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Introduction

e General background

olycyclic structures in which two or more rings are fused together have long

occupied an important place in synthesis, since they are common and widely

distributed in nature, especially for five- and six-membered rings. Polycyclic
nitrogen heterocycles are considered to be ‘privileged structures’ in the
pharmaceutical and agrochemical industries.?

B OFS
N
@ﬁﬁ””‘% Ve
~ N
N

Lycodine Luotonin A

Lamellarins D, H, Kand M S NH
Ri1=R;=H,R3=R;=CHs D S
Ri=R;=R3=R4=H,H h,

Ry =0H,R;=R3=CH;3 Rs=H, K N
R1 :()H7 R2:R3:R4:CH31M
Erythravine 3H-pyrido[2,3,4-kl]acridine
NM62

HsCO h H3C NJ\NH
Qg\ D O
¢ p

H

Eurnamonine Antlleukemlc alkaloid Cryptolepine g:gzzﬂ:g::ﬂﬁ:;’ E - i:lhnyddc:'lcs),)l(yphenyl

Some of the biologically important polycyclic pyrrole, pyridine, quinoline,

isoquinoline, acridine and carbolines are shown above. The explorations of
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privileged structures in drug discovery are a rapidly emerging theme in medicinal
chemistry. The exploitation of these molecules should allow the medicinal chemist
to rapidly discover biologically active compounds across a broad range of
therapeutic areas on a reasonable time scale. For this reason, methods of
producing a diverse range of such compounds with a relatively low molecular

weight are invaluable in the search for bioactive lead compounds.

Polycyclic pyrrole derivatives, lamellarins exhibit interesting biological
activities including cell division inhibition, cytotoxicity and immunomodulatory
activity including the recently discovered multidrug resistant (MDR) reversal and
HIV-1 integrase inhibition.? Polycyclic pyridine derivatives are an important class of
molecules due to its beneficial medicinal properties such as antipyretic and
anticholinesterase activity.®> Quinoline derivatives have a wide range of biological
activities including antimalarial, and antianxiety activities including Luotonin A.
Erythravine, a variety of pharmacological effects are associated with this polycyclic
isoquinoline derivative including sedative, hypotensive, neuromuscular blocking and
CNS activities.*

In recent years the DNA binding properties and topoisomerase II inhibitory
activities of polycyclic acridines have been exploited in the development of clinically
active antitumour agents.® The carboline moiety is an important structural subunit
which occur as component of many biologically interesting, natural as well as non-
natural, compounds. These polycyclic a-carbolines protects neurons against L-
glutamate toxicity and a modulator of the GABA, receptor of the central nervous
system® where as B-carbolines exhibit antidepressant activity due to their ability to
inhibit an enzyme called monoamine oxidase and some of the derivatives inhibits

DNA polymerase and antitumour activity.’

e Polycyclic aminoanthraquinone derivatives

Polycyclic aminoanthraquinones have attracted considerable attention from
both synthetic and medicinal chemists due to their biological activities covering a
wide range of applications. The presence of five- or six-membered heterocyclic

ring(s) fused with the anthraquinone moiety is essential for the ability to overcome
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multidrug resistance.® The aminoalkyl-functionalized anthraquinone series of
synthetic compounds has been the subject of much study in the quest for more
active and less toxic analogs of the anthracycline antitumour antibiotics
daunomycin and adriamycin.® Anthraquinone derivatives have been utilized for the
activation of human telomerase reverse transcriptase expression.!’ Several
aminoanthraquinone derivatives have been identified as DNA intercalating agents.!
Polycyclic aminoanthraquinone derivatives in the dyestuffs industry have been well
established for many decades ago. Some of the important polycyclic

aminoanthraquinone derivatives are shown below.

OH 0 HN >N \/”\OH

OH O NH\//\N/\\/OH

Mitoxantrone

O OH
MezN\/\ N NN
|
0]

Indanthrene kaki Anthrapyridone derivatives

Dynemicin A, a potent antibacterial and anticancer agent has been found to be
isolated from Micromonospora chersina by Konishi and his colleagues at Research
Institute of Bristol-Myers in Tokyo. Dynemicin A appeared to undergo bioreduction
with concomitant ring-opening of the epoxide to generate the 1,4-benzenoid
biradicals. Hydrogen abstraction by the radicals from the bound DNA causes

cleavage of the DNA strand.'?> A number of synthetic approaches have appeared in
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the literature!® for the total synthesis of Dynemicin A. Retrosynthetic analyses of

the dynemicin A is shown in

6 5 Eq. 1

Synthesis of anthrapyridone derivative is reported ( 4 from
aminoanthraquinone. This derivative is showing cytotoxicity activity toward
resistant tumor cell lines. It is holding only an 1-amido chain and is devoid of

cytotoxicity.

O OH
Me,N
(1)20 % KOH, 2 >~"N SN
Ethanol, reflux H ‘

(2) CDI, DMA, O‘O

Q NH CH,(CO,Et),

LD
155-160 °C

o) 80 °C/80 min
NH(CH;)oN(CH3),/ O
7 rt/18 hrs 8 Eq. 2

Mitoxantrone is used clinically either alone or in combination with other
chemotherapeutic agents to treat a variety of human cancers, particularly lung
carcinoma, leukemia, melanoma and lymphoma, Hodgkin’s disease and breast
cancer.”!! Mitoxantrone inhibits RNA and DNA synthesis and intercalates with DNA,

although some researchers showed that non-intercalative mechanisms were
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involved in its cytotoxicity against L1210 leukemia cells. Mitoxantrone synthesis

was well established and one of the simple synthesis was shown in 15
H
OH O OH OH 0 HN N0y
L0 ————— (D
50 °C
OH O OH OH O HN\/\N/\/OH
9 10 H
Choranil/HCI

H
N
OH O HN">"~""oH

Eq.3 OH O HN_~~_OH
11 y

Polycyclic aminoanthraquinones are strong dye ingredients. The use of mono
and di-aminoanthraquinones in the dyestuffs industry has been well established.
Synthesis of Indanthrene kaki is reported®® ( ) by Fox et al. in 1949.

O 0 HN g
O NH; O HN o
OO Gy e e LI
+ @
o} ¢ O cl
12 i ¥

Eq. 4
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e Polycyclic indole derivatives

Polycyclic indole structure containing alkaloids are found in numerous natural
products and synthetic compounds of vital medicinal values.!” The indole ring
system is probably the most ubiquitous heterocycle in nature. Some of these
polycyclic indoles are potent inhibitors of blood platelet aggregation and

thromboxane synthetase,'% SHT4-receptor antagonists,®®

antimelanoma, mycosis
fungoides, and brain tumors.!®® These compounds have antimicrobial activity
against gram-positive bacteria and are cytotoxic to mammalian tumor cell lines in
vitro. They were also active against both murine P388 leukemia and B16 melanoma
and antibacterial activity as well as affinity for adrenergic, muscarinic and
bradykinin receptors.!’® Polycyclic indoles show antibiotic and antitumour activity
and inhibit bacterial cell division through a mechanism involving DNA alkylation.®

Some of the polycyclic indole derivatives are shown below.

o OCONH, H;CHNOCO HAC
3
X OCHj . H CH,
N
HaC NH N H CH,
o CH;
Mitomycine A X = OCHj; Ajmalicine Physostigmine

Mitomycine C X = NH,

O
Gliocladin C Aristoteline Strychnine

Strychnine was first isolated from the beans of Strychnos ignatii by Pierre
Joseph Pelletier and Joseph Bienaimé Caventou in 1818. Strychnine acts as a
blocker or antagonist at the inhibitory or strychnine-sensitive glycine receptor
(GlyR), a ligand-gated chloride channel in the spinal cord and the brain. Strychnos
alkaloids belonging to the curane type constitute an important group of




INTRODUCTION

architecturally complex and widely distributed monoterpenoid indole alkaloids with

highly biologically important molecule.?® Total synthesis of strychnine was well

established, one of the retrosynthetic approach is shown in 21
H3C
o N N/\'/\\CHZOMOM
kﬁ 6 — Q !
IMDAF O Enamide N ‘
Cycloaddition N H O reduction , H
Ac 16 o

intramolecular
vinylation

Acid hydrolysis/

condensation
Eqg. 5

Ajmalicine is a potent peripheral vasodilating agent and increases muscle
caliber for short periods.?” Ajmalicine also reduces platelet aggregation in patients
at risk due to complications of atherosclerosis and also has been prescribed for the
treatment of Raynaud's disease.”” The isolation of ajmalicine from the roots of
commercially grown Catharanthus roseus took place in 1931. Overman and co-

workers reported the total synthesis of ajmalicine ( xS

COOCH H CHs
) QQ
™
Tf COzR

20 21

Mitomycine C finds use as a chemotherapeutic agent by virtue of its
antitumour antibiotic activity. It is given intravenously to treat upper gastro-

intestinal (e.g. esophageal carcinoma) and breast cancers, as well as by bladder
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instillation for superficial bladder tumours.*® Fukuyama and co-workers reported®*

the synthesis as shown in

e Polycyclic pyridocarbazole derivatives
Polycyclic pyridocarbazole derivatives are endowed with antitumour and
anticancer properties. They are DNA intercalating molecules, and their high DNA

binding affinity is thought to be responsible in part for this pharmacological

properties.?>2¢
H
R1 R2 ©) N
. el
QA2 O«
NH
N
H  CH, N
=CHjs, Ry = H, Ellipticine  Ga11atimide Calothrixin A Calothrixin B

R1 H, R, = CHj;, Olivacine

(CHz)SNszHs)z N
W Q
O N NH

Datelliptium R=H, Janetlne . Strellldlmlne
R = CH3, Guatambuine
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The main reason for the interest in polycyclic derivatives for clinical purposes
is their high efficiency against several types of cancer, limited toxic side effects,
and complete lack of hematological toxicity?” and several of its derivatives exhibit
promising results in the treatment of osteolytic breast cancer metastases, brain
tumors, kidney sarcoma, and myeloblastic leukemia.?® More recent studies have
also indicated activity against HIV.?® Some of the important polycyclic

pyridocarbazole derivatives are shown above.

In 1959, Goodwin et al. isolated ellipticine, a pyrido[4,3-b]carbazole, from the
leaves of Ochrosia elliptica Labill.>° In the same year Woodward et al. assigned this
plant alkaloid as 5,11-dimethyl-6H-pyrido[4,3-b]carbazole, confirmed by the first
total synthesis.®! One of the total synthesis was reported by Ojikawa and co-
workers is shown in .32 Bischler-Napieralski cyclization of 32 led to the
ellipticine (33).

Me R
SO,Ph LiCHZCN/THF oy
Toluene/rt -78°C CN
N
H H Me
30

Mgl Me ' H Me

Chloranil/Xylene

reflux
Me Me
<N Me 4 1. NaBH,/CoCl
O O _Pdc O MeOH/0 °C O O CN
Heating 2. Ethyl formate
N THF/120 °C N
H Me H H Me
33 32 31 Eq. 8

The ultimate goal in the chemotherapeutic treatment of cancer is to develop
drugs that are highly effective against tumor cells and have little or no effect on
healthy cells. In that aspect granulatimide displayed the activity as an inhibitor of

the G2 cell cycle checkpoint.®® Reported total synthesis is shown in 34
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1. n-BuLi/THF (o) 1. t-BuOK/DMF

/~OMe o Dimethyl  MeO /~OMe 2 indole-3-
N oxalate N acetamide/4A
[’:N)\SPh 6 [ )—spn
N

34 35

Ra Ni
Ethanol/reflux

0N
O pacs BB
O O CH4CN DCM/Heat
NH
N B reflux
H N
39

In 1999 Rickards, Smith, and colleagues reported the isolation and structure

CHO
A

O«__NEt O«__NEt,
1. LITMP/THF N
@% 2. TMSCI CE%/TMS MOM
~ ~
N N
40 41

determination of calothrixin A and B.3°

Calothrixin B Calothrixin A Eq. 10
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Both compounds have exceptional (nanomolar) antimalarial activity, as well as
activity against human Hela cancer cells, and inhibition of RNA polymerase

activity.>® Kelly and co-workers have reported the synthesis of Calothrixin A and B

( ).37

e The Diels-Alder reaction

The Diels-Alder reaction is a cycloaddition reaction between a conjugated
diene and a substituted alkene, commonly termed the dienophile to form a
substituted cyclohexene system. Otto Paul Hermann Diels and Kurt Alder first
documented the novel reaction in 1928 as ‘diene synthesis’ for which they were
awarded the Nobel Prize in Chemistry in 1950 for their work on the eponymous
reaction.®® It presents an unrivalled opportunity for the formation of six-membered
ring systems, carbon-carbon, carbon-heteroatom and heteroatom-heteroatom

bonds with excellent regio-, diastereo-, and enantio-selective controls.>®

=
g\:” ™ @ Figure 1

Diene + Dienophile

Diels-Alder reactions take place either thermally, at ambient temperatures or by
Lewis acid catalysis. Among the most useful features that make the Diels-Alder
reaction is primary choice to organic chemists for total synthesis of natural products
are: (1) versatility of the reaction (2) simultaneous formation of two sigma bonds
(3) generation of six membered ring (4) and creation of up to four stereogenic

centers in one step along with high degree of regio- and stereoselectivity.

¢ Mechanism and reactivity

A number of mechanisms have been proposed for Diels-Alder reactions and
modeled by ab initio or quantum mechanical calculations. Depending on the nature
of the reacting partners, concerted mechanisms with symmetrical transition states,
or concerted mechanisms with dipolar transition states, or even two-step

mechanisms have been proposed. Finally, the theoretical and experimental
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evidence shows that this [4+42] cycloaddition can be concerted or stepwise (Fig.
2).40

Figure 2
one-step (concerted):
] + g 5 Il\ 1l _ > é' 5'
\\4 \4, \4/

271 6 g?’1 6 25’1 % ”/1\|
I + | —_—— ! or 4 —_—
3\\4 5 3\4/5 3\4/5 3\4/

biradical or zwitterionic

According to frontier molecular orbital theory (FMO), the reactivity,
regioselectivity and stereochemistry of the Diels-Alder reaction are controlled by
the suprafacial in phase interaction of the highest occupied molecular orbital
(HOMO) of the one component and the lowest unoccupied molecular orbital (LUMO)
of the other. These orbitals are the closest in energy; Fig. 3 illustrates the two

dominant orbital interactions of the symmetry allowed Diels-Alder cycloaddition.
Figure 3

i Dienophile
Diene Dienophile Diene F Diene Dienophile
LUMO -

\_

Neutral

Reaction co-ordinates
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The normal Diels-Alder reactions are accelerated by electron donating
substituents in the diene and by electron withdrawing substituents in the dienophile
but in the inverse Diels-Alder reactions are influenced by electronic effects of
the substituents in the opposite way. The neutral Diels-Alder reactions are

insensitive to substituents in either the diene or dienophile.

The reactivity of the Diels-Alder reaction depends on the HOMO-LUMO
energy separation of components: the lower the energy difference, the lower is the
transition state energy of the reaction. Electron withdrawing substituents lower the
energy of both HOMO and LUMO, while electron donating groups increase their
energies. Factors that lower the HOMO-LUMO distance (i.e. substituent effects)
increase the reaction rate due to the fact that the smaller energy difference allows

for a greater contribution to the stabilization of the transition state (Fig. 4).

Figure 4
E
D
LUMO| /. //_\\_D
jf‘< B VAR
vl | A | 77
Normal Neutral
HOMO
Inverse

Lewis acid can greatly accelerate the Diels-Alder cycloaddition reaction. The
catalytic activity explained by FMO theory considering that the coordination of
carbonyl oxygen by Lewis acid increase the electron withdrawing effect of the
carbonyl group on the carbon-carbon double bond and lower the LUMO dienophile

energy.
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Many Diels-Alder reactions have been conducted at high reaction
temperatures without catalysts, heat-sensitive compounds cannot be employed in
complex multistep syntheses. So in these cases, Lewis acid catalysts enable the
reactions to proceed at room temperature, or below, with good yields. For example
thermal Diels-Alder reaction of 1,3-butadiene and 2-cyclohexenone requires high
temperatures and long reaction times with poor yield. With discovery of Lewis acid
catalysis of the Diels-Alder reaction the reactivity of ketone towards diene increased

and the reaction condition becomes milder with the good yield (Fig 5).

Figure 5

185°C, 72 hrs, 11 %

i o

AICl3, 70 °C, 22 hrs, 84 %

Much of the activity in imino Diels-Alder reactions has involved activation by
Lewis acids. For example, La(OTf)s;, Yb(OTf)3;, Sc(OTf)s;, and In(OTf); are effective

and can tolerate the presence of small amounts of water.

e The imino Diels-Alder reaction

The Diels-Alder reaction methodology contains two basic variants of reaction,
which can be classified as carbon-Diels-Alder reaction (CDA) and hetero-Diels-Alder
reaction (HDA), which could be also subdivided as like oxa-Diels-Alder reaction and
imino-Diels-Alder reaction. Hetero Diels-Alder reactions are becoming a mainstay of
heterocycles and natural product synthesis.** Among these reactions, the imino
Diels-Alder provides a useful method for the incorporation of a nitrogen atom in the
ring structure. It provides a rapid construction of functionalized heterocyclic rings
with control of regio-, diastereo- and enantio-selectivity.*>** The key to realizing
this potential has been the substantial progress in recent years to activate the
imine system toward cycloaddition. In the first and most common method the imine
function appears as the dienophile. In the second and third variants the imine is

found in the diene as either 1-azadiene or 2-azadiene structures (Fig. 6).
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Figure 6
DA reaction
// “
CDA reaction HDA reaction
1) -
P X
[ imino-HDA reactionJ [ Oxa-HDA reaction]

Imines are readily available from the corresponding aldehydes and ketones.
This allows a variety of imine dienophile substrates to be available. The imine
dienophile generally needs to be activated or used in conjunction with active
dienes. The advance of the azadiene imino Diels-Alder reaction to the status of a
general synthetic method owes much to the development of methods to activate
the azadiene system. With appropriate substitution on both 1-aza-1,3-butadienes
and 2-aza-1,3-butadienes are reactive as either electron-rich or electron-deficient
Diels-Alder dienes. Reviews featuring the general synthetic utility of azadienes in

the Diels-Alder reaction specifically have appeared in recent years.*

¢ Mechanistic aspects

The reactivity of the imines can be increased by activating groups such as
sulfonyls or carbonyls and are commonly used to promote imine reactivity in Diels-
Alder reactions. These activating groups may be attached either to the imine
carbon or the nitrogen atom or to both. The cycloaddition type and corresponding

reaction rate correlate with the magnitude of the smallest diene-dienophile HOMO-
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LUMO energy difference. Electronic and structural features of the reagents
determine the size of this energy difference and consequently the nature of the
reaction. Azadienes generally require some form of activation to achieve general
synthetic utility. The advance of the azadiene imino Diels-Alder reaction to the
status of a general synthetic method owes much to the development of methods to
activate the azadiene system. With appropriate substitution both 1-aza-1,3-
butadienes and 2-aza-1,3-butadienes are reactive as either electron rich or electron

deficient Diels-Alder dienes.

Two limiting mechanisms are possible in the imino Diels-Alder reaction. The
reaction may take place in a concerted fashion, with partial formation of the two
new bonds in the single transition state. If both bonds are formed to exactly the
same extent in the transition state, this is called a synchronous concerted reaction;
otherwise, it is asynchronous. The other extreme is a stepwise process, involving
first the formation of an intermediate with a single bond formed between diene and
dienophile; subsequent formation of the second bond gives the cycloadduct. Both

step may be rate determining, and such an intermediate may be either diradical or

zwitterionic.
Figure 7
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A stepwise mechanism via ionic intermediates (A) with the final step being
an intramolecular electrophilic substitution of a carbenium ion was proposed as a
more probable mechanism than a concerted one where a concerted asynchronous

transition state (B) was suggested (Fig. 7).%¢

e Examples of imino Diels-Alder reaction.
Interaction between N-aryl imines and electron-rich dienophiles was first
discovered by Povarov in 1967. So the reaction between electron deficient Schiff

bases and electron-rich alkenes are called Povarov reaction.*’

The first works of Povarov*® described reactions of ethyl vinyl ether or ethyl
vinyl sulfide and N-aryl aldimine under BF3;-OEt, to obtain 2,4-substituted
tetrahydroquinolines which were converted into corresponding quinoline product.

Depending on the reaction conditions the tetrahydroquinolines or quinolines,

formed by Lewis acid, become the main products of the Povarov reaction ( ).
OEt OEt
& R
Et20/1-2 hrs N Ph

R ] R N
BE o p-TSA vaccum
NA distilation N/ Ph
50 %
SEt SEt
N R

CeHg/1-2 hrs

37 % Eq. 11

Much of the activity in imino Diels-Alder reactions has involved activation by

Lewis acids. Rare earth metal triflates have been investigated under various
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conditions. For example, Yb(OTf)s;, Sc(OTf)3;, and In(OTf); are effective and can

tolerate the presence of small amounts of water ( ). 49

OCHs

Ph-\ . i Lewis acid/CH;CN th
|
L Ph 0

Ph  Z DOTMS
48 49 50 Eq. 12

Stereoselective cycloadditions of imines and dienes have been extensively
investigated recently. Some of the first stereoselective cycloadditions were of
imines derived from o-alkoxyaldehydes.>® Cycloaddition of a-alkoxy imine 51 with
diene 52 gave the best selectivities when promoted by ELAICI ( ). Two
equivalents of EtAICI gave the highest ratios of stereoisomers. The highest

selectivity was observed with tert. butyl group.

N-Bn OTMS oF o : Q
R Et,AIC/DCM : N
HaCO™ ™ -1- £ |
OBn + = X -78°Ctort OCH3 OCH3
3 OBn OBn
51 52 53 54
R =i-propyl, 40:60
R = n-pentyl, 10:90
R =t-butyl, 01:99 Eq. 13

There are few new examples of imino Diels-Alder reactions with imines derived
from ketones. Oximinoacetate 55 derived from Meldrum's acid undergoes

cycloaddition with dienes under high-pressure ( st

R
O X" 8kbar
+ — P

o__0O = R, Toluene/rt
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In an effort to synthesize imino tricyclic compound 58 by intramolecular
imino Diels-Alder reaction, Grieco synthesized 58 by heating 57 with TFA/H,0 in 55
% yield ( ).>2

RN
H,O/TFA

N~ CHs Heat

57

Imines supported on polymers undergo imino Diels-Alder cycloaddition. The
imine has been generated from polymer supported aldehyde or amines. Survey of
different Lewis acids shows that Yb(OTf); gave the highest yields ( ).>3 The
resulting cycloadducts were removed from the bead. In the case of imines derived
from polymer bound aldehydes, the product cleavage incorporated the aromatic
group from the polymer. In the case of imines derived from polymer bound amine,

the cycloadducts cleavage took place at the nitrogen atom of the cycloadduct.

OTMS 0
h Yb(OTf)5/THF
® —o—©—\\ + - HO p
N-R N
OCH; <
po 49 60 Eq. 16

Theoretical studies of the transition state for the Diels-Alder reactions of
unsubstituted 1-azabutadienes support the conclusion that the terminal nitrogen
lowers the LUMO of the diene to allow for an inverse electron demand type
reaction. The introduction of electron donor groups to the imine nitrogen reverses
the natural electron-deficient character of the 1-azadienes. Sufficient donation
raises the HOMO of the azadiene and causes the reaction to proceed through the

HOMOygiene-controlled manifold.
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NMez

MezN
62 Eq. 17

Ghosez et al. demonstrated the utility of 1-dimethylamino-1-azadienes in
some of the addition of electron donor groups to facilitate normal electron demand
Diels-Alder reactions ( ).>* In these reactions the conjugative interaction
between the lone pair of the amine nitrogen with the enimine system is critical to
the activation. The importance of interaction of the tertiary nitrogen lone pair with
the azadiene is manifested in the yields of the intramolecular double imino Diels-
Alder reaction of compound 61. Even with the introduction of the electron releasing
dimethylamino group the necessary conditions for reactions to simple dienophiles

are generally relatively harsh.

In subsequent studies, electron-withdrawing carboxylic ester functionality
replaced the aromatic ring at C-4. This species proved to be a highly reactive
azadiene with cycloadditions to electron-rich dienophiles proceeding in good to
excellent regio- and endo-selective yield at ambient temperatures to 50 °C (

). Reactions with electron poor dienophiles proved much less facile, suggesting

that the reaction proceeds through an inverse-electron demand manifold.

CO,Et ey
2
NC._~ -
N, CICH,CH,CI
SN+ [/ > - S e
o 50 °C/5 hrs
63 64 Eq. 18

Like the 1-aza-1,3-butadienes, 2-aza-1,3-butadienes have proven to be useful

reagents for the imino Diels-Alder based synthesis of pyridones, isoquinolones and
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pyrimidones of defined substitution patterns. While generally more reactive they
mirror the behavior of the 1-aza-1,3-butadienes in that appropriate substitution
renders them electron-rich or electron-deficient. A major difference between the
two systems is the efficacy of Lewis acid catalysis in the 2-azadiene cycloadditions.
The success of Lewis acid mediated cycloadditions depends on the identification of a
Lewis acid which, by complexing an appropriate functional group, activates the

dienophile and does not irreversibly complex the azadiene nitrogen.

The cycloaddition of 3-siloxy-2-azadienes to 5-substituted naphthoquinones
produces the biologically interesting 2-azaanthraquinon-3-ones ( ).>> As in
the cycloadditions to 1-azadienes, the regiochemistry of the addition is subject to
the directing effect of the C-5 group. Substituent groups that are not sufficiently
electron donating often lead to the formation of mixtures of products that are

difficult to separate.

R 4 Ry O Ry O R,

TBSO% X X
00— 0
N NS OR1

¥

R2 o) R4 R2 (@] R4 R2 ©)
65 66 67 68 Eq. 19
Batey et al.’® utilized the CBz protected enamide as the dienophile in their

study and they also employed in situ generation of the N-arylimine ( ). Using
a variety of aromatic aldehydes the cycloaddition yields in acetonitrile were
moderate to excellent. The diastereoselectivity proved to be strongly solvent
dependent. With water as a co-solvent it was markedly improved. The source of the
increased diastereoselectivity was suggested to be due to the hydrophobic effect by

which a more compact transition state induces endo-selectivity.
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BzC,
NH, CHO N
Dy(OTf)s
X | X // \ R, _: N
l/ S T U TN cHeniace NN N
Rq Rz CBz Ho | R
70 71 72 Eq. 20

Cycloadditions of 2-azadienes with electron-deficient olefins show an interesting
stereoselectivity. In the reactions with cyclic dienophiles, endo-selectivity is
observed, while with acyclic dienophiles exo-selectivity predominates. The
selectivity has been attributed to the reacting conformations. The endo-transition
state stabilized by secondary orbital interactions and lacking electrostatic repulsion

between the hetero atoms would be preferred over the exo transition state in

reactions of cyclic dienophiles constrained to the s-trans conformation ( ).
TBSO R, R
S, 0 R,
/N\RZ%H W
i-Pr-O \‘O HNYO
Ri endo approach O-i-Pr
TBSO._~ RZ\H/H L - 74
ik - =
X o) = A
R
TBSO R !
O-i-Pr 1 0 Ry
73 \—H\\ L e
N NR, HN._O
i-Pr-O (_/;7/
O-i-Pr
exo approach

- = 5 Eq. 21

In the acyclic case, reaction would proceed through the s-cis conformation.
The exo-transition state is preferred largely due to electrostatic repulsion between
the hetero atoms, which would overcome the stabilization due to secondary orbital
interactions in the endo-transition state. Asymmetric imino Diels-Alder reactions of
electron-rich 3-silyloxy-2-azadienes and aldehydes have been studied.”’ These
azadienes are more reactive toward aldehydes than the Danishefsky's diene
counterparts, and therefore do not require Lewis acid catalysis. The reactions are
predominately endo-selective in accord with the general trend of cycloadditions to
aldehydes.
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e The Lewis acid

“A Lewis acid is a species with a vacant orbital and that can accept a pair of
electrons from a Lewis base”, G. N. Lewis proposed this definition in his chemical
bonding theory in 1923.°® A wide varieties of elements (Al, Sb, B, Cd, Ce, Co, Cu,
Eu, Ge, Hf, Fe, La, Mg, Mo, Ni, Pd, P, Si, Ag, S, Tl, Sn, Ti, Va, Yb, Zn, and Zr) can
be used as Lewis acid reagents and each metal has its own characteristic features.
The acidity of Lewis acids of the type MXn has been suggested, where X is a
halogen atom or an inorganic radical: BX5 > AlX3 > FeX3 > GaXs3 > SbXs > SnX,; >
AsXs > ZnX, > HgX,. Lewis acidity depends on the nature of the base and any

solvent that can function as a base.

Lewis acid promoted carbon-carbon bond formation is one of the most
important processes in modern organic synthesis. Classically, the Friedel-Crafts
reaction, the ene reaction, the Diels-Alder reaction, and the Mukaiyama aldol
synthesis are catalyzed by ordinary Lewis acids such as AICl3;, TiCl,, BFs-OEt;, or
SnCl, but later more sophisticated systems have been developed. These classical
Lewis acids activate the functional groups of substrates, and the reactions proceed
with relatively low stereo-, regio-, or chemoselectivity. When coordinated with a
well-designed ligand(s), a Lewis acid has substantially different reactivity.
Furthermore, designer Lewis acids lead to isolation of monomeric Lewis acid species
with structural features that can be easily understood and extended to selective
new designer chiral catalysts for asymmetric syntheses. Thus, metal ligand tuning

is the most essential component in the design of Lewis-acid reagents.

Lewis acid-mediated reactions can be classified into two groups. In the first
(type 1) the complex between substrate and Lewis-acid reagent produces the
product. Claisen rearrangement promoted by a Lewis-acid catalyst is a typical
example of this type. Some complexes formed between Lewis acids and substrates
are, however, stable enough to react with a variety of reagents from outside the
system to generate the product (type 2). The Diels-Alder reaction between Lewis
acid activated unsaturated carbonyl compounds and dienes is an example of type 2

reactions.
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e The lonic liquid

The continuing depletion of natural resources and growing environmental
awareness has necessitated changes in the practices of both the chemical industry
and academia. Solvents are high on the list of damaging chemicals for two simple
reasons: (i) they are used in huge amounts and (ii) they are usually volatile liquids
that are difficult to contain. One strategy that addresses these issues is the
replacement of deleterious molecular solvents with environmentally more benign,

reaction enhancing alternatives i.e., ionic liquids.

Definition of ionic liquid is fused salts or liquids containing only ions. Ionic
liquids also can be defined as pure compounds, consisting only of cations and
anions (i.e., salts), which melt at or below 100 °C.*° It is possible, by careful choice
of starting materials, to prepare ionic liquids that are liquid at and below room
temperature. It is these “room temperature ionic liquids” that are widely used in
organic synthesis. It is noteworthy that while the term ionic liquid, used to describe
a low temperature molten salt, has only moved into common usage relatively

"1 3re also comes under

recently, reports of ‘fused salts ¢ and ‘molten salt solvents
this category only. Ionic liquids are not new; some of them have been known for
many years®?, for instance [EtNH5][NOs], which has a melting point of 12 °C, was

first described in 1914. Higher melting salts in synthesis are also available.®?

Some simple physical properties of the ionic liquids that make them
interesting as potential solvents for synthesis are the following: (1) they are good
solvents for a wide range of both inorganic and organic materials, and unusual
combinations of reagents can be brought into the same phase. (2) They are often
composed of poorly coordinating ions, so they have the potential to be highly polar
yet noncoordinating solvents. (3) They are immiscible with a number of organic
solvents and provide a nonaqueous, polar alternative for two-phase systems.
Hydrophobic ionic liquids can also be used as immiscible polar phases with water.
(4) Ionic liquids are nonvolatile, hence they may be used in high-vacuum systems

and eliminate many containment problems.
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The most common ionic liquids in use are those with alkylammonium,

alkylphosphonium, N-alkylpyridinium, and N,N'-dialkylimidazolium cations (Fig. 8).

B\ O
INR,Ha* PRHas" R NON o

R
Figure 8. (a) Alkylammonium (b) alkylphosphonium (c) N,N'-dialkylimidazolium
and (d) N-alkylpyridinium cations.

There are two basic methods for the preparation of ionic liquids: metathesis
of a halide salt with, for instance, a silver, group 1 metal or ammonium salt of the
desired anion and acid-base neutralization reactions. Many alkylammonium halides
are commercially available or they can be prepared simply by the reaction of the
appropriate halogenoalkane and amine. Preparation of the pyridinium and
imidazolium halides can be achieved similarly.®* Other ionic liquids are made by the

quarternerization of the appropriate amine.

Their negligible vapour pressure, ease of handling and potential for
recycling, circumvent many of the problems associated with volatile organic
solvents. Furthermore, their high compatibility with transition metal catalysts and
limited miscibility with common solvents enables easy product and catalyst
separation with the retention of the stabilized catalyst in the ionic phase. These and
related ionic liquids have been successfully employed as the media in a humber of
reactions, which include the Baylis—Hillman reaction, Knoevenagel condensation,
Claisen-Schmidt condensation, Horner-Wadsworth-Emmons reaction, Heck
reaction, Suzuki coupling, Stille coupling, Sonogashira reaction, Nitration,
Elimination reactions, hydrogenations, alkene dimerizations, Diels-Alder and

Friedel-Crafts reactions.®®

The chemistry of room-temperature ionic liquids is at an incredibly exciting
stage in its development. No longer are mere curiosities, ionic liquids beginning to

be used as solvents for a wide range of synthetic procedures. The solvent
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environment that is provided by the ionic liquids is quite unlike any other available

at or close to room temperature. Already, starting differences have been seen

between reactions in ionic liquids and molecular solvents. As the number of

investigations increases, we will be able to tell if there is any genera

I\\

ionic liquid

effect”. Potentially any reaction may produce interesting results in ionic liquids, and

the discovery of the new chemistry waiting to be found will be a mammoth task.
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