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Preface

Heterocyclic molecules play a significant role in life processes and have played
a major role in industrial developments of the last century, for instance in the
field of dyes, pharmaceuticals, pesticides, polymers etc. They comprise not
only some of the most interesting and biologically important natural products
like alkaloids, carbohydrates, nucleic acids, and antibiotics but include many
practical drugs and a large segment of known synthetic organic compounds.
Hence scientists have devoted a great amount of effort to find optimal synthetic
approaches to a variety of heterocyclic compounds.

Among the most successful and selective synthetic processes are cycloaddi-
tion reactions, since they involve simultaneous or sequential formation of two
or more bonds often with a high degree of stereoselectivity and regioselec-
tivity. For instance, 1,3 dipolar cycloadditions, which are electronically equiv-
alent to Diels-Alder reactions, are among the most-common 5-membered
ring-forming systems. In addition they usually proceed with a high degree of
stereo- and regio-control. It is therefore, not surprising that synthesis of many
important classes of heterocycles, including those of useful biologically active
molecules, have utilized cycloaddition steps in their formation. Furthermore,
many heterocycles serve as intermediates in the synthesis of polyfunctional
molecules.

Volume I of “Synthesis of Heterocycles via Cycloadditions” featured five
chapters on the following topics:

Isoxazolines from Nitro Compounds: Synthesis and Applications;
Cycloaddition Reactions of Azides Including Bioconjugation;
Enantioselective Cycloadditions of Azomethine Ylides;

- Heterocycles by Cycloadditions of Carbonyl Ylides Generated from Diazo
Ketones;

Heterocycles from Unsaturated Phosphorus Ylides.

In this volume we present four selected contributions by well-known authors,
each an authority in his field. The first chapter is devoted to the use of oximes
in cycloadditions which leads to formation of isoxazolines and isoxazolidines
and from there to synthesis of macrolides like amphotericin and of other
natural products and bioactive molecules. Furthermore, 4+2 cycloadditions
of nitrosoalkenes are also included. This chapter complements the one in the
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previous volume which discussed access to isoxazolines via nitroalkanes.

The subject of the second chapter is how pyrylium and pyridinium betaines
can be used in cycloadditions leading to interesting N- and O-bridged hetero-
cycles and applications to synthesis of a variety of natural products. Reactions
such as 6+3 cycloadditions are also included.

The third chapter deals with synthesis of heterocycles via cycloadditions
catalyzed by indium derivatives and related Lewis acids. Metal-catalyzed cy-
cloadditions play an important role in generation of heterocyclic compounds.
In particular catalysis by indium salts, which can tolerate the presence of
water, can be used in the synthesis of many types of heterocycles such as 3-
membered ring aziridines, 4-membered rings by 2+2 cycloadditions, as well as
various 5-membered ring heterocycles and 6-membered heterocyclic systems
via hetero-Diels-Alder reactions.

The last chapter brings to light the formation of heterocyclic rings via
higher-order cycloadditions such as 8+2 and 6+4 annulation reactions. In this
manner bicyclic systems including azaazulenes can be constructed. I want to
thank all authors for their excellent presentations and their splendid coopera-
tion.

This volume is dedicated with love to my grandchildren Ariel, Amit, Matan,
Tal, Hadas, and Tamar.

Ramat Gan, February 2008 Alfred Hassner
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Abstract Isoxazolines and isoxazols serve as important building blocks in the construc-
tion of new molecular systems and functional groups. Syntheses of these building blocks
were easily achieved by the cycloaddition of nitrile oxides derived from oximes with
alkenes. This chapter comprises the utilization of oximes for the synthesis of various bi-
ologically active molecules such as ptilocaulin, amphotericin, macrolides, etc. Synthesis
of oxazines via 4+2 cycloaddition of in situ generated nitrosoolefins from ketoximes with
alkenes are also included in this chapter.

Keywords Chloramine-T - Intramolecular nitrile oxide cycloaddition (INOC) -
Intramolecular oxime-olefin cycloaddition (I0DOC) - Isoxazolines - Isoxazols -
Nitrile oxide - Nitrosoolefin - Oxazines - Oxime

Abbreviations
Bn Benzyl
CAN Ceric ammonium nitrate

CAT Chloramine-T

DDQ Dichlorodicyanoquinone

DMF Dimethylformamide

DIPT  Diisopropyl tartrate

DIP-Cl  B-Chloroisopinocamphenyl borane

FMO Frontier molecular orbital

HOMO Highest occupied molecular orbital

INOC  Intramolecular nitrile oxide cycloaddition
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IOOC  Intramolecular oxime-olefin cycloaddition
LUMO Lowest unoccupied molecular orbital

NCS N-chlorosuccinimide

PEG 400 Polyethylene glycol 400

PTBIB  Protein tyrosine phosphatase inhibitors
QCM Quadruple cycloaddition

Ts Tosyl=(p-toluenesulfonyl)

UDP Uridine diphosphate

1
Introduction

Cycloaddition reactions comprise a process in which two or more 7 systems
combine to form a stable cyclic molecule, during which sigma bonds are
formed between the termini of 7 systems and no fragment is lost. A concerted
mechanism requires a single transition state and no intermediate, which lies
on the reaction path between reactants and adduct. The two important cy-
cloaddition reactions that usually occur by the concerted mechanism and
involve a 47 and a 2w component are (1) the Diels-Alder reaction, and (2)
1,3-Dipolar cycloaddition reaction.

1.1
1,3-Dipolar Cycloaddition Reactions

The general concept of 1,3-dipolar cycloaddition reactions evolved out of the
monumental work carried out in the early 1960s by Huisgen and his cowor-
kers. In these reactions, a 5-membered ring is formed by the cycloaddition
of a three-atom entity, a 47 component called a 1,3-dipole and a two-atom
entity, a 2w component called a dipolarophile. In all 1,3-dipoles, there are
four electrons in three overlapping w-orbitals. From the resonance structures
contributing to the dipole, it is clear that the 1,3-dipoles can be both nucleo-
philic and electrophilic in nature. This ambivalence of the 1,3-dipole is of key
importance in understanding its reactivity. The nucleophilic character of the
1,3-dipole may be stronger than its electrophilic quality. The stereochemistry
of a 1,3-dipolar cycloaddition reaction is a stereospecific syn addition with
respect to dipolarophile.

The most general approach to the synthesis of 5-membered heterocycles
involves cycloaddition of a 1,3-dipole to an appropriate unsaturated sub-
strate, the dipolarophile. Intermolecular cycloaddition results in the forma-
tion of one new ring only. When the 1,3-dipole and the substrate are part
of the same molecule, cycloaddition is intramolecular and leads to a new
bicyclic system. The intramolecular 1,3-dipolar cycloaddition is a powerful
method for the construction of fused ring heterocycles and has been ap-
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plied to benzene rings ortho substituted with 1,3-dipole and dipolarophile
functions. In particular intramolecular nitrile oxide cycloaddition results in
dihydroisoxazole (isoxazoline) derivatives, which are precursors for y-amino
alcohols, B-hydroxy ketones and derivatives, useful in the synthesis of natural
products (Eq. 1).

+ N/O
X

R

There are exhaustive review articles on this topic, available in the litera-
ture [1-15]. Therefore, only the important recent reactions of nitrile oxides
are outlined here.

1.2
Generation of Nitrile Oxides

All known methods for the synthesis of nitrile oxides start with an organic
framework already containing the C-N-O sequence necessary for conversion
to the nitrile oxide (R—-C=N*-0") structure. Many methods are reported to
generate nitrile oxide. Common methods of generating nitrile oxides involve
the oxidative dehydrogenation of aldoximes [16], the dehydration of primary
nitro compounds with aryl isocyanate [17-19] or other reagents [18,19],
and the dehydrohalogenation of hydroxyiminoyl halides [20,21]. Hydroxi-
moyl chlorides are generated from oximes by chlorination with chlorine,
N-chlorosuccinimide, nitrosyl chloride, sodium hypochlorite or fert-butyl
hypochlorite [22]. Tokunaga et al. utilized silver acetate for the generation of
nitrile oxide starting from hydroximoyl halides [23]. Loupy et al. developed
a new method for the generation of nitrile oxides by microwave irradiation
of hydroximoyl chlorides in the presence of dipolarophiles [24]. Nitrile oxides
are generated from O-trimethylsilylhydroximoyl chlorides by treatment with
potassium fluoride in acetonitrile at ~20 °C or from hydroximoyl chlorides
using molecular sieves (3-5 A) in CH,Cl, [14].

Nitrile oxides are often unstable at room temperature and need to be
formed in situ in the presence of a dipolarophile. Several oxidative dehydro-
genation methods of aldoximes using oxidants such as lead tetraacetate, alkali
hypohalite [25], N-bromosuccinimide in dimethyl formamide followed by
base treatment [26], 1-chlorobenzotriazole [27], chloramine-T [28] mercuric
acetate [29] are reported. In situ generation of nitrile oxide from aldoxime
by potassium ferric cyanide requires aqueous medium [30], while ceric am-
monium nitrate (CAN) can be used only for aromatic aldoximes [31, 32].
Radhakrishna et al. [33] reported the use of hypervalent iodine compounds
as an oxidizing agent for the in situ conversion of aldoximes to nitrile oxides.
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Since the workup requires alkaline conditions, this method is limited to alka-
line resistant compounds [33]. Moreya et al. reported the in situ generation
of nitrile oxides by the reaction of aldoximes with tertiary butyl hypochlorite
and bis(tributyltin) oxide [34]. The reaction proceeded efficiently under mild
condition in which O-stannylated aldoximes are thought to be the intermedi-
ate (Scheme 1).

R ——N—OH
-
1 =
o4 o
| = T Q
N ! ~ bS] < =
Sl 2 2| 2 g 212 |z|=
2| g aa) < L 1A & @
N| & ol = = ;C>> o | =
8 o ED =1 o Q =3
S| = o, g g
5| “ g E
= 5 ]
2 \ "('D / \.;
—— + - &
> R—=—N—O0O _
A
> Microwave
diation
_ 0o
R—IZN OH o) -
H & <,
%‘ z
‘ NOCI - R_I__N_OH
Cl
Scheme 1

The method by Rai and Hassner [28], using chloramine-T as dehydro-
genating reagent, not only allows in situ generation but also often allows the
isolation of nitrile oxides from aldoximes. The in situ reaction is usually car-
ried out by heating a mixture of aldoxime and an alkene in ethanol in the
presence of chloramine-T. By employing this method, it was possible to iso-
late and characterize the nitrile oxide, of which some are liquids and some
are solids. The unstable nitrile oxide, identified by NMR spectrometry, slowly
dimerized on standing alone, or in the presence of added vinyl sulfone it un-
derwent cycloaddition to yield an isoxazoline in good yield [35, 36].

Manganese(IV) oxide (MnO;) was found to be effective for the in situ gen-
eration of nitrile oxides from aldoximes. Keigiel et al. proposed the following
mechanism for the oxidation of aldoxime to nitrile oxide (path B), analo-
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0]

R—(I3=N

Scheme 2

gous to the oxidation of aldoximes to nitrile oxide by lead tetraacetate [37]
(Scheme 2).

1.3
Reactions of Nitrile Oxides

Nitrile oxides readily undergo 1,3-dipolar cycloaddition reactions with var-
ious dipolarophiles. Alkenes and alkynes serve as excellent dipolarophiles.
Cycloaddition of nitrile oxides to olefins yields isoxazolines, while addition
of nitrile oxide to alkynes yields isoxazoles directly. If the dipolarophile pos-
sesses more than one set of unsaturation as in an enyne, addition to either
(or both) site(s) may occur. Indeed with nitrile oxides as the dipole and
a 1,3-enyne as substrate, the chemoselectivity is very sensitive to the substitu-
tion pattern of the enyne, so that either product (1) or (2) may predominate
(Scheme 3) [38].

R"
R— +
R\ _Rr" + R—=N—O
Riv
R"
. Ro=—""\\ _gr"
XN O
R N RV
2

Scheme 3
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Unlike the frequently non-selective reaction of 1,3-enynes with a 1,3-
dipole, nitrile oxides add chemo, regio and stereoselectively to the free dou-
ble bond of (1,3-enyne)Co(CO)s complexes to provide 5-alkenyl-2-oxazole
derivatives (see 2 in Scheme 3) in moderate yield [39].

The ability to add nitrile oxides is not restricted to C-C multiple bonds.
Thus a C=0 group may act as a dipolarophile and yield 1,3,4-dioxazoles.
However the C=0 group is less reactive than a C=C function as a dipo-
larophile. This is clearly shown by the reaction of nitrile oxide with acety-
lacetone. Here acetylacetone prefers to react as an enol (80%) rather than as
a ketone (Scheme 4) leading to two regioisomers [40].

N—0O

/ (o)
(0] (0] R /

M 3
ﬂ RCH=NOH
Chloramine-T
OH (0] Ethanol 7——— (@]
L—
(0]

Scheme 4

Though the C=S$ group is not a good dipolarophile in Diels-Alder reac-
tions, it is very reactive in 1,3-dipolar cycloadditions of nitrile oxides and
yields 1,4,2-oxathiazolines. The C=N group normally does not undergo 1,3-
dipolar cycloaddition reaction because it is a poorer dipolarophile compared
to the C=C group. Thus, in the case of acrylonitrile, nitrile oxide reacts with
alkene to form cyano-substituted 2-isoxazoline. However, if the C=C bond
is deactivated by multiple substitution, the cyano-group may become a bet-
ter dipolarophile (Scheme 5) Thus, tetracyanoethylene adds a nitrile oxide
yielding a 1,2,4-oxadiazole derivative as one of the products. Apart from this
dipolarophile, nitrile oxides add to other multiple bonds to give correspond-
ing 5-membered heterocycles.

Shang et al. [41] synthesized 1,2,4-oxadiazoline derivatives for the first
time on soluble polymer support via 1,3-dipolar cycloaddition of nitrile
oxides to an imine (Scheme 6). This one pot protocol affords the required
oxadiazolines in good to high yield with excellent purity (>91%) after cleav-
age from a commercially available PEG-4000 as support.
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The unusual formal [3+3] cycloaddition of a nitrile oxide with vinyl
carbene (4) derived by the ring opening of the cyclopropene (3) yields
1,2-oxazines (5) in moderate to good yield but it is not clear whether the
1,2-oxazine is directly formed by concerted cycloaddition or by a stepwise
process (Scheme 7) [42].

1.4
Orbital Symmetry Analysis of 1,3-Dipolar Cycloaddition Reactions:
FMO Method

In a 1,3-dipolar cycloaddition reaction, two new sigma bonds are formed at
the expense of m-electrons of the reactants. The concerted reaction results
from the overlap of orbitals of one molecule (dipolar) with the orbitals of the
other (dipolarophile). As in the case of electrocyclic reactions, here also one
can concentrate on the HOMO. If one does so, what is seen is that the HOMO
of each reactant is fully occupied by two electrons. Therefore, HOMO-HOMO
interaction is not possible. In order to form a bond, each HOMO has to over-
lap with an empty orbital, namely with the most stable of the empty orbitals,
i.e., the LUMO.

In the transition state of 1,3-dipolar cycloadditions, stabilization chiefly
comes from the overlap between the HOMO of one reactant (dipole or di-

Psi3 8—8—8 LUMO
LUMO Pi*
Dipole (Nitrile oxide) Dipolarophile (alkene)
Psi3
Bonding __—% ~— Bonding

interaction Pi interaction
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polarophile) with the LUMO of the other (dipolarophile or dipole) in bonding
fashion.

Let us first consider the LUMO of the 1,3-dipole and the HOMO of the
dipolarophile.

Let us now consider the HOMO of the dipole and the LUMO of the di-
polarophile.

interaction Pi* interaction

Thus 1,3-dipolar cycloaddition is a thermally allowed reaction. It also fol-
lows that the nature of substituents on the double bond will influence the
regiochemistry of the cycloaddition, namely formation of 4- or 5-substituted
isoxazolines (see below).

For photochemical reactions, the HOMO in the excited state of one re-
actant (dipole/dipolarophile) and the LUMO in the ground state of another
(dipolarophile/dipole) have to be considered. HOMO of the excited state of
a 1,3-dipole is 3 and LUMO of the ground state of the dipolarophile is 7*.

PSi3

Bonding __—" T~ Ani bonding

interaction Pi* interaction

Here, on one side there is an antibonding situation, hence no product is
formed. Therefore, [7# + 72] photochemical reactions are forbidden.

1.5
Stereo- and Regiochemistry of 1,3-Dipolar Cycloaddition Reactions

The stereochemistry of 1,3-dipolar cycloaddition reaction is a stereospe-
cific syn addition with respect to dienophile, meaning that the stereo-
chemistry of the double bond is preserved in the product. With some
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dipoles, two possible diastereomers can be formed by syn addition due to
two differing orientations of the reactant molecules. The possibility of two
orientations for addition determines the regiochemistry of the isoxazoline
(Scheme 8).

R
R — I N
= =
O<_X R—=N—0" X .
X
X

Scheme 8

The regioselectivity can be interpreted in terms of interaction between the
FMO of 1,3-dipole and dienophile. Usually, for dipolarophiles with electron-
attracting groups, the dipole-HOMO and dipolarophile-LUMO interaction
is dominant. The reverse is true for dipolarophiles with electron-donating
groups. However, there are HOMO-LUMO interactions of comparable mag-
nitude.

According to the principle of maximum overlap, the preferred isomers of
each interaction can be predicted by union of two sites of the reactants having
the largest coefficient value [43]. Most dipolarophile undergo cycloaddition
to give 5-substituted isoxazolines with high stereoselectivity. As the electron
affinity of the dipolarophile increases, an increasing tendency towards pro-
duction of the 4-substituted isoxazoline is found. At some point, there must
be a switch over from LUMO to HOMO control as one increases the electron
withdrawing power of the substituent on the alkene.

1.6
Application of Nitrile Oxide Cycloaddition Reactions

1,3-Dipolar cycloaddition of a nitrile oxide to the C=C bond of a dipo-
larophile is of considerable importance in organic synthesis, since this re-
action yields isoxazoles, or 2-isoxazolines which serve as important build-
ing blocks in the construction of new molecular systems and functional
groups. First, these heterocycles can be very efficiently prepared from read-
ily available precursors, e.g., aldehyde oximes. Secondly, they can be con-
veniently modified, thus allowing the transformation of a molecule with
simple structure to functionally complex derivatives. Thirdly, a suitable pat-
tern of substituents makes the isoxazoline ring survive under a variety of
chemical reaction conditions, allowing manipulation in other parts of the
molecule. Finally, the lability of the nitrogen-oxygen bond to catalytic or
chemical reduction under mild conditions unravels a vast array of differ-



Heterocycles via Oxime Cycloadditions 11

R ii | \\ i RLA .
COR" <+ R" R — COR

o) NH,
/ R 1il
R iv .
I R
RW R R" R R"
H o} R—=N—0 0 OH

NHMe OH R y
/ o
ix |
R"

N

R —0o
R vii \ R'
R R"
R"
HN
e NH, OH

i. H, catalyst; or Mo(CO)y ii. H;0"

iii. PhCOCl, Py, NaBH,, AcOH;

iv. Birch reduction, TsOH

v. LDA in THF, TiCl;/HCl

vi. NaOH; vii. NaBH,, MeOH,;

viii. LiAlHy; ix. Mel, H, catalyst or ZnOH

Scheme 9

ent functionalities (Scheme 9). For instance, Stork and coworkers [44] have
used the isoxazole group as a masked ketone in the synthesis of cyclo-
hexenones and steroids. Baraldi et al. [45] synthesized B-hydroxy ketones
from isoxazolines utilizing molybdenum hexacarbonyl as catalyst for the ring
cleavage.
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1.6.1
Intermolecular Cycloaddition Reactions of Nitrile Oxides

Stereoselective 1,3-dipolar addition of bromonitrile oxide to S(+)-isopropyl-
idine-3-butene-1,2-diol represents the key step in the preparation of a potent
muscarinic receptor [46], while 1,3-dipolar cycloaddition of nitrile oxide de-
rived from hydroximoyl chloride to an alkene possessing a lactone moiety
provides a useful alternate route to the synthesis of phyllanthocin, an agly-
cone of the glycoside phyllanthoside isolated from the roots of the South
American tree Phyllanthus acuminatus [47].

Cycloaddition of in situ generated nitrile oxide obtained via an oxime from
(dialkoxyphosphoryl) carbonyl halide with 1-bromo-3,3-dimethyl cyclo-
propane leads to an isoxazole (Scheme 10), while reaction with 3,3-dimethyl-
1,2-dichlorocyclopropane leads to an oxazine derivative (see Scheme 7) [41].
Formation of the isoxazole in Scheme 10 may be explained by the opening of
the cyclopropane ring in the adduct with bromine migration or via the ring
opening of the cyclopropane with formation of 3-bromo-3-methyl-1-butyne
followed by the cycloaddition of nitrile oxide to this -yne.

HaCq\ CH3 N
(P& on

Br H

| \ @: (iPrO),P(0)
N—

Scheme 10

Fiddouli et al. [48] successfully reported one pot diastereoselective synthe-
sis of chiral 1,4,2-oxathiazoline by 1,3-dipolar cycloaddition of a nitrile oxide
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generated from arylhydroximoyl chloride with (1R)-thiocamphor. In this re-
action, C=S behaves as the dipolarophile (Scheme 11).

Dehaen et al. [49] were able to derivatize artemisinin, a potent antimalarial
drug isolated from Artemisia annua, employing a nitrile oxide cycloaddi-
tion strategy. They observed low diastereoselectivity during the cycloaddition
(Scheme 12).

Zerressen et al. [50] reported the isolation of RNA molecules catalyzing
a 1,3-dipolar cycloaddition between a nitrile oxide and an acrylate conju-
gated to RNA. This strategy involved the construction of a randomized pool
of RNA conjugates containing the dipolarophile substrate acrylate attached
to the RNA by ligation of the functionalized dinucleotide moiety. The func-
tional group was linked to the dinucleoptide via a flexible ethylene glycol
containing a photosensitive group which could ideally be utilized to elimi-
nate RNA conjugates catalyzing undesired reactions to other positions of the
RNA chain. The conjugated RNA pool was then incubated with an in situ gen-
erated biotinylated nitrile oxide to a select RNA molecule that catalyzes the
simultaneous formation of C-O and C-C bond, resulting in a heterocyclic
isoxazoline ring. The obtained RNAs would be linked to biotin and could
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therefore be isolated by affinity chromatography on a streptavidin matrix
(Scheme 13).

Furan and thiophene annelated B-hydroxy chalcones were synthesized via
1,3-dipolar cycloaddition reactions. The scheme involves the cycloaddition of
a nitrile oxide with styrene followed by mild oxidation with DDQ and subse-
quent catalytic hydrogenation using Raney nickel as catalyst (Eq. 2) [51].

Ph

O OH
\N,O .
7 — % (2)

0]

The oximes (7) derived from naturally occurring furanoflavonoids (6) were
subjected to oxime-olefin cycloaddition reaction with substituted olefins
(styrene, 4-methylstyrene, 2-vinylpyridine, 4-vinylpyridine, 1-vinylimidazole)
in the presence of chloramine-T to produce isoxazolines (8) in good yield
(Scheme 14) [52]. All the synthesized compounds were evaluated against
PTPase enzymes. Compound (8f) and (8g) displayed significant inhibitory
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activity with ICsg values 76 and 81 uM, respectively (Table 1). The structure-
activity relationship study shows that substitution at C-5 of isoxazole does
not cause any significantly important inactivity except for (8b), whereas intro-
duction of methoxy at C-7 in compounds (8f) and (8g) remarkably enhanced
the activity profile as compared to the reference compound, sodium vanadate.
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Table 1 PTPIB inhibitory activity of compounds (8)

Product R! R Inhibition  ICso (WM)  Ki(uM)
a H Ph 15.8 - -
b H —CgH4(COCH3) 22.542.69 227 45

N=
c H \@ 49.14+7.71 150 27.5
d H \—, N 17.440.42 - -
e H _@ 14.942.92 - -

=N

f OCHj; Ph 80.4+0.54 76 30
g H —CgH4(OCH3) 79.64+3.31 81 323.0
h H N= 184+6.65 - -

\ 7
Na3VO4 56.2 - -

ICsq concentration for 50% inhibition

Chai et al. [53] showed that the success of 1,3-dipolar cycloaddition
reactions of ylidenepiperazinediones with mesitonitrile oxide is governed
by a number of factors. The stereoselectivities of reaction with chiral
ylidenepiperazine-2,5-dione can be directed by judicious choice of sub-
stituent on the N and/or C of the piperazine ring. For instance, to achieve the
transition state for leading to the 4,4-disubstituted regioisomer, a significant
steric repulsion between the piperazinedione ring and the bulky mesityl sys-
tem would be present as shown in Scheme 15. This repulsion is minimized in
the transition state leading to 5,5-disubstituted cycloadduct. It was suggested
that the steric effect outweighs the electronic consideration and the transition
state that leads to the 5,5-disubstituted regioisomer is favored.

The stereochemistry of the major isomer of (9b) formed from the reactions
of the diacylated methylidinepiperazinedione was found to result from the
attack of the dipole onto the face of the dipolarophile opposite (anti) to the re-
mote a-methyl group. In contrast, X-ray structure analysis of a crystal of the
major isomer of cycloadduct (9a) showed the opposite stereochemical out-
come in which the attack of the dipole occurred syn to the remote o-methyl
substituent (Scheme 15).

In addition, molecular modeling studies suggest that the piperazinedione
ring of the diacetylated dipolarophile is more puckered than that of the
monoacetylated methylidine piperazinedione. Then a N,N’-diacetylated com-
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pound would be predicted to show greater facial selectivity as compared to
the monoacetylated piperazinedione.

Kikuchi et al. observed that inclusion of a heteroatom in the carotenoid
ring reduces the toxicity 1000-fold and inclusion of a heteroatom in the ring
of trans-retinoic acid reduces the toxicity threefold [54]. Prompted by these
results, Simoni et al. [55] synthesized isoxazole carotinoids (10) via inter-
molecular nitrile oxide-olefin cycloaddition (Scheme 16). They observed that
isoxazole (10b) represents a novel retinoid endowed with apoptotic activity in

CHCl;, P O
SNOH COOMeNCS 3, Ly COOR
T

CCl,, NBS

b, R =Me

10

—> a,R=H

Scheme 16
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MDR cells. Its ability to act in K562 and HC60R cell lines suggest that it may
have important application in the treatment of different leukemias.

An effective and chiral specific synthesis of DMP 754 (11), a novel peptide,
orally active and extremely potent platelet (11b) and (11a) antagonist involves
1,3-dipolar cycloaddition of an oxime-derived nitrile oxide to isobutyl vinyl
acetate as a key step [55].

N sNHcoosu!

COOR

11 a: X = CH;COO , R =CH;
b: X=Cl, R=CH;
¢:X=PhSO, ,R=H

Recently Zierke [57, 58] showed that the isoxazoline derivatives of the type
(12) act as agrochemical fungicides and plant growth regulators, especially
(12, R'=CF3; R = p-Cl-C¢H4-) as a 0.035% spray gave 95-100% control of
cucumber mildew. Coumarins (13 and 14) were screened for antiinflamma-
tory activity in vivo using carrageenin rat Pew edema and in vitro through
their antiproteolytic activity and their ability to inhibit 8-glucuronidase and
12-lipoxygenase [59]. These compounds are attainable via oxime-olefin cy-
cloadditions.

R N—o

= R/
N 4 COOE COOEt
R H H
o '\\:N>
A o 0 (o) O
12 ” »

Cohan et al. [60, 61] found that isoxazolines (15), which can be prepared
from oximes, are useful in the treatment of inflammatory conditions or dis-
eases including rheumatoside arthritis, osteoarthritis, asthma, bronchitis,
chronic obstruction, septic shock, tuberculosis, graft versus host disease and
cachexia anovil with AIDS or cancer.

Diphenyl acetohydroximoyl chloride can be easily isolated as a pure
white solid since it has low solubility in organic solvents. Hence, it can be
a very useful precursor in the nitrile oxide-olefin cycloaddition. The result-
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A
v

X =(CH2)qOH, CH(OH)R?, (CH,)mCONR’0OH, q,m = 0-5; R* = C,-C, alkyl;

n=0,3; Y = Y'=H, 1-6 alkyl, CF3, halo, OR4; R*= alkyl, fluroalkyl.

ing 2-isoxazoline, possessing an alkenyl moiety can undergo electrophilic
iodoether formation using iodine or iodine monochloride, affording highly
substituted tetrahydrofuran derivatives. In the mechanism of the iodoethera-
tion reaction, the cation stabilizing effect of the 3-substituent (R;) in the isox-
azoline was very important, in order to promote Beckmann cleavage to form
2-cyanomethyl-3-hydroxy-5-iodomethyl tetrahydrofuran (Scheme 17) [62].

N-—-O c1 0°C I/u,,
It, CH2C12

oTBS

Ry =PhoCPhCH, A Meo_@_CH2

Scheme 17

Sultams, the cyclic counterpart of sulfonamide derivatives, exhibit a vast
variety of biological activities. Therefore, synthesis of fused heterocycles pos-
sessing the sultam framework are of interest and this can be easily achieved
by 1,3-dipolar cycloaddition strategy. Nitrile oxides synthesized from the cor-
responding hydroxymoyl chloride cycloadd to non-racemic o, 8-unsaturated-
y-sultams (16) to give optically pure bicyclic isoxazolines (Scheme 18). The
activation of the double bond in (16) by the sultam functionality is strong
enough to render possible its cycloaddition reaction with nitrile oxides at
room temperature. Nitrile oxides incorporating a phenyl substrate with two
electron donating methoxy groups exhibited high reactivity towards (16) af-
fording the adducts in very high yield [63].

The exo-methylenepyrrolidine systems in Scheme 19 undergo a highly re-
gioselective 1,3-dipolar cycloaddition reaction with nitrile oxides generated
from the corresponding aldoximes leading to spirooxazolinoproline-based
amino acids in good yields and with ca. 1:4 cis:trans diastereoselectivity
(Table 2) [64].
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R1—ZI\T—O' + |

R; = (CH;);C, Ph, 9-anthracenyl

Scheme 18

Table2 Results of 1,3-dipolar cycloaddition of nitrile oxides and chiral unsaturated sul-
tams

Entry Dipole R Time (h) Product (dr) Yield (%)
1 R; = (CH3);C a 36 A:B (1.3) 50
2 R; = Ph a 30 A:B (1.5) 56
3 R; = 9-anthracenyl a 36 A:B (1.2) 58
4 R; = (CH3);C b 36 A:B (1.3) 4
5 R; = Ph b 36 A:B (1.2) 70
6 R; = 9-anthracenyl b 30 A:B (1.2) 55
HOy,

‘ COOH CO0'Bu
_—

N N —| R’
\Boc

~ Boc "R—< :>—CH=NOH

R
NaOCl

cis/trans
Scheme 19
Cis:trans Yield
R'=R’"=H, R =0Me 20:80 75%
R=R’"=H, R = OMe 19:80 74%

R=R"=CLR =H 22:78 75%
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In the presence of Zr(O'Bu)s, the nitrile oxide generated from ethyl
chlorooximinoacetate cycloadds with a vinyl epoxide, affording a spiroisoxa-
zoline as a mixture of two diastereomers (Scheme 20). Porco et al. used this
strategy as a key step for the total synthesis of the spiroisoxazoline natural
product (+)calfianin [65].

Br:
+ >_N/
(¢}

85-95% (64:36)
Scheme 20

UDP-3-0-[R-3-hydroxymyristoyl]-GlcNAc (deacetylase) (LpxC) is an ami-
dase that catalyzes the second step of lipid biosynthesis in gram-negative
bacteria. Known inhibitors of this enzyme are oxazolines incorporating a hy-
droxamic acid at the 4-position, which is believed to coordinate to the single
essential zinc ion. Pirrung et al. showed that isoxazolines each incorporat-
ing a different potential metal binding functional group were found to exhibit
enzyme inhibitory activity, including one that is more active than the corres-

Scheme 21
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ponding hydroxamic acid [66]. The active isoxazolines were prepared via an
intramolecular cycloaddition of in situ generated nitrile oxide, from a hydrox-
imoyl chloride, with various olefin bearing functional groups (Scheme 21).
Optically active oximes (16) and (17) prepared from (R)- and (S)-3-hydroxy-
2-methyl-propanoic acid methyl ester react smoothly with enantiomerically
pure cis-allylic alcohols to give the corresponding 4,5-syn cycloadducts with
complete regio and stereoselectivity [67] (Schemes 22 and 23). The free al-

O——N OTBS OTBS

MT OHF

ol

H

OIII
||||-

l\llOH OTBS l\llOH OTBS
= 17
—N OTBS o_lN OTBS
6 = 6 m

Scheme 22

Erythronolide A sec-acid

Scheme 23
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cohols present in the cycloadducts provide a convenient synthetic handle for
further transformation to more elaborate structures. Using this synthon, Bode
et al. [67] were able to synthesize erythronolide A seco-acid, a polyhydroxy
compound.

The isoxazoline product derived from cycloaddition of the nitrile oxide
derived from protected glycol aldoxime with 2-butene was cleaved by hydro-
lysis utilizing Raney nickel in a mixture of acetic acid, methanol and water
(1:8:2) [68]. The resulting S-hydroxy ketone is a precursor for the synthe-
sis of 2-methylene-y-lactone, which is an important subunit of many natural
products (Scheme 24).

NOH e}
| Z NaOCl
/
OTHP
Hz, Raney Ni

0 HZC:PPh3
< Db TsOH
0 Mn02
OTHP

Padmavathi et al. synthesized in almost quantitative yields novel keto
linked bis heterocycles having two different heterocyclic rings. They utilized
bischalcones [69] and bis sulphones [70-72] as dipolarophiles and nitrile
oxides as 1,3-dipoles (Scheme 25).

a8

s

OTHP

Scheme 24

(0]
(0] Ph 1l
o) PhN 0
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N Ar'Ar X=C ArAr'
=S=0

Scheme 25
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Ukaji et al. [73] observed that the use (R,R)-diisopropyl tartrate as chi-
ral auxilary in the presence of diethyl zinc for the cycloaddition of a nitrile
oxide to an achiral allylic alcohol leads to the formation of optically ac-
tive 2-isoxazolines in 95% ee (Scheme 26). The stereochemical course of the
cycloaddition was found to be similar to the asymmetric Simmons-Smith
reaction, that is, the nitrile oxides will add from the front side of the alcohol.

CO,R
0
Et3N | "'ll||||C02R
/\/ OH E— > O\\\“\\ Zn
RO,C COR N o)
\/ R / - /
R o 7n
HO OH N
o) OH
N~
R
Scheme 26

Utilizing this asymmetric 1,3-dipolar cycloaddition reaction, Ukaji et al.
successively synthesized the lythraceae alkaloid (-)-lasubine II, isolated from
the leaves of Lagerstroemia subcostata. The optically active 2-isoxazoline
thus obtained was transformed to bicyclic lasubine II stereoselectively by se-
quential reduction and cyclization [74] (Scheme 27).

Successive treatment of 2-propen-1-ol with dialkylzinc, (R,R)-DIPT, a sec-
ond dialkylzinc and aldoxime can afford the intermediate (18). Addition of
halogenating agent (X-X') leads to the oxidation of the aldoxime residue,
which would coordinate to zinc as depicted in (19). The resulting nitrile oxide
then undergoes asymmetric 1,3-dipolar cycloaddition to give the correspond-
ing 2-isoxazoline in optically active form (Scheme 28) [75, 76].

This procedure is greatly advantageous since it does not involve the prep-
aration of a rather unstable hydroximoyl chloride. Due to the easy availability
of (R,R) and (S,S)-DIPT, this method provides a useful way to prepare both
enantiomers of 2-isoxazolines which are versatile intermediates for the syn-
thesis of optically active S-hydroxylketones or y-aminoalcohols.

As expected, the cycloaddition of 4-¢-butylbenzonitrile oxide with acryl-
amide in DMF or water afforded only the 5-substituted isoxazoline derivative
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(an analog of B). But when the same nitrile oxide reacted with acrylamide
attached to cyclodextrin, it produced a 4-substituted isoxazoline A as the ma-
jor product. It was anticipated that inclusion of the hydrophobic moiety of
the dipole within the annulus of the modified cyclodextrin would establish
a different alignment for the cycloaddition. This effect is greater in water than
in DMF because the cyclodextrin inclusion complex is formed in aqueous
solution (Scheme 29) [77].

Chiral cationic pentadienyl catalyst [Ru(acetone)(R,R)-BITHOP-F)Cp]
[SbFs] (21) was formed by the complexation of chiral ligand (20) with
Ruz(CO)12, in the presence of cyclopentadiene and SbFs. The catalyst cat-
alyzes the (3+2) dipolar cycloaddition reaction between any nitrile oxide
generated from a hydroximoyl chloride and an «,8 unsaturated aldehyde to
give a chiral 2-isoxazoline with 43-98% yield and 60-93% ee. The stereo-
chemistry of the major enantiomer is S, consistent with an approach of the
nitrile oxide to C;-Si face of the enol in the anti-s-trans conformation in
the catalyst site. Nitrile oxide with electron withdrawing substituents in the
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Scheme 28
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4-position (CFs, F, Cl) on the aromatic ring gave higher ee’s than those having
electron donating (Me, i-Pr, OMe) groups (Scheme 30) [78].

Sibi et al. observed that a chiral Lewis acid, prepared from magnesium
iodide and a chiral bisoxazoline derived from 1,2-aminoindanol, acts as an ef-
fective catalyst for the stereoselective addition of nitrile oxides to acrylamide
derivatives (Scheme 31) [79].

N Nin.
: O
/+N/O /\)J\ i e
=z
AN N
|
N CH,Cl,, rt, MS-4A,
Bn/

OH NaBH,
-

84% (99% ee)

Scheme 31

Racemic a-silyl allyl alcohols can be prepared in good yields through
the retro-Brook rearrangement of trimethylsilyl ether of allyl alcohol, which
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was generated in situ by treatment of allyl alcohol with base and TMSCI. To
convert racemic alcohol (22) to optically active (22), the alcohols were oxi-
dized to acyl silane, which were reduced with (-) DIP-CI to give (s)-(-) 22 in
85-87% ee (Scheme 32) [80].

OH

nBuLi/Me;SiCl Sec BuLi A
R/\/\ OH 3 — — R/\/e\SiMe3

THF, -78°C 2

(COCI),/DMSO
Et;N/CH,Cl,
OH (+) DIP CI Q
N N R/\)Lsn\ne

R/\/\SiMe3 THF _400C 3

22 a.R=Pr,75%, 82% ee
b. R =Me,24% , 85% ee

Scheme 32

The cycloaddition of aromatic as well as aliphatic nitrile oxides gener-
ated from their hydroximoyl chloride in presence of Et;N with allyl alcohols
(22a) gave optically active 4,5-dihydro isoxazoles in good enantiomeric excess
(Eq. 3). The adduct was dextro-rotatory, hence all three chiral centers were ex-
pected to have the same configuration. This stereochemical outcome is easily
understood by comparison with the reaction mechanism of the magnesium
induced cycloaddition reaction (Eq. 3) [80].

R
\_X—SiMeg, 3)
N
o>

+
R' —N_O-“"'MgBr

Syn-cycloadduct

When exposed to tetraphenyl ammonium fluorine, the cycloadducts were
converted into the 4-substituted 5,6-dihydro-4H[1,2]-oxazines in good yield
with loss of optical purity (Scheme 33).

Acyl silanes obtained by the oxidation of the mentioned cycloadduct, un-
derwent stereoselective allylation reaction in the presence of a Lewis acid
to lead to the elongation of C-5 side chain in a stereoselective manner
(Scheme 34) (Table 3).
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Table 3 Allylation of acyl silanes

Entry R R’

1 CsHs;— H TiCly

2 CsH7— H BF3:0Et,
3 C3H7— H SnC14

4 C3H7— Me T1C14

5 CsH7— Me BF3:0Et,
6 CsHy— H TiCly

7 CsHy— H BF3:0Et,

Lewis acid Time (h)

2.5
5.0
4.5
3.5
15.5
2.0
2.0

29

|
R1)\(_/osnv|e3
R

Yield

88
83
54
75
62
79
92

Syn/anti

4/96
7/93
63/37
1/99
8/92
20/80
10/90
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Intermolecular cycloaddition of nitrile oxides with hex-5-enopyranosides
or pent-4-enofuranosides afforded spiroisoxazolines in good to excellent
yields [79]. Reductive opening of the spiroisoxazolines followed by sponta-
neous intramolecular aldol-like condensation lead to the formation of densely
functionalized 6 and 5-membered carbocycles. This transformation has af-
forded complimentary methodology for entry to amino cyclitols, carbosugars
and ionositols (Scheme 35) [81-83].

\\OMG §Me
L \O0Bn NOBn
0 " RCH=NOH o
= 0
N 2
Y~ Yobn NES \ & I TObn
obn BnO
R =2,6-Cl,C¢Hs-
= p-tolyl
X R =Me
0 Raney Ni/H,
< ' R=2,6-Cl,C¢H;-, X = NH, 60%
W 'y, = p-tolyl, X=NH, 46%
BzO" 70Bz = Me, X =NH, 15%
B2O =0H35%
R X

X
)ﬂ i
X

R = 2,6-CL,C¢H;-, X = NH, Y = OMe 64%
Y =0H 17%
p-tolyl, X=NH, Y = H 46%
Me, X =NH, Y =H 17%
—OHY +H,23%

Scheme 35

Jager et al. [84] developed a conventional method for the synthesis of
2-deoxyribose via the intermolecular cycloaddition of BrCNO with an alkene
derived from glyceraldehyde (Scheme 36).

Kim et al. reported the synthesis of novel crown ether type cyclophanes
based on the multiple cycloaddition between bifunctional dipoles and bi-
functional dipolarophiles [85]. For instance the divinyl ether derived from



Heterocycles via Oxime Cycloadditions 31

O NS
>< BrCNO
_—
(0]

By

Ol
/
z

i. MeOLi
ii.H,, Raney Ni

o <*—

H
o}

j/\/COOMe
O

2-deoxy ribose - )(

Scheme 36

triethylene glycol cycloadds with dinitrile oxide generated from the corres-
ponding terphthalaldehyde to afford a 40-membered macrocycle in an almost
quantitative yield (Scheme 37).

/NN /N
0] ) (0] 0]

Scheme 37

Bifunctional dipoles (isophthalodinitrile oxide and 2,6-pyridine dinitrile
oxide) cycloadd with diacrylates derived from triethylene glycol to afford 21-
membered macrocycles (Scheme 38).

X=CH,N

Scheme 38
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In 2000, Kim et al. synthesized silicon bridged macrocycles in a two-step
sequence by using quadruple cycloaddition, macrocyclization and intermole-
cular nitrile oxide dimerization [86]. Double cycloaddition between in situ
generated isophthalodinitrile oxide and 1,3-divinyl tetramethyl disiloxane
provided a [142] cycloadduct as the major intermediate and further cy-
cloaddition between (23) and isophthalodinitrile oxide afforded the final 2+2
cycloadduct as the major product in 25% overall yield (Scheme 39). In a simi-
lar fashion, silacyclophanes were prepared by QCM methodologies between
terphthalodinitrile oxide and 1,3-divinyl tetramethyl disiloxane.

. OH
=N
| | — . .
s St~ —Si~
=N \(SPi/ \s?
2 c’  OH S />

Et;N, CH,Cl,

Scheme 39

Kanemasa et al. utilized alkyl magnesium bromide as a base instead of
triethylamine for the generation of nitrile oxides from hydroximoyl chlo-
rides [87]. Reaction of the resulting nitrile oxide with a chiral allyl alcohol
gave (24) with syn selectivity in up to 98% yield. It was proposed that the syn
selectivity as well as the rate acceleration observed was due to chelation via
the metal salt of the two transition states leading to syn (24a) and anti (24b),
the former being favored since steric repulsion between the substituent (e.g.,
Et) at the chiral center and the allylic proton in the anti transition state is to
be expected (Scheme 40).



Heterocycles via Oxime Cycloadditions 33

- Et
OMgBr _OH N N~
/\( ,\i - . | + |
n
OH OH
Et Ph/I\CI Ph Ph
24a, syn 24b,anti
AN v
~ TN
=/ \}J
Z Et H
H Et
Syn favoured anti

Scheme 40

Intermolecular cycloaddition of nitrile oxide generated from quinolyl hy-
droximoyl chloride with macrolide (25) produced a single compound (26).
Ma et al. observed that the isobutylene bridged macrolide (25) adopts a pre-
ferred conformation, that only allows the nitrile oxide to approach from the
top face of the molecule producing isoxazoline adduct (26) in a stereoselective
fashion. Hydrolysis of the C-3 cladinose group from (26) followed by oxida-
tion under Dess-Martin conditions gave the corresponding keto compound
(27). Finally the 2’-OH protecting group was removed to give the anchor-left
isomer (27) in good yield [88]. Molecular modeling of (25) suggests that the
C-3 cladinose group is placed above the macrolide ring and blocks one of
two pathways for the incoming nitrile oxide, leading to an anchor-left isomer
(27) as the single product, while the (-) cladinose-free molecule allows the
formation of an anchor-right isomer (28) (Scheme 41).

28 Anchor right

The antibacterial activity of (27) and (28) as determined by using the agar
dilution method against four representative gram-positive organisms showed
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that the anchor-right isomer (28) is about 10-fold more potent than (27) against
the susceptible strains as well as the resultant strains with methylated binding
sites. The data are consistent with a notion that the quinolyl group in compound
(28) interacts with a secondary binding site on bacterial ribosomes, while the
quinolyl group in (27) exerts a detrimental steric effect on the binding.

Under supercritical CO, (scCO;) as solvent, Lee et al. demonstrated that
regioselectivity of dipolar cycloaddition of mesonitrile oxide to various dipo-
larophiles proceed with higher stereoselectivity than in most conventional
solvents. The reaction mixtures described in Table 4 are all homogeneous in
scCO, under the specified condition. These results showed that cycloaddi-
tions occur with a diverse range of alkenes in scCO; to give isoxazoles and
isoxazolines in high yields [89].

1.6.2
Intramolecular Cycloaddition of Nitrile Oxide (INOC)

The application of intramolecular nitrile oxide-olefin cycloaddition (INOC)
reaction to the synthesis of complex natural products has recently come to be
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Table 4 Cycloaddition of mesonitrile oxide to alkenes and alkynes in scCO,

Dipolarophile =~ Time Cycloadducts Yield (Ratio
(h) of isomers)
o CO,Me 16 N | CO,Me 97 (8.7:1)
Mes Mes
CO,Me
=co,Me 16 N| ) | p: Co,Me 97 (2.9:1)
Mes Mes
CO,Me
(0]
o) N~
__COoMe g )N;g_m” | 97 (4.2:1)
Mes EX
Mes EoMe COo,Me
N—©
—=—=—CO,Me 60 M 99
Mes'
COQMe
O
CO,Me NT
Mes
N—©
__pn 24 )|\>—Ph 96
Mes'
N—C
= ph 24 /“\}7% 96
Mes
0
96

-

:<:> 60

recognized as a powerful synthetic tool, one equally akin to the intramolec-
ular Diels-Alder reaction in its potential scope of application. It is therefore
not surprising that the INOC reaction has been extensively utilized in total
synthesis. The intramolecular cycloaddition reaction generally displays ex-
ceptional regio and stereochemical control, which undoubtedly accounts for

Mes
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the popularity of this reaction, which can offer a powerful solution to many
problems in complex natural product synthesis.

Examples of how to promote intramolecularity by means of metal chela-
tion have been shown in Schemes 26 and 28. An alternative way involves
initial covalent anchoring of the dipolarophile component to the dipole fol-
lowed by the intramolecular cycloaddition.

Rai, Hassner and Dehaen [90] succeeded in getting functionalized tetrahy-
drofuran and tetrahydropyran derivatives by the INOC of 2-allyloxyaldoximes
of type (25), formed by the anchoring an unsaturated alcohol to B-nitro-
styrene in the presence of SnCl,—2H,0 (Scheme 42).

N—0Q
NO Ph OH
o _//_ ® SnCl, 21,0 w/\N/ CAT /
n — = S >
HO— S I N )
O n

29

Scheme 42

Hassner et al. [91-93] showed that O-silyl-o-bromoaldoximes (30) rep-
resent a synthon for vinyl nitroso compounds, which can trap unsaturated
alcohols, thiols or amines, leading via oximes to unsaturated nitrile oxides
(31) tethered by an amine or ether linkage. Thus, (30) can be converted
into an alkenylamino oxime or an alkenyloxy oxime by reaction with an
unsaturated amine or alcohol, respectively, in the presence of fluoride ions
(Scheme 43) [91-93]. Oxidation of such oximes (X=O0) to nitrile oxides (31)
provides a stereoselective route to functionalized tetrahydrofuran derivative

30
R + O
R N R OH
/N\ Y\% Y\N/
X o ~
X X
n n \ V/\

Scheme 43
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via an INOC reaction [94-96]. The preferred stereoisomer in the formation of
a 5-membered ring ether is trans, whereas in the 6-membered ring ether the
cis isomer dominates. Similar results were obtained with unsaturated thiols
(X=S) or amines (X=NR).

In a similar manner, Noguchi et al. [97] proposed a gauche-gauche interac-
tion as a powerful factor controlling the stereochemistry in the intramolecu-
lar cycloaddition reaction of N-protected 3-(N-alkylamino)propionaldehyde
(32) and 2-(N-homoalkylamino)acetaldehyde oxime (33). They observed
high levels of stereoselectivity (76% de) in the reaction involving nitrile
oxides with a substituent at the carbon atom adjacent to the tether nitro-
gen [97]. When the protecting group P occupies the equatorial position in
the transition state of the cycloaddition of a nitrile oxide, the substituent R
is expected to occupy the pseudoaxial position in order to avoid the gauche-
gauche interaction between the P and R moiety. Consequently, the exclusive
formation of a syn product results via transition state Ts-1 (Scheme 44). On
the other hand, the intramolecular cycloaddition of nitrile oxide (33) afforded
a mixture of anti and syn cycloadducts and the highest stereoselectivities
(anti:syn = 97:3) were achieved in the reaction of (33), which bears a methyl
group substituent (R=Me), the least sterically bulky group (Scheme 45).

N—0O

o—2=

Scheme 44

Recently Scott et al. used intramolecular nitrile oxide-olefin cycloaddition
reactions for constructing carbocycles, namely hexahydrobenzoisoxazoles,
starting from a phenyl sulfonyl geminally substituted carbon substructure
having both alkene and oxime functions [98]. The cycloaddition proceeded
with up to 99% de. The authors found that geminal aryl or aryl sulfonyl
moieties are considered to behave analogously to the well documented con-
formational bias of a tertiary butyl group. The relative stereochemistry in
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these isoxazolines was secured by NOE studies and is consistent with the
phenyl sulfonyl group occupying a pseudoequatorial orientation in preferred
transition state (TS), thereby leading to (34) as the major diastereomeric
product. Introduction of a geminal 2,5-diflurophenyl group on to the sulfone
(35), led eventually to isoxazoline (36) (Scheme 46).
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Sengupta et al. [99] synthesized 3,5'-ether linked pseudooligopentose
derivatives for the first time from readily available carbohydrate derivatives.
These oligopentose derivatives are potentially important precursors to novel
RNA analogues. Intramolecular cycloaddition of the nitrile oxide prepared
from these derivatives led to the diastereoselective formation of chiral isox-
azoline fused to 10 to 16-membered oxacycles (Scheme 47) [99].

/ o ‘ ""////o
Sllite} / /O+

Scheme 47

Enantiomerically pure hydroxymethyl calystegine, an alkaloid of the
tropane family was synthesized starting from glucose via intramolecular 1,3-
dipolar cycloaddition of nitrile oxides (Scheme 48) [100].

The enzyme secretase represents a potential target for Alzheimer dis-
ease therapeutic intervention. y-Secretase inhibitor (37) represents a sig-
nificant synthetic challenge. Key structural elements include a trisubstituted
octahydro-1H-2,1-benzothiazoline-2,2-dioxide core. An important step in the
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synthesis of this molecules involves building carbocycles via substituent con-
trolled intramolecular nitrile oxide-olefin cycloaddition. The reaction scheme
involves ten reaction intermediates (13% overall yield) among them con-
version of an aldoxime by NaOCI to a nitrile oxide followed by INOC
(Scheme 49). Other aspects of the route include a highly stereoselective reduc-
tion of an isoxazole to form a cis-y-aminoalcohol, an efficient chemical reso-
lution, a dianion cyclization to construct a sultam ring and the a-alkylation of
a sultam with excellent diastereoselectivity [101].

Intramolecular nitrile oxide-olefin cycloaddition of sugar derivatives with
unmasked hydroxy groups employing chloramine-T in the presence of silica
gel proceeded smoothly to afford 5 or 6-membered carbocycle in excellent
yields. This methodology, based on the finding by Rai and Hassner [28], obvi-
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Scheme 49

ates protection/deprotection steps and makes the synthetic route simpler and
more efficient (Eq. 4) [102].
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A nitrile oxide generated from a sugar-derived aldoxime (38) underwent
intramolecular nitrile oxide cycloaddition reaction to chiral pyranoisoxazo-
line derivative (39) (Scheme 50). Reductive cleavage of isoxazoline (39) with
LAH followed by acetylation provided the polysubstituted pyran derivative
(40) [103].

Gallos and Koumbis reviewed the use of nitrile oxides derived from al-
doximes in the synthesis of carbohydrate mimics via 1,3-dipolar cycloaddi-
tion reactions [104]. While formation of 7-membered ring ethers was not
successful in simple systems as in Scheme 42, it was possible to obtain ox-
epine derivatives by making the system more rigid and attaching the nitrile
oxide and olefin groups to a 5-membered ring. Thus, Shing et al. constructed
fused oxepine derivative (42) via intramolecular cycloaddition of an alkenyl
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nitrile oxide prepared from glucose-derived oxime (41) in 65% yield as the
sole isomer but with a de of only 13% (Eq. 5) [102].
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Alkenyl oxime derived from mannitol underwent INOC reaction upon
treatment with NaOCl at room temperature to afford cycloadduct (43) in
a near quantitative yield (Eq. 6) [105]. This product was used for the syn-
thesis of vitamin D3. Based on theoretical calculation, it is proposed that the
cycloaddition proceeds via a chair-like transition state.
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The key step for the synthesis of the polyol segment of the heptaine macrolide
antibiotic amphotericin was the 1,3-dipolar cycloaddition of nitrile oxide,
generated from aldoxime, to the isoxazoline (44) (Scheme 51) [106].
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Scheme 51

The synthesis of chiral 10 to 12-membered nitrogen and oxygen heterocy-
cles fused to isoxazoline rings was achieved by intramolecular cycloaddition
of nitrile oxides derived from carbohydrate based oximes (Scheme 52) [107].
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Scheme 52

Alternatively, enantiopure pyranoisoxazole and oxepinoisoxazole analo-
gous can be prepared from carbohydrate derivatives via the corresponding
nitrile oxide [108,109]. This has allowed entry to benzopyrans, benzox-
epines and functionalized tetrahydrofurans [110]. A new approach to the
synthesis of the aglycon portion (45) of calicheamicin [111,112], an anti-
cancer antibiotic possessing phenomenal anticancer properties, was reported
by Nicolaou et al. [112] and is based on an intramolecular alkenyl nitrile
oxide dipolar cycloaddition reaction which leads directly to the incorpora-
tion of the full functionality of the aglycon. The key step for the synthesis
of hexahydronaphthalene portion of the hypocholesterolemic agent, com-
pactin (46) [113] involves the INOC reaction of the corresponding cycloak-
enyl oximes.
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A related strategy was utilized for the stereoselective synthesis of (+)
testosterone (50) wherein the A/B ring system was constructed via INOC re-
action of (47) to isoxazoline (49) (Scheme 53) [114]. The cycloaddition was

assumed to be taking place via chair-like TS-48 providing isomerically pure
isoxazoline (49) in 87% yield.
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Hassner et al. [115-117] utilized intramolecular nitrile oxide cycloaddi-
tion reaction as a key step for the stereoselective synthesis of ptilocaulin,

a potent antileukemic and antimicrobial agent isolated from marine sponges
(Scheme 54).
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Ptilocaulin

Scheme 54

Prompted by the biological importance of the 2-isoxazoline moiety
coupled with the chromane ring system, Das et al. was able to synthesize
3a,4-dihydro-3H-chromeno[4,3-c]isoxazoles via an intramolecular nitrile
oxide-olefin cycloaddition reaction employing ceric ammonium nitrate as
dehydrogenating agent (Eq. 7) [118].
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Intramolecular cycloaddition of a nitrile oxide generated from the propar-
gyl oligoether (51) yielded heterocyclic crown ether (52) in moderate yield
(Scheme 55) [119].

Mateos et al. [120] reported the stereoselective synthesis of a 12-acetoxy
azadiradione analog (53) related to limonoid azadiradione in 12 steps start-
ing from tricyclic derivatives (Scheme 56). The key steps for this involves
intramolecular 1,3-dipolar cycloaddition of a nitrile oxide-olefin and a Stille
coupling reaction of a vinyl iodide with stannylfuran [120].
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Enantiomerically pure annulated sulfones having fused isoxazolines were
synthesized by intramolecular cycloaddition of a chiral nitrile oxide gen-
erated in situ from the corresponding oxime by oxidation using NaOCl
(Eq. 8) [121].

R’ R
% N\OH /N\
R o] — R o
7 —
S™\\_-Ph O///S
J 6 B pn
R'=Br, R?=Me 80% 100% (8)

R'=Me, RZ=Br 99% 1%

A key step for the synthesis of antitumor agent pacitaxel involves the con-
struction of the C-ring of the molecule. This was easily achieved by Takahashi
et al. employing intramolecular cycloaddition of in situ generated alkenyl ni-
trile oxide from the corresponding oxime (Eq. 9) [122].
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Structurally unique polypeptide macrolide, epothilone A and B isolated from
cultures of Sorangium cellulosum has the ability to induce tubulin polymer-
ization and associated cellular effects. Their unique structure and important
biological activity conspired to make the epothilones attractive targets for
total synthesis. Carreira et al. developed the intermolecular 1,3-dipolar cy-
cloaddition of nitrile oxides as a strategy to achieve a concise, convergent
and fully stereocontrolled approach for the synthesis of the above polypep-
tide macrolide (Scheme 57) [123]. The described route is part of an extensive
study of nitrile oxide-olefin cycloaddition as a surrogate for the aldol addition
reaction and has led to the realization of a higher convergent synthesis based
on Kanemasa hydroxy-directed nitrile oxide cycloaddition.

The induction of enantioselectivity in 1,3-dipolar cycloaddition of nitrile
oxide with alkenes was also achieved by the use of baker’s yeast. Though
enantioselectivity obtained was low, it can be increased up to 64% ee by the
addition of cyclodextrins (see Scheme 29). In the presence of cyclodextrin,
4-vinyl pyridine first forms an inclusion compound. To this complex in water,
the mixture of a stable nitrile oxide and baker’s yeast in a buffer solution was
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Scheme 57

added. After incubation at 37 °C for 20 h, the product is obtained in 85% yield
with an optically purity of 64% ee (Eq. 10) [124].
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A key step for the stereoselective synthesis of Illudin C, an sesquiterpenoid
possessing anticancer activity, involves the coupling of dianion (54) with cy-
clopropyl ketone (55) followed by intramolecular nitrile oxide cycloaddition
reactions (Scheme 58) [125]. Funk et al. observed a cis stereochemical rela-
tionship between the C-4 methyl substituent and the C-2 hydrogen atom in
the resultant tetracycle. This diastereoselectivity is a consequence of pref-
erential cycloaddition of the nitrile oxide through a conformer wherein the
smaller C(4)-hydroxyl substituent, vis-a-vis the C(4) methyl substituent occu-
pies an equatorial position bisecting the cyclopropane ring system.

The B-glucosidase inhibitors cyclophellitol (59, X=0), nagstatin and
gualamycin, which are microbial metabolites and their analogs have been
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synthesized from carbohydrate derivatives via 1,3-dipolar cycloaddition re-
actions. The synthetic scheme involves Swern oxidation of (56), which was

derived from L-glucose and afforded the unstable aldehyde. Wittig alkenation
of this aldehyde with methylene triphenylphosphorane followed by hydro-
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lysis afforded alkenyl aldehyde. Intramolecular cycloaddition of the nitrile
oxide derived from aldoxime (57) was realized by using NaOCl to afford the
isoxazoline (58) as a single product in 70% yield (Scheme 59) [126, 127].

The intramolecular cycloaddition reaction was used to prepare compound
(60) [128], the optically active intermediate in the synthesis of zoaptanol (61),
one of the novel diterpenoids containing an oxepane ring possessing contra-
ceptive activity (Scheme 60) [129].
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The reaction of a-bromoaldoxime with unsaturated alcohols has been ex-
tended to the heterocyclic system in which furans, thiophenes, pyrroles or
indoles can act as the unsaturated component of the INOC reaction [130, 131].
Equation 11 shows some examples of intramolecular cycloaddition of nitrile
oxides derived from furanyl and thiophenyl oximes which led to the for-
mation of unsaturated tricyclic isoxazolines in high yield. In this case the
heterocycles ring acts as the dipolarophile with one of the double bonds
adding to the nitrile oxide [130, 131].

(11)
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Hassner et al. observed that alkenyl oxime (62) (R; = H), obtained from
an «-bromoaldoxime, undergoes INOC reaction on treatment with NaOCl to
afford tricyclic products as mixtures of diastereomers. The major product,
explained on conformational grounds, was (64) the stereoisomer possessing
CH,0 and Me trans, while the R and Me groups were in a cis configuration (in
both 63 and 64). Oxime (62) (R=R!=Me) failed to form cycloaddition prod-
ucts since in this case one of the methyl group would necessarily interfere in
the transition state for cyclization (Scheme 61) [132, 133].
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Scheme 61
Nitrile oxides are reported to react with hydrazines to give hydrazidoximes,

while with alkanone hydrazones they afford the cycloaddition product,
4-amino-3-aryl-5,5-dialkyl-4,5-dihydro-1,2,4-oxadiazoles (Scheme 62) [134].
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1.6.3
Intramolecular Oxime-Olefin Cycloaddition Reactions (100C)

Grigg et al. proposed a new concept concerning the isomerization of an
oxime to a nitrone through the thermal 1,2-hydrogen shift [135, 136]. Though
nitrones are relatively stable species that can undergo cycloadditions with
olefins, no examples of the isolation of NH-nitrones (e.g., structure 66 in
Scheme 63) have been reported. Since tautomerization from an oxime to an
NH-nitrone is a thermodynamically unfavorable process, NH-nitrone-olefin
cycloaddition is expected to proceed only under high temperature conditions.
Yet, trapping of such fleeting intermediates intramolecularly should be more
favorable, and indeed intramolecular oxime-olefin cycloaddition (I0OC) to
give fused isoxazolidine derivatives can be achieved (see Scheme 63). Some
of the seminal studies on the IOOC reaction were reported by the Hassner
group [137-140]. Modest to excellent levels of diastereocontrol were observed
in the cycloaddition reaction depending on the nature of the oxime precur-
sor. IOOC reactions differ from INOC reactions in as much as they lead to
the completely saturated isoxazolidines. In both cases oximes are the starting
materials. While nitrone-olefin cycloaddition leads to N-substituted isoxazo-
lidines, the IOOC reaction (via a NH-nitrone) affords the N-unsubstituted
analogs and can be more attractive because an oxime functionality is often
more readily available and stable than a nitrone.

\N/OH

Scheme 63

B-Alkenyloxy aldoxime (29) formed by the reduction of B-nitrostyrene
with SnCl,-2H,;0 in the presence of unsaturated alcohols undergo ther-
mally induced intramolecular oxime-olefin cycloaddition at 110-120°C to
bicyclic isoxazolidines (67) in 70-80% yield. This ring closure proceeded
stereospecifically to generate three adjacent stereogenic centers. LAH reduc-
tion of (67) resulted in isolation of stereospecifically functionalized tetrahy-
drofuran derivatives in 75% yield (Scheme 64) [94-96].

B-N-Allylamino aldoximes prepared from silylated S-bromoaldoxime and
allylamines undergo smooth intramolecular cycloaddition to the pyrrolidi-
noisoxazolidine (68) in 65-100% yield, simply by heating at 80-100 °C or
often even upon standing for a long period of time at room temperature
(Scheme 65) [141]. LAH reduction of (68a) and (68b) led to the isolation
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of stereospecifically functionalized pyrrolidine derivatives (69a) and (69b) in
75% and 82% yield, respectively.

Furthermore, the scope of these oxime-olefin cycloadditions has been ex-
tended to ketoximes. Heating of N-alkylamine ketoxime at 110 °C for 8 h led
to cycloaddition with formation of fused pyrrolidine (70) in 88% yield. Here
only one stereoisomer was formed and LAH reduction led stereospecifically
to the amino alcohol shown in Scheme 66.
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In order to evaluate the stereoselectivity and the conformational require-
ments of the IOOC cycloaddition, Hassner et al. attempted to synthesize
pyrrolidine-fused isoxazolines by heating variously substituted allylamine al-
doximes (Eq. 12) [142]. The presence of terminal (y) methyl substituents on
the allylamine enhanced the reaction rate while methyl substitution on the
B-carbon retarded the cycloaddition.

(12)

Calculations reveal that the presence of a methyl substituent R! adjacent
to O in ring B and syn to the ring junction hydrogen prejudices a molecule
in favor of conformer 71, thus placing the methyl substituent pseudoequato-
rially. Similarly, a single substituent Z in the A ring, syn to the ring junction
favors (72) (e.g., Z = Et) in which the A ring substituent Z can assume a pseu-
doequatorial position. The former effect dominates the latter when both rings
are substituted affording the product with both side chains R! and Z in
a B-orientation, but the preferred conformation is (71) and the Z group is
forced into a pseudoaxial position.

z

R, 0
) V7
N H
0]

71

Hassner et al. also applied the IOOC reaction to the formation of carbo-
cycles fused to an isoxazolidine. This required higher temperatures and was
accomplished by heating the alkenyl oxime in a sealed tube at 190 °C [143].
The alkenyl oximes were prepared in good yield via reaction of carban-
ion (73) with O-silyl-a-bromoaldoxime in the presence of F~ ion. Reduc-
tion of the cycloadduct with LAH provides aminoalcohols in 68% yield
(Scheme 67).

Formation of cyclohexane fused isoxazolidines from corresponding oximes
by I0OC reaction was less selective, affording mixtures of isomers in 51%
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yield. On the other hand, citronellal oxime underwent smooth cyclization
when heated at 190 °C for 5 h to give the cycloadduct stereospecifically in 80%
yield (Eq. 13).

| o]

From the above, it is interesting to note that while the temperature required
to effect IOOC of an oxime possessing an amine N-tether is only ca. 80 °C, an
unsaturated oxime possessing an ether O required 110 °C, and the all carbon
system proceeded at even higher temperature (190 °C). However it is not clear
if the presence of the unshared electron pair on the amine N or the ether O
exercise an assisting effect in the proton transfer from O to N in the starting
oxime to produce the NH-nitrone [144].

Longer chain alkenylamine oximes likewise underwent thermally induced
1,3-dipolar cycloaddition under mild conditions leading to isoxazolo[4,3-c]-
pyridine derivatives. The methyl groups at the 2-position of oximes (74)
should facilitate the cycloaddition due to restriction of the conformational
flexibility of the reaction sites and promotion of the isomerization to an NH-
nitrone intermediate. The formation of cis-fused nitrone cycloadducts (75)
was explained on the basis of transition state geometry. Consideration of
Dreiding models suggested that the substituents at the 2-position of oximes
(74) were essential and should prefer the endo transition state of the (E)-
nitrone leading to cis-fused products (Scheme 68) [144].
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Scheme 68

Sammer and coworkers showed that sterically bulky groups adjacent to the
nitrone dipole and the dipolarophile moieties could facilitate the rate of cy-
cloaddition due to restriction of the conformational space of the dipole and
dipolarophile [145].

In general, IOOC reactions have been shown to be convenient stereoselect-
ive routes not only to isoxazolidine derivatives but also for the stereoselective
introduction of aminoalcohol functionality or of hydroxy ketones via N-O
bond cleavage. Their scope extends to synthesis of carbocycles, as well as
heterocycles bearing O, N or S atoms.

Shipman et al. utilized IOOC reactions as the key step for the stereocon-
trolled synthesis of polyhydroxylated aminocyclopentitols [146]. The start-
ing 5-alkenyl aldehyde derived from various carbohydrates like D-glucose,
D-mannose, D-galactose, D-glucal can be transformed into the correspond-
ing oxime. Thermolysis of these oximes in toluene at 110 °C for 15 h afforded
hexahydro-1H-cyclopent(c)isoxazole in good yield via intramolecular oxime-
olefin cycloadditions (Scheme 69).
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Carbohydrate-derived alkenes have proved of use as key intermediates in the
synthesis of a number of natural products. For instance, thermolysis in reflux-
ing toluene for 15 h of an alkenyl oxime derived from carbohydrates yielded the
fused isoxazolidine in quantitative yield (Scheme 70) [147]. It was suggested
that the benzyl ethers were in a pseudoequatorial position in the transition
state.

Scheme 70

When the oxime possesses a substituent (OBn or OBz) adjacent to the oxime
carbon, there is a preference to produce the diastereomeric cycloadduct in
which this substituent is located in an exo orientation. The alkenyl oximes
derived from glucose, mannose, galactose afforded diastereomeric hexahydro-
1H-cyclopent(C)isoxazolines (76), (77) and (78) respectively.

These isoxazolines can be transformed into stereochemically defined
aminocyclopentitols. For instance, the selective mannosidase inhibitor man-
nostatin (79) and the very strong and specific trehalase inhibitor trihazoline
(80) containing a polyhydroxylated aminocyclopentane moiety were synthe-
sized via the intramolecular oxime cycloaddition strategy [146].

Hassner et al. have shown that substituted 5-membered aza-sugar analogues
possessing an amino function can be synthesized stereospecifically from natu-
rally occurring amino acids (e.g., L-serine) by an IOOC reaction (Scheme 71).
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This provided evidence for the first time that aza-sugars in which an OH
was replaced by a NH; group (e.g., 81 in Scheme 71) possess glycosidase in-
hibitory properties [148]. The analog obtained from D-serine using microwave
conditions was later found to be more active than the one obtained from
L-serine [149].

Lewis acids may also catalyze the intramolecular cycloaddition of alkenyl
oximes, which may proceed via an N-metallonitrone, to provide fused isoxa-
zolidine derivatives (Scheme 72) [150].

H
|
N N
HOO NN o NN
X == X
" Rll
H/\/ /
: R l
M
H H ,11\
N-_Z .O/+\/\
0 X ~— X

Scheme 72

O-tert-butyldimethylsilyloximes possessing an olefin moiety on treatment
with 2 equivalents of BF3—OEt; in CH,Cl, undergo intramolecular cycloaddi-
tion at room temperature via N-boronitrones, to afford a cycloadduct in 99%
yield (Scheme 73) [151].

H
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Scheme 73
1.7

[4+2] Cycloadditions of Nitrosoalkenes

a-Nitrosoalkenes are very useful synthetic intermediates possessing a dou-
ble bond in conjugation with the nitroso group [152]. These reactive species
along with nitrosocarbonyls constitute the two major sources for the con-
struction of the 1,2-oxazine structure. Nitrosoalkenes are unstable and highly
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reactive. Normally they are observed only in solution, their presence some-
times being detectable by blue coloration (they have a Ay close to 700 nm).
Nitrosoalkenes have been isolated in only a few cases [153].

The formation of nitrosoalkenes, as fleeting intermediates, by reaction
of O-silyl-a-bromooximes (26) with F~ and trapped in situ by unsatur-
ated nucleophiles [97] has been described (Scheme 44). The usual method
of generating nitrosoalkenes (83) is by the elimination of hydrogen halide
from «-monohaloketoximes (82) in the presence of a base. The generated ni-
trosoalkenes are trapped by alkenes to produce 1,2-oxazine derivatives (84)
(Scheme 74) [154].

OH (0] —\ (0) YA
N~ base N7 Z N~
| — |
Cl
R R R
84
82 83

Scheme 74

1,2-Oxazines (87) with a vinylic double bond at position 3 can easily be pre-
pared by a hetero-Diels-Alder reaction of an electron-rich olefin (86) with the
nitrosoalkene (85) generated in situ from methyl (E)-5-bromo-4-hydroximino-
2-pentenoate and base by the procedure in Scheme 64 (Eq. 14) [155].

(@) R'
N40 N/ Y
G
MeOOC™ X OR' Me0OC™ XX

(14)

85 86 87

Cyclization or cycloaddition of a nitrosoalkene (acting either as a 27 or
a 4w component) with dienes, has been extensively covered by Gilchrist [156]
and recently by Lyapkalo and Ioffe [157].

The cycloaddition of (88) with alkenes, in which (88) acts as a 47 conju-
gated heterodiene, is, perhaps, the most important reaction of nitrosoalkenes
that has dominated their chemistry for quite a few years (Eq. 15) [158, 159].

(15)
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Allenes (90) upon reaction with nitrosoalkenes (91), gave the cycloadduct 1,2-
oxazine (92) (Eq. 16).

Ry

OMe |
— + —> MeO
== )J\ ° _N (16)
R, R; NO

R ©
90 91 92
Extending the [4+2] cycloaddition chemistry of nitrosoalkenes the reac-
tion of 1,1,1-trifluoro-2-nitrosopropene (93) with silyl enol ethers (94) of-
fers a flexible and efficient access to a large variety of 1,2 oxazines (95),
which can be useful intermediates toward other functionalized compounds
(Scheme 75) [160, 161].
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Scheme 75

Ressig and coworkers [162] demonstrated that (93) is a powerful hetero-
diene, remarkably more reactive than nitrosostyrene or other alkyl bearing
analogues, due to the electronic effects of the CF; group. Comparison of

CF3
~SiMe;
Z . | 70%
|V|e3SI /N
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" ()
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Scheme 76
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HOMO and LUMO energies of (81) with those of nitrosoethylene or ni-
trosostyrene by MNDO calculations support the electronic accelerative effect
of the group [162].

Dienophiles (94) bearing substituents larger than ethyl have been found
to give no cycloadducts with nitrosostyrene. In contrast (93) has readily
been added to unreactive silyl enol ethers in low to moderate yields. Other
dienophiles have also been used and the corresponding 1,2-oxazines have
been obtained in good to excellent yields (Scheme 76).

Recently Rai et al. utilized chloramine-T for the generation of nitrosoolefin
starting from simple ketooximes. The resultant nitrosoolefins cycloadd with
a dienophile leading to oxazine derivatives in almost quantitative yield
(Scheme 77) [163].

(0]
CH; _ NT T >y _0 X
chloramine-T N
—_— —_—
/g Et;N & heat |
Ph NOH Ph Ph

Scheme 77

1.7.1
Mechanism for the Generation of «-Nitrosoolefins from Ketoximes

When a ketoxime containing an o-methylene group was treated with
chloramine-T a blue coloration was produced, suggestive of the formation
of an «-chloronitroso compound [28], which on exposure to triethylamine
generates «-nitrosoolefins (99). The latter, on treatment with an alkene, pro-
duced 1,2-oxazine derivatives. The formation of (99) from oxime (96) may be
rationalized as shown in Scheme 78.

A /o_,\ i

e

N

Scheme 78
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In this scheme chloramine-T (or TEA) acts as a base, a well as a chlorinat-
ing agent transforming the oxime (96) into (97). The latter is slowly converted
to a-chloronitroso compound (98), which leads to a-nitrosoolefin (99) on
HCI elimination with TEA. This mechanism is consistent with a similar one
proposed by Hassner and Rai for the generation of nitrile oxides from al-
doximes using chloramine-T [28]. Alternatively, elimination of HCl from (97)
may lead to (99).

1.8
Miscellaneous Reactions of Aldoximes

Padmavathi et al. observed an unusual reaction of oximes with excess
chloramine-T [164]. For instance, treatment of p-chlorobenzaldoxime with
2 equivalent of chloramine-T in the presence of a dienone in refluxing
methanol for 48 h afforded N-(4-tolyl)N-tosylbenzamide (100) instead of the
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usual addition product. When the reaction was carried out in the absence of
olefin, they observed the formation of the same product. A tentative mechan-
ism for the formation of (100) is depicted in Scheme 79. First, chloramine-T
oxidizes the oxime to a nitrile oxide. Addition of another molecule of
chloramine-T to the nitrile oxide results in the formation of a nitroso com-
pound which is stabilized by the presence of the chloro substituent at the
ortho position. In the absence of a stabilizing group at the ortho position,
one more molecule of chloramine-T adds to the nitroso group to generate
the intermediate (101), which undergoes an intramolecular rearrangement
producing intermediate (102) bearing the oxaziridine ring system. Now the
amide anion attacks the benzene ring to form chlorodiazo compound (103)
with loss of SO,. Finally loss of nitrogen and chloride ion transforms the
intermediate (103) into the final N-(4-tolyl)benzamide (100).
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Abstract The applications of pyrylium and pyridinium betaines in the synthesis of hete-
rocyclic systems are reviewed. The cycloadditions of pyrylium and pyridinium betaines
offers an easy access to novel heterocyclic molecules with a nitrogen or oxygen bridge.
These cycloadducts can be synthetically manipulated easily towards a number of inter-
esting molecular structures with potential applications. It is to be noted that only the
progress in this area made in the last 10 years is emphasized.

Keywords Dipolar cycloadditions - Heterocycles - Tropolones

Abbreviations
Ac Acetyl
Bn Benzyl

DBN  Diazabicyclo[4.3.0]non-5-ene

DBU  1,8-Diazabicyclo[5.4.0lundec-7-ene
DMAD Dimethyl acetylenedicarboxylate
DMAP Dimethylaminopyridine

Ms Methane sulfonyl

NBS  N-Bromo succinimide

iPr Isopropyl
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rt Room temperature

Tf Triflyl (trifluoromethane sulfonyl)
TMS  Trimethyl silyl

THF  Tetrahydrofuran

TBAF  Tetra-n-butyl ammonium fluoride
TFA  Trifluoro acetic acid

TBS t-Butyl dimethylsilyl

t Tertiary

TMP  Tetramethyl piperidine

1
Introduction

Fused ring heterocycles and carbocycles are found in structurally complex
natural products possessing diverse biological activities and are valuable in
accessing novel entities for the pharmaceutical industry. The development of
elegant and clear-cut routes toward these fabulous targets has always elicited
widespread interest in organic synthesis. In this perspective, dipolar cycload-
dition reactions, with their synthetic brevity and true efficiency, have come
into focus [1]. The versatility of dipoles and dipolarophiles and the scope of
further transformation of the cycloadducts have made their chemistry an in-
teresting approach, not only for simple fused heterocycles but also for the
synthesis of complex natural products [2, 3].

1,3-Dipolar cycloaddition reactions have received considerable attention
as they offer a convenient route to multifunctional compounds in a highly
regiospecific and stereospecific fashion [4]. The structurally diverse groups
of heterocyclic compounds that have been synthesized by 1,3-dipolar cy-
cloadditions clearly attest their potential value in organic synthesis. Besides
these, there are certain higher-order dipolar cycloadditions that provide ac-
cess to medium-sized heterocyclic ring systems. Among the various higher-
order dipoles available, 3-oxidopyrylium betaines and 3-oxidopyridinium
betaines have attracted considerable interest. 3-Oxidopyrylium betaines and
3-oxidopyridinium betaines offer great synthetic value due to their poten-
tial ability to participate as 1,3-, 1,5- and 1,7-dipoles in cycloaddition reac-
tions [5].

2
Generation of Pyrylium Betaines

Pyranulose acetates, precursors for the corresponding 3-oxidopyrylium be-
taines, were synthesized from furfuryl alcohol by oxidation with N-bromo-
succinimide (NBS) (Achmatowiscz reaction) followed by acetylation. The
3-oxidopyrylium ylides can be generated from pyranulose acetate by means
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Scheme4 Reagents and conditions: a (i) SOCl,, CHCIs, reflux (ii) H,, Pd/C, NaOAc,
MeOH; b MeOTf, CH,Cl,, reflux, 4h

of a base such as triethylamine, diazabicyclo[4.3.0]non-5-ene (DBN) or DBU,
or thermally in acetonitrile in a sealed tube at 150 °C (Scheme 1) [6, 7].

The sulfur analog of 3-oxidopyrylium ylide, namely 3-oxidothiopyrylium
perchlorate 7, is prepared from allylthioglycoloyl chloride as is shown in
Scheme 2 [8].

4-Oxido-2-benzopyrylium betaine is conveniently prepared from the cor-
responding benzoannelated pyranoside 10 (Scheme 3) [8].

4-Methoxy-6-methyl-3-oxidopyrylium betaines (e.g., 15) are readily gener-
ated from kojic acid 13 and an example is shown in Scheme 4 [9].

3
Cycloaddition Reactions of 3-Oxidopyrylium Betaines

3.1
With 2t Components - Intermolecular Mode

Cycloaddition reactions based on 3-oxidopyrylium betaines with alkenes
have emerged as an efficient method of constructing seven-membered ring
units. The pioneering works in the area were attributed to Hendrickson, for
initiating the cycloaddition chemistry of pyrylium betaines [6,7]. A num-
ber of electrophilic alkenes have been found to undergo [3 + 2] cycloaddition
with pyrylium betaines producing oxabicyclo [3.2.1] systems, thus present-
ing a novel route towards seven-membered carbocycles (Scheme 5). The
3-oxidopyrylium betaine can be considered as a 47w-electron 1,3-dipole across
the 2,6-positions, a 6m-electron 1,5-dipole across the 2,4-positions, and as an
8m-electron 1,7-dipole across O and C-2 or O and C-4. Additions of 2m ad-
dends are thermally allowed across the 2,6-positions and across the C-4, O
and C-2, O termini. However, the preferred regioisomers with unsymmetrical
alkenes have the 2,2-6,1’ structure.

In an interesting extension of the above cycloaddition, Sammes and co-
workers have shown that pyrylium betaines undergo cycloaddition with both
electron-rich and electron-deficient alkenes (Scheme 6) [10]. The resultant
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compounds have been shown to be excellent intermediates for the synthesis
of potent herbicides and plant growth regulators.

Tropolone natural products are attractive targets in organic synthe-
sis due to the unique structure and properties of the seven-membered
tropolone ring. In this context, Baldwin and coworkers have developed
an expedient synthesis of a substituted tropolone (i.e., 23) which involves
a 3-oxidopyrylium [5 + 2] cycloaddition with acrylonitrile as the key step
(Scheme 7) [11].

A novel tropolone ortho-quinone methide precursor 27 for the deoxy ana-
log of the natural product epolone B was synthesized through an oxidopy-
rylium betaine cycloaddition strategy and is shown in Scheme 8 [12].

One of the most synthetically useful aspects of concerted cycloaddition
is the possibility of controlling the stereochemistry at a range of centers
in the resulting cycloadducts. Utilizing this aspect, C.W.G. Fishwick et al.
have reported a simple and efficient access to stereodefined tetrahydrofurans
through reduction followed by ozonolytic cleavage of the [3 + 2] cycloadducts
of 3-oxidopyrylium betaine to various olefins. An illustrative example is
shown in Scheme 9 [13].

Heathcock and coworkers have developed a method for the synthesis of
the 2,7-dioxatricyclo[4.2.1.0]nonane ring system characteristic of the marine
diterpene dictyoxetane 35 [14] The method utilizes dipolar cycloaddition of
a 3-oxidopyrylium betaine to an olefin to create the carbon skeleton. The
developed route was easily adapted to incorporate additional functionality,
making it useful in a total synthesis of dictyoxetane (Scheme 10) [14].
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Scheme 8 Reagents and conditions: a toluene, 120 °C, 54%; b humulene, p-xylene, 150 °C

V.K. Aggarwal and coworkers have reported a diastereoselective 1,3-
dipolar cycloaddition reaction of 3-oxidopyrylium betaine with a C2-
symmetric vinyl sulfoxide, trans-2-methylene-1,3-dithiolane 1,3-dioxide
(Scheme 11) [15].

G.K. Trivedi and coworkers reported synthetic studies towards the diter-
pene natural product, FCRR toxin 43. The strategy utilizes an intermolecular
[3 + 2] oxidopyrylium-indene cycloaddition and the reaction proceeded with
very high regio- and stereoselectivity (Scheme 12) [16].
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Snider and team mates have utilized the oxidopyrylium betaine [5 + 2]
cycloaddition strategy towards the synthesis of cartorimine [17] and descu-
rainin, utilizing the [3 + 2] cycloaddition reaction of oxidopyrylium betaine
with a variety of styrenes. Heating the betaine precursor pyranulose 44 with
styrenes 45 and 48 in presence of a base afforded the [3 + 2] adducts 46 and
47, respectively, which were hydrolyzed to the natural products cartorimine
and descurainin (Scheme 13) [17, 18].

Wender et al. reported the preparation of 4-methoxy-3-oxidopyrylium
ylide 52 from 3-hydroxy-4-pyrones and its unprecedented use as a 5-carbon
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Scheme 12 Reagents and conditions: a Et3N, CH,Cl,, 0°C; b (i) Hz, Pd/C (10%) EtOH,
98% (ii) vinylmagnesium bromide (1 M in THF), -20 °C, 86%

dipole or 3-atom heterodipole reagent in [5 + 2] or [3 + 2] cycloadditions with
various dipolarophiles; one such example is given in Scheme 14 [19].

The stereoselectivity of [3 + 2] cycloaddition of 2-substituted-3-oxidopyr-
ylium betaines with dialkyl fumarates was found to depend on the bulkiness
of the 2-substituent of 3-oxidopyrylium betaine and on the alkoxy group of
the fumarate (Scheme 15) [20].

Lee and coworkers reported the cycloaddition reaction of 3-oxidopyrylium
betaines with electron-rich allenes (Scheme 16). In this case, the cycloaddi-
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Scheme 15 Reagents and conditions: a Et3N, rt

tion took place preferentially at the terminal position of the allene, regardless
of the substitution pattern. However, electron-deficient allenes are found to
be unreactive and electron-rich allenes were slightly more reactive compared
to neutral allenes [21].
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The reactions discussed above clearly indicate that 3-oxidopyrylium be-
taines are well known precursors for the synthesis of seven-membered rings.
Their use in the synthesis of other medium-sized carbocycles has not been
extensively studied. However, there are a few isolated reports on the forma-
tion of eight-membered rings via pyrylium betaine-mediated cycloadditions.

Mascarenas and his team have disclosed a [5C+2C] oxidopyrylium-
cyclopropenone acetal cycloaddition and a subsequent ring opening of the
cyclopropane unit of the resulting adduct, leading to highly substituted 1,5-
oxabridged cyclooctenes (see 61), compounds of potential synthetic value
that are not easily accessible through available procedures (Scheme 17) [22].

= ° o
T XK=
AcO o) o
3a 59

AcO /
b
OAc
o
61  OAc

Scheme 17 Reagents and conditions: a Et;N, CH,Cl,; b (i) NaBHy (ii) Ac,0, TMSOTf

3.2
27 Intramolecular Mode

An asymmetric version of oxidopyrylium-alkene cycloaddition, leading to
the enantiopure synthesis of oxabicyclo[5.4.0Jundecanes was reported by
G.K. Trivedi and coworkers. Optically active unsaturated aldehydes, deriv-
able from the appropriate sugar derivatives, on reaction with 2-lithio furan
provides useful 2-furyl carbinol intermediates. Conversion of the carbinol to
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pyranulose acetate, followed by treatment with a base afforded oxabicyclo

[5.4.0]undecanes 66 in good yield. An example is shown in Scheme 18 [23].
J.L. Mascarenas et al. reported that the cycloaddition between 3-siloxy-

4-pyrones and alkenes proceeded with complete regio- and stereoselectivity

Scheme 18 Reagents and conditions: a n-BuLi, THE -78°C; b (i) VO(acac);, t-BuOOH
(ii) Acy0, pyridine, 88%; ¢ CH3CN, reflux, Et3N, 65%

o o}
° o ores Hsji ‘ ‘ oTBS
a
e [T —=
OH 43 e s\/\sg

72 71 - 70 -

Scheme 19 Reagents and conditions: a SOCl,, TBSCl; b Et3N; ¢ 145 °C; d Raney Ni
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when sulfur or silicon tethers were used to connect the alkenes and pyrones
(Scheme 19) [24].

Investigations from the same group also showed that 3-(silyloxy)-8-
oxabicyclo[3.2.1]oct-3-en-2-ones (e.g., 71), which are easily assembled by the
thermal [5 + 2] cycloaddition between B-(silyloxy)-y-pyrones and tethered
alkenes can be readily transformed into stereochemically rich 2,5-cis-di-
substituted tetrahydrofurans. The strategy utilizes a two-step process involv-
ing a stereoselective addition-alkylation sequence followed by oxidative C - C
bond cleavage (Scheme 20) [25].

b
[of
\\H
MeO,C——
O._.."COMe
Me
Me 74

Scheme 20 Reagents and conditions: a heat; b (i) MeLi; (ii) H* or Mel, 87%; c (i) Raney
Ni (ii) TBAF, Pb(OAc)4, MeOH, 78%

The daphnane diterpenes represent a family of structurally complex
oxabridged natural products that collectively exhibit diverse biological ac-
tivities including neurotrophic, antileukemic, antitumor and insecticidal
activity [26]. Wender and coworkers reported a general route to the BC
ring system of 12-hydroxy daphnetoxins (e.g., 77) through an intramolecular
[5 + 2] cycloaddition of oxidopyrylium betaines. Here the precursor 76 was
prepared from D-ribose 75 and the key cycloaddition was effected by treating
76 with DBU in acetonitrile at 80 °C (Scheme 21) [27].

o}
0 OH = OTBS a o
Ho/\<'3/ ~0
S TBSO ) )
HO OH AcO / ><
W '«,,O

D-ribose

75 76 ‘ ‘

Scheme 21 Reagents and conditions: a CH3CN, DBU, 84%
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An efficient synthetic route to the ABC tricyclic core of 1a-alkyldaphnanes
81 has been developed by Wender and coworkers utilizing the intramolecular
oxidopyrylium cycloaddition strategy (Scheme 22) [28].

Scheme 22 Reagents and conditions: a MeOTf, CDCl; (1 M); b CsF, DMF, CH,Cl,, 89%

Lee and coworkers have showed that the intramolecular 3-oxidopyrylium
betaine-allene cycloaddition proceeded more efficiently than the intermole-
cular reaction. An example is illustrated in Scheme 23 [21].

0]
BnQ OTBS
a
O _—
OBn
AcO

TBSO ©

82 83

Scheme 23 Reagents and conditions: a DBU, CH,Cl,, 81%

D.R. Williams and coworkers have utilized the [3 + 2] intramolecular cy-
cloaddition of a 3-oxidopyrylium ylide toward the synthesis of secodolas-
tanes, and the key step of the reaction is shown in Scheme 24 [29].

D.M. Hodgson et al. have reported a catalytic enantioselective tandem
oxidopyrylium formation-intramolecular 1,3-dipolar cycloaddition reac-
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Scheme 24 Reagents and conditions: a (i) AcCl, pyridine, 0°C, CH,Cl, (ii) DBU, 22 °C,
85%

tion of phthalic anhydride-derived unsaturated diazocarbonyl compounds
(Scheme 25) [30].

. m O ]
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Scheme 25 Reagents and conditions: a Rh;(OAc)4, CH,Cly, 78%

33
With 45t Components

As in the case of analogous 3-oxidopyridinium betaines, 47 electron systems
such as dienes add across the 2,4-positions of the 3-oxidopyrylium betaine.
For example, 3-oxidopyrylium betaine reacts with 2,3-dimethylbutadiene to
yield the principal product 90, which is formed by the addition of diene
across the 2,4-position of the ylide along with a small quantity of the 2,6-
adduct 91 (Scheme 26) [31].

O,
/(\//( : _ [’/
- |
NS
AcO (0) (0)

3a 4a

90 (49%) 91 (8%)

Scheme 26 Reagents and conditions: Et;N, CH,Cl,, rt

In the presence of isoprene, 3-oxidopyrylium betaine produced a mixture
of regioisomers by the addition across the 2,4- and 2,6-positions (Scheme 27).
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Scheme 27 Reagents and conditions: Et;N, CH,Cl, rt, 16 h, 62% (total yield)

With cyclopentadiene, cycloaddition across the enone moiety of the
pyrylium betaine precursor occurred faster than the formation of the ylide
and afforded the product 97 in 75% yield (Scheme 28) [31].
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Scheme 28 Reagents and conditions: EtsN, CH,Cly, rt, 75%

34
With 6t Components

K.V. Radhakrishnan et al. have recently reported a facile [6 + 3] cycloaddition
of 3-oxidopyrylium betaines with pentafulvenes. This is the first report on the
cycloaddition reaction of 3-oxidopyrylium betaine with a 67 component. The
reaction of 3-oxidopyrylium betaine generated from pyranulose acetate with
6,6-diphenyl fulvene 1 proceeded through a [6 + 3] cycloaddition mode and
afforded the adduct 99, which then rearranged to the more stable adduct 100
through a 1,5 H-shift (Scheme 29) [32, 33].
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Scheme 29 Reagents and conditions: a Et3N; b CHCl3, 50 °C, 6 h, 70%

The reaction was found to be general for a number of pentafulvenes having
alkyl, aryl or cyclic substituents at the exocyclic position.

K.V. Radhakrishnan et al. have developed an efficient methodology for
the synthesis of novel and versatile 7-5-8 fused oxabridged tricyclic systems
through the consecutive dipolar cycloaddition reaction between 3-oxido-
pyrylium betaine and pentafulvenes. The reaction of 3-oxidopyrylium be-
taine with the 5-8 fused oxabridged cyclooctanoid 101, formed from an initial
[6 + 3] cycloaddition, proceeded smoothly, affording a separable mixture of
7-5-8 fused oxabridged tricyclic systems 102 and 103 in 81% yield. The reac-
tion is illustrated in Scheme 30 [34].

o]
L ]
3a Me
“ Me/l”",

AcO O

102 (54%) 0 103 (27%) 0

Scheme 30 Reagents and conditions: a Et;N, CHCl;3, 50 °C, 6 h, 81%

The work from the above group also uncovered a novel synthesis
of 5-8-5 fused tricyclic molecules through the 3-oxidopyrylium betaine-
pentafulvene cycloaddition strategy. The dipolar cycloaddition reaction of the
azomethine ylide generated from N-methoxymethyl-N-trimethylsilylbenzyl-
amine 105 in the presence of trifluoroacetic acid, with the [6 + 3] adduct of
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3-oxidopyrylium betaine and pentafulvene, proceeded via a [3 + 2] mode and
afforded the 5-8-5 fused system 106 in 74% yield (Scheme 31) [35].

OMe
N—-Bn

SiMe3

Scheme 31 Reagents and conditions: a Et;N, CHCl3, 50 °C; b TFA, CH,Cl,, RT, 3 h, 74%

K.V. Radhakrishnan et al. have unraveled a novel and versatile method
towards the synthesis of eleven-membered carbocycles through a three-step
reaction sequence from 3-oxidopyrylium betaines and pentafulvenes. The
[6 + 3] adduct 107 of pentafulvenes with 3-oxidopyrylium betaine on selec-
tive reduction, followed by ruthenium catalyzed oxidative cleavage, afforded
a novel eleven-membered carbocyclic triketone with a bridging ether linkage
(Scheme 32) [36].

Scheme32 Reagents and conditions: a EtsN, CHCl3, 50°C; b H,, Pd/C, EtOAc;
Cc RuCl3-3H20, NaIO4, 74%

4
Applications to Natural Product Synthesis

3-Oxidopyrylium betaine-alkene [5 + 2] cycloaddition provides an interest-
ing and potentially versatile entry into highly functionalized oxabicycles from
simple precursors [37]. The synthetic relevance of this reaction, and in par-
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ticular that of its intramolecular version, are demonstrated by its utility in the
synthesis of oxabridged cycloheptanoid fragments of complex natural prod-
ucts [38].

Phorbol is a tigliane diterpene and derivatives possessing the phor-
bol skeleton hold promise as chemotherapeutic leads due to their antitu-
mor and anti-HIV activity [39]. Wender and coworkers have synthesized
a highly flexible precursor 111 of phorbol 112 through an intramolecular
pyrylium betaine-mediated cycloaddition and the reaction is depicted in
Scheme 33 [40].

O
OAc
OTBS

110

TBSO
Scheme 33 Reagents and conditions: a DBU, CH3CN

A stereoselective synthesis of the core portion of the diterpene antibiotic
guana-castepene 115 was reported by Magnus and coworkers. The highly
functionalized 5-8 fused oxabridged framework 114 was generated through
an efficient intramolecular cycloaddition of the precursor 113 under reflux
conditions in benzene (Scheme 34) [41].

AcO

113

115
Guanacastepene

Scheme 34 Reagents and conditions: a benzene, reflux, 80%

Using a similar protocol, Magnus and coworkers have reported a stereo-
selective synthesis of a cyathin diterpene, which has an unusual 5,6,7-ring
fused skeleton. Here the pyrylium ylide precursor 118 was synthesized from
diethyl adipate and the cyclization was effected by treating with trifluo-
roacetic acid. The reaction is illustrated in Scheme 35 [42].
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Diethyl adipate _— o)
116 0 ‘ /
117 118 OH

HO

119 0

Scheme 35 Reagents and conditions: a (i) Oy/hv, rose bengal (ii) Me,S; b CF3;CO,H,
CH,Cly, 25°C, 62%

Naoki Ohmori has utilized the intermolecular oxidopyrylium-alkene cy-
cloaddition as one of the key steps in the synthesis of a highly functionalized
core structure of phomoidride B (Scheme 36) [43].

CO,Me
L o] o}
o OTBS 0TBS
= MeO,C 54
.
OTBS a
AcO 0 .
3b CO,Me : CO,Me
MeO,C 121 MeO,C 122

13:1

Phomoidride B
123

Scheme 36 Reagents and conditions: a Et3N, acetonitrile, reflux, 77%

4.1
Dimerizations of Pyrylium Betaines

Hendrickson and coworkers have observed the formation of a 3-oxidopyr-
ylium betaine dimer via a [5 + 3] cycloaddition (Scheme 37) [9]. The dimer
was found to be an eight-membered carbocycle endowed with diverse func-
tionalities around the ring.
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Scheme 37 Reagents and conditions: a Et;N, rt

G.K. Trivedi and coworkers have utilized the self-dimerization of 3-oxido-
pyrylium betaines in the stereocontrolled synthesis of highly functionalized
cyclooctanoids (Scheme 38) [44].

© OH
e e By
(0)
g % "

NS
© HO 125
L 4a _
OBn
O
PhgP=CH,

O\/ ‘
BnO"" OBn BnO"" OBn BnO/
HO 128 HO 127 126

Scheme 38 Reagents and conditions: a (i) H, — Pd/C, toluene, 90% (ii) NaBH4, MeOH,
10 °C, 68%; b NaH, BnBr, BuyNI, THF, 77%; ¢ Dowex 50W-X4, LiBr, H,O, CH3CN, 88%;
d n-Buli, THF

5
Cycloadditions of Pyridinium Betaines

1,3-Dipolar cycloadditions involving oxidopyridinium betaines have proven
to be valuable in organic synthesis. The leading contributions from Ka-
tritzky and team-mates have greatly contributed to pyridinium betaine chem-
istry [45]. They have extensively utilized this cycloaddition strategy for the
synthesis of core fragments of tropone alkaloids and related natural products.
In addition, dimerizations of suitably substituted pyridinium betaines of-
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fered a facile entry into complex heterocyclic frameworks [46]. The 3-oxido-
pyridiniums are generated from corresponding 3-hydroxypyridinium salts
using bases like NaOH, Amberlite IRA-401 (OH") resin, or triethylamine
(Scheme 39).

OH OH X
NS N N
129 | X

124 R

Scheme 39 Reagents and conditions: a Et;N or NaOH

V.K. Aggarwal and coworkers have reported a highly diastereoselective
1,3-dipolar cycloaddition reaction of 3-oxidopyridinium betaines with a C2-
symmetric vinyl sulfoxide, trans-2-methylene-1,3-dithiolane 1,3-dioxide.
High yields coupled with complete diastereoselectivities have been achieved
with simple 3-oxidopyrydinium betaines. The regio- as well as diastereo-
selectivities in these reactions can be improved by using 2-substituted
3-oxidopyridinium betaines (Scheme 40) [15].

R =, Me, Bn, allyl, PMB, R'=H, ratio 2.3:1
R =Bn, R'= Me, ratio 8:1

Scheme 40 Reagents and conditions: a Et3N, CH,Cl, rt, 18 h

A.P. Kozikowski et al. have reported an intramolecular dipolar cycloaddi-
tion of 3-oxidopyridinium betaine as one of the key steps towards the synthe-
sis of tricyclic cocaine analogs. The reaction is illustrated in Scheme 41 [47].

J.J. Kulagowski et al. have reported asymmetric 1,3-dipolar cycloaddi-
tions of homochiral pyridinium betaines towards the synthesis of 8-aza-
bicyclo[3.2.1]oct-3-en-2-ones. The homochiral betaine 138 was prepared
from ketone 137 and its cycloaddition with ¢-butyl acrylate was performed
in toluene at 95 °C to give, in 70% overall yield, cycloadducts 140-143 with
complete regioselectivity (Scheme 42) [48].

Sarains are structurally unusual alkaloids found in marine sponges and
were reported to exhibit antitumor, antibacterial, and insecticidal activ-
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Scheme 41 Reagents and conditions: a Amberlite IRA-400 (OH), MeOH, 98%; b xylene,
reflux, 36%
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Scheme 42 Reagents and conditions: a (i) (S)-a-methylbenzylamine, Ti(O — iPr)4, 80 °C then
NaBHy, MeOH, rt (95%) (ii) Brz, THF/H,0, 0 °C, rt (52%); b toluene, 95 °C, 4 days, 70%

ity [49]. J.K. Cha and coworkers have developed a new approach to a suitably
functionalized tricyclic core of sarains by means of 1,3-dipolar cycloaddition
using 3-oxidopyridinium betaines. The ideal starting material for the sarain
precursor 145 was prepared by the dipolar cycloaddition of the pyridinium
salt 144 with cyclopentadiene (Scheme 43) [50].

J.L. Mascarenas and coworkers reported a novel approach for the gener-
ation of 3-oxidopyridinium betaines. 3-Hydroxy-4-pyridones, which are eas-
ily prepared from commercially available 3-hydroxy-4-pyrones, can be read-
ily transformed into 4-methoxy-3-oxidopyridinium ylides by treatment with
methyltrifluoromethane sulfonate and subsequent deprotonation with a non-
nucleophilic base. These ylides undergo cycloaddition to several electron-
deficient alkenes and afford highly functionalized azabicyclo[3.2.1]octane
moieties, e.g., 153 (Scheme 44) [51].

M.E. Jung has utilized a highly regioselective 1,3-dipolar cycloaddition of
acrylonitrile to N-benzyl-3-hydroxypyridinium bromide 154 as the key step
towards the total synthesis of the natural product Bao Gong Teng A. The re-
action is illustrated in Scheme 45 [52].
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Scheme 44 Reagents and conditions: a (i) MeNH, (ii) hydrogenation, 78%; b MeOTf; c
2,2,6,6-tetramethylpiperidine (TMP), CH3CN, reflux, 6 h, 72%

D.Y. Gin and coworkers have reported the generation and dipolar cy-
cloaddition of an analogous 3-oxidopyridinium ylide, oxidoisoquinolinium
betaine as the key synthetic steps toward the hetisine alkaloid nominine [53].
When a solution of betaine 159, prepared from 158, in THF was heated in
a sealed tube at 180 °C, intramolecular cycloaddition to 161 occurred with
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Scheme 45 Reagents and conditions: a Et3N, heat

97% conversion and provided a separable mixture of isomers. This arises
due to the differential facial approach of the dipole-dipolarophile partners
(Scheme 46) [54].

OMe
OMe
\ QA a
OMe 158
Me
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Scheme 46 Reagents and conditions: a TFA in CH,Cly, 0 °C, 93%; b THE, 180 °C

A novel strategy for the synthesis of the isoschizozygane alkaloid core
166, based on a 1,4-dipolar cycloaddition reaction of a cross-conjugated
betaine 164 was reported by A. Padwa and et al. Here the betaine was gen-
erated by the reaction of the thiolactam with carbon suboxide at 25°C
and its cycloaddition was effected by heating up to 120°C in toluene
(Scheme 47) [55].
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Scheme 47 Reagents and conditions: a 25 °C; b heat, toluene, 66%

5.1
Dimerizations of Pyridinium Betaines

Unsymmetrical dimers are generally formed spontaneously from 3-oxidopyr-
idiniums when the N-substituent is a strongly electron-withdrawing group.

OH
N N ‘
‘ t ‘ T Spontaneous @
N a

PR ~ SN N
= ‘N =
NN NN
167 NO2 168 NO2

Scheme 48 Reagents and conditions: a Et;N
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A
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The dimers are thermally labile and are convenient sources of monomer for
further reactions (Scheme 48) [46].

Symmetrical dimmers are formed photochemically from 3-oxidopyr-
idiniums when irradiated above 3500 A? (Scheme 49).

OoN
\
o N
B
+_ = a
N
= N
NS
NO,
168 170

NO,

Scheme 49 Reagents and conditions: a hv

6
Conclusions

3-Oxidopyrylium betaine-alkene cycloaddition is a simple, well-established
method for the rapid assembly of highly functionalized oxabicyclo[3.2.1]oc-
tanes from readily available precursors. The oxygen bridge across the seven-
membered carbocyclic ring of the adducts imparts conformational rigidity
on these otherwise flexible systems. As a consequence, the stereochemistry of
further chemical transformations can be controlled. Since the oxygen bridge
can be removed easily, the stereoselective synthesis of substituted and bi-
ologically important cycloheptanes such as tropones is possible. The rapid
generation of molecular complexity in a relatively easy manner has made this
approach a highly useful tool in the synthesis of seven-membered rings con-
taining complex natural products. The 1,3-dipolar cycloaddition reactions of
3-oxidopyridnium betaines and olefins have been well studied and utilized
for the synthesis of many 8-azabicyclo[3.2.1]octane skeletons, which are the
common structural units of biologically active tropane alkaloids.
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Abstract Cycloaddition reactions have found many important synthetic applications in
the preparation of biologically important classes of heterocycles. Cycloaddition reactions

lead to the formation of new o-bonds via a cyclic
ucts with desired ring size and stereoselectivities.

transition state resulting in cyclic prod-
This review collects the synthesis of the

most important heterocyclic compounds via cycloadditions under indium catalysis. This
review also discusses the mechanistic and stereochemical aspects of these cycloadditions.

Keywords Cycloaddition reactions - Heterocycles

Abbreviations

AgOTf Silver trifluoromethanesulfonate
AICl3 Aluminum(III) chloride

AZT Azidothymidine

BiCl3 Bismuth(III) chloride

Bi(OTf); Bismuth(III) chloride
BF3-OEt, Boron trifluoride diethyl etherate

- Indium catalysis

BVDU Bromovinyldeoxyuridine

CeCl3-7H,0  Cerium(III) chloride heptahydrate
Ce(OTf)3 Cerium trifluoromethanesulfonate

CH,Cl, Dichloromethane

CH,CICH,Cl 1,2-Dichloroethane

CH3CN Acetonitrile

Cu(OTf), Copper(II) trifluoromethanesulfonate
DDC Dideoxycytidine

DDI Dideoxyinosine

DNA Deoxyribonucleic acid

DQFCOSY  Double quantum filtered correlation spectroscopy
Et,AlCI Diethylaluminum chloride

EDA Ethyl diazoacetate

Et;N Triethyl amine

Gd(OTf)3 Gadolinium(III) trifluoromethanesulfonate
Hz Hertz

HOMO Highest occupied molecular orbital

Ho(OTf)3 Holmium(III) trifluoromethanesulfonate
HMBC Heteronuclear multiple bond correlation
HSQC Heteronuclear single quantum correlation
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HCl Hydrochloric acid

H, Hydrogen gas

H,0 Water

IMDA Intramolecular Diels-Alder reaction
IMIDA Intramolecular imino-Diels-Alder reaction
InBr3 Indium(III) bromide

In(O’Bu);  Indium(III) tert-butoxide

InCl; Indium(III) chloride

InF3 Indium(III) fluoride

Inl; Indium(III) iodide

In(OTf)3 Indium(III) trifluoromethanesulfonate
LDA Lithjum diisopropylamide

LUMO Lowest unoccupied molecular orbital
MeOH Methanol

MgBr; Magnesium(II) bromide

MgSO4 Magnesium(II) sulphate

MS Molecular sieves

MW Microwave

NMR Nuclear magnetic resonance

nOe Nuclear Overhauser effect

NOESY Nuclear Overhauser effect spectroscopy
PANI-In Polyaniline supported indium(III) trichloride
Pd/C Palladium on carbon

‘PrOH Iso-propanol

RNA Ribonucleic acid

rt Room temperature

Sc(0Tf);3 Scandium(III) trifluoromethanesulfonate
Sm(OTf)3 Samarium(III) trifluoromethanesulfonate
SnCly Tin(IV) chloride

TiCly Titanium(IV) chloride

TMSN3 Trimethylsilyl azide

TMSOT{ Trimethylsilyl trifluoromethanesulfonate
YbCl; Ytterbium(III) chloride

Yb(OTf)3 Ytterbium(III) trifluoromethanesulfonate
YCl3 Yttrium(III) chloride

ZnBr; Zinc(II) bromide

ZnCl, Zinc(II) chloride

Znl, Zinc(II) iodide

Zn(OTf), Zinc(I1) trifluoromethanesulfonate
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Cycloaddition reactions are among the most important and useful processes
in organic chemistry as they enable the construction of complex polycyclic
compounds, often with a high degree of regio- and stereocontrol [1]. In gen-
eral cycloaddition reactions are the essence of organic synthesis for carbon-
carbon and carbon-heteroatom bond formation, which also provide the
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foundation for generating more complicated organic compounds from sim-
pler ones. According to nomenclature, organic cycloaddition reactions are
differentiated as electronic and topological in nature [2]. Electronic notation
represents the number of w-electrons of two fragments involved in a reac-
tion, usually represented as [wm + mn] and topological notation represents
the number of atoms of two fragments involved in addition and usually rep-
resented as [m + n] (Table 1).

But for the convenience, notation by topology is mainly preferred for two
reasons. Firstly, there are no mechanistic implications, i.e., whether it is a con-
certed or stepwise reaction, and secondly, it is also readily applicable to the
so-called cheleotropic and multi-component cycloadditions [3, 4]. The mech-
anism for these cycloadditions follows either a concerted or stepwise pathway.
The first is most commonly used in the traditional concerted reactions such
as the Diels—Alder reaction and the 1,3-dipolar cycloaddition, which are elec-
tronically equivalent.

A majority of the compounds produced by nature have heterocyclic rings
as part of their structures and are found as key components in biological
systems. These heterocycles are the basis of many essential pharmaceuticals,
and of many physiologically active natural products. These aspects forced
many synthetic chemists to enter the field and to develop new synthetic
methodologies for the construction of heterocyclic compounds with con-
trol of relative and absolute configuration. Among a variety of new synthetic
methods, metal-catalyzed cycloaddition reactions are an important tool for
the generation of heterocyclic compounds, since these can directly construct
complicated molecules from readily accessible starting materials under mild
conditions with desired ring size and stereoselectivities.

Table 1 Characterization of cycloaddition reactions by electronic and topological indica-
tors

Types of characterization Cycloadduct

Electronic Topological

(Woodward- (Huigen)

Hoffmann)
Diels-Alder  [rr4+72] [442] ~ | —
reaction X
1,3-Dipol 4 :
,3-Dipolar  [m4+72] [3+2] B + || —_—
addition ()
Chelotropic - [m+1] ” L X(YZ) I>X(YZ)

reaction m=2,4,6, ...
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Lewis acids are often employed in the reactions. Indium and its salts have
advantages when compared to their aluminum and boron counterparts which
are often employed in these reactions in more than stoichiometric amounts.
Moreover, these traditional Lewis acids are moisture sensitive and easily de-
composed or deactivated in the presence of even a small amount of water,
hence cannot be recovered and reused. Furthermore, the residues of these
Lewis acids after the reaction may induce some serious environmental prob-
lems. In contrast, indium salts are stable in water and are reusable. Among
the indium salts InCls, InBrs3, In(OTf); are widely used in organic synthesis
for various functional group transformations [5-14]. Indium salts also cat-
alyze the synthesis of different heterocycles via cyclocondensation reactions
and cyclizations [15-23]. This review only highlights recent developments in
the application of indium and its salts as catalysts in the synthesis of hetero-
cyclic compounds by cycloaddition reactions. These indium catalysts provide
new opportunities for highly selective cycloaddition reactions, since com-
plexation of the indium to the diene, or dienophile significantly modifies the
reactivity of the moiety, opening the way for improved reactivity and novel
chemistry.

The applications of cycloadditions in organic synthesis have been the
subject of several review articles [24-28] where the fundamentals of these
reactions have been described.

2
Three-Membered Rings

2.1
Aziridine-2-carboxylates

The aziridine ring is a versatile building block for organic synthesis, which
provides a convenient entry to the stereoselective preparation of many biolog-
ically active functionalized amino compounds such as amino acids, S-lactam
antibiotics, and alkaloids [29-31]. N-Arylidene anilines 1 reacted with ethyl
a-diazoacetate (EDA) 2 in the presence of 2 mol% of InCl3 in CH,Cl, at

_Ph Ph
N InCl, (2 mol %) N
J + NCHCOEt —2— 75 AN
Ar CH,Cl,rt, 1-3 h Ar CO,Et
1 2 3a: Ar = Ph (50%, cis only)
3b: = p-Cl-Ph (48 % cis only)
3c: = p-Me-Ph (45% cis only)

3d: = p-NO,-Ph (65% cis/trans 80/20)

Scheme 1 Synthesis of cis-aziridine carboxylates
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room temperature for 1-3h and produced the corresponding cis-aziridine
carboxylates 3a-d together with the corresponding enamine by-products
(Scheme 1).

All the aziridines produced were either exclusively as the cis isomer 3a-
c or with a high cis/trans ratio 3d [32]. Figure 1 illustrates the mechanism
consistent with the above results. Activation of the imine by complexation
with the Lewis acid followed by nucleophilic addition of EDA results in for-
mation of intermediate 6 [33,34]. Subsequent ring closure and loss of N,
provides aziridines 3. By-products 4 and 5 result from the 1,2-migration of
either the aryl or H-substituent to the incipient carbocation to yield initially
4’ and 5'. For aromatic imines, the ratio of aziridines to migration products
is strongly dependent on the nature of the aryl ring. Thus imines derived
from electron-deficient or weakly electron-rich aldehydes gave the best re-
sults in keeping with the usual migratory aptitudes for these substituted aryl
groups, whereas those derived from strongly electron-rich aldehydes, e.g.,

AN+ N,CHCO,Et
1 2
Lewis Acid
Phy LA

ArA\KCOZEt

H +
N,

Aryl migratio 6 \
’ H migration

Ph
NPh,  Ar N
NPh A
H CO,Et >—\ Ar CO,Et
5 Ar CO,Et 3

t C

PhNH Ar PhNH:
H COzEt Ar CO2Et
5 4

Fig.1 Mechanism for the formation of cis-aziridine carboxylates
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p-anisaldehyde, gave complex product mixtures having large amounts of the
enamine side products 4 and 5. In another limitation, aldimines prepared
from electron-rich anilines, e.g., p-anisidine, when reacted with 2 in the pres-
ence of 2mol % InCl; led to the darkening of the reaction mixture with no
aziridine formation.

2.2
Aziridine-2-phosphonates

Aziridine-2-phosphonates are useful intermediates in the synthesis of bio-
logically important molecules such as «-aminophosphonates, utilized in
medicine and agriculture as enzyme inhibitors, antibiotics, clonal antibodies,
pesticides and herbicides [35-38].

Diastereomeric aziridine-2-phosphonates 8a-i (cis) and 9a-i (trans) have
been prepared by aziridination of substituted arylimines 1 with diisopropyl
diazomethylphosphonate 7 in the presence of 10% In(OTf)3 at 0 °C favoring
cis isomers in overall good yields (Scheme 2) [39], and the results were sum-
marized in Table 2. Among Zn(OTf),, BF3cdotOEt,, AlCl3, TiCly, Cu(OTf),,
In(OTf); screened for this reaction, In(OTf); showed better results in terms
of yields and stereoselectivity.

R' R! R!
7 I I
N In(OTH), (10 mol % .
I+ NcHpoyier, In(OTD; (10 mol %) gy AN v H N (PO,
R CH,Cl,,0°C R PO;iPr, R H
! 7 8a-i (cis) 9a-i (trans)

Scheme 2 Synthesis of aziridine phosphonates

Table 2 In(OTf);3 catalyzed synthesis of aziridine phosphonates

Entry Aryl imines (1) Product ratio Overall

R R! 8:9 yield %
cis:trans (8+9)

a CgHs CsHs cis only 40

b CeHs 4-OMe-CgH,4 1:1 42

C CeHs 4-CF3-CgHy - 40

d CeHs CHPh, 13:1 83

e 4-Me-CgHy CHPh, 4:1 56

f 4-OAc-CgHy CHPh, 4:1 86

g 4-Cl-CgHy CHPh, 6:1 91

h 4—CF3—C5H4 CHth 2:1 82

i 4-NO,-CgHy CHPh, 2:1 80
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These (N-benzhydryl)-aziridine-2-phosphonates 8 and 9 have been used
for the preparation of [l-amino-2-(4-hydroxy-phenyl)-ethyl]-phosphonic
acid hydrochloride, a phosphonic acid analog of the tyrosine 11 [40-43]. For
example hydrogenolytic cleavage of aziridine 8f was achieved in methanol
under hydrogen flow in the presence of 10% palladium on carbon at room
temperature to afford the corresponding diisopropyl «-aminophosphonate
10 in 80% yield, and subsequent hydrolysis of 10 by treatment with 6 N HC]
at 90 °C afforded [1-amino-2-(4-hydroxy-phenyl)-ethyl]-phosphonic acid hy-
drochloride 11 in 87% yield (Scheme 3).

CHPh,
H N H ) PO, iPr
PO.iPr 3t
0 512 6N HCL, 90 °C b
poipr, Mo 10%P4C /@A’@\JHZ /@A’/\NH_@
- H
MeOH, tt, 1h H 28h
AcO HO
AcO
8f (cis) 10 1

Scheme3 Synthesis [1-amino-2-(4-hydroxy-phenyl)-ethyl]-phosphonic acid hydrochlo-
ride 11

3
Four-Membered Rings

Alkaloids such as sceptrin and nigramide R isolated from terrestrial and
marine species possess a cyclobutane moiety (Fig.2). These compounds
exhibit antimicrobial, antibacterial, anticancer, antinociceptive, antidepres-
sant, antiinflammatory, hepatoprotective, and intestinal permeability proper-
ties [44].

Br.
(0]
1N
BN
Br. H
N
|\
g e}

Nigramide R

(-)-Sceptrin

Fig.2 A few biologically active cyclobutane alkaloids

Owing to the important biological activities of these compounds, the
synthesis of trans-cyclobutane derivatives 14a-c via [2+2] cycloaddition of
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Table 3 InCl; catalyzed synthesis of trans-cyclobutane derivatives

Alkenes (12a-c) Methyl vinyl Time Product Yield
R R! ketone 13 (h) (%)
H OMe 13 5.5 14a 79
OMe OMe 13 4.0 14b 82
OMe OMe 13 3.5 14c 85

methyl vinyl ketone 13 with different electron-rich olefins 12a-c in the pres-
ence of 10 mol % InCl3 in high yields (79-85%) was developed and the results
were summarized in Table 3 (Scheme 4) [45].

HC 0

1

(0]
R NN 10 mol% InCl,
W e
" CH,CL, 1t
3

12a-¢ 1

RI

14a-c

Scheme 4 InCl; catalyzed synthesis of trans-cyclobutane derivatives

4
Five-Membered Rings

4.1
1,3-Dipolar Cycloadditions

The 1,3-dipolar cycloaddition reaction has been extensively utilized for the
synthesis of five-membered heterocyclic rings [46,47]. The greatest advan-
tage of this methodology is the construction of polyatomic heterocyclic
five-membered rings, which are main precursors of biologically important
compounds [48]. The history of 1,3-dipoles goes back to 1883 when Cur-
tius discovered diazoacetic ester [49]. Five years later his younger colleague
Buchner studied the reaction of diazoacetic ester with «,S8-unsaturated es-
ters and described the first 1,3-dipolar cycloaddition reaction [50]. It was
demonstrated for both Diels-Alder and 1,3-dipolar cycloaddition reactions
that a four-electron component reacts with a two-electron component, i.e.,
[74 + m2]. But in the first case the four electrons are distributed among four
atoms of the diene, which gives rise to a six-membered cycloadduct, whereas
in the second case the four electrons are part of a three-atom fragment, the
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1,3-dipole, and a five-membered ring is formed. Different kinds of 1,3-dipoles
are defined as an X-Y-Z structure that undergoes 1,3-dipolar cycloaddition
reactions and is portrayed by a dipolar structure as outlined in Fig. 3 [51-53].
A challenge of 1,3-dipolar additions is control of regio-, diastereo-, and enan-
tioselectivity. The stereochemistry of the 1,3-dipolar cycloaddition reaction
can be controlled either by choosing the appropriate substrates or controlling
the reaction by a metal complex acting as a catalyst [54].

1,3-Diploar cycloadditions

S5
v © R%
X ¢ X )
(A) Allyl anion type
®
® S
/Y /Y\
octet-structure X7 Nz < ’ X Nz
® y © © , ®
sextet-structure X N4 X/ \Z

(B) Propargyl / allenyl anion type

® O © ®

X=Y—727 - X=y=—=—7

(C) Hypervalent representations

X7 X=y=z¢

Fig.3 The basic resonance structures of 1,3-dipoles
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411
Dihydrobenzofurans

Neolignans are a group of secondary metabolites, structurally character-
ized by the presence of two aryl propanoid units [55-57]. One of these
groups possesses the dihydrobenzofuran skeleton with trans stereochem-
istry. Many of these neolignans have been used as potent lead compounds
for the development of antiangiogenic, antileishmanial, antiprotozoal, an-
tirheumatic, antifungal, antitumor, antiviral (including HIV), antiinflamma-
tory and hypolipidemic agents [55]. Kadsurenone, 4-O-methylcedrusin, cono-
carpan, sisymbrifolin, Woorenoside IV, 8-0-4-dehydro-diferulic acid [58-63]
are a few important biologically active 2,3-dihydrobenzofurans containing
natural neolignans (Fig. 4).

HO—
HGQ  oMe B
H Yz OH
MeO TR MeO o
0 0
MeO MeO OH
Kadsurenone 4-O-Methylcedrusin
H,C HO
> =
MeO OMe
Sisymbrifolin
HOOC
X~ COOH
HO I
(0}
MeO OMe MeO OMe

Woorenoside IV
Gle = Beta-D-Glycopyranosyl

8-0-4-Dehydro-diferulic acid

Fig.4 A few biologically important natural neolignans

So far various multi-step syntheses have been developed towards the syn-
thesis of neolignans [56]. Hence, one-pot [3+2] cycloadditions of various
electron-rich olefins (12a-d) with substituted p-quinones (15a-b) catalyzed
by InCl; (10 mol %) have been developed for the synthesis of trans-2,3-
dihydrobenzofuran derivatives (16a-f) at room temperature (Scheme 5) [45].
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H,C
10 mol% InCl, OH
R SR
CH ,CL, 1t 0 R2
Rl
12a-d 15a-b 16a-f

Scheme 5 InCl; catalyzed synthesis of trans-dihydrobenzofurans

The scope and generality of this method is presented in Table 4. High
trans selectivity, mild reaction conditions, simplicity in operation, high yields
(89-94%) and reaction rates, and clean reaction profiles make this method
a useful and attractive process for the synthesis of biologically important
neolignan derivatives incorporating the 2-aryl-2,3-dihydrobenzofuran frame-
work.

Table 4 InCl; catalyzed synthesis of trans-dihydrobenzofurans

Alkenes (12a-d) Quinones Time Product Yield
R R! (15a-b) (h) (16) (%)
R2

H OMe H 2.5 16a 89

OMe OH H 4.0 16b 85

OMe OMe H 3.5 16¢ 92
—-OCH,0- H 3.0 16d 94

H OMe Me 5.0 16e 87

OMe OH Me 5.5 16f 84

4.1.2

Pyrazoles

Pyrazoles are known not only as potent insecticides and herbicides, but also
as antitumor, antiinflammatory, antimicrobial and antipsychotic agents [64-
67]. Pyrazole derivatives 19a-i (major) and 20a-i (minor) have been prepared
for the first time by intermolecular 1,3-dipolar cycloaddition or [3+2] cy-
cloaddition of a-diazocarbonyl compounds 17a-f with alkynes 18a-d bear-
ing a carbonyl group at the neighboring position in the presence of 20 mol %
of InCl; catalyst in water. Alkyl diazoacetates exclusively afforded thermody-
namically more stable pyrazoles 19a-i, whereas aryldiazoacetates afforded as
a mixture of pyrazoles with 19 as the major and 20 as minor products. This
reaction did not yield any products with phenyl acetylene and 1,3-dicarbonyl
diazo compounds; the results are presented in Table 5 (Scheme 6) [68].
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Table 5 InCl; catalyzed synthesis of pyrazoles

Entry R! R? R3 Product ratio  Overall yield (%)
19:20 (19+20)

a Ph OMe OMe 91:9 89

b 4-OCH3-Cg¢Hy OMe OMe 94:6 94

c 4-F-C4H, OMe OMe 89:11 90

d 3-CF3-C¢Hy  OMe OMe 86:14 92

e H OEt OEt 100:0 87

f H OEt Me 100:0 81

g H OEt OMe 100:0 79

h H Me OMe 100:0 43

i CH3CO Me OMe - -
Rl

hE O InClL 0mol %) 2 ROC~_A\,_R'

R™ "COR R®  HO.r \ i . N-N
H ROC

17a-f 18a-d 19a-i (major) 20a-i (minor)

Scheme 6 Synthesis of pyrazoles

The possible mechanism for the formation of the products 19 and 20 has
been tentatively illustrated in Scheme 7. The formation of the minor product
20 proceeds by an initial 1,3-dipolar cycloaddition followed by a subsequent
1,3(5)-carboxylate shift of the initially formed 3,5-dicarboxylate-3-aryl-3H-
pyrazole. The formation of the major product 19 could proceed by three steps:
(1) an initial 1,3-dipolar cycloaddition, (2) a subsequent 1,5-aryl shift of ini-
tially formed 3,5-dicarboxylate-3-aryl-3H-pyrazole to give the intermediate

Ph” CO,Me

17a Q(Y 1,5-arylshift " 1,3-H shift

- . s - .
* ~,
Ny—C0,Me MeO,C CO,Me MeO,C~ 2\, ~CO,Me
- MeO,C _ 2 S ) 2 p) p 2
=—Co,Me N=N N=N NN
H

[ 1,3 (5)-carboxylate shift 19a (major)

MeOZC\(YO

/N*N
MeO,C

20a (minor)

Scheme 7 The possible mechanism for the formation pyrazoles
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4H-pyrazole, and (3) a 1,3-hydrogen shift of the 4H-pyrazole intermediate. The
aryl migration product 19 predominates in all cases, and a small electronic
effect of the substituent on the aryl group was observed. An aryl group with
electron-donating substituents has a higher migratory aptitude, and this trend
suggests that the aryl group was migrating to an electron-deficient carbon. In
this reaction InCl; actually activates the alkynes by coordinating its neigh-
boring carbonyl group and thus lowers the LUMO [69] of the alkyne moiety
(instead of a-diazocarbonyl compounds that traditionally occurred in diazo
chemistry).

41.3
Triazole Derivatives

Recently, 1,2,3-triazolo-heterocyclic compounds, in particular sugar ana-
logues having triazole moiety, have been attracting much attention in medic-
inal chemistry. This is due to the fact that oligosaccharides play important
roles in many cellular functions and some of these classes of compounds
have been reported to possess interesting inhibitory activities against glycosi-
dases. Also the 1,2,3-triazole heterocyclic entity is an interesting moiety in
terms of biological properties such as antibacterial, anti-HIV and antiallergic
agents [70-74].

Various bicyclic 1,2,3-triazolo-heterocyclic compounds have been pre-
pared by tandem azidation and the intramolecular 1,3-dipolar cycloaddition
reaction of w,w-dialkoxy acetylenic compounds having an aliphatic acetal
moiety with TMSN3 in the presence of 1-5mol % of In(OTf)3. Accordingly
reaction of dimethylacetal containing ynones 21a-f with TMSN3 22 in the
presence of 5 mol % In(OTf)s3 in 1,2-dichloromethane at 50 °C in 3-48 h af-
forded the corresponding triazolopyridine derivatives 23a-f in moderate to
good yields (60-93%). Other Lewis acids Sc(OTf)3 and Bi(OTf)3 were equally
effective whereas In(OTf)3 and Yb(OTf); were less effective. In order to show
the efficacy of this reaction, different substitution patterns including ethyl es-
ter, benzoyl, trimethyl silyl and bromodifluoromethyl on the ynone moiety
were studied and the results are summarized in Table 6 (Scheme 8) [75].

Table 6 InCl; catalyzed synthesis of triazoles

Ynones R Temperature (°C) Time (h) Product Yield (%)
2la COPh 50 3 23a 75
21b CO(CH,),Ph 50 4 23b 81
21c CO,Et 50 9 23c 72
21d H 70 48 23d 72
2le SiMes 70 20 23e 93

21f CF,Br rt 36 23f 60
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OMe OMe
EtO,C o) EtO,C Et0,C
) In(OTY), (5 mol %) 2 50-70°C 2
OMe + TMSN, ————> N, — N-N
Et0,C — R CHZC]CI—?ZCI, EtO,C — R 348h EtO,C S }\‘1
rt, 30 min
21a-f 22 Baf R

Scheme 8 Synthesis of triazolopyridines

Similarly, ynones with ether-tethered diethylacetals 24a-b reacted with
TMSN3 22 in the presence of 5mol % In(OTf); in 1,2-dichloromethane at
50 °Cin 2-17 h to afford the corresponding triazolooxazine derivatives 25a-b
in good yields (75-83%) (Scheme 9).

OEt OEt OEt
O/ iOE lIl(OTf)3 (5 mol %) O/ :N 50°C o N
t 4+  TMS —_— e -N
= ' cHccHa, = 217n L
rt, 30 min.
24a-b 22 R
R =H, COPh 25a-b

Scheme 9 Synthesis of triazolooxazines

Also, ynones with amino-tethered diethylacetals 26a-c reacted with TMSN3
22 in the presence of 5mol % In(OTf)3 in 1,2-dichloromethane at 50 °C in
4-12 h to afford the corresponding triazolopyrazine derivatives 27a-c in mod-
erate to good yields (39-87%) (Scheme 10).

OEt OEt OEt
/ < In(OTf), (5 mol %) / ( 50°C
R—N OEt + TMSN, —— > R—N N, 27~ = R—N N\]\{
=———COPh CH,CICHCI, =———COPh 2-17h N }\1
2 rt, 30 min.
26a-c PhOC
R =Boc, Ts, 4-Ns 27a-¢

Scheme 10 Synthesis of triazolopyrazines

4.1.4
Pyrrolidines and Tetrahydrofurans

Nitrogen and oxygen-containing five-membered heterocycles such as pyrrol-
idines, including proline and related amino acids, and tetrahydrofurans are
important structures because of their presence in many natural products and
their biological activity [76, 77].
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Methylenepyrrolidines 30a-e have been prepared via [3+2] cycloadditions
of ethenetricarboxylates 28a-e with propargylamines 29a-b in the presence
of 1.2 eq of InBrz in dichloromethane at room temperature for 15-17 h.
Similar results were also obtained in the presence of 0.2 eq of InBr3-Et3N in
1,2-dichlorethane at 80 °C for 4 h (Scheme 11) [78].

2

2 2 RO,C
ROzcj/COZR I InBry (12 6q), CHCL,it - 2 Cj{
.- :
1
R1 3 or InBr;- EtN (0.2 eq), R ITI
RNH 80°C, CH,CICH,CI R3
28a-e 29a-b 30a-e

Scheme 11 Synthesis of pyrrolidines

Other Lewis acids ZnBr;, ZnCly, Zn(OTf),, InCl3, In(OTf)3 were equally
effective for this reaction. This method requires no excess amount of the
propargylic substrates. In all the cases the reactions proceeded very smoothly
and the results are shown in Table 7.

Table 7 InBrj catalyzed synthesis of pyrrolidines

R! R? R? Reaction conditions  Catalysts ~ Product Yield
(%)
CO,Et Et Me CH,Cly, rt InBr3 30a 64
CH,CICH,Cl, 80°C InBrs;-EtsN 64
COPh Et Me CH,Cly, rt InBr; 30b 68
CH,CICH,Cl, 80°C InBr3-Et3sN 69
CON—(CH;)s5— Et H CH,Cly, rt InBr; 30c 69
H 'Bu Me CH,Cl,, rt InBr; 30d 63
CH,CICH,Cl, 80°C InBr3-EtsN 73
H 'Bu H CH,Clp, rt InBr; 30e 100
CH,CICH,Cl, 80°C  InBr3-Et;N 100
Me Et Me CH,Cly, rt InBr3 30f 73
CH,CICH,Cl, 80°C  InBrs-Et;N 46

Similarly, methylenetetrahydrofurans 32a—c have been prepared via [3+2]
cycloadditions of ethenetricarbonyl derivatives 28a—c with propargyl alcohols
31 in the presence of 1.2 eq of InBr3 in dichloromethane at room tempera-
ture for 15-17 h. The similar results were also obtained in the presence of
0.2 eq of InBr3-Et3N in 1,2-dichlormethane at 80 °C for 4 h. This method fails
with tert-butyl esters, probably because the tert-butyl cation generated in situ
reacts with intermediates (Scheme 12) [79].
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EtO,C CO,Et | | InBr;, (1.2 eq), CH,Cl,, 1t EtO,C
T + Et0,C
| OR InBr;- Et;N (0.2 eq), R
R HO 80 °C, CH,CICH,Cl
28a-c 31 32a-c

28a: R1=CO,Et
28b: R'=COPh
28¢: R'=CON-(CH,)-

Scheme 12 Synthesis of tetrahydrofurans

5
Six-Membered Rings

5.1
Carbo-Diels—Alder Reactions

The [4+2] Diels-Alder reaction is a conjugate addition reaction of a conju-
gated diene to an alkene or alkyne (the dienophile) to produce a cyclohexene
moiety. The driving force of the reaction is the formation of new o-bonds,
which are energetically more stable than the 7-bonds (Fig. 5). Since the re-
action forms a cyclic product, via a cyclic transition state, it can also be
described as a “cycloaddition.” The reaction is a concerted process.

= + | | heat
AN
diene dienophile cycloadduct
= + | | | heat
A
diene dienophile cycloadduct

Fig.5 Diels-Alder addition of ethylene and ethyne with butadiene

This [4+2] cycloaddition discovered by Diels and Alder in 1928 [80] is one
of the most widely used methods of synthesis of six-membered rings [81].
The reaction follows either a synchronous and concerted mechanism or
a multi-stage (non-concerted) and non-synchronous mechanism where the
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transition state can be a di-radical [82]. The mechanistic aspects of cycload-
ditions were well explained by the concept of conservation of orbital symme-
try, developed by Woodward and Hoffmann [83]. Many different versions of
the Diels-Alder reaction were described, including intramolecular [4+2] cy-
cloadditions, hetero-Diels-Alder reactions, pressure-accelerated Diels-Alder
reactions, and Lewis acid-accelerated Diels—Alder reactions.

A classical method to enhance regio- and stereoselectivity is based on
the use of Lewis acid catalysts. Upon complexation of such species to the
dienophile, the normal demand Diels-Alder reaction is promoted since the
energy gap between the LUMO of the dienophile and the HOMO of the diene
is reduced, thus decreasing the activation energy required to achieve the cy-
cloaddition.

5.1.1
Epoxy Isoindolines

Epoxyisoindoline derivatives 36a-h have been synthesized by the intramolec-
ular Diels-Alder reaction of allyl(2-furfuryl)anilines 35a-h (formed in situ by
the reaction of (2-furfuryl)anilines 33a-h with allyl bromide 34) in the pres-
ence of 10 mol % of In(OTf); under solvent-free conditions and microwave
irradiation with excellent yields (80-90%) (Scheme 13).

Ar
/
N
In(OTH), (10 mol%)
ﬂ\/ﬁ AN —_—
R 0] ~Ar Solvent free, MW
R

33a-h 34 35a-h 36a-h

Scheme 13 Synthesis of epoxyisoindolines

Similarly tricyclic epoxyisoindoline 38 has been synthesized by the reac-
tion of (2-furfuryl)-aniline 33a with cyclohexenyl bromide 37 (Scheme 14).
The advantage of this method was that the catalyst could be recovered and
reused for subsequent runs without significant loss of the catalytic activity.
The results are presented in Table 8 [84].

O\/ G (0T, (10 mol%) @ N—Ph
Solvent free, MW ‘
33a 37

38

Scheme 14 Synthesis of tricyclic epoxyisoindoline
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Table 8 In(OTf)s catalyzed synthesis of epoxyisoindolines

Ar R Reaction time Product Yield (%)
(min)

C5H5 H 8 36a 85
m-ClCeHy H 8 36b 82
p-CoHs0CqH, H 10 36¢ 85
p—CH3OC6H4 H 9 36d 90
p-CH3CgHy H 8 36e 80
p-BrCsHy H 8 36f 80
m—CH3OC6H4 H 9 36g 82
p—CH3 CeHy NO, 10 36h 80
5.1.2

Isochromenones and Isoquinolinones

The intramolecular Diels-Alder reaction of 1,7,9-decatrienoate derivatives
39a-f in the presence of 20 mol % In(OTf)3 in H,0-PrOH (6:1) at 70-80°C
for 8-24 h afforded the corresponding cycloadducts, hexahydrochromenone
derivatives 40a-f, in moderate yields. The results are presented in Table 9
(Scheme 15).

Table 9 In(OTf);3 catalyzed synthesis of hexahydrochromenones

R! R2 R3 R* R® Temp (°C) Time (h) Product Yield (%)
H H H H H 70 8 40a 82
Me H H H H 70 8 40b 76
H H Me H H 70 12 40c 83
H H H Me H 80 24 40d 68
H H H H reflux 24 40e 18
H H H COOH rt 24 40f 78

AN

Wkl\
;o TS
e}

0 In(OTf); (20 mol%)
4 _—
RS AN g HO-POH (6:1)
3 *2
R° R
39a-f 40a-f

Scheme 15 Synthesis of hexahydrochromenones
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In the majority of cases the endo isomers formed as the major iso-
mers. Similarly acrylamide derivative 41 underwent IMDA in the presence
of 20 mol % In(OTf); at 50 °C to afford the corresponding endo-hexahydro
isoquinolinone 42 in 74% yield (Scheme 16) [85].

0
\)J\NH In(OTH), (20 mol%)
—_—

Yy H,0-PrOH (6:1)
50°C, 12h

41

Scheme 16 Synthesis of hexahydro isoquinolinone

Other Lewis acids InCl;, Sc(OTf)s, Yb(OTf)s;, Gd(OTf);, Ho(OTf)s,
Cu(OTf);2, Zn(OTf), and AgOTf were less effective for this reaction. The ad-
vantageous aspects of this method were the use of eco-friendly solvents such
as water and isopropanol, and the recovery and reusability of the catalyst.

5.2
Imino-Diels—Alder Reactions

Natural products with functionalized six-membered heterocyclic rings con-
taining nitrogen are most abundant in nature and show significant biological
activities. Most of these molecules show antibacterial activity, antitumor ac-
tivity, antiparasitic and cytotoxic activity, as well as inhibition of bacterial
cell division through a mechanism involving DNA alkylation [86, 87]. Among
the various reactions to synthesize these heterocycles, the imino-Diels-Alder
provides a rapid means of construction of functionalized heterocyclic rings
with control of regio-, diastereo- and enantioselectivity [88-91].

The imino-Diels-Alder reaction adopts mainly three basic variants
(Fig. 6). In the first and most common method the imine function appears
as the dienophile and reacts with an electron-rich diene to form the corres-
ponding cycloadduct. In the second and third variants the imine is found to
be in the diene as either 1-azadiene or 2-azadiene structures, which reacts
with an activated dienophile to form the corresponding adducts. The reaction
between 2-azadiene and an activated dienophile is generally referred to as the
Povarov reaction [92].

A limitation to the application of azadienes relative to the more commonly
used oxodienes is that azadienes generally require some form of activation
to achieve general synthetic utility. 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. As in the case of carbo-Diels-Alder
reactions, imino-Diels—Alder reactions involve thermal activation as well as
coordination of heteroatoms with Lewis acids, which provide excellent stereo-
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=
|+ , |
N ™ _N

Imino-Dienophile

=
Col— O
\ITI Ir

1-Aza-1,3-butadiene

C1l— 0
N§ N

2-Aza-1,3-butadiene

Fig.6 Three basic variants in imino-Diels-Alder reactions

and regioselectivities. The theoretical and experimental evidence (vide supra)
shows that cycloaddition with imino dienophiles can be concerted or step-
wise. The stepwise mechanism involves a tandem Mannich-Michael reaction
closely related to the aza-Diels-Alder reaction and has been included in this
review for complete coverage. It is worth noting that reviews featuring the
general synthetic utility of azadienes and their utility in the Diels-Alder re-
action have appeared recently [93-97].

5.2.1
Cyclopentaquinolines

Cyclopentaquinolines 44a-g have been prepared using a catalytic amount of
anhydrous indium trichloride (20 mol %) by the reaction of various Schiff

N InCl; (20 mol %)
| Rz + @ _
CH,CN, rt

44a-g

Scheme 17 Synthesis of cyclopentaquinolines
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Table 10 InCl; catalyzed synthesis of cyclopentaquinolines

Schiff bases (1)

R! R?

H H
NO, H
OCHj; H

Cl H

Cl CH;

H COOH
H C,H;

e
w

asfariianijaciianiiasiian

Time
(min)

30
30
45
30
30
45
45

Product

44a
44b
44c
44d
44e
44f
44g

].S. Yadav et al.

Yield
(%)

75
95
58
84
90
78
82

bases 1 with cyclopentadiene 43 (Scheme 17) [98]. In this reaction Schiff bases
1 acted as azadienes and underwent [4+2] hetero-Diels—-Alder reactions with
cyclopentadiene 43 to afford the corresponding cyclopentaquinolines 44a-g
with high endo selectivity in 58-95% yield (Table 10). InCl3 also catalyzes
the hetero-Diels-Alder reaction of N-benzylidene-1-naphthylamine la with
cyclopentadiene 43 to afford benzo[h]-cyclopentaquinoline 45 in 75% yield

(Scheme 18) [99].

L0 O

la

Scheme 18 Synthesis of benzo[h]-cyclopentaquinoline

1b

©AN

e€xcess

43

InCl; (20 mol %)

CH,CN, rt

InCl; (20 mol %)
_—

CH,CN-CH,CL,, rt

Scheme 19 Synthesis of biscyclopentaquinoline
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In a similar fashion, Schiff base 1b derived from 4,4’-diaminodiphenyl-
methane reacted with excess cyclopentadiene 43 in the presence of InCl3 to
furnish the corresponding biscyclopentaquinoline 46 (Scheme 19) [100].

5.2.2
Indenoquinolines

Indenoquinoline derivatives were known to possess a wide range of biological

activities such as 5-HT-receptor binding activity, antiinflammatory activity,
antitumor activity and as an inhibitor for steroid reductase [101-104].

Table 11 InCl; catalyzed synthesis of indeno[2,1-c]quinolines

N-benzylidine anilines (1) Time Product Yield
R! R2 R? (h) (%)
H H H 6 48a 40

H Cl H 6 48b 48

H OCHj3 H 24 48c¢ 30

H CHj3 H 12 48d 48

H cl CH; 9 48e 65

Imino-Diels-Alder reaction of N-benzylidine anilines 1 with indene 47 in
the presence of 20 mol % indium trichloride afforded only the endo isomers
of indeno|[2,1-c]quinolines (48a-e) in moderate yields (40-65%) (Scheme 20
and Table 11) [105].

R
@ InCl; (20 mol%)
CH CN, rt

47

Scheme 20 Synthesis of indeno[2,1-c]quinolines

In the absence of indium trichloride, the reaction does not proceed at all.
The endo isomer was obtained as a result of the likely secondary orbital inter-
actions of diene and dienophile. Similarly, N-benzylidene-1-naphthylamine
1a also reacted with indene 47 to provide benzo[h]-indeno(2,1-c]quinoline 49
in 50% yield (Scheme 21) [99, 106].
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©j InCl; (20 mol%)
N

CH CN, rt

la 47 49

Scheme 21 Synthesis of benzo[h]-indeno[2,1-c]quinoline

5.2.3
Indolylquinolines

The indole system occurs in numerous natural products as well as in many

therapeutic agents [107]. Compounds containing both the indole and the
quinoline moiety possess a broad spectrum of biological activity [108, 109].

Table 12 InCl; catalyzed synthesis of indolylquinolines

Indolylimines  Substituents Time Product  Yield
R! R? R? (h) (%)

1c H H H 0.5 50a 83

1d H Me H 0.5 50b 60

le H cl H 0.5 50c 85

1f Me H Me 0.5 50d 87

1g Me cl H 0.5 50e 79

Imino-Diels-Alder reaction of indolylimines lc-g with cyclopentadi-
ene 43 in the presence of 20 mol % InCls or 5mol % indium triflate fur-
nished the corresponding indolylquinoline derivatives 50a-e in good yields
(60-87%) [99,110] and the results are presented in Table 12 (Scheme 22).

1

R ™
2 HN
—N R o 3
InCl; (20 mol %) or e H R
| 2 N @ |: U|
N In(OTH), (5 mol %) N H
SO,Ph CH;CN, 1t SO,Ph
le-g 43

50a-e

Scheme 22 Synthesis of indolylquinolines
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The structures of the products were ascertained by the single crystal X-ray
analysis of 50a and 50c [111].

5.2.4
Quinolino Pyrimidinones

Five-substituted pyrimidinone derivatives are known for their antitumor, an-
tiviral, antitubercular, antifungal, molluscidal and larvacidal activity. Such
compounds have shown activity against positive strand (vesicular stomati-
tis virus) RNA virus [112-117]. Quinolino pyrimidinones 53a-1 have been
synthesized via imino-Diels-Alder cycloaddition reactions of N-arylimines
1 (2-azadiene) with unactivated 1,3-butadiene-tethered pyrimidinones 51a-c
in the presence of 15mol% of InCl; in CH,Cl, at room temperature
in moderate yields (11-78%). These quinoline-substituted pyrimidinones

CH,CL,, t

R R
; . \©:N InCl, (15 mol %)
PhYN O | I
I
N AN A
R*

R!
51a-c 1
51a=R,=H R2=0Me, R3=H, Ré=H
51b=CH, R2=0OMe, R3=H, R4=OMe ba s2a
51c¢ = Morphonyl R2=H, R*=OMe, Ré=H
R2Z=H, R3=H, R*=H aromatisation

Scheme 23 Synthesis of quinilino pyrimidinones



124 ].S. Yadav et al.

have been formed via oxidation of the initially formed intermediate 52
(Scheme 23) [118].

In this aza-Diels-Alder reaction 2-azadiene acts as 47 component, while
the dienyl pyrimidinone acts as 27 component. Other Lewis acids MgBr;,
ZnCl,, Yb(OTf)3 and Sc(OTf)s were also efficient catalysts for this transform-
ation. However the reaction between 5la-c and 1 (R? = R? = R* = H) did not
proceed with the above mentioned catalysts. When mixed Lewis acid system
MgBr,/cat. AICl; was used for this particular conversion, quinolino pyrimidi-
nones 53i-1 were obtained in 74-86% yield.

5.2.5
Benzothiophenyl Cyclopentaquinolines

The imino-Diels-Alder reaction of benzo[b]-thienylimines 1h-k with cy-
clopentadiene 43 in the presence of 20mol% anhydrous InCl; provided
benzo[b]thiophenyl cyclopentaquinoline derivatives 54a-d in good yields
with excellent endo stereoselectivities (81-82%) (Scheme 24) and the results
are shown in Table 13 [119].

Cl Cl

| | H
InCl, (20 mol % i ‘
@52 () 22
| 3 + —_— H 3
R R? R R2

1h-k 43 54a-d

Scheme 24 Synthesis of benzo[b]thiophenyl cyclopentaquinolines

Table 13 InCl; catalyzed synthesis of benzo[b]thiophenyl cyclopentaquinolines

Schiff Substituents Product Yield
base R! R? R3 (%)
1h CH; cl H 54a 85

1i H CH3 H 54b 82

1j H cl H 54c 92
1k H H H 54d 81
5.2.6

Benzothiophenyl Pyranoquinolines

The imino-Diels-Alder reaction of benzo[b]-thienylimines 1ik with 3,4-
dihydro-2H-pyran 55 in the presence of 20 mol % anhydrous InCl; provided
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Cl

H
| 2 @ H
N ]@R CH,CN, rt HN R
1 2 1 2
R R” R R

Tik 55 56a,b

Scheme 25 Synthesis of benzo[b]thiophenyl pyranoquinolines

diastereomeric benzo[b]thiophenyl pyranoquinoline derivatives in moderate
yields [119]. The diastereomers 56a and 57a were obtained in a ratio 68:32 in
an overall yield of 57%, where 56b and 56b were obtained in a ratio of 46:54
in an overall yield of 55% (Scheme 25).

5.2.7
Pyranoquinolines

Pyranoquinoline derivatives are an important class of natural products and
exhibit a wide spectrum of biological activities, such as antiallergic, antiin-
flammatory, antipyretic, analgesic, antiplatelet, psychotropic and estrogenic
activity [120-123]. Many biologically active alkaloids, such as simulenoline,
huajiaosimuline, zanthodioline, flindersine are known to possess the pyra-
noquinoline moiety (Fig. 7) [122, 123].

Simulenoline huajiaosimuline Zanthodioline Flindersine

Fig.7 Biologically important pyranoquinolines

Imino-Diels-Alder reaction of N-benzylidine anilines 1 with 3,4-dihydro-
2H-pyran 55 in the presence of 20 mol % InCl; resulted in the correspond-
ing pyrano[3,2-c]quinolines 58a-f (cis) and 59a—f (trans) in 45-80% overall
yields and the results are summarized in Table 14 (Scheme 26) [106]. InCl3
was the best choice among the other catalysts acetic acid, BF3-OEt; in terms
of yields and selectivites.

InCl3 also effectively catalyzes the imino-Diels-Alder reaction of 3,4-
dihydro-2H-pyran 55 with N-benzylidine 1-naphthylamine 1a to furnish the
corresponding benzo[h]pyranoquinoline derivatives 60 (cis) and 61 (trans) in
a ratio of 32:68 in an overall yield of 53% (Scheme 27) [106].
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Table 14 InCl; catalyzed synthesis of pyrano[3,2-c]quinolines

Entry Schiff bases (1) Time Product ratio  Overall
R! R? R3 (min) cis:trans yield (%)

(58:59) (58+59)

a H H H 30 41:59 80

b H Cl H 30 34:66 50

C H OCHj3 H 240 58:42 70

d H CH3 H 120 68:32 70

e H Cl CH3 40 5:95 46

£ CH; H CH; 180 5:95 45

R
R 1
H
InCl; (20 mol %) o R
+
O CH,CN, rt NH
H Ph Ph
1 .
35 58a-f (cis) 59a-f (trans)

Scheme 26 Synthesis of pyrano|[3,2-c]quinolines

/“ O InCl (20 - %) ) O
+

CH,CN, 1t NH NH
H H
Ph H Ph Ph
la 55
60 (cis) 61 (trans)

Scheme 27 Synthesis of benzo[h]pyranoquinolines

Similarly, imino-Diels-Alder reaction of imines 63a-k (generated in situ
from aryl amines 62 and 3,4-dihydro-2H-pyran 55) with 3,4-dihydro-2H-
pyran 55 in the presence of 5mol% InCl; afforded the corresponding
pyrano|3,2-c]quinolines 64a-k (endo) and 65a-k (exo) in 70-90% overall
yields. All the reactions proceeded smoothly in high yields at ambient tem-
perature. In most of the cases, the products were obtained as a mixture of
endo and exo isomers, favoring the endo diastereomers and the results are
summarized in Table 15 (Scheme 28) [124].

The product ratio was determined by 'H NMR spectrum of the crude
product. The stereochemistry of the product 64a was assigned on the ba-
sis of coupling constants and nOe studies. The two six-membered quinoline
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Table 15 InCl; catalyzed synthesis of pyrano[3,2-c]quinolines

Aryl imine R Reaction Yield Product ratio
time (h) (%) endo:exo
(64:65)

63a H 4.0 90 95:5

63b 4-Me 3.5 85 90:10
63c 2-Me 4.0 89 92:8

63d 4-OMe 3.5 87 85:15
63e 4-F 4.5 85 95:5

63f 4-Cl 5.0 90 93:7

63g 4-Br 4.5 88 90:10
63h 2,3-EF 6.0 80 85:15
63i 3-NO, 7.0 78 70:30

53j 4-CH,CN 4.5 89 98:2

63k 2-CN 6.0 70 60:40

H

WO
InCl; (5 mo %) InCl, (5 mo %) NG
R + —— > R + ‘ R "
0~ CH,CN, 1t NN T ON
NH, N OH 07 CH,CN,1t N
62 55

63a-k 55 64a-k (endo) 65a-k (exo)

Scheme 28 Synthesis of pyrano|[3,2-c]quinolines

and tetrahydropyran rings were cis-fused as depicted by the small coup-
ling constant value Jys_pe = 5.6 Hz for H5 (5.0 ppm) proton as well as the
observation of nOe cross peaks between them in the NOESY spectrum.
The middle six-membered quinoline ring conformation was confirmed as
a twist conformation, which was consistent with the small coupling con-
stant value Jye-g7 = 6.9 Hz, for H; (83.34 ppm) and the presence of nOe
cross peaks between Hs;-Hg, H¢—H7 in the NOESY spectrum. While the six-
membered tetrahydropyran ring takes a chair conformation of >Cy3 (here 5
and 13 are the carbon atoms in the molecule), which was consistent with the
large coupling constants values Jii4ax-Hi3ax = 11.9 Hz for Hisax (63.39 ppm),
JH6-H12ax = 12.1 Hz for He (52.00 ppm) as well as the presence of nOe cross
peak between Hy—H4ax (Fig. 8) and absence of nOe cross peak between Hs-

Fig.8 Chemical structure and important nOes of compound 64a



128 ].S. Yadav et al.

N
I HH® w0

Fig.9 Chemical structure and important nOes of compound 65a

Hj4 in the NOESY spectrum (Fig. 9). In exo isomer 65a as well as in endo
isomer 64a, the two six membered quinoline and tetrahydropyran rings were
cis-fused as depicted by the small coupling constant value Jgs_n¢ = 3.2 Hz for
H;5 (§4.42 ppm) proton as well as the observation of nOe cross peak between
them and the absence of nOe cross peak between Hg-H7 in the NOESY spec-
trum [124].

5.2.8
Furanoquinolines

Furanoquinoline derivatives are an important class of natural products and
exhibit a wide spectrum of biological activities, such as antimicrobial, an-
tiviral, antiplasmodial, anti-HIV, anti-TB, mutagenic and cytotoxic activ-
ity. Many biologically active alkaloids, such as dictamine, flindersiamine,
roxiamine A, and evolitrine are known to possess furanoquinoline moiety
(Fig. 10) [125-128].

OMe
OMe OMe OMe
X
= NN X | |
] . nl > Vo
P 0 g Pz MeO
N"om o TN H,C00C 0 N~ O
0

Dictamine Flindersiamine Roxiamine A Evolitrine

Fig. 10 Biologically important furanoquinolines

The imino-Diels-Alder reaction of imines 67a-h with cyclic enol ether like
3,4-dihydro-2H-pyran 66 in the presence of 10 mol % InCl; in water as solvent
afforded the diastereomeric furanoquinolines 68a-h (endo) and 69a-h (exo)
in 46-84% overall yield. The best results were obtained by increasing the re-
action temperature to 50-60 °C. In most of the cases cyclization products
show endo selectivity. Imines bearing electron-donating groups were found to
be more reactive than the ones bearing electron-withdrawing groups and the
results are summarized in Table 16 (Scheme 29) [129].

The diastereoselectivity of the cyclization could be rationalized by a bal-
ance of steric effect (A) and chelation effect (B). Whereas a steric effect favors



Indium Catalyzed Synthesis of Heterocycles via Cycloadditions 129

Table 16 InCl; catalyzed synthesis of furanoquinolines

Aryl R Reaction Product ratio Overall

imine conditions endo:exo yield (%)
(68:69) (68+69)

67a H rt/48h 78:22 65

67b Me rt/4h 81:19 84

67c OMe rt/4h 87:13 81

67d Br 45°C/10h 87:13 81

67e F rt/10h 86:14 81

67f OH rt/2h 96:4 73

67g NHPh rt/10h 86:14 65

67h CN rt/24h 69:31 46

InCl (5 mo %) InCl, (10 mo %) A N
R + — R Y/ ) i o R o
NH, O H,0, 1t N Gt OH N7 N

62 66 67a-h 66

68 a_h (endo) 69a_h (exo)

Scheme 29 Synthesis of furanoquinolines

the exo diastereomer, the chelation of indium(III) ion with the imine and the
enol ether favors the endo isomer (Fig. 11).

I \ [ § l}
)—R "R
o O
A B

Fig.11 Proposed transition states A and B for the formation quinolines

This hypothesis is consistent with the observed switch of selectivity
for entries 6 and 10 (Table 16). The presence of Br— and CN- reduce the
electron density of aniline (more effectively than the other substituents),
which decreases the chelation ability of the corresponding imines. As the
p-phenylamino group is most likely also coordinated with indium(III) (and
thus becomes an electron-withdrawing group), the observed trans selectivity
with entry 9 (Table 16) can be explained similarly. The use of five-membered
cyclic enol ethers decreased the steric effect and thus increased the endo se-
lectivity (Table 16).

A tentative mechanism to rationalize the product formation is shown in
Fig. 12. The cyclic enol ether can be hydrated easily in the presence of protonic
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or Lewis acid in water to give I [130, 131]. Then I undergoes facile ring opening
in the presence of the indium(III) ion to give Il in water. The condensation reac-
tion between anilines and II will generate imine III, which is coordinated with
the indium ion. Finally, an imino-Diels-Alder reaction of the imine III with the
cyclic enol ether will generate the quinoline derivatives (Fig. 12).

NPZ
<O7 In® o™ |
n+
/ g © [ \In“O WbH
H,0
enol ether I I
lanilines
(e}
( /7 HO H R
Lo NN
quinoline \I}T
derivatives Tn—
7\
III

Fig.12 Proposed mechanism for the formation quinolines

Interestingly, the reaction of anilines 62 and cyclic hemiacetal 2-hydroxy-
tetrahydro-2H-pyran 70 in the presence of 10 mol % InCl; in water as sol-
vent yielded the corresponding pyranoquinolines as a pair of diastereomers
64 (endo) and 65 (exo) in 28-85% overall yield. Also imino-Diels-Alder
reaction of 2-chromanol 71 with aniline 62a produced smoothly [2-(o-
hydroxy-phenyl)]ethyl-substituted pyranoquinolines 72 (endo) and 73 (exo)
(Scheme 30).

InCl, (10 mol %)
—— =R + R

OH H,O,rt ]I}][ oH

64 (endo)

OH

©\ @j\ InCl, (10 mol %)
OH H,O,rt

62a 7

72 (endo) 73 (exo)

Scheme 30 Synthesis of pyranoquinolines
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Polyaniline supported indium(III) trichloride (PANI-In) (10 mol %) also
has been used as an efficient catalyst in imino-Diels-Alder reaction of cyclic
enol ethers like 3,4-dihydro-2H-pyran 55 and 2,3-dihydrofuran 66 with aro-
matic amines 62 in water to afford the corresponding pyrano (64 and 65)
and furanoquinolines (68 and 69) in good to excellent yields. The simple pro-
cedure of catalyst preparation, easy recovery and reusability of the catalyst
makes this method an environmentally benign chemical process. The doping
of polyaniline with InCl; is depicted in Scheme 31 [132].

l InCl,

InCl, InCl, InCly InCl,
z q = =
H H

Scheme 31 Doping of polyaniline with InCl;

5.29
Pyrroloquinolines

Pyrroloquinolines forms the core structural unit for a number of biolog-
ically interesting molecules. Antineoplastic agent, gastric (H*/K*) ATPase
inhibitor and natural product, non-peptide Bradykinin inhibitor, matrinel-
lic acids all possess pyrroloquinoline moiety in various oxidation states
(Fig. 13) [133-136].

HN HN
MeO
X X HOC
P
N~ cH, N
OMe OMe

NH
Antineoplastic agent ATPase inhibitor Martinellic acid R=/%J\N/\)\

Bradykinnin inhibitor H

Fig. 13 Biologically important pyrroloquinolines

The imino-Diels-Alder reaction of imines 1 with cyclic enamide 74a
(readily prepared from the reaction of corresponding imine with propi-
onyl chloride) took place rapidly at room temperature in the presence
of 15mol% anhydrous InCl; and provided diastereomeric pyrrolopyra-
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N Il@
I H
H 2
R R®

1 74a 75a-d (endo) 76a-e (exo)

Scheme 32 Synthesis of pyrroloquinolines

noquinoline derivatives 75a-d (endo) and 76a-d (exo) in overall moderate
yields (41-50%) (Scheme 32). In all the cases thermodynamically more stable
endo isomers were the major isomers. When bulkiness of the phenyl group
was increased by introducing an o-nitro substituent, then the amount of endo
adduct 75c¢ substantially increased. This cycloaddition reaction works equally
well for imines containing both electron-donating and electron-withdrawing
groups para to the imine nitrogen. Scandium triflate and trifluoromethane
sulphonic acid also catalyzed this reaction well. However, some hydrolysis
of the imines makes these less ideal than InCls. However, the reaction failed
when a strong electron-releasing group was present on the aldehyde end of
the imine. The results are depicted in Table 17; it was found that the reaction
was unsuccessful with imines derived from aliphatic aldehydes and methyl
glyoxalate (< 10% yields). The reactions of imines 77a-b derived from cin-
namaldehyde and 3-cyanoacrolein provided moderate yields of correspond-
ing pyrroloquinolines 78a-b (endo) and 79a-b (exo) favoring endo selectivity
(Scheme 33) [137,138].

Table 17 InCl; catalyzed synthesis of pyrroloquinolines

Aryl R! R2 R3 Product ratio  Overall

imines endo:exo yield (%)
(75:76) (75+76)

la H H H 1:1 41

1b OMe H H 1:0.8 50

1c H NO; H 2:1 33

1d CO,Me H H 1:1 48

le H H OMe 0 0

The stereochemistry at the ring junction in isomers 75a and 76a was read-
ily assigned as cis due to the axial-equatorial coupling constants Jy3,_pop of
6.7 and 6.2 Hz, respectively. This was further confirmed by nOe difference
spectroscopy, where saturation of proton Hg, gave enhancements of 6.0 and
6.8% onto Hs, for the endo and exo isomers, respectively. Assigning exo, endo
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77a: X = H, R =Cinnamyl 74a: R'= Et H
77b: X =H, R=-CH=CHCN 74b: R'= OMe 78a-b (endo) 79a-b (exo)

Scheme 33 Synthesis of pyrroloquinolines

stereochemistry to each of the isomers 75a and 76a proved more difficult
than initially anticipated. This was because the exo isomers 76 adopted an
unexpected conformation where the aryl group and the alkyl group of the
pyrrolidine ring were trans-diaxial. Equatorial proton Hs,, was antiperiplanar
to the electronegative secondary aromatic amine and this resulted in a further
decrease in the axial-equatorial vicinal coupling constant Jy3a-pa [139]. As
a result of these two effects, the vicinal coupling constant Ji3a-p4 for the endo
and exo isomer 75a and 76a were remarkably similar at 2.7 and 2.5 Hz, re-
spectively. Clearly these isomers cannot be distinguished from measurement
of vicinal coupling constant Jy3,-ps. Obtaining nOe difference experiments
confirmed the stereochemistry of endo adduct 75a. Hence, saturation of pro-
ton Hg, gave an enhancement to Hy of 2% indicating these protons where
cis and also 1,3-diaxial. With the corresponding exo isomer 76a saturation of
proton Hgy, resulted in an nOe enhancement onto the protons of the pendent
aromatic ring of 2.0%. This confirmed the stereochemistry and indicated that
both proton Hg, and the phenyl group were 1,3-diaxial. This analysis of the
stereochemistry and conformation in solution was further confirmed in the
solid state by single crystal X-ray analysis of endo and exo adducts 75a and
764, respectively [138].

However, the reaction of imine 1 with acyclic enamide 80 proceeded
smoothly at room temperature to afford the corresponding pyrroloquinolines
81 (endo) and 82 (exo) in a 1:2 ratio in overall 67% yield. The stereochemistry
of the products was confirmed by nOe experiments. The relative stereochem-
istry of the major exo isomer is 25'3R’4S’ with the preserved stereochemistry

©\ pZ J InCl; (15 mol %)
Nn + 0PN o
CH,CN, rt

CH

57711

1
80 81 (exo0) 82 (endo)

Scheme 34 Synthesis of pyrroloquinolines
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of the enamide. Also, the stereochemistry of the minor endo isomer is 25'35'4S’
with the reversed relative stereochemistry of the enamide. These results clearly
indicate that adduct 81 was formed by a non-concerted process (Scheme 34).

5.2.10
Chromanoquinolines

Diastereomeric tetrahydrochromanoquinolines 84a-i (cis) and 85a-i (trans)
have been synthesized by the reaction of aromatic amines 62 and O-allyl
derivatives of salicylaldehydes 83a-i in the presence of 20 mol % InCls via
the intramolecular [4+2] imino-Diels-Alder cycloaddition (IMIDA) of imines
(derived in situ by the reaction of anilines with aldehyde functionality of
salicylaldehydes) with the olefinic moiety of the O-allyl group, in acetoni-
trile at room temperature in short reaction times with excellent overall yields
(Scheme 35) (87-98%).

InCl, (20 mol %)
@ CH CN, rt
R

83a-i

84a-i (cis) 85a-i (trans)

Scheme 35 Synthesis of tetrahydrochromanoquinolines
In all cases, the products were obtained as a mixture of cis and trans iso-

mers in a 1:1 ratio, determined from the 'H NMR spectrum of the crude
product. These isomers were isolated by column chromatography on silica

Table 18 InCl; catalyzed synthesis of tetrahydrochromanoquinolines

Entry  Aromatic R! Time Products Overall
amines (62) (min) cis (84) trans (85) yield (%)
R (%) (%) (84+85)

a H H 5 52 46 98

b H 3-CH;0 5 45 49 94

C 2-CH3 H 8 44 48 92

d 4-CH30 H 10 47 49 96

e 4-Br H 10 45 48 93

f 4-NO, H 15 42 47 89

g 4-COOH H 15 42 49 91

h 4-CN H 10 46 41 87

i H Cl 5 50 44 94
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gel. The cis and trans stereochemistry of the products was assigned on the ba-
sis of coupling constants of the protons in the 'H NMR spectroscopy and the
results were summarized in Table 18 [140].

5.2.11
Benzoanthracenes

The imino-Diels-Alder reaction of chromone Schiff bases 87a-f (generated in
situ by the reaction of aromatic amines 62 with 3-formyl-chromone 86) with
3,4-dihydro-2H-pyran 55 in the presence of 10 mol % anhydrous In(OTf);
resulted in corresponding benzo[a]anthracenes 88a-f in moderate yields
(70-75%) and with exclusively endo stereoselectivity. Scandium triflate also
worked well for this reaction. All reactions were carried out in one pot at
room temperature. Furthermore, the reaction did not proceed in the absence
of the catalyst (Scheme 36) [141].

—N—R
CHO In(OTf), (10 mol %) N 0
RNH, + | _— > | [ ——
I} CH,CN, 1t o) 55

62 86 87a-f

89

Scheme 36 Synthesis of benzo[a]anthracenes

Table 19 InCl;s catalyzed synthesis of chromanoquinolines

Schiff base R Reaction Product Yield
time (h) (%)
87a CeHs 8 88a 80
87b 4-MeCgHy 8 88b 78
87¢ 4-MeOCgHy 9 88¢c 75
87d 4-BrCgHy 8 88d 90
87e 4-CICgHy4 8 88e 85

87f CgHs5CH, 10 88f 55
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The structural assignment for the cycloadduct 88a was assigned as endo
based on the basis of its high-resolution 'H and *C spectra. The diagnos-
tic signal for the proton H, in 87a, which appeared at §8.65, was absent in
the cycloadduct 88a, whilst the upfield shift of the proton from §8.65 to 5.34
(12a-H) showed that the cycloaddition had occurred at the C-2 position of
the chromone unit, which clearly ruled out the possibility of any formation of
product of type 89, and also there was no evidence for the formation of any
exo product. The observed values for the allylic coupling constants in com-
pounds 88 are consistently ~1 Hz and therefore invite assignment of these
products as having endo stereochemistry. The results were summarized in
Table 19.

5.2.12
Pyrazolo-Thiopyranoquinolines

Thiopyranoquinolines were reported as interleukin-1 inhibitors, addition-
ally thiopyrazoles were known as a series of cox-2-selective inhibitors, which
demonstrates an antiinflammatory activity [142-144].

Diastereomeric tetrahydropyrazolo[4',3":5,6]thiopyrano[4,3-b]quinolines
90a-j (cis) and 91a-j (trans) have been prepared by the reaction of aromatic
amines 62 and S-allyl derivatives of pyrazoloaldehydes 89a-b in the presence
of 20 mol % InCl; via the intramolecular [4+2] imino-Diels-Alder cycloaddi-
tion (IMIDA) of imines (derived in situ by the reaction of anilines with the
aldehyde functionality of pyrazoloaldehydes), with an olefinic moiety of the
S-allyl group in acetonitrile at room temperature in short reaction times with
excellent overall yields (85-95%) (Scheme 37) [145].

< Hb 1

R SH A\

>_§\ /\)\ ©mc1 420 mol %)

CH,CN, rt

89a-b

90a-j (cis)

91a-j (trans)

Scheme 37 Synthesis of pyrazolo-thiopyranoquinolines

In all the cases the cis isomers were the major products. The structures
of the compounds were confirmed by spectral studies. The cis and trans
stereochemistries of the products were assigned on the basis of the coupling
constants of the protons in the 'H NMR spectroscopy. All results are summa-
rized in Table 20.

Similarly, three diastereomeric mixtures of bis4,4’-methylene or 4,4'-oxo-
pyrazolo[4',3":5,6]-thiopyrano[4,3-b]quinolines 93a-d (cis-cis), 94a-d (cis-
trans) and 95a-d (trans-trans) have been prepared by the reaction of aromatic
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Table 20 InCl; catalyzed synthesis of pyrazolo-thiopyranoquinolines

Entry Aldehydes Anilines  Time Product ratio Overall
(89a-b) (62) (min) 90:91 yield (%)
R Ry (cis:trans) (90+91)

a CH;3 H 15 86:14 88

b CH; OCHj; 20 90:10 92

[ CHj; CHj; 25 9:91 90

d CH; Cl 20 87:13 95

e CH; NO, 20 93:7 85

f Ph H 25 94:6 96

g Ph OCH3 30 88:12 87

h Ph CH; 20 90:10 90

i Ph Cl 15 92:8 92

j Ph NO; 25 94:6 94

amines 62a-b and S-allyl derivatives of pyrazoloaldehydes 89a-b in the pres-
ence of 40 mol % InCl; via the intramolecular [4+2] imino-Diels-Alder cy-
cloaddition (IMIDA) of imines (derived in situ by the reaction of anilines with
the aldehyde functionality of pyrazolo aldehydes) with an olefinic moiety of
S-allyl group in acetonitrile at room temperature in short reaction times with
excellent overall yields (86-92%). All these isomers were separated by col-
umn chromatography. The product ratio was determined by the examination
of the 'H NMR spectrum of the crude product mixture. The stereochemistry
of each isomer was assigned by 'H NMR and nOe studies. In the cis-trans
isomer 94a, the coupling constant between H-3 and H-2 had a small J value
(J2—3 = 2.6 Hz). This indicates cis-fusion at the ring junction, which was fur-
ther confirmed by a strong nOe between H-3 and H-2. Also, the coupling
constant between H-3" and H-2" had a large J value (J,'—3 = 11.0 Hz), which
indicates a trans-ring fusion, which was further confirmed by the absence of
an nOe. See Table 21 for the results (Scheme 38) [145].

Table 21 InCl; catalyzed synthesis of pyrazolo-thiopyranoquinolines

Entry Aldehydes  Anilines Time Product ratio Overall
(89a-b) (92a-b) (min) 93:94:95 yield (%)
R X (cis-cis:cis-trans:

trans-trans)

a CH; CH, 35 85:10:5 92
b CH; (¢} 20 83:13:4 86
c Ph CH; 25 84:10:6 90
d Ph (¢} 20 86: 9:5 89
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R CHO
; X
o T
N H,N NH,

Ph
92a-b X =CH,, 0

89a-b
InCl, (40 mol%)
acetonitrile, rt

93a-b (cis-cis) 94a-b (cis-trans) 95a-b (trans-trans)

Scheme 38 Synthesis of pyrazolo-thiopyranoquinolines

5.2.13
Indolo-Pyrroloquinolines

Intramolecular imino-Diels-Alder reaction (IMIDA) of imines (derived in
situ by the reaction of anilines 62 with the aldehyde functionality of in-
dole 96) with dienophile like the N-prenyl moiety of indole 96 in the
presence of 20mol % InCls in acetonitrile at room temperature afforded
the corresponding diastereomeric mixture of indolo[2,1-a]pyrrolo[4,3':2,3]-
7a,8,13,13b-tetrahydroquinolines 97a-e (cis) and 98a-e (trans) in shorter
reaction times with overall good yields (76-84%). In all the cases the cis iso-
mers were the major isomers (Table 22 and Scheme 39) [146].

Among AlCl3, BF3cdotOEt;, ZnCl, and InCls used for this reaction, InCl3
resulted in good yields and selectivities. The structures of the cycloadducts
97c and 98¢ were confirmed by the examination of their respective 'H NMR
spectra. The H, proton of 97c appears as a doublet at §4.99 (J = 6.3 Hz), which
was coupled to the Hy, proton. This small coupling constant was consistent

Table 22 InCl;s catalyzed synthesis of indolo-pyrroloquinolines

Entry Anilines Indole Time Product ratio Overall
(62) derivative  (min) cis:trans yield (%)
R (97:98) (97+98)

a H 96 45 84:16 78

b CH3 96 30 80:20 84

C OCHj3 96 35 88:12 80

d Cl 96 30 92:8 76

e NO, 96 42 95:5 81
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mCHO 20 mol % InCl,
N + — >
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—

97a-e (cis) 98a-e (trans)

Scheme 39 Synthesis of indolo-pyrroloquinolines

with a cis-diaxial relationship for these two protons. Furthermore, the stere-
ochemistry of H, was confirmed by the observation of a strong (8.1%) nOe
enhancement of H, upon the irradiation of Hy. In a similar fashion, the H,
proton of 98c exhibited a doublet at §5.08 (J = 10.6 Hz) indicating the trans
stereochemistry of H, with respect to Hy,.

Similarly, the [4+2] intramolecular imino-Diels-Alder reaction of imines
(derived in situ by the reaction of anilines 62 with the aldehyde functional-
ity of indole 99) with dienophile as in the N-cinnamyl moiety of indole 99,
in the presence of 20 mol % InCls in acetonitrile at room temperature pro-
vided the corresponding diastereomeric mixture of indolo-pyrroloquinolines
100a-€ (cis) and 101a-e (trans) in short reaction times with excellent overall
yields (86-92%). The structures of cycloadducts 100d and 101d were estab-
lished by the examination of their 'H NMR spectra and nOe experiments.

Table 23 InCl;s catalyzed synthesis of indolo-pyrroloquinolines

Entry Anilines Indole Time Product ratio Overall
(62) derivative  (min) cis:trans yield (%)
R (100:101) (100+101)
a H 99 45 87:13 86
b CH3 929 30 82:18 90
c OCH; 99 35 90:10 92
d Cl 99 30 95:5 90
e NO, 929 42 96:4 87
NH,
N—cho 20 mol % InCl,
N\\%H - CH,CN, rt
Ph R
99 62

100a-e (cis) 101a-e (trans)

Scheme 40 Synthesis of indolo-pyrroloquinolines
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The enhanced yields and short reaction times for the formation of products
100d and 101d relative to the cycloaddition of 96 with 62 (R = Cl) in acetoni-
trile is clearly a testament to the greater reactivity of the phenyl-substituted
dienophile in 99. The yields and ratios of the isomers are shown in Table 23
(Scheme 40) [146].

5.2.14
Quinoline-4-Hydrazones

The vinylogous aza-Povarov reaction between aromatic imines 1 and metha-
crolein dimethylhydrazone 102 in the presence of 10 mol % InCl3 furnished
C-4 functionalized 1,2,3,4-tetrahydroquinolines 103a-h bearing a hydrazone
function at C-4 in good to excellent yields (Scheme 41 and Table 24). In this
reaction, the imine acts as the diene and due to the electron-withdrawing
effect of the nitrogen atom the C=C portion of the «,8-unsaturated dimethyl-
hydrazone acts as the dienophile. This reaction tolerates well the presence
of both electron-withdrawing and electron-releasing groups at both aromatic
rings of the starting imine. Additional advantage of this reaction involves the
creation of two C-C bonds and the generation of two stereocenters, one of

(H,0),N

R N(CH),
\©\ ;l\ InCl, (10 mol %)

103a-h (cis)
Scheme 41 Synthesis of quinoline-4-hydrazones
Table 24 InCl; catalyzed synthesis of quinoline-4-hydrazones
Schiff bases (1) Time (h) Product Yield (%)
R! R? R3
H OCHj3 H 2 103a 90
H CH3 Cl 2 103b 76
H OCHj3 Cl 3 103¢c 87
H OCHj; CH; 2 103d 93
OCHj3 H Cl 3 103e 70
CH3 CHj3 Cl 3 103f 79
CHj3 CHj3 OCHs3 3 103g 83
CH; CH; Br 3 103h 80
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them quaternary, with complete diastereoselectivity and in a single synthetic
operation [147].

The vinylogous aza-Povarov reaction was stereoselective and afforded ex-
clusively compounds 103 with a cis relationship between the C-2 hydrogen
and the C-4 methyl. This structure was established by NOESY studies, which
showed a correlation peak between the H-2 and C4-CHj3 signals, which was
only consistent with a cis arrangement for these substituents, both being
equatorial. The observed stereoselectivity could be explained by taking into
account that the Povarov reaction was known to proceed in a stepwise man-
ner, as proved by the trapping of the intermediate iminium species when the
reaction was carried out in the presence of nucleophiles [148]. Therefore,
the generation of intermediate 104 from the reaction between dimethylhy-
drazone 102 and indium-imine complex 105 was expected to form under
these reaction conditions. The final cyclization step takes place through

(TTI(CH3)2
N
CL 102

CH,
2
R <
1 —_— .
N
R'  In() .
104
1 L - In (111

+4\
(H,C),N=

Fig. 14 Rationale for the stereoselectivity of the vinylogous imino-Diels-Alder reaction
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a chair-like transition state, leading to a preference for an equatorial ar-
rangement of the bulky dimethylhydrazono and aryl substituents and hence
to the observed stereochemistry for compounds 103 (Fig. 14). The gener-
ation with complete control of the stereocenter at the tetrahydroquinoline
C-4 position is noteworthy, since the stereoselective installation of quater-
nary stereocenters is one of the most challenging tasks for synthetic organic
chemistry [149].

5.2.15
Quinoline-4-Carboxylic Acids

Quinoline-4-carboxylic esters or amides 107a-m have been synthesized by
the reaction of 2-methoxyacrylates or acrylamides 106a-d with N-arylbenz-
aldimines 1 in acetonitrile under 50 mol % InCls catalysis and a 150 W mi-
crowave irradiation for 3 min in moderate yields (20-57%) (Scheme 42) [150].

3
OOR

R@ _ MO OOR’ InCl, (50 mol %) 1
N P

CH,;CN, MW, 3 min

1
1 106a-d 107a-m

Scheme 42 Synthesis of quinoline-4-carboxylic acids

In this reaction, the important step was the imino-Diels-Alder reac-
tion of N-arylbenzaldimines as dienes and 2-methoxyacrylates or amides as
dienophiles to get tetrahydroquinolines, which further converted to quino-
lines rapidly. This reaction did not yield satisfactory results with other Lewis
acids such as BiCls, ZnCl,, SnCly, InFs3, In(O*Bu)s, Sc(OTf)s, InBr3, Inls. The
Lewis acid and the microwave activation appeared as crucial parameters for
obtaining the reaction in satisfactory yields and in determining the reactiv-
ity of the partners in the formal imino-Diels-Alder reaction. The scope and
the generality of this procedure are presented in Table 25. The cycloaddition
appears to be dependent on the substituents on both aromatic rings. On the
aldehydic end of the imine an electron-withdrawing group in the ortho or
meta-position impeded the cycloaddition (107¢,e) whereas, a halogen in these
positions allowed the formation of quinolines (107b,d,j,l) in 35-43% yields.
No such effect resulted from substitution in the para-position (107g,h). When
the aniline component was substituted with a halogen at the para-position,
the best yields were observed with less electron-withdrawing atoms (107f,i).
Finally, comparisons of the yields obtained in the formation of fluoroquino-
line carboxylic esters and amides showed that higher yields were obtained
with amides wherever the halogen was located.
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Table 25 InCl; catalyzed synthesis of quinoline-4-carboxylic acids

N-Arylbenzaldimines 1 Product Yield (%)
R! R? R3

OR 107a H 107a 57
OR 107b 2/-F 107b 40
OR 107¢ 2-CF3 107¢ 0
OR 107d 3/-Br 107d 45
OR 107e 3'-NO, 107e 0
OR 107f H 107f 24
OR 107g 4-CN 107g 32
OR 107h 4-NO, 107h 23
OR 107i H 107i 52
NH'Pr 107j 2/-F 107j 43
NHCH(Ph)Et 107k 2'-F 107k 35
NHCH(Ph)Et 1071 4-F 1071 48
NHCH(Ph)Et  107m H 107m 49
5.2.16

Benzonaphthyridines and Indoloquinolizidines

Benzonaphthyridine derivatives exhibit a wide spectrum of biological activ-
ity such as bactericidal, fungicidal, and cancerostatic [151-153]. Also they are
interesting ligands of the Werner-type o-complexes with metal central atoms
as well as EDA m-complexes [154].

Diastereomeric benzo[h][1,6]naphthyridines 110a-b (trans) and 111la-b
(cis) were synthesized by a three-component reaction of dihydropyridines
108a-b, p-methylaniline 62b and ethylglyoxalate 109 in the presence of
20mol % InCl3 via [442] imino-Diels-Alder cycloaddition between the
olefinic moiety of dihydropyridine with the imine moiety (derived in situ by

Me
1
1 R
}Ig Me I|\I H
N InCl, (20 mol %)
| + + Et0,C—CHO ——————> =l
) 4A° MS, CH,CN 2 NH
R R Y
H H :
NH, CO,Et CO,Et
108a-b 62b 109 110a-b (trans) 111a-b (cis)

108a: R!' = Me, R2=CN
108b: R! = Me, R? = CO,Me

Scheme 43 Synthesis of benzonaphthyridines
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the reaction of p-methylaniline and ethylglyoxalate) in acetonitrile at room
temperature with moderate overall yields (63-65%). This reaction works well
with different substituents (Me, CN, CO;Me) attached to the dihydropyridine
(Scheme 43) [155].

Similarly the reaction of N-methoxycarbonyl-1,2-dihydropyridine 112
with p-methylaniline 62b and ethyl glyoxalate 109 afforded the correspond-
ing benzonaphthyridine 113 as a single isomer (cis) under the same reaction
conditions in 37% yield (Scheme 44) [155].

(IEOZMe Me
N InCl, (20 mol %)
| + + Et0O,C-CHO ————>
N 4A° MS, CH,CN
H
NH, CO,Et
112 109
62b 113 (cis)

Scheme 44 Synthesis of benzonaphthyridines

The reaction of dihydroisoquinoline 114 with p-methylaniline 62b and
4-chlorobenzaldehyde 115 under reflux conditions in acetonitrile for 48 h fur-
nished the desired dibenzo[c, h][1,6]naphthyridines 116 (cis) and 117 (trans)
in 25% overall yield (Scheme 45) [155].

Me
CO,Me Me cl MeO,¢ .
N N
InCl; (20 mol %)

+ + _— +
4A° MS, CH,CN NH
reflux

NH, CHO
114 62b 115a
Cl
116 (cis) 117 (trans)

Scheme 45 Synthesis of benzonaphthyridines

The scope of this method with regard to further modifications on the
aldehyde and aniline components was investigated. This reaction was not suc-
cessful when paraformaldehyde, glyoxylic acid and chloral hydrate were used
instead of ethyl glyoxalate 109. On the other hand, the reaction with highly
activated 3-methoxyaniline occurred through aniline addition upon the in-
termediate imine [156], by-passing the interaction with the dihydropyridine
108.
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However, the reaction of the electron-deficient amine ethyl p-aminobenzo-
ate 62c reacted with dihydropyridine 118 (generated by cyanide add-
ition upon the corresponding N-tryptophylpyridinium salt) proceeded with
ethyl glyoxylate 109 under InCls catalysis to afford stereoselectively the
indolo[3,2-a]quinolizidine derivative 119 in 66% overall yield (as a 4:1 mix-
ture of epimers at the ¢-aminoester center, stereochemistry not determined)
(Scheme 46).

CO,Me (\f@
| InCl,, 4A° MS N ™Sy
N + +E0,C—CHO —— —— > || H

CH,CN, r.t. NH

i
| | 12h Ac H
Ac NH, CN  CO,Et
CO,Et

118 62¢ 109 119

Scheme 46 Synthesis of indoloquinolizidine

The stereochemical outcome can be rationalized by considering the prefer-
ential attack of the dihydropyridine from its less hindered face and the final
indole cyclization upon the iminium ion taking place in a stereocontrolled
manner to yield a trans-indolo[3,2-a]quinolizidine derivatives [155].

5.2.17
Pyridine and Quinoline-$-Lactams and Indolizidines

Indolizidine alkaloids have recently attracted a lot of attention due to their
widespread occurrence and their utility as research tools in pharmacology.
Their structural and stereochemical complexity, coupled with their diverse
and potent biological activities, makes indolizidine alkaloids as well as re-
lated non-natural compounds very attractive synthetic targets in the search
for efficient and selective synthetic methods. In addition, functionalized bi-
cyclic lactams structurally related to indolizidine have been found to act as
conformationally restricted peptide mimetics, and they have been utilized in
asymmetric synthesis leading to natural products [157-163].

Imines derived from 4-oxoazetidine-2-carbaldehydes have been found to
be versatile Diels-Alder reagents in that they exhibit two reactivity pat-
terns. These imines lead to cycloadducts arising from normal as well as
inverse electron-demand [4+2] cycloaddition. Accordingly, the aza-Diels-
Alder reaction of aldimine 120a-c with Danishefsky diene 121 in the pres-
ence of 20 mol % InCl; in aceteonitrile at -20 °C afforded the corresponding
diastereomeric azetidine-dihydropyridin-4-ones 122a-c (anti) and 123a-c
(syn) in good overall yields favoring anti stereoselectivity; results are shown
in Table 26. In this aza-Diels-Alder reaction 2-azetidinone-tethered imines
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Table 26 InCl; catalyzed synthesis of tetrahydropyridin-4-ones

Entry Imine R! R? R3 Product ratio  Overall
122:123 yield (%)
(122+123)
a 120a PMP PhO PMP 78:22 81
b 120b Tol MeO PMP 75:25 57
c 120c PMP Ph Bn 100:0 64

120 act as dienophiles. These diastereomers were easily separated by gravity
flow chromatography (Scheme 47).

(0]

3

R
I P OTMS 111, (20 mol ¢ 21T |
R2 N nCl; (20 mol %) . R | N
= H I
N, CH;CN, - 20 °C o ’N\R1 R

0 R OMe

120a-c 121 122a-c (anti) 123a-c (syn)

Scheme 47 Synthesis of tetrahydropyridin-4-ones

Other Lewis acids like In(OTf); and Znl, also furnished good results.
These diastereomers 122b or 123b have been converted to the corresponding
highly functionalized indolizidines 124 or 125 via multi-step functional group
transformations (Scheme 48) [164].

O
ToINH
H
Py —_— ~OTBS
MeO N —_— i
H | —_— MeO '+
. PM™MP
(6] Tol
122b or 123b 124 or 125

Scheme 48 Synthesis of indolizidines

The vicinal coupling constants of the two protons (Hy4 in the S-lactamic
ring, hydrogen « to the nitrogen in the six-membered ring) were diagnos-
tic of the relative stereochemistry of these stereocenters. The vicinal coupling
constant for cycloadducts 122 is approximately 10.0 Hz, which suggests a rela-
tive anti stereochemistry for this connection, whereas these vicinal coupling
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constant for the minor isomers 123 was approximately 3.0 Hz, and indicate
a relative syn stereochemistry. This configurational assignment was further
confirmed by means of an X-ray diffraction analysis of these cycloadducts.
The stereochemical course of the reaction could be explained by assuming
that the Lewis acid catalyst coordinates to the imine nitrogen and that the
B-lactam moiety preferentially adopts an anti-Felkin-Anh conformation, in
which the large substituent of the four-membered ring (the amino group)
was oriented perpendicular to the imine group. The silyloxydiene should
then preferentially attack from the backside to furnish the major product
(Fig. 15) [165].

Diene
2
R, H /N[
H N
\ 3
_— R
(6] N
\
R!

Fig. 15 Model showing the origin of the observed syn stereochemistry

The stereoselectivity of the aza-Diels—Alder reaction was found to be de-
pendent on the bulkiness of the N-substituents on the imines. When less
hindered N-benzyl imine was used other than N-4-methoxyphenyl imine
for cycloadduct formation, fully diastereoselective conversion was obtained
(Table 26, 120c).

Aza-Diels-Alder reaction of aldimines 120a-e with less electron-rich diene
2,3-dimethyl-1,3-butadiene 126 in the presence of 20 mol % In(OTf)3 in ace-
teonitrile at 0°C afforded the corresponding diastereomeric cycloadducts

Table 27 In(OTf); catalyzed synthesis of quinoline-g-lactams

Entry Imine R! R2 Product ratio Overall
127:128 yield (%)
(127+128)
a 120a PMP PhO 60:40 85
b 120b Tol MeO 75:25 83
c 120c PMP Ph 65:35 86
d 120d PMP MeO 65:35 89
e 120e Allyl MeO 100:0 67
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OMe

Me %
Q OMe
H
jj/ j In(OTH, 20 mol %) | R
Me  CH,CN, 0°C
0

120a-e 126 127a-¢ (anti) 128a-e (syn)

Scheme 49 Synthesis of quinoline-B-lactams

127a-e (anti) and 128a-e (syn) in good overall yields favoring anti stereose-
lectivity and the results are shown in Table 27 (Scheme 49).

Interestingly, the dienophilic behavior of imines 120 in the Diels-Alder
reaction was reversed, such that it exhibited heterodienic properties [166-
168]. The cycloaddition did not take place with electron-poor dienophiles
such as 2-cyclohexen-1-one or methyl acrylate, confirming that an inverse
electron-demand Diels-Alder reaction was involved. This azadiene behavior
was well known for aryl imines derived from aromatic or «,B-unsaturated
aldehydes [169, 170], but little was known about the use of aliphatic aldehyde
derived-imines as the 47 component [171, 172] and even less about their op-
tically active derivatives [173]. Furthermore, apparently the dual behavior of
aliphatic aldehyde-derived imines as both azadienes and as dienophiles was
unprecedented. These diastereomers 127a or 128a were easily converted to
the corresponding indolizidines 129 or 130 via multi-step functional group
transformations (Scheme 50).

OMe OMe

127a or 128a 129 or 130

Scheme 50 Synthesis of indolizidines

Similarly, aza-Diels-Alder reaction of aldimine 120d with a cyclic alkene
like cyclopentadiene 43 in the presence of 20 mol % In(OTf)3 in acetonitrile
at —20 °C afforded the corresponding diastereomeric cyclopentaquinoline-$-
lactams 131 (anti) and 132 (syn) in excellent overall yields (98%) (Scheme 51),
which were then easily converted to corresponding indolizidines 133 or 134
via multi-step functional group transformations (Scheme 52).

In the same manner, aza-Diels—Alder reaction of aldimine 120a,d,e with
3,4-dihydro-2H-pyran 55 in the presence of 20mol% In(OTf); in ace-
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OMe
In(OTf), (20 mol %)
@ MeO
CHCN, -20°C .
0 PMP 0 “pMP
120d 43 131 (anti) 132 (syn)

Scheme 51 Synthesis of cyclopentaquinoline-8-lactams

&)

OMe
— )
B ——
PMPNH N
—_— H
Med
131 or 132 133 or 134

Scheme 52 Synthesis of indolizidines

teonitrile at -20 °C provided the corresponding diastereomeric pyrano|[3,2-
c]quinoline-B-lactams 135a,d,e (anti) and 136a,d (syn) in good overall yields
(Scheme 53).

OMe

OMe
In(OTf), (20 mol %)

l O CH,CN, -20°C

120a,d,e 55 135a,d,e (anti) 136a,d (syn)

Scheme 53 Synthesis of pyrano[3,2-c]quinoline-S-lactams

OMe
OMe

135e (anti) 137

Scheme 54 Synthesis of indolizidines
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Furthermore, pyrano[3,2-c]quinoline-8-lactam 135e (anti) was easily con-
verted to the corresponding indolizidines 137 via multi-step functional group
transformations (Scheme 54).

5.2.18
Piperidines

Functionalized piperidines occur with great regularity in the natural product
arena and as important units in pharmaceuticals. Over the last ten years thou-
sands of piperidine-containing compounds have been entered into preclinical
and clinical trials [174].

Highly functionalized piperidines 139a-i have been prepared by the five-
component condensation which involves the reaction of 1 eq of methyl ace-
toacetate 138, 2 eq of aldehydes 115 and 2 eq of anilines 62 in a one-pot,
atom and step economic (PASE) process in the presence of 33 mol % InCl; in
acetonitrile at room temperature in 16-74% overall yield (Scheme 55) [175].

NHAr 2
0O 0 InCl, (33 mol%) MeOL -~
M + 2eq Ar'CHO + 2eq Ar’NH, CHON |
OMe H,CN, 1t AN A
138 115 62 Ar?
139a-i

Scheme 55 Synthesis of piperidines
This reaction was highly diastereoselective with respect to 2,6-diphenyl

groups, whose relative stereochemistry was confirmed as trans by single
crystal X-ray analysis. In most cases, the piperidine precipitates out of the re-

Table 28 InCl; catalyzed synthesis of piperidines

Entry Ar'CHO (115) Ar’NH, (62) Product yield (%)
(139)
a 4-CH3CgHy 4-CH30CgHy4 45
b 3-CH;CgHy 4-CH;0CgH, 48
C Ph 4-CH30CgH, 74
d 3-CF3CgHy 4-CH30CgHy4 57
e 4-CH30CgH4 Ph 52
£ 3-CH;CgHy Ph 64
g Ph Ph 60
h 4-NO,CgHy Ph 52
i 2-CH;CgHy Ph 16
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action mixture allowing for easy isolation. The scope and generality of this
reaction are illustrated in Table 28.

The electron-donating group attached to anilines increases the rate of re-
action compared to an electron-withdrawing group. Also yields were found
to be lower when two-substituted aldehydes were employed, probably due to
steric effects. This reaction failed to yield piperidines when aliphatic aldehy-
des were employed. The plausible mechanism for the formation of piperidine
139g involves the Lewis acid promoted formation of enamine 140, which
then undergoes a “Knoevenagel-like” condensation with benzaldehyde 115a
to form the iminium ion-Knoevenagel product 141. Loss of a proton and
tautomerization of the imine to the enamine generates a diene 142, which
then undergoes either an aza-Diels-Alder cyclization or a tandem Mannich-
Michael reaction with imine 1 to furnish piperidine 139g (Fig. 16).

4
NHPh
O o0 NHPh PhCHO115a
)J\/U\ + PhNH, )\/Cone —> CO,Me
OMe
14
138 62a 0 al Ph
lNHPh NHPh
THPh Ph) - C0,Me
CO,Me
| 1 Ph" N7 “Ph
Ph o
142
139g

Fig. 16 The plausible mechanism for the formation of piperidine 139g

5.2.19
Pyridin-4-Ones

The imino-Diels-Alder reaction of Schiff bases 1 (generated in situ by
the reaction of amines 62 with aromatic aldehydes 115) with 1-methoxy-
3-trimethylsilyloxy-1,3-butadiene (Danishefsky’s diene) 121 in the presence
of 0.5mol % In(OTf)3 resulted in corresponding pyridine-4-ones 143a-f in

OMe
2
_ In(OTH), (0.5 mol%) AR
+ RICHO + RNH, ———>
1
TMSO CH,CN, MgSO,, 1t 0 R
121 115 62 143a-f

Scheme 56 Synthesis of pyridine-4-ones
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Table 29 InCl; catalyzed synthesis of pyridine-4-ones

Aldehydes (115) Anilines (62) Product Yield (%)
R! R2

C5H5 C6H5 143a 51
2-FCgHy CeHs 143b 84
2-FCeH,4 Ce¢HsCH, 143¢ 50
2-Pyridyl C¢Hs 143d 95
2—Furyl CgHs 143e 61
2-Thiphenyl CsHs 143f 0

moderate to good yields (50-95%) within short reaction time (30 min) at
room temperature. Sc(OTf)3 also provided the same results. However, the
Schiff base derived from 2-thiophene carboxaldehyde did not yield any
adduct 143f and the results are summarized in Table 29 (Scheme 56) [176].

5.2.20
Azabicyclooctanones and Azabicyclononanones

N-Benzylidene anilines 1 reacted with cyclohexen-2-one 144 in the pres-
ence of 20mol % InCl; to afford the corresponding diastereomeric azabi-
cyclo[2.2.2]octanone derivatives (145:146a-e) via imino-Diels-Alder reac-
tion, in contrast to the formation of expected phenanthridinone deriva-
tives (147:148a-e). All the reactions proceeded smoothly under mild reac-
tion conditions to afford the azabicyclo[2.2.2]octanones in moderate yields
(60-74%) [105] and the results were summarized in Table 30 (Scheme 57).
The reaction seems to proceed through the formation of dienolate ion
by strong coordination of InCls with cyclohexen-2-one 144. Thus, the re-
sulting cyclohexadienolate ion, which acts as the diene underwent imino-
Diels-Alder reaction with the Schiff base, which acts as the dienophile.
Alternatively, the formation of azabicyclooctanones (145:146a-e) were also

Table 30 InCl; catalyzed synthesis of azabicyclo[2.2.2]octanones

Entry Schiff bases (1) Product ratio  Overall yield
R Ar (145:146) (145+146) (%)

a H CeHs 69:31 65

b NO, CeHs 67:33 70

[o OCH3 C5H5 68:32 60

d Cl C5H5 73:27 68

e cl p-Cl-CeHy 47:53 74
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/©/ @ InCl; (20 mol %) Q ﬁ\:Q/
CH CN,rt, 24 h

Ar
1
145a-¢ 146a-e
InCly/ CH,CN
24 h, RT
A
147a-e 148a-¢

Scheme 57 Synthesis of azabicyclooctanones

Table 31 InCl; catalyzed synthesis of azabicyclo[2.2.3]nonanones

Entry Schiff bases (1) Product ratio  Time (h) Overall yield (%)
R Ar (150:151) (145+146)

a H CeHs 52:48 24 56

b OCH5 C5H5 65:35 26 48

C Cl CesHs 39:61 20 78

d cl p-Cl-CgHs 42:58 21 68

e CH; CeHs 48:52 22 52

accounted by Mukiyama aldol reaction of a diene, generated in situ from
cyclohexene-2-one with the Schiff base followed by cyclization under Michael
conditions [177, 178]. The structure of the product was ascertained by single
crystal X-ray analysis of the adduct 145d [179]. Similarly, imino-Diels-Alder

R R
R
N InCl, (20 mol %) N N
| + B —— Ar + H
)\ CH,CN, 24 h, 1t
Ar H o H o Ar

1 149 150a-¢ 151a-e

Scheme 58 Synthesis of azabicyclononanones



154 ].S. Yadav et al.

reaction of N-benzylidene anilines 1 with cycloheptene-2-one 149 afforded
diastereomeric azabicyclo[2.2.3]nonanones (150:151a-e) in moderate yields
(48-78%) and the results were shown in Table 31 (Scheme 58) [105].

53
Oxa-Diels—Alder Reactions

Oxa-Diels-Alder reactions basically adopt two variants (Fig. 17) [180]. In
the first one, carbonyl compounds undergo [72+m4] cycloaddition to af-
ford 3,4-dihydro-2H-pyrans. Dihydropyrans are important substrates for the
synthesis of carbohydrates and other natural products [181]. Carbonyl com-
pounds are in general of limited reactivity in oxa-Diels-Alder reactions.
Only electron-deficient carbonyl compounds such as glyoxylates, chloral, ke-
tomalonate, 1,2,3-triketones and related compounds react with dienes having
electron-donating groups. However, electron-rich carbonyls require the use
of Lewis acids or high pressures in order to undergo oxa-Diels-Alder reac-

tions [182, 183].
(0] (0]
o —0

Oxa-Diene Dihydropyran
o)
0O X
Mo _— |
=
Oxa-Dienophile Dihydropyran

Fig. 17 Basic variants in oxa-Diels-Alder reactions

The o,B-unsaturated carbonyl compounds can be utilized in an inverse-
electron demand Diels-Alder reaction as an electron-poor diene component,
with suitably substituted alkenes to yield 3,4-dihydro-2H-pyrans [184].

5.3.1
Xanthenes

Xanthene derivatives are parent compounds of a large number of naturally
occurring, as well as synthetic derivatives and occupy a prominent position
in medicinal chemistry [185-187]. Especially, 4-methoxyxanthene-9-amine
derivatives have been used for the synthesis of pharmacologically important
Clavizepine alkaloids [188]. Cytotoxic natural stilbenes schweinfurthin A & B
and vedelianin were found to possess a common left-half hexahydroxanthene
ring system (Fig. 18) [189].
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R=H; Schweinfurthin A

i OH
R = CH;; Schweinfurthin B Vadelianan

Fig. 18 Biologically important xanthene natural products

Novel xanthene-9-N-arylamine derivatives 154a—j have been synthesized
by the reaction of 1-(4-morpholino)-cyclohexene 152 with salicylaldehyde
imines 153a-j in the presence of 20 mol % InCl3; in CH3CN at room tempera-
ture in excellent yields within a short time (20-40 min). In all these reactions,
a single product 154 was obtained, which upon recrystallization with ethyl ac-
etate yielded pure crystalline products. The structures of the products were
assigned by 'H, 1*C NMR and X-ray crystallography studies. The results were
summarized in Table 32 (Scheme 59) [190].

Table 32 InCl; catalyzed synthesis of xanthenes

R! R2 Time (min) Product Yield (%)
CgsHs H 20 154a 96
2-CH;-C¢Hs H 30 154b 89
4-CH;0-C¢Hs H 20 154c 93
4-Br-CgHy H 40 154d 90
2-Pyridine H 30 154e 87
CeHs 5-CHO 30 154f 95
4-NO,-CgHy H 35 154g 82
4-CH3-CgHy 7-Cl 20 154h 90
2-Pyridine 5-CH30 40 154i 86
2-Napthyl 5-CH;0 20 154j 91
R
HN

InCl, (20 mol %) /@ rt, 20-40 min g2
—_—
(\N
o

CH,CN, reflux, 3 hrs 0

Scheme 59 Synthesis of xanthenes
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R Ina, R
HN/ 2

H

Y +H*
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0= n” 0
“ ) “ )
o) 0

Fig.19 Mechanism for the InCls catalyzed synthesis of hexahydroxanthene-9-N-
arylamines

The reaction is expected to proceed through the activation of the
imine nitrogen by co-ordination of the catalyst InCl;, followed by nucleo-
philic addition of the enamine to the C=N bond and subsequent cycli-
zation of the iminium ion, resulting in the formation of the linear-fused
hexahydroxanthene-9-N-arylamines (Fig. 19).

5.3.2
Dihydropyran-2-Ones (5-Lactones)

8-Lactones are important intermediates in the synthesis of a variety of struc-
tures with biological and medical significance, such as antifungal and antitu-
mor activity [191-193]. The first novel efficient approach for the synthesis of
5,6-dihydro-6,6-disubstituted pyran-2-ones 157a-j was reported from the re-
action between commercially available ethyl 3-ethoxybut-2-enoate 155 (inter-
mediate of Brassard’s diene) and ketones 156a-j in the presence of BF3-Et,0

BF,.Et,0 (50 mol %) o
O  OFt i InBr, (20 mol %) 0
M + 2 | 2
EtO R~ "R LDA (100mol %) . o R
CH,Cl,, 12 h, rt R
155 156a-j 157a-j

Scheme 60 Synthesis of pyran-2-ones
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(50 mol %), InBrs (20 mol %) and LDA (100 mol %) at room temperature in
the reaction time of 12 h (Scheme 60) [194].

In this reaction, BF3-Et;0 and InBrz were employed as the Lewis acid to ac-
tivate the ketone and LDA was employed as the Lewis base to activate ethyl
3-ethoxybut-2-enoate 155. The other Lewis acids TiCly, ZnCly, Yb(OTf)s,
Sc(OTf)s, Et, AlICI do not yield any products. Various aromatic, aliphatic, and
heterocyclic ketones were converted to the corresponding §-lactones contain-
ing quaternary carbon atom centers in excellent yields (63-99%) under mild
conditions (see Table 33).

Table 33 InBr; catalyzed synthesis of pyran-2-ones

R! R2 Product Yield (%)
CesHs CH3 157a 99
CeHs 2-F-CgH,y 157b 72
4—C1—C6H4 CH3 157¢ 68
4-CH3-CgHy CH3 157d 99
4-OCH;3-CgHy4 CH3 157e 98
4-NO,-CgHy CH3 157f 82
Cyclohexyl CH; 157g 81
tert-butyl CH; 157h 65
thiophenyl CH;3 157i 63
Cg¢Hs OEt-CH,-OFEt 157j 65

The efficiency of this method was associated with the electronic and steric
effects of the substituents attached to ketones. With the enhancement of the
substituent’s electron-donating capability in the starting aromatic ketone,
e.g., CHs, OCHs, the yield of pyranone increased (157c,d,e). Interestingly,
also groups with electron-withdrawing capability, like Cl and NO,, led to
good yields (157f). This indicated that appropriate electronegative groups on
substituted ketones could give high yields. The bulkier ortho-group, like iso-
propyl and tert-butyl, provided only moderate yields (157h), which could be
attributed to a steric effect. Also aromatic ketones were superior to aliphatic
ketones. Moreover, it is worthwhile to note that a heterocyclic ketone was
transformed with moderate yield to pyranone (157i). Surprisingly acetal-
substituted active ketone was transformed to the corresponding pyranone
(157j) in 65% yield.

533
Dihydropyran-4-Ones

The oxa-Diels-Alder reaction of benzaldehyde 115a with 1-methoxy-3-
trimethylsilyloxy-1,3-butadiene (Danishefsky’s diene) 121 in the presence of
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OMe (0]
< ©)‘\H In(OTf), (10 mol%) 770
+ —_—
0
TMSO CH,CN, rt

121 115a 158
Scheme 61 Synthesis of pyran-4-ones

10 mol % In(OTf)3 resulted in corresponding pyran-4-ones 158 in 78% within
a short time (30 min) at room temperature (Scheme 61) [176].

534
Pyranopyrimidines and Furopyranopyrimidines

Pyrimidine derivatives continue to be of great interest due to their wide
range of biological activities [195]. Preparation of naturally occurring com-
plex molecules containing a uracil ring poses significant synthetic chal-
lenges [196]. The development of clinically useful anticancer (5-fluorouracil)
[197,198] and antiviral drugs (AZT, DDC, DDI, BVDU) [199-201] has re-
newed interest in the synthetic manipulation of uracils [202]. The furo[2,3-
d]pyrimidine derivatives act as useful sedatives, antihistamines, diuret-
ics, muscle relaxants and antiulcer agents. Furthermore, pyrano [2,3-
d]pyrimidines also represent broad classes of annelated uracils. A number of
compounds having these systems were synthesized and were found to have
diverse pharmacological activity [203, 204].

Diastereomeric novel pyrano [2,3-d]pyrimidines 16la-e (trans) and
162a-e (cis) have been synthesized via a one-pot three-component reaction
of 1,3-dimethyl barbituric acid 159 with an aromatic aldehyde 115a-e and
ethyl vinyl ether 160 in presence of 1 mol% of indium(III) chloride in ace-
tonitrile:water (3:1) at room temperature in excellent overall yields (90-99%).
Sc(OTf); was also effective in terms of yields but with poor stereoselectivi-
ties. This reaction involves an inverse electron-demand Diels-Alder reaction
between «,B-ethylenic ketones (formed in situ by the Knoevenagel conden-
sation of 1,3-dimethyl barbituric acid with an aromatic aldehydes), which act
as oxygen-heterodienes with ethyl vinyl ether. In all cases the trans isomers
161 were the predominant products. This reaction works well for various sub-
stitution patterns on the aromatic ring of aldehydes. However, the reaction
did not proceed with aliphatic or heterocyclic aldehydes, and the results are
summarized in Table 34 (Scheme 62) [205].

The structure of these diastereomers was assigned on the basis of spec-
troscopic and elemental analysis. The NMR spectra of diastereomers 161a
(trans) and 162a (cis) exhibited a resonance as a doublet of doublets at-
tributed to the anomeric proton at § =5.46 (J =3.0, and 6.3 Hz) for the
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Table 34 InCl; catalyzed synthesis of pyrano [2,3-d]pyrimidines

Entry Aldehydes (115) Time (h) Product ratio Overall yield (%)
Ar trans:cis (161+162)
(161:162)
a 4-NO,-CgH,- 2.5 75:25 99
b CeHs 35 70:30 95
C 4-Cl-CgHy- 2.5 70:30 95
d 4-Me-CgHy- 3.5 70:30 920
e 4-OMe-CgHy- 3.5 70:30 920
o 0 Ar [ 0 Ar o
Me- nC mol Me- P Me- Me~
N + ArcHo 2= j\)f OBt j\ \ " jf%\
o o CH,CN:H,0 B:1)| 0P >SN0 | 160 07 >N"o0 o 07 N0 07
Me it ]\‘/Ic I\‘/le Me
159 115 161a-e (trans) 162a-e (cis)

Scheme 62 Synthesis of pyrano [2,3-d]pyrimidines

diastereomer 161a and at § = 5.25 (J = 2.1 and 4.5 Hz) for the diastereomer
162a, suggesting that the ethoxy substituent occupies a pseudoaxial position
within the dihydropyran ring for the diastereomer 161a. The benzylic pro-
ton appeared as a triplet at § = 4.15 and 4.19 for the diastereomers 161a and
162a with an apparent coupling constant J = 7.5 and 6.6 Hz, respectively. An-
alysis of the resonances of the equatorial and axial hydrogens located on the
neighboring methylene group of diastereomers 161a or 162a indicated, after
spin decoupling, that the coupling constants are J = 7.0 and 6.1 Hz, respec-
tively, for diastereomer 161a. Thus, the configuration of diastereomer 161a
may therefore be assigned as trans and cis for the diastereomer 162a.
Similarly, diastereomeric novel furopyrano [2,3-d]pyrimidines 163a-e
(cis) was prepared via a one-pot three-component reaction of 1,3-dimethyl
barbituric acid 159 with an aromatic aldehydes 115 and 2,3-dihydrofuran
66 in presence of 1 mol % of indium(III) chloride in acetonitrile:water (3:1)
at room temperature in good yields (80-90%). In all cases the reactions

O Ar
0 (6] Ar| i/ \ " H
€ <
Mes InCl, (1 mol %) |MENN~ N ) N :
+ AICHO ———— > — )\ |
0”>N"o
|

o o CH,CN:H,0 3:1) | ¢ N"So 66 :
Me it Me Me

janiT}

159 115 163a-e (cis)

Scheme 63 Synthesis of furopyrano [2,3-d]pyrimidines
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Table 35 InCl; catalyzed synthesis of furopyrano [2,3-d]pyrimidines

Aldehydes (115) Time (h) Product 163 Yield (%)
Ar (cis)

4—N02—C6H4— 8.0 163a 80

CeHs 10.0 163b 85
4-Cl-C4Hy- 8.0 163¢ 90
4-Me-CgHy- 8.0 163d 80
4-OMe-CgHy- 10.0 163e 82

proceeded smoothly at ambient temperature with high cis selectivity. The
tetrahydrofuran ring is cis-fused as indicated by the coupling constant of the
protons at §5.75 is ] = 6 Hz and §4.48 is ] = 5.4 Hz. Several examples illustrat-
ing this novel and rapid procedure for the synthesis of fused pyrimidines are
summarized in Table 35 (Scheme 63) [205].

5.3.5
Pyranobenzopyrans and Furanobenzopyrans

2H-1-Benzopyrans (chromenes) and 3,4-dihydro-2H-1-benzopyrans (chro-
mans) are important classes of oxygenated heterocycles that have attracted
much synthetic interest because of the biological activity of naturally oc-
curring representatives [206, 207]. Numerous 4-amino-benzopyrans and their
derivatives have drawn considerable attention in the last decade as modula-
tors of potassium channels influencing the activity of the heart and blood
pressure [208,209]. Particularly, fused tetrahydropyranobenzopyran deriva-
tives are frequently found in naturally occurring bioactive molecules.

Novel cis-fused amino-substituted pyranobenzopyrans 164a-d (cis) and
165a-d (trans) have been prepared via a one-pot three-component reaction of
o-hydroxybenzaldehyde 115b with an aromatic amine 62 and 3,4-dihydro-2H-
pyran 55 in the presence of 20 mol % of indium(III) chloride in acetonitrile at
room temperature in good overall yields (65-91%); results are presented in
Table 36 (Scheme 64) [210].

Triphenylphosphonium perchlorate is also an effective catalyst in terms
of yields and selectivities. The ratio of 164 and 165 was determined from
the crude 'H NMR spectra of the products. The stereochemistry of product
164 was assigned based on the coupling constants and nOe studies. The six-
membered tetrahydropyran ring was cis-fused, as indicated by the coupling
constant J4_5 = 2.5 Hz between Hs (§5.47) and Hy for 164b. Also J4_¢ = 1.8 Hz
(He, 64.88) for product 164b and the presence of an nOe between Hg¢-Hs
and Hs-Hy, support that Hg is cis to Hy. The product 165b differs from 164b
having a different configuration at Cg. This was supported by the coupling
constants, as well as the absence of an nOe between H5-Hg and Hg-Hy.
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Table 36 InCl; catalyzed synthesis of pyranobenzopyrans

Entry Anilines (62) Time (h) Product ratio Overall yield (%)
R! 164:165 (164+165)

a CeHs 1.0 93:07 91

b 4-Me-CgH5 1.5 90:10 85

c 4-Br-CgHs 1.5 75:25 84

d 4-NO,-C¢Hs 3.0 70:30 65

CHO InCl, (20 mol %)
+ RENH, 4 | _ +
OH 0 CH,CN,rt
115b 62 55
164a-d (cis) 165a-d (trans)

Scheme 64 Synthesis of pyranobenzopyrans

This reaction probably proceeds through the activation of the imine (in
situ formed by the reaction of o-hydroxybenzaldehyde and aromatic amine)
aided by the catalyst followed by addition and subsequent cyclization of
the enol ether to afford corresponding benzopyrans (Fig. 20). Alternatively,
we also assume that the activation of imine by the catalyst can lead to the
formation of o-quininomethide A, which subsequently undergo [4+2] oxa-

Diels-Alder reaction with dienophile enol ether to afford the corresponding
N
1>
\-/“\ InCl; (20 mol %)
OEt

benzopyrans (Fig. 21).
NHR
— QL
NS
OH QU OEt 0~ TOEt

Fig.20 Step-wise mechanism for the synthesis of benzopyrans

+3
In, _R NHR
O

3
In,, |N}R R NHR
InCl, @ \Jl
OH 9 9Et (0] OEt
> R

Fig.21 Concerted mechanism for the synthesis of benzopyrans
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Similarly, furanobenzopyrans 166a-c (cis) and 167a-c (trans) have been
synthesized via a one-pot three-component reaction of o-hydroxybenz-
aldehyde 115b with aromatic amines 62 and 3,4-dihydro-2H-pyran 66 in the
presence of 20 mol % of indium(III) chloride in acetonitrile at room tem-
perature in good overall yields (87-93%) favoring cis isomers; results are
summarized in Table 37 (Scheme 65) [210].

Table 37 InCl; catalyzed synthesis of furanobenzopyrans

Entry Anilines (62) Time (h) Product ratio Overall yield (%)
R! 166:167 (166+167)

a CeHs 0.5 85:15 93
4-Me-CgH5 1.0 80:20 89

c 4-Br-CgHs 1.5 78:22 87

HN/R 1
CHO Hal I;I
. / InClL, (20 mol %) F
+ R—NH, + _—

OH 0 CH,CN,rt o0 i0

H

115b 62 66

166a-c (cis) 167a-c(trans)

Scheme 65 Synthesis of furanobenzopyrans

Furthermore, the reaction between o-hydroxybenzaldehyde 115, aniline
62a and ethyl vinyl ether 160 in dichloromethane using 20 mol % InCl; af-
forded the corresponding diastereomeric 2-ethoxy-4-N-phenylaminobenzo-
pyrans 168 (cis) and 169 (trans) in high yields and with high cis selectivity.
However, this reaction did not proceed with amines such as benzyl, cyclo-
hexyl, methyl and ethyl amines used for cyclization (Scheme 66).

CHO NH,
C[ @ L
+ +
OH OEt  cH,Cl,, 1t

115 62a 160

168 (cis) 169 (trans)

Scheme 66 Synthesis of benzopyrans
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5.4
[3+3] Cycloadditions

5.4.1
Bicyclic Tetrahydroquinolines

Bicyclic tetrahydroquinolines have attracted great attention owing to their
important biological activities including potent antiviral, antitumor activi-
ties [211,212]. Aminoglycosidation of D-glucal 170 with different electron-
rich as well as electron-deficient aryl amines 62 using 10 mol % InBr3 or
1.0 eq TMSOT(f in CH;,Cl, at room temperature afforded the corresponding
bicyclic tetrahydroquinolines 171a-g in good yields with high stereoselectiv-
ity (Scheme 67).

OAc O ™
WOAc NH, InBr, (10 mol %) or ‘ OAc
+ R R OAc
OAc TMSOTT (1.0eq) N
o CH,CL,, 1t H
170 62 171a-g

Scheme 67 Synthesis of bicyclic tetrahydroquinolines

Similarly r-rhamnal and D-xylal also underwent cyclization to afford
the corresponding bicyclic adducts 171h-k (see Table 38). Among various
Lewis acids, InBr;, TMSOT{, CeCl;-7H,0, YCls, YbCls, Sc(OTf)s3, Bi(OTf)s,
Yb(OTf)3, Ce(OTf)3, Sm(OTf)3 were screened for this conversion, and among

Table 38 InBr; or TMSOT( catalyzed synthesis of bicyclic tetrahydroquinolines

Glucal Amines (62) Product InBr; (10 mol %) TMSOTS (1.0 eq)
R Time (h)  Yield (%) Time (h) Yield (%)

D-glucal H 171a 6.0 85 3.5 87
D-glucal 2-Me 171b 5.5 82 4.0 85
D-glucal 4-F 171c 7.0 78 5.0 81
D-glucal 4-Br 171d 7.5 82 4.5 84
D-glucal 4-OMe 171e 7.0 78 4.0 78
D-glucal 4-Cl 171f 6.0 84 4.5 85
D-glucal 2,6-(CHs); 171g 8.0 - 6.0 -
L-rhamnal H 171h 5.0 87 5.0 85
L-rhamnal 4-Me 171i 4.5 82 4.0 84
D-xylal H 171j 6.0 89 3.5 82

D-xylal 4-Me 171k 5.0 85 4.0 80
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them InBr; and TMSOT{ were found to be superior in terms of yields and
stereoselectivites [213].

The product 171a was characterized thoroughly by various NMR experi-
ments including double quantum filtered correlation spectroscopy (DQF-
COSY), nuclear Overhauser effect spectroscopy (NOESY), heteronuclear sin-
gle quantum correlation spectroscopy (HSQC), and 3Jcy-optimized HMBC
experiments. The edited HSQC spectrum showed the presence of two methy-
lene groups in addition to eight methine and two methyl groups. The location
of the methylene group in the bridge of a bicyclononene-like structure was
confirmed by the presence of small couplings between these protons and the
bridgehead protons H; and Hs (Jui-H2(pro-5) = 3.7 Hz, JH1-H2(pro-r) = 1.8 Hz,
JH2(pro-s)-H3 = 2.4 Hz, and Jua(pro-r)-H3 = 4.6 Hz) (Fig. 22). Fusion of the bi-
cyclononene and the aromatic ring at C;-C;; and NH-C; was confirmed
by nOe interactions between H; and H;;,. Further support for the structure
came from HMBC peaks for H1/Cy2, H1/Cq1, H1/Ci6 and Hy,/Cy. The two
six-membered rings of the bicyclononane moiety have two different confor-
mations. The one containing oxygen takes a chair form, whereas the unsatur-
ated ring with nitrogen and fused to the aromatic ring exists in a half-chair
form. HMBC peaks for Hy(pro-5)/C11 and Hy(pro-r)/Ca were consistent with
this structure. The large coupling constant Jys-p5 = 10.4 Hz (diaxial) and the
NOESY cross peak for Hy(pro-s)/H4 further support the chair form for the
ring containing these protons. The ring current of the aromatic ring causes
high-field chemical shifts for Hy(pro-r) (6 = 1.96 ppm) and H5 (8 = 3.58 ppm).
Furthermore, the structure of 171a was confirmed by molecular mechanics
calculations [214, 215].

Fig.22 a Chemical structure of 171a. b Characteristic nOe interactions for 171a

A possible mechanism for the formation of bicyclic tetrahydroquinolines
171a-k is depicted in Fig. 23. To elucidate the mechanistic pathway, the re-
action with deuterated aniline 62a’ and 3,4,6-tri-O-acetyl-pD-glucal 170 was
carried out and there was no deuterium incorporation observed in the prod-
uct. However, when the reaction of aniline 62a and 170 in D,0 at 80 °C gave
the isomeric deuterated products [2pro-R-D1]-172a and [2pro-S-D1]-172a
in equal amounts, which was confirmed by 'H NMR and FAB mass spec-
troscopy, this clearly indicated that protons were abstracted from the solvent



Indium Catalyzed Synthesis of Heterocycles via Cycloadditions 165

CH,
CNH2 In™ OAc g>

‘\¢ WOAc
w1 OAc
&

62a 170

[Zpro-R-D] ]-172a [2pm-S-Dl ]-172a

Fig.23 Possible mechanism for the formation of bicyclic tetrahydroquinolines

and not from aniline. It was also found that 170 does not react with 2,6-
dimethylaniline 62 (R=2, 6-(CH3),) (Table 38), which indicated that one of
the ortho-positions of aniline should be free from substitution for the success
of the reaction.

In a similar fashion, bicyclic tetrahydroquinolines 171a-e have been
synthesized by the reaction of anilines 62 with optically active 4,6-di-O-
acetyl-2,3-dideoxyaldehydo-D-erythro-frans-hex-2-enose 173 in the presence
of 10 mol % of InCl3 in CH3CN at room temperature in excellent yields with
high stereoselectivity (Scheme 68) [216].

O
Nk w InCl, (10 mol %) [ o
n! mol 7o
R©/ # a0 e e v OA
CH,CN, 1t N ¢

H
62 173

O

171a-e

Scheme 68 Synthesis of bicyclic tetrahydroquinolines

However, ortho-hydroxy-substituted anilines and trans-cinnamaldehyde
did not afford any bicyclic adducts. This reaction was successful only with
8-hydroxy-«,B-unsaturated aldehydes. This reaction was also carried out ef-
fectively with 10 mol % of Yb(OTf)s; under mild conditions.

The probable mechanism was depicted in Fig. 24. Initially Michael add-
ition of aniline 62a to the unsaturated position of conjugated aldehydes 173
afforded an adduct, which may form an o-quinoid intermediate by loss of
water followed by intramolecular attack by an OH function leading to the
formation of bicyclic adduct 171a.
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OAs/\\ OAc OAc
3 H InCl, H
: ) | ——— A0 = A0 !
OH . N S H |
. In(my OH NH OH OH :NH (o,,
i C O 1)
[::::I/ 2
62a
OAc
N :
= OAc
—_—
OH
OH-In(IT)

171a

Fig.24 Possible mechanism for the synthesis of bicyclic tetrahydroquinolines
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Abstract [8+2] Cycloaddition reactions leading to the synthesis of heterocyclic systems
are summarized. The heteroanalogs of heptafulvene, viz. tropone, tropothione and aza-
heptafulvenes are the most thoroughly investigated systems in this regard. They provide
an easy access to (7,5)-fused heterocyclic systems. A few other systems like indolizines,
benzothiete and dienylisobenzofurans have also been shown to deliver novel heterocyclic
systems through [8+2] cycloaddition reactions.

Keywords [8+2] Cycloadditions - Azaheptafulvenes - Dienyl isobenzofurans -
Heptafulvenyl systems - Indolizines - Tropone - Tropothione

1
Introduction

The cycloaddition reaction between two polyene components is usually re-
ferred to as a higher-order cycloaddition reaction. In practice, any cyclo-
addition reaction that involves more than 67 electrons can be regarded as
belonging to the higher-order variant. The importance of this particular syn-
thetic strategy rests mainly on two factors. Firstly, higher-order cycloaddition
reactions provide an easy entry into medium-sized ring systems which are
difficult to obtain by other means. Secondly, substrates possessing an ex-
tended m-array can exhibit different modes of reactivity in cycloaddition
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reactions depending on the substrate and conditions. Thus, a detailed study
of such a system can provide valuable information regarding various as-
pects related to the stereo- and periselectivity in cycloaddition reactions, in
a general sense. Unlike the Diels-Alder reaction, higher-order cycloaddition
reactions generally proceed with modest chemical efficiency. This can be at-
tributed to the multiple reactivity profiles that the polyene component can
exhibit, thus resulting in a lack of periselectivity.

O ¢ — %
&5 & &

Tropone Tropothione Azaheptafulvenes
Dienylisobenzofuran Indolizine Benzothiete

Scheme 1 General representation of [8+2] cycloaddition reaction with the heptafulvenyl
system and the structures of commonly encountered 87 systems

[842] Cycloaddition reactions represent the most important class belong-
ing to the category of higher-order cycloaddition reactions (Scheme 1). In
some cases the products are formally [842] adducts but may result from
other initially formed cycloaddition intermediates. Heptafulvenes and their
heteroanalogs are the most-studied substrates as far as [8+2] cycloaddition
reactions are concerned. These reactions provide a direct entry into diversely
functionalized bicyclo[5.3.0] ring systems which are part of numerous nat-
ural and non-natural compounds. Thus, the hetero-analogs of heptafulvene,
viz., tropone, tropothione and azaheptafulvenes, lead to the synthesis of
fused (7,5) heterocycles through [8+2] cycloaddition reactions. Indolizines
are another class of compounds that possess a hetero-8w system suitable
for cycloaddition reactions. Recently, it was reported that dienylfurans and
dienylisobenzofurans undergo efficient [8+2] cycloaddition reactions with
electron-deficient 27 systems leading to the synthesis of oxabridged macro-
cycles, a framework found in a number of biologically active molecules.
The cycloaddition reactions of benzothiete and benzobisthiete have been uti-
lized for the synthesis of three-dimensional molecular frameworks including
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bent-shaped polymers. The cycloaddition reactions of each category will be
discussed in detail in the following sections.

2
Reactions of Tropone

Among the heptafulvenoids, the cycloaddition chemistry of tropone has been
explored in great detail. The studies reveal the preference for tropone to react
as a 47 or 6 component in cycloaddition reactions. Nevertheless, there are
a few cycloaddition reactions in which tropone takes part as an 87 compon-
ent. Thus, reaction of tropone with dichloroketene generated in situ from
dichloroacetyl chloride and triethylamine afforded the adduct 4, formally an
[8+2] adduct (Scheme 2) [1]. Similarly, diphenylketene produces adduct 3, in
this case via a [2+2] adduct 2. In contrast, in the reaction of dichloroketene
with tropone, formation of a [2+2] adduct was not observed even at low tem-
peratures. Thus, it was proposed that an unstable [2+2] adduct may generate
a second ketene 5 or that the reaction may proceed through a nucleophilic
attack of the tropone oxygen on the ketene carbonyl (see 6 and 7) [1]. It is
interesting to note that the potential [8+2] cycloaddition pathway was not

@ Cﬁ—@ O
L@

(19%)

0]

0 0
I
0 o)koa2 ool

cl

5 6 7

Scheme 2 Reagents and conditions: (a) Ph,CHCOCI, Et3N, ether, 0°C; (b) quinoline/A;
(c) Cl,CHCOCI, Et3N, ether, 0°C

Machiguchi and co-workers have recently shown that the reaction of
ketenes with tropone does not proceed by a concerted pathway [2]. Spectro-
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scopic studies as well as theoretical investigations support a non-concerted
pathway proceeding through a dioxetane intermediate 9 formed by [2+2]
cycloaddition. The latter undergoes isomerization to the S-lactone interme-
diate 11 via a zwitterion, which again gets transformed to the [8+2] adduct
via a second zwitterionic intermediate (Scheme 3).

R
R ‘ R R O
(0]
ﬁ O ‘ OR
1
[8+2] _
(0] (0] R
O&R g
R - R
72 H
\/
12 13
Scheme 3

Tropone was found to react with isocyanates resulting in the formation
of corresponding imino derivatives after extrusion of CO, from the initial
adducts [3]. The imino derivatives thus formed reacted with excess iso-
cyanates to give the corresponding 1:2 adducts 15. The product arises via
an [8+2]-type annulation which may well involve a zwitterionic intermediate

(Scheme 4).
Cre e O e
1

Scheme 4 Reagents and conditions: (a) Ts-N=C=0, CH,Cl,, -78 °C to rt

The reaction of tropone with enamines delivered different products de-
pending on the substituents on the enamine [4]. Thus, 1-morpholinocyclo-
hexene reacted with tropone to afford the [8+2]-type adduct 17 in 77% yield.
1-Morpholinocyclopentene also gave a similar adduct in good yield. The
product may be considered to arise via an [8+2] addition or via a nucleo-
philic addition of the enamine to tropone and subsequent ring closure. On the
other hand, 1-morpholinopropene afforded a [4+2]-type adduct as shown in
Scheme 5 in 66% yield.
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-[CHzlg-, R® = H
A R1 R®=H,
=Me
R‘R2
18 (66%)

Scheme 5 Reagents and conditions: (a) neat (or EtOH/CsHg¢/THF), rt

Tropone has been shown to undergo photodimerization to yield a [4+2],
[6+2] or [6+4] adduct [5,6]. Cantrell reported that tropone undergoes an
[8+2] annulation with simple alkenes to yield the 8-oxabicyclo[5.3.0] ring
system on irradiation (Scheme 6) [7]. The reaction is proposed to proceed
through the tropone triplet species involving an n — 7* transition from the
carbonyl oxygen to the alkene moiety. Product 20, on heating underwent sig-
matropic hydrogen shifts to afford the isomers 21 and 22.

R' Lt R' o R' o
\/RRz /\/R 2 \/R 2

o) 0 o] R o) R

R! R' R2 <R2 < 2
e T (S

R2 R2

1 19 20 (35-40%) 21 22

R4, Ry =H, CH3

Scheme 6

Subsequently, the photochemical reaction of tropone was carried out with
1,1-dialkoxyethenes to afford the corresponding [8+2] adducts in around
40% vyield (Scheme 7). Interestingly, the thermal reaction of tropone with
1,1-diethoxyethene afforded the [8+2] adduct 24 (60%) along with the [4+2]
adduct 25 (22%) [8].

8-Oxoheptafulvene 26 reacted with tropones to give the adducts 27, incor-
porating a norcaradiene ring system (Scheme 8) [9, 10]. These are proposed to
arise via [8+2] cycloaddition reactions of tropones la to 8-oxoheptafulvene.
Products 27 were found to undergo rearrangement to 28 on heating in the
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OEt EtO OEt

_ab \OEt

EtO OEt

24
Scheme 7 Reagents and conditions: (a) hv, 24 (40%); (b) A, 24 (60%) + 25 (22%)

1 O R'
R [
o o
@ O, N0
+ —_— — O
S
/ﬁ ~ <
— Ph
1a 26 27 28

Scheme 8

presence of oxygen. Benzophenone, on the other hand, gave an [8+2] annu-
lation product with 8-oxoheptafulvene which was proposed to arise from the
corresponding [2+2] adduct via rearrangement.

Truce and Lin have reported the formation of 1: 1 [8+2] adducts between
tropone and sulfene [11]. A THF solution of triethylamine was added drop-
wise to a solution of tropone and «-toluene sulfonyl chloride in THF at 0 °C.
Detailed analysis revealed that the adduct isolated was the cis isomer. On treat-
ment with base, the primary adduct was transformed to the trans isomer. The
initial exclusive formation of the cis adduct indicates that the reaction is either
proceeding by a concerted route or that the zwitterionic intermediate collapses
to the cis adduct before bond rotations. The adducts on heating lost SO, to form
the corresponding cis or trans hydroxystilbenes or styrenes (Scheme 9).

9]
+ RCH,SO.CI @ @H
HH
1 29 30 (82-95%)

R = aryl, benzoyl, etc. b

b
H R
R OH
OH [ H \
H
H
22 33

Scheme 9 Reagents and conditions: (a) Et;N, THE, 0 °C, Ny; (b) A, -SO,
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Ciabattoni and Cabell have reported that the reaction of tropone with
an excess of mesyl sulfene afforded the corresponding 1:2 adduct in 40%
yield [12].

The phosphene 35 generated photolytically from the a-diazo phosphine
oxide 34 underwent [8+2] cycloaddition with tropone [13]. The adduct on
heating afforded 37 through a [1,5] sigmatropic hydrogen shift (Scheme 10).

Q\ /Ph o\\ /Ph
o-R O™ _Pnh
Ph, Ph Ph \<Ph
—C— a _ b = c
Ph/g ﬁ Ph 2, O/P\\(F,h b, yh—
2 Ph N
34 35 36 37

Scheme 10 Reagents and conditions: (a) benzene, hv, -N3; (b) tropone; (c) 180 °C [1, 5, 6],
H shift

Tropone was shown to undergo exclusive [8+2] cycloaddition with phenyl
sulfonyl allene [14]. When the two were heated at 100 °C without solvent or
in benzene, the [8+2] adduct 39 was isolated in 41% and 31% yields, respec-
tively. In acetonitrile, the product 40 was also observed which is proposed to
arise via sigmatropic hydrogen shifts from 39. Presumably, the trace amount
of acid in acetonitrile facilitates the reaction (Scheme 11).

I o
o)
+ & a/b/c + / Me
SO,Ph nlH SO,Ph
1 38 39  SOyPh 40

Scheme 11 Reagents and conditions: (a) CH3CN, 100 °C, 16 h, 39 (32%) + 40 (10%); (b)
benzene, sealed tube, 100 °C, 16 h, 39 (38%); (c) neat, 8 h, 100 °C, 39 (41%)

The reaction of tropone with phosphalkynes in toluene at 120 °C (5 days)
led to the formation of cage compounds 45 [15]. The reaction proceeds
through a series of [442], [24+2+2] and [8+2] addition reactions followed by
rearrangements as depicted in Scheme 12. In the presence of excess alkyne at
95 °C, the reaction affords compound 42 in 52% yield.

Tropone reacted with naphthocyclopropenes via an [87+20 ]-type pathway
to yield cyclic ethers as shown in Scheme 13 [16]. The reaction was proposed
to proceed through the intermediate 47, which rearranges through path a or
b as shown.
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o} 0 Q
0 rearrangement
1 3| 42 R 43<

R \

0
~P  [1,5] shif
/ R / R

4 R 5(21%) R

Scheme 12 Reagents and conditions: (a) toluene, 120 °C, Schlenk tube

O
X
a
O -0
\
46 1a 47

48\@ 49x

Scheme 13 Reagents and conditions: (a) CHCI3, Yb(fod)s

3
Reactions of Tropothione

Although tropothione was known in the literature from the early 1960s,
the first report on its cycloaddition reaction was published only in 1973 by
Machiguchi et al. [17]. A benzene solution of 50 reacted with maleic an-
hydride giving rise to the [8+2] cycloadduct 52 in quantitative yield. The
reaction with DMAD (dimethyl acetylene dicarboxylate), on the other hand,
provided the thiachromene derivative 56 in 65% yield. The latter is proposed
to arise from the initial [8+2] adduct through rearrangement as depicted in
Scheme 14.

The successful isolation of tropothione and a detailed investigation of
its spectroscopic, physical as well as chemical properties were reported by
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O o e

2 (Quant.)
+
MGOZC COgMe
53
\a
S._CO;Me COzMe s H CO,Me
/ M — X
@ICOZMe CO,Me Z > Co,Me
54 56 (65%)

Scheme 14 Reagents and conditions: (a) benzene, 10 °C, 30 min

Machiguchi et al. [18-21]. The molecule was found to be stable at -78 °C
under nitrogen, but dimerized readily at 0 °C. A 1 molar solution of 50 was
found to have a half life of 9.1h at 25°C. On oxidation tropothione gave
tropone whereas, on reaction with hydrazine and hydroxylamine, tropone hy-
drazone and tropone oxime respectively were isolated in good yield. These
studies revealed that the structure of tropothione was closer to 50a than to
50b, with less polar and less basic properties compared to tropone.

The dimerization of tropothione afforded an [8+8]-type dimer 57 of
the head-to-tail type. The reaction represents the first example of a non-
topochemically controlled reaction in the ground state (Scheme 15) [22].

In contrast to tropone and azaheptafulvenes, tropothione underwent an
efficient [8+2] cycloaddition reaction with cyclopentadiene [23]. The endo

(Oro == (e — ()=
1 50a 50b
)L b
. Ly
S © S
57 H

Scheme 15 Reagents and conditions: (a) P,Ss, Et3N, CH,Cl,, N, 0 °C, 94%; (b) crystalline
state, 0 °C, 2 days, 98%; (c) rt in solution or at mp in the molten state
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cycloadduct 59 was isolated in 89% yield, but underwent isomerization
through sigmatropic hydrogen shifts at higher temperature or in the presence
of acid. Both adducts were oxidized to the corresponding thermally stable sul-
fones with monoperphthalic acid to aid structural elucidation (Scheme 16).
Kinetic studies supported a concerted reaction pathway proceeding through
a highly oriented 107 transition state.

@@a@@ @1@

59 (89%)
C (¢}
@b @fb
61 (71 %) 86%

Scheme 16 Reagents and conditions: (a) CHCIs, 40 °C; (b) toluene, reflux or, CFsCOOH
(cat.), rt; (c) monoperphthalic acid, CHCl3, -6 °C

Tropothione reacted with chloroketene, generated in situ, in benzene at
room temperature to afford the 1: 2 adduct 66 in 68% yield [24]. The forma-
tion of 66 is rationalized by invoking an electrophilic addition of chloroketene
to the initially formed adduct as shown in Scheme 17. The controlled addition
of chloroacetyl chloride to a solution of tropothione in CH,Cl, containing
Et3;N allowed separation of the 1: 1 [8+2] adduct 65 in 72% yield. An MO cal-
culation revealed that the HOMO of 65 has the highest lobe on C-3 which is
the preferred site for attack by the electrophile.

b Cl
H
7 Kfo -HCI g\Fo
S S
N/

S

() ofs

50 63 64 65
0 Cl
Cl
S
66

Scheme 17 Reagents and conditions: (a) Et3N, benzene, rt
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A very low yielding synthesis of the 2H-cyclohepta[b]thiophene system 69
was reported by Pietra and co-workers [25]. Tropothione 50 was generated
in situ from tropone by chlorination with oxalyl chloride in dichloromethane
followed by treatment with hydrogen sulfide in the presence of potassium
carbonate. To a solution of 50 in dichloromethane was added dichloroacetyl
chloride followed by triethylamine. The thus-generated dichloroketene ap-
parently underwent [8+2] cycloaddition followed by dehydrochlorination to
give 69. It is quite likely that the reaction is initiated by the nucleophilic attack
of tropothione sulfur on the ketene (Scheme 18).

Cl Cl
Cl
Ore - 0 = O
S . _a ., O —— 0
Cl Cl S HC S
50 67 68 69

Scheme 18 Reagents and conditions: (a) EtsN, CH,Cl,, Ny, rt

Diphenyl ketene was found to undergo an efficient [8+2] cycloaddition re-
action with tropothione (Scheme 19) [26]. An MO calculation was performed
in order to throw light on the orientation of the [8+2] cycloaddition, which
revealed an orbital mixing of the phenyl group with two vacant FMOs of the
ketene moiety. This provides an appropriate site for the antisymmetric orbital
interaction with the tropothione molecule.

S
S._0O

I
_a .
A
Ph Ph Ph
70

50 71 (84%)

Scheme 19 Reagents and conditions: (a) benzene, 10 °C

Machiguchi’s group carried out a theoretical investigation of two model
reactions involving ethylene to butadiene and to tropothione to compare
the reactivities in [4+2] and [8+2] cycloaddition reactions [27]. The results
indicated that both the [8+2] and [4+2] cycloadditions proceed with small ac-
tivation energies. The high reactivity is ascribed to the larger lobe of the FMO
(HOMO or LUMO) on the sulfur atom. Also, the Diels-Alder reaction was
found to be of the inverse electron-demand type. The propensity for [8+2] cy-
cloaddition was slightly lower owing to the delocalization of the FMOs in the
seven-membered ring.

Machiguchi et al. also reported a comparative study of the reactivities of
tropone and tropothione towards pentafulvenes [28]. Tropone was reported
to react with dimethyl fulvene to afford a double [6+4] adduct via an ini-
tially formed [6+4] monoadduct. Tropothione, on the other hand, underwent
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an exclusive [8+2] cycloaddition reaction with dimethyl- as well as diphenyl
pentafulvene (Scheme 20). A kinetic study of the tropothione-dimethyl ful-
vene reaction indicated that it proceeds via a concerted endo [;8s + 2]
route. To explain the [8+2]/[6+4] and the endo/exo selectivities observed in
the tropothione reaction, a theoretical investigation was also performed. The
results indicate that the large lobe of the HOMO on the sulfur atom is re-
sponsible for the selective [8+2] cycloaddition whereas, the secondary orbital
interactions at the initial stage of the intrinsic reaction coordinate gives rise
to the endo configuration.

o)
//
us
| 13,3
1 ——

a
+ [6+4]
Me

O

72 Me

0]

Me—/(
73 Me
O~ | Me
L 72
Me —Z,
/ [6+4]
75 76 (66%)
H
S S
WSS
+ \ H \
R™ R rR” R
72 77

R =Me, 81%
R = Ph, 85%

Scheme 20 Reagents and conditions: (a) THE 50 °C; (b) benzene, 10 °C

The synthesis of tropothione-S-oxide, the first example of a sulfine charge
reversion (umpolung) has been reported [29]. The synthesis is achieved by
careful oxidation of tropothione with m-CPBA below -60 °C (Scheme 21).
The ring is found to be positively polarized which is in contrast to the par-
ent sulfine (CH,=S=0), where the carbon acquires a partial negative charge.
The molecule does not react with DMAD which is a representative electron-
deficient alkyne, but reacts readily with an electron-rich enamine. This is in
agreement with the predicted electron deficiency of the triene system.

In an interesting extension to this work, Machiguchi et al. have reported
the in situ generation of tropothione-S-sulfide [30]. The molecule was gen-
erated by treatment of tropone hydrazone with disulfur dichloride in deoxy-
genated chloroform at -78 °C. On treatment with DMAD the molecule was



[8+2] Cycloaddition Reactions in the Construction of Heterocycles 185

S s=0
|
© ‘a_© DMAD No reaction
b c
50 78

79 (73%)

Scheme 21 Reagents and conditions: (a) m-CPBA, CH;Cl,, -60 °C, 2h, 75%; (b) P4Sio,
CH,Cly, -5°C, 1.5h, 91%; (c) CHCI3, reflux, 2 days; (d) N-cyclopentenomorpholine,
CH,Cly, rt, 4h

trapped in a novel [10+2]-type cycloaddition. The reaction is proposed to
proceed through the sequence outlined in Scheme 22. Theoretical studies also
support the proposed pathway involving a zwitterionic intermediate.

The same group has reported a comparative study of the cycloaddition re-
actions of maleic anhydride with tropone and tropothione [31]. With tropone
the [4+2] adduct was obtained in 70% yield, whereas tropothione gave the
[8+2] adduct in 98% yield (Scheme 23). Ab initio calculations on the transi-
tion states and products of the two reactions revealed that the [4+2] endo path
is favorable both thermodynamically and kinetically for the tropone addition

N,NH2 S//S +S/S ‘ CO2Me S/S ‘ COZMe
| "1 T
\ _ _
a DMAD | CO,Me CO.Me
82
80 81
.S M
S ‘ 002 e
CO2Me
83 (23%)

Scheme 22 Reagents and conditions: (a) S,Cly, Et3N, CHCl3, -78 °C
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i

2 (98%)

SEDLE

Scheme 23 Reagents and conditions: (a) xylene, reflux, 12 h; (b) CHCl3, 0°C, 30 min

reaction. On the other hand, the [8+2] endo path is favored kinetically for the
tropothione reaction.

Hafner and co-workers have described the synthesis of pentafulvenyl tro-
pone 86 and, in turn, its attempted conversion to the pentafulvenyl tropo-
thione 87 (Scheme 24). Presumably the latter was formed but it underwent
an interesting 107 electrocyclization to afford the spirocompound 88 in 49%
yield [32].

L g
=
/+ o:@ a = \ b . / O
0" \= S
85 1b 86 A 87

88 (49%)

Scheme 24 Reagents and conditions: (a) THF/Et,O/n-pentane (4:1:1), -110 °C, 71%; (b)
P,Ss, EtsN, 0°C

Recently, Nair et al. have reported the utilization of the Lawesson reagent
for the in situ generation of tropothione and novel [8+2] cycloaddition reac-
tions of the latter with a range of dienophiles, for which an example is shown
in Scheme 25 [33].
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Scheme 25 Reagents and conditions: (a) Lawesson’s reagent, benzene, rt

4
Reactions of Azaheptafulvenes

Cycloaddition reactions of 8-alkyl- and 8-aryl-8-azaheptafulvenes with iso-
cyanates and isothiocyanates were reported by Kanemasa and co-workers [34]
(see also Scheme 4 above). Isocyanates reacted as 27 components through the
N=C bond to afford the corresponding [8+2] adducts in good to excellent
yields (Scheme 26). Isothiocyanates, on the other hand, reacted through the
C=S bond to afford the corresponding imino cycloheptathiazoles 94. Benzoyl
and thiobenzoyl isocyanates followed a reaction course analogous to those
of isocyanates. Interestingly, benzoyl isothiocyanate yielded the correspond-
ing [8+4] adducts 93 in excellent yields. In order to explain the formation of
different kinds of products, the intermediacy of zwitterions such as 95 was
invoked (Scheme 26).

j@ _R'=N=C=S _ @ R'=N=C=0 @:/&o

94 (41-100%) 2 (38-100%) R’

?
Ph—C—N=C=S
L O
R, R’ = methyl, aryl
R1 95

93 (93- 100% X,¥Y=0,8

Scheme 26

On extending the reaction of sulfenes with tropone (see Scheme 9) to
azaheptafulvenes, Truce and Shepherd observed that the corresponding
y-sultams (Scheme 27) were formed via analogous [8+2] cycloaddition reac-
tions [35]. Interestingly, alkyl sulfenes as well as the parent sulfene underwent
efficient [842] addition reactions. Here again as with tropone, the cis adducts
were the initial products which isomerized to the trans isomers on treat-



V. Nair - K.G. Abhilash

188
1 1
R @06 R’ F\i
NHBF, N N
. 2 a ! 2 ~S0,
+ RZCH,S0,CI + R°CH=S0, C}H,,Rz
23 97 H H
96 91 98
R1 R1 R1 02
’.\l\ ’\\l\ "\l\ R1\N/S @ R2
SO, b, c S0, b SO, L
H R2 H H H R —
99 98 100 d 401
\_7 SO,NHR'
102 R

Scheme 27 Reagents and conditions: (a) Et;N, THE 0°C; (b) n-Buli, THE -78 °C; (c)
H,0, -78°C; (d) H,0, 25°C
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R N,R Ph B1
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O \—=—0 PH o]
“>Ph
Hoh Pn Ph
107 (48-97%) 101 105 (59-100%)

R' = Me, Et, aryl

106 (90-93%)

Scheme 28 Reagents and conditions: (a) EtsN, CH,Cly, rt
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ment with n-Buli at -78 °C in THE. When the solution of sultam anion
100 was warmed to room temperature without quenching, an interesting
rearrangement took place which was proposed to involve a norcaradiene-
type intermediate, and the products isolated were the w-styrene sulfonamides
102. In contrast to the y-sultones, the adducts did not eliminate SO, even
at 145 °C.

Kanemasa and co-workers have reported the addition of ketenes to 8-aryl-
8-azaheptafulvenes, with formation of [8+2] adducts in good yields [36, 37].
The azafulvenes as well as the ketenes were generated in situ in dichlorome-
thane solution with the aid of triethylamine as the base (Scheme 28). A mono-
substituted ketene, viz. phenyl ketene, exclusively gave the trans [8+2] adduct,
and diphenyl ketene as well as 104a also gave the corresponding [8+2] cyclo-
adducts in excellent yields.

8-(p-Chlorophenyl)-8-azaheptafulvene 91 underwent a cycloaddition reac-
tion with DMAD to afford three different products as shown in Scheme 29 [38].
The initial product was the [8+2] adduct 108, which rearranged through
hydrogen shift or ring contraction to yield 109, 110 and 111. The product ratio
was found to be highly dependent on the polarity of the solvent. In a polar
solvent like methanol 109 was the major product, whereas in benzene 111
was the major product; the proportion of 110 remained almost the same.

R\
‘N CO,Me
+ |
COzMe
91 53
Jaorb
/R /R /R
N N N
1 1,7
110 CO:Me 108  CO2Me 109 CO2Me
R i fi
CVN oM N_ _CO,Me N_ _CO,Me
i — (00— X
P
COzMe COZMe COQMG

111
R = 4-chlorophenyl

Scheme 29 Reagents and conditions: (a) methanol, 40-50 °C, 0.5h, 80% (109:110:111 =
75:25:0); (b) benzene, rt, 4 days, 76% (109:110:111 = 0:31:69)
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Presumably product 109 is formed via a [1,7] hydrogen migration whereas,
the azachromene formation occurs via the norcaradiene-type intermediate as
depicted in Scheme 29.

Gandolfi and Toma have reported the cycloaddition reactions of diphenyl
nitrilimine 112 with azaheptafulvenes yielding the corresponding [8+4]
adducts (Scheme 30) [39]. The reaction was proposed to proceed via an initial
[3+2] adduct 113, which rearranges to the observed products. Even though
the intermediate could not be detected in the above reaction, the correspond-
ing iron carbonyl complexed azafulvenes reacted to give the [3+2] adducts as
stable compounds. The latter on decomplexation with trimethylamine oxide
led to the formation of the same adducts 114 and 115, thus lending some
support to the proposed mechanistic pathway.

R
N | |
\ NN4N RYN R_N_~ \
+ - — -
+ Ph—=N-Nph—2—| Ph R— @ N
I\ N N
91 112 113 = Ph 114 Ph 115
R = Me, aryl {b
Ph
N R N=(
| . ph-Ny N-R
I \+Ph{NfNPh—a> ] %
AN — 7 “Fe(CO
—/"Fe(CO)3 e(CO);
116 112 117

Scheme 30 Reagents and conditions: (a) CH3CN, rt; (b) (CH3)3N*O~, CH3CN, rt

Azaheptafulvenes 91 reacted with phenyl sulfonyl allene to yield the [8+2]
adducts 118 (Scheme 31) which isomerized gradually at room temperature to
yield the stable crystalline products 120 in 80-90% yields [40].

The reaction rate was considerably enhanced by polar solvents suggesting
that the reaction may proceed through a polar transition state or a zwitteri-
onic intermediate like 121 (Scheme 31).

The reaction of azaheptafulvenes with carbondisulfide has been reported
to yield the corresponding [8+2] adducts quantitatively (Scheme 32) [41, 42].
The initially formed adducts 123 rearranged through [1,5] sigmatropic hydro-
gen shifts to 124.

The reaction of 8-aryl-8-azaheptafulvenes with 8-oxoheptafulvene pro-
ceeded through a [8+2] cycloaddition pathway to form the correspond-
ing dihydroazazulanones possessing spirocyclic and norcaradiene moieties
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(Scheme 33) [43]. The phenyl and tosyl hydrazones of tropone also gave
a similar reaction.

Gandolfi and co-workers have reported the cycloaddition reactions of aza-
heptafulvenes with cyclopentadienones (Scheme 34) [44]. In analogy with
tropone, the exo [6+4] adducts were the major products along with minor
amounts of endo [4+2] adducts and trace amounts of [8+2] adducts. It was
observed that the [6+4] adducts at higher temperatures underwent [3,3] sig-
matropic rearrangement to afford the [8+2]-type adducts. It was shown by
control experiments that the [8+2] adducts were not formed by cyclorever-
sion of the initial [6+4] adduct followed by [8+2] cycloaddition.

1-Azaazulenes (e.g. 132) are attractive targets in organic synthesis [45-49].
In analogy with the enamine method for the synthesis of azulenoid com-

(0] Ar\
N,Ar Il N\fo
\
O @ . O
91 20 125

Scheme 33
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Scheme 34 Reagents and conditions: (a) benzene, reflux, Ny; (b) toluene, reflux, N,
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R3
91a 130 !
_nl
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Scheme 35 Reagents and conditions: (a) benzene, reflux

1
14 R R
RS\H BF, SN , N H
\ \ NC. R mRZ
_a _ \[ ’ 3
+ R? H CNR
o o1 133 (76-96%)

R', R? = aryl, R® = CN, CO,Et

Scheme 36 Reagents and conditions: (a) EtsN, CH,Cly, rt

pounds [50-62], Takayasu and Nitta reported the synthesis of novel 1-aza-
azulene derivatives through cycloaddition reactions of azaheptafulvenes with
enamines (Scheme 35) [63]. Azaazulene derivatives with a leaving group on
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the N-atom reacted with enamines to afford the corresponding azaazulenes
after elimination of the leaving group. Azaazulenes annulated with hetero-
cycles were also synthesized by employing enamines derived from 3- and
4-piperidones and 3-oxotetrahydrothiophene.

In contrast to tropothione, azaheptafulvenes did not undergo any [8+2]
cycloaddition with cyclopentadiene or pentafulvenes. The [4+2] and/or the
[6+4] adducts were obtained depending on the conditions [64].

Efficient cycloaddition reactions of azaheptafulvenes with activated styr-
enes were reported recently. The reactions afforded the corresponding
dihydro-1-azaazulene derivatives 133 in high yields (Scheme 36) [65].

5
Miscellaneous Substrates

The utilization of the [8+2] cycloaddition strategy for the synthesis of oxa-
bridged macrocycles was reported by Herndon and co-workers (Scheme 37)
[66]. The dienyl isobenzofurans generated via coupling of the Fischer car-
bene complexes 135 with alkynes 134 underwent efficient addition reac-
tion with DMAD, leading to the corresponding [8+2] adducts 137 along
with minor amounts of the Diels-Alder products. Interestingly, the 11-oxa-
bicyclo[6.2.1]undecane ring system, as in 137, is a key structural feature of
a group of compounds known as cladiellanes, many of which possess anti-
inflammatory and anti-tumor activity.

Subsequently, the strategy was extended to simple dienyl furans, which
lack the activation of a benzofuran (Scheme 38) [67]. The Z-dienyl furans re-

1 R'  OMe
R
= Cr(CO)s — / R3
3 = — E——FE
+ R a
o Meok[ — L o Npp ———
R 2
136 N

2
134 R 135

E= COQMe

R' = H, alkyl, TMS; R? = aryl;
R%* = H, alkyl, cycloalkyl

137 (up to 71%)

Scheme 37 Reagents and conditions: (a) dioxane, 85°C, 1-2h
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R*=H, Me — | OMe
o
25
OH
141 o’&‘
OH

Scheme 38 Reagents and conditions: (a) dioxane, 80 °C; (b) DMAD, dioxane, 80 °C

quired were prepared by applying the Fischer carbene-mediated strategy on
the enyne-carbonyl compounds 138. The benzo-free macrocycle 140 presents
a direct entry to the core structure of eleutherobin 141, a potent anticancer
agent.

The cycloaddition reactions of indolizines (e.g. 142) with DMAD have
been widely investigated. Godfrey observed that 1,2,6,7-dibenzoindolizine re-
acted with DMAD to afford the corresponding 1:1 [8+2] adduct [68]. Later,
the reaction was extended to the parent indolizine and other derivatives by
Boekelheide and co-workers [69-72]. The initial adducts on hydrolysis fol-
lowed by decarboxylation afforded the corresponding cyclazine derivatives.
The reaction was also extended to cyanoindolizines, which in some cases,
afforded a 1:2 adduct as well [73].

Kanemasa and co-workers have reported the reaction of indolizines 142
with maleates and acrylates affording the corresponding [8+2] adducts
144 [74]. With maleic anhydride, the corresponding Michael adduct was ob-
tained. N-Aryl maleimides afforded the [8+2] adducts along with the Michael
addition products (Scheme 39). On the basis of these observations, a step-
wise mechanism was proposed for this addition reaction.

Yerxa and Moore have reported the synthesis of indolizine diones 149
from cyclobutene diones 147 [75]. When the reaction was carried out in the
presence of DMAD, the indolizine precursors 148 were trapped in [8+2] cy-
cloaddition reactions to afford the pyrroloindolizines (cyclazines) 151 in very
good yields (Scheme 40).

Jug and co-workers have carried out a theoretical investigation of the var-
ious mechanistic possibilities for the indolizine [8+2] cycloaddition [76].



[8+2] Cycloaddition Reactions in the Construction of Heterocycles 195

002
~ T »>—cH I
s N7 8 co2

ROZC bOZR
R=Me, Et; R, R, R®=H, Me 14 (E77%)
+
H
N/ 8
+

0
X
o 145

R',R? R°=H

X = 0, 100% (145)
X = N-Ph, 85% (145:146-2:3)
X = N-tolyl, 65% (145:146-3:7)

o)
1
= N R‘ =
“ NS n2 N/

Scheme 39

148 OTMS 149 O
R' = alkyl, alkoxy, ph, alkynyl;
R? = alkyl, alkoxy b
TMSO! . .
M602 CO,Me MeO,C CO,Me

151 (53-79%)
Scheme 40 Reagents and conditions: (a) air or FeCls; (b) DMAD, toluene, reflux

Indolizine and 6-nitroindolizine were the selected substrates and their reac-
tions with ethylene, nitroethylene, methyl acrylate and dimethylamino ethyl-
ene were investigated. The results suggest a concerted mechanism except for
the nitroethylene reactions. The reaction of dimethylamino ethylene with 6-
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nitroindolizine follows an inverse dipolar addition mechanism (nucleophilic
addition followed by ring closure).

Matsumoto and co-workers have described the reaction of diazapentalenes
with DMAD leading to the formation of unusual anti-Bredt’s compounds [77].
The cycloaddition reactions of the tetraazapentalenes 152 with DMAD were
reported by Leonard and Pereira (Scheme 41) [78]. The initial adduct was
found to undergo ring cleavage to afford the cyclazines 154 as the final prod-
ucts. The ring-opening reaction was found to be accelerated by a catalytic
amount of acid. Interestingly, the dimethyl compound 152 (R?> = Me) which
does not have hydrogen to migrate was found to be unreactive toward DMAD.

Benzothiete 155 undergoes thermal opening of the four-membered ring
to form an 87 system which can undergo efficient cycloaddition reactions.
Meier and co-workers have described the [8+2] cycloaddition reactions of
155 with a range of compounds containing C=N bonds [79]. Thus, com-
pounds like imines, oximes, isoxazolinones, thiazolines, etc. reacted with
155 to form the corresponding [8+2] adducts in very low to good yields
(Scheme 42).

Meier and Mayer have reported the synthesis of benzo bisthiete 162 which
reacted with DMAD to afford the bis-adduct in 68% yield [80]. The reaction
was extended to the synthesis of extended molecular frameworks. Thus, on
reaction with the 2w component 161, benzo bisthiete gave rise to the bis-
adducts 163 in good yields [81]. These on acid treatment were transformed

163 (65- 66%
R= CeH13, OCegH13

C7H15 C7H1s
S
o < @
C7H15 CHis
162 164 CHs

X

Scheme 43 Reagents and conditions: (a) toluene, 110 °C, 14h; (b) toluene, 100°C, 6h,
81%; (c) toluene, 7 kbar, 100 °C, 24 h, 92%



198 V. Nair - K.G. Abhilash

to the aromatized products. The bis dienophile 164 was designed in order to
effect multiple cycloadditions which can lead to bent-shaped polymers. Thus,
the reaction of 162 with 164 afforded the polymeric compound 165 in good
yield (Scheme 43).

6
Conclusion

In conclusion, it can be seen that [8+2] cycloaddition reactions of hetero-
analogs of heptafulvene provide a facile entry into (7,5)-fused heterocyclic
systems. The cycloaddition reactions of azaheptafulvenes and tropothione
are especially noteworthy for their efficiency and very high yields of prod-
ucts. The [8+2] cycloaddition reactions of indolizines have generated a var-
iety of cyclazine derivatives. The participation of dienylisobenzofurans in
higher-order cycloadditions provides easy access to interesting macrocyclic
systems with important biological activities. The reactions of benzothiete
and benzobisthiete can be effectively utilized for the synthesis of three-
dimensional systems. Thus, it is evident that higher-order cycloaddition
reactions represent a very valuable tool for the construction of unusual het-
erocyclic frameworks. It is anticipated that the present review will capture
the imagination of organic chemists and will stimulate further investigations
in this area.
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