four methyl methacrylate moicties,
respectively. A mechanism involvng the addition of the a-aminoalkyl radicals of
triethylamine, generated via the photoelectron transfer process, to methyl
methacrylate and the subsequent 1,5-hydrogen atom abstraction reactions of the
amine-olefn adduct radicals have been proposed to explain the formation of the
multiple-olefin added products. A similar mechanism has also been proposed for
the formation of multiple-olelin added products in the photosensitized reaction
between tricthylamine (2) and acrylonitrile (18), which led to a  nmuxture of
products 19, 20, 21 and 22. The sensitized photoreaction of diisopropylamine (23)
with acrylonitrile (18) gave muluple-olefin addition products 24 and 25.
Similarly, the sensitized photoreaction of diisopropylamine (23) wath methyl
methacrylate (5) gave rise to a multiple-olefin added product 28 and a pyrrolidone
derivative 26. A resonable mechanism has been suggested for the formation of 26.
Anthragquinone and acridone were found 10 sensitize these photoreactions  with

greater efficiency than dieyanoanthracenc.
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2.2, Introduction

The generation and subscquent reactions of a-aminoalkyl radicals have
been topics of extensive studies in recent years.2-19 These radicals can be utilized
for the construction of carbon-carbon bonds adjacent to nitrogen, which is of
significant importance in alkaloid chemistry '1-13 g-Aminoalkyl radicals can be
generated via single electron transfer oxidation of amines. Removal of a single
electron from an amine results in the formation of the aminium radical cation,
which can decay via the following modes, i) deprotonation at mitrogen, ii) deprolo-
nation at an a-carbon, i11) intra and intermolecular hydrogen atom abstraction and
iv) coupling rcactions. Of these possible modes, deprotonation at a-carbon,
adjacent o nitrogen is a major pathway and this leads o the formation ol the
a-aminoalkyl radicals.” There have been several studics on the mechanistic aspects
of a-CH deprotonation. Pulse radiolysis investigations have shown that the
pKa (water, 25°C) of Me3NT 1s about eight and that the rate of CH deprotonation

of this radical cation is relatively fast.!14.15 Proton transfer from Me3N¥ 1o Me3N

in water is found to have a bimolecular rate constant of 7x 108 M-lg-1

Amine radical cations having clectrofugal groups other than protons at the
a-C positions can undergo heterolytic fragmentation.  Decarboxylation of the
aminium radicals, denved from c-aminoacids and the more recently reported
studies on the fragmentation of the a-silylamine radical cations, generated via
photosensitization, are examples of this type of fragmentation. !0-16 The intra and
intermolecular carbon-carbon bond forming reactions of a-aminoalkyl radicals,
gencrated via photoclectron transfer mediated reactions of a-silylamines, using
sensitizers such as dicyanoanthracenc (DCA) and dicyanonapthalene (DCN) have

been investigated in detail.2 An interesting observation in the direct excitation



36

studies of w-silylamine-enone systems is that in protic solvents, the major product
is the one ftormed by addition of the c-aminoalkyl radical, gencrated  via
desilylation of the aminium radical cation, o the ketyl radical.  THowever, n
aprotic solvents, the major product formed is the one obtained via the addition of
a-aminoalkyl radical, formed via deprotonation of the aminium radical cation, 1o
the ketyl radical.!? These differences can be explained on the basis of the acid-
base properties of the aminium radical cation and the ketyl radical anion formed

in the electron transfer process as discussed below.

Picosccond laser flash photolysis studies of tertiary amine-ketone systems
have shown that photoelectron transfer from amines to the triplet state of ketones
occurs at diffusion controlled rates o produce the aminium radical cation and the
ketyl radical anion as a solvent separated-ion radical pair (SSIRP). This collapses
in the picosecond time scale to a contact ion radical pair (CIRP), where proton
ransfer takes place very [last (k~10? s71) 10 produce the ketyl and a-amino-
radicals.'® This proton transfer is lacilitated by the acid-basc properties ol the
radical ion-pairs. Pulse radiolysis studies have shown that the aminium radical
could be relatively less basic (pKa~8), when compared to the parent amine; ketyl
radical anions are known to be more basic (pKa~10).'4 In aprotic solvents, rapid
proton exchange can take place, whercas in protic solvents the ketyl radical anion
can rapidly pick up a proton from the solvent leaving the aminium radical to do
its own chemistry. Thus, in the case of a-silylamines, the aminium radical
cations undergo preferential deprotonation in aprotic solvents and preferential
desilylation in protic solvents. The aminoalkyl radical that is formed wvia these
processes is much casier to oxidize than the parent amine. Thus, the rapid proton

exchange converts the highly oxidising aminium radical cation to highly reducing
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aminoalkyl radicals. This process effectively controls the encrgy wasting back

electron transier between the radical 1on-pairs.”?

Although, the mechanistic aspects of the a—aminoalkyl radical gencration
via ketone sensitized reactions of amines, have been studied extensively, there
have been very few attempts to utilize these processes for carbon-carbon bond
forming reactions. In the present study, the photosensitized gencration of
a—aminoalkyl radicals from triethylamine and diisopropylamine, using anthra-
quinone and acridone as sensitizers and the subsequent intermolecular reactions of
these radicals with methyl methacrylate and acrylonitrile have been examined.
These processes have been compared to the reactions, sensitized by

dicyanoanthracenc.
2.3. Results

2.3.1. Photosensitized Addition of Tricthylamine (2) to Methyl Metha-

crylate (5)

The photosensitized addition of tricthylamine (2) to methyl methacrylate (35)
was effected by irradiating argon-purged acetonitrile solutions of tricthylamine and
methyl methacrylate, containing catalytic amounts of (10-% M) anthraquinone (1),
under Pyrex filtered light (A> 290 nm). Four products were isolated from the
reaction mixture (8, 11, 12 and 17, Scheme 1) and they were charactenzed on the
basis of analytical results and spectral information,  The IR spectrum ol 8, lor
example showed an absorption band at 1736 em-!, due to the ester carbonyl group.
The '11 NMR spectrum of 8 showed a multiplet at § 0.85-1.3 (12 H), which was
assigned to the CHy protons. The methoxy protons (3 H) appeared as a singlet at

53.6-3.7. The 'H NMR spectral features indicate that 8 is a 1:1 adduct of methyl
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methacrylate and triethylamine. The 13C NMR spectrum of 8 showed several
signals and the one at 8 174.0 has been assigned to the ester carbonyl carbon. The
mass spcctrum of 8 showed the molecular 1on peak at m/z 201, which is in

agreement wilh the assigned struclure,

The IR spectrum of 11 showed an absorption band at 1738 cm-l,
characteristic of ester carbonyl groups. The 'H NMR spectrum of 11 showed a
multiplet at & 0.9-1.2 (15 H), which was assigned to the CHy protons. The
protons ol the two methoxy groups appearcd as a singlet at & 3.6-3.7. The spectral
features indicate that 11 1s a 2:1 adduct between methyl methacrylate and
tricthylamine. The 13C NMR  spectrum of 11 showed several signals and the one
at & 177.54 has been assigned 1o the ester carbonyl carbon, The mass spectrum of
11 showed the molecular jon peak at m/z 301, which 1s in agreement with the

assigned structure.

The IR spectrum of 12, showed an ester carbonyl absorption at 1730 cm-!.

The 'H NMR spectrum of 12 showed multiplets at 6 0.93-1.0 (9 H), assigned to
the three sets of CH3 protons of triethylamine and at 8 1.1-1.26 (9 H), assigned to

the three sets of CH3 protons of the added methyl methacrylate. The protons due

to the three methoxy groups appeared as a singlet at 6 3.6-3.75. This indicates that

12 is a 3:1 adduct between methyl methacrylate and triethylamine. The 13C NMR
spectrum of 12 showed two peaks at & 17.7 and 20.7, corresponding to CH3y

carbons, onc peak at & 41.2 due to CH7 carbons, two peaks at 6 36.8 and 47.1 due
to CH carbons, one peak at & 51.4 due to the OCHg carbons and one peak at

5 177.4, auributable to the C=0 carbon. The 'H NMR spectrum of 12 is

indicative ol the symmetrical naturc of the structure. The mass spectrum of 12
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showed the molecular ion peak at m/z 401, which is in agreement with the

assigned structure.

The IR spectrum of 17, showed an ester carbonyl absorption at 1741 em-!.
The 'H NMR spectrum of 17 showed a multiplet at § 0.9-1.25 (21 H), assigned to
the CHy protons. The methoxy protons (12 H) appeared as a multiplet at & 3.65-
3.75. This indicates that 17 has a complex structure, consisting of a 4:1 adduct
between methyl methacrylate and tnethylamine, The 13C NMR spectrum of 17
showed several signals due to different chiral centres associated with the structure.
The signals at & 176.80-177.48, for example, have been assigned to the cster
carbonyl carbons. The mass spectrum of 17 showed the molecular ion peak at m/z

501, which is in agreement with the assigned structure.

Table 1 lists the percentage conversion ol the starting material (5) and
product distribution under a varicty of conditions in the reaction of tricthylamine

wilh methyl methacrylate.

It has been observed that the changes in the irradiation time and substrale
concentrations brought about only minor changes in  the product distnbution.
However, on using a large excess  of tricthylamine (1 mol), there was some
increase in the yield of 8 at the expense of 17. When acridone was used as the
sensitiser, instead of anthraquinone, the percentage conversion and product yiclds
were found to be similar o those observed in the case of anthraquinone.
Dicyanoanthracene (DCA). however, was  found to be much less cfficient as a
sensitiser, when compared to cither anthraquinone or acridone (Table 1), Also, the
percentage distribution of products indicated that more of the lower molecular
weight products such as 8 and 11 were formed at the expense of the higher

molecular weight products 12 and 17 in the case of DCA sensitized reactions.
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Table 1. Photosensitized addition of tniethylamine (2) to methyl methacrylate (5)
in acctonitrile (350 mL) at 298 K using 450 W medium pressure Hanovia lamp
(Pyrex filter)

Sensitizer 2 5 Duration of % Conver- Product distrnbution
10-4 ( M) mmol mmol wradiabon sionof 5 (%)
(h) 8 11 12 17

Anthra- 15 15 | 20 10 11 28 12
quinong

" |15 13 2 26 10 I8 28 16

n |15 15 3 30 10 15 28 I8

" 15 15 4 35 10 14 24 22

" |5 2 | 40 8 I8 26 ]

& 15 45 I 17 10 14 24 b

g 1000 15 I 20 20 25 30 10
Acridone 15 15 | 28 10 20 32 I8

" 15 15 4 38 10 1§ 30 20
Dicyano- 15 15 4 8 35 20 18 5
anthracene

" 15 15 8 12 30 24 20 8

2.3.2. Photosensitized Addition Reactions of Triethylamine (2) to Acryloni-

trile (18)

The photosensitized addition ol tnethylamine (2) o acrylonitrile (18) was
carried out by irradiating argon-purged acetonitrile solutions of triethylamine and
acrylonitrile contaming catalytic amounts of {lﬂ"‘1 M) anthraquinone (1), under
Pyrex filtered hight. Four products were isolated from the reaction mixture (19,

20, 21 and 22, Scheme 2) and they were characterized on the basis of analytical
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results and spectral evidence. The IR spectrum of 19, for cxample, showed an
absorption band at 2248 em=! due to the nitrile group. The 1 NMR ol 19
showed a multiplet at & 0.9-1.2 (9 H) assigned 1o the CH3 protons ol tricthyl-
amine and multiplets at 8 1.3-1.9 (4 H) and 2.26-2.6 (6H1) indicates that 19 isa2:l
adduct between acrylonitrile and triethylamine.  The 13C NMR spectrum of 19
showed scveral signals, out of which the one at § 119.96 has been assigned to the
nitrile carbon. The 1H NMR and 13C NMR spectra of 19 indicate the presence of
an isomeric mixture. The mass spectrum of 19 showed a molecular ion peak at

m/z 207, which is in agreement with the assigned structure.

CN
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The IR spectrum of 20 showed an absorption band at 2248 em-! due to the

21

Scheme 2

nitrile group. The 11 NMR  spectrum of 20 showed two doublets at o 0.9-1 2

(9 H) assigned to the three sets of CH3 protons of tricthylamine. The multiplet at
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8 1.4-1.9 (6 1) has been assigned (o the three sets ol CHy protons lrom the
acrylonitrile component in the adduct,  The multiplet at 6 2.8-3.2 (3 H) has been
assigned to the three CH protons. The 13C NMR spectrum ol 20 showed several
signals out of which those at 5 120.10, 120.54 and 120.61 have been assigned o
the nitrile carbons. The 'H NMR and 13C NMR spectra of 20 indicate the
presence of an isomeric mixture. The mass spectrum of 20 showed a molecular

ion peak at m/z 260, which is in agreement with the assigned structure.

Products 21 and 22 have nearly identical physical propertics and could not
be separated using chromatographic techniques including preparative H PLC.
Evidence for the two components in the product mixture was obtained by the
presence of two distinet spots on silver nitrate-doped silica gel TLC plates. High
resolution ' NMR spectrum of 21 and 22 (500 MHz) clearly showed that two
compounds were present in the purified mixture in approximately cqual ratio. The
IR spectrum of 21 and 22 showed a band at 2248 cm=! due to the nitrile group. In
the 'H NMR spectrum of the mixture of 21 and 22, the group of signals centered
around & 1.2 (15 H) has been assigned to the three sets of mn:thfgl protons of 22
and two sets of methyl protons of 21. The C-4 methyl protons adjacent 1o the
olefinic carbon of 21 appeared as a singlet centered at & 1.85 (3 H). Nince sets of
methylene protons of 21 and 22 have appeared around & 1.7-2.0 (18 H), whereas
another sct of eighteen methylene protons of (21 and 22) appeared at o 2.23-2.5
(18 H). The methine protons at C-3 position of 22 appeared as a broad multiplet
centered at & 3.25. The 'H NMR spectrum of this mixture showed a doublet at
& 3.1 (2 H, J=7 Hz) which was assigned to the methylene protons al the C-1
positions and the triplet at § 5.3 (1 H, J=7 Hz) 1o the olefinic proton at the C-2
position of 21. The '3C NMR spectrum of the mixture of 21 and 22 showed

several signals out of which those at & 117.36 and 142.16 were charactenistic of
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the olefinic carbon of 21, The signals at 5 119.24 and 119.57 have been assigned
to the nitrile carbons. The mass spectrum of 21 and 22 showed two molecular
ion peaks at m/z 365 (MH™, 21) and 367 ( MH™T, 22 ), which is in agreement

with the assigned structure,

The percentage conversion of the starting material (18) and product
distributions under varying conditions are shown in Table 2. As in the case of the
addition of methyl methacrylate to triethylamine, here also it has been observed
that the product distribution is fairly independent of the substrate concentration

and irradiation ume,

Table 2. Photosensitized addition of tricthylamine (2) to acrylonitrile (18) n
acetonitrile (350 mL) at 298 K using a Pyrex-filtererd light of a 450 W medium
pressurce Hanovia lamp

Sensiizer 2 18 Duration of % Conver- Product distribution
1004 M mmol mmol irradiation  sion of 18 (%)
(h) 19 20 21422

Anthra- 15 15 I 17 g8 10 60
quinong

" 15 45 | 11 by 12 50

" 150 15 | 21 10 15 40
Acridone 15 15 | 30 18 42 28

" 15 15 I 20 5. 33 32

" 150 15 | 40 12 40 18
Dicyano- 15 15 =) <2 ” _ B

anthracene

On using acridone as the sensitiser, the pereentage conversion and product

yields were found to be slightly higher than in the casc of anthraquinone sensitized
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reactions. In the acrnidone sensitized reactions of 2 and 18, the percentage yield
of 20 was lound to increase at the expense of 21 and 22, as compared to the
anthraquinone-sensitized reactions. Under identical conditions, DCA was found to

be inefficient as a sensitiser. These results are summarised in Table 2.
2.3.3. Photosensitized Addition of Diisopropylamine (23) to Acrylonitrile (18)

The photosensitized addition of ditsopropylamine (23) to acrylonitrile (18)
was carried out by irradiating an argon-purged acetonitrile solution of diisopropyl-
amine and acrylonitrile, containing catalytic amounts (104 M) of anthraquinone
(1), under Pyrex filtered hight. Two products, 24 and 25, were isolated from the
reaction mixture (Scheme 3) and they were characterized on the basis of analytical

results and spectral information.

The IR spectrum of 24 and 25 showed absorption bands at 2248 em~!, duc

to the nitrile groups. The 'H NMR spectrum of 24 showed a singlet at & 1.1-1.3

(12 H) indicating the presence of CH3 groups. The multiplet centered around

6 1.60-1.85 (4 H) and & 2.35-2.60 (4 H) have been assigned to the CH» protons,

The 13C NMR spectrum of 24 showed several signals, out of which the one at
0 120.61 has been assigned to the nitrile carbon. The mass spectrm of 24 showed
the molecular ion peak at m/z 208, which is in agreement with the assigned

structure.  The 'H NMR spectrum of 25 showed a singlet at § 1.1-1.3 (12 H)
which has been assigned to the CH3 protons. The multiplet at 8 1.6-2.1 (6 H)

has been assigned to the three sets of CHy protons, whereas the one at 6 2.4-2.7
(6 F) has been assigned to the three additional sets off CHa protons. The
13C NMR spectrum of 25 showed several signals, out of which, those at § 120,50

and 120.61 have been assigned to the nitrile carbons, The mass spectrum of 25
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showed the molecular 1on peak at m/z 261, which is in agrcement with the

assigned structure.

)\HJ\ h,L;" éX/\cm +>8N></\CN

23 24 25
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Scheme 3

Table 3 hists the percentage conversion of the staring material (18) and
product distribution under varying conditions. It has been observed that the
product distributions of 24 and 25 are independent of substrate concentrations and

irrachation ume (Table 3).

On using acridone as the sensitizer, the percentage conversion was found to
be greater than that of anthraquinone under similar conditions. DCA, on the other

hand was found to be quite ineffective, under analogous conditions,
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Table 3. Photosensitized addition of dusopropylamine (23) (o acrylonitrile (18) in
acctonitrile (350 mL) at 298 K using Pyrex filtered light of a 450 W medium
pressure Hanowvia lamp

Sensitizer 23 18 Duration of %Convers- Product distribution
104 M mmol mmol irradiation  ionof 18 (%)
(h) 24 25

Anthra- 15 15 | 12 40 20
quinone

"’ |5 45 I 14 50 20

"’ 15 45 6 8 45 25
Acndone 15 45 I 20 45 25
Dicyano- |15 45 8 <2 B _
anthracene

2.3.4. Photosensitized Addition of Diisopropylamine (23) to Methyl Metha-
crylate (5)

The photosensiized additon of dusopropylamine (23) to methyl
methacrylate (5) was cffected by irradiating an argon-purged acetonitrile solution
ol dusopropylamine and methyl methacrylate containing catalytic  amounts ol
(10-4 M) anthraquinone (1), under Pyrex  filtered light (A >290 nm). Two
products were 1solaled from the reaction mixture (26 and 28, Scheme 3) and they
were characterized on the basis of analytical results and spectral information. The
IR spectrum of 28 showed a broad absorption band at 3400 em~!, due to the N-H
group and a band at 1740 ¢m~! due to the ester C=0 group. The 'H NMR

spectrum of 28 showed a multiplet at 5 1.0-1.2 (18 H), assigned to six sets of
CHsy protons and a second muluplet at & 1.8-2.2 (4 H), assigned 1o two scts of

CH»> protons. In addition, the spectrum showed a multuiplet at 6 2.4-2.8 (2 H)
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due to the two CH protons and singlets at & 3.5-3.7 (6 H) duc to two methoxy
protons. The 13C NMR spectrum of 28 showed several signals out of which the
one at & 179.60 has been assigned to the ester carbonyl carbon. The NMR data
suggests that 28 is a 2:1 adduct of methyl methacrylate and dusopropylamine. The
mass spectrum of 28 showed the molecular ion peak at 301, which 15 1n agreement

wilh the assigned structure.

The IR spectrum of 26 showed an absorption band at 1685 ecm=!, duce 1o the

amide carbonyl group. The ' NMR spectrum of 26 showed several multiplets at

& 1.1-1.6 (15 H) due to five sets of CHy protons. The multiplet centered around
$ 2.0-2.3 (3 H) is due to CH» and CH protons and the multiplet at & 3.2-3.6 (1 H)
has been assigned to the CH proton of the isopropyl group. The '3C NMR
spectrum of 26 showed five CHy signals at 8 15,94, 19,61, 20,66, 25.04 and 28,18,
onc CH5 signal at 8 43.33, two CH signals at 8 35.01 and 44.05, onc quarter-

nary carbon signal at & 58.62 and a carbonyl carbon signal at & 175.87. The
structure of 26 on the basis of spectral evidence has been assigned as N-isopropyl-
3,5.5-trimethyl-2-pyrrolidonc. The mass spectrum of 26 showed a molecular 1on

peak at m/z 169, which is in agreement with the assigned structure.

The product distribution and percentage conversion of the starting matenal
(5) were found to be independent of the substrate concentration and wrradiation
time (Table 4). Acridone was found to be marginally more efficient in terms of
the percentage conversion of methyl methacrylate.  Under analogous conditions,

DCA was [ound to be quite ineflicient.
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Table 4. Photosensitized reactions ol diisopropylamine (23) with methyl metha-
crylate (5) in acetonitrile (350 mL) at 298" K using a Pyrex filtered light of a
450 W medium pressure Hanowvia lamp

Sensitizer 23 5 Duration of % Conver- Product distribution
1004 M mmol mmol irradiation  sion of § (%)
(h) 26 28
Anthra- 15 15 | 10 26 30
quinone
15 45 | 5 55 310
! 15 45 6 10 50 30
. |5 45 8 15 50 30
Acridone 13 15 I |13 15 40
Dicyano- 15 15 4 <2 _ _
anthracene

2.4. Discussion

2.4.1. Photosensitized Addition of Triethylamine (2) to Mcth}'l. Methacrylate
(5) and Acrylonitrile (18)

[rradiation ol the reaction mixtures with Pyrex-filtered light would lcad to
the selective excitation of the sensitizers since trnicthylamine as well as methyl
methacrylate and acrylonitrile, do not have significant absorbance above 290 nm.
Excitation of anthraquinone (1) would lead to the formation of anthraquinone
triplets via rapid intersystem crossing from the excited singlet state (¢ ~0.93).1°
Quenching of the anthraquinone triplet by triethylamine (2) would result in the
formation of the contact ion pair (CIP) (3), involving the aminium radical cation
and the anthraquinone radical anion. The basic nature of the anthraquinone ketyl

radical anion can facilitate abstraction of a proton from the rclatively acidic
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aminium radical cation to yield the a-aminoalkyl radical. The subsequent thermal
reactions of the o-aminoalkyl radical with methyl methacrylate and those of the
adduct radicals depicted in Scheme 1, is proposed as the mechanism for the
formation of products, 8, 11, 12 and 17. Addition of the aminoalkyl radical 6 to
methyl methacrylate would give rise to the adduct radical 4, which can be
quenched by the ketyl radical 7 to yield 8 and anthragquinone. The adduct radical 4,
can also undergo 1,5-hydrogen abstraction to bring about a translocation of the
radical centre to give 9. Intramolecular 1,5-hydrogen atom abstractions are well
documented in free radical chemistry.20-22 Radical adducts of o-aminoalkyl
radicals are also known to undergo 1,5 hydrogen atom abstraction reactions.23.24
A sequence of addition of the adduct radical to the olefinic ester and subscquent
quenching by anthraquinone ketyl radical and 1.5-hydrogen atom abstraction
reactions as shown in Scheme | could subsequently lead to rest ol the observed
products, 11, 12 and 17, The formation ol these products may be attributed to the
inefficiency of the anthraquinone ketyl radical to terminate the initially formed 1:1
adduct radical. The ketyl radical anion of anthraquinone 1s known to be relatively
stable in argon-purged solutions and is only quenched very slowly by electron

acceptors.

An alternative reaction mechanism would involve the formation of the 1:1
adduct 8 and its subsequent sccondary clectron transfer reaction with the excited
state of anthraquinone. This can, however, be ruled out since the product distn-
bution is fairly independent of the rcaction conditions, For irradiation periods of
1, 2. 3 and 4 h, where the conversion of methyl methacrylate vanes from 20 to
40% (Table 1), the product distribution remains unchanged within experimental
error, indicating that secondary pholoprocesses are not important. Also, under

these conditions, substantial amounts of unreacted amine present would prevent
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secondary photoreactions by effectively quenching ‘l‘hg’ excited state of the

SeNSItZers.

The mechanism was further confirmed by carrying out these reactions in the
presence of large excess of tricthylamine. Under these conditions the probability
of the excited state of the sensitizer being quenched by the photoproducts would
be very low. The results indicate (Table 1) that even under these conditions, the
formation of the multiple olefin added products predominate (12 (30 %) and 11
(25 %)). There i1s a slight variation in the percentage distribution in the products
with greater amounts of the lower molecular weight products being formed at the
expense of the higher molecular weight products.  This may be attributed o the
increase in intermolecular hydrogen transfer between the adduct radicals and the

[rec amine in the presence ol excess amine.

Acridone-sensitized reactions of triethylamine and methyl methacrylate are
comparable (Table 1). Dicyanoanthracene, however was found to be highly
inefficient in sensitizing these reactions. This clearly supports the role of the anion
radical base strength in bringing about the deprotonation of the alkylamine radical
cation. Unlike the ketyl radical amion, the DCA radical anion is more acidic. Also,
the product distribution for the DCA sensiuzed reactions clearly indicates the
ability of the DCA radical anion to quench the amine-alkene adduct more
clficiently than the ketyl radicals. Thus, the lower molecular weight products are
formed in better yields than the higher molecular weight products, unhike in the

anthraquinone and acridone-sensitized reactions,

Tricthylamine possesses six abstractable methylene atoms, and six olefinic

moieties can, in principle, add to the amine moiety. However, the formation of the
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five and six addition products is probably inhibited by steric factors duc to the

bulkiness of methyl methacrylate.

Studies with acrylonitrile, where the steric factor would be considerably
less important, indicated the formation of the 5-added product also. The
mechanism for the formation of the products, 19, 20 and 22 can be similar to that
proposed for the methyl methacrylate addition in Scheme 1. The formation of 21
can occur via a hydrogen atom abstraction from the precursor radical adduct
consisting of five acrylonitrile moieties added to the amine or via a disproportio-
nation reaction of the same radical which would cventually yield equal amounts of
both 21 and 22. The formation ol enamine derivatives in the sensitized reactions

of tertiary amines has been reported before, 25-27

Acridone-sensitized reactions were shightly more efficient with regard to the
percentage conversion of acrylonitrile. The product distribution, however indicated
that the lower molecular weight products were formed in preference to the higher
molecular weight products. With DCA as sensitizer the radical anion generated in
the electron transfer process is not sufficiently basic to abstract a proton from the
aminium radical anion. The o-aminoalkyl radicals are therefore not generated

eflicicntly and DCA was found to be least cfficient in sensitizing these reactions.

2.4.2. Photosensitized Addition of Diisopropylamine (23) to Acrylonitrile (18)

and Methyl Methacrylate (5)

Single electron transfer (SET), followed by deprotonation or hydrogen atom
abstraction from primary and sccondary amines can lead lo either aminyl or
a-aminoalkyl radicals.?8 Since a-aminoalkyl radicals are known to be thermo-

dynamically more stable, aminyl radicals can readily be converted to a-aminoalkyl
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radicals via hydrogen abstracton from the parent amines. These processes lead
predominantly to the formation of a-aminoalkyl radicals.? In the present study, the
photosensitized reactions of diisopropylamine led specifically to products derived

from reactuons of a-aminoalkyl radicals,

Anthraquinone-sensitized reactions of diisopropylamine (23) with acrylo-
nitmle (18) led to two major products, 24 and 25. Anthraquinone sensitization
would generate the a-aminoalkyl radicals of ditsopropylamince as discussed above,
which could add o acrylonitrile to yield an adduct radical. Radical translocation
by 1,5-hydrogen abstraction, addition to another molecule of acrylonitrile at the
new radical site and subscquent quenching ol the adduct radical by the kety!
radical of anthraquinone can lead to 24. The mechanism proposed for this reaction
15 analogous o the one depicted in Scheme 1. The product 25 could arise through a
thermal Michacl type addition of’ 24 with acrylonitrile. The percentage conversion
was better when acridone was used as the sensitizer (Table 3). Dicyanoanthracene
did not sensitize the photoreaction ol diisopropylamine with acrylonitrile to any

noticeable extent,

The anthraquinone-photosensitized reaction of diisopropylamine (23) with
methyl methacrylate (5) leads o a 1:2 amine-olefin addition product (28).
However, the major fraction of the product mixture consists of N-isopropyl-3,5.5-
trimethyl-2-pyrrolidone (26), which could arise through 27, The adduct 27 was not
isolated from the reaction mixture. However there are several reports of such
intramolecular cyclization reactions being very facile.2930 The photoreactions of
ditsopropylamine with methyl methacrylate offers a mild and convenient one
step route Lo synthesize substituted pyrrolidone rings. Acridone was found to

sensiize this reaction with nearly the same efficiency in comparison to that of
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anthraquinone with respect o the percentage distribution of 28 at the expense of
26. Dicyanoanthracene was found to be ineffective in sensitizing these reactions,
These studies indicate that the photosensitized reactions of o,3-unsaturated esters
with amines can be utilized to develop a simple onc-step procedure for the
synthesis of lactams. Such reactions have been investigated and these results are

outhined in Chapter 3,
2.5. Experimental Section

The IR spectra were recorded on a Perkin Elmer model 882 Infrarcd
Spectrometer. The electronic speetra were recorded on a Shimadzu UV-2100
Spectrophotometer. The 'H NMR speetra were recorded on JEOL EX 90, Bruker
WH 270 or Varian VXR 500 S NMR spectrometers, using tetramethylsilane
(TMS) as internal standard. The 13C NMR (22.5 MHz) resonances were assigned
using QUART and DEPT programmes to determine the type ol carbon
attachments. The mass spectra were recorded either on a Finnigan MAT modcl
8430 or JEOL JMS AX 505 HA mass spectrometer or 5890 series 1l Hewlet
Packard GC-MS. GC data were obtained on OV 101 (25 m length, 0.2 mm ID) or
on HP-FFAP (25 m length, 0.2 mm ID) capillary column, using a FID detcctor.
HPLC analyses were carried oul using a Shimadzu HPLC with cither shim-pack
preparative ODS column  (20.0 mm ID, 25 ¢m length) or shim-pack CLC-ODS

analytical column (5 mm 1D, 25 cm length) and using methanol as cluent.

Preparative photochemical reactions were carricd out using a 450 W
medium pressure mercury vapour lamp in Pyrex-jacketed water cooled immersion
well. Anthraquinone was purificd by vacuum sublimation and dicyanoanthracene

was purified ecither by column chromatography or by recrystallization [rom
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benzene. Acridone (99%) from Aldrich was used as obtained. All other reagents

and solvents were purified by distillation before use.

The photolysis mixture, typically consisting of the amine (15 mmol) and
olefinic substrate (2-45 mmol) in acetonitrile (350 mL), containing the sensitizer
(10-4 M) was purged with argon or nitrogen before irradiation (1-8 h). The solvent
and unchanged reactants were removed under reduced pressure and the product
mixture was chromatographed (flash column) over silica gel (250-400 mesh) or by
using a Harrison Chromatotron. All the photoproducts were [inally purificd using o
semipreparative HPLC. The yield reported are based on the olcfinic substrate
consumed. which was estimated by HPLC before removal of the solvent from the
irradiation mixture, The reported product distributions are based on GC-analysis of
the product mixtures. The sensitizers were recovered quantitatively (= 90%) under
all irradiation conditions. All the photoproducts were characterized on the basis of
their spectral data and analytical results, including high resolution  mass

spectrometry data.

2.5.1. Photosensitized Addition of Tricthylamine (2) to Methyl Metha-
crylate (5)

Irradiation of an argon purged solution of 5 (1.5 g, 15 mmol) and 2
(1.5 g, 15 mmol) in acetonitrile (350 mL), containing anthraquinonc (10-4 M) for
I h and separation of products by column chromatography using a muxture (1:9)
of ethyl acetate and pertroleum cther gave 40 mg (10%) of’ 8, 80 mg (20%) ol 11,
150 mg (28%) of 12 and 48 mg (12%) of 17. These yields are based on methyl
methacrylate reacted (22%), as estimated by HPLC. These reactions were repeated

under various reaction conditions and also using acridone and dicyanoanthracene
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as sensitizers, instead of anthraquinone. The percentage conversion and product

distribution in these reactions are given in Table 1.

8 0 IR spectrum vy ax ( neat ) @ 2975, 2870 (CH) and 1736 (C=0) em-l,
UV spectrum Agmax (CH3CN) : 205 nm ( €, 2500 ) and 254 (408, sh).

|H NMR spectrum (CDCl3) : & 0.85-1.3 (12 H, m, 4 CH3z), 1.5-1.8 (2 H,
m, CH»), 1,8-2.9 (6 H, m, 2 CH», 2 CH) and 3.6-3.7 (3 H, s, OCH3).

13C NMR spectrum ( CDCl3 ) : 8 13.50, 14,25, 17.50 (CH3), 37.10
(CH), 38.20, 42.60 (CH>p), 51.15 (OCH7), 52.5 (CH) and 174.40 (C=0, csler),

Mass spectrum, m/z (relative intensity) @ 201 (M™, 4), 186 (11), 170 (7).
154 (4), 143 (6), 126 (8). 100 (100), 83 (10), 68 (7) and 55 (10). Molecular
weight calculated for CyH23NO7 - 201.1728. Found : 201.1714 (high-resolution

mass spectrometry ).

11 : IR spectrum vipax (neat) : 2972, 2875 (CH) and 1738 (C=0) em!.

UV spectrum Apgax (CH3CN) - 205 nm (g, 3400) and 254 (418, sh).

'H NMR spectrum (CDCl3) 0 & 0.9-1.2 (15 H, m, § CH3), 1.7-2.1 ( 4 H,
m, 2 CHp ), 2.2-2.9 (6 M, m, CHz 4CH ) and 3.6-3.7 (6 H, 5,2 OCH3 ),

13C NMR spectrum (CDCl3) : 8 15.35, 15.58, 17.05,17.55,17.80 (CH3),
36.20, 36.80 (CH), 38.00, 39.50, 40.20 (CH»), 49.50, 50.20 (CH), 51.20 (OCH3)

and 177.54 (C=0, ester).
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Mass spectrum, m/z (relative intensity); 301 (M*, 6), 286 (12), 270 (4), 200
(100), 170 (30), 142 (28), 129 (40), 97 (32), 83 (15), 69 (16) and 55 (10). Mole-
cular weight calculated for CjgH31OgN : 301.2253. Found : 301.2245 (high-

resolution mass spectrometry),

12 : IR spectrum vygyx (neat) : 2975, 2875 (CH) and 1730 (C=0) em-!.
UV spectrum Apyax (CH3CN) : 205 nm (g, 3400) and 254 (460, sh).

I H NMR spectrum (CDCl3): 8 0.93-1.1 (9 1, m, 3 CH3), 1.1-1.26 (9H, m,
3 CH3), 1.26-1.5 (6 H, m, 3 CHyp). 2.3-2,56 (3H, m, 3CH), 2.66-2.93 (3 H, m,
3 CH) and 3.6-3.75 (9 h, s, 3 OCH3).

13C NMR spectrum (CDCl3) : § 17.7, 20.7 (CH3), 36.8 (CH), 41.2 (CH>),
47.1 (CH), 51.4 (OCH3) and 177.4 (C=0, ester).

Mass spectrum, m/z (relative intensity): 401 (M*, 6), 386 (12), 370 (8),
300 (100), 271 (20), 243 (34), 211 (20), 183 (54), 151 (30), 129(54),123 (36), 109

(20), 95 (15), 81 (18), 69 (40) and 55 (16). Molecular weight calculated for
Cr1H3906N : 401.2777. Found : 401.2773 (high-resolution mass spectromelry).

17 : IR spectrum vy (neat) 2975, 2875 (CH) and 1741 (C=0) em~!,
UV spectrum Apyax (CH3CN) @ 205 nm (g, 2600) and 254 (415, sh).

lH NMR spectrum (CDCl3) : & 0.9-1.25 (21 H, m, 7 CH3), 1.25-1.8
(8 H, m, 4 CH»), 2.35-2.75 (4 H, m, 4 CH), 2.75-3.0 (2 H, m, 2 CH) and 3.65-
3.75 (12 H, m, 4 OCH3).
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13C NMR3! spectrum (CDCI3) : 8 16.95,-18.4, 19.25-20.85 (CH3), 35.45-

37.57, 39.99-41.2, 44.32-44.46, 45.60-46.18, 47.55-47.90, 48.30, 51.33-51.63
(OCH3) and 176.80-177.48 (C=0, ester).

Mass spectrum, m/z (relative intensity) : 502 (MH*, 65), 486 (16), 400
(70), 300 (100), 229 (30), 169 (48), 154 (30), 129 (100), 110 (25), 69 (50) and 55
(10). Molecular weight calculated for CogHg70gN : 501.3301. Found :

501.3290 (high-resolution mass spectrometry ).
2.5.2. Photoscnsitized Addition of Tricthylamine (2) to Acrylonitrile (18)

Irradiation of an argon-purged solution of 2 (1.5 g, 15 mmol) and 18 (2.4 g,
45 mmol) in acetonitrile (350 mL) containing 10-% M of anthraquinone (1) for 2 h
and separation ol products by column chromatography using a solvent mixture
(4:1) of petroleum cther and ethyl acetate gave 40 mg (8%) of 192, 60 mg (12%) of
20 and 250 mg (50%) of 21 and 22 (unseparated mixture). The reactions were
repeated under various conditions and also using acndone and dicyanoanthracene
as sensitizers, instead of anthraquinone. The percentage  conversion of 18 and

product distribution are tabulated in Table 2.

19 IR spectrum viyax (neat) : 2972, 2897 (CH) and 2248 (CN) em-!.
UV spectrum Apmax (CH3CN) @ 210 nm (g, 2800) and 254 (420, sh).

'H NMR speetrum (CDCl3) -8 0.9-1.2(9 H, m, 3 CH3), 1.3-1.9 (4 H, m,
2 CH»), 2.2-2.6 (6 H, m, 3 CH9) and 2.8-3.2 (1 H, m, CH).



59

13C NMR spectrum (CDCl3) @ & 14.67, 14.(CH2),15.36,16.30,17.06,
17.89 (CH3), 30.93, 31.38, 36.93, 38.30 (CH») 50.85, 53.28 (CH) and 119.96
(CN, nitrile).

Mass spectrum, m/z (relative intensity) : 208 (MH*, 4), 171 (30), 143 (92),

127 (8), 115 (58), 102 (72), 83 (100), 69 (20), 55 (30) and 41 (25). Molecular
weight calculated for CyaHo N3 @ 207.1813. Found : 207.1815 (high-resolution

Mass spectrometry ).
20 : IR spectrum vy (neat) : 2969, 2886 (CH) and 2248 (nitrile) cm-1.
UV spectrum Apay (CH3CN) @ 210 nm (g, 2400) and 254 (400, sh).

H NMR spectrum (CDCI3) : 8 0.9-1.2 (9 H, 2 d, 3 CH3), 1.4-1.9 (6 H, m,
3 CH»), 2.2-2.6 (6 H, m. 3 CH3) and 2.8-3.2 (1 H, m, CH).

I3C NMR spectrum (CDCl3) : § 15.06, 15.27, 16.14, 19,98, 20.19, 24.22,

31.26, 48.41, 48.65, 120.10, 120.54 and 120.61 (CN, nitnile).

Mass spectrum, m/z (relative intensity) @ 260 (M*, 7), 245 (12), 206 (100),

164 (9), 125 (32), 82 (12) 68 (18) and 55 (20). Molecular weight calculated for
CisHo4N4 : 260.2001, Found : 260.2004 (high-resolution mass spectrometry).

21 and 2252 : IR spectrum viyqx (neat) : 2977, 2886 (CH) and 2248

(CN, nitrile) em~!,

UV spectrum Apax (CH3CN) : 213 nm (g, 1400) and 254 (1300).



60

[H NMR spectrum (CDCl3) @ 8 1.0-1.36 (15 H, m, 5 CHsy), 1.7-2.0 (18 H,
m, 9 CH2 and 3H, s, CH3), 2.25-2.50 (18 I, m, CHa3), 3.05-3.15 (2 H. d. CH3).

3.2-3.3 (1 H, m, CH) and 5.25-5.35 (1 H. t. CH).

13C NMR spectrum (CDCl3) : 8 1216, 12.25, 14.67, 15.83 (CH3), 20.22,
21,53, 21.98 (CH3), 33.08, 34.49 (CHp), 49.34 (CH), 59.33 (C). 117.36 (C.

olefinic), 119.24, 119.57 (CN, nitrile) and 142.16 (C, olefimc),

Mass spectrum, m/z (relative intensity) : 366 (M*, 2). 351 (9), 312 (60),

257 (50), 231 (8), 206 (40), 176 (58), 137 (100), 123 (56),108 (16), 96 (20). 82
(50), 67(10) and 55 (30). Molecular weight calculated for CoyHagNg (MHT, 21}

365.2454. Found * 365.2439 and for C2H3|Ng (MH*, 22) : 367.2610, found :

367.2598 (high -resolution mass spectrometry ).
3 5.3. Photosensitized Addition of Diisopropylamine (23) to Acrylonitrile (18)

Irradiation of an argon-purged  solution of 23 (1.5 g, I5 mmol) and 18
(0.8 g, 15 mmol) in acetonitrile (350 mlL) conlaining 10-4 M nl'.l for 1 h and
separation of products by column chromatography using a mixture (20:1) of
petrolcum ether and cthyl acetate yielded 100 mg (50%) of 24 and 40 mg (20%) of
25 The yields arc based on 18 reacted (12%). On using acridone as sensitizer,
instead of anthraquinone, the percentage conversion of 18 after | h of irradiation
wias  20%.  while there was no significant change in the product distribution
(Table 3). Dicyanoanthracene-sensitized reactions did not indicate measurable

conversion of 18 cven after 8 h of irradiation.

24 ¢ IR spectrum vy (neat) @ 3400 (broad, NH), 2975, 2912 (CH) and

2248 (CN. nitrile) em-1,
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UV spectrum Agpx (CH3CN) o 210 nm (g, 2000) and 254 (800),

ENMR spectrum (CDCI3) = 6 1.1-1.3 (12 H. s, 4 CH3). 1.60-1.85
(4 H, 1. 2 CHo) and 2.35-2.60 (4 I. 1, 2 CH3).

13C NMR spectrum ( CDCl3 ): 6 12.07 (CH9), 29.51 (CH3), 40.48
(CH7), 53.07 (C) and 120.61 (CN, mtnle) .

Mass spectrum, m/z (relative intensity) : 208 (M*, 32), 192 (35), 153 (100),

113 (65), 97 (25), 89 (15), 75 (10) and 58 (30). Molecular weight caleulated for
CisllasNg (MHY) @ 208.1814.  Found : 2081813  (high resolution mass

specltrometry ).
25 ¢ IR spectrum vygx (neat) @ 2970, 2905 (CH) and 2248 (nitrile) em=!,

UV spectrum dgyax (CH3CN) - 210 nm (&, 2100) and 254 (400).

TH NMR spectrum (CDCl3) 2 8 1.1-1.3 (12 H, 5. 4 CH3), 1.6-2.1 (6 H, m, 3
CH») and 2.4-2.7 (6H, m, 3 CH»).

13C NMR spectrum (CDCl3) @ & 10.80, 13.50, 25.38 (CH»). 28.51, 29.10,
29.25, 29.50, 29.60 (CH3), 39.50, 46.80 (CH»), 52.50,52.68 (C) and 120.50,

120.61 (CN, nitnle).

Mass spectrum m/fz (relative intensity ) @ 261 (MHEH™, 40), 245 (55). 2006 (82),
160 (60), 153 (100), 113 (68), 97 (30), 82 (10) and 58 (45), Molecular weight cal-
culated for CysH25Ng4 (MHY) : 261.2059. Found : 261.2079 (high-resolution mass

spectrometry ).
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2.5.4. Photosensitized Addition of Diisopropylamine (23) to Methyl Methacry-
late (S)

An argon-purged solution ol 23 (1.5 g. 15 mmol) and 5 (4.5 g, 45 mmol) in
acetonitrile (350 mL) containing 104+ M of anthraquinone was irradiated for 3 h
and scparation of the products by column chromatography using a mixture (20:1)
ol petrolcum cther and ethyl acetate gave 150 mg (30%) ol 28 and 300 mg (50%)
ol 26. These yields are based on percentage conversion ol 5 (10%). Under the
same conditions of irradiation, the acndone-sensitized photorcaction  yielded
100 mg (40%) of 28 and 25 mg (15 %) of 26 (Table 4). Dicyanoanthracene did

not sensitize these addition reactions.

28 IR spectrum vy (neat) @ 3400 (broad, NIH), 2977, 2880 (CH) and

1 740 (C=0)) em-1.
UV spectrum Apygx (CH3CN) 2 203 nm (g, 2500) and 254 (500),

IH NMR spectrum (CDCl3) 0 6 1.0-1.2 (18 H, m, 6 CH3), 1.8-2.2 (4 H, m,
2CH>), 2.4-2.8 (2 H, m, 2 CH) and 3.6-3.7 (6 H, 5, 2 OClH3).

13C NMR spectrum (CDCl3) : & 19.85, 29.52, 29.85, 30.85, 30.95 (CH3).
35.85 (CH), 49.55, 49.95 (C). 51.50 (CH»9). 53.85 (OCH3) and 179.60 (C=0,

ester).

Mass spectrum, m/z (relative imtensity) @ 302 (MIELY, 55), 286 (18), 200

(100), 143 (100). 111 (30), 83 (65). 69 (10) and 55 (20). Molccular weight
caleulated for Cgll3104 @ 301.2253, Found @ 301.2249 (ligh-resolution mass

spectrometry ).



26 : IR spectrum vigx (neat) : 2980, 2868 (CH) and 1684 (C=0)em-1.
UV spectrum Agax (CH3CN) @ 203 nm (&, 2500) and 254 (460).

IH NMR spectrum (CDCl3) = 6 11-1.6 (15 11, m, 5 CHy), 2.0-2.3 (3 I, m,
Cllp, CHYy and 3.2-3.6 (1 11, m, C11).

13C NMR spectrum (CDCI3) : 6 15.94, 19.61, 20.66, 25.04, 28.18 (CH3),
35.01 (CH), 43.33 (CH»), 44.05 (CH), 58.62 (C) and 176.87 (C=0, lactam).

63

Mass spectrum, miz (relative intensity) 169 (M*, 30), 154 (100), 1 12 (72),
84 (13). 69 (13) and 55 (10). Molecular weight calculated for CyplljoNO :

169.1466. Found : 169.1495 (high-resolution mass spectrometry ).
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Chapter 3. Anthraquinone Photosensitized Addition of Primary and Secon-

dary Amines to o, [}-Unsaturated Esters
3. 1. Abstract

Anthraquinone (1) photosensitized electron transfer reactions  between
several primary and secondary amines such as cyclohexylamine, pipendinc,
pyrrolidine and morpholine with «,3-unsaturated esters have been inveshigated.
Anthraqui- none (1) sensitized photoreaction of piperidine (2) with methyl
methacrylate (3) gave a diastercomeric mixture of 2-methyl-3-indoluadone (4) as
the major product. Similarly, the photosensitized addition of  pyrrolidine (5) to
methyl methacrylate yiclded a diastercomeric mixture ol 2-methyl-3-pyrrolizidone
(6). The photosensitized addition of cyclohexylamine (7) to methyl acrylate (8),
methyl methacrylate (3) and methyl crotonate (10) led to the formation ol the
spirolactams 9, 11 and 12, respectively.  Apart from methyl methacrylate, most
o, B-unsaturated esters undergo facile Michael type addition reaction with amines
such as piperidine, pyrrolidine and morpholine to yield the N-addition products.
In order to control the thermal Michael type addition reactions, the photosensitized
reactions were carried out at low temperatures. Thus, the anthragquinone photosen-
sitized addition of pipendine (2) to methyl acrylate (8) at low temperature gave a
mixture of 3-indolizidone (13) and the N-addition product 14, Similarly. addition
ol pyrrolidine (5) to methyl acrylate (8) yielded 3-pyrrolizidone (15) and  the
N-adduct (16). A diastercomeric nixture ol heliotridone and pscudohcliotndone
(172 and 17b) and the corresponding N-adduct (18) were isolated from the anthra-
quinone photocatalyzed reaction between pyrrolidine (5) and methyl crotonate
(10). The photosensitized reaction of morpholine (19) with methyl methacrylate

(3) led 10 a mixture of the bicyclic lactam 21 and the N-adduct 20, It was
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observed that the Michael type N-adduct formation could be reduced to a
considerable extent by lowering the temperature of the reaction, whereas the free

radical reaction remained unalfected. under these conditions,

3. 2. Introduction

The development of routes for the synthesis of indolizidone and
pyrrolizidone ring systems continues 1o attract attention duc to the wide variety of
natural products containing these structural units.!  This can be achieved under
thermal conditions through electrophilic addition of the appropriate reagents 1o o-
carbanion centres derived from ammes or via reactions of iminium  derivatives.2.3
More recently, there have been efforts to utilize c-aminoalkyl radicals for
assembling carbon-carbon bonds. 46 Photoclectron transfer catalyzed reactions of
a-silylamines using sensitizers such as dicyanoanthracene (DCA) and dicyano-
naphthalene (DCN), for the pgencration and subsequent carbon-carbon bond
forming reactions of a-aminoalkyl radicals, for these purposes have been

extensively explored. 7-12

In the course of our studies on the anthraquinone photosensitized reactions
ol amines with o,f—unsaturated esters, described in Chapter 2 of this thesis, we
had observed in the case of diisopropylamine, apart from the multiple olefin added
products, the lormation ol a pyrrolidone derivative. As mentioned in the carlicr
chapter, this reaction can be developed as a potential method for synthesizing,
lactams from primary and sccondary amines.  Thus, this method could provide o
route for the synthesis of indolizidone and pyrrolizidone ring systems [rom the

corresponding secondary amines.
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In this chapter, we describe our studies on the anthraquinone photosen-
siized gencration  of a-aminoalkyl radicals from secondary amines such as
piperidine, pyrrolidine and morpholine and a primary amine such as cyclohexyl-
amine and the subscequent reactions of these radicals with o, -unsaturated esters

such as methyl acrylate, methyl methacrylate and methyl crotonate.

3.3. Results
3.3.1. Photoscnsitized Addition of Piperidine (2) to Methyl Methacrylate (3)

The photosensitized addition of pipendine (2) o methyl methacrylate (3)
was cffeeted by irradiating a nitrogen-purged solution ol pipendine and methy!
methacrylate in acctonitrile, contaiming catalytic amounts ol anthragquinone (1),
using Pyrex filtered light (Agyax = 290 nm). The major product isolated from this
reaction was a diastercomernic mixture of 2-methyl-3-indohzidone (4), characte-
rized through spectral data (Scheme 1), The IR spectrum of 4 showed an
absorption band at 1692 cm~! due to the amide carbonyl group. The 11 NMR
spectrum of 4 showed two doublets at & 1.1-1.3 (3 H), which were assigned to the
CHy protons ol the diastercomers, whereas, the methylene protons (10 H)
appeared as multiplets centered around & 1,5-2.2 and 2.3-2.9, respectively. The
methine protons (2 H) appeared as two multiplets centered around 6 3.1-3.6 and
3.4-4.2. The 13C NMR spectrum of 4 showed several signals, out ol which, the
one at o 175.68 has been assigned to the lactam carbonyl carbon. The mass
spectrum ol 4 showed a molecular ion peak at m/z 153, which 1s in agreement with

the proposed structure.
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Table 1. Anthraquinone (1) photosensitized addition ol piperidine (2) to methyl
methacrylate (3) in acetonitrile (350 mL) at 298 K using 450 W medium pressure
mercury lamp (Pyrex filter)

No  Sensitizer 2 3 Timeol % conversion Product
anthraguinone mmol  mmol irraciation . ol 3 distribution{%a)

(M) (h) 4

1 10-4 15 15 I 15 80

2 14 15 15 2 20 75

3 1 (-4 15 15 3 22 70

4 104 15 15 4 25 68

S 104 15 2 2 40 78

6 Sx10-4 15 15 2 20) 70

7 Sx 104 15 |5 b 30 50
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Table 1 lists the percentage conversion of the starting matenal (3) and the
product distribution under a varicty of conditions for the photosensitized reactions

between piperidine and methyl methacrylate.
3.3.2. Photosensitized Addition of Pyrrolidine (5) to Methyl Methacrylate (3)

The photosensitized addition of pyrrolidine (5) to methyl methacrylate (3)
was carried out by irradiating a nitrogen-purged acetomtrile solution of pyrrolidine
and methyl methacrylate, containing catalytic amounts of anthraquinone (1) under
Pyrex liltered light. The product isolated was a  diastercomeric mixture ol the
hieyelic lactam 6. which was characterized on the basis of analyucal results and
spectral information (Scheme 1), The IR spectrum ol 6 showed an absorption
band at 1684 em~! due o the amide carbonyl group. The LI NMR spectrum of 6
showed two doublets at 8 1.1-1.35 (3 1), assigned to the methyl protons of the
diastercomers, whereas, the methylene protons appeared as (wo multiplets at
8 1.8-2.2 (4 H)and 2.2-3.2 (4 H). In additon, the spectrum showed a muluplet at
6 3.3-4.0 (2 H), which has been assigned to the methine protons. The 13C NMR
spectrum of 6 showed several signals, out of which the signals at & 175.89 and
178.50 were assigned to the carbonyl carbons (lactam).  Based on spectral
evidence, the structure of 6 has been assigned as 2-methyl-3-pyrrolizidone. The
mass spectrum of 6 showed a molecular ion peak at m/z 139, which 1s in

agreement with the assigned struclure,

Table 2 lists the percentage conversion ol the starting material (3) and
product distribution under a varicety of conditions in the photosensitized reaction

between pyrrolidine and methyl methacrylate.
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Table 2. Anthraquinone (1) photosensitized addition of pyrrolhidine (5) to methyl
methacrylate (3) i acetomitnle (350 ml) at 298 K using 450 W medium pressure
mercury lamp (Pyrex hilter)

Mo Sensitizer S 3 Timeol % conversi- Product
anthragquinone mmol  mmol readiation on ol 3 distribution (%)
(M) (h) 6

| 10~ 15 15 I 12 70

2 10-4 15 15 2 18 65

3 10-4 15 15 4 20 60

4 10-4 15 2 2 45 65

5 | ()4 15 ] 8 25 45

0 Sx 104 15 15 2 20 6()

3.3.3. Photosensitived Addition of Cyclohexylamine (7) to Methyl Acrylate (8)

The photosensitized addition of cyclohexylamine (7) to methyl acrylate (8)
was elfected by rradiating an argon-saturated acetonitrile solution of cyclohexyl-
amine and methyl acrylate, containing catalytic amounts of anthraquinone (1),
under Pyrex filtered light. The spirolactam 9 was isolated as the major product
from the reaction mixture (Scheme 2) and was charactenzed on the basis of
analytical results and spectral information. The IR spectrum of 9 showed a broad
absorption band at 3361 cm=! duc to the NH group and a band at 1696 cm~!, due
to the amide carbonyl group. The 'H NMR spectrum of 9 showed a multiplet
centered around & 1.2-1.7 (10 11), assigned 1o the cyclohexyl protons and (two
nplets centered around & 1.8-2.0 and & 2.2-2.5 due o the two methylene protons

of the lactam ring. The broad signal centered around & 7.4-7.7 (1 H, D20

exchangeable) has been assigned to the NH proton. The 13C NMR spectrum of 9
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showed five CH» carbon signals at § 22.70, 24.90, 29.86, 32.42 and 38.09, one

quarternary carbon at & 59.24 and a carbonyl carbon at & 177.36. The mass
spectrum of 9, showed the molecular ion peak at m/z 153, which is in pood

agreement with the proposed structure.

i 0
NH, 1, hv N
+ B —
CH3CN
9
1
N 0

12

1 = Anthraquinone
3 = Methyl methacrylate
8 = Methyl acrylate

100 = Methyl crotonate

Scheme 2

3.3.4. Photosensitized Addition of Cyclohexylamine (7) to Methyl Metha-

erylate (3)

The photosensitized addition of cyclohexylamine (7) 1o methyl metha-
crylate (3) was carncd out by iradiating  an  argon-purged  solution ol
cyclohexylamine and  methyl  methaerylate containing catalytic amounts ol

anthraquinone (1), under Pyrex filtered light. One major product was isolated,
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which was characterized on the basis of analytical results and spectral information
as the spirolactam 11 (Scheme 2). The IR spectrum of 11 showed a broad
absorption band at 3220 em=!, duc 1o the NI group and a band at 1698 em™!, due
to the amide carbony! group. The 'H NMR spectrum of 11 showed a doublet at
& LO-1.1 (3 H), assigned to the methyl protons and the cyclohexyl protons (10 H)
appeared as a multiplet centered around & 1.2-1.6. The multplet centered around
5 1.9-2.6 (3 H) has been assigned to the lactam methylene and methine protons.
The NH proton appeared as a broad singlet centered around 6 7.5-7.8 (1 H, D70
exchangeuble). The 13C NMR spectrum of 11 showed one CHy carbon signal at
5 16.40, six Clly carbon signals at & 22.64, 22.76. 24.87. 37.49, 39.40 and 41.28,
one CH carbon signal at & 35.26, one quarternary carbon signal at 6 56,83 and 2
carbonyl carbon signal at & 179.33. The mass spectrum ol 11, showed the

molecular 1on peak at m/z 167, which 15 in good agreement with the assigned

slructure.

3.3.5. Photosensitized Addition of Cyclohexylamine (7) to Methyl Croto-
nate (10)

The photosensitized addition of cyclohexylamine (7) to methyl crotonale
(10) in the presence of catalytic amounts ol anthraquione in acctonitnle gave the
spirolactam 12 as the major product (Scheme 2). The structure of 12 was armved
at on the basis of spectral data. The IR spectrum ol 12 for example, showed a
broad band at 3200 em~! due to the NH group and a band at 1698 ecm- L due to the
amide carbonyl group. The 'H NMR spectrum of 12 showed a doublet centered
around & 0.9-1.1 (3 H), assigned to the CHy protons, whereas the cyclohexyl
protons appeared as a multiplet centered around & 1.2-1.6 (10 H). The multiplet

around & 1.8-2.6 (3 H), was assigned to the methylene protons and a methine
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proton of the lactam ring in 12, The NI proton (1 H) appeared as a broad singlet
centered around 8 7.5-7.8 (1 H. D70 exchangeable). The 13C NMR spectrum of
12 showed one CH3y signal at & 14.37, six CHp signals at 6 22,22, 23.32, 25,41,
31.77. 38.12 and 39.70, one CH signal at & 39.96, one quarternary carbon at
& 60.97 and a carbonyl carbon at & 178.83. The mass spectrum ol 12 showed the

molecular 1on peak at m/z 168, which 15 in agreement with the assigned structure.
3.3.6. Photosensitized Addition of Piperidine (2) to Methyl Acrylate (5)

lrradiation of a mixture of piperidine (2) and methyl acrylate (5) in the
presence of catalytic amounts of anthraquinone (1) in acetonitrile gave a mixture
of 13 and 14 (Scheme 3). The structures of both 13 and 14 were armved at on the
basis of spectral evidence, The IR spectrum of 13, for example, showed an
absorption band at 1680 em=! due o the amide carbonyl group.  The L1 NMR
spectrum of 13 showed three muluplets due to the methylene protons centered
around 8 1.4-2.1 (6 HY, & 2.15-2.9 (4 H) and & 3.3-3.9 (2 H), respecuvely. The
multiplet centered around 8 4.1-4.4 has been assigned to the methine proton in 13,
The 13C NMR spectrum of 13 showed six CHo signals at & 23.38, 24.16, 25.12,
29.98, 33.29 and 39.91. one CH signal at & 56.98 and a carbonyl carbon al
& 173.24. The structure of 13, on the basis of spectral evidence, has been assigned
as 3-indolizidone. The mass spectrum of 13 showed the molecular 1on peak at m/z

139, which 1s in agreement with the assigned structure.

The TR spectrum ol 14, showed an absorption band at 1744 em= due 10 the

ester C=0 group, The | NMR spectrum of 14 showed two multiplets at & 1.3-

methoxy protons appeared as a singlet at & 3.5-3.7 (3 H). The 13C NMR spectrum
of 14 showed four CH2 signals at § 23.93, 25.60, 31.72 and 50.90, one methoxy



76

carbon signal at & 53.88 and an cster carbonyl carbon at & 172.45. The mass
spectrum of 14 showed the molecular 1on peak at m/z 171, which i1s 1n agreement

with the assigned struclure,

(L)
/\ﬂ/ CH;3;CN N T\/‘L H;
i,

v N0 i L ZNS
CH;CN I\i

8 15

un

Scheme 3

Table 3. Temperature dependence of the anthraquinone (10-% M) photosensitized
addition of piperidine (2) to methyl acrylate (8) in degassed acetonitrile (300 mL)
using a 450 W medium pressurc mercury lamp (Pyrex filter)

No 2 8 Temp Timcol % Conversion  Product
mmol mmol “C irradiation of 8 distribution (%)

(h) 14 13
I 15 15 30 2 95 98 I
2 |5 |5 15 2 50) 80 10
3 I5 15 5 ) 40 75 20
4 15 15 0 I 22 60 20
5 15 15 0 2 2 60 20
6 15 15 0 3 30 60 25
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Table 3 lists the percentage conversion of the starting matenal (8) and the
product distribution under different temperatures and irradiation times. 1t has been
observed that lowering of temperature and increasing the iradiation time brings
about substantial changes in the product distribution. The percentage distribution
of products indicates that at lower temperatures the yield of the Michacl adduct
(N-adduct) 14 is significantly reduced, whereas the yicld ol 13 increascs,
indicating thereby that the photochemically induced free radical reactions are not

significantly affected by lowering the temperature.
3.3.7. Photosensitized Addition of Pyrrolidine (5) to Methyl Acrylate (8)

Photosensitized reaction of pyrrolidine (5) with methyl acrylate (8) in the
presence of catalytic amounts of anthraquinone (1) gave a mixture of two products,
15 and 16 (Scheme 3). The structures of these products were arrived at on the
basis of spectral evidence.  The IR spectrum of 15, for example, showed an
absorption band at 1682 em~! due o the amide carbonyl group.  The I'H NMR
spectrum of 15 showed multiplets centered around & 1.8-2.1 (4 H), 2.15-2.6 (4 H)
and 3.2-3.6 (2 H) due to the methylene protons, whereas the methine proton
appeared as a multiplet centered around & 4.2-4.6. The 13C NMR spectrum of 15
showed live CHo signals at 8 26.75, 26,93, 31.94, 35.11 and 40.70, one CH signal
al & 61.87 and a carbonyl carbon signal at 8 174.62. The structure of 15, on the
basis of spectral evidence has been assigned as 3-pyrrolizidone. The mass
spectrum ol 15 showed the molecular 1on peak at m/z 125, which is in good

agreement with the assigned structure,

The IR spectrum of 16 showed an absorption band at 1742 em=! due to the
ester carbonyl group. The 'H NMR spectrum of 16 showed multiplets at 6 1.65-

1.85 (4 1) and 2.4-2.9 (8 1) due to the methylene protons, whereas the methoxy
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protons (3 H) appeared as a singlet centered around 6 3.6-3.75, The 13C NMR
spectrum of 16 showed four CHy signals at § 22.93, 30.62, 33.38 and 50.83, onc
methoxy carbon signal at 8 53.34 and a carbonyl carbon signal at 5 17193, The
mass spectrum of 16 showed the molceular ion peak at m/z 157, which is in

agreement with the assigned structure.

The product distribution and percentage conversion of 8 under different
tlemperatures arc shown in Table 4. Lowering the temperature of the reaction

medium led o a reduction in the yield of 16 (thermal product) and an  inerease in

the yield ol 15,

Table 4. Temperature dependence of the anthraquinone (10-4 M) photosensitized
addition of pyrrolidine (5) to methy acrylate (8) in acetonitrile (350 mL) using
450 W medium pressure mercury Limp (Pyrex filter)

No 5 8 Temp Timeof % Conversion Product
mmol mmol “C nradiation of 8 distribution (%)

() 16 15
I 15 15 30 2 98 98 <l
2 15 15 15 2 75 88 3
3 15 15 2 6() B2 |4
4 15 15 () | 35 70 15
5 15 15 0 2 40 70 I 8

3.3.8. Photosensitized Addition of Pyrrolidine (5) to Methyl Crotonate (10)

The photosensitized addition of pyrrolidine (5) to methyl crotonate (10) in
the presence of catalytic amounts of anthraquinone (1) gave a diastercomeric

mixture of products consisting of 17a and 17b and the N-adduct 18 (Scheme 4).
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The structures of 17a and 17b were arrived at on the basis of spectral data. The
structure of 18 was conlirmed by comparing the spectral data and gas chromalo-
graphic retention time with those of the N-adduct, formed from the thermal
reaction of 5 with 10. The IR spectrum of the mixture of 17a and 17b showed an
absorption band at 1686 cm™! due to the amide carbonyl group.  The 'H NMR
spectrum of 17a and 17b showed two doublets at 8 0.9-1.2 (3 H), assigned Lo the
methyl protons of the diastercomers. The multiplets at § 1.2-2.2 (4 H) and
2.25-2.6 (2 H) are assigned to the methylene protons, whereas the multiplet
centered around 8 3.25-3.8 (3 H) s assigned to two methylene and one methine
protons. The spectrum showed another multiplet at 8 2.8-3.2 (1 H), which is
assipgned o a methine proton. The 13C NMR spectrum ol 17a and 17b showed
two CHy signals, cight CHa signals. four CH signals and two carbonyl carbon
signals at & 174.25 and 175.05. The structures of 17a and 17h, on the basis of
spectral evidence, has been assipned as | 8-prans-1-methyl-3-pyrrolizidone or
heliotridone (17a) and 1,8-cis-1-methyl-3-pyrrolizidone or pscudoheliotridone
(17b). The diastereomeric ratio of 17a:17b was estimated as 3:7 by gas chromato-
graphy using a pure sample of 17b, as reference.  The mass spectrum of the
mixture of 17a and 17b showed the molecular 1on peak m/z 139. which is in good

agrecment wath the assigned structure.

The IR spectrum of 18 showed an absorption band at 1744 em~! due o an
ester carbonyl group. The LH NMR spectrum of 18 showed a doublet at & 1.1-1.3
(3 1), assigned o the methyl protons. The multiplet at & 1.7-1.9 (4 11} has been
assigned to four methylene protons, whercas the onc centered around 6 2.1-3.2
(7 H) has been assigned to six methylene and one methine protons. The singlet at
& 3.6-3.8 (3 H) has been assigned to the methoxy protons.  The 13C NMR

spectrum of 18 showed several signals due to one CH3, three CHg, one CH and
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one methoxy carbons. The carbonyl carbon signal was observed at & 17211 The
mass spectrum of 18 showed the molecular ion peak at m/z 171, which 15 In

agreement with the assigned structure.

OCH .-"'" CH ""'-“ .
i Z 3_Lh N 3 L SN LCHy
CH;CN
0 0

10 17a 17h
/T\LCHJ
0
I8
O
0 () [” "
OCH 1, hv &
e 3 b .
[Nj /H( eHeN % Pt N
H
O 0
19 3 20 21
Scheme 4

The percentage conversion of the starting material (10) and product
distributions of (17a, 17b and 18) under varying conditions are shown in Table 5.
As in the cases of the sensitized photorcactions of piperidine and pyrrolidine with
methyl acrylate, here also it was observed that the product distribution varies with
temperature. It has been observed that at low temperatures the yield of the

thermal product 18 decreases, whereas the yicld of 17a and 17b increascs.
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Table 5. Temperature dependence of the anthraquinone (10-4 M) photosensitized
addition of pyrrolidine (5) to methyl crotonate (10) in degassed acctonitrile
(300 mL) using a 450 W medium pressure mercury lamp (Pyrex filter)

No 5 10 Temp Timeol % Conversion Product
mmol  mmol °C irradiabion ol 10 distribution (%)
(h) 18 17a+17h
I 15 15 30 2 40 40 25
2 15 15 15 2 35 35 30
3 15 15 5 ¥ j0 25 40
4 |5 15 0 2 20 I5 45

3.3.9. Photosensitized Addition of Morpholine (19) to Methyl Methacrylate (3)

The photosensitized addition ol morpholine (19) to methyl methacrylate (3)
under anthraquinone sensitization gave a mixture of products consisting of the
diastereomeric mixture of the bicyclic lactam 21 and the N-adduct 20 (Scheme 4).
The IR spectrum of 21 showed an absorption band at 1692 em~! due to the amide
carbonyl group. The IH NMR spectrum of 21 showed a doublet at & 1.0-1.2
(3 H), assigned to the methyl protons. The spectrum showed several multiplets
centered around & 1.6-2.0 (2 H) (methylene protons), & 2.1-2.6 (| H)y (methine

proton), & 2.8-3.2 (2 ) (methylene protons) and & 3.2-4.1 (5 ) (four methylene

and one methine protons). The I3NMR spectrum of 21 showed two Cll3 carbon

signals, seven CHa carbon signals, three CH carbon signals and two carbonyl

carbon signals at 8 175.06 and 175.63. The 13C NMR spectrum of 21 suggests the

presence of a diastereomeric mixture of products. The mass spectrum of 21
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showed a molecular ion peak at m/z 155, which is in agreement with the assigned

struclure.

The IR spectrum of 20 showed an absorption band at 1740 em=! due to the
ester carbonyl group. The I NMR spectrum of 20 showed a doublet at 8 0.9-1.0
(3 H), assigned to the methyl protons and two muluplets centered around & 2.4-3.2
(7 H) (six methylene and one methine protons) and & 3.4-3.8 (7 H) (four
methylene and three methoxy protons). The 13C NMR spectrum of 20 showed
one CH3 signal, one CH signal, one methoxy carbon signal and a carbonyl carbon
signal at & 172,45, The mass spectrum ol 20 showed a molecular 1on peak at
m/z 187, which is in agreement with the assigned structure,  The structure of 20
was further confirmed by comparing the gas chromatographic retention time with
that of the compound obtamed in the thermal reaction between 19 and 3.

Table 6. Temperature dependence of the anthraquinone (10-% M) photosensitized

addition of morpholine (19) to methyl methacrylate (3) in argon-purged
acetonitrile (300 mL) using 450 W medium pressure mercury lamp (Pyrex filter)

No 19 3  Temp Timeof % Conversion Product
mmol mmol “C irradiation of 3 distribution (%)
(h) 20 21
I 15 15 30 2 35 30 35
2 15 15 5 2 25 10 40
3 15 15 0 2 20 <5 45

The percentage conversion ol 3 and product distribution of 20 and 21 at

different temperatures are shown i Table 6. The percentage distribution shows
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that at lower temperatures the yield of 20 decrcases, whercas the yicld ol 21

Increases substantially,
3.4, Discussion

3.4.1. Photosensitized Addition of Piperidine (2), Pyrrolidine (5) and Cyclo-
hexylamine (7) to Methyl Methacrylate (3), Methyl Acrylate (8) and Methyl

Crotonate (10)

As discussed in Chapler 2, excitation of a mixture of the amine and
a,f3-unsaturated cster in presence of anthraquinone (1) with Pyrex filtered light
would lead to the selective excitation of anthragquinone. The excited trplet state ol
anthraquinone will be quenched by the amine leading to the formation of the anion
radical of anthraquinone and the cation radical of the amine.”.13.15 The basic
ketyl radical anion can abstract a proton from the relatively acidiec alkylamine
radical cation. The amine radical cation generated from primary and secondary
amines can deprotonate via two possible modes, namely. deprotonation at the
N-site, leading to aminyl radicals and deprotonation at the a-carbon, leading to the
formation of c-aminoalkyl radicals.'® Since a-aminoalky! radicals are thermo-
dynamically more stable than the aminyl radicals, anminyl radicals would be readily
converted to a-aminoalkyl radicals via hydrogen abstraction from the parent
amines. ' 2.7 Thus, in the photoclectron transfer catalyzed reactions ol primary and
sccondary amines, the main radicals formed eventually are the a-aminoalkyl

radieals,

The lformation of 2-methyl-3-indolizidone (4) from the anthraguinone
sensitized photorcaction of piperidine (2) with methyl methacrylate (3) may be

understood in terms of the pathways shown in Scheme 5. Addition of the



B4

a-ammmoalkyl radical (24), generated [rom the radical cation of pipendine, 1o
methyl methacrylate (3) would give nse o the adduet radical 23, which can be
quenched by the ketyl radical ol anthraquinone (25) o give the adduct 26. The
quantitative recovery ol anthraquinone used in these reactions strongly supports
this mechamism.  The lactam 4, could anse through the thermal intramolecular

cychzaton of 26 dunng work up.
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Scheme 5
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Allempts to 1solate 26 were not successful. However, there are several
reports i the hiterature in support of such intramolecular reactions being highly
efficient. 314 Similarly. the formation of the pyrrolizidone derivative 6 in the
reaction ol pyrrolidine (5) with methyl methacrylate (3) can be ratonalized 1n
terms ol the pathway shown in Scheme 5. Secondary amines are known to undergo
thermal reactions (Michael type) wath cleetron  delicient olelinie  substrates.
However, it was observed that pipendine does not add thermaly to methyl

methacrylate at room temperature or even on refluxing,

In the course of the present studics, the anthraquinone photosensitized
addition ol a primary amine such as eyclohexylamine to olefinic substrates was
also investigated. It was observed that  cyclohexylamine (7) does not add
thermaly 1o the a,fi-unsaturated esters such as methyl methacrylate (3), methyl
acrylate (8) and methyl crotonate (10) under our expernimental  conditions,
Anthraquinone sensitized photorcactions ol eyclohexylamine with these olelime
substrates (3, 8 and 10), however gave the spirolactims 11 9 and 12, respectively.
Cyclohexylamine radical cation. generated via photoimduced electron transler can
undergo deprotanation as in the case of secondary amines, to yield the a-amino-
alkyl radical. The aminoalkyl radical, thus formed, can add lo «,B-unsaturated
esters to yield the corresponding adduct radicals. Since the catalytic amounts of
anthraquinone used in these reactions were recovered quantitatively, 1t 1s assumed
that the adduct radicals are quenched by anthraquinone ketyl radicals. The adducts
formed in these reactions can subsequently undergo thermal cychzation during,
work-up to yield the observed products.  The formation ol the spirolactams in
better yields in non polar solvents such as benzene would suggest  that these
reactions can also proceed via hydrogen abstraction by the excited state anthra-

quinone. In polar solvents, such as acctonitrile, the reactions are known 1o
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proceed predominantly via the photoinduced electron transfer route, whercas in

non-polar solvents such as benzene, hydrogen abstraction predominates.

3.4.2. Photosensitized Addition of Piperidine (2), Pyrrolidine (5) and
Morpholine (19) to Methyl Acrylate (8), Methyl Crotonate (10) and Methyl
Methacrylate (3)

Photoinduced free radical fomation and subscquent carbon-carbon bond
forming reactions of piperidine, pyrrolidine and morpholine with o,B-unsaturated
-::su:rs, other than methyl methacrylate could not be studied at room temperature
because of the facile thermal Michael type addition between amines and the o,f3-
unsaturated esters, to give the N-adducts. This dilficulty could however be
overcome by carrying out the photoreactions at low temperatures, where the

Michael type addition was minimized.

The photosensitized addition of piperidine (2) to methyl acrylate (8)
resulted in the formation of a mixture of the 3-indolizidone (13) and the N-adduct
14.  As mentioned carlier the N-adduct 14 could arise through the thermal
Michael type addition of piperidine to methyl acrylate or via the addition of
aminyl radicals to methyl acrylate. In a blank run, it was observed that piperidine
undergoes cfficient thermal addition to methyl acrylate to give the N-adduct 14,
Table 3 shows the effect of temperature on these reactions. At normal
temperatures (30 "C), nearly quantitative formation of 14 was observed along wath
trace amounts ol 13. At lower temperatures, however, the yield ol the Michael
adduct 14 is significantly reduced, whereas the yield of 13 increases. This clearly
indicates that the formation of 14 in the photosensitised reaction can be attributed
to the thermal reactions between 2 and 8 and not due to the reaction between the

aminyl radical and methyl acrylate, Furthermore, as discussed carlier aminyl
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radicals have short lifetimes since they can rapidly be converted to the thermo-
dynamically more stable a-aminoalkyl radicals. The mechanism for the formation
of 13 is analogous to that of 4, depicted in Scheme 5. In a similar manner, the
anthraquinone sensitized reactions ol pyrrohidine (5) with methyl acrylate (8)
yielded 3-pyrrolizidone (15) and the thermal adduct 16 (Scheme 3). Here also it
was observed that at 30 °C, 98% ol 16 was obtained along with a trace amount of
15. As indicated in Table 4, lowering of reaction temperature led to a reduction in

the yield of 16 and an increase in the yield of 3-pyrrolizidone (15),

The formation of the diastercomeric mixture of hehiotndone (17a),
pscudoheliotridone (17b) and the N-addition product 18 in the photosensitized
addition reaction of pyrrolidine (5) with methyl crotonatc (10) could also be
understood in terms of pathways similar to those presented in Scheme 5. Table 5
shows that the lowering of the reaction temperature leads to an  increase i the
yield of 17a and 17b, whereas the yield of the N-addition product (I8) is
significantly reduced. The stercochemistry of 17a and 17b was established by
comparing the 13C NMR and 'H NMR chemical shifts of the diastercomers. In
the 13C NMR._ signals due to 17a appear upficld in comparison to 17b. Similarly,

lH NMR signals, due to 17a appear upfield in comparison to that of 17b. For
example, the 13C NMR signal of the CHj3 carbon of 17a appeared at & 15.77,

whereas the CH3 protons of 17b appeared at 6 17.89. Similarly, n the |} NMR
spectrum of 17a, the CH3 proton signal appeared at & 0.98 (J =7 Hz), whereas in
17D, it appeared at & 1.15 (J=6 Hz). It has been well documented that the chemical
shifts of diastereomers having axial substitution always appear upfield. 1918 The
assignments were lurther supported by comparing the LI NMR values of 17a and

17b with those reported in the literatre 19
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The formation of the N-adduct 20 and the bicyclic lactam 21 in the reaction
of morpholine (!19) with methyl methacrylate (3) could likewise be understood in
terms of pathways similar to those of the reactions of piperidine and pyrrolidine

with the approprate o, [3-unsaturated esters.

These studies indicate that the anthraquinone photosensitized addition of
secondary and primary amines o o p-unsaturated olefinic substrates can form o
convenient route to the synthesis of bicyclic lactams and spirolactams.  Although,
the yields ol the lactams in these reactions are modest, the simple one-siep process
"for obtaining such products from underivatized amines could make this method
one of the preferred routes for their synthesis.  Natural products such as
d-conicene, heliotridane and pseudoheliotridane can be casily obtained by the

reduction of substrates such as 13, 17a and 17b, respectively. 20
3.5. Experimental Section

All melting, points are uncorrected and were determined on a Biichi-530
melting point apparatus. The IR spectra were recorded on a Perkin Elmer 882
Infrarcd Spectrometer.  The electronic spectra were recorded on a Shimadzu
UV-2100 spectrophotometer, The 'H NMR spectra were recorded on a JEOL
EX 90 NMR spectrometer using tetramethylsilane (TMS) as internal standard.
The 13C NMR (225 MIlz) speetra were recorded on a JEOL EX 90 NMR
spectrometer, The 13C NMR resonances were assigned using QUART and DEPT
programmes to determine the nature of the curl;cm attachments, The mass spectra
were recorded either on a Finnigan MAT model 8430 or JEOL JMS AX 505 HA
mass spectrometer or 5890 series 11 Hewlet Packard GC connected 1o a 5971 series

mass sclective detector. Gas chromatographic analyses were carnied oul cither on
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a 5840 or 5890 scries 11 gas chromatograph.  HPLC analyses were carncd out

employing a Shimadzu HPLC (ODS column), using methanol as cluent.

Preparative photochemical reactions were carmed out using a 450W
medium pressure mercury vapour lamp in Pyrex jacketed, water cooled immersion
wells. The reaction vessel was immersed in a temperature controlled bath and the
temperature of the reaction vessel was monitored continuously. Anthraquinone
(mp 278 °C) was purified by sublimation. All other reagents and solvents were

purilicd by distillation, prior 1o use.

The photolysis mixture, typically consisting ol the amine (15 mmol) and
olefinic substrate (2-15 mmol) in acctonitrile (350 mL) contwmning anthraquinone
(104 M) was saturated with argon or nitrogen before irradiation (1-8 h). On
completion of the reaction, the solvent and unchanged  starting matenials were
removed under reduced pressure and the product mixture was chromatographed on
a Nash column or on a Harrison Chromatotron.  All the photoproducts were finally
purified by preparative HPLC. The yields reported are based on GC analysis of
the product mixture using N N-diethylbenzamide as internal standard. Anthra-

quinone was recovered quantitatively (~90 %) in all cases.

All the photoproducts were characterized on the basis ol their spectral data,
The Michael type (N-addition) products formed in the reaction mixtures (14, 16,
18, and 20) were characterized by comparing their speetral data with those ol the
compounds obtained in the thermal reaction between the corresponding, amines
and a,B-unsaturated esters. The indolizidone (13) and pyrrolizidone derivatives
(15, 17a and 17b) were characterized by comparing their spectral data with those

reported in the literature, 19,20
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3.5.1. Photoscnsitized Addition of Piperidine (2) to Methyl Methacrylate (3)

[rradiation of an argon-saturated solution of 3 (1.5 g, 15 mmol) and 2
(1.3 g, 15 mmol) in acetonitrile (350 mL) containing anthraquinone (1) (10-4 M)
for 2 h and seperation of the product mixture over a Chromatotron using i mixture
of (3:7) ethy! acetate and petroleum cther gave 200 mg (75 %) ol 4. The yield of 4
is based on the amount of 3 reacted (20%), as estimated by HPLC. The reactions
were repeated under a variety of conditions and the percentage conversion ol 3 and

product distribution are shown m Table 1.

4 IR spectrum vipay (ncat) : 2967, 2862 (CH) and 1692 (C=0) em™!.
UV spectrum Ay (CH3CN) @ 205 nm (g, 3080) and 254 (580 sh).

I 1 NMR spectrum (CDCl3) : 8 1.1-1.3 (3 H, 2 d, CH3). 1.5-2.2 (6 1. m. 3
CHy). 2.3-2.9 (4 11, m, 2 CHp), 3.1-3.6 (1 H, m, CH) and 3.9-4.2 (1 1L m, CL1).

13C NMR spectrum (CDCI3) 1 8 16,03, 16.60 (CH3), 22.22, 23.40, 23.94.
24.09. 32.59. 33.07. 33.40, 35.01. 39.75. 39.96 (Cli3), 35.39, 35.90, 55.06, 55.67

(CH) and 175.68 (C=0, lactam).

Mass spectrum, m/z (relative intensity) : 153 (M*, 72), 152 (100}, 138 (29).

124 (20), 112 (12), 97 (12) and 83 (32). Molecular weight calculated for
CoH|sNO : 153.1153. Found: 153.1153 (high resolution mass spectrometry).

3.5.2. Photosensitized Addition of Pyrrolidine (5) to Methyl Methacrylate (3)

Irradiation of an argon-purged solution of § (1.05 g, I Smmol) and 3 (1.5 g,
15 mmol) in acetonitrile (350 mL) containing ( 10-4) M anthraquinone (1) for 2 h

and scparation of the product mixture Chromatotron using a solvent mixture of
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(4:1) petroleum cther and ethyl acetate gave 170 mg (68 %) ol 6. The yield
reported was based on 3 reacted (18 %), The reaction was repeated under vanous
conditions and the percentage conversion of 3 and the product distribution of 6 are

listed in Table 2.
6 : IR spectrum viax (neat) : 2970, 2880 (CH) and 1684 (C=0) cm™!.
UV spectrum Ay (CH3CN) - 205 nm (g, 3080) and 254 (540 sh).

IH NMR spectrum (CDCl3) - 6 1L1-1.35 (3 11, 2 d, Cll3), 1.8-2.2 (4 11, m,
2CH5),2.3-32(4 H,m, 2 CHa)and 3.3-4.0 (2 H, m, 2 CII).

13C NMR spectrum (CDCl3) @ 6 15.29, 16.93 (CH3y), 26.24, 26.30, 31.49,
31.84, 37.24, 40.50, 40.62 (CH»), 40.79, 41,15, 58.81, 59.62 (CH) and 175.89,

178.50 (C=0, lactam).

Mass spectrum, m/z (relative intensity) @ 139 (M™, 83), 124 (15), 111 (100),
96 (15) and 83 (28). Molecular weight calculated for CgHzNO: 139.0997.

Found : 139.0990 (high resolution mass spectrometry ).

J.5.3. Photosensitized Addition of Cyclohexylamine (7) to Methyl acrylate (8)

Argon-purged solution of 7 (1.5 g, 15 mmol) and 8 (1.3 g, 15 mmol) in
acctonitrile (350 mL) containing, 10-4 M of 1 was irradiated for 4 h and separation
of the products by column chromatography using a mixture of (4:1) petroleum
cther and ethyl acetate gave 450 mg of 9 (80 %). The percentage yield 1s based on
the amount of 8 that reacted (35 % conversion).  In benzene solution, under the
same conditions of irradiation, the reaction between 7 and 8 yielded 500 mg

(80 %) of 9 wath 38 % conversion ol 8.



9: mp. 106-108 °C.

IR spectrum vy (KBr) @ 3361 (broad, NI}, 2964, 2860 (CH) and 1698
(C=0) em1.

UV spectrum Apax (CH3CN) @ 205 nm (g, 2530) and 254 (520).

IH NMR spectrum (CDCl3) : & 1.2-1.7 (10 H, m, cyclohexyl), 1.8-2.0
(2 H, t, CHp), 2.2-25 (2 H, t, CH3) and 7.4-7.7 (1 H, broad, NH, D70-

exchangeable),

I3C NMR spectrum (CDCl3) : 8 22.70, 24.90, 29.86, 32.42, 38.09 (CH2),

59.24 (C) and 177.36 (C=0, lactam).

Mass spectrum, m/z (relative itensity) @ 153 (MT.32), 110 (100), 97 (22),
82 (20) and 69 (15). Molccular weight calculated for COHISNO @ 153.1153,

Found : 153.1154 (high resolution mass spectrometry).

3.5.4. Photosensitized Addition of Cyclohexylamine (7) to Methyl Metha-

crylate (3)

Argon-saturated solution of 7 (1.5 g, 15 mmol) and 3 (1.5 g, 15 mmol) in

acetonitrile (350 mL) containing, 10-* M anthraquinone was irradiated for 4 h and

separation of the product mixture by column chromatography using a mixture of

(4:1) petroleum ether and ethyl acetate gave 350 mg (70 %) of 11, The yield is
Dbased on 3, that reacted (30 % conversion).  In benzene solution, photosensitized

addition of 7 1o 3 yielded 400 mg (70 %) of 11 with 35 % conversion of 3,

11 mp. 95-97 °C.

92
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IR spectrum vymax (KBr) @ 3220 (broad, NH), 2987, 2836 (CH) and 1698
(C=0) em-!,

UV spectrum Apgyax (CH3CN) @ 205 nm (&, 2890) and 254 (520).

IH NMR spectrum (CDCI3) 1 6 1.0-1.1 (3 H. d. CH3), 1.2-1.6 (10 H. m.
cyclohexyl), 1.9-2.6 (3 H, m, CH> and CH) and 7.5-7.8 (1 H, broad. NH, D>0-

exchangeable).

I3C NMR spectrum (CDCI3) @ 6 16.40 (CH3), 22.64, 22.76, 24.87. 3749,
39.40, 41.28 (CH»), 35.26 (CH), 56.83 (C) and 179.33 (C=0, lactam).

Mass spectrum, m/z (relative intensity) - 167 (M™, 27), 138 (8), 124 (100),

I (23), 96 (12). 78 (60) and 55 (10). Molecular weight calculated for

CioHp7NO - 1671310, Found : 167.1301 (lgh resolution mass spectrometry).

J.5.5. Photosensitized Addition of Cyclohexylamine (7) to Methyl Croto-

nate (10)

Irradiation of an argon-purged solution of a mixture of 7 (1.5 g, 15 mmol),

10 (1.5 g. 15 mmol) and 1 (10-4 M) in acelonitrile (350 mL) for 4 h and scparation

of the reaction mixture by column chromatography using a muxture (3:1) of

petroleum cther and ethyl acetate gave 150 mg (50 %) of 12. The yicld reported 15
bascd on methyl crotonate reacted (18 %), as ecstimated by HPLC,
12 . mp. 92-94 e

IR spectrum vy (KBr) 0 3220 (broad, NH), 2987, 2836 (CH) and 1698

(C=0) em-!,
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UV spectrum Aax (CH3CN) @ 205 nm (g, 2680) and 254 (510).

'H NMR spectrum (CDCl3) : 8 0.9-1.1 (3 H, d, CH3), 1.1-1.7 (10 H, m,
cyclohexyl), 1.8-2.6 (3 H, m, CH, CH3) and 6.3-6.7 (1 H. broad, D20- cxchange-

able).

13C NMR spectrum (CDCl3) : 8 14.37 (CH3), 22.22, 23,32, 25.41, 31.77,
38.12, 39.70 (CH»), 36.96 (CH), 60.97 (C) and 178.93 (C=0, lactam).

Mass spectrum , m/z (relative intensity) : 167 (M™*, 32, 124 (100), 111 (20),
86 (8), 81 (15) and 55 (6). Moleccular weight calculated for CjgH |7NO :

167.1310. Found : 167.1315 (high resolution mass spectrometry).
3.5.6. Photosensitized Addition of Piperidine (2) to Methyl Acrylate (8)

Irradiation of a nitrogen-purged solution of 2 (1.3 g, 15 mmol) and 8 (1.3 g,
15 mmol) in acctonitrile (300 ml.) containing anthraguinone [1[1'4 M) for 2 h at
0 “C and separation of the reaction mixture by column chromatography gave
120 mg (25 %) of 13 and 400 mg (60 %) of 14. These yiclds are based on 8, that
reacted (25 %), as estimated by HPLC. The reaction was repeated at different

temperatures and the percentage conversion and product yields are shown in

Table 3,

13 : IR spectrum vy, (ncat) - 2987, 2880 (CH) and 1680 (C=0) em-1.

IH NMR spectrum (CDCl3) 0 6 1.4-2.1 (6 11, m, 3 CH3p), 2.15-2.9 (4 I, m,
2Cl19),3.3-39 (2 1L m, CHa) and 4.1-4.4 (1 11, m, CI1).

13C NMR spectrum (CDCl3) : 8 23.38, 24.16, 25.02, 29.90, 33.29, 39.91
(CH3), 56.98 (CH) and 173.24 (C=0, lactam),
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Mass spectrum, m/z (relative intensity) © 139 (M*, 82), 138 (100), 124 (20),
115(15). 98 (25), 83 (60), 68 (25) and 55 (50).

14 : IR spectrum vyyax (neat) : 2980, 2870 (CH) and 1744 (C=0) em-!,

lH NMR spectrum (CDCl3): 8 1.3-1.7 (6 H, m, 3 CH3), 2.2-2.8 (4 H, m, 4
CH>) and 3.5-3.7 (3 H, s, OCH3).

13C NMR spectrum (CDCl3) : 8 23.93, 25.60, 31.72, 50,90 (CH3), 53.88
(OCH3), 172.45 (C=0, ester).

Mass speetrum, m/z (relative intensity) : 171 (MY, 10), 143 (20), 114 (30).
98 (100), 88 (16), 73 (10) and 55 (30).

3.5.7. Photosensitized Addition of Pyrrolidine (5) to Methyl Acrylate (8)

Nitrogen-purged solution of 5 (1.06 g, 15 mmol) and 8 (1.3 g, 15 mmol) in
acetonitrile (300 mL) containing 10-4 M anthraquinone was irradiated for 2 h at
0 °C and separation of the products by column chromatography using a mixture of
(4:1) petroleum ether and ethyl acetate gave 100 mg (15 %) of 15 and 950 mg
(70 %) of 16. These yields are based on methyl acrylate reacted (40 %), The
percentage conversion of 8 and product yields at different temperatures are shown

in Table 4.

15 ; IR spectrum vy (neat) @ 2980, 2880 (CH) and 1682 (C=0) em-l.

= 11 NMR spectrum (CDCl3) : & 1.8-2.1 (4 H, m, 2 CHp), 2.15-2.6 (4 I, m,
2 CH9). 3.2-3.6 (2 H, m, CH2p) and 4.2-4.6 (1 H, m, CII).
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13C NMR spectrum (CDCI3) : 6 26.75, 26.93, 31.94, 35.11, 40.78 (CH>),
61.87 (CH) and 174.62 (C=0, lactam).

Mass spectrum, m/z (relative intensity) 125 (M™, 80), 110 (10), 97 (100),
80 (40, 69 (44) and 55 (18).

16 : IR spectrum vy (neat) : 2975, 2868 (CH) and 1742 (C=0) em-!

'H NMR spectrum (CDCl3) : 8 1.65-1.85 (4 H, m, 2 CH3), 2.4-2.9 (8 H,
m, 4 Cllo) and 3.6-3.75 (3 H, s, OClI3).

13C NMR spectrum (CDCI3) : 6 22,93, 33.38, 50.62, 50.83, (CH»>) 53.34,
(OCH3) and 171.93 (C=0, esler)

Mass spectrum, m/z (relative intensity) © 157 (M, 5), 129 (15), 98 (25), 83
(100), 68 (10) and 55 (20).

3.5.8. Photosensitized Addition of Pyrrelidine (5) to Methyl Crotonate (10)

Irradiation of an argon-purged solution of 5 (1.06 g, 15 mmol) and 10
(1.5 g, 15 mmol) in 300 mL acetonitrile containing anthraquinone (104 M) for
2 h at 0 °C and chromatographic separation of the products using a mixture of
(3:1) petroleum ether and ethyl acetate gave 120 mg (40 %) of a diastercomeric
muxture (3:7) ol 17a and 17h and 70 mg (15 %) of 18. The yields reported are
based on methyl crotonate reacted (20%). The pereentage converston and product

yiclds at different temperatures are shown in Table 5.

170 and 17b : IR spectrum vy (neat) @ 2970, 2876 (CH) and 1688 (C=0)

cm- l :
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|H NMR spectrum (CDCl3) : 8 0.9-0.98 (3 H, d, CH3, J= 7 Hz, 17a), 1.0-
1.15 (3 H, d, CH3, J= 6 Hz, 17b), 1.8-2.2 (8 H, m, 4 CH3), 2.25-2,6 (4 H, m. 2
CHy). 2.8-3.2 (2 H, m, 2 CH) and 3.25-4.0 (6 H, m, 2 CHy and 2 CH).

13C NMR spectrum (CDCI3) : & 15.77, 17.89 (CH3). 24.96, 26.94, 29.50,
30.60, 41.07. 41.28, 42.95, 43.70 (CH3), 35.05, 37.85. 65.05. 68.85 (ClI) and

174.05, 174,25 (C=0, lactam).

Mass spectrum, m/fz (relative intensity) @ 139 (M™, 23), 124 (4), 111 (18).
96 (6), 85 (6), 70 (80) and 56 (4).

18 : IR spectrum vy (neat) @ 2980, 2872 (CH) and 1744 (C=0) em- !

IH NMR spectrum (CDCl3) : 8 1.1-1.3 (3 H, d, CH3), 1.7-1.9 (4 H, m, 2
Clls), 2.1-3.2 (7 H, m, 3 CHa, CH), 3.6-3.8 (3 H, S, OCH3).

13C NMR spectrum (CDCl3) : 8 17.92, 22.96, 39.58, 49.99, 50.77. 54.83,

172.11 (C=0, cster).

Mass spectrum, m/z (relative intensity) : 171 (M, 5), 156 (15), 124 (5), 98
(100), 70 (5), 56 (10).

3.5.9. Photosensitized Addition of Morpholine (19) to Methyl Methacrylate (3)

Irradiation of a nitrogen-purged solution of 19 (1.3 g. 15 mmol) and 3
(1.5 g, 15 mmol) in acetonitrile (300 mL) contauning 104 M anthraquinone for 2 h
at 0 °C and separation of the product mixture by column chromatography using a
mixture of (4:1) petroleum ether and cthyl acetate gave 150 mg (45 %) of 21 and
40 mg (5%) ol 20. The yields reported are based on 3 reacted (20%). The

percentage conversion and product distribution are shown n Table 6.
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21: IR spectrum viax (neat) - 2976, 2878 (CH), 1692 (C=0) em-1,
UV spectrum Apax (CH3CN) @ 205 nm (& 3620), 254 nm (510 sh).

IH NMR spectrum (CDCl3) : 8 1.0-1.2 (3 H, d, Cli3), 1.6-2.0 (2 H, m.
CH»), 2.1-2.6 (1 H, m, CH), 2.8-3.2 (2 H, m, CHp), 3.2-4.1 (5 H, m, 2 CHp, CH).

13C NMR spectrum (CDCl3) : 8 15.80, 16.79 (CH3), 28.19, 29.95 (CH2),
35.44 (CH), 39.58, 39.97 (CH2), 52.41, 52.98 (CH), 65.48, 71.83, 72.67 (CHy),

175.06, 175.63 (C=0, lactam).

Mass spectrum m/fz (relative intensity) @ 155 (M1, 80), 125 (65), | 10 (7), 97
(100), 82 (86), 69 (42), 54 (84). Molccular weight calculated for CgH3NO3 ¢

155.0868. Found : 155.0866 (high resolution mass spectrometry).

20 : IR spectrum vyay (neat) : 2985, 2870 (CH), 1740 (C=0) em-l,

[l NMR spectrum (CDCl3): & 0.9-1.0 (3H, d. CH3), 2.4-3.2 (7 . 3 CHa,
CH), 3.4-3.8 (7 H, m, 2 CH»>, OCH3).

13C NMR spectrum (CDCl3): & 18.02 (CH3), 41.28, 43.54, 70.80 (CH3),
45.76 (CH), 52.80 (OCH4) and 172.45 (C=0, ester).

Mass spectrum, m/z (relative intensity): 187 (M, 2), 156 (5). 142 (5). 114
(5). 100 (100). 86 (5). 76 (10), 56 (15).
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Chapter 4. Anthragquinone Photosensitized Reactions of N-Allylamines with

o, -Unsaturated Esters
4.1. Abstract

Anthraquinone (1) photosensitized reactions of a few N-allylamines with
u,B-unsaturated esters were investigated. The a-aminoalkyl radicals, generated via
anthraquinone sensitized photoreactions of N-allylamines add to o, -unsaturated
esters and the adduct radicals formed in these cases undergo hydrogen abstraction
1o give the corresponding a-substituted products, which in wm undergo lurther
transformations to give lactams as end products. In some cases, the formation ol
trace amounts ol tandem radical addition products were also observed. Thus, the
photosensitized reaction of N-allyldicthylamine (2) with methyl methaerylate (3)
gave 1-cthyl-3,5-dimethyl-2-pyrrolidone (4), whercas the photosensitized reaction
of 2 with methyl acrylate (5) gave 1-cthyl-5-methyl-2-pyrrolidone (7). Similarly,
the sensitized photoreaction of 2 with methyl crotonate (6) gave a diastercomernic
mixture of 1-cthyl-4,5-dimethyl-2-pyrrolidone (8), along with minor amounts of
the piperidine derivative 9. The photosensitized reactions of N-allylpipendine
(10} with methyl methacrylate (3) and methyl acrylate (5) gave the corresponding
indolizidone denvatives 1L and 12, respectively. The photosensitized reaction of
10 with methyl crotonate (6) gave a diastercomeric mixture of |-methyl-3-
indolizidone (13) and an isomeric nixture of a quinolizidine derivative 14,
Similarly, the photosensitized addinon of N-allylpyrrolidine (15) to 3 and § gave
the pyrrolizidone derivatives 16 and 17, respectively, whereas, the  sensitized
photorcaction  between 15 and 6 yiclded o mixture ol hehotndone
(18a) and pscudoheliotridone (18b) along with minor amounts of an isomenc

mixture of  indolizidine derivative 19. The photosensitized  reactions  of



102

N-allyleyclohexylamine (20) with methyl acrylate (5) gave minor amounts ol the
sprrolactam 21, whereas  the photosensitized  reaction ol N-allyl-2,6-
dimethylpipenidine (22) with methyl acrylate (5) gave a 1:2 aminc-olelin addition
product 23. Reasonable mechanisms have been suggested for the formation of the

varipus products in these reactions.
4.2. Introduction

Electron transfer between excited state sensitizers and amines leads 1o the
formation of the radical 1on-pairs. =3 Among the various reaction pathways
avanlable o the radical 1on-pairs, proton exchange between the radical 1on and the
aminium radical is the prominent one.4®  The regiosclectivity for «-CH
deprotonation in such processes, has been extensively studied by Lewis and
co-workers [or the sulbene-amine systems and by Marano and co-workers lor the
enone-amine systems. =10 The results of these studies show that both steric and
clectronic effcets, associated with the a-substituent govern the rate as well as the
regioselectuvity ol the deprotonation of the aminium radicals. For example, alkyl
substituents slow down the rate ol deprotonation, indicating the importance ol
steric factors.  Substtution at the a-carbon by radical stabilizing groups with
minimal steric requirements such as CH=CH- or -C=C- groups, however bring
about highly selective deprolonation at the substituted carbon. Recent CIDNP
studics on allylamine cation radicals show highly sclective deprotonation leading

to the formation of a—allylamine radicals. 1!

In the present studies, we have examined the anthraquinone photosensitized
clectron transler reactions ol a variety ol allylamines,  The carbon-carbon bond
lorming reactions between  the a-aminoalkyl radicals, generated  from  (hesce

amines and a few a,B-unsaturated esters were studied.
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4.3, Results

4.3.1. Photoclectron Transfer Catalyzed Reactions of N-Allyldiethyl:amine (2)

with Methyl Methacrylate (3), Methyl Acrylate (§5) and Methyl Crotonate (6)

The anthraquinone (1) sensitized photoreaction ol N-allyldiethylamine (2)
with methyl methacrylate (3), using Pyrex filtered output of a 450 W medium
pressure mercury lamp gave 1-ethyl-3,5-dimethyl-2-pyrrolidone (4) as the major
product (Scheme 1), The IR spectrum of 4 showed an absorption band at
1685 em~! due to a carbonyl group. The 'H NMR spectrum ol 4 showed a
multiplet at & 0.9-1,2 (9 H) duc o the methyl protons, whercas, the multiplets
around & 2.3-2.6 and 8 2.9-3.2 were assigned w the CHa protons. The two Cl
protons appeared as multiplets around 8 2.9-3.2 and  3.5-3.8. The B3C NMR
spectrum of 4 showed three CH3, two CHp and  two CH carbon signals and a
carbonyl carbon at & 172.42. The mass spectrum of 4 showed the molecular ion

peak at m/z 141, which is in agreement wath the assigned structure.

Similarly, the sensitized photoreaction of 2 with methyl acrylate (5) gave
I-ethyl-5-methyl-2-pyrrolidone (7, Scheme 1), The IR spectrum of 7 showed an
absorption band at 1688 ecm=! due o a carbonyl group. The TH NMR spectrum off
7 showed a multiplet centered around & 0.9-1.2 (6 H), assigned o the Cl3
protons. The multiplets at & 1.6-2.4 (4 11) and & 3.0-3.8 (3 H) have been assigned
to the methylene and methine protons. The '3C NMR  spectrum ol 7 showed two
CH3y signals, three CHa signals, one CH signal and a carbonyl carbon signal
& 174.44. 'T'he mass speetrum of 7 showed the molecular jon peak at m/z 127,

which is in agreement with the assigned structure.
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The photosensitized addition of 2 10 methyl crotonate (6) was elfected by
irradiation of an argon saturated acetonitrile solution of 2 and 6 containing
catalytic amounts of’ I, using Pyrex filtered light. Two products were isolated
[rom the reaction mixture (8 and 9, Scheme 1) and they were characterized on the
basis ol analytical results and spectral data. The IR spectrum of 8 showed an
absorption band at 1688 cm-! due to a carbonyl group. The 'H NMR spectrum of
8 showed a muluplet around & 0.9-1.2 (9 H) which was assigned to the methyl
protons. Other multiplets centered around 6 1.8-2.7 (3 H) and 6 2.8-3.9 (3 H)
have been assigned 1o methylene and methine protons. The 13C NMR spectrum of
8 showed six methyl, four methylene and four methine carbon signals and two
carbonyl carbon signals at & 174.26 and 175.50. The 3C NMR speetral features

indicate that 8 is present as an isomeric mixture and the structure of' 8 has been
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assigned as |-¢ -4 5-dhime -2-pyrrolidone. The mass spec 8 s d
assigned as 1-ethyl-4 5-dimethyl-2-pyrrolidone. The mass spectrum of 8 showed a

molecular 1on peak at m/z 141, which 15 in agreement wath the assigned structure.

The IR spectrum of 9 showed an absorption band at 1740 em=! due to an
ester carbonyl group. The 'H NMR spectrum of 9 showed a multiplet centered
around & 0.85-1.2 (12 H) which was assigned to the methyl group protons and a
second multiplet centered around & 1.9-3.2 (8 H) which was assigned to four CH»
and four CH protons. The methoxy protons (3 H) appeared as a singlet at 6 3.6-
3.8, The 13C NMR spectrum of 9 showed several signals, out ol which the ones
around & 172-175 have been assigned as ester carbonyl carbons.  Based on the
spectral data, the structure of 9 has been  assigned as 4-carbomethoxy-1-cthyl-
3.5,0-timethylpipenidine and the '3C NMR spectral features indicate that 1t is
present as an isomeric mixture.  The molecular ton peak at m/z 213, is i good

agreement with the proposed structure.

4.3.2. Photoclectron Transfer Catalyzed Reactions of N-Allylpiperidine (10)

with Methyl Methacrylate (3), Methyl Acrylate (5) and Methyl Crotonate (6)

Anthraquinone (1074 M) sensitized photoreaction between 10 and 3 in
acctonitrile using Pyrex filtered hight gave a diastercomenc mixture ol 2-methyl-
S-indolizidone (11, Scheme 2). The structure of 11 was wrived al on the basis of
spectral data and also by comparison of its gas chromatographic retention time and
mass spectra with those reported in Chapter 3 for 2-methyl-3-indolizidone (Section
3.5.1). Smmilarly, the anthragquinone phtosensitized reaction ol 10 with methyl
acrylate (5) gave 12 (Scheme 2), as the major product. The structure of 12 identi-
ficd as 3-indolizidone on the basis of spectral data and comparison of its gas chro-
matographic retention time and mass spectral data with those of 3-indolizidone

reported in Chapter 3 (Scection 3.5.6).
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The photosensitized reaction of 10 with methy! crotonate (6) gave a mixture
of 13 and 14 (Scheme 2). The structures of 13 and 14 were arrived at on the basis
of analytical results and spectral data. The IR spectrum of 13, for example. showed
an absorption band at 1690 cm~! due to a carbonyl group. The 'H NMR spectrum
of 13 showed a doublet at & 1.0-1.2 (3 H), assigned to the methyl protons. The
methylene protons  appeared as multiplets centered around & 1.4-2.2 (6 11) and
2.3-2.8 (2 11). The multiplets centered around & 3.2-3.8 (1 1) and 6 3.9-4.2 (1 )

have been assigned to the CH protons, The 13C NMR spectrum ol 13 showed two
Cllz, ten CHp_four CH carbon and two carbonyl carbon signals at & 173.09 and
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173.27. The structure of 13, on the basis of spectral evidence, has been assigned
as l-methyl-3-indolizidone. The mass spectrum of 13 showed a molecular ion

peak at m/z 153, which is in agreement with the assigned structure.

Similarly, the IR spectrum ol 14 showed an absorption band at 1738 cm- !

due to an ester carbonyl group. The 'H NMR spectrum of 14 showed two

doublets at & 0.9-1.15 (6 H), assigned to the two CH3 protons. The muluplet
centered around 8 1.4-2.0 (6 1) has been assigned to the Clla protons, whereas the
multiplet centered around 8 2.4-3.3 (7 H) has been assigned (o the [our Cllo
protons and three CH protons. The methoxy protons appeared as o singlet around
$3.6-3.8 (3 11). The 13C NMR spectrum of 14 showed several signals due to
different chiral centers associated with the structure, out of which the signals at
& 174-175 have been assigned to ester carbonyl carbons. The structure of 14 on
the basis of spectral evidence has been assigned as 2-carbomethoxy-1 3-dimethyl-
quinolizidine. The mass spectrum of 14 showed a molecular 1on peak at m/z 225,

which is in good agreement with the assigned structure.

4.3.3. Phtoclectron Transfer Catalyzed Reactions of N-Allylpyrrolidine (15)

with o, p-Unsaturated Esters

Anthraquinone (1) sensitized photoreaction of N-allylpyrrolidine (15) with
methyl methacrylate (3) gave 2-methyl-3-pyrrolizidone (16) which was identificd
on the basis of spectral data and comparison of its gas chromatographic retention
lime and mass spectral data with those of the same compound reported m Chapter
3 (Scetion 3.5.2) (Scheme 3). Similarly, the sensitized photoreaction ol 15 with
methyl acrylate (5) gave 3-pyrrolizidone (17) (Scheme 3). The structure ol 17 was
arrived at by comparing its gas chromatographic retention ime and mass speetral

data with those of 3-pyrrolizidone reported in Chapter 3 (Section 3.5.7).
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Photosensitized reaction of 15 with methyl crotonate (6) gave a diasterco-
merte mixture of hehiotndone (18a) and pscudoheliotridone (18h),  along with a
minor amount of 19. The structures of 18a and 18b were assigned by comparing
the spectral and analytical data with those of 1-methyl-3-pyrrolizidones reported in
Chapter 3 (Section 3.5.8). The structure of 19 was characterized on the basis of
analytical results and spectral data. The IR spectrum of 19, for example, showed
an absorption band at 1738 em~! due to an ester carbonyl group, The 'H NMR
spectrum ol 19 showed two doublets centered around & 0.9-1.25 (6 1), assigned Lo
two methyl protons. The muluplet centered around & 1.5-2.2 (4 ) was assigned
o tour Clla protons, the one at & 2.4-3.2 (6 H) 1o the four CH2 protons and two
CH protons and the one 6 3.2-3.5 (2 H) o two CH protons. The methoxy protons

appeared as a multiplet centered around & 3.6-3.8 (3 I1), The 13C NMR spectrum
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of 19 showed several signals duc to the different chiral centres associated with the
molecule. out of which those al & 175.54-176.60 have been assigned Lo the ester
carbonyl carbons. The structure ol 19, on the basis of speetral evidence, has been
assigned as 7-carbomethoxy-6,8-dimethyl-indolizidine. The mass spectrum of 19
showed a molecular ion peak at m/z 197, which is in good agreement with the

assigned structure.

4.3.4. Photoelectron Transfer Catalyzed Reactions of N-Allyleyclohexylamine

(20) with Methyl Acrylate (5)

Photosensitized reaction of  N-allyleyclohexylamine  (20)  with  methyl
acrylate (5) gave the spirolactam 21 (Scheme 4) which was characterized by
comparing its speetral data with the same spirolactam, obtained in the anthragqui-
none sensitized photoreaction of cyclohexylamine with methyl acrylate reported in

Chapter 3 ol this thesis (Section 3.5.3).

4.3.5. Photoclectron Transfer Catalyzed Reactions of N-Allyl-2,6-dimethyl-

piperidine (22) with Methyl Acrylate (5)

Anthraquinone sensitized photorcaction of N-allyl-2.6-dimethylpipendine
(22) and mecthy] acrylate (5), under conditions similar to thosc employed in the
carlier cases gave the piperidine derivative 23 as the major product (Scheme 4),
The IR spectrum of 23 showed an absorption band at 3300 em-! duc 10 an NH
group and one  al 1744 em=! due 1o an ester carbonyl group.  The 'H NMR

spectrum ol 23 showed two singlets at o 1.0-1. 15 (6 H) which was assigned to the

CHy protons, and three multiplets centered around & 1.2-1.4 (4 1), & 1.5-2.0

(6 H) appeared as a singlet at § 3.6-3.75. The 13C NMR spectrum of 23 showed
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one CH3, four CH3, one methoxy and one quarternary carbon signals and onc

carbonyl carbon signal at 8 174.73. The mass spectrum ol 23 showed a molecular

on peak at m/z 286, which is in pood agreement with the assigned structure.

H O
y OCH; | hy N
CH;CN

N
20 5 21
I, hv
/O\ + == ﬂcuj N
N CIl1;CN T
kf/ CH;0 OClH,
22 S5 23

Scheme 4

4.4, Discussion

As discussed carlier, irradiation of amines in presence of anthraquinonc
using Pyrex filtered light leads to selective excitation of anthraquinone. The
exeited singlet state of anthraquinone rapidly undergoces intersystem crossing o
form tnplets with a quantum efficiency of necarly one.  Quenching of the
anthraquinone triplets by allylamine will lead to the formation ol aminium and
ketyl radical 1ons. The radical 1ons, thus formed can undergo a rapd proton
exchange within the solvent cage. Goez and Frisch have recently studied the
anthraquinone photocatalyzed reactions of several amines including allylamine

derivatives using the chemically induced dynamic nuclear polanization (CIDNP)
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technique ' Their study reveals that the aminium cation intermediates that are
formed can be deprotonated cither within the cage by the sensitizer radical anion
or outside the cage by surplus amines. With methyl, cthyl and isopropyl
substituents, they observed that the deprotonation occurs exclusively outside the
solvent cage, whercas deprotonation within the cage dominated in the casc of allyl
substituents. The difference in behaviour can be explained in terms of an increase
in the rate of in-cage proton transfer, relative to the cage life with increasing
driving force of this reaction. Thus, in the case of anthraquinone sensitized
photoreaction ol triallylamine, there is a clear manifestation of a dominant in-cage
proton transfer from the aminium radical to the ketyl radical anion. For comparing
the reactivities of allyl and cthyl groups they  have studied the photo-CIDNP
spectrum of the N-diallylethylamine-anthraquinone system. Their studies have
indicated that the deprotonation of the allyl group occurs predominantly inside the
cage, whereas the deprotonation at the ethyl group occurs outside the cage. Similar
results were obtained for N-allyldimethylamine, where deprotonation of the allyl
groups occurs within the cage and deprotonaton of the methyl group occurs
outside the cage. These studies clearly indicate that in-cage proton transfer from
the allyl groups of the aminium radical is able to compete with escape of the
radical 10ons from the cage, whereas these reactions are obviously slow in the case
of cthyl and methyl protons. The rate of ethyl and allyl deprotonation outside the
solvent cage s more or less of the same order of magnitude. From these studies
and those by Lewis elal. and Mariano et al., it is cvident that in anthraquinone
photoclectron transfer catalyzed reactions of N-allylamines, c-aminoallyl radical
formation will predominate over a-aminoalkyl radical formation.3-10 However, the
formation of the different products in the anthraquinone sensitized photorecactions
ol N-allylamines with o,3-unsaturated esters, in the present study, indicates that

the imual - carbon-carbon bond forming reations occur  through a-aminoalkyl
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radicals. It is quite likely that the inually formed w-aminoallyl radicals, undergo
ransformation 1o a-aminoalkyl radicals, which then participate in the addition
reactions. A reasonable pathway for the formation of different products in the
reaction of N-allylpiperidine (10) with methyl crotonate (6) is shown in Scheme 5.
The a-aminoallyl radical 27, formed initially can isomerise to give the radical 26,
which can undergo a 1,5-hydrogen abstraction to yield the a-aminoalkyl radical
25. Addition of 25 to methyl crotonate (6) would give the adduct radical 29. The
formation of the quinolizidine derivative 14 is attributed to the tandem intra-
molecular addition of the adduct radical 29 to give 30 and subscquent quenching
of the radical 30 by the anthraquinone ketyl radical (28). Alternatively, the adduct
radical 29 can be quenched by 28 Lo yield an enamine derivative 31, This enamine
can undergo dealkylation under work-up to give 33, presumably through the
iminium intermediate 32, Lactonization of of 33 will result in the formation ol
the indolizidone 13 (Scheme 5). Pathways similar to those shown in Scheme 5
may be operating in the formation of the piperidine derivative 9 in the rcaction of
N-allyldiethylamine (2) with methyl crotonate (6) (Scheme 1) and the indolizidine
derivative 19 in the reaction of N-allylpyrrolidine (15) with mecthyl crotonate (6)

{Scheme 3).

The major product isolated from the reaction of N-allyl-2,6-dimethyl-
piperidine (22) with methyl acrylate (5) was the 2:1 ester-amine adduct 23, The
formation of 23 in this reaction can be rationalized in terms of the pathways shown
in Scheme 6. The photosensitized addition of 22 to 5 in presence of anthragquinone
can lead to the adduct radical 34, following the initial pathways similar to those
indicated in Scheme 5. One of the possible modes ol transformation ol 34 1s 1o
undergo hydrogen atom abstraction (rom anthraquinone ketyl radical (28) to give

35, which ultimately can lead to the indolizidone 36. We have not been able to
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isolate 36 from the product mixture. However, the GC-MS data showed a peak al
m/z 167, which could be due to 36 (M*). An intramolecular hydrogen abstraction
in 34 could result in the formation of a new radical 37, which could then add on
another methyl acrylate molecule to give the bis-adduct radical 38, Subsequent
hydrogen abstraction of 38 from 28 would give the bis-adduct 39, which under
work-up conditions could give 23, by pathways similar to thosc shown in

Scheme 5,
4.5. Experimental Section

The IR spectra were recorded on a Perkin-Elmer model 882 Infrarcd
Spectrophotometer. The TH and 13C NMR spectra were recorded on a JEOL EX-
90 FT NMR Spectrometer, using tetramethylsilane (TMS) as internal standard and
the 13C signals were assigned by using QUART and DEPT programmes. The
mass spectra were recorded either on a Finnigan MAT model 8430 or JEOL JMS
AX 505 HA mass spectrometer or 5890 Series 2 Hewlell-Packard GC-MS. The
GC analysis were obtained on a Hewlet-Packard 5890 Scries 11 gas chromato-
graph and the HPLC analyses were carried out using a Shimadzu HPLC. - All
steady state photorcactions were carried out using a 450 W medium pressure
mercury lamp with a Pyrex filter (A >290 nm) under argon or nitrogen atmosphere.
The allylamines were prepared by known procedures. Anthraquinone was purified
by sublimation. All other solvents and reagents were purified and distilled before

use.

In 2t typical run, the photolysis mixture, consisting ol 15 mmol (or 10 mmol)
of allylamine and 15 mmol of a,ff-unsaturated ester in acctomtnle (350 mL)
containing (10-% M) anthraquinone was purged with argon or nitrogen before

irradiation. The solvent and the unchanged reactants were removed under reduced
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pressure and the product mixture was chromatographed using either a flash column
or Chromatotron. The vyields reported are based on the olefinic substrate
consumed, which was estimated by HPLC. The reported product distribution was

based on GC and GC-MS analyses ol the product mixtures.

4.5.1. Anthraquinone Sensitized Photoaddition of N-Allyldicthylamine (2) to

o, B-Unsaturated Esters

a) Photoscnsitized addition of N-allyldiethylamine (2) to methyl metha-
crylate (3). Irradiation of an argon-purged solution of 2 (1.8 g, 15 mmol) and
3 (1.5 g, 15 mmol) in acetonitrile (350 mL), containing 104 M of 1 for 4 h and
separation of the photolysate by column chromatography using a mixture (3:1) ol
petroleum ether and ethyl acetate gave 140 mg (65 %) of 1-cthyl-3.5-dimethyl-2-
pyrrolidone (4). The yield was based on 3 that reacted (22 %), as estimated by

HPLC
4: IR spectrum vy (neat) - 2980, 2875 (Cl1) and 1685 (C=0) em~!,
UV spectrum Ay (CH3CN) 2 205 nm (&, 2880) and 255 (450).

'H NMR spectrum (CDCl3) 0 6 0.9-1.2 (9 H, m, 3 CH3), 1.8-2.1 (2 H, m,
CH»), 2.3-2.6 (2 H, t, CH9), 2.9-3.3 (1 H, m, CH) and 3.5-3.8 (1 H, m, CH).

13C NMR spectrum (CDCl3) : 8 12.61, 16,52, 20.28 (CH3), 34.72, 36,54
(Cll9), 36,69, 51.07 (CH) and 172.42 (C=0), lactam).

Mass spectrum, m/z (relative intensity) @ 141 (M', 10), 126 (40), 112 (100),
98 (6), 84 (30), 76 (6) and 56 (15). Molccular weight calculated for CgHsNO :

141.1154, Found : 141.1153 (high resolution mass spectrometry).
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b) Photosensitized addition of N-allyldiethylamine (2) to methyl acrylate
(5). Irradiation of an argon-purged solution of a mixture of 2 (1.8 g, 15 mmol) and
5 (1.3 g, 15 mmol) in acctonitrile (350 mL) containing 10-% M of 1 for 4 h, and
separation ol the product mixture by column chromatography using a solvent
mixture (3:1) of petroleum ether and ethyl acetate gave 130 mg (55 %) of’ I-cthyl-
S-methyl-2-pyrrolidone (7). The yield reported was based on § that reacted (20 %

conversion), as estimated by HPLC.

5: IR spectrum vy (neat) @ 2980, 2875 (CH) and 1685 (C=0) cm-1.
UV spectrum Aypax (CH3CN) @ 205 nm (g, 2880) and 255 (450).

'H NMR spectrum (CDCl3) : 8 0.9-1.2 (6 H, m, 2 CH3), 1.6-2.4 (4 H, m, y.
Cll9), 3.0-3.8 (3 H, m, CH7 and CH),

13C NMR spectrum (CDClg) : & 12.31, 19.44 (CH3), 26.37, 29.92, 34.42
(CHa), 52,83 (CH) and 174,44 (C=0, lactam).

Mass spectrum, m/z (relative intensity) : 127 (M*, 30), 112 (100), 84 (40),
70 (6) and 56 (15). Molecular weight calculated for C7H3NO @ 127.0997. Found

- 127.0098. (high resolution mass spectrometry ).

¢) Photosensitized addition of N-allyldicthylamine (2) to methyl crotonate
(6). An argon-purged solution of a mixture of 2 (1.8 g, 15 mmol) and 6 (1.5 g, 15
mmol) in acctonitrile (350 mL), containing 104 M of I was irradiated lor 4 h and
separation ol the photoproduets by column chromatography using a mixture (2:3)
of petroleum cther and ethyl acetate gave 90 mg (40 %) ol 1-cthyl-4,5-dimcethyl-2-
pyrrolidone (8) and 30 mg (10 %) of a 4-carbomethoxy- I-ethyl-2,3 5-trimethyl-

piperidine (9), based on 6 that reacted (15 % conversion).
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8: IR spectrum vy (neat) @ 2970, 2882 (Cl1) and 1688 (C=0) em-l.

IH NMR spectrum (CDCl3) - 8 0.9-1.2 (9 H, m, 3 CH3). 1.8-2.7 (3 I, m,
CH> and CH) and 2,8-3.9 (3 H, m, CH2 and CH),

13C NMR spectrum (CDCI3) : 6 12.58, 12.79, 13.33, 14.58, 18.31, 18.46
(CH3), 29.64, 30.96, 38.12, 39.69 (CH>), 34.69, 34.93, 56.11, 60.41 (CH) and

174.26, 175.50 (C=0, lactam).

Mass spectrum, m/z (relative mtensity) 141 (M, 35), 126 (100), 98 (10),
78 (20) and 55 (18). Molecular weight calculated for CgHsNO @ 1411232,

Found ; 141, 1238 (high resolution mass spectrometry)

9 IR spectrum vyyax (neat) 1 2976, 2860 (CH) and 1740 (cster) cm-1.

'H NMR spectrum (CDCl3) : 8 0.85-1.2 (12 H, m, 4 CH3), 1.9-3.2 (8 1, m,
2 CHp and 4 CH) and 3.6-3.8 (3 H, 5, OCH3).

I3C NMR spectrum (CDCl3) : 8 14.00-20.00 (CH3). 32-306, 44.32-46.82,

50.85-55.28 and 172-175 (C=0, esler).

Mass spectrum, m/z (relative intensity) : 213 (M. 15), 198 (100), 180 (12),

152 (10), 138 (25), 126 (30), 112 (28), 98 (20), 78 (50) and 56 (30). Molccular
weight calculated for CoHo3NO7 : 2131728, Found : 213.1725 (high resolution

mass spectrometry ).
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4.5.2. Photoelectron Transfer Catalyzed Reactions of N-Allylpiperidine (10)

with o, -Unsaturated Esters

a) Photosensitized addition of N-allylpiperidine (10) to methyl metha-
crylate (3). [rradiation of an argon-purged solution of a mixture of 10 (1.85 g, 15
mmol), 3 (1.5 g, 15 mmol) and 1 (104 M) in acetonitrile (350 mL) for 2 h and
analysis of the product mixture on a GC-MS indicated 65 % yicld of a diasterco-
meric mixture of 1L The yield of 11 was based on 3, that reacted (22 % con-
version).  The photoproduct 11 was isolated by column chromatography and its
analytical results and spectral data were in good agreement with those ol

2-methyl-3-indolizidone reported in Chapter 3 (Section 3.5.1).12

) Photosensitized addition of N-allylpiperidine (10) to methyl acrylate
(5). An argon-bubbled solution of a mixture of 10 (1.85 g, 15 mmol) and 5§ (1.3 g,
|5 mmol) in acetonitrile (350 mL) containing 104 M of 1 was irradiated for 2 h
and separation of the photoproduct mixture by column chromatography using a
mixture (3:1) ol petroleum ether and ethyl acctate gave 150 mg (55 %) of
3-indolizidone (12). The spectral data and analytical results were found lo be
identical to those ol 3-indolizidone reported 1 Chapter 3 (Section 3.5.6). The

reported yield ol 12 was based on 25% conversion of 5, as estimated by HPLC.

¢) Photosensitized addition of N-allylpiperidine (10) to methyl crotonate
(6). Irradiation of an argon-bubbled solution of a mixture of 10 (1.85 g, 15 mmol)
and 6 (1.5 g, 15 mmol) in acetonitrile (350 mL) containing 10~ M of 1 for 2 h and
separation of the reaction mixture by column chromatography using a solvent
mixture (3:2) ol petroleum ether and cthyl acetate gave 110 mg (40 %) of
| -methyl-3-indolizidone (13) and 20 mg (15 %) of the quinolizidine 14, The

yield of the products were based on 15 % conversion of 6.
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13: IR spectrum vpgax (neat) : 2980, 2865 (CH) and 1690 (C=0) cm~ 3

'H NMR spectrum (CDCl3) : 8 1.0-1.2 ( 3 H, d, CH3), 1.4-2.2 (6 H, m, 3
CHy), 2.3-2.8 (2 H, m, CH3) and 3.2-3.8 (3 H, CH3 and CH),

13C NMR spectrum (CDCl3): & 14.73, 17.89 (CH3), 23.20, 24.01, 24.37,
24,75, 26.25, 28.54, 31.50, 34.18, 38.39, 39.76 (CH3), 41.33, 46.53, 60.38, 63.96

(CH) and 173.09, 173.27 (C=0, lactam).

Mass spectrum, m/z (relative intensity ) : 153 (M7', 69), 152 (100), 138 (20),
124 (15), 112 (18), 96 (10), 83 (35) and 55 (10). Molecular weight calculated for
CgHysNO : 153.1188. Found : 153.1233 (high resolution mass spectrum).

14: IR spectrum vy (neat): 2970, 2860 (CH) and 1738 (ester) em- |

'H NMR spectrum (CDCl3) : 6 0.9-1.15(6 11, 2 d, m, 2 CH3), 1.4-2.0 (6 H,
m, 3 CH»2), 2.4-3.3 (7 H, m, 2 CHp and 3 CH) and 3.6-3.8 (3 H. s, OCH3).

13C NMR spectrum (CDCl3): & 15.03, 16.82, 24.40, 24.69, 24,93, 25.38,

25.89, 29.65, 30.01, 47.10, 50.17, 54.53, 56.92, 59,18 and 174,12, 175.68 (C=0,

ester).

Mass spectrum, m/z (relative intensity) : 225 (M*, 30), 210 (30), 196 (20),
166 (25), 150 (15), 124 (40), 98 (100), 83 (35) and 55 (15). Molccular weight
calculated for C3H23NO5 2251788, Found : 225.1728 (high resolution mass

spectrometry ).
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4.5.3. Photosensitized Addition of N-Allylpyrrolidine (15) to a,B-Unsaturated

Isters

a) Photosensitized addition of N-allylpyrrolidine (15) to methyl
methacrylate (3). An argon-purged solution of a mixture of 15 (1.65 g, 15 mmol)
and 3 (1.5 g, 15 mmol) in acetonitrile (350 mL) containing 104 M of 1 was
irradiated for 2 h and the product mixture on GC-MS analysis indicated a 50 %
yield of 16. The photoproduct was isolated using column chromatography and its
spectral data were found 1o be identical o those of the previously charactanzed
2-methyl-3-pyrrolizidone, reported in Chapter 3 (Section 3.5.2).12 The yield of 16

was based on 3, that reacted (15 % conversion).

b) Photosensitized addition of N-allylpyrrolidine (15) to methyl acrylate
(5). Irrachation of an argon-bubbled solution of a mixture of 15 (1.65 g, 15 mmol)
and 5 (1.3 g, 15 mmol) in acetonitrile (350 mL) containing 10-4 M of 1 for 2 h and
separation of the product mixture by column chromatography using a solvent
mixture (3:1) of petroleum ether and ethyl acctate gave 80 mg (50 %) of
J-pyrrohizidone (17). The spectral and analytical data of 17 were found to be
identical to those of 3-pyrrolizidone reported in Chapter 3 (Section 3.5.7). The

yield of 17 was based on 5, reacted (18 % conversion).

¢) Photosensitized addition of N-allylpyrrolidine (15) to methyl ¢rotonate
(6). An argon-bubbled solution of a mixture of 15 (1.65 g, 15 mmol) and 6 (1.5 g,
15 mmol) in acetonitrile (350 mL) containing 10-4 M of 1 was irradiated for 2 h
and separation of the product mixture by column chromatography using a mixture
(3:2) of petroleum ether and ethyl acetate gave 80 mg (40 %) of a diastereomeric
mixture of 1-methyl-3-pyrrolizidone (18a,b) and 30 mg (15 %) of the indolizidine

19. These yields were based on percentage conversion of 6 (12 %). The sperctral
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data of 18a,b were found to be identical to those of |-methyl-3-pyrrolizidones,

reported in  Chapter 3 (Section 3.5.8).

19: IR spectrum viyax (neat): 2980, 2860 (CH) and 1738 (esler) cm-1.

'H NMR spectrum (CDCl3): & 0.9-1.25 (6 H, m, 2 CH3), 1.5-2.2 (4 H, m,
2 CHyy, 2.4-3.2 (6 H, m, 2 CHz and 2 CH), 3.2-3.5 (2 H, m, 2 CH) and 3.6-3.8
(3 H, m, OCH3).

13C NMR spectrum (CDCl3) : & 16.50, 16.80, 17.50, 21.56, 24.52, 25.08,

25.62, 26.86, 28.80, 29.72, 34.50, 38.15, 38.86, 43.22, 43.88, 55.10, 51.66, 53.78,
57.50, 58.62, 59.40 and 175.54-176.60 (C=0, ester).

Mass spectrum, m/z (relative intensity) @ 211 (M™*, 15), 196 (25), 180 (10),
152 (28), 110 (100), 96 (30), 83 (90), 70 (50) and 55 (40), Molecular weight
calculated for Cyo2H21NO>9 : 211.1831. Found : 211.1928 (high resolution mass

spectrum).

4.5.4. Photosensitized Addition of N-Allylcyclohexylamine (20) to Methyl
Acrylate (5)

[rradiation of an agron-purged solution of a mixture of 20 (1.4 g, 10 mmol),
5(1.3 g, 15 mmol) and 1 (10-4 M) in acetonitrile (350 mL) for 2 h and the product
mixture upon GC-MS analysis indicated a 20 % vyield of the spirolactam 21 and
75 % of unchanged 20. The GC and GC-MS data of 21 were found to be identical

to those of the spirolactam reported carlier in Chapter 3 (Section 3.5.3).12
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4.5.5. Photosensitized Addition of I[-Allyl-2,6-dimethylpiperidine (22) to
Methyl Acrylate (5)

An argon-purged solution of a mixture of 22 (1.53 g, 10 mmol)and 5 (1.3 g,
15 mmol) in acetonitrile (350 mL) containing 104 M of 1 was irradiated for 2 h
and separation of the product mixture by column chromatography using a mixture
(3:1) of petroleum ether and ethyl acetate gave 70 mg (30 %) of the bis- adduct 23.

The yield ol 23 was based on 5, that reacted (18 % conversion).

23: IR spectrum vpnax (neat) : 3300 (NH), 2985, 2860 (CH) and 1744 (cster)

em-1,

IlH NMR spectrum CDCI3) : & 1.0-1.15 (6 H, 2 5, 2 CH?3), 1.2-1.4 (4 H, m,
2 CHgp), 1.5-2.0 (6 H, m, 3 CH2), 2.2-2.6 (4 H, m, 2 CH3) and 3.6-3.75 (6 H, s,
2 OCHj]

13C NMR spectrum (CDCIl3) @ & 28.07, 28.63 (CH3), 37.32, 37.61, 39.94
(CH3), 50.77 (C), 51.22 (OCH3) and 174.73 (C=0, csler).

Mass spectrum, m/z (relative intensity): 286 (MH™, 70), 270 (20), 254 (10),

198 (100), 154 (25), 130 (10), 115 (!5), 85 (30), 70 (38) and 55 (15). Molecular
weight calculated for CysH27NOy4 : 286.2018 (MH*). Found (MH™) : 286.2011

(high resolution mass spectrometry),
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Chapter 5. Anthraquinone-2-sulfonic Acid (Sodium Salt) Photosensitized
Reactions of Primary, Secondary and Tertiary Amines with o,B-Unsaturated

Esters in Water

5.1. Abstract

The anthraquinone-2-sulfonic acid (sodium salt) (1) sensitized photoaddition
of some prnimary, sccondary and tertiary amines with o, B-unsaturated esters in
water have been investigated. The products obtained from the photosensitized
reactions of tertiary amines in aqueous medium are very different from those
obtained in acctonitrile. Whercas in acctonitrile multiple addition of the amines to
olefinic substrates were observed, in agqueous solutions, the major products formed
were the lactams. Thus, for example, the sensitized reaction of triethylamine (2)
with methyl methacrylate (3) in water gave 1-ethyl-3,5-dimethyl-2-pyrrolidone (4)
as the major product. Likewise, the reaction of 2 with methyl acrylate (5) gave
I-ethyl-5-methyl-2-pyrrolidione (6). In the case of primary and secondary amines,
the products formed in aqueous media were similar to those observed in non-
aqucous media. The reasons for the difference in reactivity of tertiary amines in
aqueous media are discussed and a mechanism has been suggested for the
formation of the lactams in the sensitized photoreaction of tertiary amines with

o, [3-unsaturated esters in water.
5.2, Introduction

For several years, study of organic racctions in aqueous media have been
limited mainly to electrochemical processes and aldol condensation rcactions,
whereas in nature several complex organic reactions are carried out in the aqueous

environment. More recently, there has been a renewed interest in the study of
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organic reactions in aqueous media, as this may offer scveral advantages over
those occuring in organic solvents.!-® The aqueous medium is both economical
and environmentally compatible and the need for special handling of inflamable
and toxic organic solvent residues can also be avoided. Product isolation and
catalyst recyclization may also be simplified in aqueous media. Carbon-carbon
bond forming reactions are important in organic chemistry and the use of organic
radicals for such reactions have been extensively explored.?-1! However, there are
very few reports on the study of such reactions in aqueous media, although a large
amount of information on the reactive propertics ol the radicals in aqucous media

have been documented from pulse radiolysis studies. 12

The photoinduced electron transfer reactions of aminoketones in wel
benzene was reported by Whitten and co-workers. '3 They have shown that
aminoketones react with photoexcited electron acceptors such as anthraquinone
and dicyanoanthracene via single electron quenching, ultimately leading to two
electron redox products. The overall mechanism of this process involves the initial
clectron transfer from the aminoketones to the excited state of the sensitizer,
followed by deprotonation to yield the a-aminoalkyl radical. This radical can be
oxidised, presumably by dark (ground state) electron transfer to yield the iminium
cation. The iminium cations are then rapidly hydrolysed to give secondary amines
and the corresoponding carbonyl compound with the required stoichiometry, 14-16
The second oxidization step does not occur in some photochemical reactions
owing to the absence of a suitable oxidant.!? The mechanism proposed for the
two electron oxidation is similar to that of the electrochemical oxidation of tertiary

amines. 18
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The sensitizer selected for the present study is anthraquinone-2-sulfonic acid
(sodium salt) (1). Using this sensitizer, the photocleciron transfer catalyzed
reactions of several primary, secondary and tertiary amines with a,3-unsaturated

esters in water, have been studied.
5.3. Results

5.3.1. Photosensitized Addition of Tertiary Amines to o,f-Unsaturated Esters
The photosensitized reaction of tricthylamine (2) with methyl methacrylate (3) was
studied by irradiating an argon-purged aqueous solution of triethylamine and
methyl methacrylate containing anthraquinone-2-sulfonic acid (sodium salt) (1),
under Pyrex filtered light (A> 290 nm). One major product was isolated from the
reaction mixture (4, Scheme 1) and was characterized on the basis of analytical
results and spectral information as 1-ethyl-3,5-dimethyl-2-pyrrolidone.  The
spectral data of 4 were found to be identical to those of I-ethyl-3,5-dimethyl-2-

pyrrolidone reported in Chapter 4 (Section 4.5.1a).

Photosensitized reaction of triethylamine (2) with methyl acrylate (5) was
carried out by irradiating an argon salurated aqueous solution of a mixture of 2 and
5, containing anthraquinone-2-sulfonic acid (sodium salt), under Pyrex filtered
light. The major product isolated from the reaction mixture was 1-ethyl-5-methyl-
2-pyrrolidone (Scheme 1), identified through spectral evidence and comparison
with an authentic sample, obtained from the reaction of N-allyldiethylamine and

methyl acrylate, reported in Chapter 4 (Section 4.5.1b).

Similarly, the photosensitized reactions of N-methylpiperidine (7) and

N-cthylpiperidine (8) with methyl acrylate (5) gave 3-indolizidone (9) as the major
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product along with small amounts of methyl 3-(1-piperidinyl)propionate 10, in

each case (Scheme 2).

The photosensitized reaction of N-methylmorpholine (11) with methyl
methacrylate (3) in aqueous medium gave a mixture of the bicyclic lactam 12 and
the N-adduct, 13 (Scheme 2). The same mixture of products was formed in the
anthraquinone-sensitized photoaddition of morpholine to methyl methacrylate

(Section 3.5.9),

5.3.2. Photosensitized Reactions of Secondary Amines with o,f-Unsatu-

rated Esters

Photosensitized addition of diethylamine (14) with methyl methacrylate (3)
in presence of the sodium salt of anthraquione-2-sulfonic acid in water gave
I-ethyl-3,5-dimethyl-2-pyrrolidone (4), whereas the reaction of 14 with methyl
acrylate (5), under analogous conditions gave N-ethtyl-5-methyl-2-pyrrolidone (6)
(Scheme 3). The same products 5 and 6 were obtained in the anthraquinone
sensitized reactions of allyldiethylamine with methyl methacrylate and methyl
acrylate, respectively (Section 4.5.1). The photosensitized reactions of diisopropyl-
amine (15) with methyl methacrylate (3), using anthraquinone-2-sulfonic acid
(sodium salt) in water gave a mixture of the pyrrolidone derivative 16 and the bis-
adduct 17 (Scheme 3). The same products were obtained in the anthraquinone
sensitized photoreaction of diisopropylamine with methyl methacrylate (Section

2.54).

[n a stnilar manner, the sensitized photoreaction of piperidine (18) with 3 in
aqueous medium gave a diasterecomeric mixture (2:3) of the indolizidone 19 as the

major product (Scheme 3). The same product (19) was obtained in anthraquinone
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sensitized reaction between pipenidine and methyl methacrylate, reported in
Chapter 3 (Scction 3.5.1), The photosensitized reaction of pyrrolidine (20) with
methyl methacrylate in water yielded a diasterecomeric mixture (3:2) of the
pyrrolizidone 21. The structure of 21 was assigned as 2-methyl-3-pyrrolizidone by
comparison of its spectral and analytical data with those of 2-methyl-3-pyrrolizi-

done reported in Chapter 3 (Section 3.5.2) (Scheme 3).
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The photosensitized reaction between piperidine (18) and methyl acrylate
(5) m water gave a mixture of the 3-indolizidone 9 and the N-adduct 10 (Scheme
4), identified through comparison of the spectral data with those obtained in the
anthraquinone-sensitized photorcaction between piperidine and methyl metha-
crylate in acetonitrile (Section 3.5.6). Similarly, the photosensitized reactions of
pyrrolidine (20) with methyl acrylate (5) gave a mixture of the 3-pyrrolizidone
(22) and the thermal N-addition product, methyl 3-(1-pyrrolidynyl)propionate (23)
(Scheme 4). The anthraquinone-2-sulfonic acid (sodium salt) sensitized photo-
sreaction of 200 with methyl crotonate (24) in aqueous medium  gave a
diastercomeric mixture (97:3) of’ 25a (heliotridone) and 25b (pscudoheliotridone),
along wath the N-adduct 26 (Scheme 4), The diastereomeric ratio of 25a and 25b
was determined by GC analysis and the stereochemical assignment was made by
comparing the 'H NMR data with those reported for the same compounds in the
literature.!”  The structure of 26 was assigned as the N-addition product, by
comparing the spectral data and gas chromatographic retention time with those of

the same product reported in Chapter 3 (Section 3.5.8).

Anthraquinone-2-sulfonic acid (sodium salt) catalyzed photorcaction of
morpholine (27) with methyl methacrylate (3) gave a diastercomeric mixture of the
bicyclic lactam 12 along with the N-adduct 13 (Scheme 4). The structures of both
12 and 13 were established by comparison with the products obtained in the
anthraquinone sensitized photoreaction between morpholine and methyl metha-

crylate (Section 3.5.9).
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5.3.3. Photosensitized Reactions of Primary Amines with o,p—Unsatu-

rated Esters

The photosensitized addition of cyclohexylamine (28) to methyl metha-
crylate (3), methyl acrylate (§) and methyl crotonate (24) in aqueous media under
Pyrex filtered light gave rise to the spirolactams 29, 30 and 31, respectively. The
products were characterized on the basis of their spectral data and comparnson
with the same products obtained in the anthraquinone-sensitized photorcaction of

cyclohexylamine with the appropriate o,3-unsaturated esters (Scheme 3.5.3-5).
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Similarly, the photosensitized addition of n-butylamine (32) to methyl
methacrylate (3) in aqueous medium gave a diastereomeric mixture (2:3) of the
pyrrolidone 33. The structure of 33 was characterized on the basis of spectral

information and analytical data. The IR spectrum of 33 showed an absorption
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band at 1688 cm~! due 1o a carbonyl group. The |H NMR spectrum of 33 showed
multiplets at § 0.85-1.0 (3 H) and 8 1.05-1.2 (3 H), assigned to the CH3 protons.
The methylene protons appeared as multiplets centered around & 1.25-1.55 (4 H)
and & 1.75-1.95 (2 H), whereas the methine protons appeared as multiplets

centered around & 2.2-2.6 (1 H) and 3.2-3.7 (1 H). The broad peak around & 7.5-
7.8 (1 H, DpO-exchangable) was assigned to the NH proton. The 13C NMR

spectrum of 33 showed three CH3, six CH», four CH carbon signals, and two

carbonyl carbon signals at 8 180.37 and 180.79. The mass spectrum of 33 showed
" a molecular ion peak at m/z 141, which is in good agreement with the assigned

structure,
5.4. Discussion

5.4.1. Photosensitized Reactions of Tertiary Amines to o,p-Unsaturated Esters

in Water

The formation of N-alkylpyrrolidones (4 and 6) and the bicyclic lactams (9
and 12) in the photosensitized reactions of tertiary amines with o,B-unsaturated
esters in water (Schemes | and 2) is intriguing. As reported in Chapter 2, the
reaction of tertiary amines with o,f3-unsaturated esters in acetonitrile on the
otherhand leads to multiple addition products (Scction 2.4.1-4). A probable
pathway for the formation of the bicyclic lactams in the reactions of tertiary
amines with o,B-unsaturated esters is shown in Scheme 6. The o-aminoalkyl
radical 36, that would be expected to be present in the photosensitized reaction of
anthraquinone-2-sulfonic  acid (sodium salt) (1) with tricthylamine (2), for
example, could add to methyl methacrylate (3) to give the radical adduct 35. Such
adduct radicals have been shown to undergo 1,5-hydrogen atom abstraction to give

radicals such as 38, which in turn can lead to multiple addition products, as
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observed when the reaction is carried out in acetonitrile. In aqueous media,
however, it appears that the radical 38 undergoes a further electron transfer,
presumably through its interaction with the anthraquinone-2-sulfonate anion (1),
leading to the iminium ion 39. Subsequent hydrolysis of 39, under work-up would
lead 1o the secondary amine derivative 40 and ultimately to the pyrrolidone 4

(Scheme 6).

The difference in the reaction pathways in an organic solvent such as
acctonitrile and in water may be due to the difference in the rates ol reactions of
the a-aminoalkyl radical 38 in these media. Water being highly polar compared to
acetonitrile would favour electron transfer reactions over radical addition or
radical quenching reactions. The relative enhancement in the rate of electron

transfer in water may facilitate the dealkylation process.

It is interesting to note that in the anthraquinone-2-sodium sulfonate
sensitized reactions of tertiary amines with o,B-unsaturated esters in acetonitrile
yielded the multiple olefin added products. Thus, the difference in the reaction
modes of tertiary amines in water and acetonitrile in the present case cannot be
altributed to differences in the redox properties of anthraquinone and the sodium

salt of anthraquinone sulfonate.

5.4.2. Photosensitized Addition of Primary and Secondary Amines to o,-Un-

saturated Esters

The products isolated from the sensitized photoreaction between primary
and secondary amines with o,B-unsaturated esters in water were very similar 1o
those formed in acetonitrile. Dealkylation, which appeared to be an important

process in the corresponding reaction of the tertiary amines was not observed with
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the pnmary and secondary amines. The dealkylation was assumed to occur via a
mechanism involving an intramolecular 1,5-hydrogen atom abstraction of the
adduct radical, followed by oxidation of the translocated radical to an iminium
cation and subsequent hydrolysis of this cation during work-up (Scheme 6). The
a-CH of pnmary and secondary amines are less labile than that of tertiary amines.
Therefore the 1,5-hydrogen atom abstraction may not be facile in secondary
amines (for primary amines this reaction cannot take place). In the case of
disopropylamine, the multiple olefin addition product was indeed observed and
this may be attmbuted to the increased lability of o-CH brought about by alkyl
substitution. The formation of the 2:1 ester-amine adduct, instead of dealkylation
in the case of diisopropylamine suggests that the oxidation does not occur as easily

as with secondary a-aminoalkyl radicals.

An interesting observation in the reaction of pyrrolidine with methyl
crotonate in water was that a diastereoselectivity of 97:3 for the formation of
pseudoheliotndone (25b) to heliotridone (25a) was observed (Scheme 4). The
corresponding ratio in acetonitrilc was 70;30 (see Section 3.3.8). The reason for

the changes in diastereoselectivity in water and acetonitrile are not quite clear.

5.5. Experimental Section

The instruments and methods adopted for the spectral recording and
analytical data are same as those described in earlier Chapters (Chapters 2-4 of this
thesis). Photochemical reactions were carried out under Pyrex filtered light using
a 450 W medium pressure mercury lamp. Anthraquinone-2-sulfonic acid (sodium
salt) from Aldrich was used after recrystallization from water. All other reagents

and solvents were purified by distillation before use.
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The general procedure of photolysis consisted of irradiation (2 h) of an
argon or nitrogen-bubbled solution of the amine (15 mmol) and a,B-unsaturated
ester (15 mmol) in water (500 mL) containing 5x10-4 M of anthraquinone-2-
sulfonic acid (sodium salt) (1), using a 450 W medium pressure mercury lamp,
kept in a Pyrex jacketed immersion well. The products were extracted with
dichloromethane (5 x 50 mL) and dried over anhydrous sodium sulfate. The
product mixture was chromatographed over silica gel (flash column, 230-400 mesh
or Chromatotron). The photoproducts were finally purified using preparative
HPLC. The yields reported are based on the o,f-unsaturated ester consumed,
which was estimated in each case by HPLC. All new products were charactenized

on the basis of their spectral and high resolution mass data.

5.5.1. Photosensitized Reaction of Tertiary Amines with o,p-Unsaturated

Esters

a) Photosensitized addition of triethylamine (2) to methyl methacrylate
(3). Irradiation of a mixture of 2 (1.5 g,15 mmol) and 3 (1.5 g, 15 mmol) in water
(500 mL) containing 5x10-% M of anthraquinone-2-sulfonic acid (sodium salt) (1)
for 2 h and separation of the product mixture by column chromatography using a
mixture (3:1) of petroleum ether and ethyl acetate gave 80 mg (50 %) of 1-ethyl-
3,5-dimethyl-2-pyrrolidone (4). The yield reported was based on 3, that reacted
(10%), as estimated by HPLC. The photoreaction was repeated several nmes,
varying the duration of irradiation and it was found that prolonged irradiation
(8 h), did not bring about greater conversion of 3. The spectral and analytical data
of 4 were similar to those reported for the same compound in Chapter 4 (Section

4.5.2a).
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b) Photosensitized reaction of triethylamine (2) with methyl acrylate (5).
Irradiation (2 h) of an aqueous (500 mL) solution of a mixture of 2 (1.5 g, 15
mmol) and § (1.3 g, 15 mmol), containing 5x10-* M of 1 and separation by
column chromatography using a mixture (7:3) of petroleum ether and cthyl acetate
gave 90 mg (70 %) of 1-ethyl-5-methyl-2-pyrrolidone (6). The yield of 6 was
based on percentage conversion of 5 (12 %). The spectral and other analytical data
of 6 were found to be similar to those reported for the same compound in

Chapter 4 (Section 4.5.2b).

¢) Photosensitized addition of N-methylpiperidine (7) to methyl acrylate
(5). Irradiation of a mixture of 7 (1.5 g, 15 mmol) and 5 (1.3 g, 15 mmol) in the
presence of 1 in water for 2 h and product analysis by capillary GC-MS indicated
the presence of 60 % of 9 and 20 % of 10. The yiclds reported were based on the
conversion of 5 (15 %),as estimated by HPLC. The spectroscopic data of 9 and 10
were identical to those reported for the same compounds in Chapter 3 (Section

3.5.6).

d) Photosensitized addition of N-cthylpiperidine (8) to methyl acrylate
(5). Irradiation (2 h) of a mixture of 8 (1.7 g, 15 mmol) and 5 (1.3 g, 15 mmol) in
water (500 mL), containing 1 (5x10-% M) and analysis of the photoproduct
mixture by GC-MS indicated the formation of 60 % of 9 and 15 % of 10. These
percentages are based on methyl acrylate conversion (17 %). The photoproducts
(9 and 10) were scparated using column chromatography and they were
characterized by comparison of their spectral data with those of identical

compounds reported in Chapter 3 (Section 3.5.6).
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¢) Photosensitized addition of N-methylmorpholine (11) to methyl metha-
crylate (3). Irradiation of a mixture of 11 (1.5 g, 15 mmol), 3 (1.5 g, 15 mmol)
and 1 (5x 104 M) in water (500 mL) for 2 h and product analysis by capillary
GC-MS indicated the formation of 30 % of a diastercomeric mixture ol 12 and
30 % of 13. The yields were based on the conversion of 3 (10%), as estimated by
HPLC. The spectral data of 12 and 13 were in good agreement with those reported

for the same compounds in Chapter 3 (Section 3.5.9).

5.5.2. Photosensitized Addition of Secondary Amines to o,f-Unsaturated

Esters

a) Photosensitized addition of diethylamine (14) to methyl methacrylate
(3). An argon-purged solution of 14 (1,05 g, 15 mmol) and 3 (1.5 g, 15 mmol) in
water (500 mL) containing 5x10-4 M of I was irradiated for 2 h. Product analysis
by GC-MS indicated the formation of 50 % of 4. The yield was based on 3, that

reacted (15 % conversion).

b) Photosensitized addition of diethylamine (14) to methyl acrylate (5).
An argon-purged solution of 14 (1.05 g, 15 mmol) and 5 (1.3 g, 15 mmol) in water
(500 mL) containing 5x10-% M of 1 was irradiated for 2 h and product analysis
through gas chromatography indicated the formation of 60 % of 6 (yield based on

12 % conversion of §).

¢) Photosensitized addition of diisopropylamine (15) to methyl metha-
crylate (3). lrradiation of an argon-purged solution of 15 (1.5 g, 15 mmol), 3
(1.5 g, 15 mmol) and 5x10-4 M of 1 in water (500 mL) for 2 h and separation of
the product mixture by column chromatography gave 90 mg (40 %) of 16 and 80

mg (35 %) of 17. The yields were based on the amount of 3, that reacted
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(10 % conversion). The structures of 16 and 17 were confirmed through
comparison of their gas chromatographic retention times and mass spetral data

with those reported for identical compounds in Chapter 2 (Section 2.5.4).

d) Photosensitized addition of piperidine (18) to methyl methacrylate (3).
Irradiation of a mixture of 18 (1.3 g, 15 mmol), 3 (1.5 g, 15 mmol) and 1
(5x10-% M) in water (500 mL) for 2 h and separation of the product mixture by
column chromatography gave 80 mg (60 %) of a diastereomeric mixture (2:3) of
19. The yield was based on 3 that reacted (10 %).  The spectroscopic and
analyucal data of 19 were in good agreement with those reported for the same

compound in Chapter 3 (Section 3.5.1),

¢) Photosensitized addition of piperidine (18) to methyl acrylate (5).
Irradiation of a nuxture of 18 (1.3 g, 15 mmol), 5 (1.3 g, 15 mmol) and 1
(5x10-% M) in water (500 mL) for 2 h and separation of the product mixture by
column chromatography gave 60 mg (40 %) of 9 and 50 mg (35 %) of 10. These
yields were based on 5, that reacted (12 %), as estimated by HPLC. The
spectroscopic and GC-MS data of 9 and 10 were in good agreement with those

reported for the same compounds in Chapter 3 (Scction 3.5.6).

f) Photosensitized addition of pyrrolidine (20) to methyl methacrylate
(3). [Irradiation of an argon purged water solution (500 mL) of 20 (1.05 g,
15 mmol) and 3 (1.5 g, 15 mmol) containing 5x10-4 M of 1 for 2 h and product
analysis by GC-MS indicated the formation of 70 % of a diastercomeric mixture
(3:2) of 21. The yicld was based on 3, that reacted (12 %). The spectral data of
21 were identical to those reported for the same compound in Chapter 3 (Section

3.5.2).
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g) Photosensitized addition of pyrrolidine (20) to methyl acrylate (5).
Irradiation of a solution of 20 (1.05 g, 15 mmol) and 5 (1.3 g, 15 mmol) in water
(500 mL) containing 5x10~4 M of 1 for 2 h and separation of the photoproducts by
column chromatography gave 40 mg (30 %) of 22 and 60 mg (35 %) of 23. The
yields were based on 3 that reacted (10 %). The spectroscopic data of 22 and 23
were in good agreement with those reported in the Chapter 3 for the same

compounds (Section 3.5.7).

h) Photosensitized addition of pyrrolidine (20) to methyl crotonate (24).
Irradiation of an argon-purged solution of 20 (1.05 g, 15 mmol) and 24
(1.5 g, 15 mmol) containing 5x104 M of 1 in water (500 mL) for 2 h and
scparation of the reaction mixture by column chromatography using a mixture
(3:2) of petroleum ether and ethyl acetate gave 40 mg (45 %) of 25a,b
(diastereomeric mixture, 97:3) and 30 mg (30 %) of 26. The yields arc based on
the percentage conversion of 24 (8 %). The spectroscopic data of 26 was in good
agreement with those reported in Chapter 3 for the samc l:ﬂmpaund (Scction

3.5.8).

25b: IR spectrum vax (neat) : 2972, 2880 (CH) and 1690 (C=0Q) em-l,
IH NMR spectrum (CDCl3) : & 1.1-1.25 (3 H, d, CH3), 1.8-2.3 (4 H, m,
2 CH»), 2.4-2.7 (2 H, m, CHp), 2.9-3.3 (1 H, m, CH) and 3.4-3.8 (3 H, m, CH3

and CH),

13C NMR spectrum (CDCI3) : & 17.56 (CH3), 26.57, 30.27, 40.98, 43.40
(CH»), 37.55, 68.64 (CH) and 174.05 (C=0, lactam),



143

Mass spectrum, m/z (relative intensity) : 139 (M™, 80), 124 (12), 115 (85),

96 (15), 83 (12), 70 (100) and 55 (10). Molecular weight calculated for
CgH13NO: 139.0997. Found: 139.0990 (high resolution mass spectrometry).

1) Photosensitized addition of morpholine (27) to methyl methacrylate (3).
Irradiation of an argon-purged solution of a mixture of 27 (1.3 g, 15 mmol), 3
(1.5 g, 15 mmol) and 1 (5x10-4 M) in water (500 mL) for 2 h and product analysis
by GC-MS indicated the formation of 30 % of a diastercomeric mixture (3:2) of 12
and 50 % of 13. The percentage yields were based on the conversion of 3
(12 %), as esumated by HPLC. The spectral and analytical data of 12 and 13 were

similar to those reported for the same compounds in Chapter 3 (Section 3.5.9).
5.5.3. Photosensitized Addition of Primary Amines to o,B-Unsaturated Esters

a) Photosensitized addition of cyclohexylamine (28) to methyl metha-
crylate (3). Irradiation of a solution of 28 (1.5g, 15 mmol) and 3 (1.5 g, 15
mmol) in water (500 mL), containing 5x10% M of 1 for 2 h and separation of
the photoproducts by column chromatography gave 120 mg (60 %) of 30
(m.p. 95-97 ©C). The yield reported was based on 3, that reacted (15%). The
spectroscopie and analytical data of 30 were in good agreement with those

reported for the same compound in Chapter 3 (Section 3.5.4),

b) Photoscnsitized addition of cyclohexylamine (28) to methyl acrylate
(5). Irradiation of an argon-purged solution of a mixture of 28 (1.5 g, 15 mmol), §
(1.3 g, 15 mmol) and 1 (5x10-% M) in water (500 mL) for 2 h and scparation
ol the reaction mixture by column chromatography gave 140 mg (70 %) of 29

(m.p. 106-108 ©C). The yield was based on §, that reacted (18 %). The
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spectroscopic data of 29 were identical to those reported for the same compound

in Chapter 3 (Scheme 3.5.3).

¢) Photosensitized addition of cyclohexylamine (28) to methyl crotonate
(24). Irradiation of an argon-purged water solution (500 mL) of a mixture of 28
(1.5 g, 15 mmol), 24 (1.5 g, 15 mmol) and 1 (5x 10-4 M) for 2 h and separation of
the reaction mixture gave 50 mg (40 %) of 31 (m.p. 92-94 ©C). The yield of 31
was based on the conversion of 24 (10 %). The analytical and spectroscopic data
of 31 were found to be identical to those reported for the same compound in

Chapter 3 (Section 3.5.5).

d) Photosensitized addition of n-butylamine (32) to methyl methacrylate
(3). An argon-purged solution of a mixture of 32 (1.1 g, I5mmol) and 3 (1.5 g, 15
mmol) in water (500 mL) containing 5x10-4 M of 1 was irradiated for 2 h and
separation of the product mixture by column chromatography using a mixture (3:2)
of petroleum cther and ethyl acetate gave 120 mg (60 %) of a diastercomeric
mixture (3:2) of 33. The yield was based on percentage conversion o' 3 (15 %), as

estimated by HPLC.

33: IR spectrum viyqy (neat) : 3340 (broad, NH), 2982, 2875 (CH) and 1688

(C=0) cm-1,
UV spectrum Amax (CH3CN) : 205 nm (g, 3100) and 254 (480)

IH NMR spectrum (CDCl3) : & 0.8-1.0 (3 H, m, CH3), 1.05-1.2 (3 H, m,
CH3), 1.25-1.55 (4 H, m, 2 CH»), 1.7-1.95 (2 H, m, CHg), 2.2-2.6 (1 H, m, CH),
3.2-2.7 (1 H, m, CH) and 7.5-7.8 (I H, broad, NI1, DyO-exchangeable).
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13C NMR spectrum (CDCI3) : 6 13.63, 15.74, 15.98 (CH3), 18.70, 18.79,
35.08, 36.60, 38.39, 38.75 (CHy), 34.99, 36.51, 51.84, 52.20 (CH) and 180.37,

180.79 (C=0, lactam),

Mass spectrum, m/z (relative intensity) : 141 (M*, 15), 124 (10), 98 (100),
72 (20) and 55 (10). Molecular weight calculated for CgH|sNO: 141.1153.

Found : 141.1153 (high resolution mass spectroscopy).
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Chapter 6. Evaluation of Sensitizer Efficiency in the Photoelectron Transfer
Catalyzed Reactions of Some Primary and Secondary Amines with

a,B-Unsaturated Esters and Acrylonitrile

6.1, Abstract

A variety of sensitizers such as dicyanoanthracene, acndone, anthra-
quinone, benzophenone, anthrone and xanthone were screened for their ability to
efficiently photocatalyze the reactions of primary and secondary amines with some
o, f—unsaturated esters and acrylonitrile. Dieyanoanthracene and acridone were
found to be inefficient, whereas, anthraquinone, benzophenone, anthrone and
xanthone were found to be moderately efficient in photocatalyzing these reactions.
There were some differences in the nature of the photoproducts formed in the
anthraquinone-sensitized reactions as compared Lo those catalyzed by the other
sensiizers. For example, the anthraquinone photosensitized reaction between
piperidine (1) and methyl methacrylate (2) led predominantly to the formation of
2-methyl-3-indolizidone (3), whereas, with sensitizers such as benzophenone,
anthrone or xanthone, along with 3, substantial amounts of the indolizidone
derivative 4 was obtained. Similarly, the anthraquinone photosensitized reaction of
pyrrolidine (5) with methyl methacrylate (2) led predominantly (o the formation of
2-methyl-3-pyrrolizidone (6) as the major product, whereas with benzophenone,
xanthone or anthrone as sensitizers, along with 6, the pyrrohidine derivative 7 was
also formed., The difference in the product composition in the anthraquinone
scnsitized reactions as compared 1o those catalyzed by other sensitizers, could
arise, due 1o the difference in the reactivities of the sensitizer ketyl radicals and a
reasonable mechanism has been proposed to explain the observed results. The

ability of these sensitizers to catalyze the reaction between amines such as
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diisopropylamine and 2,6-dimethylpiperidine with olefinic substrates has also been

investigated.

The best conversion efficiencies were observed when benzophenone was
used as the sensitizer in high concentrations. Thus, for example, 4 h irradiation of
cyclohexylamine (11) and methyl acrylate (12) in benzene containing 5x10-3 M of
benzophenone led to 80 % conversion of 12. The yield of the spirolactam (13),

based on conversion of 12 was 60 %.
6.2. Introduction

The anthraquinone-photocatalyzed reaction of amines with electron
deficient olefinic substrates, described in the earlier chapters, appears to be a
convenient method for constructing carbon-carbon bonds adjacent to nitrogen. !
The reactions of some of the amines with a,B-unsaturated esters afford a simple
one step procedure for constructing lactams including bicyclic lactams such as
indolizidones, pyrrolizidones and spirolactams. The synthetic utility of this
procedure however, is limited by its low conversion efficiency. Although during
the initial stages of irradiation, the percentage conversion increases with increasing
irradition time, after about 4 h, no further increase in conversion was observed. A
possible contributing factor may be the inner filter effect, i.e., the products formed
during irradiation may themsclves absorb the incident light thercby preventing

efficient excitation of the sensitizer.

Several known sensitizers such as acridone,? anthraquinone,? anthrone,4:3
benzophenoned.®, dicyanoanthracene”-8 and xanthone”-!! were screencd for their

ability to efficiently photosensitize the reactions of some primary and secondary
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amines with electron deficient olefinic substrates in order to optimize the reaction

conditions.
6.3. Results

6.3.1. Photoelectron Transfer Catalyzed Reactions of Piperidine (1) with

Methyl Methacrylate (2)

The photosensitized reaction of piperidine (1) with methyl methacrylate
(2) in presence of catalylic amounts of anthraquinone (104 M) led predominantly
to the formation of 2-methyl-3-indolizidone (3). GC-MS analysis indicated the
formation of also trace amounts (<5%) of the indolizidone denvative 4
(Scheme 1). Under similar conditions, with benzophenone, xanthone and anthrone
as sensitizers, along with 3, substantial amounts of 4 were also formed in cach
case. The structure of 3 was confirmed by comparing its gas chromatographic
retention time and mass spectral data with those of 2-methyl-3-indolizidonc,
reported in Chapter 3 of this thesis (Section 3.3.1). Compound 4 was isolated as a
diastereomeric mixture, and was characterized on the basis of analytical results
and spectral data. The IR spectrum of 4 showed an absorption band at 1744 cm- |
due to an ester carbonyl group and 1680 em-! due 1o an amide carbonyl group.
The 'H NMR spectrum of 4 showed a multiplet at 5 1.1-1.3 (6 H), which was
assigned to the CHy protons of the diastercomers, The methylene protons (10 H)
appeared as a multiplet at § 1.4-2.2, whereas the multiplet at © 2.3-2.6 was
assigned to the two CH protons.  The multiplet at 6 3.3-3.9 (5 H) has been
assigned to three methoxy protons and two methine protons.  The 13C NMR
spectrum of 4 showed several signals due to the isomeric mixture, oul of which

the signals at  177.81 and 178.05 have been assigned to two carbonyl carbons.
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The mass spectrum of 4 showed the molecular ion peak at m/z 253, which 1s in

agreement with the proposed structure.

H
SR OCH; hv
N sens N
H 0

1 v 3

Scheme |

Table 1 lists the percentage conversion and product distribution under a
variety of irradiation conditions. Anthraquinone did not sensitize this reaction in
benzene whereas, with other sensitizers, the reactions were slightly more cfficient
in benzene than in acetonitrile, After work-up of the irradiated solution,
anthraquinone could be recovered quantitatively, whereas substantial losses
(20-30 %) were observed in the case of sensitizers such as benzophenone,
anthrone and xanthone. In these cases, the formation of sensittizer dimers was
observed. It was found that the best conversion efficiency was obtained when a
substantially higher concentration of benzophenone (5 mM) was used to photo-

catalyze these reactions (Table 1).

6.3.2. Photoclectron Transfer Catalyzed Reactions of Pyrrolidine (5) with

Methyl Methacrylate (2)

The photosensitized addition of pyrrolidine (5) to methyl methacrylate (2)
in the presence ol catalytic amounts ol anthraguinone (10-4 M) led to a
diastereomeric mixture of 2-methyl-3-pyrrolizidone (6), as the major product. GC-

MS analysis of the product mixture indicated the formation of trace amounts of
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Table 1. Photosensitized addition of 15 mmol piperidine (1) to 15 mmol methyl
methacrylate (2) in 350 mL of acetronitrile or benzene using a 450 W medium
pressure Hanovia lamp (Pyrex filter)

No Sensitizer [Sensitizer] Solvent Duration of % Conver- Product distri-
(M) irradiation sionof 2 nbution (%)
h 3 4

| Anthraqui- 104 CH3CN 2 20 80 <5
none

2 " " Benzenc 2 10 _

3 Acrndone " CH3CN 4 8 L

4 Dicyanoan-  w " 6 <5 L
thracene

5 Benzophe- 0 L 4 5 50 20
none

6 Xanthone " " 5 40 20

7 Benzophe- 10-3 " 5 22 45 35
none

8 " " Benzene 2 25 60 30

9 : 5x 103w 4 70 58 28

LU : CH3CN 4 60 50 30

11 Anthrone 104 CH3CN 4 5 40 10

12w 10-3 . 2 20 40 15

13 " " Benzene 2 30 40 30

14 Xanthone 103 . 2 20 30 40

15 » ’ CH3CN 2 24 50 30




153

(<3%) of the pyrrolidine derivative 7 (Scheme 2). Under similar conditions, with
benzophenone, anthrone or xanthone as sensitizer, formation of 6 and 7 as major
products was observed. The structure of 6 was confirmed by comparing its gas
chromatographic retention time and mass spectral data with those ol 2-methyl-3-
pyrrolizidone which was previously characterized as described in Chapter 3

(Section 3.3.2).

- {,]W/ﬂcu g N o
N S¢ns
H 0

5 3 6
+  H,C0 OCH,
N
o I e
7
Scheme 2

The photoproduct 7 was isolated as a diastercomeric mixture and was
characterized on the basis of anlytical results and spectral data. The IR spectrum
of 7 showed an absorption band at 3340 cm=1 due 1o an NH group and one at 1744

em~!, due to the ester carbonyl group. The !H NMR spectrum of 7 showed
multiplets at 8 1.0-1.2 (6 H), assigned to the CH3 protons and at 6 1.4-2.1 (8 H),

assigned to the CHs protons. The two methine protons appearcd as a multiplel

centered around 6 2.2-2.8 and the multiplet at 6 3.4-3.9 (8 H) was assigned to two
OCH35 group protons and two CH protons. The 'H NMR spectral data indicates

that 7 is a 2:1 adduct of methyl methacrylate and pyrrolidine. The 13C NMR
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spectrum of 7 showed several signals due to the isomeric mixture, out of which the
signals at & 174.50 and 176.70 have been assigned 1o the ester carbonyl carbons.
The mass spectrum of 7 showed the molecular ion peak at m/z 271, which is in

good agreement with the assigned structure.

The percentage conversion of methyl methacrylate (2) and product
distribution using different sensitizers are shown in Table 2. As in the case of the
photosensitized addition of piperidine to methyl methacrylate, here also it has been
observed that better conversion of methyl methacrylate is obtained on using
benzophenone as the sensitizer and at higher concentrations (5 mM) in benzene. In
the case of anthraquinone sensitized reactions, the sensitizer was recovererd
quantitatively whereas, substantial losses were observed (~20-30 %) for benzophe-
none, anthrone and xanthone. In these cases, the formation of  the sensitizer
dimers was obscerved. Under identical conditions DCA and acridone were unable

to sensitize this reaction.

6.3.3. Photoelectron Transfer Catalyzed Reactions of Diisopropylamine (8)
with Methyl Methacrylate (2)

In order o ecxamine the efficiency with which the various sensilizers
photocatalyze the addition of diisopropylamine (8) to methyl methacrylate (2),
argon bubbled solutions of 8 and 2, containing sensitizers were irradiated by Pyrex
filtered light of a medium pressure mercury lamp. The products formed in these
reactions were |-isopropyl-3,5,5-trimethyl-2-pyrrolidone (9) and the 2:1 ester-
amine adduct 10 (Scheme 3). Their structures were established by comparing the
gas chromatographic retention times and mass spectral data with those of the same
compounds reported in Chapter 2 of this thesis (Section 2.3.4). The percentage

conversion and the product distribution on using different sensitizers are shown in
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Table 2. Photosensitized addition reactions of 15 mmol pyrrolidine (5) 1o 15
mmol methyl methacrylate (2) in 350 mL of acetonitrile or benzene using a 450 W
medium pressure Hanovia lamp (Pyrex filter)

No Sensitizer [Sensitizer] Solvent Duration of % Conversi- Product dist-

(M) irradiation  onof 2 rbution (%)
h 6 7
| Anthraqui- 1074 CH3CN 2 18 80 <3
none
2 p L Benzene 2 5 _ _
3 Acndone " CH3CN 4 <5 - =
4 Dicyanoan- 1 g 6 <5 . _
Lhracene
5  Benzophe- " b 4 5 40 20
none
6  Xanthone g i 4 5 30 20
Benzophe-  10-3 " 2 20 35 25
none
] " " Benzene 2 22 30 25
9 g 5x 10-3 " 4 60 30 20
10w o CH3CN 4 50 30 25
|1  Anthrone 10-3 " 2 25 35 20
12 0 ! Benzene 2 28 40 25
13 Xanthone " T 2 22 35 25
14 I ! CH3CN 2 25 40 20
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Table 3. The best conversion efficiency was obtained when benzophenonc was
uscd as the photosensitizer at higher concentrations (5 mM). DCA was found lo

be inelficient as a sensitizer for this reaction.

As in the carlier cases, anthraquinone could be recovered quantitatively from
the reaction mixture, whereas substantial losses of sensitizers (~20-30 %), were
obscrved with benzophenone, xanthone and anthrone. In these cases, the

formation of the sensitizer dimers was observed.

cuso_ 0
ocn; _hv ><_L %\
/I\ri'l/k + ‘_/-'Ln/ _.-5{:“5 N 0 + ]_llql
L 0 /l\ Clly
8 2 9 10 0
Scheme 3

6.3.4. Photoelectron Transfer Catalyzed Reactions of Cyclohexylamine (11) to
Methyl Acrylate (12)

The photosensitized addition of cyclohexylamine (11) to methyl acrylate (12)
in argon bubbled solutions in the presence of sensitizers was studied in acetonitrile
and benzene., The product formed in these cases was the spirolactam 13 and its
structure  was confirmed by comparison of its gas chromatographic retention ime
and mass spectral data with those of an identical compound reported in Chapter 3

(Section 3.3.3).
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Table 3. Photosensitized addition of 15 mmaol diisopropylamine (8) to 15 mmol
methyl methacytlate (2) in 350 mL of acetonitrile or benzene using a 450 W
medium pressure Hnovia lamp (Pyrex filter)

No Sensitizer [Sensitizer] Solvent Duration of % Conversi-  Product dist-
(M) irradiation on of 2 ribution (%)
h 9 10
| Anthragui- 104 CH3CN 2 12 50 30
none
2 Acndone 0 " 2 20 8 35
3 Dicyanoan- " T 6 i = =
thracene
4 Benzophe- b " 2 5 30 20
none
5 : 10-3 : 2 25 40 30
G " " Benzene 2 22 40 30
; " 5x10°3 " 4 65 30 35
8 " g CH3CN 4 55 35 40
9  Anthrone 103  CH3CN 2 25 30 60
10 " " Benzene 2 30 30 50
11 Xanthone ! CH3CN 2 22 35 30
12 " " Benzene 2 25 40 30
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The percentage conversion of methyl acrylate (12) and  product
distribution, on using the various sensitizers are shown in Table 4. When
benzophenone was used at higher concentrations (5 mM), better conversion of 12
was obtained. Under identical conditions, DCA and acridone were found to be
inefficient. As in the earlier cases, anthraquinone could be recovered quantitatively
from the reaction mixture, whereas substantial losses ol sensitizers (~20-30 %)
were observed for benzophenone, xanthone and anthrone. In these cases the

formation of the sensitizer dimers was observed.

6.3.5. Photoclectron Transfer Catalyzed Reactions of 2,6-Dimethylpiperidine

(14) with o,p-Unsaturated Esters and Nitriles

a) Photosensitized reaction of 2,6-dimethylpiperidine (14) with methyl
methacrylate (2). Photosensitized reaction of 2,6-dimethylpiperidine (14) with
methyl methacrylate (2) was studied by irrradiating  argon-purged acctonitrile
solutions of a mixture of 14 and 2, containing the different sensitizers. Two
products, 15 and 16 were isolated in each case and they were characterized on the
basis of analytical data and spectral information (Scheme 5). The IR spectrum of
15, for example, showed absorption bands at 3320 em-! due to an NH group and

1742 em-! due to an ester carbonyl group. The 'H NMR spectrum of 15 showed
multiplets at & 1.0-1.3 (9 H), assigned to CH3 protons and at & 1.5-2.2 (8 H),
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Table 4. Photosensitized addition reaction of 15 mmol cyclohexylamine (11) 1o
15 mmol methyl acrylate (12) in 350 mL of acetomitrile or benzenc using Pyrex
filtered light using a 450 W medium pressure Hanowvia lamp

No Sensiuzer

[Sensitizer] Solvent

Duration of %Conv