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Preface

Ever since the appearance of the classic The Conservation of Orbital Symmetry
by Woodward and Hoffmann in 1970, there has been a surge in the publication of
many books and excellent review articles dealing with this topic. This was
natural as after having established mechanisms of ionic and radical reactions,
focus had shifted to uncover the mechanisms of the so-called “no-mechanism
reactions.” The uncovering of the fact that orbital symmetry is conserved in
concerted reactions was a turning point in our understanding of organic re-
actions. It is now possible to predict the stereochemistry of such reactions by
following the simple rule that stereochemical consequences of reactions initiated
thermally will be opposite to those performed under photochemical conditions.
Study of pericyclic reactions, as these are known today, is an integral part of our
understanding of organic reaction mechanisms.

Despite the presence of many excellent books on this vibrant topic, there was
an absence of a book that concentrates primarily on a problem-solving approach
for understanding this topic. We had realized during our teaching career that the
most effective way to learn a conceptual topic is through such an approach. This
book is written to fill this important gap in the belief that it would be helpful to
students to have problems pertaining to different types of pericyclic reactions
compiled together in a single book.

The book opens with an introduction (Chapter 1), which, besides providing
background information needed for appreciating different types of pericyclic
reactions, outlines simple ways to analyze these reactions using orbital sym-
metry correlation diagram, frontier molecular orbital (FMO), and perturbation
molecular orbital (PMO) methods. This chapter also has references to important
published reviews and articles.

Electrocyclic, sigmatropic, and cycloaddition reactions are subsequently
described in Chapters 2, 3, and 4, respectively. Chapter 5 is devoted to a study of
cheletropic and 1,3-dipolar cycloaddition reactions as examples of concerted
reactions. Many group transfer reactions and elimination reactions, including
pyrolytic reactions, are included in Chapter 6. There are solved problems in each
chapter that are designed for students to develop proficiency that can be acquired
only by practice. These problems, about 450, provide sufficient breadth to be
adequately comprehensive. Solutions to all these problems are provided in each
chapter. Finally, in Chapter 7, we have compiled unworked problems whose

xi



xii Preface

solutions are provided separately in the Appendix. The aim behind introducing
these unsolved problems is to let the students develop their own skills.

Assuming that a student has taken courses in organic chemistry that include
reaction mechanisms and stereochemistry, the book is meant to be taught as a
one-semester course to graduate and senior undergraduate students majoring in
chemistry. One has to remember that a book designed for a one-semester course
cannot include all the reactions reported in the literature; rather, only repre-
sentative examples of each of various reaction types are given. A general index is
included, which it is hoped will be of help to readers in searching for the types of
reactions related to a particular problem.

We hope that our book will be well received by students and teachers.
We encourage all those who read and use this book to contact us with any
comments, suggestions, or corrections for future editions. Our email addresses
are: chahal_chem @rediffmail.com, vinodbatan@gmail.com, and shivpsingh@
rediffmail.com.

We thank our reviewers for carefully reading the manuscript and offering
valuable suggestions. Finally, we thank the editorial staff of Elsevier for bringing
the book to fruition.

July 2015 Sunil Kumar
Vinod Kumar
S.P. Singh
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In organic chemistry, a large number of chemical reactions containing multiple
bond(s) do not involve ionic or free radical intermediates and are remarkably
insensitive to the presence or absence of solvents and catalysts. Many of these
reactions are characterized by the making and breaking of two or more bonds
in a single concerted step through the cyclic transition state, wherein all first-
order bondings are changed. Such reactions are named as pericyclic reactions
by Woodward and Hoffmann.

The word concerted means reactant bonds are broken and product bonds
are formed synchronously, though not necessarily symmetrically without the
involvement of an intermediate. The word pericyclic means the movement of
electrons (m-electrons in most cases) in a cyclic manner or around the circle
(i.e., peri = around, cyclic = circle or ring).

They are initiated by either heat (thermal initiation) or light (photo
initiation) and are highly stereospecific in nature. The most remarkable
observation about these reactions is that, very often, thermal and photo-
chemical processes yield products with different stereochemistry. Most of
these reactions are equilibrium processes in which direction of equilibrium
depends on the enthalpy and entropy of the reacting species. Therefore, in
general, three important points that should be considered while studying the

Pericyclic Reactions. http://dx.doi.org/10.1016/B978-0-12-803640-2.00001-4
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2 Pericyclic Reactions

pericyclic reactions are: involvement of mt-electrons, type of activation energy
required (thermal or light), and stereochemistry of the reaction.

There is a close relationship between the mode of energy supplied and
stereochemistry for a pericyclic reaction, which can be exemplified by
considering the simpler reactions shown in Scheme 1.1.

Me Me Me
H Me
2 con =~ ~H dis v [7 N
H &~ H
A . _H hv \
Me H
trans-isomer Me cis-isomer

(2E, 4E)-Hexa-2,4-diene

Me
47
@\ — U
! trans-isomer
cis-isomer (2E,4Z 6E)- Octa 2 4 6-triene

SCHEME 1.1 Stereochemical changes in pericyclic reactions under thermal and photochemical
conditions.

When heat energy is supplied to the starting material, then it gives one
isomer, while light energy is responsible for generating the other isomer from
the same starting material.

1.1 CLASSIFICATION OF PERICYCLIC REACTIONS

Pericyclic reactions are mainly classified into the four most common types of
reactions as depicted in Scheme 1.2.

e S —

electrocyclic reaction sigmatropic reaction
H H
4 —0 H—1J
XY XN

cycloaddition reaction group transfer reaction

SCHEME 1.2 Common types of pericyclic reactions.

In an electrocyclic reaction, a cyclic system (ring closure) is formed
through the formation of a o-bond from an open-chain conjugated polyene
system at the cost of a multiple bond and vice versa (ring opening). These
reactions are unimolecular in nature as the rate of reactions depends upon the
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presence of one type of reactant species. Such reactions are reversible in
nature, but the direction of the reaction is mainly controlled by thermody-
namics. Most of the electrocyclic reactions are related to ring closing process
instead of ring opening due to an interaction between the terminal carbon
atoms forming a o-bond (more stable) at the cost of a 7t-bond.

Sigmatropic rearrangements are the unimolecular isomerization reactions
in which a 5-bond moves from one position to another over an unsaturated system.
In such reactions, rearrangement of the 7t-bonds takes place to accommodate the
new o-bond, but the total number of 7t-bonds remains the same.

In cycloaddition reactions, two or more components containing rt-electrons
come together to form the cyclic system(s) through the formation of two or
more new c-bonds at the cost of overall two or more 7-bonds, respectively, at
least one from each component. Amongst the pericyclic reactions, cycloaddi-
tions are known as the most abundant, featureful, and valuable class of the
chemical reactions. The reactions are known as intramolecular when cycload-
dition occurs within the same molecule. The reversal of cycloaddition in the
same manner is known as cycloreversion. There are some cycloaddition
reactions that proceed through the stepwise ionic or free radical mechanism and
thus are not considered as pericyclic reactions.

These reactions are further extended to cheletropic and 1,3-dipolar
reactions, which shall be discussed in detail in Chapter 5.

Group transfer reactions involve the transfer of one or more atoms or
groups from one component to another in a concerted manner. In these
reactions, two components join together to form a single molecule through the
formation of a o-bond.

It is very important to note that in studying the pericyclic reactions, the curved
arrows can be drawn in clockwise or anticlockwise direction (Scheme 1.3). The
direction of arrows does not indicate the flow of electrons from one component or
site to another as in the case of ionic reactions; rather, it indicates where to draw
the new bonds.

O ?: H H H
b /C — - |_) + ’—» | B +(-H
~ S N}
SCHEME 1.3 Clockwise and anticlockwise direction of the curved arrows in pericyclic
reactions.

1.2 MOLECULAR ORBITALS OF ALKENES AND
CONJUGATED POLYENE SYSTEMS

In order to understand and explain the results of the various pericyclic re-
actions on the basis of different theoretical models, a basic understanding of
the molecular orbitals of the molecules, particularly those of alkenes and
conjugated polyene systems and their symmetry properties, is required.
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According to the molecular orbital theory, molecular orbitals (MOs) are
formed by the linear combination of atomic orbitals (LCAO) and then filled
by the electron pairs. In LCAO when two atomic orbitals of equivalent
energy interact, they always yield two molecular orbitals, a bonding and a
corresponding antibonding orbital. The bonding orbital possesses lower
energy and more stability while antibonding possesses higher energy and less
stability as compared to an isolated atomic orbital. Let us consider the
simplest example of H, molecule formed by the combination of 1s atomic
orbitals (Figure 1.1).

#~ nodal plane

(o) bonding
molecular orbitals

FIGURE 1.1 Formation of molecular orbitals in the case of an H, molecule.

The bonding molecular orbital is a result of positive (constructive) overlap,
and hence electron density lies in the region between two nuclei. However, an
antibonding molecular orbital is formed as a result of negative (destructive)
overlap and, therefore, exhibits a nodal plane in the region between the two
nuclei. The bonding and antibonding molecular orbitals exhibit unequal
splitting pattern with respect to the atomic orbitals because a fully filled
molecular orbital has higher energy due to interelectronic repulsion.

We now consider molecular orbital theory with reference to the simplest
m-molecular system, ethene. As already discussed, the number of molecular
orbitals formed is always equal to the number of atomic orbitals combining
together. Similarly, in the case of an ethene molecule, sideways interaction
between p-orbitals of the two individual carbon atoms results in the formation
of the new 7 bonding and 7* antibonding molecular orbitals that differ in
energy (Figure 1.2). In the bonding orbital of ethene, there is a constructive
overlap of two similar lobes of p-orbitals in the bonding region between the
nuclei. However, in the case of an antibonding orbital, there is destructive
overlap of two opposite lobes in the bonding region. Each p-orbital consists of
two lobes with opposite phases of the wave function.

We ignore c-bond skeleton in this treatment as sigma molecular orbitals
remain unaffected during the course of a pericyclic reaction.

The conjugated polyenes constitute an important class of organic
compounds exhibiting a variety of pericyclic reactions. On the basis of the
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node\.’/\nodal plane
%: 87{*
node™ antibonding
------ nodal plane E Rttt
p-orbital p-orbital T p-orbital
bonding
Ethene

FIGURE 1.2 Formation of two molecular orbitals (7t and 7t*) of ethene.

number of T-electrons, such compounds are classified into two categories
bearing 4n or (4n + 2) m-electron systems. In order to construct the molecular
orbitals for such polyene systems, let us consider buta-1,3-diene as the
simplest example.

In the molecule of buta-1,3-diene, there are four p-orbitals located on four
adjacent carbon atoms and hence this generates four new m-molecular orbitals
on overlapping. The way to get these new m-molecular orbitals is the linear
combination of two -molecular orbitals of ethene according to the
perturbation molecular orbital (PMO) theory. Like the combination of atomic
orbitals, overlapping of the bonding (o or 7) or antibonding molecular orbitals
(o* or 7*) of the reactants (here, ethene) results in the formation of the new
molecular orbitals that are designated as W, W,, etc. in the product (here,
buta-1,3-diene).

According to PMO theory, linear combination always takes place between
the two orbitals (two molecular orbitals or two atomic orbitals, or one atomic
and one molecular orbital) having minimum energy difference. Thus, here we
need to consider T—7 and Tw*—7t* interactions (constructive or destructive)
instead of interactions between 7 and 7* orbitals (Figure 1.3). In buta-
1,3-diene, 4-electrons are accommodated in the first two 7t-molecular or-
bitals, and the remaining two higher energy 7-molecular orbitals will remain
unoccupied in the ground state of the molecule.

The lowest energy orbital (represented as wave function W) of buta-
1,3-diene does not have any node and is the most stable due to the presence of
three bonding interactions. However, the second molecular orbital ¥,
possesses one node, two bonding and one antibonding interactions, and would
be less stable than W;. The W3 has two nodes and one bonding interaction.
Due to the two antibonding interactions, W3 possesses overall antibonding
character and thus energy of this orbital is more than the energy of W,. The Wy
orbital is formed by the interaction between m* and 7* of two ethene mole-
cules. It bears three nodes and the highest energy.

Similarly, in the case of longer conjugated systems like a hexa-1,3,5-triene
system, there are six p-orbitals on six adjacent carbon atoms, which can
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s 0000
5000

3 nodes, 0 bonding interaction

HnMO@gQ 8—8

LUMO

E 2 nodes, 1 bonding interaction

P P
/

‘P—nnoo HOMO
0000 Y

M 1 node, 2 bonding interactions 8%

~ ~_, - ~

Yi=n+m O O O O V4
000 0"

most stable, 0 node,
3 bonding interactions

Buta-1,3-diene

Ethene el = -- Ethene

FIGURE 1.3 Formation of 7t-molecular orbitals in buta-1,3-diene.

generate six new Tt-molecular orbitals (Figure 1.4). In hexa-1,3,5-triene, 67t-
electrons are accommodated in the first three bonding 7-molecular orbitals
(¥, W,, ¥3) and the remaining three higher energy antibonding 7t-molecular

orbitals (W4, Ws, W) will remain unoccupied in the ground state.

On the basis of molecular orbital diagrams of ethene, buta-1,3-diene, and
hexa-1,3,5-triene, the following points should be considered while construct-

ing the molecular orbitals of the conjugated polyenes:

1. Consider only m-molecular orbitals and ignore c-bond skeleton as sigma
molecular orbitals remain unaffected during the course of a pericyclic

reaction.

2. For a system containing n 7t-electrons (n = even), interaction of p-orbitals
leads to the formation of n/2 7t-bonding and n/2 m-antibonding molecular

orbitals.

3. The bonding molecular orbitals are filled by the electrons, while anti-
bonding orbitals remain vacant in the ground state of the molecule.

4. The lowest energy molecular orbital (for example, ¥ in the case of buta-
1,3-diene) always has no node, however, the next higher has one node and
the second higher has two nodes and so on. Thus, the nth molecular orbital

will have n — 1 nodes.
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Q0000090
OB 000 )

5 nodes, 0 bonding interaction

WO O O’ O O O antibonding
000 000 M.O.

4 nodes, 1 bonding interaction

LU 0.9 Q 0
‘00 00 0 0w

3 nodes, 2 bonding interactions

/

- S -

W00 0.9 9.
0070 00 0.0

2 nodes, 3 bonding interactions

——. == - N

W0 Q.00 0
‘0000007

1 node, 4 bonding interactions

bonding
M. O.

T RO

W09 Q9 Q9
000000

most stable, 0 node, 5 bonding interactions
Hexa-1,3,5-triene

FIGURE 1.4 m-Molecular orbitals in a hexa-1,3,5-triene system.

5. Itis important to note that the nodes are found at the most symmetric points
in a molecular orbital. For example, in the case of W, of buta-1,3-diene, a
node is present at the center of C,—Cj3 bond, however, it will be incorrect if
the node is present at the center of a C;—C, bond or C3—C,4 bond.

1.3 MOLECULAR ORBITALS OF CONJUGATED IONS OR
RADICALS

The construction of molecular orbitals in the case of conjugated 7t-systems
having an odd number of carbons can be made in a similar manner. Some
important examples of this class include cation or anion or free radical of
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propenyl-, pentadienyl-, and heptatrienyl-like systems. Such systems, in
addition to bonding and antibonding orbitals, possess a nonbonding molecular
orbital in which nodal planes pass through the carbon atoms.

Let us first consider the case of an allylic system bearing cation or anion or
free radical character. In an allylic system, three new molecular orbitals can be
generated by a linear combination of one molecular orbital of ethene
component and an isolated p-orbital of the carbon atom. As per PMO theory,
in the allylic system linear combination takes place between one ethene mo-
lecular orbital and one p-orbital, and thus we need to consider the results of
7—p and 7w*—p orbital interactions only. The linear combination of 7t with
p-orbital in a bonding manner (with the signs of the wave function of the two
adjacent atomic orbitals matching) yields a new molecular orbital having least
energy, i.e., W, while in antibonding manner (with the signs of the wave
function of the two adjacent atomic orbitals unmatched) this gives another new
molecular orbital having more energy i.e., Wy In a similar way, interaction of
7* with p-orbital in a bonding as well as antibonding manner yields two new
molecular orbitals, one having low energy, i.e., ¥, and another having higher
energy, i.e., W3 (Figure 1.5).

Y5 =k —p o
n*%% _(\’_ - \
P ':n_p f—
E ) . \ZI‘\:Is—X
‘Yz — p*— - p-orbital
Tc%_<“ “‘“ /_QI"\
Ethene ¥, = ;t+b\‘—’
Allylic system

FIGURE 1.5 Mixing of p-orbital with molecular orbitals of ethene in an allylic system.

However, we cannot get four orbitals by using three orbitals. In fact, we do
not get two separate orbitals Wy and W, but something in between, namely
W,. The orbital W, can be created by adding Wy and W, so that they cancel
each other on C—2 and reinforce each other on C—1 and C—3. Thus ¥, can be
considered as a combination of W, and Wy», which is formed by mixing the
p-orbital in an antibonding manner and with the 7t*-orbital in a bonding
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manner. In case of ¥,, a nonbonding molecular orbital, a node is always
present at the central carbon of the system. This means that there is no
m-electron density at the central carbon atom. Moreover, the energy of a
nonbonding molecular orbital is the same as the contributing atomic orbitals.
Hence, there is no net stabilization as a result (Figure 1.6).

Yo =)' + ‘Pz":;«—-—— ________ \{,\_8
nonbonding .-~ p-orbital
e M.O. .-~
n8—8 <::"‘ ,—,<"—'~\
Ethene v, ;;C‘J;‘p\_ .
Allylic system
bonding M. O.

FIGURE 1.6 Mixing of p-orbital with molecular orbitals of ethene in an allylic system
continued.

As illustrated in Figure 1.6, the following points need to be considered

while constructing the molecular orbital diagram of a conjugated open-chain
system having an odd number of carbon atoms.

1.

2.

In case of conjugated T-systems having an odd number of n carbon atoms,
n number of molecular orbitals are present.

The system will have (n — 1)/2 bonding, (n — 1)/2 antibonding, and one
nonbonding molecular orbital.

The nonbonding molecular orbital will be (n 4 1)/2nd orbital and always
lies between the bonding and antibonding molecular orbitals.

All nodal planes (n — 1) pass through the carbon atom(s) of the
nonbonding molecular orbitals (¥},).

All nodal planes pass between two carbon nuclei in case of odd ¥, (¥,
W3, Ws, so on) while one nodal plane passes through the central carbon
atom and remaining nodal planes pass between two carbon atoms in case of
even W, (¥,, Wy, W, so on).

The molecular orbital diagrams for propenyl and pentadienyl systems are

illustrated in Figure 1.7 in which the molecular orbitals for their corresponding
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FIGURE 1.7 Molecular orbitals of propenyl and pentadienyl systems.

cation or anion or carbon free radical remain the same. The cation or anion or
free radical species differ in number of electrons (electron occupancy) that are
filled according to Aufbau’s rule in their ground state as shown in Figure 1.8.
Also, Hund’s rule and the Pauli exclusion principle should be followed.

L

Energy

\PZ—H——f——

" S

anion radical cation
Propenyl system

¥s

Wy

¥

¥y

e

ot

o

anion radical cation
Pentadienyl system

Yy, — — —

Yy — — —

‘P4+_T—_
R

v e
v -

anion radical cation
Heptatriene system

FIGURE 1.8 Electron occupancy diagram of propenyl, pentadienyl, and heptatriene systems.
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1.4 SYMMETRY PROPERTIES OF © OR 6-MOLECULAR
ORBITALS

There are two independent symmetry elements, viz., mirror plane, m, and
twofold axis, C,, that are used to characterize various molecular orbitals of
alkenes or conjugated polyene systems.

1. Symmetry about a mirror plane (m) bisects the molecular orbital in such a
way that lobes of the same color or sign are reflected, and, therefore,
reflections on either side of the plane are identical. It is perpendicular to the
plane of the atoms.

2. Symmetry about a twofold axis (C») passing at right angles in the same plane,
and through the center of the framework of the atoms forming the molecular
orbital is said to be present if the rotation of the molecule around the axis by
180° (360°/2) results in a molecular orbital identical with the original.

Let us examine symmetry properties of w-orbitals of ethene in the ground
state and also in the excited state. The ground state () orbital is symmetric
(S) with respect to the mirror plane, m, and antisymmetric (A) with respect to
rotation axis, C». On the other hand, the antibonding orbital (7t*) of ethene is
antisymmetric with respect to m and symmetric with respect to the C, axis.
However, the sigma orbital of a C—C covalent bond has a mirror plane symmetry,
and since a rotation of 180° through its midpoint regenerates the same sigma
orbital, it also has C, symmetry. A ¢* orbital is antisymmetric with respect to
both m and C,. The symmetry properties of these MOs (bonding or antibonding)
are shown in Figures 1.9 and 1.10, and are summarized in Table 1.1.

C

Cy Co Cy
Q%Qo —_— Q%Qo Q%Qo* —_— ,’ o
C> C C C

C, symmetric orbitals C, antisymmetric orbitals

FIGURE 1.9 Twofold axis (C,) symmetric and antisymmetric molecular orbitals.

)
m m m
m symmetric orbitals m antisymmetric orbitals

FIGURE 1.10 Mirror plane (m) symmetric and antisymmetric molecular orbitals.



TABLE 1.1 Symmetry properties of the o and w-molecular orbitals;
A = antisymmetric, S = symmetric.

Orbitals m C, Orbitals m C,
T S A o

TT* A S o*

ﬁ Il
wn

Yo (m-A; Cz-s)

Y4 (m-A; CZ'S)

T
o

Y5 (m-S; Co-A)

£
-

ll"3 (m-S; Cg-A)
Yy (ITI-A; CZ'S)
E _______________________________________________
¥, (m-A; Co-S) W3 (m-S; Cx-A)

<
-

¥, (m-A; C-S)
¥, (Mm-S; Co-A)

Butadiene

"

lP1 (m-S; Cz—A)
Hexatriene

FIGURE 1.11 Symmetry properties of the molecular orbitals of butadiene and hexatriene systems.
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A similar consideration leads to the following symmetry properties for the
four m-molecular orbitals of butadiene and six m-molecular orbitals of hexa-
triene and are summarized in Figure 1.11.

In conclusion, for a linear conjugated m-system, the wave function W,, will
have n — 1 nodes. When n — 1 is zero or an even integer, ¥, will be
symmetric with respect to mirror plane (m) and antisymmetric with respect to
C>. When n — 1 is an odd integer, ¥, will have the symmetry exactly reversed
(Table 1.2).

TABLE 1.2 Symmetry elements in the orbital W, of a linear conjugated
TT-system.

Wave functions Nodes (n — 1) m C,
Wodd 0 or Even integer S A
meven Odd integer A

1.5 ANALYSIS OF PERICYCLIC REACTIONS

Pericyclic reactions have been known for a long time, but it was in 1965 when
Woodward and Hoffmann offered a reasonable explanation for them based on
the principle of the “Conservation of Orbital Symmetry.” The principle states
that orbital symmetry is conserved in the concerted reactions. Molecular
orbitals in the reactant can only transform into those orbitals in the products
that have the same symmetry properties with respect to the elements of
symmetry preserved in the reaction. Even if symmetry is slightly disturbed in a
reactant by a trivial substituent or by asymmetry of the molecule, a concerted
reaction may still be analyzed by mixing the interacting orbitals according to
quantum mechanical principles and following them through the reaction. The
energy of the transition state of a symmetry allowed process will necessarily
be lower than that of the alternative symmetry forbidden path, and even when
this difference is small, a concerted reaction will take the path of least resis-
tance, i.e., the symmetry allowed path, if that path is available.

Another explanation has been proposed by K. Fukuii on the basis of
frontier molecular orbitals (HOMO—LUMO) of the substrates; this method is
known as the frontier molecular orbitals (FMO) method. Alternatively, the
PMO theory based on the Woodward—Hoffmann rule and Hiickel-Mobius
method is also used to explain the results of pericyclic reactions.

1.5.1 Orbital Symmetry Correlation Diagram Method

The orbital symmetry correlation diagram method was developed by Wood-
ward and Hoffmann and extended by Longuet-Higgins and Abrahamson.
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The most important observation in the study of pericyclic reactions is the
existence of conservation of molecular orbital symmetry throughout the
transformation, meaning thereby that the symmetric orbitals are converted into
symmetric orbitals whereas antisymmetric orbitals are converted into anti-
symmetric orbitals. In this approach, symmetry properties of various molec-
ular orbitals of the bonds that are involved in the bond breaking and formation
process during the reaction are considered and identified with respect to C;
and m elements of symmetry. These properties remain preserved throughout
the course of reaction. Then a correlation diagram is drawn in which the
molecular orbital levels of like symmetry of the reactant are related to that of
the product by drawing lines.

In the ground state, if the symmetry of MOs of the reactant matches that of
the products that are nearest in energies, then reaction is thermally allowed.
However, if the symmetry of MOs of the reactant matches that of the product
in the first excited state but not in the ground state, then the reaction is
photochemically allowed (Figure 1.12). When symmetries of the reactant and
product molecular orbitals differ, the reaction does not occur in a concerted
manner. It must be noted that a symmetry element becomes irrelevant when
orbitals involved in the reaction are all symmetric or antisymmetric. In
conclusion, we can say that in pericyclic transformations, symmetry properties
of the reactants and products remain conserved.

excited state ~<_ o —

ground state - >~

reactant product reactant product
thermally allowed photochemically allowed

FIGURE 1.12 Correlation between reactant and product MOs under thermal and photochemical
conditions.

While drawing the orbital correlation diagram for any system, the
following points must be considered:

1. Eachreactant molecule must be converted into simpler analogue by removing
the substituents attached, if any, because substituent affects only the energy
levels of MOs and not the symmetry properties of the m-system. Let us
consider the Diels—Alder reaction, a [4 + 2] mt-system (Scheme 1.4).

" remove

\/:R:\:"
Gl =€ Y
N X +2

R

SCHEME 1.4 Conversion of the reactant molecules into simpler analogue.
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2. Different processes must be treated separately even if they occur within the
same molecule because simultaneous consideration may lead to erroneous
outcome. For example, hypothetical two [2 + 2] cycloaddition reactions in
cyclooctatetraene have to be considered separately. Similarly, in hexa-
2,4-diene, conrotatory and disrotatory electrocyclization processes have to
be treated separately while making the orbital diagram (Scheme 1.5).

oL % H3C>E<CH3<£ mcﬂcm o, HCHs
| /) H H H H Ha H

C

SCHEME 1.5 Independent processes occurring in the same molecule.

d

Draw and identify the orbitals undergoing change.

4. Arrange the orbitals in order of their increasing energies, and draw them
for reactant on left and for product on the right side.

5. Symmetry properties of the various molecular orbitals of the bonds being
involved in breaking and formation process during the reaction are
considered and identified with respect to elements of symmetry (C, and o)
that are preserved throughout the reaction.

6. Orbitals of same symmetry do not cross in the correlation diagram as per
non-cross rule.

7. After assigning the symmetry element to each orbital, construct an orbital
correlation diagram by connecting the orbitals of starting materials to those
of the product nearest in energy and having same symmetry.

8. If heteroatoms are present in an alkene component, they have to be

replaced by carbon analogues. Interactions in such systems should be

considered carefully as they may generate the possibilities of new reaction
either by nonbonding electrons or by availability of low energy LUMO.

1.5.2 Frontier Molecular Orbital Method

Although it is more fruitful to construct a correlation diagram for the detailed
analysis of a pericyclic reaction, there is, nevertheless, an alternative method
that also enables us to reach similar conclusions. It is an easy and extremely
simple approach that is based on the interaction of the frontier orbitals, i.e., the
highest occupied molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO) of the components that are involved in a pericyclic
reaction.

As shown in Figure 1.13, irradiation of an alkene or conjugated polyene
system promotes an electron from its ground state HOMO to the ground state
LUMO, which then becomes the highest occupied molecular orbital in the
excited state, for example, W3 of butadiene becomes HOMO upon excitation
of an electron from W, to W3 on irradiation.
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Ye— : Ye—
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w,— ¥,=— LUMO

R Y, — ,
m— LUMO w,—LUMO 4~ LUMO | T == HOMO ‘¥3= HOMO ¥~ HOMO

n v Homo  WsHtHOMO N w4 vy
T HOMO 4
Ethene ‘;1+t \PZ-H- ! Ethene \P1'H' ‘112%
tadien H Butadi
utadiene ‘P1-$+ utadiene ‘P1-H-

systems in ground state Hexatriene H systems in excited state Hexatriene

FIGURE 1.13 HOMO and LUMO of alkene systems.

The explanation for this alternative approach is based on the fact that
overlapping of wave functions of the same sign is essential for the bond for-
mation. When two systems come close to each other, then their unperturbed
molecular orbitals start to interact and those that are close in energy interact
more strongly than other orbitals. It is well known that interaction of two filled
MOs does not lead to the net energy stabilization of the system but it is the
interaction between one filled and other vacant MO that leads to net energy
stabilization. This explains why interaction between HOMO and LUMO is
considered in this approach (Figure 1.14). If interaction between these two
MOs is of bonding type (overlapping of same signed wave functions) in the
ground state, then reaction is thermally allowed. However, if it is of anti-
bonding type (overlapping of opposite signed wave functions) then it is a
thermally forbidden reaction. On the other hand, if interaction between
HOMO—-LUMO is of bonding type in the excited state, then reaction is
photochemically allowed. However, it is a photochemically forbidden reaction
when it is of antibonding type.

In order to apply the FMO approach in unimolecular pericyclic reactions
like electrocyclic reactions and sigmatropic rearrangements, we have to treat a
single molecule as having separate components. In such a case, only HOMO of
the component has to be considered to predict the feasibility of the reaction
under given conditions. Furthermore, this theory does not tell why the energy
barrier to forbidden reactions is so high.

'

: bonding bonding

antibondin: L
I "9 bonding bonding

FIGURE 1.14 Interactions in FMOs of alkenes.
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1.5.3 Perturbation Molecular Orbital Method

There is yet another qualitative molecular orbital approach, developed by
M.J.S. Dewar, that yields simple mnemonics to predict the same stereo-
chemical variations in pericyclic reactions as do the other methods. In the
PMO method, aromatic or antiaromatic character of the cyclic transition state
is explained by considering the Hiickel-Md&bius concept of aromaticity. In a
Hiickel-type system, a cyclic array of all the interacting p-orbitals shares a
common nodal plane. A Hiickel system is aromatic (stabilized by cyclic
delocalization) when (4n + 2) m-electrons are present, and antiaromatic
(destabilized by cyclic delocalization) when 4n T-electrons are present.
However, in a Mobius-type system an extra node is present, introduced by
twisting the set of orbitals so that each one forms an angle, theta, with its
neighbors. In a Mobius-type system, the molecules and transition states require
4n Tt-electrons for aromaticity and are antiaromatic with the usual (4n + 2) 7t-
electrons. It can be generalized and shown that a cyclic array of orbitals with
zero or an even number of sign inversions belongs to the Hiickel system, and
those with an odd number of sign inversions belong to the Mobius system.

Application of this method to pericyclic reactions led to the generalization
that thermal reactions take place via aromatic or stable transition states
whereas photochemical reactions proceed via antiaromatic or unstable tran-
sition states. This is the case because a controlling factor in photochemical
processes is conversion of excited state reactants into ground state products.
Thus, the photochemical reactions convert the reactants into the antiaromatic
transition states that correspond to forbidden thermal pericyclic reactions and
so lead to corresponding products.

In this approach, we have only to consider a cyclic array of interacting
atomic orbitals, representing those orbitals that undergo change in the tran-
sition state without considering the symmetry properties and assign signs to
the wave functions in the best manner for overlap. Finally, the number of
nodes in the array and the number of electrons involved are counted. It should
be noted that while counting the number of nodes we ignore sign inversions
within any of the basis orbitals (for example, as within a p-orbital). The
following examples illustrate the construction of orbital interaction diagrams
for the [2 + 2] and [4 + 2] cycloadditions by supra—supra and supra—antara
modes. (For a detailed description of these terms, refer to Chapter 4). Whether,
the reactions are allowed or not are predicted as follows. In the case of
[ths + 'rtzs] cycloaddition (4n m-electron system), a supra—supra mode of
addition leads to a Hiickel array, which is antiaromatic with 4n m-electrons
(Figure 1.15). Therefore, the supra—supra mode of reaction is thermally
forbidden. However, a supra—antara mode of addition uses a Mdobius array,
which is aromatic with 4n m-electrons. Therefore, the reaction is thermally
allowed in this mode. Similarly, we can analyze the [rt*s + 7*s] cycloaddition
having (4n + 2) m-electrons (Figure 1.15). In this case, a supra—supra mode of
addition leads to a Hiickel array, which is aromatic with (4n + 2) m-electrons.
Therefore, [r*s + 7s] cycloaddition reaction now becomes thermally
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allowed. However, a [TC4S + 7c2a] cycloaddition uses a Mobius array, which is
antiaromatic with (4n + 2) m-electrons. Therefore, the reaction is thermally
forbidden in this mode.

T. S. for [n%s + n2s] cycloaddition, T.S. for [n2s + w%a] cycloaddition,
Hiickel system, 0 node, 4 electrons, Mébius system,1 node, 4 electrons,
antiaromatic, hv allowed aromatic, A allowed

T. S. for [n*s + n?s] cycloaddition, T. S. for [n*s + n?a] cycloaddition,
Huckel system, 0 node, 6 electrons, Mébius system,1 node, 6 electrons,
aromatic, A allowed antiaromatic, hv allowed

FIGURE 1.15 PMO approach for [2 + 2] and [4 + 2] cycloadditions.
Woodward—Hoffmann rules based on the perturbation molecular orbital

method are summarized in Table 1.3.

TABLE 1.3 Woodward—Hoffmann rules based on the perturbation
molecular orbital method.

No. of No. of T. State

electrons nodes type Aromaticity  Feasibility

4n+2 0 or Even Hiickel Aromatic A allowed, hv
forbidden

4n 0 or Even Hiickel Antiaromatic A forbidden, hv
allowed

4n +2 Odd Mobius Antiaromatic A forbidden, hv
allowed

4n Odd Mébius Aromatic A allowed, hv

forbidden
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Therefore, the prediction of reaction feasibility under thermal or photo-

chemical condition depends upon the extent of stabilization of a cyclic tran-
sition state as compared to an open-chain system. The stabilization or
destabilization depends upon the aromatic or antiaromatic character of a cyclic
transition state in the ground state.
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Anelectrocyclic reaction is a molecular rearrangement that involves the formation
of a 6-bond between the termini of a fully conjugated linear 7t-electron system and
a decrease by one in the number of 7t-bonds, or the reverse of that process. Thus if
the open chain partner contains n T-electrons, the cyclic partner has (n — 2)
T-electrons and two electrons in a new c-bond. For example, let us consider
electrocyclization of butadiene and hexatriene systems as shown in Scheme 2.1.

{o—O
n=6

Ry—"0

n=4 (4 - 2) = 2n-electrons

+a o-bond

SCHEME 2.1

(6 — 2) = 4n-electrons
+ a o-bond

Electrocyclization of butadiene and hexatriene systems.

2.1 CONROTATORY AND DISROTATORY MODES

A o-bond of cycloalkene must break to yield the open-chain polyene; this
bond may break in two ways. In conrotatory mode, the two atomic orbital
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components of the -bond may both rotate in the same direction, clockwise or
anticlockwise (Figure 2.1).

conrotatory ring opening

H conrotatory ring closing H R H

FIGURE 2.1 Conrotatory mode of ring opening and ring closing process.

In disrotatory mode, the atomic orbitals may rotate in opposite directions,
one clockwise and the other anticlockwise (Figure 2.2).

R R disrotatory ring opening %\
H H disrotatory ring closing R H H R

FIGURE 2.2 Disrotatory mode of ring opening and ring closing process.

2.2 STEREOCHEMISTRY OF ELECTROCYCLIC REACTIONS

The stereochemical significance of these two modes of ring opening (or ring
closing) becomes apparent when we consider substituted reactants. Thus
depending upon these modes, the substituents may rotate in the same direction
(conrotatory) or in opposite directions (disrotatory).

For example, during the thermal electrocyclic ring opening of 3.4-
dimethylcyclobutene, the frans-isomer (1) yields only (2E,4E)-hexa-2,4-diene
(2) and the cis-isomer (3) yields only (2E,4Z)-hexa-2,4-diene (4). On irradia-
tion, however, the results are opposite. Cyclization of the 2 under photochemical
conditions yields the cis-product (3) (Scheme 2.2).

1
SCHEME 2.2 Thermal and photochemical transformations of isomeric 3,4-dimethylcyclobutenes.

A similar result is obtained for the octatriene-cyclohexadiene system. For
example, during the thermal electrocyclic ring opening of 5,6-dimethylcyclohexa-
1,3-diene, the cis-isomer (1) yields only (2E,4Z,6 E)-octa-2,4,6-triene (2), and the
trans-isomer (3) yields only (2E,4Z,6Z)-octa-2,4,6-triene (4). On irradiation,
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however, the results are opposite. Cyclization of the 2 under photochemical
conditions yields the frans-product (3) (Scheme 2.3).

Me H
H — pr—
A | H hv Me A | Me
Me H H H
Me Me
1 3

2 Me 4 Me

SCHEME 2.3 Thermal and photochemical transformations of isomeric 5,6-dimethylcyclohexa-
1,3-dienes.

2.3 SELECTION RULES FOR ELECTROCYCLIC REACTIONS

Empirical Observations: It was noted that under thermal conditions,
butadiene systems undergo conrotatory ring closure, while hexatriene sys-
tems undergo disrotatory ring closure. The microscopic reverse reactions
also occur with the same rotational sense (i.e., on heating, cyclobutene
systems open in a conrotatory sense, and cyclohexadiene systems open in a
disrotatory sense). It was also noted that changing the conditions from heat
to light reversed this reactivity pattern. Under photochemical conditions,
conjugated polyene systems containing 4t-electrons undergo disrotatory,
while systems having 67-electrons undergo conrotatory process
(Table 2.1).

TABLE 2.1 Selection rules for electrocyclic reactions.

Number of w-electrons Thermal (A) Photochemical (hv)
4n con dis
4n + 2 dis con

2.4 ANALYSIS OF ELECTROCYCLIC REACTIONS

Electrocyclic reactions can be analyzed by correlation-diagram, perturbation
molecular orbital (PMO) and frontier molecular orbital (FMO) methods.

2.4.1 Correlation-Diagram Method

An electrocyclic reaction is a concerted and cyclic process in which reactant
orbitals transform into product orbitals. The transition state of such reactions
should be intermediate between the electronic ground states of starting ma-
terial and product. Obviously, the most stable transition state will be the one
that conserves the symmetry of the reactant orbitals in passing to product
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orbitals. In other words, a symmetric (S) orbital in the reactant must transform
into a symmetric orbital in the product and an antisymmetric (A) orbital must
transform into an antisymmetric orbital. If the symmetries of the reactant and
product orbitals are not the same, the reaction will not take place in a
concerted manner.

Let us exemplify the above principle by analyzing the cyclobutene-
butadiene transformation. The symmetry properties of molecular orbitals of
cyclobutene and butadiene are expressed in Figure 2.3. The ring opening may
be a disrotatory process in which the groups on the saturated carbons rotate in
opposite directions or, alternatively, it may proceed via conrotation, involving
rotation of the groups in the same direction. In the case of the disrotatory ring
opening, cyclobutene preserves a plane of symmetry (m) throughout the
transformation while a two-fold (C,) symmetry axis is maintained at all times
in the conrotatory mode of ring opening.

S

o* (m-A; Co-A) ¥, (m-A; Co-S)

tiv

c m* (m-A; C»-S) W3 (m-S; C>-A)
1 (m-S; Cx-A) Y, (m-A; C»-S)

6 (m-S; C»-S) ¥, (m-S; Co-A)

FIGURE 2.3 Symmetry properties of molecular orbitals of cyclobutene and butadiene.

We are now set to analyze the above transformation in terms of the
fundamental rule of the conservation of orbital symmetry as proposed by
Woodward and Hoffmann. The orbitals of cyclobutene that are directly
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involved are ¢ and 7, and the related antibonding orbitals are ¢* and 7t*; these
orbitals pass on to the four 7t-molecular orbitals of butadiene, viz., ¥, ¥»,
W3, and Wy. All these orbitals are listed in Figure 2.3 in order of increasing
energy along with their mirror plane and C, symmetry properties. In the
ground state of cyclobutene and butadiene, only o, 7t and W, W, orbitals are
filled with electron pairs.

It is easy to analyze an electrocyclic reaction by constructing a correlation
diagram, which is simply a diagram showing the possible transformation
of reactant orbitals to product orbitals. Let us first analyze a disrotatory
opening of cyclobutene in which a mirror plane symmetry (m) is maintained
(Figure 2.4).

In constructing this correlation diagram we have simply connected, by
lines, the various orbitals of cyclobutene and butadiene keeping in mind that
there is correlation between orbitals of the same symmetry having minimal
energy differences. Upon close inspection, the following two conclusions can
immediately be drawn:

1. We expect a thermal transformation to take place only when the ground
state orbitals of the reactants correlate with the ground state orbitals of the
products. Although in Figure 2.4 the cyclobutene ground state c-orbital
correlates with the butadiene ground state orbital ¥, the m-orbital of the
former does not correlate with W, of the latter. Instead, it correlates with
W;, which is an excited state and an antibonding orbital. Thermal
transformation of cyclobutene-butadiene system by disrotatory process is
thus symmetry-forbidden (Eqn 2.1).

A, dis A, dis Q2.1
o? 2 —x—> 2 g2 or Wy2 Wp2 — > 2 2 :

2. Irradiation of cyclobutene produces the first excited state in which an
electron is promoted from 7t to 7* orbital, and in this case o, 7, and 7*
orbitals of cyclobutene correlate with ¥ W,, and W3 orbitals of buta-
diene. In other words, the first excited state of cyclobutene correlates with
the first excited state of butadiene, and hence disrotatory ring opening (ring
closing) is photochemically a symmetry-allowed process (Eqn 2.2).

GzﬁzL o2l n*l _4di~ \y12 q121 \p31 LL}HZ q122
ground first excited first excited ground 22
state state state state

Working on similar lines, we can construct another correlation diagram
(Figure 2.5) for the conrotatory opening in which a C, axis of symmetry is
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SEVY| [ty

m symmetry maintained C, symmetry maintained

o* A o* A

\A v, __—sw,
o A S —_

S ¥, AY;
NN A o R

_/ A Y, S ¥,

n S

_/—S\{Jl
c S c S

FIGURE 2.4 Correlation diagram for dis- FIGURE 2.5 Correlation diagram for con-
rotatory  interconversion of cyclobutene- rotatory interconversion of cyclobutene-buta-
butadiene system. diene system.

maintained throughout the reaction. Two conclusions may again be drawn
from the correlation diagram:

1. Since there is correlation between the ground state orbitals of cyclobutene
and butadiene, a thermal conrotatory process in either direction is a
symmetry-allowed process (Eqn 2.3).

A, con
02 TI:2

w2 2 2.3)

2. The first excited state of cyclobutene (o* 7! ') correlates with the upper
excited state (‘I‘% IF% ‘I‘}l) of butadiene thus making it a high-energy
symmetry-forbidden process (Eqn 2.4). Similarly, the first excited state of
butadiene (IF% llfé ‘If%) correlates with a high-energy upper excited state
(6% 7! o*!) of cyclobutene (Eqn 2.5). In other words, a photochemical
conrotatory process in either direction is symmetry-forbidden.

con
o2 2 4>hv Al ¢ REARA
ground first excited upper excited 24
state state state
hv con
W2 Wl — = w2 g,y ——x—> o?nl o™ 5 s
ground first excited upper excited 2.5
state state state

Thus it becomes clear from the above considerations that thermal opening
of the cyclobutene proceeds in a conrotatory process while photochemical
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interconversion involves a disrotatory mode. These generalizations are true for
all systems containing 4n Tt-electrons where n =0, 1, 2, etc.

However, for systems containing (4n + 2) 7-electrons, theoretical pre-
dictions are entirely different and are in conformity with the actual observa-
tions. A typical system of this type is the interconversion of cyclohexadiene
and hexatriene. In this transformation, six molecular orbitals (¥; to W¢) of
hexatriene and six molecular orbitals (four 7t and two o) of cyclohexadiene are
actually involved and, therefore, need to be considered. Symmetry properties
of the six molecular orbitals of hexatriene and cyclohexadiene are shown in
Figure 2.6.

The correlation diagrams for the disrotatory and conrotatory pathway are
constructed in the same way as in the case of cyclobutene-butadiene trans-
formation. These are shown in Figures 2.7 and 2.8, respectively.

The following conclusions may be drawn from these correlation diagrams:

1. In the disrotatory mode, ground state bonding orbitals of cyclohexadiene
correlate with the ground state bonding orbitals of hexatriene, so it is a
thermally allowed process (Eqn 2.6).

A, dis
62 T[12 T522 \P12 \P22 \1132 (2'6)

2. But in the conrotatory mode (C, symmetry), ground state bonding orbitals
of cyclohexadiene do not correlate with the ground state bonding orbitals
of hexatriene. Since the presence of two electrons in Wy is a very high-
energy process, a conrotatory mode is prohibited under thermal condi-
tions (Eqn 2.7).

A, con O, A, con 2.7)
222 ——%— W2 29,2 or W2 Wl W32 ¢ o272 32 :

3. However, if we promote an electron to 73* in cyclohexadiene (obviously
by irradiation), then the orbitals of the reactant with C, symmetry correlate
with the first excited state of the product (Eqn 2.8).

«4 _con
o? 1% m,? v, S’ ! =—= ¥ ¥, ¥y, ~hv Y2 w22
ground first excited first excited ground (2.8)
state state state state

Therefore, photochemical interconversion is allowed in the conrotatory
pathway. These generalizations are true for all the systems containing (4n + 2)
Tt-electrons, where n =0, 1, 2, etc. Thus, Woodward—Hoffmann rules for
electrocyclic reactions may be summed up as given in Table 2.1.

Woodward and Hoffmann have further explained that under severe thermal
conditions, symmetry-forbidden reactions may also take place but then they follow
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FIGURE 2.6 Symmetry properties of molecular orbitals of cyclohexadiene and hexatriene.
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FIGURE 2.7 Correlation diagram for dis- FIGURE 2.8 Correlation diagram for con-
rotatory interconversion of cyclohexadiene- rotatory interconversion of cyclohexadiene-
hexatriene system. hexatriene system.

a nonconcerted path and their energy of activation is 10—15 kcal/mol higher than
those for symmetry-allowed reactions. It is because of this energy difference that
most of the electrocyclic reactions follow Woodward—Hoffmann rules.

2.4.2 Perturbation Molecular Orbital Method

In the PMO method, we analyze an electrocyclic reaction through the
following steps: (1) Define a basis set of 2p-atomic orbitals for all atoms
involved (1s for hydrogen atoms). (2) Then connect the orbital lobes that
interact in the starting materials. (3) Now let the reaction start and then we
identify the new interactions that are occurring at the transition state. (4)
Depending upon the number of electrons in the cyclic array of orbitals and
whether the orbital interaction topology corresponds to a Hiickel-type system
or Mobius-type system, we conclude about the feasibility of the reaction under
thermal and photochemical conditions.

In the case of butadiene to cyclobutene interconversion (4n Tt-electron
system), a disrotatory mode of ring closure leads to a Hiickel array, which is
antiaromatic with 4n T-electrons (Figure 2.9). Therefore, the disrotatory mode
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connect
orbitals

T. S. for disrotatory process, T. S. for conrotatory process,
Huckel system, 0 node, 4 electrons, Mgbius system, 1 node, 4 electrons,
antiaromatic, hv allowed aromatic, A allowed

FIGURE 2.9 PMO approach to disrotatory and conrotatory processes for the butadiene-cyclobutene
system.

of reaction is thermally forbidden. However, a conrotatory mode of ring
closure uses a Mobius array, which is aromatic with 4n m-electrons. Therefore,
the reaction is thermally allowed in this mode.

Similarly, we can analyze the hexatriene-cyclohexadiene system having
(4n + 2) m-electrons (Figure 2.10). In this case, a disrotatory mode of ring
closure leads to a Hiickel array, which is aromatic with (4n + 2) 7-electrons.
Therefore, the disrotatory mode of reaction now becomes thermally allowed.
However, a conrotatory mode of ring closure uses a Mdbius array, which is
antiaromatic with (4n + 2) m-electrons. Therefore, the reaction is thermally
forbidden in this mode.

— connect
O orbitals

T. S. for disrotatory process, T. S. for conrotatory process,
Huickel system, 0 node, 6 electrons, M®obius system,1 node, 6 electrons,
aromatic, A allowed antiaromatic, hv allowed

FIGURE 2.10 PMO approach to disrotatory and conrotatory processes for the hexatriene-
cyclohexadiene system.
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Thus, we reach the same conclusions as described earlier by using the
orbital correlation diagram method. For convenience, the selection rules by
this approach to electrocyclic reactions are tabulated in Table 2.2.

TABLE 2.2 Selection rules by PMO method.

Array of r-electrons Number of A hv
involved nodes Aromaticity ~allowed allowed
4n 0 or Even Antiaromatic =~ — dis

4n Odd Aromatic con =

4n +2 0 or Even Aromatic dis =

4n +2 Odd Antiaromatic =~ — con

2.4.3 Frontier Molecular Orbital Method

Although it is more fruitful to construct a correlation diagram for the detailed
analysis of an electrocyclic reaction, there is, nevertheless, an alternative
method that also enables us to reach similar conclusions. In this approach,
which is extremely simple, our only guide is the symmetry of the highest
occupied molecular orbital (HOMO) of the open-chain partner in an electro-
cyclic reaction. If this orbital has a Cy symmetry, then the reaction follows a
conrotatory path, and if it has a mirror plane symmetry, a disrotatory mode is
observed. The explanation for this alternative approach is based on the fact that
overlapping of wave functions of the same sign is essential for bond formation.
We have already seen that the symmetry of an orbital depends upon the number
of nodes, which is equal ton — 1 (¥, = wave function of the MO). If the number
of node(s) is zero or an even integer, the orbital will be symmetric with respect to
m and antisymmetric with respect to C,. However, the symmetry properties are
reversed if the number of nodes is an odd integer. For example, in the ground state
of butadiene, which is the open-chain partner in the butadiene-cyclobutene
interconversion, W5 is the highest occupied molecular orbital, and since it has
one node and displays C, symmetry, thermal ring closure is a conrotatory process.
Irradiation of butadiene promotes an electron from W, to W3, which then becomes
the highest occupied molecular orbital, and since W3 has mirror symmetry (two
nodes), disrotation is required for photochemical ring closure (Figure 2.11).

8?(8?8 A con W hv, dis
R7TYH' H R R7TYH R H
AN H R

ground state HOMO: ¥, excited state HOMO: ¥3
C, symmetry, con m symmetry, dis

FIGURE 2.11 Butadiene-cyclobutene interconversion on the basis of FMO approach.
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For example, in the ground state of (2Z,4F)-hexa-2,4-diene, HOMO is W,
and obviously cyclization is possible only through conrotation (Scheme 2.4).

Ly 1 o meTLme
/D H Me C\ H\‘ "H
(2Z,4E)-Hexa-2,4-diene cis-3,4-Dimethylcyclobut-1-ene

SCHEME 2.4 Electrocyclization of (2Z,4E)-hexa-2,4-diene under thermal conditions.

Similarly, in the case of (2E,4E)-hexa-2/4-diene, we get trans-3,4-
dimethylcyclobut-1-ene (Scheme 2.5).

MGMMG —L‘ Me\_lj/H
DH H & H Me

(2E,4E)-Hexa-2,4-diene trans-3,4-Dimethylcyclobut-1-ene

SCHEME 2.5 Electrocyclization of (2E,4E)-hexa-2,4-diene under thermal conditions.

On the other hand, irradiation of (2Z,4E)-hexa-2,4-diene (butadiene system)
promotes an electron to W3, which then becomes HOMO, and bond formation is
possible only through disrotation (Scheme 2.6).

MEMH hv, dis__ Me (=] H
q H Me C\ H\\. '/Me

(2Z,4E)-Hexa-2,4-diene trans-3,4-Dimethylcyclobut-1-ene

SCHEME 2.6 Photochemical electrocyclization of (2Z,4E)-hexa-2,4-diene.

In a similar way, in the case of (2E,4E)-hexa-2,4-diene, we get cis-3,4-
dimethylcyclobut-1-ene under photochemical conditions (Scheme 2.7).

MEMMG hv, dis__ Me [~ me
DH HQD H H

(2E,4E)-Hexa-2,4-diene cis-3,4-Dimethylcyclobut-1-ene

SCHEME 2.7 Photochemical electrocyclization of (2E,4E)-hexa-2,4-diene.

Similarly, in the hexatriene-cyclohexadiene transformation, the HOMOs
of the open-chain partner under thermal and photochemical conditions are
W3 and Wy, respectively. As may be expected, the reaction proceeds by
disrotation on heating and by conrotation under photochemical conditions
(Figure 2.12).

The study of simple model compounds confirmed that the thermal cycli-
zation of trienes was disrotatory (Scheme 2.8).
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A, dis
RTYH HT)R RTYHA\RTAH
ground state HOMO: ¥3 excited state HOMO: ¥4
m symmetry, dis C, symmetry, con

FIGURE 2.12 Hexatriene-cyclohexadiene interconversion on the basis of FMO approach.

@ = 0
Me 4\) HMed) H Mes T 17H

H Me
(2Z,4Z 6E)-Octa-2,4,6-triene  trans-5,6-Dimethylcyclohexa-1,3-diene

ﬂ A, - Q
M e Me™' "’Me

e . M
OH Hey H H
(2E,4Z,6E)-Octa-2,4,6-triene cis-5,6-Dimethylcyclohexa-1,3-diene

SCHEME 2.8 Electrocyclization of (2Z,4Z,6E) or (2E,4Z,6E)-octa-2,4,6-triene under thermal
conditions.

On the other hand, irradiation of (2Z,4Z,6E)-octa-2,4,6-triene (hexatriene
system) promotes an electron to W4, which then becomes HOMO, and bond
formation is possible only through conrotation (Scheme 2.9).

lis\ hv, con
1 " H H
G)HMeQ) MeMe
(2Z,4Z,6E)-Octa-2,4,6-triene cis-5,6-Dimethylcyclohexa-1,3-diene
SCHEME 2.9 Photochemical electrocyclization of (2Z,4Z,6F)-octa-2,4,6-triene.

L,

Me

2.4.4 Solved Problems (Multiple Choice Questions)

Q 1. The direction of rotation of the following thermal electrocyclic ring closures,
respectively, is:

O— O—o (-

(a) Disrotatory, disrotatory, disrotatory
(b) Conrotatory, conrotatory, conrotatory
(c) Disrotatory, disrotatory, conrotatory
(d) Disrotatory, conrotatory, disrotatory



36 Pericyclic Reactions

Sol 1. (a) In each reaction sequence, there is a hexatriene system bearing
(4n + 2) m-electrons. Therefore, under thermal conditions, this system follows
disrotatory ring closure as per selection rules.

Q 2. Consider the following electrocyclic reactions:

Ny g
H H N~ Me Me
(T D

H H
‘"’CéQ B

Conrotatory ring closure is involved in:

@i i (@©ii (@iv (e)v

Sol 2. (b) As shown below, conrotatory ring closure is involved only in (ii); the
rest of the reactions involve disrotatory ring closure.
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Q 3. The transformation below is feasible by a:

Me‘(/_\>~H — Jj

HMe Me Me

(a) Thermal disrotatory process (b) Photochemical disrotatory process
(c) Thermal conrotatory process (d) Photochemical conrotatory process

Sol 3. (¢) The given transformation involves conrotatory cyclization of
(2Z,4E)-hexa-2,4-diene (I) to give cis-3,4-dimethylcyclobut-1-ene (II). For a
4n T-electron system, conrotatory process is feasible only under thermal
conditions.

MGMH A'&‘ Me@Me
g H  “H

Q 4. Look at the reaction and identify the processes involved:

(a) 4m-Electron thermal conrotatory electrocyclic reaction

(b) 47t-Electron photochemical disrotatory electrocyclic reaction
(c) (21 + 27t) Photochemical cycloaddition reaction

(d) 21 + 27) Thermal cycloaddition reaction

Sol 4. (b) The reaction involves 4m-electron photochemical disrotatory
electrocyclic reaction.

hv
© dis
75 H H (o H H

excited state HOMO: V3
m symmetry, dis

Q 5. Identify the photoproduct obtained by the irradiation of trans-stilbine in
presence of I, or O,.

hv hv _ Photoproduct

(a) Phenanthrene (b) Naphthalene (c) Anthracene (d) Phenylnaphthalene

Sol 5. (a) Trans-stilbine undergoes photochemical cis-trans isomerization to
give cis-stilbine (I). Irradiation of cis-stilbine gives dihydrophenanthrene (II) by
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67-electron conrotatory cyclization. II is further oxidized by I, or O, to give
phenanthrene (III).

" w40
\ AR HH x
O BB =

A H
H |

excited state HOMO: ¥,

I, or Oy
C, symmetry, con

Q 6. Select the correct classification for the following reaction from options
I to IV given below:

©<CHO A ©><CHO
CH, CH;

(I) Conrotatory electrocyclic reaction (II) Disrotatory electrocyclic reaction
(III) Valence isomerization aIv) [7‘C4S + 7'52a] Cycloaddition reaction
(a) I and III (b) IT and IV (c) I and IIT (d) I and IV

Sol 6. (c) Disrotatory electrocyclic reaction and valence isomerization.

H
------ < S CHO
CHO ___4& .
L. Cha dis 7 “CHs,
H
ground state HOMO: 3

m symmetry, dis

Q 7. The products II and III are formed, respectively, from I via:

C——C

(a) hv, Conrotatory opening and A, disrotatory opening
(b) hv, Disrotatory opening and A, conrotatory opening
(c) A, Conrotatory opening and hv, disrotatory opening
(d) A, Disrotatory opening and hv, conrotatory opening

I O
I T O

I
o

Sol 7. (a) A (4n + 2) m-electron system, under photochemical conditions
undergoes conrotatory opening and under thermal conditions undergoes
disrotatory opening.
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D D
— H —
H“'Q‘ hv ‘ H A H
"'Q:Q* con b ___D__g dis __H
D D
1 nH | m b

Q 8. Electrocyclization of (2E,4Z,6F)-octa-2,4,6-triene under photochemical
conditions, gives:

(a) trans-5,6-Dimethylcyclohexa-1,3-diene

(b) cis-5,6-Dimethylcyclohexa-1,3-diene

(c) A mixture of trans- and cis-5,6-dimethylcyclohexa-1,3-diene

(d) 1,2-Dimethylcyclohexa-1,3-diene

Sol 8. (a) (2E,4Z,6E)-Octa-2.,4,6-triene (I) is a (4n + 2) m-electron system, so
under photochemical conditions it undergoes conrotatory electrocyclization to
give trans-5,6-dimethylcyclohexa-1,3-diene (II).

—/ == (g ~hwon | Q
Me™ ™ TH "Me HYL 1 'Me

1 ]
excited state HOMO: ¥, C, symmetry, con

Q 9. The products I and II obtained during the following reactions are:

hv A
| =——— e |

Cyclohexadecaoctaene

H H—H N H X
oD o[ 1D =
=" A ="h H =R A H
H_H M M H MM
) 1 ) —

Sol 9. (a) The arrow pushing mechanism reveals that the reaction involves the
ring closure of two hexa-1,3,5-triene systems. Thus, two electrocyclic
reactions involving three electron pairs each, take place in this isomerization.
The two pairs of electrons in the eight-membered ring do not take part in

electrocyclization.
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Thus [16]-annulene isomerizes thermally and photochemically to two
different isomers. The photochemical reaction gives two trans-fused
six-membered rings by a double conrotatory closure. Whereas, the thermal re-
action gives two cis-fused six-membered rings by a double disrotatory closure.

H H
aTp e )
5 o=
usTeEEEN S @
dis dis H H

It should be noted that under both photochemical and thermal conditions, we
can also get one more isomer. However, the two possible isomers that could be
obtained photochemically or thermally are less stable due to steric hindrance.

H H
g : @
—x—

ERL LIYE
con con H H

=
ST IS (D
dis dis H H

less stable, sterically hindered

Q 10. The two-step conversion of 7-dehydrocholesterol to vitamin D3 proceeds
through:

7-Dehydrocholesterol Vitamin D3

(a) Photochemical electrocyclic disrotatory ring opening and thermal
antarafacial [1,7] H shift

(b) Photochemical electrocyclic conrotatory ring opening and thermal
antarafacial [1,7] H shift

(c) Thermal electrocyclic conrotatory ring opening and photochemical
suprafacial [1,7] H shift

(d) Thermal electrocyclic disrotatory ring opening and thermal suprafacial
[1,7] H shift
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Sol 10. (b) Vitamin D3 (cholecalciferol) is produced through the action of
ultraviolet irradiation (UV) on its precursor 7-dehydrocholesterol. The trans-
formation occurs in two steps. In the first step, 7-dehydrocholesterol is photo-
lyzed by ultraviolet light in a 67t-electron conrotatory electrocyclic reaction to
give previtamin Ds. In the second step, previtamin D3 spontaneously isomerizes
to vitamin D3 in a thermal antarafacial sigmatropic [1,7] hydrogen shift.

—_—
[1,7] H shift
HO

excited state HOMO: ¥, Previtamin D3 Vitamin Dy
C, symmetry, con

Q 11. The following tetraene system upon photolysis gives:

hv

“Me Me = . _Me
(a)@ ®) ©: © [] @ C{V
Me Me N Me

Sol 11. (b) Periselectivity is a special kind of site selectivity involving a
conjugated system. When such a system undergoes a pericyclic reaction, in
some cases more than one pathway (involving the whole of the conjugated
array of electrons, or a smaller part of it) may be symmetry-allowed ac-
cording to the Woodward—Hoffmann rules. However, the system preferen-
tially selects the least energy pathway over all the other available pathways.
In general, pericyclic reactions use the longest part of a conjugated system
that is compatible with the orbital-symmetry rules. This is because the ends
of conjugated systems carry the largest coefficients in the frontier orbitals,
which make these reactions go faster. For example, in the given problem the
octatetraene undergoes disrotatory 8tt-electron cyclization to give a cyclo-
octatriene and not a vinylcyclohexadiene or a divinylcyclobutene.

~Me X Me
@H€ hv Me hv
fe dis con
r> Me 8m-electron Me 6m-electron Me
cyclization Me cyclization ~ not formed
excited state HOMO: V5 excited state HOMO: ¥,

m symmetry, dis C, symmetry, con
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@ \—Me hv
/ Me dIS Y, =
4n-electron H /\Me

cyclization  not formed
exmted state HOMO: V5

m symmetry, dis

H \\§/Me

Q 12. The conditions X and Y required for the following pericyclic reactions
are:
J N X «Me v h Me
==~
\ P> e Me ) Me
(a) X-A; Y-A (b)) X-hv; Y-A  (¢) X-hv; Y-hv  (d) X-A; Y-hv

Sol 12. (b) The product, 7,8-dimethyl cycloocta-1,3,5-triene (I) with trans
stereochemistry is obtained upon disrotatory ring closure of octatetraene
system, which occurs only under photochemical conditions. Similarly, a
bicyclic product (II) with cis stereochemistry at fused carbons is obtained
when a triene system undergoes disrotatory electrocyclization under thermal
conditions.

/o ‘H‘C hv

excited state HOMO: ¥ ground state HOMO: 3
m symmetry, dis m symmetry, dis

Q 13. In the following sequence of pericyclic reactions, X and Y are:

(<'=1)X=(>VF,h Y = hv/ dis (b) X = b Y =hv/con

“~_COOH COOH
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() X = ©Vph Y= Aldis (d) X= b, Y =A/con

“—COOH COOH
Sol 13. (¢)
Ph
H
Ph
PTHe o @i(
~ con ‘
X H —COOH
HOOC
ground state HOMO: ¥4 ground state HOMO: Y3
C, symmetry, con m symmetry, dis

Q 14. In the following concerted reaction, the product is formed by a:

_4
H H

(a) 6m-Electron disrotatory electrocyclization
(b) 4m-Electron disrotatory electrocyclization
(c) 6m-Electron conrotatory electrocyclization
(d) 4m-Electron conrotatory electrocyclization

Sol 14. (a) The cis-orientation of hydrogens in the product indicates that
cyclization involves disrotatory mode. Under thermal conditions, cyclo-
octatetraene preferentially undergoes a 67-electron disrotatory electro-
cyclization forming only the cis-isomer. It should be noted that
cyclooctatetraene does not undergo the thermally allowed 47t-electron con-
rotatory electrocyclization as the frans-fused bicyclic structure is highly
strained.

L0, -0,

ground state HOMO: 3 ground state HOMO: ¥,
m symmetry, dis C, symmetry, con

However, under photochemical conditions, cyclooctatetraene preferentially
undergoes a 4rr-electron disrotatory electrocyclization forming only the
cis-isomer. Cyclooctatetraene does not undergo the photochemically allowed
6T-electron conrotatory electrocyclization, which generates the less stable
trans-fused bicyclic structure.
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= S0,

excited state HOMO: V3 excited state HOMO: ¥,
m symmetry, dis C, symmetry, con

2.4.5 Solved Problems (Subjective)

Q 1. What are the major products obtained by the ring opening of cyclobutenes
(I-IV) shown below in thermal conditions as concerted process? Explain
while writing structures of the products.

Sol 1. For a 4n t-electron system, under thermal conditions, ring opening occurs
by conrotatory process. In the case of trans-3,4-dimethylcyclobut-1-ene (I), the
ring can open by two conrotatory paths. Clockwise opening yields the E,E-isomer,
whereas anticlockwise opening yields the Z,Z-isomer. However, in actual practice,
only E,E-isomer is obtained. This is due to the fact that in the case of Z,Z-isomer,
the transition state leading to the open product is less stable because of the steric
strain between the methyl groups.

e

(clockwise ring opening) (2E 4F)-Hexa-2,4-diene

e

(anticlockwise ring opening) (22’42) Hexa-2,4-diene
(not obtained)

In the case of cis-3,4-dimethylcyclobut-1-ene (II), ring opening by both
paths yields the Z,E-isomer.

(2Z,4E)-Hexa-2,4-diene
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In the case of bicyclo[2.2.0]hex-2-ene (III) and bicyclo[2.2.0]hexa-
2,5-diene or Dewar benzene (IV), ring opening should occur by a conrotatory
process. However, in both cases, conrotatory ring opening places a trans-
double bond in the six-membered ring, which is geometrically unstable.
Therefore, ring opening occurs by a higher-energy nonconcerted pathway.

; A n-bond rotation
_n-bond rotation _
con

H Cyclohexa-1,3-diene
geometrically unstable; hydrogen
placed in a six-membered ring

z A n-bond rotation
-
con

H Benzene

geometrically unstable; hydrogen
placed in a six-membered ring

The relative kinetic stability of Dewar benzene is unusually high as its
conversion to benzene is exothermic by 71 kcal/mol. In addition, the central
bond is not only strained but also bis-allylic. The unusual stability of Dewar
benzene is related to the orbital symmetry requirements for concerted electro-
cyclic transformations. A concerted thermal pathway would be conrotatory and,
therefore, leads to the formation of a highly strained Z,Z,E-cyclohexatriene. A
disrotatory process, which would lead directly to benzene, is forbidden.

Q 2. Explain the difference in the pyrolytic stabilities of the following
laterally fused cis- and trans-cyclobutene systems.

Laterally fused cis- and

trans-cyclobutenes Ea (kcal/mol) K=10"*at°C
O;\() 29 87
A H
Qi@ 42 261
H H
AH
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Sol 2. For a 4n m-electron system, under thermal conditions, ring opening
occurs by conrotatory process. Therefore, laterally fused trans-cyclobutenes
readily undergo electrocyclic cleavage to give stable compounds having
cis-double bonds in the six- or seven-membered rings. However, in the case
of laterally fused cis-cyclobutenes, the symmetry-allowed conrotatory
ring opening leads to the formation of unstable products having a trans-
double bond in a six- or a seven-membered ring. Therefore, such trans-
formations require a high temperature and may follow a nonconcerted
pathway.

—_— —_—
- con con
HH H H HH H

geometrically unstable; hydrogen
placed in a six-membered ring

Q 3. Explain selective formation of products in the following electrocyclic

reactions:
CHO CHO
o e S e
= (not formed)

OMe
\/\/Me
(not formed)

OMe Me
E( A o oMe
Me

Sol 3. Two distinct stereochemical consequences exist for an electrocyclic
ring opening of cyclobutenes following a conrotatory process. The substituent
located at C—3 may move away or toward the bond undergoing the fission.
Torquoselectivity is defined as the predisposition of a given R substituent for a
given conrotatory motion. Steric factors should cause a preference for the
larger group to move outward. It is observed, however, that m-donor sub-
stituents prefer con-out mode whereas Tt-acceptor substituents prefer con-in
mode. For example, the inward rotation of the formyl group (m-acceptor)
in 3-formylcyclobutene generates (Z)-penta-2,4-dienal exclusively. Similarly,
the outward rotation of methoxy group (m-donor) in cis-3-methoxy-
4-methylcyclobut-1-ene generates (1E,3Z)-1-methoxypenta-1,3-diene pref-
erentially.

u ¢ H
ZCHO @é%cc A ~
--'\" N E con
con i_|
H H

(E)-Penta- 2 4-dienal
(not formed)

Penta 2,4-dienal
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OMe QMe
Me
- A =~ "H
--5C con . _Me
H
H

H
(1E,32)-1-Methoxypenta-1,3-diene

Q 4. Explain the following transformations:
COOMe

CHO meooc. S CN
2WCOOMe A X A
(i) —— —— y CN
O TCNE |
CN
cN
COOH o
COOH )
A RsN
. o
(")E( b «_coosu * |
COOBU
COOBuU

Sol 4. (i) For a 4n m-electron system, under thermal conditions, ring opening
occurs by conrotatory process. In the case of methyl 1-formylcyclobut-
2-enecarboxylate (I), the ring can open by two conrotatory paths. However, in
actual practice, the formyl group (7t-acceptor) undergoes inward rotation (tor-
quoselectivity) to give the dienal intermediate (II), which then undergoes elec-
trocyclic ring closure to give methyl 2H-pyran-5-carboxylate (III). On heating
with tetracyanoethylene (TCNE), III undergoes Diels—Alder reaction to give I'V.

H 4
CN
CHO
H
_____ = ~“COOMe
RS MeOOC
COOMe
H
not formed
v CN

(ii) For a 4n m-electron system, under thermal conditions, ring opening
occurs by conrotatory process. As the two groups are similar but not the same,
there is no selection, and hence the ring opens up by both the conrotatory paths
leading to the formation of two diastereomeric dienes (I and IT). On treatment
with tertiary amine, both I and II form anions. However, only one of the
anions undergoes a 1,4-addition to the unsaturated ester to form a lactone (III),
but the other is too far away and cannot react.
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COOH COOH H

CcOOB
N Z > COOH _ A
—_— + -
e con . _COOBu o H con
H H COOBu
(clockwise ring opening) 1 1l (anticlockwise ring opening)
RN
RsN 2
COO = o) o] O
”\,
= XNO —— || o —= | o
X _-COOBu __ OBu OBuU
no further reaction 0J "OBu HOYH 8 m

Q 5. In the three reactions shown below, the compounds readily undergo symmetry-
allowed disrotatory butadiene—cyclobutene interconversion under photochemical
conditions. In the first two reactions, the bicyclic isomer cannot revert thermally to
the starting compound. However, in the third reaction, the bicyclic isomer reverts
thermally to the starting compound, i.e., diazepinone. Explain.

H H
o) O X
= hv 70 hv 0
e} o N
H X=H,Cl H
Me o o Me O
RO S
X A N~
—~NH N
N H

Sol 5. In the first two reactions, the bicyclic isomer cannot revert thermally to
the starting compound because the thermally allowed 47-electron conrotatory
ring openings would have to put a trans-double bond into a six- or seven-
membered ring.

H
H o n o N
= "C_G —x— [ O
o  TTAE o con L
H o
excited state HOMO: ¥ ground state HOMO: ¥, geometrically unstable; hydrogen

m symmetry, dis C, symmetry, con placed in a six-membered ring
As direct cis-trans interconversion is not possible in fused carbocyclic
systems, thermal reversibility in the conrotatory fashion has been explained by

an inversion at the nitrogen atom in the diazepinone.

Me Me
(o] Ph Me © Ph QO
Ph._/ v M \ < o Phos
S R
\N/NH dis N\N \ |nv;ri‘|on \N—NH

H
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Q 6. How do you explain that on heating (2E.4FE)-butadiene derivative
equilibrates with (2Z,4Z)-butadiene isomer without forming (2Z4E)-
butadiene derivative?

Ph Ph  Ph
PhJ\(&r Ph A . )ﬁ/g/ M
Ph Ph  Ph Ph

(2E 4E) (22,42) (2Z,4E)
not formed

Sol 6. Thermal isomerization of the substituted dienes takes place through
the formation of the cyclobutene intermediate by a thermally allowed con-
rotatory electrocyclization. Under thermal conditions, for a 4n m-electron
system, ring opening also occurs by conrotatory process. As the two groups
are the same there is no selection, and hence the ring opens up by both the
conrotatory paths, leading to the formation of two diastereomeric dienes i.e.,
(2EAE)- and (2Z,4Z)-butadiene derivatives. (2Z,4F)-Butadiene derivative
can be formed only by disrotatory process, which is disallowed under thermal
conditions.
Ph

Ph
/ (2E AE) (22, 42)\
z

Ph
(clockwise (anticlockwise (clockwise (anticlockwise
ring closure) ring opening) ring opening) ring closure)

Q 7. Compound I is photochromic. The process is reversible, giving back the
starting material. Propose a structure for the isomer II.

Sol 7. Photochromism is the reversible transformation of a chemical species
between the two forms by the absorption of light, where the two forms have
different absorption spectra. It can be described as a reversible change of
color upon exposure to light. Such molecules find use as photoswitches in
optoelectronic devices. For example, the given diarylethene derivative is
capable of undergoing reversible chemical changes. They operate by means
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of a 6m-electrocyclic reaction, the thermal analogue of which is impossible
due to steric hindrance.

Q 8. When compound I is heated at 150 °C, it is transformed to compounds
IIT and IV, via a cyclic tetraene (II). Propose a structure for II, and describe
the processes involved in the conversion of I to II, II to III, and III to IV.

H

0 A
== — (0

! m v

Sol 8. Under thermal conditions, compound II is formed by the ring opening of
I via conrotatory mode, which is converted thermally into compound III via
disrotatory electrocyclization. Compound III undergoes [1,5] hydrogen shift
to yield IV.

H cis

A ) cis Ho—

" eon  cis =
| H trans
]

ground state HOMO: ¥ ground state HOMO: '¥3 i
C, symmetry, con m symmetry, dis

;
H
2
A 3
—_— —_—
[1,5] H shift |4 1
W v

5 H

Q 9. A hydrocarbon I (CyHj;) absorbs 2 mol of hydrogen. On photolysis in
methanol at —20 °C, I isomerizes to II. II absorbs 3 mol of hydrogen to form
cyclononane. In its UV spectrum, II exhibits Apax at 290 nm. On warming to
30 °C, Il isomerizes to III whose structure is given below. Write structures of I
and II, and explain each step.



Electrocyclic Reactions Chapter | 2 51

Sol 9. Compound II absorbs 3 mol of hydrogen to form cyclononane; there-
fore, II must contain three double bonds. Moreover, higher value of Ay, (i-e.,
290 nm) indicates that three double bonds are conjugated, which means II
must be cyclonona-1,3,5-triene. Ground state HOMO of II is W3, having
mirror symmetry, therefore, it must undergo disrotatory ring closure under
thermal conditions. As two hydrogens in III are trans, II must be (/E,3Z,57)-
cyclonona-1,3,5-triene. First excited state HOMO of II is Wy, having C;
symmetry, therefore, it must be formed by photochemical conrotatory ring
opening of I, which must have two cis hydrogens. The complete sequence of
reaction is shown below:

@I
i
M

S
[
@I

Q 10. Explain the sequence of symmetry-allowed changes, which take place in
the following reactions:

Sol 10. The given reaction involves the following sequence of symmetry-
allowed changes: Product II arises by a photochemical 67t-electron con-
rotatory opening of L. It is in photochemical equilibrium with I (its starting
material) and III (product of alternative conrotatory ring closure). On
heating, II gives a mixture of two other cyclohexadiene derivatives, i.e., IV
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and V, by a 67-electron disrotatory cyclization. When compounds IV and V
are irradiated, they do not undergo symmetry-allowed 67-electron con-
rotatory opening because this would put a trans-double bond either into ring
A or ring C.

R

clockwise
opening

hv

6n-electron con
opening

anticlockwise
opening

HO

geometrically unstable; hydrogen
placed in a six-membered ring

Therefore, compounds IV and V undergo a different symmetry-allowed
photochemical reaction, namely 4t-electron disrotatory cyclization to yield
cyclobutene derivatives VI and VII. These compounds in turn are
comparatively thermally stable because the thermally allowed 4m-electron
conrotatory ring openings would have to put a trans-double bond into
ring B.

Q 11. Ethyl 1H-azonine-1-carboxylate gives different products under
thermal and photochemical conditions. Explain the mechanism for their
formation.

Z\ H
hv A AN
—  \ -
) i
Looet COOEt

|
COOEt

Sol 11. The cis-orientation of hydrogens in both the products indicates that
cyclization involves disrotatory mode. Under photochemical conditions, the
process involves 8m-electron disrotatory electrocyclization, whereas under
thermal conditions it is a 67t-electron disrotatory electrocyclization.

N by
\&,/ dis
NPT
% | (") |
COOEt COOEt
excited state HOMO: ¥ ground state HOMO: Y3

m symmetry, dis m symmetry, dis
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Q 12. The key reaction that results in the formation of the highly substituted
phenolic ring of an antifungal agent mycophenolic acid is provided below:

Me
RO N HO CH,OR'
. ome 120 °C
o Me RO = Me
\[i[ Me | OMe
CH,OR'

Provide a mechanism for this reaction.

Sol 12. The vinylketene-based benzannulation strategy proceeds via a
“cascade” process involving four successive pericyclic reactions. Thermolysis
or irradiation of cyclobutenone (II) serves as the driving force for the cascade,
effecting a reversible electrocyclic ring opening to generate the transient
vinylketene intermediate (III). Vinylketene III is immediately intercepted by
the alkyne annulation partner in a regioselective [2 + 2] cycloaddition to afford
a new cyclobutenone (IV), which under the reaction conditions undergoes
reversible electrocyclic cleavage to generate dienylketene (V). Rapid
67t-electrocyclic closure and then tautomerization furnishes the desired aro-
matic product (I).
(0] Me

A
I ’\CHZOR\ o
Me/,—R3
Os
Me 7C Me /
A '
RO N _ﬁ&j ——— > RO = CH,0OR
\/\)\/\ P CH,OR' [2+2] OMe
OMe m

M
° v

9 CH,OR' O CH,OR'
E— ¢ e -
RO = Me RO = Me
Me OMe Me OMe

Q 13. The following reactions involve generation of 1,3-dipolar intermediates
that undergo electrocyclization reaction to give seven-membered heterocycles.
Identify the 1,3-dipolar intermediate and outline the mechanism for each re-
action.

Me
Ph N O N
. NaH N
® M e h/CL/)\Ph ‘"’ A N

Sol 13. (i) Thermal ring opening of an azirine gives a nitrile ylide that undergoes
a 8m-electron cyclization to provide the 1,3-oxazepine derivative.




mph _A o __Acon N’/C‘O
PH \—= 87: electron |

1,7-cyclization Ph’CL/)\Ph

(i) The given tosyl hydrazone derivative on heating with a strong base
gives ortho vinyl diazoalkene intermediate, which undergoes an 8 m-electron
cyclization and subsequent [1,5] hydrogen shift to provide the diazepine
derivative.

Me Me
.. -
iy G
NaH I}L‘ N
T .
Me
N
A, con A N
8n-electron [1,5] H shift /
1,7-cyclization suprafacial

Q 14. While benzo analogues II-IV undergo cycloreversion of the central
cyclohexane ring by all disrotatory opening, the triscyclobutenocyclohexane I
does so by stepwise conrotatory cyclobutene rupture. How do you explain
these observations?

Sol 14. The compound I undergoes sequential cyclobutene ring opening to
give cyclohexenofused [12]annulene (V), which then undergoes thermal
Mobius 7t-bond shifts to substituted di-trans isomer VI. The compound VI
then forms the cage compound VIII in two steps: thermal electrocyclization

followed by [4 + 2] cycloaddition.
Mébius
-] bond shift

[4+2

vil Vil
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-H A _H
H H —
= —X— )
- dis \
not formed

In contrast, benzo analogues II—-IV undergo cycloreversion of the central
cyclohexane ring by all-disrotatory opening. This is due to the fact that in these
cases m-bond shift is energetically prohibited by loss of benzene ring
aromaticity. For example, the benzofused analogue of I (in which the three
peripheral cyclohexene rings are replaced by benzene) is unraveled by
concerted [o”s + o%s + o°s] retro-cyclization to the corresponding all-cis-tri-

benzo-[12]-annulene.

—_—
[6%s + o%s + 6%s]

Q 15. Write the mechanism of the following reactions:

(0] Om —A _+ trans-9,10-Dihydronaphthalene
A
(ii) _c ©/

COOMe
(iii)(2E,4Z,62,8E)—De$a-2,4,6,8-tetraene A . NN
Dimethyl acetylenedicarboxylate COOMe
D
D
H D
DD CH, R D,C H A
"o A I
D H b ¥
D  CH, DC° D D H
74 o o
(vi) 200 °C A 260 °C B

N\ [1,5] H shift



H
i [ D e
H
H H
A 254 nm 300 nm T
- _: _—
w1t @3 EEQ
H H H
H —
(ix) = =/ A . O
MePhN
Ph
e O O
(xi) MeOOC™ X a2 (i) Hy, Pd/BaSOy, quinoline
N (ii) toluene, A
= X Ph
H

MeOOC

i

X Ph

H
Endiandric acid B methyl ester Endiandric acid C methyl ester

(xii) @ v @

relatively stable thermally

(xiii) — s . @O

5-Methylenespiro[3.5]non-1-ene 1,2,3,4,5,6-Hexahydronaphthalene

Me Me
(xiv) ﬁ A m
b O o) 6

100 °Cc
) OO




Ph Ph o ™"
(xvi) Ph A, O‘ + Ph
|

H

Me™ ™
+

Me _—~

H
minor

OHC OHC OHC
(xix) _bba_ o
o o) o]

H H

Sol 15. (i) Pyrolysis of bicyclo[6.2.0]deca-2,4,6,9-tetraene to trans-
9,10-dihydronaphthalene takes place in two steps. In the first step, a 4n Tt-electron
system (eight or four electrons) undergoes thermal conrotatory electrocyclic ring
opening. In the second step, (4n + 2) -electron system undergoes thermal dis-
rotatory electrocyclization to give trans-9,10-dihydronaphthalene.

H cis
A cis

con

trans

W H
H N cis cis a
H =
con . .
H CIS CIS
trans

identical intermediate

cis |H H
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(2E,4Z,6Z,8E)-Deca-2,4,6,8-tetraene

COOMe

MeOOC—/ A COOMe
A 0 A N
Diels-Alder retro

Diels-Alder COOMe “,

e

'

'

1
ar
Q
[*]
=}

H H
_____ =
mf ¢ e
. R A
., H

(2E,4E)-Hexa-2,4-diene

D D H D.,C H
s Ry N AT
v ) (f

D con D H con H
D CH, D H D,C H
cis
trans
A
con .
cis
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_ 200°C _ 260°C °c
manm

T H
A z z
con
ground state HOMO: ¥, excited state HOMO: '¥3
C, symmetry, con m symmetry, dis

(viii) Irradiation of (/Z3Z5E)-cyclonona-1,3,5-triene by 254 nm light
establishes a 60:40 photoequilibrium with the cis-fused bicyclononadiene.
This equilibrium is shifted to the right by longer-wavelength 300 nm light,
which also induces further electrocyclization to tricyclo[4.3.0.0]non-3-ene. As
a rule, cyclohexadiene systems absorb light at longer wavelength than similar
noncyclic hexatriene systems.

e H H HH
hv H — T
=D =
S H i H H
H HH
excited state HOMO: ¥y excited state HOMO: 5
C, symmetry, con m symmetry, dis

Alternative mode of disrotatory ring closure gives less stable product.

b

not formed (less stable)

On heating, (/Z3Z5E)-cyclonona-1,3,5-triene, undergoes disrotatory
electrocyclization to give trans-fused bicyclononadiene.

H
A
—_—
H

H
ground state HOMO: V5
m symmetry, dis
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(ix) Formation of azulene from fulvene (the Ziegler-Hafner synthesis), is
most probably a thermal disrotatory electrocyclic reaction involving 10 elec-

trons.
e O UE P
dis - HNPhMe

“H
NPhMe NPhMe

(3

(x) Dihydroazulene (DHA) undergoes a photochemically induced
10-electron retro-electrocyclization to vinyl heptafulvene (VHF), which in
turn undergoes a thermally assisted ring closure back to DHA. The initially
formed s-cis-VHF is in equilibrium with the generally more stable s-trans-
VHFE.

NC
CN NC. _CN Ph
ph oMV @@\L . PP
A Ph

DHA s-cis-VHF s-trans-VHF

H,, Pd/BaSOy,, quinoline

Lindlar's catalyst
ground state HOMO: ¥4

C, symmetry, con

H ground state HOMO: 5
m symmetry, dis |H

/’ X COOMe
H

Endiandric acid F
methyl ester

Endiandric acid B
methyl ester
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£ H /~COOMe
COOMe A 7
XX Ph dis .

¢ H l//\/\/Ph

H " ground state HOMO: ¥3
m symmetry, dis H|

MeOOC, H
A H
-~ X _Ph
X Ph 4+2
[4+2] meooC H
Endiandric acid C Endiandric acid G
methyl ester methyl ester

(xii) Under photochemical conditions, cyclopenta-1,3-diene undergoes
disrotatory ring closure to give bicyclo[2.1.0]pent-2-ene, which at first sight
might seem incapable of isolation because of the possibility of immediate
rearrangement to cyclopenta-1,3-diene. This rearrangement does occur, but not
so fast as to preclude isolation of the substance. This is due to the fact that
under thermal conditions, ring opening should occur by a conrotatory process,
which places a trans-double bond in the five-membered ring, which is
geometrically impossible. Therefore, ring opening occurs by a higher energy
nonconcerted pathway.

excited state HOMO: W3 ground state HOMO: ¥,

m symmetry, dis Cz symmetry, con
H A A
i ~on @@ o @O
< v/ s [1,3] shift
H A ;
(clockwise ring opening) A\con
1
H ﬁ 3
A A
—_— " —_—
_G con con
H \ \
(anticlockwise more stable, bulky
ring opening) group on outerside

(xiv) On heating, 2-pyrones bearing hydrogen in the 6-position reversibly
exchange substituents between the three and five positions. This rearrangement
occurs through a tandem process that involves a reversible electrocyclic ring



62 Pericyclic Reactions

opening to a ketene aldehyde, which undergoes reversible [1,5] sigmatropic shift
of the aldehydic hydrogen followed by a reversible electrocyclic ring closure.

H 0 Yo

J\ H
5-Methyl-2H-pyran-2-one 3-Methyl-2H-pyran-2-one

_O

Pyran-2-thiones also undergo similar rearrangement to afford thiopyran-

2-ones.
= R A X R
| — |
S~ "0 S o
Pyran-2-thiones Thiopyran-2-ones

(xv) As proved by deuterium-labeling experiments, 2,3;7,8-dibenzobicyclo
[4.2.0]octa-2,4,7-triene undergoes a degenerate rearrangement at 100 °C. The
reaction involves 6T-electron electrocyclic ring opening to dibenzocy-
clooctatetraene, which again undergoes ring closure. Here apparently the two
fully aromatic benzene rings in the tetracyclic compound make it more stable
than the “less” aromatic benzene rings of dibenzocyclooctatetraene.

-
o —o(r—¢

(xvi) Thermal ring opening of the starting cyclobutenone generates a vinyl
ketene intermediate (IIT), which undergoes a 67t-electron cyclization involving
a phenyl group at the 4-position to give the naphthalene derivative (I). How-
ever, as an allyl group is also present at the 4-position, III also undergoes a
[2 + 2] cycloaddition to give IL

i-PrO — i-PrO ’ OO —~ |
i-PrO i- PrO

Me

i-PrO

i-PrO i-PrO b
Ph

[2 +2] —
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H
.~ Me
Me” “C._
(xvii) (b A HTY
con Me_ —~
H,_C
= H
J:Me
H
*G\t,\ Me
S Me' C\ SN
(xviii) A _H
Me:., ) B con H _
M ,/,,fc
G’H Me
major
H
‘C\ g H
C
@) Me”™ ™
—»
on Me _~
Me, /C
G H
H minor

(xix) The compound obtained after oxidation with DDQ can tautomerize to
give the cyclohexadiene system containing (4n + 2) m-electrons, which un-
dergoes disrotatory electrocyclic ring opening under thermal conditions to give

a seven-membered triene system. The triene system is finally converted into its
more stable tautomeric form.

(xx) On heating, pentafulvalene (I) gives 8a,8b-dihydro-as-indacene (II).
The reaction is a 12m-electron cyclization and should proceed in a con-
rotatory manner and, therefore, results in the trans fusion. At 80 °C, 1II

undergoes two [1,5] hydrogen shifts to give 1,8-dihydro-as-indacene (III),
which is thermodynamically more stable due to the benzenoid system.

3 2 2 3
30°C __8°% _
con : [1 5] H shift

L H H 12n-electron 4 5 H s 4
ORI ;

cyclization

=T
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(xxi) Under thermal conditions, heptafulvalene undergoes a 167t-electron
cyclization in a conrotatory manner followed by two [1,5] hydrogen shifts to
give a thermodynamically stable benzenoid system.

30°C 80 °C O
> 4 4 —>
con [1,5] H shift
‘A:) H H ‘fI) 16n-electron H H
cyclization H H

2.5 ELECTROCYCLIC REACTIONS OF IONIC SPECIES
2.5.1 Three-Atom Electrocyclizations

Woodward—Hoffmann orbital symmetry rules can be applied to the charged
systems as well. The conversion of a cyclopropyl cation to an allylic cation is
the simplest one, which involves only 27-electrons (Figure 2.13). This is an
electrocyclic reaction of (4n + 2) type (n =0) and should, therefore, be a

disrotatory process.
‘Y3 %%% o o

w9 .0
O @

299+

cation anion

-
—

FIGURE 2.13 Molecular orbitals and electron occupancy in allylic cation and anion.

Due to the strain imposed by the three-membered ring, the cyclopropyl
cation is not a stable intermediate and electrocyclic ring opening occurs
readily. Therefore, in the solvolysis of cyclopropyl tosylate in acetic acid, allyl
acetate is obtained rather than cyclopropyl acetate. Solvolysis reactions of
other cyclopropyl halides, sulphonates, and diazotization of cyclopropylamine
in aqueous solution also give the allylic products.

Solvolysis can proceed via cyclopropyl cation followed by rearrangement
to allyl cation (case-I), or it can proceed directly to allyl cation (case-II).
However, experimental observations indicate that ring opening is a concerted
process in conjunction with the rupture of the bond to the leaving group, i.e.,
case-II (Scheme 2.10).
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TsO
slow N fast A

case-l H } l /+\]

H -OTs

fast | + AcOH
TsO, fast
slow AN OAc

case-ll >v — R s

H -OTs [ } + AcOH

SCHEME 2.10 Solvolysis of cyclopropyl tosylate.

Let us consider the solvolysis of some cyclopropyl derivatives as shown
in Scheme 2.11:

M
TsO, TsO Me © TsO H H
Pa e HWH H>V/\Me
H Me
Relative rate: 1 4 40,000

SCHEME 2.11 Relative rates of solvolysis of some cyclopropyl tosylates.

Breaking of the C—X bond and cyclopropane ring opening are concerted
process and involves the backside attack on the C—X bond by the electrons of the
opening c-bond of the cyclopropane ring (just like the backside attack by a
nucleophile in an SN2 reaction). As the cationic transition state has two electrons,
therefore, under thermal conditions the disrotatory modes of ring opening are
symmetry-allowed. There are two ways of disrotatory ring opening, however,
due to the backside attack, ring opening takes place only by one mode
(torquoselectivity). Hence, when the two R substituents are on the same side of
X, they rotate toward each other (Figure 2.14). Consequently, if these sub-
stituents are bulky, solvolysis will take place slowly due to steric reasons.

H
R
R
—Me
= <:+
—Me
H
dis-in (disfavored) less stable

FIGURE 2.14 Solvolysis of disubstituted cyclopropyl tosylate via dis-in mode.
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Similarly, when the two R substituents are on the opposite side of X, they
rotate away from each other (Figure 2.15). Consequently, if these substituents
are bulky, solvolysis will be more facile due to steric reasons.

A, di R
, dis
LUMO H H
H
R
Me
Me Me
Z%i&e{__g A . Me —_ Me 5 H
H —— -— — (\+
Ts e dis \;H H »—H H —H
. Me Me Me
dis-out (favored)
more stable

FIGURE 2.15 Solvolysis of disubstituted cyclopropyl tosylate via dis-out mode.

However, when the two R substituents are the part of a small ring and are on
the same side of X (i.e., the leaving group is in the endo conformation), opening
of the cyclopropane ring takes readily as it leads to the formation of a more stable
ring with cis-double bond. On the other hand, when the two R substituents are
on the opposite side of X (i.e., the leaving group is in the exo conformation),
solvolysis will not take place as it leads to the formation of a small ring with
trans-double bond, the formation of which is inhibited in the transition state
(Figure 2.16).

(R
H
Sl 4 D te (0
dis-in (favored) gmall ring with dis-out (dlsfavored small ring with
endo-leaving group cis-double bond exo-leaving group  trans-double bond
(stable) (unstable)

For example, the endo-7-chlorobicyclo[4.1.0]heptane undergoes solvolysis
readily at 125 °C; its epimer was recovered unchanged even after prolonged
heating in acetic acid (Scheme 2.12).
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AcO,
AcOH
e ) = )

seven-membered ring with

endo-leaving group; dis-in (favored) cis-double bond (stable)
OAc
-C +»
exo-leaving group; dis- out (dlsfavored seven-membered ring with

trans-double bond (unstable)
SCHEME 2.12 Solvolysis of endo-7-chlorobicyclo[4.1.0]heptane and its epimer.
Cyclopropyl anion: The HOMO of the reactant in ground state is ¥,

having C, symmetry, therefore, under thermal conditions cyclization will take
place in a conrotatory manner (Figure 2.17).

4
A
Py Py
u

%
Py
I

FIGURE 2.17 Thermal cyclization of cyclopropyl anion in a conrotatory manner.

Thermolysis or photolysis of suitably substituted aziridines: Aziridines
undergo isomerization to azomethine ylides under thermal or photochemical
conditions. It is observed that thermal isomerization involves a conrotatory
ring opening, whereas a disrotatory ring opening takes place under
photochemical conditions. Such a behavior is expected as aziridines are
isoelectronic with the cyclopropyl anion and follow orbital symmetry rules. In a
typical example, the cis-dicarboxylic acid ester undergoes conrotatory ring
opening on heating to give the trans-azomethine ylide and disrotatory ring
opening on irradiation to yield the cis-azomethine ylide. The trans-dicarboxylic
acid ester behaves in a similar manner (Scheme 2.13).

R
R
Ar—N——
H H hv
R = COOMe
A dis
con
+‘(H '?\r
Ar—N S h rotation about
=R _N_Hl —/—/—
>H R 7_'/ l/ single bond
R
trans-Azomethine ylide cis-Azomethine ylide

SCHEME 2.13  Thermolysis or photolysis of suitably substituted aziridines.
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2.5.1.1 Solved Problems

Q 1. Explain the mechanism of the following reactions.

¢]] C
0 () —

\

Br

@ O
ﬂ;(?’
T
+
o %
I;
T

H
I I
AgOHlA AgOHlA
D)
HO HO v

-—
>

Sol 1. (i) First step of the reaction involves cheletropic addition of chloro-
bromocarbene to cyclopentene to give two isomers I and II. The two isomers
can be distinguished on the basis of difference in endo- and exo-leaving
groups. These results can be explained on the basis that the endo group
is preferentially expelled by the dis-in mode of opening of cyclopropane
c-bond to give the more stable cis-cyclohexene. The alternative dis-out mode
of opening of cyclopropane c-bond will generate the less stable trans-
cyclohexene.

- . H

cl OH
S| Tagal B “ o

Br \CH -Ag

Cl AgOH L - H HO 1y
—A dis-in (favored)

Br H ) .

H cl —H C

S R N

B - AgBr " H
OH

Y H
] HG

dis-out (disfavored)

not formed
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r 1 H
Br, =
— B D
H - AgBr
Cl -«
Br AgOH - H : H HO v
A dis-in (favored)
Cl H ) .
H —
B 7
O N =
AN ST -AgC .-
HG OH
dis-out (disfavored) not formed

(ii) In both the cases, the endo group is preferentially expelled by the dis-in
mode of opening of cyclopropane o-bond and then recombines at the adjacent
position to give the more stable cis-cycloheptene. The alternative dis-out mode of
opening of cyclopropane c-bond will generate the less stable trans-cycloheptene.

small ring with
cis-double bond (stable)

myb
+F =
—

F
small ring with
cis-double bond (stable)

dis-in (favored)

Q 2. Give the products of the following reactions and explain which one will
form faster.

Br. H H Br

P AgOH _ AgOH
H — A H — B
H H

Sol 2. Trans-cyclooctene system is more stable than the cis-isomer; therefore,

in this case the exo-isomer undergoes solvolysis at a much faster rate than the
corresponding endo-isomer.

H _
H A /
& —— {+ ﬂ- / = <i>—OH
B . H dis . on
H

dis-out (favored) eight-membered ring with
exo-leaving group trans-double bond (more stable)
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H
—e A OH
H dis
S H HO

dis-in (disfavored) eight-membered ring with
endo-leaving group cis-double bond (less stable)

Q 3. Explain the mechanism of the racemization of an enantiomer of
trans-2,3-di-tert-butylcyclopropanone on heating.

e

(25,35)-2,3-di-tert-Butylcyclopropanone (2R,3R)-2,3-di-tert-Butylcyclopropanone

Sol 3. The ketone on heating undergoes thermally allowed disrotatory ring
opening to give an intermediate that can undergo thermally allowed disrotatory
cyclization in either direction to give the racemic mixture

2.5.2 Five-Atom Electrocyclizations

Pentadienyl anion: The HOMO of the reactant in ground state is W3 having
mirror symmetry, therefore, under thermal conditions cyclization will take
place in a disrotatory manner (Scheme 2.14; Figure 2.18).
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L, O~ C - X,

R
Pentadienyl anion

SCHEME 2.14 Thermal cyclization of pentadienyl anion in a disrotatory manner.

Q.0 Q9
‘i’sooo %

o 99 00
00 00

40999 4

cation anion

FIGURE 2.18 Molecular orbitals and electron occupancy in pentadienyl cation and anion.

Pentadienyl cation: In this case, the HOMO of the reactant in ground state
is W, having C, symmetry, therefore, under thermal conditions cyclization
will take place in a conrotatory manner (Scheme 2.15).

R
Pentadienyl cation

SCHEME 2.15 Thermal cyclization of pentadienyl cation in a conrotatory manner.

The Nazarov cyclization reaction may be defined as an acid (protic or
Lewis) induced cationic 4m-electrons electrocyclic ring closure reaction of
a,,o-divinyl ketones to form cyclopentenones.

Mechanism: Activation of the ketone by an acid catalyst generates a
pentadienyl cation, which undergoes a thermally allowed 4m-electron con-
rotatory electrocyclization (Scheme 2.16). This generates an oxyallyl cation,
which undergoes an elimination reaction to lose a B-hydrogen. The subsequent
tautomerization of the enolate produces the cyclopentenone product.

con R:ﬁ R,ﬁ R,ﬁ

SCHEME 2.16 Mechanism of Nazarov cyclization reaction.

|\
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For example, treatment of dicyclohexenyl ketone with phosphoric acid
affords two ketones 1 and 2 (Scheme 2.17).

o 9] (0]
A, H3POy4
—_— +
con B
HH H H H
1 2

SCHEME 2.17 The reaction of dicyclohexenyl ketone with phosphoric acid.

However, in case of a substituted ketone, we get only a single product with
stereochemistry resulting from conrotatory electrocyclization (Scheme 2.18).

O

SCHEME 2.18 The reaction of a substituted ketone with phosphoric acid.

Silicon-directed Nazarov cyclization: Activation of the ketone 1 by a
Lewis acid catalyst generates a pentadienyl cation, which undergoes a ther-
mally allowed 47t-electron conrotatory electrocyclization (Scheme 2.19). This
generates a silicon-stabilized cation, which undergoes an elimination reaction
of silyl group to give the cyclopentadienol. Subsequent tautomerization of
cyclopentadienol produces the cyclopentenone product 2.

SCHEME 2.19 Silicon-directed Nazarov cyclization reaction in presence of Lewis acid.

However, in the absence of silyl group (ketone 3) that hydrogen will be
lost preferably, which leads to the formation of more substituted alkene 4
(Scheme 2.20).

FeCI2

hHH

SCHEME 2.20 Lewis acid catalyzed Nazarov electrocyclization in absence of silyl group.
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2.5.2.1 Solved Problems

Q 1. Explain the mechanism of the following reactions:

Ph
n-BuLi, THE 35°C °C i

® M PhLol' N)\NH

-78 °C | Ik -130°C > :
Ph Ph

() KNH, lig. NHs NH3
(iii)
(||) H,O

R Ij R R
w2 OO D

ITJ N N7z

CH

| ‘ H
CHs CH,
R=H, Me
o
NaOAm! . o CH30H, H,0
v) — + Vi) )=
N\ HgsO,, H,S0,
PH Ph PR Ph PH Ph A
OMe
o

Me TiCl
wii) Me™ X N OMe T | g
Et Me

Sol 1. (i) In a pentadienyl anion system, the HOMO of the reactant in
ground state is W3 having mirror symmetry, therefore, under thermal condi-
tions, cyclization will take place in a disrotatory manner.

OO ~-0O-OF
P —=p =P

6n-e|ectron
cyclization
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(ii) Hydrobenzamide on treatment with phenyllithium gives a pentadienyl
anion system that closes in a disrotatory manner to give the thermodynami-
cally less favored product having the two large cis-substituents.

Ph Ph Ph

Zh)zi __PhLi @\ H* N7
Ph)l ‘k -130°C Ph)l\"'heph dis H H

(iif) Abstraction of proton by the amide ion generates a pentadienyl anion
system (I). The HOMO of I in the ground state is W3 having mirror sym-
metry, therefore, thermal cyclization will take place in a disrotatory manner
to give another anion (II). Protonation of II by water with preservation of the
benzene ring at the left hand results in the formation of the final product.

)‘3
HOLH H 4
H H
S emetey
H N H N
Mé Me

(iv) The given amine is isoelectronic with pentadienyl anion, and hence
undergoes photochemical cyclization by a conrotatory course. The initially
formed intermediate (I) on coming to the ground state follows a symmetry-
allowed suprafacial [1,4] shift to generate a stable product.

1

| . R R
Q HR k|) =

hv A
T _—

N con PN [1,4] H shift INEE

| 3] | H

CHs CHj CHs

(v) The cyclopentenyl anion opens to provide the hexadienyl anion due to
relief of strain in a cyclopropane ring. The thermal ring opening is disrotatory
with the two hydrogens moving outward, since formation of a trans-double
bond is impossible in the six-membered ring.

Vi o
Ph m NaOAm' |Ph @ >®
Phw H PH FVC\‘H o
H

H
Ph Ph
Ph T Pn
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(vi) First step of the reaction involves an alkyne oxymercuration reaction to
give the allylic olefin, which isomerizes in situ to form a divinyl ketone before
ring closure to the cyclopentenone product (Nazarov cyclization).

.. H
O o~
o ’\ R
o CH40H, H,0 H H* A
)= - T L— RA =
N\ Hgs0y, H,80, | N con” H,)
X o 1
Allylic olefin Divinyl ketone
_H
O
“\\H = ..\\H <T Hi.)

more stable

(vii) Activation of the dienone (I) by TiCl, generates a pentadienyl cation
(II), which undergoes a thermally allowed 4m-electron conrotatory electro-
cyclization. This generates a cation (IIT), which undergoes an intramolecular
electrophilic substitution reaction at the activated para position of the benzene
ring to give the enolate (IV). Protonation followed by subsequent tautomeri-
zation of V produces the cyclopentenone product VI. In the last step, ethyl
group moves anti to the neighboring methyl group to avoid steric congestion.

Cl,Tie OMe

o 0 Cl,Ti—g
Et _Me\« , Etw_J__Me Me
‘ | TiCly |_) A Et Friedel-Crafts
J‘ con | H*
Me Ar Me™ i i Ar RS
YOO Me" pyH
| 1] n
OMe OMe
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Many thermal (or photochemical) rearrangements involve the shifting of a
o-bond, flanked by one or more T-electron systems, to a new position [i,]]
within the molecule in an uncatalyzed intramolecular process. Since it is
rearrangement of a o-bond, these reactions are called sigmatropic rear-
rangements of order [i,j]. These reactions are often classified with two
numbers, i and j, set in brackets [i,j] and the system is numbered by starting
with the atoms forming the migrating -bond. These numbers [i and j] indicate
the new positions of the c-bond whose termini are i — 1 and j — 1 atoms
removed from the original bonded loci (Scheme 3.1).

:Q 1 /}/3 [1,3] shift Ng '1? 1 0,3 )2 [1.5]shift NN
SCHEME 3.1 Sigmatropic rearrangements of order [1,3] and [1,5].

Very often, the migrating c-bond is situated in between two 7-bond sys-
tems as in the Cope and the Claisen rearrangements (Scheme 3.2).

2 1 2
1ANS  [3,3] shit & O/\Kj [3,3] shift o7
o> N @ N
1 3
2 2

SCHEME 3.2 Sigmatropic rearrangements of order [3,3].

3.1 SUPRAFACIAL AND ANTARAFACIAL PROCESSES

Since a sigmatropic reaction involves the migration of a o-bond across the
m-electron system, there are two different stereochemical courses by which the
process may occur. When the migrating o-bond moves across the same face of
the conjugated system, it is called a suprafacial process whereas in antar-
afacial process the migrating o-bond is reformed on the opposite w-electron
face of the conjugated system. The following [1,5] sigmatropic shifts illustrate
both these processes and their stereochemical consequences (Figure 3.1).

1
H
/'%4 [1,5] shift /:JZ 2 <4 _[15]shift
A1g C7 DsuprafaciaIA B ¢”°D /@D antarafacial {/?

FIGURE 3.1 Different modes of hydrogen atom migration in [1,5] sigmatropic rearrangements.

The shift may occur with retention or inversion at the migrating group R.
For example, the four possible stereochemical outcomes of 1,3-sigmatropic
shift are illustrated below. Carbon atom C-4 can migrate to the top (supra-
facial) or bottom (antarafacial) of C-1 and in the process may undergo
retention or inversion. The four possibilities give rise to distinct products
(Figure 3.2).
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? E
Y\r _ antara

C, D retention

p E
\( \( antara

7 \IC ., D inversion

FIGURE 3.2 Different modes of carbon atom migration in [1,3] sigmatropic rearrangements.

3.2 ANALYSIS OF SIGMATROPIC REARRANGEMENTS
OF HYDROGEN

For the analysis of sigmatropic rearrangements, the correlation diagrams are
not relevant since it is only the transition state and not the reactants or products
that may possess molecular symmetry elements. However, these reactions can
be analyzed satisfactorily by using frontier molecular orbital (FMQO) and
perturbation molecular orbital (PMO) methods.

3.2.1 FMO Analysis of [1,3] Sigmatropic Rearrangements
of Hydrogen

One of the ways to analyze sigmatropic rearrangements is to assume that the
migrating bond undergoes homolytic cleavage resulting in the formation of a
pair of radicals. As bonding characters are to be maintained throughout the
course of the rearrangements, the most important bonding interaction will be
between the highest occupied molecular orbitals (HOMOs) of the two species
produced by this cleavage. This is to be expected, as it is these orbitals that
contain the unpaired electrons. We shall illustrate this analysis by examining a
[1,3] sigmatropic shift of hydrogen in which the homolytic cleavage results in
the production of a hydrogen atom and allyl radical (Figure 3.3).

The ground state electronic configuration of allyl radical is W2 W,!.
HOMO (W;) of this radical has opposite sign on the terminal lobes (C;
symmetry). Suprafacial [1,3] hydrogen shift under thermal condition is
forbidden because there is no question of inversion at this atom, which is
bonded to the carbon atom through its spherically symmetrical 1s-orbital.
Antarafacial [1,3] hydrogen shift is allowed only by the principles of orbital
symmetry. The transition state is a highly contorted species and the reaction is
forbidden because of the steric inhibition involved in such a process.

In the presence of light, lowest unoccupied molecular orbital (LUMO) of
the ground state becomes HOMO of the excited state known as photochemical
HOMO. The excited state electronic configuration of allyl radical is W W3
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1

H : H H

— [1,3] H shift X

1 e T

AV e
imaginary T. S.

bonding @H antibonding

Y3 0 O O 8/\8 ¥, (HOMO)
O O O suprafacial
O O (symmetry forbidden)
A
i O O | bonding
Q Q Q9 86@\8 W, (HOMO)
" O O O K ‘\bonding
antarafacial

molecular orbitals of ally! free radical (symmetry allowed but geometrically forbidden:
bridging distance too great for antarafacial migration)

x

FIGURE 3.3 FMO analysis of [1,3] H shifts.

Photochemical HOMO (W3) of this radical has same sign on the terminal lobes
(m symmetry), which permits suprafacial [1,3] hydrogen shift (Figure 3.4).

3 (photochemical HOMO)

suprafacial

FIGURE 3.4 FMO analysis of [1,3] H shifts continued.

3.2.2 FMO Analysis of [1,5] Sigmatropic Rearrangements
of Hydrogen

The [1,5] sigmatropic shift of hydrogen or deuterium atom occurs via a
suprafacial pathway under thermal conditions. The reaction can be analyzed
by assuming that a homolytic cleavage results in the production of a hydrogen
atom and pentadienyl radical. The ground state electronic configuration of
pentadienyl radical is ¥1? W,? W3! Since HOMO (W¥3) of this radical has
similar sign on the terminal lobes (mirror symmetry), [1,5] suprafacial
migration will be a thermally allowed process. The first excited state of the
pentadienyl radical has the configuration W ;> W,?> W,! and the symmetry
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characteristics of HOMO (W) are thus reversed (C, symmetry). Therefore,
under photochemical conditions [1,5] suprafacial migration is no longer
possible and the shift has to be an antarafacial process (Figure 3.5).

( 1)
/0 H H

sl 1N [1,5]Hshift [ |

3 imaginary T. S.
Y3 (ground state HOMO)
¥y Lo — e,
suprafacial
(symmetry allowed)
| ¥s
\FZ M 8"”"

molecular orbitals of pentadienyl
free radical

W, (photochemical HOMO)

antarafacial
(symmetry allowed
but geometrically forbidden)

Pt

\

FIGURE 3.5 FMO analysis of [1,5] H shifts.

A similar analysis of such systems has led to the formulation of selection
rules that state that if a sigmatropic reaction of the order [i,j] (for hydrogen
migration i = 1) has i + j = 4n + 2, then thermal reaction is suprafacial and
photochemical reaction will be antarafacial. However, for those cases in
which i + j = 4n, the rules are reversed and the thermal reactions are antar-
afacial while the photochemical reaction will be suprafacial. The selection
rules for the sigmatropic shift of hydrogen by FMO method are given in
Table 3.1.

3.2.3 PMO Analysis of [i,jI Sigmatropic Rearrangements
of Hydrogen

Sigmatropic reactions can be treated successfully by PMO method, and similar
conclusions are arrived at as by other approaches (Figure 3.6). For instance,
[1,3] suprafacial shift of hydrogen occurs via a transition state with zero node
and four electrons (antiaromatic) and thus is a photochemically allowed
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TABLE 3.1 Selection rules for the sigmatropic shift of
hydrogen by FMO method.

[i +jI Stereochemical mode Reaction condition
4n Supra hy
Antara

4n +2 Supra

Antara hy

process, whereas the [1,3] antarafacial shift can occur via a transition state
with one node and four electrons (aromatic) and is thus a thermally allowed
process. Under thermal conditions, suprafacial [1,5] shift of hydrogen is
allowed. Similar analysis of a [1,7] shift of hydrogen shows that the antar-
afacial shift is thermally allowed.

T. S. for [1,3] suprafacial H shift,
Huckel system, 0 node, 4 electrons,
antiaromatic, hv allowed

T. S. for [1,5] suprafacial H shift,
Hickel system, 0 node, 6 electrons,
aromatic, A allowed

T. S. for [1,7] suprafacial shift,
Huckel system, 0 node, 8 electrons,
antiaromatic, hv allowed

T. S. for [1,3] antarafacial H shift,
M@obius system, 1 node, 4 electrons,
aromatic, A allowed

T. S. for [1,5] antarafacial H shift,
Mobius system, 1 node, 6 electrons,
antiaromatic, hv allowed

T. S. for [1,7] antarafacial shift,
Méobius system, 1 node, 8 electrons,
aromatic, A allowed

FIGURE 3.6 PMO analysis of [1,3], [1,5], and [1,7] H shifts.
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TABLE 3.2 Selection rules for the sigmatropic shift of hydrogen by PMO
method.

No. of No. of
electrons in Stereochemical  nodes in the Aromaticity =~ Reaction
the T. S. mode T.S. of the T. S. condition
4n Supra 0 or Even Antiaromatic hv

Antara Odd Aromatic
4n + 2 Supra 0 or Even Aromatic A

Antara Odd Antiaromatic ~ hv

The selection rules for the sigmatropic shift of hydrogen by PMO method
are given in Table 3.2.

There are many examples of 1,5-hydrogen migrations in molecules having
a pentadienyl fragment. The example given below shows the transformation of
a less stable diene bearing exocyclic double bonds to a more stable diene
having endocyclic double bond (Scheme 3.3).

4 8 A
o1 -
. H  [1,5] H shift /
> 1 suprafacial —

SCHEME 3.3 [1,5] Hydrogen shift in diene bearing exocyclic double bonds.

The equilibration among the various isomeric methylcycloheptadienes
(1—4) can be explained by [1,5] hydrogen shifts (Scheme 3.4).

5
3 : 5 A ! A @ A ©
—_— —_ _ -
2 3 [1,5] H shift 5 [1,5] H shift [1,5] H shift
suprafacial ! H suprafacial suprafacial
19 2 ! 3 4

SCHEME 3.4 [1,5] Hydrogen shifts in isomeric methylcycloheptadienes.

To study the stereochemistry of the hydrogen shift, optically active
1-deuterio-1-methyl-3-tert-butylindene was heated and it was found to give
products with optical and deuterium labeling consistent with a suprafacial
deuterium shift (Scheme 3.5).

Due to steric reasons, suprafacial migrations are more common than
antarafacial shifts. However, with the lengthening of the conjugated system,
sometimes it is possible for a o-bond to migrate to the opposite T-electron
face. Like the thermal [1,3] hydrogen shift, a [1,7] hydrogen shift follows the
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Me D Me
i A D A '
5 [1,5] D shift “q [1,5] H or D shift
3 suprafacial suprafacial
t-Bu t-Bu
Me H Me Me
tBu By M D tBu
3.1 : 4.2 : 1

SCHEME 3.5 [1,5] Hydrogen shifts in 1-deuterio-1-methyl-3-tert-butylindene.

same symmetry rules and is allowed when antarafacial. The geometrical
restrictions on the antarafacial transition state of [1,7] hydrogen shift are not as
severe as in the [1,3] case because a 7t-system involving seven carbon atoms is
more flexible than the one involving only three carbon atoms (Scheme 3.6).

4 5

- 6
3 b ] 7/3 A / -
2l H N7IHshift KO 4
1 antarafacial

SCHEME 3.6 Allowed [1,7] hydrogen shift in antarafacial manner.

[1,7] Hydrogen shift can be illustrated in the thermal equilibrium between
precalciferol (previtamin D;) and calciferol (vitamin D) (Scheme 3.7).

CgHy7

[1,7] H shift
4 antarafacial

Precalciferol Calciferol

HO HO

SCHEME 3.7 Conversion of precalciferol into vitamin D, by [1,7] hydrogen shift.

In cycloheptatriene, an antarafacial [1,7] hydrogen shift is impossible.
Consequently, [1,7] hydrogen shifts within this system must be initiated
photochemically. For example, the interconversion of isomers of
1,4-di(cycloheptatrienyl)benzene involves the sequence of thermal [1,5] and
photochemical [1,7] sigmatropic hydrogen shifts (Scheme 3.8).

H H A
O [1,5] H shift H O H
H H

hv|[1,7] H shift A hv| [1,7] H shift
[1,5] H shift
H H
H H
) e ()
[1,5] H shift

SCHEME 3.8 Thermal [1,5] and photochemical [1,7] hydrogen shifts in isomers of
1,4-di(cycloheptatrienyl)benzene.
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3.2.4 Solved Problems

Q 1. How will you classify the reaction given below?

CH
Lo
=CD,

Con
\ CHD,

Sol 1. A suprafacial [1,5] hydrogen shift that is symmetry allowed under

thermal conditions.

1
H
21

i §P

.
[1,5] Hshift \ co,
H

suprafacial

Q 2. The reaction given below is an example of:

QMe

(a) [1,3] sigmatropic hydrogen shift
(c) [1,5] sigmatropic hydrogen shift

Sol 2. (¢)

A
e e

(b) [1,3] sigmatropic methyl shift
(d) [1,5] sigmatropic methyl shift

Q 3. The product of the following reaction is:

Ej/ Ph s00°c

)

Ph
Ph oh Ph
ZN-Me = Z—ph = Ph
N~ Ph N N” “Me N~ Ph

Ph

Sol 3. (a) Electrocyclic ring opening of 1,2-dihydropyridine derivative (I)
gives l-azatriene intermediate (II), which then undergoes [1,7] hydrogen shift
to give III. Electrocyclization of III then affords IV.

4 5
——£Ph
Ph Ph 3 ~,—Ph
A, dis Z _ HZA A = H
1\' - ‘ = 2 H P
N Sy N H antarafacial N H
B ) o T H [1,7] H shift >—H
PR, Ph Ph
ground state HOMO: V3 Hi Ph
m symmetry, dis Ph _
(\/ﬁMe A, dis | U) Me
SN Ph )N_<H
ground state HOMO: V5 Ph
v 1]

m symmetry, dis
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Q 4. Explain the mechanism of following transformation:

D

Hp

5 —

Sol 4. This scrambling of deuterium label of 1-deuteroindene is a result of a
series of thermally allowed [1,5] deuterium and hydrogen shifts.

;
H b

5
1 [1,5] D shift EN |1_| [1,5] H shift b
5 1D
3 3,

;
H p D

D
1 2
O [1,5] H shift C@ZH [1,5] H shift
5 —_—
3 e

Q 5. Upon heating, the diene shown below undergoes suprafacial [1,5]
hydrogen shifts.
H

VY
Et D

Give the structures of the dienes present in the reaction mixture.

Sol 5. Upon heating, the diene I undergoes suprafacial [1,5] hydrogen shift to
give the diene II, a suprafacial [1,5] deuterium shift then converts II into I1I
and another suprafacial [1,5] deuterium shift converts it into IV. It should be
noted that the major components at equilibrium are the dienes II and IV with
trisubstituted double bonds. Neither of the other possible isomers is present in
the equilibrium mixture, showing that no [1,5] antarafacial shifts had occurred.

H H
£ 7 = T
Et’ 3 Dz Et@i
S
1 [}

{
@

Et D
— H— T Z J=7
Et DR D H Et'R H
v Ll

Q 6. Give the mechanism of the following reactions:

(et e
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D
o D D H
(i) ’ . OH A O._CHs,
L .
s () W mren - I
D H

H

o] o] CH, CH;
Ph
N -Ph A N . 100 °C
(V)él\ | — L I (vi) 50
o T [Tj/\/\ o ITI N7 | o 2 ‘ o
HsC” CHs H,C~ >CD,

H COOMe
i = - DRE Q—\< (vl S 0ooMe
© OH

major minor

Sol 6. (i) The reaction involves a thermally allowed [1,5] hydrogen shift via a
folded conformation.

3 s A
= e I =C0
H 2 (151 Hshift \
; H

H .
(2)-Bicyclo[6.1.0Jnon-2-ene (1Z,42)-Cyclonona-1,4-diene

3
4 2
i) sle o — 2~ DOD
|13 [1,5] D shift H

(iii) The reaction involves a [1,5] deuterium shift in the first step and a [1,5]
hydrogen shift in the second step. It should be noted that in the second step,
only a [1,5] hydrogen shift (and not a [1,5] deuterium shift) takes place
because of the stereoelectronic demands for such reactions.

1
D
2D D s P H
o A J A
N > (N —
3 [1,5] D shift 5" [1,5] H shift

4 5 suprafacial a suprafacial
D H

w

N

D

(iv) The mechanism involves the initial formation of o-cis-butadienylphenol
(I) by way of normal Wittig reaction. The compound I on [1,7] sigmatropic
shift of hydrogen gives an intermediate (II) bearing methylene quinonoid
structure, which on electrocyclic ring closure yields benzopyran (III)
instantaneously.
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.
OH 2 0, A 0\ _CH;,
+ HaPPs — H) —_— |
o RGN . fs\ -~ [1,7] H shift {
4 6
N I I l
O._CHs,
T

(v) The reaction involves two consecutive thermally allowed [1,5]
hydrogen shifts.

o o
~ & Ph - )ﬁ\/v
N oA )\
02\'? Z:I?H 11,51 H shift )\ 1.5 H shift 5] H shift

3N 1
2
Bu-n

CHj

i D20
(vi)
0 [1 ,5] H shift [1 5] D shift
5
4
HsC 2™y CH
CHj3
‘ (6]
HsC™ >CDs

(vii) The reaction involves photochemically allowed suprafacial [1,3]
hydrogen shift.

3 2 hv Q_< 2.3 hv E>_<
1 [1,3] H shift \ ) [1,3] H shift
H' 1

(viii) The reaction involves photochemically allowed suprafacial [1,3]
alkyl shift with retention at the migrating center.

H COOMe H COOMe

3__cooMe  hv
; —_— _—
X T TH [1,3] shift o oH

1
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Q 7. Rationalize the following transformations:

0 @% e o C%

Toluene

Eo D -5

(Not formed)

/ H
N
A C
AR (V) Q A’ @
OH H

145°C
Ph

Sol 7. (i) Compound I can be converted into toluene by thermally allowed
suprafacial [1,5] hydrogen shift.

A
1@% CH
45 2 [1,5] H shift suprafacial N

| Toluene

However, compound II can be converted into toluene by [1,3] or [1,7]
hydrogen shift. Under thermal conditions, both of these rearrangements are
symmetry forbidden in the suprafacial mode and geometrically forbidden in
the antarafacial mode. It should be noted that antarafacial [1,7] hydrogen shift
can occur in flexible systems. But in rigid systems it also becomes geomet-
rically forbidden.

suprafacial [1,3] H shift suprafacial [1,7] H shift
(symmetry forbidden) (symmetry ‘forbidden)
v . 5 ¥
3 M 7 H
: 2 My 3 6 >y
2 1
Ho4 ot
antarafacial [i,3] H shift antarafacial [1.,7] H shift
(symmetry allowed but (symmetry allowed but

geometrically forbidden) geometrically forbidden)
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(ii) The given compound does not undergo aromatization on heating
because in this case also both [1,3] or [1,7] hydrogen shifts are forbidden.

OH 1 OH 1
H o H
R AW
— —
4 .
2 1,3] H shift o 1,71 H shift
1.3 OSSR

However, in the acidic medium, aromatization takes place through a
nonconcerted mechanism as shown below:

:OH (OH 6HH OH
OO0 —-E0— 6= 00
i

(iii) The reaction involves thermally allowed suprafacial [1,5] hydrogen
shift across a conjugated diene wherein a cyclopropane ring replaces one of the
double bonds of the diene system. The exclusive formation of the Z-isomer is
due to the preference for the chair-like transition state during [1,5] hydrogen

shift.
Me
4Mes |1—| H ~Me Me
H SIS A - / 7 Me ||
—_— — =~ = = =
Me Me X

— chair-like T. S. (42)-2-Methylhexa-1,4-diene

Me

Fedmy

boat-like T. S. (4E)-2- Methylhexa 1,4-diene
(not formed)

Me CsHi7 Me CsHi7

A
[1,7] H or D shift
antarafacial

A
[1,5] H shift

(2)-Cyclodeca-1,2,4-triene Ground state HOMO: 5 trans-Bicyclo[4.4.0]
m symmetry, dis deca-2,4-diene
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(vi) The process involves cyclization of the cycloheptatriene moiety
followed by the opening of bicyclo[2.1.0]pent-2-ene and a [1,5] hydrogen
shift.

Ground state HOMO: W3 Ground state HOMO: ¥,
m symmetry, dis C, symmetry, con

3.3 ANALYSIS OF SIGMATROPIC REARRANGEMENTS
OF ALKYL GROUP

With elements other than hydrogen, more specifically with a carbon, there is a
possibility of the sigmatropic shift with inversion of configuration in the
migrating group. This was impossible with a hydrogen atom, which has its
electron in a 1s orbital that has only one lobe. However, a carbon free radical
has its odd electron in a p-orbital, which has two lobes of opposite sign.

3.3.1 FMO Analysis of [1,3] Sigmatropic Rearrangements
of Alkyl Group

It has been observed that in a [1,3] thermal suprafacial process, symmetry is
conserved only if the migrating carbon has opposite lobes. In other words, if
the migrating carbon was originally bonded via its negative lobe the new
carbon—carbon bond will be formed by using the positive lobe. The whole
process results in the inversion of configuration in the migrating group
(Figure 3.7).

H

=)

bonding-=: [y ==<-bonding

o p

1 A ¥, (allyl HOMO) J
- 2 (ally

! \ZJ/3 X

supra-inversion (symmetry allowed)

FIGURE 3.7 FMO analysis of [1,3] alkyl shifts.

However, the [1,3] thermal suprafacial process that involves the same
lobe gives the product with retention of configuration in the migrating group,
but the process is not symmetry allowed. On the other hand, symmetry-
allowed [1,3] thermal antarafacial process with retention is geometrically
forbidden and antarafacial process with inversion is symmetry forbidden
(Figure 3.8).
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H,!
& D
bonding ~(_) antibondin
H . 9
1 —— ¥, (allyl HOMO) ——%—= J
122 AN
3
supra-retention (symmetry forbidden)
~&-D ny
7 , C
bonding . bonding bonding i § antibonding
8/\ % ¥, (allyl HOMO) 8/\% ¥, (allyl HOMO)
antara-retention (symmetry allowed; antara-inversion
geometrically forbidden) (symmetry forbidden)

FIGURE 3.8 FMO analysis of [1,3] alkyl shifts continued.

3.3.2 FMO Analysis of [1,5] Sigmatropic Rearrangements
of Alkyl Group

During [1,5] thermal suprafacial process, symmetry can be conserved only if
the migrating carbon involves the same lobe. In other words, if the migrating
carbon atom was originally bonded via its positive lobe, it will have to use its
positive lobe to form the new C—C bond. The entire process results in the
retention of configuration in the migrating group. However, if migrating car-
bon uses the opposite lobe, it may give the product with inversion of config-
uration, but the process becomes symmetry forbidden. On the other hand, [1,5]
thermal antarafacial process with retention is symmetry forbidden and antar-
afacial process with inversion is symmetry allowed (Figure 3.9).

2
\\\\\\
\\\\\
\\\\\
" “

supra-inversion (symmetry forbidden)

:d?lo"f,

\\\\
w

antara-retention (symmetry forbidden) antara-inversion (symmetry allowed)

FIGURE 3.9 FMO analysis of [1,5] H shifts.
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TABLE 3.3 Selection rules for the sigmatropic alkyl shifts by FMO method.

[i +jl A Allowed (hv forbidden) hv Allowed (A forbidden)

4n Supra-inversion (s;) Supra-retention (s;)
Antara-retention (a,) Antara-inversion (a;)

4n + 2 Supra-retention (s;) Supra-inversion(s;)
Antara-inversion (a;) Antara-retention (a,)

The selection rules for the sigmatropic shift of carbon by FMO method are
given in the Table 3.3, where n is zero or an integer.

3.3.3 PMO Analysis of [i,jl Sigmatropic Rearrangements
of Alkyl Group

Analysis of [1,3] and [1,5] alkyl shifts by PMO method is summarized in
Figures 3.10 and 3.11, respectively.

T. S. for Supra-retention, T. S. for Antara-retention, T. S. for Supra-inversion, T. S. for Antara-inversion,

Hiickel system, Mobius system, Mbbius system, Huckel system,
0 node, 4 electrons, 1 node, 4 electrons, 1 node, 4 electrons, 0 node, 4 electrons,
antiaromatic, hv allowed  gromatic, A allowed aromatic, A allowed  antiaromatic, hv allowed

.

FIGURE 3.10 PMO analysis of [1,3] alkyl shifts.

The selection rules for the sigmatropic shift of carbon by PMO method are
given in Table 3.4, where n is zero or an integer.

3.3.4 Solved Problems

Q 1. The conversion of vinylcyclopropane to cyclopentene upon heating is an
example of which of the following sigmatropic rearrangements?

(@) [3,3] (b) [1,3] (o) [1,5] (d) [1.2]
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T. S. for supra-retention, T.S. for antara-retention, T. S. for supra-inversion, T. S. for antara-inversion,
Huickel system, M@obius system, Mdbius system, Hiickel system,
0 node, 6 electrons, 1 node, 6 electrons, 1 node, 6 electrons, 0 node, 6 electrons,
aromatic, A allowed  antiaromatic, hv allowed antiaromatic, hv allowed  5romatic, A allowed

FIGURE 3.11 PMO analysis of [1,5] alkyl shifts.

TABLE 3.4 Selection rules for the sigmatropic alkyl shifts by PMO method.

No. of No. of

electrons nodes in Aromaticity Reaction
in the T. S. Stereochemical mode  the T. S. of the T. S. condition
4n Supra-retention (s,) 0 or Even Antiaromatic hv

Antara-inversion (a;)
Supra-inversion (s;) Odd Aromatic A
Antara-retention (a,)

4n + 2 Supra-retention (s;) 0 or Even Aromatic A
Antara-inversion (a;)
Supra-inversion (s;) Odd Antiaromatic hy

Antara-retention (a,)

Sol 1. (b) The thermal expansion of a vinylcyclopropane to a cyclopentene
ring involves a [1,3] sigmatropic migration of carbon. The reaction is known as
a vinylcyclopropane rearrangement. The reaction involves the formation of a
strained four-membered transition state and usually occurs at a temperature
higher than 300 °C.

K" e (D] O
—_— ) —_—
L [1,3] shift -7

Vinylcyclopropane Cyclopentene
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Q 2. Explain the following transformations:

Ph

Ph
) A . e OH A e
(i) —_— (ii) N 0
Ph
Ph Ph
Ph Ph

1,1-Dicyclopropylethene Ph

H Me Me H
OAc
A = : 7 300 °C 4
(i) - ™ l~oae T \HD
H

D”*"H

Deuterated bicyclo[3.2.0]heptene Exo-norbornal

[¢] o

o o
(vii) X@ _A L /%

Sol 2. (i)
1 3 A A
- = 2 - =
[ ! 2? [1,3] C shift ;g\i [1,3] C shift 8
1
Ph Ph Ph
(ii)Ph =25y O A " OH "
3 pn  [1.5] phenyl shift oh T o
P A4 Ph
bt/ Ph o Ph

Ph

enol keto
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(iii) The reaction involves [1,3] sigmatropic shift, which under thermal
conditions should be suprafacial with inversion at the migrating apical carbon.

B Me

H1Me Me H Me_H
A
\| S ——— fr— —
2 [1,3] C shift AN =

N

supra-inversion

It should be noted that the reactant molecule can undergo a full circle of
such [1,3] migrations with inversion and the hydrogen and the methyl group
will throughout remain endo and exo, respectively. However, if the [1,3] sig-
matropic shift proceeds with retention, the hydrogen and the methyl group
would have been alternatively endo and exo with each migration step, giving
rise to a mixture of two isomers.

Me H

“[,31Cshift 3] C shift L\&
supra-| inversion

(iv) A [1,3] suprafacial shift of an alkyl group must proceed with inversion
at the migrating center. In the given reaction, the starting compound has
deuterium trans to the acetoxy group, whereas in the product it was found to
be exclusively cis. This result establishes that inversion of configuration
occurred at C-7 during the migration, in accord with the stereochemistry
required by the Woodward—Hoffmann rules.

- .~ H
[1,3] C shift
supra-inversion

(v) Under photochemical conditions, the given compound undergoes
reversible suprafacial [1,3] shift with retention of configuration in the

migrating group.
1 3
o) o

(vi) The first step involves suprafacial [1,5] sigmatropic shift of carbon,
which occurs with retention of configuration at the migrating carbon. The
second step involves [1,5] sigmatropic shift of hydrogen.
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[1,5] H shift

Me

(vii) The compounds I and II on heating undergo a [1,3] sigmatropic
migration of carbon to give silyl enol ether (IV). On workup, IV gives the
ketone III, which preferentially adopts the cis stereochemistry. It should be
noted that the compound II can also undergo [1,3] sigmatropic migration of
carbon in an alternate way, but in that case we get an unstable bridge-head
alkene.

OSIMe3 OS|Me3

Oé 40 éofﬁ
M, 3]sh|ft

mH

1

Me3SiO, MesSiO, 4

3 H' OSiMe;
C@ ©f> : \g } OSiMes
;
[1.3] Sh'ft [1,3] shift ®/

bridge-head alkene
(not formed)

(viii) The compound I on heating undergoes a [1,3] sigmatropic migration
of carbon to give B,y-unsaturated ketone (II). Formation of the extended
enol (III) followed by movement of the double bond converts II into

a,B-unsaturated ketone (IV).
%OH /%o
m v

1
X 3 _0 o
2 _A
[1,3] shift
I I

3.4 [3,3] SIGMATROPIC REARRANGEMENTS
3.4.1 The Cope Rearrangement

The thermal [3,3] sigmatropic rearrangement of 1,5-dienes is called the Cope
rearrangement. The reaction proceeds through a cyclic transition state
(Scheme 3.9).

The Cope rearrangement is a reversible process; the equilibrium mixture
has a great proportion of the thermodynamically stable isomer. It follows

2
1 }3 A =
N2, [3.3]shift x
2

SCHEME 3.9 The Cope rearrangement of hexa-1,5-diene.
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first-order kinetics. It is an intramolecular process because rearrangement of a
mixture of two different hexa-1,5-dienes does not lead to the formation of
cross products. The reaction proceeds through a six-membered cyclic transi-
tion state, and the acceleration by substituents such as phenyl or ester groups is
due to the conjugative stabilization of the new double bond in the product
diene. For example, in the reaction given below, the equilibrium favors the
product because the double bond is in conjugation with the carbonyl and cyano
groups in the product (Scheme 3.10).

> \
o= [3,3] shift x
Et0OC 2 3 CHs3 EtOOC CHj
SCHEME 3.10 Cope rearrangement of (E)-ethyl 2-allyl-2-cyanopent-3-enoate.

3.4.1.1 FMO Analysis of the Cope Rearrangement

In the Cope rearrangement, the migrating group is an allyl radical. An analysis of
the symmetry of the orbitals involved shows that [3,3] sigmatropic rearrange-
ments are thermally allowed and photochemically forbidden (Figure 3.12).

-

8/\8 ¥, (ground state HOMO) W3 (photochemical HOMO)

bonding: bonding bonding: % antibonding
M‘i‘z (ground state HOMO) M ¥, (ground state HOMO)
|_thermal (symmetry allowed) photochemical (symmetry forbidden)

FIGURE 3.12 FMO analysis of the Cope rearrangement.

In [3,3] sigmatropic shifts, the transition state may be chair-like or boat-
like. Both of these transitions states are symmetry allowed (Figure 3.13).

A Y

¥, (allyl HOMO) chair geometry (allowed) boat geometry (allowed

FIGURE 3.13 FMO analysis of the Cope rearrangement continued.
3.4.1.2 PMO Analysis of the Cope Rearrangement

The transition state for [3,3] sigmatropic shifts involves interaction between
two allyl fragments. The two allyl fragments form a closed loop of w-orbitals
with no sign inversions in the supra—supra case and one inversion in the
supra—antara case (Figure 3.14).
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T. S. for supra-supra rearrangement, T. S. for supra-antara rearrangement,
Hickel system, 0 node, 6 electrons, Méobius system, 1 node, 6 electrons,
aromatic, A allowed antiaromatic, hv allowed

0

cr_lair-like T.S, isocon_jugate boat-like T. S., isoconjugate with butalane,
with benzene, aromatic, stable nonaromatic, unstable due to ring strain

FIGURE 3.14 PMO analysis of the Cope rearrangement.

3.4.1.3 Stereochemistry of the Cope Rearrangement: Boat versus
Chair Transition State

In [3,3] sigmatropic shifts, a chair-like transition state is energetically
preferred to a boat-like structure. Rearrangement of the meso diene through
such a transition state then would give the cis—trans isomer (Scheme 3.11),
while in the case of the rearrangement of the racemic mixture the trans—trans
isomer is the major product (Scheme 3.12).

f— — oS A N NN
= = /4’\ X P Y e

. . (2Z,6E)-Octa-2,6-diene (2E,6E)-Octa-2,6-diene
meso 3,4-Dimethylhexa-1,5-diene (99.7%) (0.3%)

e N
/ ;
doo= —
:C chair-like T.S. (2Z,6E)-Octa-2,6-diene
= ]2
(S,

boat-like T.S.  (2E,6E)-Octa-2,6-diene

SCHEME 3.11 Stereoselectivity in the Cope rearrangement of meso 3,4-dimethylhexa-1,5-diene.
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e e e g

AN (2E,6E)-Octa-2,6-diene

= = —L (90%) N N
W WIS +

| w (22,62)-Octa-2,6-diene

rac 3,4-Dimethylhexa-1,5-diene X (10%)

(2Z,6E)-Octa-2,6-diene

(<1%)
/\/7 =
\/-\/ —
dlequatorlal
(more stable) chair-like T.S. (2E ,6E)-Octa-2,6-diene
X \ == =
—_—T o~ / e
RN~ < J —
axial-equatorial chalr-l|ke T.S.  (2Z,6Z)-Octa-2,6-diene
(less stable)

% 7 R —N—=7

boat-like T.S.  (2Z,6E)-Octa-2,6-diene

SCHEME 3.12 Stereoselectivity in the Cope rearrangement of racemic 3,4-dimethylhexa-
1,5-diene.

3.4.1.4 Solved Problems

Q 1. The major product formed when (3R,4S)-3,4-dimethylhexa-1,5-diene is
heated at 240 °C is:

(a) (2Z,62)-Octa-2,6-diene  (b) (2E,6F)-Octa-2,6-diene
(¢) (2E,6Z)-Octa-2,6-diene (d) (3Z,5E)-Octa-2,6-diene
Sol 1. (¢)

Q 2. Formation of the ketone II from the diazoketone I involves:

/
=N,  PhCOOAg <;©:o
—_—
o) heat

Me Me
1 1]

(a) Generation of carbene and a [2,3] sigmatropic rearrangement
(b) Generation of carbene and an electrocyclic ring closing reaction
(c) Generation of ketene and a [2 + 2] cycloaddition

(d) Generation of ketene and a [3,3] sigmatropic rearrangement
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Sol 2. (d)
= —~ H
PhCOOAg >
- N2 )
Me Me

a-Ketocarbene
intermediate

Ketene 1}
intermediate

Q 3. The rearrangement product of the following reaction is:

o
74 #,
=

o) o) O O

Sol 3. (a)

2

5 o
3 O
1 [3,3] shift 2 ‘1
2
3

Q 4. In the reactions given below, the Cope rearrangement takes place in an
antara—antara manner. Explain.

pMeO O Qb
A
(i) D ——— MeO
[3,3] shift
D H
Me Me
NC Me
(ii) ° Me ———= M °
7 M Barsnit 0N
NC
NC

Me pMe cN Me

Sol 4. The Cope rearrangement is allowed both in a supra—supra and an
antara—antara manner. One may conclude that the transition state for an
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antara—antara process is rather difficult to attain due to steric reasons. How-
ever, such reactions actually have been observed. Thus, symmetry-allowed
reactions do take place under favorable molecular geometry.

DMeo pMeo P Q b
.Q D = MeO
3] shift =
D
thermal, antara-antara
(symmetry allowed)
Similarly,
Me Me Me
NC_, ; 33 N NC s s Me
Me —(———> Me = Me \
5 [3,3] shift NS "
NC e
€ Me Me  Me NG CN

Q 5. Rationalize the following transformations:

X
() “—“ﬂb (i (AAA*Q@

(vii) A, (viii)@i» A @
A\ H
o)
\ COOMe reflux /
(ix) + PhaP=( /" N
N\ Me toluene N
Ac

S
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MeO O
AgOBz (0.1 e A
g q.) I Ve
Et3N (1.0 eq.)
H

THF

(Xl) ‘ —_T10°¢c, _135°C
Me ~ 25h Ph prolonged
PH ’ heating
Ph

3
2
1
.
2 1 [33]sh|ft
X \2\—/4 [3,3] shift N

Sol 5.

cD, 11 |
3 1L ﬂ
i CcD
[ ] = L@A’C% e LL & — Al gr=_&
2 CD2  [3,3] shift CD2 CD;

CD, boat-like T. S.

MeN MeN (0]
3 6] 6] NMe
(iv) 45 A L A =/
2 3 [3,3] shift
OH OH
3
3 N2 A
2 [3,3] shift
H
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(vi) The product can be formed by a direct [1,5] sigmatropic shift or two
consecutive [3,3] sigmatropic shifts. However, [1,5] shift is favored because
the direct formation of the product is thermodynamically more favorable than
proceeding through the intermediate from the first [3,3] shift.

Ph 1 o e}
t Bu 3 _t-Bu
tBu 2 u - A
[1,5] shlft 3 [3,3] shift 2 [3,3] shift

1
.
(vii) Pyrolysis of cyclododeca-1,59-triyne (I) gives 1,2,3,4,5,6-

hexamethylenecyclohexane, commonly known as [6]-radialene (II). The
mechanism involves a series of [3,3] shifts.

— 3 2
A 1 A o
3 3 —> N — —C -
\ i [3,3] shift 1 13,3] [3.3] shift
P 3
11 C
I i \

= M .

=C——C

//
w
N
N
w

K

40

[3,3] shift

(viii) The first [3,3] shift takes place through a chair-like transition state,
whereas the second [3,3] shift takes place through a boat-like transition state.

[3,3] shift

H H
(1Z,5E)-Cyclonona-1,5-diene cis-1,2-Divinylcyclopentane

e - ) ) =D
[3,3] shift

(1Z,5Z)-Cyclonona-1,5-diene

(ix) Wittig reaction results in the formation of a 1,5-diene, which immediately
undergoes the Cope rearrangement to give the 3-indoleacetic acid derivative.

MeOOC, e,

0 /‘ MeOOC
) COOMe reflux 2 \
+ Phyp=( o
N Me toluene N [3,3] shlft
\ \ \

Ac Ac Ac
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(x) Wolff rearrangement of diazoketone (I) gives cyclopropylketene (II),
which immediately undergoes the Cope rearrangement to give a highly

functionalized cycloheptadienone (III).

H
o MeO O
1 3_-0 v
AgOBz (0.1 eq.) 2 - A -~ C —
| = — Me
=
H

Et;N (1.0 eq. _—3 3,3] shift
s ( ) MeO 1 [ ] shi MeO Me

THF
Il

(xi) On heating at 70 °C, [3,3] sigmatropic shifts establish an equilibrium
between I and II. However, upon prolonged heating equilibrium shifts toward
the more stable isomer (IIT) having all the phenyl substituents in conjugation

with the double bonds.

Q 6. The following diene racemizes with a half-life of 24 h at 50 °C. Explain.
H

H

Sol 6. The optically active diene changes into its mirror image due to facile
[3,3] shift. The rearrangement proceeds through a chair-like symmetrical

transition state.
2 H H 2
T (R
NS e [3,3] shift [3,3] shift N
2 H H 2
H H
S 2
[3,3] shift [3,3] shift
chair-like T. S. H

H
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Q 7. At 230 °C, erythro cis,trans-1,3,4,6-tetradeuteriohexa-1,5-diene (I) un-
dergoes degenerate Cope rearrangement, but at temperatures above 260 °C, it
gives threo trans,trans-1,3,4,6-tetradeuteriohexa-1,5-diene (II). Explain.

HD D HD H H
D A 230°C_ o A > 260 °C Hp D
= H ~ = D~ D A X
H HD D HD HD H

Sol 7. At 230 °C, I undergoes Cope rearrangement through the more favorable
chair-like transition state, thereby maintaining the stereochemical degeneracy
(erythro from erythro). But at temperatures above 260 °C, the rearrangement
also starts taking place through the less favorable boat-like transition state to
give the other diastereomer of the starting material (threo from erythro). Thus,
the Cope rearrangement cannot be stereochemical degenerate when it proceeds
through the boat-like transition state.

H H
H H H H H
ol \/\/ 230°C T‘,"Ziﬁ_j:j“_ Ml ﬁ/\/H
\\\/ [\ Taashitt D v o' |/

D D D D p
erythro (I) "~ chairike T.S. erythro (l)
>260 °C ||
D
HAN \\ D

3.3] shift 3
' | 5 H o\ oH
erythro 0] boat-like T. S. threo (Il

3.4.2 Degenerate Cope Rearrangement

cis-1,2-Divinylcyclopropane (1) rapidly undergoes Cope rearrangement to
(1Z,4Z)-cyclohepta-1,4-diene (2). A favorable geometry for the interaction of
the diene termini is provided by the cis-orientation of the molecule. In such an
arrangement, transition state can be easily reached as the loss in entropy is
smaller than for an acyclic diene. The entropy of activation is further reduced
as the bond being broken is strained. Indeed, cis-1,2-divinylcyclopropanes give
this rearrangement so rapidly that they generally cannot be isolated at room
temperature. However, in case of trams-1,2-divinylcyclopropane (3), rear-
rangement to 2 cannot be concerted since the ends of the molecule where
bonding is needed are too far apart (Scheme 3.13).

It should be noted that in the most stable conformation of cis-
1,2-divinylcyclopropane, the two vinyl groups are directed away from the
cyclopropane ring and syn ring hydrogens, whereas in the less stable confor-
mation, the two vinyl groups point back toward the cyclopropane ring and are
closer to the syn ring hydrogens. However, cis-1,2-divinylcyclopropane un-
dergoes Cope rearrangement with less favored conformation.
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H
L =

H /;) [3,3] shift |
[
cis-1 (less stable .
conformation) boat-like T. S.

H H

—> H
H

(1E,4E)-Cyclohepta-1,4-diene

trans-1 (more stable  poat-like T. S. Unstable, not formed

conformation)

SCHEME 3.13 The Cope rearrangement of cis-1,2-divinylcyclopropane.

cis-1,2-Divinylcyclopropane (1) does not undergo Cope rearrangement
through the chair-like transition state because it gives a less stable seven-
membered ring with a trans-double bond (Scheme 3.14). Hence, the reac-
tion proceeds through a boat-like transition state as shown in Scheme 3.13.

—H

[3.3]shift | |,

chair-like T. S. not formed

SCHEME 3.14 The Cope rearrangement of cis-1,2-divinylcyclopropane continued.

In case both the vinyl groups are incorporated in the ring, divinylcyclo-
propane rearrangement proceeds more rapidly due to the further decrease in
the entropy of activation. The system then becomes homotropilidene, which
undergoes a degenerate Cope rearrangement. A degenerate rearrangement
leads to the formation of a product that is indistinguishable from the reactant.
The degenerate Cope rearrangements should not be confused with resonance.
Resonance structures are conceptual and are not structures in equilibrium.
Like cis-1,2-divinylcyclopropane, homotropilidene or bicyclo[5.1.0]octa-2,5-
diene also undergoes Cope rearrangement with less favored conformation
(Scheme 3.15).

Although homotropilidene undergoes Cope rearrangement very rapidly, the
rate can be further enhanced by eliminating the possibility of the formation of
the more stable but unproductive conformation in the above equilibria. This
has been done by bridging the two methylene groups in homotropilidene
directly or by a methylene or an ethylene bridge to get semibullvalene, bar-
baralane and bullvalene, respectively (Scheme 3.16).

A fluxional molecule is the one that undergoes a dynamic molecular
process that interchanges two or more chemically and/or magnetically
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2 2
, 3 s 2
1 C :; 1
> 3 3 5
H” -
\ — — | A gl S . H
\ H g ~— H pashit = H H H
H
H _ : /) H
Homotropilidene Y

less stable conformations
(undergoes degenerate Cope rearrangement)

SCHEME 3.15 Degenerate Cope rearrangement of homotropilidene.

Ho - A H™ } H- = A Ho TS }
H Ho Bapshift g = H H Ho Bayshit g = H
H

H H H
Semibullvalene Barbaralene

" . @ S @ ; @ ;
H —_— _— = etc.
H [3,3] shift [3,3] shift [3,3] shift

H
Bullvalene

SCHEME 3.16 Degenerate Cope rearrangement in bridged homotropilidene systems.

different groups in a molecule. If the rate of this exchange is faster than the
time scale of spectroscopic observations, these two different groups can appear
to be identical. Bullvalene is the best example of fluxional molecules. The
bullvalene molecule is a cyclopropane platform with three vinyl arms
conjoined at a methine group. As a fluxional molecule, bullvalene is subject to
degenerate Cope rearrangement. Bullvalene has been synthesized and its 'H
NMR spectrum was determined. At 100 °C, the rate of rearrangements is very
fast so that all hydrogen atoms appear equivalent and only one signal is
observed at 4.2 ppm. But at —25 °C, the rate of rearrangements becomes slow
and hence two signals in the ratio 4:6 are observed. This is in accord with a
single nontautomeric structure. The four are the allylic protons and the six are
the vinylic ones. The '>*C NMR spectrum of bullvalene also shows only one
peak at 100 °C.

3.4.2.1 Solved Problem

Q 1. Among the following dienes, the one that undergoes a degenerate Cope
rearrangement is:

H — —
(a)@ (b) @ (c><C @ \:C
H\\ _— __—
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Sol 1. (a) Only the diene (a) leads to a product that is indistinguishable from
the reactant, i.e., undergoes degenerate Cope rearrangement.

2 2 2
H, 1 g A AN
@ (b) & () e — 7
3 [3,3] shlft b [3,3] shift -
H 2 5> 3 35 H

2

==
o> 3 3] shift

2

w

'/\

3.4.3 Oxy-Cope and Anionic Oxy-Cope Rearrangements

In the 1,5-diene system, a hydroxyl substituent at C-3 gives the enol product.
Subsequent tautomerization of enol providing the carbonyl compound is the
driving force for the reaction. The process is termed as the Oxy-Cope rear-
rangement (Scheme 3.17).

Ho A o o
\K A H = tautomerization X
2, 133 shift x N
2

SCHEME 3.17 Oxy-Cope rearrangement of hexa-1,5-dien-3-ol.

If the C-3 hydroxyl group is deprotonated first, the subsequent Oxy-Cope is
much faster and is known as the anionic Oxy-Cope reaction. The reaction is
greatly accelerated when the C-3 hydroxyl group is converted to the alkoxide

o

(Scheme 3.18).
2 = &
HOL~  KkH \1@3 A 04 :ﬁ Hy0* HO_~ OU
= 1":>3 [3,3] shift X X N X

SCHEME 3.18 Anionic Oxy-Cope rearrangement of hexa-1,5-dien-3-ol.

As shown in Figure 3.15, enhancement in the rate of anionic Oxy-Cope
rearrangements is due to the following reasons: (1) In the ground state, the
anion is localized on oxygen; in the transition state it is spread out over a
highly delocalized system. This stabilizes the transition state relative to the

o N O
bond to 4:C 1 .
be cleaved = N
\V/
~ ground state transition state
(anion localized on oxygen) (anion delocalized)

FIGURE 3.15 Origin of anion acceleration in the Oxy-Cope rearrangement.



110 Pericyclic Reactions

ground state (a smaller intrinsic barrier). (2) Donation of the lone pairs of
electrons by oxygen into the adjacent C—C c* antibonds weakens the bonds to
be cleaved (a smaller intrinsic barrier). (3) The product alkoxide (enolate) is
more stable than the starting alkoxide (due to resonance stabilization) so the
barrier becomes lower.

3.4.3.1 Solved Problems
Q 1. Rationalize the following transformations:

U] (i)
H ,CH-OCH, _CH-OCHg
c=c’

~ H3C |

H,G  H
igj 5
iv
@ W) 18-crown-6 ‘
THF, 70°C ‘
—-
OH

Why the new double bond in the product is trans?

—— ¥

Q

*if

(iii)

v)

8

Sol 1.
. 1,0H / tautomerization
0] — 4 . 0
[3,3] shift

{~C H

H\ r,‘/CH—OCHg /CH OCHj3 H //CHfOCHs

5 HS  §
H,c'® 2°H L

i
ﬂ (Ot t izati
(u) ) LA\ OH = tautomerization
[3,3] shift X X

3
2
Mey~’OH meflon f® e
A
(iii) Py = —~
o7 [3.31 shift on o
0 0
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(iv) The given compound on treatment with KH and 18-crown-6 undergoes
an anionic oxy-aromatic-Cope rearrangement. Use of KH in the presence of
crown ether helps in achieving maximum charge separation and acceleration
of the reaction.

MeO
[ONY

MeO MeO
KH 18-crown-6 y 3
THF, 70 TTHFE. 70°C 1 [33 ] shift
OMe
OMe
MeO MeO
fe) O O
H* oxidation ‘

_— —_—
OMe I OMe

@@ aw C—C0=(3

— A

s . RN
= [3,3] shift
OH OH (0]
chair-like T. S.

Q 2. The major product in the following reaction is:
(|) heat
(i) H,SO,4
0 o]
o

Sol 2. (a)

+
OH

O
;\g: K) tautomerlzatlon ? j?
AIdoI
[3, 3] shift O: H (g‘
N
H205 H+
-H* o H
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Q 3. The major product in the following reaction is:

KH, THF
heat

4 OH

N -TC-
\ P
N

o-
chair-like T. S. the two hydrogens are syn to each other

Q 4. The major product formed in the following reaction is:

| OH
(i) KHITHF, A
(i) Hy,0*

=
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Sol 4. (¢)

| O \ o
_KHITHF_ A‘ _ @»o
[3,3] shlft

lH?,O*

(Y o —— Yror

3.4.4 Aza-Cope Rearrangement

It is just like the Oxy-Cope but now we have a nitrogen located strategically in
this molecule. The Aza-Cope rearrangement is induced by the nitrogen nor-
mally present as an iminium ion in the diene. The unsaturated iminium ions
rearrange significantly more rapidly than their corresponding neutral all-
carbon analogues (Scheme 3.19).

2
D
G2, Basht Ny

) N2 Aza-Cope )
R R
SCHEME 3.19 Generalized Aza-Cope rearrangement.
If the Aza-Cope rearrangement leads to proximal enol and iminium groups,

then after rearrangement, an irreversible Mannich cyclization may occur to
afford acyl-substituted pyrrolidines (Scheme 3.20).

H fe) H
2
HO
\?%3 A % Mannich cyclization jj
+2. [3.3] shift <5 N
N2 Aza-Cope & "

SCHEME 3.20 The Aza-Cope rearrangement followed by Mannich cyclization.

This sequence, known as the Aza-Cope/Mannich reaction, has become a
synthetically useful method for pyrrolidine synthesis.

3.4.4.1 Solved Problems

Q 1. The following transformation involves:

AN CHO HO. Me A N

\ + MeHN X _~» —H ~ | Ve

—

N N
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(a) An iminium ion, [3,3] sigmatropic shift and Mannich reaction
(b) A nitrenium ion, [3,3] sigmatropic shift and Michael reaction
(c) An iminium ion, [1,3] sigmatropic shift and Mannich reaction
(d) A nitrenium ion, [1,3] sigmatropic shift and Michael reaction

Sol 1. (a) The condensation of pyridine-3-carboxaldehyde (I) with 2-methyl-1-
(methylamino)but-3-en-2-ol (II) gives the iminium ion intermediate (III). ITI
undergoes [3,3] sigmatropic shift to give another iminium ion intermediate
(IV), which is irreversibly trapped in an intramolecular Mannich reaction to
give the pyrrolidine derivative V.

H+
9 H_ OH H
S HO_ Me N \C\N% NGE N
X WH .. ~
YN (TR e (T

P> N HHO Me _po N Me HO Me
| ] 1]

H o Me
Me 2 c‘)\'Me
— HOA?\K\S A \lﬁj\ Mannich cyclization
T pZ I N
1 ,QZ/S\P [3,3] shift D’T‘ Py /N Py
Me Aza-Cope Me Me
v \"
Q 2. Show the mechanism of the following transformations:
(6]
Ph
o — R=Me _ . Me
N

HO \
0 O)% MeCHO, CSA H Me
i Methb, LoA |

. (o]

,/NH EtOH, 78°C O Ph

R =

| R=CHPn, ij\/s_m
N

CSA (camphor sulphonic acid) H éHPh
2

Me
N me e
N+
=

e
(ii) L S

Sol 2. (i) The condensation of acetaldehyde with 2-(alkylamino)- 1-(1-phenylvinyl)
cyclopentanol gives the iminium ion intermediate whose preferred configuration
depends on the size of amine substituents.

Ho Ph Ho Ph
<j)% MeCHO, CSA O)\
. 0, .+
wy  EfOH.78°C /N/"MR
|
R Me

7
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As shown below, small methyl substituent gives the (Z)-iminium ion (I), which
reacts to give the anti diastereomer (II) preferentially, whereas, bulky —CHPh,
substituent gives the (E)-iminium ion (III), which reacts to give the anti
diastereomer (IV) preferentially.

Ph o Ph Ph o
3 H Ph
M Me
1 ;ﬁ//T e A /é %_Me
Nty ——MM> N+ N = i
1 ; AW) - = Me
2\ [3,3] shift \  Mannich \
| R I R I R N
Aza-Cope O‘l e} H R
1(R = Me) H I

(favored for small R)

Ph Me o
e s # Ph
YA7EN+ TN+ = Me
I 2\ [3,3] shift \ Mannich N
R H I\:{
v

Aza-Cope
(III) R = CHPh,
(favored for bulky R)

Me Me

|1 +1
Me—N ( Me—N—-H

\+/
2
(ii) @; ﬁj/\/tautomerlzatlon W
13.3] shift

3.4.5 The Claisen Rearrangement

The Claisen rearrangement is another example of a thermal reaction in
which the fragments do not separate during the course of the rearrangement. It
is a [3,3] sigmatropic rearrangement in which an allyl vinyl ether is converted
thermally to an unsaturated carbonyl compound. A typical example of the
Claisen rearrangement is the conversion of allyl vinyl ether to pent-4-enal on
heating (Scheme 3.21).

;2
c@ A [3,3] shift cij
I Claisen rearrangement XX
SCHEME 3.21 The Claisen rearrangement of allyl vinyl ether.

The aromatic variation of the Claisen rearrangement is the [3,3] sigma-
tropic rearrangement of an allyl phenyl ether to an intermediate, which quickly
tautomerizes to an ortho-substituted phenol. In this rearrangement, an allyl
group migrates from a phenolic oxygen to a carbon atom ortho to it.

The aromatic Claisen rearrangement involves the thermal transformation
of a prop-2-enyl phenyl ether (1) into a 2-(prop-2-enyl)-cyclohexa-3,5-dienone
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(2). When R® = H, the dienone (2), usually known as the ortho-dienone, rapidly
tautomerizes to the 2-(prop-2-enyl)-phenol (3). This overall process is known as
the ortho-Claisen rearrangement. If R* # H, the dienone (2) undergoes a Cope
rearrangement to give a 4-(prop-2-enyl)-cyclohexa-2,5-dienone (4), usually
termed the para-dienone. The para-dienone (4) rapidly tautomerizes to the
para-substituted phenol (5), and this overall transformation is termed the para-
Claisen rearrangement (Scheme 3.22).

RZ OH R'

1
o R1
o '> 4» @)\/\
[3,3] shift
1 R3xH
[3, 3] shlft

ﬁ&%%

SCHEME 3.22 The aromatic Claisen rearrangement.

3.4.5.1 Solved Problems

Q 1. Thermolysis of allyl phenyl ether generates.
(a) o-Allylphenol only

(b) 0- and p-Allylphenols

(c) 0-, m- and p-Allylphenols

(d) m-Allylphenol only

Sol 1. (b)

Q 2. Thermal reaction of allyl phenyl ether generates a mixture of ortho- and

para-allyl phenols. The para-allyl phenol is formed via:

(a) A [3,5] sigmatropic shift

(b) First ortho-allyl phenol is formed, which then undergoes a [3,3]
sigmatropic shift

(c) Two consecutive [3,3] sigmatropic shifts

(d) Dissociation to generate allyl cation, which than adds at para-position

Sol 2. (¢)

Q 3. The major product formed in the thermal reaction given below is:

z
(a) 4H-Pyran (b) /@\ (c) @/ @@
OHC o7

180 °C ”
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. \
254 ! [3msmﬁ
(
CHa

Q 4. The product obtained by heating allyl ether of 2-naphthol is:
= X
OH OH OH OH
Tseativeonloonlve
X =

Sol 4. (a) Allyl ether of 2-naphthol (I) on heating undergoes Claisen rear-
rangement to give 1-allylnaphthalen-2-ol (II) and 3-allylnaphthalen-2-ol (III).
Reaction favors the formation of II as the aromaticity in the intermediate
enone is lost only in one ring. However, in the formation of III aromaticity in
the intermediate enone is lost in both the rings.

3372\q1

O1
2 A
[3,3] shift

Sol 3. (b)

oo

rotational | loss of aromaticity in one ring Il (major)
conformers OH
OO Bz SR “@ ]
loss of aromanmty in both rings I (minor)

Q 5. With respect to the following biogenetic conversion of chorismic acid (I)
to 4-hydroxyphenylpyruvic acid (III), the correct statement is:
(0]

COOH COOH

(a) X is Claisen rearrangement; Y is oxidative decarboxylation
(b) X is Fries rearrangement; Y is oxidative decarboxylation
(c) X is Fries rearrangement; Y is dehydration

(d) X is Claisen rearrangement; Y is dehydration



118 Pericyclic Reactions

Sol 5. (a)
COOH
COOH COOH
3 (‘/
23 _ B3shitt H
Clalsen OX|dat|ve
= O} CcooH rearrangement decarboxylation
OH )
III

Q 6. In the reaction given below, the major products I and II are:

(O™
A
— 1 + 1
A

(*=13C labelled carbon)

OH OH OH OH
@ ©/\/\ e /\/©/ © ©/\/\ o /\/©/

F Y X+ A

OH OH OH OH
C) @L/\ and /\/©/ (d) ©/\/\ ane /\/©/

o N

Sol 6. (b) Use of '*C-labeled allyl phenyl ether gives an important clue
regarding the mechanism of the Claisen rearrangement. The reaction was
found to be consistent with a cyclic mechanism. '*C-labelling has demon-
strated that C-3 of the allyl group becomes bonded to the ring carbon ortho to

the phenolic oxygen.

P
o/ﬁz 0
2 Sisy
3 A tautomerization
[3,3] shift *

O_) OH
2
A .
*3  [3,3] shift
H N
A

Q 7. In the following pericyclic reaction, the structure of the allene formed and

&

O PhNEL
YN T Ac,0
Ph
(optically pure)

its configuration are:
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AcO AcO AcO AcO
Me. Me. Ph Ph
—~C (b) —C () ~C (d) ~C
s H Phﬁ H Me/_ H M[ H
R S R S

Sol 7. (a)
(')f\ HO AcO
2 s AL Me —~ Me _AQ Me,
10 } 3,3] shift — L —
HQ_ o Ph/_C H " ° Ph/_c H
Me" P1h 2 3 Ph H R

Q 8. In the following reaction sequence, the correct structures of the major
products I and II are:
OH

N
O)\ ~ OEL_ A !
Ph Hg(OAc),
o~ OEt o~ -OEt CHO

NV X X

A S A
(a)O)\ O/\ Y\QHO (b)O)\Ph O)/\Ph

| ]

Sol 8. (c) Propargyl vinyl ether Claisen substrate (I) can be prepared by the
interchange of the propargylic alcohols with alkyl vinyl ethers under the
conditions of oxymercuration reaction. The propargyl alcohol is treated with a
large excess of ethyl vinyl ether in the presence of catalytic amount of
Hg(OAc),. The preparation involves (kind of) an oxymercuration of the C=C
double bond of the ethyl vinyl ether. The attacking electrophile, i.e.,
Hg(OAc) ™ ion, forms an open-chain cation III as an intermediate rather than a
cyclic mercurinium ion. The open-chain cation III is more stable than the
mercurinium ion because it can be stabilized by way of carboxonium reso-
nance. Next, cation III takes up the propargyl alcohol, and a protonated mixed
acetal IV is formed. Compound IV eliminates EtOH and Hg(OAc)™" in an El
process, and the product I results. The propargyl vinyl ether I is in equilibrium
with the substrate alcohol and ethyl vinyl ether. However, the use of a large
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excess of the ethyl vinyl ether shifts the equilibrium to the side of I so that the
latter can be isolated in high yield. Finally, on heating propargyl vinyl ether (I)
undergoes Claisen rearrangement to give II.

:OH
~~Hg(OAc) P % Ph
oY 9(OAC), _0O
e = 5O pgoag) = EtTT Hg(OAS)
n
H_+ Et
2
]
Hos )\/Hg(OAc Hg(OAC) O
h_)
- EtOH | 3 Ph
A
O/\ [3,3] shift
Q 9. Identify I and II in the following reaction sequence:
NaBH, (i) EtOCH=CH,
Me  CeCl;.7H,0 | Hg(OAc), "
CHO MeOH (ii) 200 °C

(a) \“‘Q‘Me W Me Q‘Me
% CHO % ﬁ % CHO %
| ] 0T
Me «—CHO
(C)%w' Me % \CHO (d)%w Me % ~Me
|
| o I I OH 1}

Sol 9. (¢) Sodium borohydride in the presence of CeCl;s selectively reduces
o, B-unsaturated carbonyl compounds into allylic alcohols. It is called Luche’s
reduction. The selective 1,2-addition is facilitated by the strongly oxophilic
Ce" ion, which coordinates with the carbonyl oxygen. The allylic alcohol I
then undergoes mercury catalyzed trans-etherification to give allyl vinyl ether
(Claisen substrate), which readily undergoes [3,3] shift on heating to give II.

NaBH,
% Me CeCl3.7H,0 % % %
—_— —_— —>
MeOH
CHO H&O"Cea*'
H>-BH;
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EtOCH=CH, % ’3 % Qy
“Ho(OA), 13,3 shift

1

Q 10. Select the products obtained when a mixture of I and II is heated.

i) l—>§i :ﬁ

(@MIand IV (b)) Vand VI  (¢) L IVand V  (d) IIL IV, Vand VI

Sol 10. (a) The reaction was shown to be intramolecular as there was absence
of the crossover products V and VI on heating a mixture of I and II. As ex-
pected, there was formation of only products III and IV in this reaction.

Q 11. Explain the formation of citral through the following reaction sequence
via sigmatropic shifts.

OH /kﬂ V\ CHO
)VCHO * >J N0 ——

Citral

| _ H* 3 2 11, 3

cO — Z 0 — 4 o
= S0 *.. //— . - o

U Hemiacetal H,0 v

. /—\ )\/\)\A \CHO
—_—
Balshit  ZORCRS 2 B3 shit
Claisen \O Cope |

Q 12. Claisen rearrangement of allyl ether I often gives a product II (instead of
the expected product). How is this unwanted product formed? Addition of a
small amount of a weak base such as PhNMe, helps to prevent the unwanted
reaction. What could be the role of the base? Explain.
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Sol 12. In the first step, expected Claisen rearrangement of allyl ether I takes
place to give III. However, III being an alkene can undergo acid-catalyzed
addition of phenol to give II. So this unwanted reaction can be suppressed
by the addition of a weak base such as PhNMe, (typical alkenes do not un-
dergo nucleophilic addition reactions).

1 H
2 0.4 CO o o
@;ﬂ . | lputomerization @[/‘(\w
3 W [3,3] shift
3
I H m

H H
o: O o)
Ok, — K =X
+ _HY
I

Q 13. Suggest the possible mechanism for the conversion of 2,6-dimethyl
phenyl allyl ether to 4-allyl-2,6-dimethyl phenol. How will you prove that it
passes through a dienone intermediate?

O/\/ OH
\©/ .
=

Sol 13. Mechanism: The first step involves ortho migration resulting in the
formation of ortho substituted cyclohexadienone (IT). As hydrogen is absent at
the ortho position, this prevents aromatization of the II and it then undergoes
further rearrangement involving the migration of the allyl group to give III,
which ultimately gets aromatized to 4-allyl-2,6-dimethyl phenol (IV).

o™ o) o OH
LEEGatE fzﬁ i
H
| I mo\ v
Evidence for the mechanism: (i) When the above reaction was carried out
in the presence of maleic anhydride, Diels—Alder adducts are formed by the

trapping of the intermediate II. Their formation proves that dienone is an
intermediate in the thermal rearrangement of I to IV.
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(ii) Reaction of sodium 2,6-dimethylphenoxide and prop-2-enyl bromide in
benzene at 15 °C gave the ortho-substituted cyclohexadienone (II), which
rearranged at 75 °C in cyclohexane to give I and IV. This showed that the II
must be an intermediate in the aromatic Claisen rearrangement and that the
reaction must occur reversibly.

-+

O Na o] o F OH

Bﬁ\/\ benzene cyclohexane +
_Denzene. I L LS
15°C 75°C

Il 1 Vi _~

(iii) The stable 2-methyl-2-(prop-2-enyl)-3,6-di(l,1-dimethylethyl)-cyclo-
hexa-3,5-dienone (V) rearranged to the para-dienone (VI) between 70 and
100 °C. The latter tautomerized to the para-substituted phenol (VII) on heating
above 200 °C. The stability of the para-dienone (VI) is due to the large steric
strain that develops in the aromatized product as a result of having an adjacent
prop-2-enyl and I,1-dimethylethyl group in the same plane. This reaction
showed that para-dienones are intermediates in the para-Claisen rearrange-

ment.
o l¢) OH
=
H N
\' / \

Vil
Q 14. In studying the reversibility of the Claisen rearrangement, it was

observed that on heating '*C-labeled 2,4,6-trimethylphenyl prop-2-enyl ether,
the radioactivity got distributed between the C-1 and C-3 of the prop-2-enyl
group. Explain the results.

Me Me

/C[O\/\ " A /@EO\V\
Me Me Me Me

Sol 14. This phenomenon is best accounted for by invoking the intermediacy
of an intramolecular Diels—Alder adduct. Cleavage of the four-membered ring
in Diels—Alder adduct results in the formation of the rearranged isomer.
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Me Me
/@EO /ijﬁo/\
Me M]\* Me N
Me
\EZ /
/@iMe\k / Me

Diels-Alder adduct

Q 15. The four stereoisomers of 1-(prop-1-en-1-yloxy)but-2-ene are given
below:
Me Me
Me S So - Me K/\o/\/Me Me/\/\o/\ vo/\
EE ZE Ez Me zz Me

Arrange them in the order of increasing rates toward the Claisen
rearrangement.

Sol 15. The Claisen rearrangement shows preference for a chair-like transition
state. The most favorable geometry is that in which the two larger methyl
substituents are placed in the pseudoequatorial position in the transition state.
This is possible only in the case of E, E-isomer. Therefore, the order of rates of
reaction of four stereoisomers is: E,E > ZE=EZ>ZZ.

1

2
Me Me
o@i A [3,3] shift cij:
1 3"Me Claisen rearrangement A Me
2

/ o Me
(¢} ‘~o,7 /07 — ) — _O
A 7 [3 3] shift 7 lMe - ; / M
Me <
Me Me Me
chalr-llkeT S. threo

Me M Me o) Me
N A e = / o T
g 07 —=—| /0= — /10 Me = N = _0O
Barshitt | /2177 me e S o
Me - Me

. Me
ZE chair-like T. S. erythro
Me
fe) v
(07 |, o — N = e
%j [33]sh|ft {7 Me7‘? _ S
Meye Me YESERY Me

chair-like T. S. erythro
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Me Me o
g o/ A — / 07 = N = _0
[3,3] shift ﬂ 7 / Z
Me Me Me Me
threo

Me
chalr-llke T S.

zz
Q 16. Predict the products in the following reactions and explain their

formation.
CHj,
T
S o,
) ue S (ii)é e,
Me
H.__CH,
o)
(e} CH, A &L A
(iii) —_— (iv) Y
O/\/
X AF o X
W) A L (vi) ﬁ\ A ey
c="c =
EtOOC
KoCO4 A
. Br.
OH + B~ | I
(vii) == Tacetone o-dichlorobenzene
EtOOC
Sol 16.
CHs
2.3 1 Jﬁz
o A 2 (@) 0, o
0 f@e___ 7w 4], 1soc P
1@ B3] shift x| Me o [3.3] shift CHs
2 3'\Me Me
3
H._CH, CH,
2 ) 3 N\
0.2)CH, Oy _CH2
.un A
(iii) —_— =
[3,3] shift o)

3

o)

\_/ 2 /o .

W/ 11 [3,3] shift
2
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(v) When ortho-a-C'*-1abeled allyl-2,6-diallyl phenyl ether (I) is subjected
to Claisen rearrangement, the initial [3,3] shift may give rise to two triallyl
cyclohexadiene intermediates, i.e., I or IIL. In case of II, migration of either
labeled or unlabeled allyl group occurs with equal ease to the para position.
As a result, the labeled carbon gets divided equally between the ortho- and
para-positions in the rearranged products IV and V. This experiment proves
the intermediacy of cyclohexadiene intermediates.

o} // OH

(vi) In the first step, an allene is formed by a [3,3] shift. The second step
involves an acid-catalyzed isomerization of the allene to a conjugated dienone
via an intermediate enol.

70@ “Bashit 7;1 >: %Cﬁ%

EtOOC EtOOC .
K,CO
L NS B g
“acetone [3,3] shift
EtOOC EtOOC

Et00C 4 Et00C
C on
E00C |, Et0OC |

Q 17. Rationalize the following transformations:

/\O/

HsPOy, A
OH %

(U]
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o

Geraniol compound with the
scent of coriander

o/\l/\ . CHO

1] 2 \
(iii) _ ? P

B-Sinesal
(component of the sweet orange oil)

CHO
W) (E/\O/Y\ A i I S
[¢] 6]
CH3 O

(CH3),CHCH, CHs N w
i - - H
(vi) \)( o CHs (CH3),CHCHy
H CHs
o A O
(wvii) Qo _—
= X

Sol 17.
>0 2 3 A
(i) S —
H . 2\ [3.3] shift
OH O/(>\\3 Claisen \O
X-"oH #o”
(ii) Q/ 4>H* A

\"\ [3 3] shift ’ [3 3] shift
Cope | Claisen

Geraniol Vinyl ether of geraniol
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2
O o~ X o)
(|||) =
[3,3] shlft [3,3] shlft
2 Clalsen Cope
X

(w)% [3 3] shift QA K/@:A [3 3] shift

Claisen Cope

|_Co=
= o 1%2 13, 3] shift
2Ll Cope
3
:
MM [33] shift ii [33]sh|ft

Claisen Cope
Y= oY
o) O

(vi) The Claisen rearrangement shows preference for a chair-like transition
state. Therefore, the major product has the E-configuration at the newly
formed double bond because of the preference for placing the larger substit-
uent in the pseudoequatorial position in the transition state.

w

Qf/

w

CH CHs
CHs),CHCH ! A CHy),CHCH, 7, "-0==>
(e Z#‘B}/ZCH?‘ [3,3] shift (e i 7CH3
chair-like T.S.
CHy O o '
(CH3)ZCHCH2)\NJ\H — (CH3)2CHCH%H
H CHs 3

H
(E)-2,5,7-Trimethyloct-4-enal

(vii) On heating, propargyl aryl ether (I) undergoes Claisen rearrangement
to give ortho-allenylphenol intermediate (II), which immediately undergoes a
[1,5] H shift followed by 6m-electrocyclization of the intermediate dienone
(IIT) to yield 2H-chromene (IV).

1
0] o) 1
D s Hl@ %
SN .
jH_/? [B.3]shift  Cx el [1,5] H shift
H
|
@ 6r-electrocyclization



Sigmatropic Rearrangements Chapter | 3 129

3.4.6 Some Clever Variants of the Claisen Rearrangement

(a) The Carroll—Claisen rearrangement involves the transformation of a
B-ketoallylester into a-allyl-B-ketocarboxylic acid accompanied by decar-
boxylation. The final product is an allyl ketone (Scheme 3.23).

H
o O OH O 0 4\0 OH o
1 2
OM N oé/}3/u\ A Cﬁ\/k A j\ vﬁk
L~ 1?/3 3,3 shift Xy SCo, X T

f-Ketoallylester a-Allyl-B-ketocarboxylic acid Allyl ketone

SCHEME 3.23 The Carroll—Claisen rearrangement.

(b) The Eschenmoser—Claisen rearrangement is the reaction of an
allylic alcohol with dimethyl acetamide dimethylacetal (DMA—DMA) to
generate an enamine intermediate that undergoes rearrangement resulting in
the formation of vy,3-unsaturated amide product (Scheme 3.24).

MeO ‘\MiO(T-
NMe. NMe.
MeO?) OM MeO HC Ve 2
e % Gy (5
Me” NMe, 3 Mé OMe “F 7

© :OH

-

N NMe, NMe,
CNMez 1)2\
(‘\7 3
P ome — ZANI ofj
L~ 1?/3 13,3 shift Xy

SCHEME 3.24 The Eschenmoser—Claisen rearrangement.

(c) The Johnson—Claisen rearrangement is the reaction of an allylic
alcohol with trimethylorthoacetate to give an v,d-unsaturated ester
(Scheme 3.25).

.
. MeHO .
H. H Me/\o<ow|e \ﬂ(OMe
MeO: OMe  MeO)) OMe MeO H g Me 0" “Me
—_— +><1 /EOMe — v — . —
Me OMe Me' OMe 1 Me
MeOH ..
:OH
L~
CéMe OMe OMe

1)2\3
L~ % pashit N

SCHEME 3.25 The Johnson—Claisen rearrangement.




130 Pericyclic Reactions

(d) The Ireland—Claisen (silyl ketene acetal) rearrangement is the
rearrangement of allyl trimethylsilyl ketene acetal, prepared by reaction of
allylic ester enolates with trimethylsilyl chloride, to yield y,d-unsaturated
carboxylic acids (Scheme 3.26).

oLi OSiMes

(0] OSlMe3
O)J\ LDA o)\ Cl—SiMes 10)%3 fj
= L~ - LicCl {?//3 [3,3] shift

1

SCHEME 3.26 The Ireland—Claisen rearrangement.

3.4.6.1 Solved Problems
Q 1. The product formed in the following three-step reactions is:

(i) LDA; (CH )3S|CI
: ):o (i) 150 °c
(iii) H30™*
H
(@) QO& (b) §:><>: (© Q C)
B (0]
H 0 HO o\fo o
OH

Sol 1. (d) Abstraction of proton from a-methyl group of ester and subsequent
treatment with trimethylsilyl chloride (TMSCI) resulted in the formation of
cyclohexenyl silyl ketene acetal, which on heating undergoes [3,3] shift, i.e.,
Ireland—Claisen (silyl ketene acetal) rearrangement. The final step is the
removal of the silyl group by acid hydrolysis to get the free acid.

(CHg)sSi (‘CI
Q e e o [
Y T

(Lithium d||sopr0pylamide)

1 1 0, H +
=0, Si(CHy)s 10, RO
%o [3,3] shift
o

Allyl vmyI ether
OSi(CH3)3 OH

The rearrangement occurs via a boat-like transition state.
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. OSi(CH
) OSi(CHg)s OSi(CHy)3 i(CHa)s

o A,
A 150 °C / \ o

—y [3,3] shift | VY-l-_d

boat-like T. S.

Q 2. Predict the major product in the following reaction:
Me. _~ o} Heat

(a) EvaMe (b) Et\/W Me

Me O Me O
(c) MeMMe (d) Me\/WMe
Et O Et O

Sol 2. (b) It is an example of Carroll—Claisen rearrangement.

H
o o OH O ) L0
112 )
oA e O)ES)LME A o Me A
—_— —_—
B o B Me  BAshift gy -CO2
B-Ketoallylester a-Allyl-B-ketocarboxylic acid

OH (@]
Et X Me Et X Me
Allyl ketone

Q 3. Identify the product formed in the following reaction:

(i) H,C=CHMgBr, THF
(ii) H;0"
(iii) excess CH3C(OCHj3)3, PTSA, heat
(@]
(@) ®) (© M)
a OC(Me)(OMe), ¢
\ \ -
Y OC(Me)(OMe),
0
OMe

Sol 3. (b) The Grignard reagent attacks from the less hindered face of
the carbonyl group to give an allyl alcohol, which is treated with
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trimethylorthoacetate in the presence of PTSA to give a ketene acetal, which
undergoes a facile [3,3] sigmatropic rearrangement (i.e., Johnson—Claisen
rearrangement) to generate an 7y,d-unsaturated ester. The geometry at the
double bond (Z) in the final product can be explained by a more favorable
chair-like transition state.

—+ H3O* ..
— OMgBr OH
(&
Vi Vi
o- 5+
H,C=CHMgBr
H"\ lﬂ
MeO: OMe MeQ.) OMe MeQ /,
>< — +><\ >:OMe—>
Me' OMe Me OMe 3 ve U
MeOH
E— COMe 4 1
7< - MeOH o Come %, oMe
\/OMe Yy S (\2
CH,~~H HOMe A 3
A
—_—
[3,3] shift \? o
e

chair-like T. S.

3.5 [5,5] SIGMATROPIC SHIFT

The Woodward—Hoffmann rules predict that [5,5] sigmatropic shifts would
proceed suprafacially through a ten-membered transition state. A common
example of [5,5] sigmatropic shift is benzidine rearrangement. This reaction
is an acid-catalyzed rearrangement of hydrazobenzenes (in general, the N,N-
diarylhydrazines) to 4,4-diaminobiphenyls (benzidines) (Scheme 3.27).

PO .
@ é% el S,
[5,5] shift H

1,2-Diphenylhydrazine

‘—ZH*

Benzidine

SCHEME 3.27 [5,5] Sigmatropic shift in benzidine rearrangement.
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N-Phenyl-N'-(2-thiazolyl)hydrazine (1) and N,N'-bis(2-thiazolyl)hydrazine
(3) also undergo acid-catalyzed benzidine-type rearrangement into 2-amino-5-
(p-aminophenyl)thiazole (2) and 5,5’-bis(2-aminothiazole) (4), respectively
(Scheme 3.28).

NH
HH S . S 2
O g O
N [5,5] shift N
1 2

S H H S H H2N S S NH;
N-N S M | s
[N/% {\N] [5,5] shift NNN
3 4
SCHEME 3.28 [5,5] Sigmatropic shift in benzidine-type rearrangement.

3.5.1 Solved Problems

Q 1. The major product obtained on treating a mixture of I and II in a strongly
acidic solution of H,SQy is:

HsC
H H H H
| CHz Il
H3C
CHs
CHj
CHj
H3C H3C NH,

HaC
) H2N and H2NCH3
HoN

Sol 1. (a) The intramolecular nature of the [5,5] sigmatropic shift can be
established by the crossover experiment. When a mixture of I and II is treated
with a strongly acidic solution of HySQy, it yields the same products (III and
IV, respectively) as when they were heated separately. The intramolecularity
of the reaction was established by the absence of crossover products.
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H H H*
N-N — > H,N NH,
[5,5] shift
|

HsC
NH Wal

Q @ 5,51 shift He 2
v CHs

CHgy "

Q 2. The product formed and the processes involved in the following reaction
are:

OK
XX A
—_—
NF
OK o}
@) ‘ X [3,3] sigmatropic ®) X [1,3] sigmatropic
= rearrangement _— rearrangement

O
© [5,5] sigmatropic ) [1,5] sigmatropic
rearrangement rearrangement

Sol 2. (¢) On heating, potassium salt of 1,2-di((E)-buta-1,3-dienyl)cyclo-
hexanol transforms into cyclotetradeca-3,7,9-trien-1-one by an oxy [5,5] sig-
matropic process. The rearrangement does not proceed by a sequence of [3,3]

shifts it is indeed a result of [5,5] shift.
ts _HO"
2 155

4

OH
o KH
7 1
4
2

Q 3. Predict the product you would expect to obtain from the following
reaction:

“\D/Q

Lo

[5,5] shift

Sol 3. The trans, trans-hexa-2,4-dienylphenyl ether (I) provided on heating at
165 °C, in addition to the ortho Claisen rearrangement product III, mainly a
mixture consisting of 94% 4-(1-methylpenta-2,4-dienyl)-phenol (II) and 6%
4-(hexa-2,4-dienyl)-phenol (IV). The migration I — II, proceeding through a
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ten-membered transition state, is an example of [5,5] sigmatropic rearrange-
ment and is the major pathway.

o OH
4 —_—
[5,5] shift H
X AN H
I

X ? CHs 5
Al[3,3] shift
1
0572 0N OH
2 ‘3
*
[3, 3] shift CH
CH i ¢
[3 3] shlft
/\/\?H
HaC™ Y7 HyCT X v

Q 4. Predict the mechanism of the following reactions:

-

R = COOMe
H
N. N H*
H —2

Sol 4. (i) On heating, the 1,6-diester (I) undergoes [5,5] shift to give the
3,8-diester (II), which reacts immediately by two [1,5] hydrogen shifts,
probably via III, to give the thermodynamically more stable IV with a con-

jugated octatetraene moiety.
Qb— R@@ ﬁ
D

(ii)
o
\ |

[5 5] shift
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(ii) Bis-[4-(2-furyl)phenyl]diazene undergoes acid-catalyzed benzidine-
type rearrangement involving [9,9] sigmatropic shift.

1
+
NH,

A

—_ >

s [9,9] shift
70
9

3.6 [2,3] SIGMATROPIC REARRANGEMENTS

The [2,3] sigmatropic reaction is a thermal isomerization that proceeds
through a six-electron, five-membered cyclic transition state. A general
scheme for [2,3] sigmatropic rearrangements is shown in Scheme 3.29.

2 3
&) A 7
X=Y  [R3Ishift [y X-Y

SCHEME 3.29 General scheme for [2,3] sigmatropic rearrangements.

(a) X =0 & Y = C; Wittig rearrangement: The transformation of
deprotonated allyl ethers into homoallylic alcohols is termed as [2,3] Wittig
rearrangement (Scheme 3.30). (The term homoallylic refers to the position on
a carbon skeleton next to an allylic position).

23
Ph._ O~ BuLl M‘U—) A /\/( HyO" /j\/
~ Li* [2 hif
?szl [2,3] shift

Li0O” "Ph HO™ "Ph
Ph

SCHEME 3.30 Wittig rearrangement of allyl ethers.

(b) X = N & Y = C; Sommelet—Hauser rearrangement (ammonium
ylide rearrangement): Certain benzylic quaternary ammonium salts on
treatment with a strong base undergo [2,3] sigmatropic rearrangement to give
N-dialkyl benzyl amine with a new alkyl group in the aromatic ortho-position
(Scheme 3.31).

[+ [+ L
NS - 1 m?‘\_z CH,
2 ‘/ H
NaNH, < N
. .
[2,3] shift N !

SCHEME 3.31 Sommelet—Hauser rearrangement involving [2,3] sigmatropic shifts.
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(¢) X =N & Y = C; Sulfonium ylide rearrangement: Sulfur ylide
bearing an allylic group are converted on heating to unsaturated sulfides

(Scheme 3.32).
BuLi s
@ ! [23]sh|ft S s

SCHEME 3.32  Sulfonium ylide rearrangement involving [2,3] sigmatropic shifts.

(d) X =S & Y = O; Mislow—Evans rearrangement: It is a [2,3] sig-
matropic reaction that allows the formation of allylically rearranged alcohols
from allylic sulfoxides (Scheme 3.33).

= :— R! P(OMe); R’
- 4> —_— /
1 . /\(

s=0 S-0 123 shift o OH

§ here trimethyl phosphite
R is used as the thiophile

SCHEME 3.33 Mislow—Evans rearrangement of allylic sulfoxides.

(e) X =N & Y = O; Meisenheimer rearrangement: Certain tertiary
amine oxides having an allylic or benzilic group rearrange on heating to give
substituted hydroxylamines. However, if one of the R groups contains a
B-hydrogen, Cope elimination often competes (Scheme 3.34).

g‘) A A

N9 Me. .O
Va2 [23shift Meo

I
Me

SCHEME 3.34 Meisenheimer rearrangement of tertiary amine oxides.

3.6.1 Solved Problems

Q 1. Give the mechanism of the following reactions:

. _NaNH, _
(i) O/\S\ C{ (ii) \ L|q NH3 N‘
Me
(i R2NL|
\ Me H3O
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Me

Me o
W) /@ o) MeO _ Me
. e,
N MeOH Ph
Me | \)J\Ph A N,
Me Me

Sol 1.

1
RS A
(i) L
> 92 [23]shift oS~

(ii) A ring expansion using the Sommelet—Hauser rearrangement.

N A —
[ N — N
~_CHa  [2,3] shift Me Me
H

(iii) A ring contraction using the Wittig rearrangement.

"N NaNH,
Me  Me |iq. NH,

Me M

e Me
X R,NLi X . A " H30"
i e
2 N\ 3R RAS 2
o QY OLi
Me

Y

= Me

OH

(iv) A ring contraction using the Stevens rearrangement.
Me Me Me

2
z o MeO =l o A o)
i MeOH 41 4,
= .
N\)kph Me 27 py, 231 shift e Ph
Me

Me |
Il

Me

Me
Ph
N

Me
Q 2. Pericyclic reaction involved in one of the steps of the following reaction

sequence is:
(i) Heat OH
5/6 (ii) (EtO)sP

|
Ph
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(a) [1,3] Sigmatropic shift
(b) [3,3] Sigmatropic shift
(c) [1,5] Sigmatropic shift
(d) [2,3] Sigmatropic shift

3
N A oS ph (E1O)P OH
L —_—
.0 [2,3] shift
1 1? 2
Ph

Sol 2. (d)

3.7 PERIPATETIC CYCLOPROPANE BRIDGE: WALK
REARRANGEMENTS

The migration of a divalent group, which is part of a three-membered ring in a
bicyclic molecule, is commonly referred to as a Walk rearrangement. Let us
consider the thermolysis of bicyclo[4.1.0]heptadiene (norcaradiene) system.
The HOMO of the m-framework of the biradicloid transition state is W3 with
mirror symmetry. Therefore, under thermal conditions, a [1,5] sigmatropic
shift constrained to proceed suprafacially must take place with retention at the
migrating group. This condition implies that in each shift, substituents on the
cyclopropane ring pivot 180°. As a result, the groups A and B will become
alternatively endo and exo with each migration step, giving rise to a mixture of
two isomers. On the other hand, if we consider the symmetry forbidden path,
i.e., under thermal conditions the [1,5] sigmatropic shift proceeds suprafacially
with inversion at the migrating group, then the groups A and B remain
throughout endo and exo, respectively, in a series of [1,5] sigmatropic shifts as
shown in Figure 3.16.

[1,5] shift
supra-retention

A [1,5] shift symmetry allowed
supra-inversion

symmetry forbidden

FIGURE 3.16 Analysis of Walk rearrangement by FMO method.
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The peripatetic nature of cyclopropane bridge can also be explained by
invoking PMO method (Figure 3.17).

A0.B
H
H—— H—
R
T. S. for [1,5] shift with retention, Hiickel system,
0 node, 6 electrons, aromatic, A allowed

FIGURE 3.17 Analysis of Walk rearrangement by PMO method.

1,3,5-Cycloheptatrienes undergo [1,5] sigmatropic shifts via norcaradiene
intermediates. For example, pyrolysis of an optically active troplidine takes
place with no loss of optical activity. This fact can be explained by completing
the full circuit of suprafacial [1,5] shifts with retention at the shifting center. It
was found that at no stage is a structure produced that is an enantiomer of the
other (Scheme 3.35).

Me

SCHEME 3.35 Walk rearrangement of norcaradiene.

However, if we complete the full circuit of suprafacial [1,5] shifts by the
symmetry forbidden path, i.e., with inversion at the shifting center, then three
pairs of enantiomers—(1 and 2), (3 and 6), and (4 and 5)—would be formed,
resulting in the racemization (Scheme 3.36). But this is found to be contrary to
the experimental observation.

Isomers of 2,9-dimethylbicyclo[6.1.0]nona-2,4,6-triene-9-carbonitrile (1)
also undergo interconversion by a symmetry-allowed 1,7-carbon ring walk
with inversion of configuration at 100 °C (Scheme 3.37).
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SCHEME 3.36 Walk rearrangement of norcaradiene continued.

A A A
—_— —_— —_— <= etc.
\‘ 11,7] shift [1,7] shift 1,71 shif
1

SCHEME 3.37 [1,7] Shifts in the Walk rearrangement of bicyclic nonatriene.

3.7.1 Solved Problem

Q 1. Provide a suitable mechanistic pathway for the following transformations.

b

Sol 1. Isomerization of substituted cycloheptatrienes takes place through se-
quences of [1,5] sigmatropic rearrangements and electrocyclic reactions.

T

A, dis

A, dis A, dis
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3.8 SIGMATROPIC REARRANGEMENTS INVOLVING IONIC
TRANSITION STATES

[1,2] Sigmatropic rearrangements in a carbocation are very common pro-
cesses. However, there are stereospecific hydrogen or methyl shifts in ben-
zenonium cations that may be regarded as [1,2] or [1,6] shifts (Scheme 3.38).

R R R R

| 4 A + | | + A + |

c—C — C—C c—C=Cc-C=C—C —— C—C=C—Cc=C—C
[1,2] shift [1,6] shift

SCHEME 3.38 [1,2] and [1,6] Sigmatropic rearrangements.

The reaction can be analyzed by assuming that a homolytic cleavage in a
[1,2] shift results in the production of a vinyl radical cation and in a [1,6] shift
results in the production of a hexatriene radical cation. In case of a [1,2] shift,
the HOMO of the mt-framework of the transition state is ¥; and in the [1,6]-
shift it is W3. In either case the HOMO has mirror symmetry, and, therefore,
under thermal conditions, the [1,2] or [1,6] sigmatropic shift occurs via a
suprafacial pathway without inversion at the migrating center (Figure 3.18).

suprafacial with retention at carbon

FIGURE 3.18 FMO analysis of [1,2] sigmatropic rearrangement.

A homolytic cleavage in a [1,4] shift results in the production of a buta-
diene radical cation, whose HOMO is W, having C, symmetry. Therefore,
under thermal conditions, the [1,4] sigmatropic shift occurs via a suprafacial
pathway with inversion at the migrating center (Figure 3.19).

R R
| + A + |
c—Cc=C-C —> C—C=C—C
[1,4] shift
supra-retention supra-inversion antara-retention antara-inversion
(symmetry forbidden)  (symmetry allowed) ~ (symmetry allowed; (symmetry forbidden)
geometrically forbidden)

FIGURE 3.19 FMO analysis of [1,4] sigmatropic rearrangements.
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Sigmatropic rearrangements of carbocations involving [1,2] and [1,4] shifts
can also be analyzed on the basis of PMO method (Figures 3.20 and 3.21).

R
|+ [1,2]shift
C—CH, ———~ ®

J

T. S. for supra-retention, T.S. for antara-retention, T.S. for supra-inversion, T. S. for antara-inversion,
Hiickel system, Mé6bius system, M@6bius system, Hiickel system,
0 node, 2 electrons, 1 node, 2 electrons, 1 node, 2 electrons, 0 node, 2 electrons,
antiaromatic, hv allowed  antiaromatic, hv allowed  gromatic, A allowed

aromatic, A allowed

FIGURE 3.20 PMO analysis of [1,2] sigmatropic rearrangements.

T. S. for supra-retention, T. S. for antara-retention, T. S. for supra-inversion, T. S. for antara-inversion,

Hiickel system, Mébius system, Mébius system, Hiickel system,
Q node, 4 electrons, 1 node, 4 electrons, 1 node, 4 electrons, 0 node, 4 electrons,
antiaromatic, hv allowed  aromatic, A allowed aromatic, A allowed ~ antiaromatic, hv allowed

\

FIGURE 3.21 PMO analysis of [1,4] sigmatropic rearrangements.

The bicyclo[3.1.0]hex-3-en-2-yl cation systems exhibit four electron [1,4]
sigmatropic shifts. When a [1,4] sigmatropic shift proceeds suprafacially, it
invariably takes place with inversion at the migrating group. As a result, the
groups A and B incorporated on the bridge remain throughout endo and exo,
respectively, in a series of [1,4] sigmatropic shifts on thermolysis of a cationic
species as shown below in Figure 3.22.
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supra-inversion

FIGURE 3.22 Walk rearrangement of bicyclo[3.1.0]hex-3-en-2-yl cation.

3.8.1 Solved Problems

Q 1. Explain the mechanism of the following reactions:

RZ
-H Zn R, _R2
heat o)
;H /H
— H
R2
-H _KOtBu | R" = CH,CgH
t-BuOH, , L2
“HO e R? = CgH5

Sol 1. (i) The treatment of the dibromoketone with zinc or bromoketone with a
base gives an intermediate usually depicted as the zwitterion (I). In this in-
termediate the conjugated system over which migration occurs may be
considered a 2-oxobutadiene system. HOMO of butadiene radical cation is W,
having C, symmetry. Therefore, under thermal conditions, the [1,4] sigma-
tropic shift occurs via a suprafacial pathway with inversion at the migrating

center, leading to bicyclo[3.1.0]hex-3-en-2-one (II).
R2 R!__R?
o)
H N4/ |-H
3
1
I

J & “rarshit

supra- inversion
(ii) The reaction is a typical example of a [3,4] cationic sigmatropic shift.
HO_ H H
HsC \e HsC W

N

CHg
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The reaction in which two or more unsaturated systems join together to give a
cyclic adduct that possesses lesser bond multiplicity is called a cycloaddition
reaction. When the joining 7t-systems belong to same molecule, then it is
known as intramolecular cycloaddition reaction. Whereas, in intermolecular
cycloaddition reaction, the joining Tt-systems belong to different molecules. The
reaction is said to be cycloreversion when reversal of cycloaddition takes place.

Cycloaddition reactions offer a versatile route for the synthesis of cyclic
compounds with a high degree of stereoselectivity under thermal and photo-
chemical conditions. These reactions consist of the addition of a system of
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p m-electrons to a system of q m-electrons to form a cyclic product having
[(p — 2) + (q — 2)] m-electrons. Depending upon the number of m-electrons
participating in the reorganization process of electrons, these reactions are
termed [p + q] or [p + g + ...] cycloaddition reactions. Some examples of
cycloaddition reactions are given in Scheme 4.1.

(Y O é\j —a
‘0 —A»@ ( j — %
[4 + 6] __ 2+2+2]
(0]

SCHEME 4.1 Examples of cycloaddition reactions.

4.1 STEREOCHEMICAL MODES OF CYCLOADDITION

Since in a typical cycloaddition reaction there is addition of two unsaturated
systems, it is logical to expect the addition to occur on the same or the opposite
faces of the system involved. Furthermore, as both the 7t-systems are under-
going addition, it is necessary to specify these modes of addition on each of
them especially to discuss and understand the stereochemistry of the product.
These different modes have been termed as suprafacial (on the same side) and
antarafacial (on the opposite side) and are shown in Figure 4.1.

antarafacial bond formation

suprafacial bond formation

FIGURE 4.1 Suprafacial and antarafacial approaches to a 7t-bond.

Pericyclic reactions in which p-orbitals at the ends of the w-component of
each system overlap and form the new a-bonds on the same surface are called
suprafacial cycloaddition. Almost all pericyclic cycloaddition reactions are
suprafacial on both systems and thus the stereochemistry is maintained due to
their concerted nature. This specification is usually made by placing a suitable
subscript (s or a) after the number referring to the 7t-component. For example,
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the most common cycloaddition, Diels—Alder reaction, may be represented as
a process involving [7*s + 7%s] cycloaddition or simply [4s + 2s] cycload-
dition. Similarly, cycloaddition between two ethene molecules to give cyclo-
butane may be represented as a process involving [7t%s + 7t%s] cycloaddition or
simply [2s + 2s] cycloaddition (Figure 4.2).

A v
[n*s + n®s] [3s + n3s]

FIGURE 4.2 Representation of suprafacial addition to a 7-bond.

Pericyclic reactions in which p-orbitals at the ends of the w-component of
each system overlap and form the new g-bonds on the opposite surface are
called antarafacial cycloaddition. In actual practice, straightforward antar-
afacial attack is rare because it is sterically difficult for one 7t-system to suffer
this type of attack by another 7t-system, and needs at least one usually long
and flexible unsaturated system.

Similarly, in cycloreversion or retro cycloaddition reactions, c-bonds take
part in bond reorganization process. The cycloreversion of Diels—Alder re-
action [TC4S + wzs] and of [7'C2S + 7t2s] cycloaddition may be designated as
[0%s + o%s + 1s] and [0?s + o8] cycloaddition, respectively. In suprafacial
cycloreversion, either retention or inversion at both the ends of a-bond takes
place. On the other hand, antarafacial process provides retention at one end
and inversion at the other end of the a-bond (Figure 4.3).

b b b

retention-retention inversion-inversion retention-inversion
(suprafacial) = retention-retention (antarafacial)

(suprafacial)

FIGURE 4.3 Suprafacial and antarafacial approaches to a 6-bond.

4.2 FEASIBILITY OF CYCLOADDITION REACTIONS

The feasibility of cycloaddition reactions can be easily predicted on the basis
of three methods, namely, orbital symmetry correlation-diagram method,
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transition state aromaticity method or perturbation molecular orbital (PMQO)
method and frontier molecular orbital (FMO) method.

4.2.1 Orbital Symmetry Correlation-Diagram Method

In this approach, symmetry properties of the various molecular orbitals (MOs)
of the bonds being involved in breaking and formation process during the
reaction are considered and identified with respect to elements of symmetry
(C;, and o) that are preserved throughout the reaction. Then a correlation di-
agram is drawn in which the MO levels of like symmetry of the reactants are
connected to that of the products by lines.

If the symmetry of MOs of the reactant matches with that of the product in
the ground state, then the reaction is thermally allowed, and if the symmetry of
MOs of the reactant matches with that of the product in the first excited state,
then the reaction is photochemically allowed. If the symmetries of the reactant
and product molecular orbitals differ, the reaction does not occur in a
concerted manner. It must be noted that a symmetry element becomes irrel-
evant when orbitals involved in the reaction are all symmetric or antisym-
metric. In short, during the transformation, symmetry properties of the
reactants and products remain conserved.

Let us consider the [7t”s + 7”s] cycloaddition. For a simple example, the
approach of the two ethene molecules is considered as parallel. There are two
symmetry planes present in the starting materials, transition state and the
product. Horizontal (o},) plane of symmetry is the mirror plane between the
components perpendicular to the p-orbitals; vertical (oy) plane of symmetry
splits the molecules in half perpendicular to the o-bonds. These planes shall be
referred to as 1 and 2, respectively (Figure 4.4). It should be noted that the
two planes containing the ethene units are not considered as the symmetry
elements for the [71:25 + 71‘25] cycloaddition.

( H H H -~ H r ]
P L
— T
H H 7N
H H
\ | :
H H H plane 1 plane 1
—
H H VARERN
H L H -
L geometry of approach plane 2 plane 2

FIGURE 4.4 Symmetry planes for the [7®s -+ 7t%s] cycloaddition reaction.

In this process, we are primarily concerned with the four m-orbitals of the
two ethene molecules and the four c-orbitals of cyclobutane. The symmetry
labels of the combinations with respect to the two mirror planes are
considered here. (SS) represents the orbital symmetry where the 7t-orbitals
are symmetric under reflection on both the mirror planes, (AA) represents
where they are antisymmetric, and (SA) and (AS) represent levels where the
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T-orbitals are symmetric under one mirror plane but antisymmetric under the
other mirror plane.

Applying the concept of “conservation of orbital symmetry” as advanced
by Woodward and Hoffmann, it is shown in the correlation diagram
(Figure 4.5) how the levels transform along the course of the reaction. It is

H 14 (AA)

n; (SS)

cycloaddition

I+l

cycloreversion

FIGURE 4.5 Correlation diagram for cycloaddition and cycloreversion of ethene-cyclobutane
system.
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concluded from the diagram that: (1) The ground state orbitals of the ethene
correlate with an excited state of cyclobutane as shown in Eqn (4.1).
TEIZ T[22 —_— (e} 12 G§

ground state first excited state

2
“.1)

Thus, the combination of two ground state ethene molecules cannot result
in the formation of ground state cyclobutane while conserving the orbital
symmetry. Hence, the thermal process is symmetry forbidden.

(2) There is correlation between the first excited state of the ethene system
and cyclobutane and thus the photochemical process is symmetry allowed
(Eqn (4.2)).

2 1, 51 2 %1 1
Ty Ty M3 5 01°C, O3 4.2)

first excited state first excited state

A similar approach may be applied to construct the correlation dia-
gram for the Diels—Alder reaction, which is a [7t*s 4+ 7?s] cycloaddition
reaction. In this case, there is only a single vertical plane of symmetry
(mirror plane) bisecting the carbon framework of the reactants and the
product (Figure 4.6).

In this transformation, we have to consider six orbitals each of the reactants
and the product. The ground state orbitals of the reactants are ¥;, ¥, (of
butadiene), and 7 (of ethene) while W3, Wy, and m* are the corresponding
antibonding orbitals. Similarly, the ground state orbitals of cyclohexene are
represented by o1, G5, and ; the remaining three orbitals are antibonding. All
these orbitals along with their symmetry properties are shown in the correla-
tion diagram (Figure 4.6).

It is clearly shown in Figure 4.6 that there is a smooth transformation of the
reactant orbitals into product orbitals under thermal conditions (Eqn (4.3)).
There is no crossing of levels between bonding and antibonding levels. The
ground states of the reactants are correlating with the ground state of
cyclohexene.

D 62 5,2 12 3)
ground state ground state '

Therefore, the Diels—Alder reaction (7545 + 7% cycloaddition) is a ther-
mally allowed process. Under photochemical conditions, this situation is
entirely changed. The first excited state of the reactant does not correlate with
the first excited state of the product. Rather, it correlates with the upper excited
state of the product (Eqn (4.4)). Hence, there is a symmetry-imposed barrier to
photochemical reaction of [1t*s 4+ 7?s] type, due to which the reaction does
not proceed under photochemical conditions.
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mirror plane
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go gl
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0
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mirror plane

cycloaddition

cycloreversion
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FIGURE 4.6 Correlation diagram for Diels—Alder and retro Diels—Alder reaction.
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\{J]ZTE2 \P2] \P31+> (512622 T[1 Tf*1 (4 4)
first excited state first excited state

4.2.2 Perturbation Molecular Orbital (PMO) Method

T. S. for [r%s + n%s] cycloaddition, T. S. for [n?s + n?a] cycloaddition,
Hiickel system, 0 node, 4 electrons, Mébius system,1 node, 4 electrons,
antiaromatic, hv allowed aromatic, A allowed

T. S. for [n*s + n%s] cycloaddition, T. S. for [n*s + n?a] cycloaddition,
Huckel system, 0 node, 6 electrons, Mébius system,1 node, 6 electrons,
aromatic, A allowed antiaromatic, hv allowed

FIGURE 4.7 PMO approach for [2 + 2] and [4 + 2] cycloadditions.

In case of [1t’s 4+ 1’s] cycloaddition (4n T-electron system), a supra—supra
mode of addition leads to a Hiickel array, which is antiaromatic with 4n
m-electrons (Figure 4.7). Therefore, the supra—supra mode of reaction is
thermally forbidden and photochemically allowed. However, a supra—antara
mode of addition uses a Mdbius array, which is aromatic with 4n Tt-electrons.
Therefore, [TEZS + tha] cycloaddition reaction is thermally allowed and
photochemically forbidden. Similarly, we can analyze the [m*s + 7t’s]
cycloaddition having (4n 4 2) m-electrons (Figure 4.7). In this case, a
supra—supra mode of addition leads to a Hiickel array, which is aromatic with
(4n + 2) m-electrons. Therefore, [7t's + 7°s] cycloaddition reaction now be-
comes thermally allowed and photochemically forbidden. However, a
[7c*s + m?a] cycloaddition uses a Mdbius array, which is antiaromatic with
(4n + 2) T-electrons. Therefore, the reaction is thermally forbidden and
photochemically allowed in this mode.
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The selection rules for cycloadditions and cycloreversions by PMO method
are summarized in Table 4.1, where n is zero or an integer.

TABLE 4.1 Selection rules for cycloadditions and cycloreversions by PMO
method.

No. of

electrons Stereochemical No. of nodes Aromaticity Reaction

p+q mode of reaction in the T.S. of the T.S. condition

4n Supra—supra 0 or Even Antiaromatic hv
Antara—antara

4n Supra—antara Odd Aromatic A
Antara—supra

4n + 2 Supra—supra 0 or Even Aromatic A
Antara—antara

4n+2 Supra—antara Odd Antiaromatic hv

Antara—supra

4.2.3 Frontier Molecular Orbital Method

According to this method, the feasibility of a cycloaddition reaction depends
upon the symmetry properties of the highest occupied molecular orbital
(HOMO) of one reactant and the lowest unoccupied molecular orbital
(LUMO) of the other. A favorable bonding interaction is possible only when
the phases of the lobes of the interacting orbitals in the HOMO and LUMO are
the same.

In the [rt%s + 7t2s] cycloaddition of ethene to form cyclobutane, lobes of
HOMO in one molecule and that of LUMO in the other do not have the same
signs and hence the reaction is thermally forbidden. Irradiation of ethene,
however, promotes an electron to the antibonding orbital, which now becomes
HOMO and corresponds with the LUMO of the second unexcited ethene
molecule. As expected, the combination now proceeds smoothly (Figure 4.8).

¥, (HOMO) ,8—8

antibonding : bonding bonding: 2 bonding

¥, (HOMO)

o) ey 9
[n%s + n?s] cycloaddition [n?s + n°s] cycloaddition
A forbidden hv allowed

FIGURE 4.8 HOMO—LUMO interactions in the [1t%s + 7t°s] cycloaddition.
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An interesting situation arises in the case of [Ts + 7c2a] cycloaddition,
where the ground state interaction allows the reaction to proceed under ther-
mal conditions. The reaction is suprafacial with respect to the HOMO
component and antarafacial with respect to the LUMO component. Although
this reaction is favorable in terms of overlap of the orbitals, it is not a common
reaction because of geometric reasons. The requirement of substituents on one
alkene to be oriented directly toward the molecular plane of the second alkene
is rather a sterically unfavorable situation (Figure 4.9). It occurs in some very
specific cases (for example, ketenes) where steric congestion is reduced.

Y X
X,

Y%—g\); ¥, (HOMO) Y. AL
bonding! O d‘{’l (HOMO)
XH‘X': bonding X \‘ X
¥, (LUMO B
Y y ol ) v %
[3s + 72a] cycloaddition, A allowed ¥, (LUMO)
(but geometrically difficult)

cyclobutane ring retains the configuration
of the suprafacial component

X Y

FIGURE 4.9 HOMO—-LUMO interactions in the [7t%s + 7t%a] cycloaddition.

The Diels—Alder reaction may also be analyzed by a similar consideration
of the molecular orbitals of butadiene and ethene. In this case, there are two
possible HOMO—LUMO interactions. Since the phases of the 1,4-lobes of the
HOMO of butadiene match with those in the LUMO of ethene, the
[7c*s + 7?s] cycloaddition is thermally allowed. We reach a similar conclusion
by considering the symmetry of LUMO of butadiene and the HOMO of ethene
(Figure 4.10). However, on energetic grounds the latter interaction will make a
smaller contribution than the former.

¥, (HOMO) ¥ (LUMO)
A N Or . ~
bonding ~, < bonding bonding ~"bonding
2w, (LUMO) " w, (HOMO)
[x*s + 7%s] cycloaddition, A allowed [n*s + n%s] cycloaddition, A allowed

FIGURE 4.10 HOMO—LUMO interactions in the [7t*s + 7%s] cycloaddition.
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On the other hand, a photoinduced [7t*s + 7t%s] cycloaddition is symmetry
forbidden. The absorption of a photon promotes an electron from the HOMO
to the LUMO. In this case, the lower energy gap between HOMO and LUMO
is in the diene partner. Thus, a new photochemical HOMO W3 is produced and
this cannot overlap with the LUMO of the dienophile (Figure 4.11).

¥; (HOMO)

antibonding s‘sbonding

¥, (LUMO)

[n*s + n?s] cycloaddition, hv forbidden

FIGURE 4.11 HOMO—LUMO interactions in the [r*s + 7%s] cycloaddition continued.

The selection rules for cycloadditions and cycloreversions by the FMO
method are summarized in Table 4.2, where n is zero or an integer.

TABLE 4.2 Selection rules for cycloadditions and cycloreversions by FMO
method.

No. of electrons Stereochemical mode Reaction condition
p+q of reaction
4n Supra—supra hv

Antara—antara

4n Supra—antara A
Antara—supra

4n + 2 Supra—supra A
Antara—antara

4n+2 Supra—antara hv
Antara—supra

4.3 [2 + 2] CYCLOADDITIONS

We have seen that thermal [7t%s + 7%s] cycloaddition is symmetry forbidden
whereas [7%s + 7?a] cycloaddition is symmetry allowed. However,
[7t%s + 7v%a] mode of cycloaddition can be expected only when the two double
bonds are disposed orthogonally to each other. However, such an orientation is
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not easily accessible unless some structural features in one of the ethylenic
moieties permit it. This explains why cyclobutanes are not readily accessible
from simple olefins.

[7t2s + tha] Cycloaddition reactions are rather uncommon and occur only
in particular cases where steric congestion is reduced. For example, alkenes
readily undergo [7t*s + 7t?a] cycloadditions with ketenes, cumulenes, or iso-
cyanates, which possess one or more sp hybridized carbon atoms and lack a
pair of interfering substituents at one of the reacting termini. In these reactions,
alkenes act as the suprafacial and ketenes and cumulenes as the antarafacial
components. Two stereochemical features of these reactions are noteworthy:
the alkene retains its configuration and invariably sterically more congested
[2 4 2] cycloadduct is formed. The latter fact may be explained by consid-
ering the orthogonal transition state of [m”s + 7%a] cycloaddition. For
example, consider the [7t%s + 1”a] cycloaddition between (Z)-but-2-ene and
ethoxyketene as shown in Scheme 4.2.

less sterically demanding C=0 part of the ketene
oriented above the larger alkene substituents

larger substituent oriented
away from the plane of the alkene

SCHEME 4.2 Thermal [r*s + 7t°a] cycloaddition between (Z)-but-2-ene and ethoxyketene.

In the transition state, the less hindered sp carbon is directed toward the
more hindered side of the alkene double bond. In this arrangement, the
carbonyl group of the ketene and two methyl groups of the cis-but-2-ene are on
the same side. There is now more steric hindrance in the kinetically controlled
product of the reaction with ethoxy and methyl groups being on the same side.

Reaction of cis- or trans-cyclooctene with dichloroketene takes place in a
highly stereospecific manner with retention of configuration for the double-
bond substituents (Scheme 4.3). Such a high stereospecificity is entirely

>:c 0 H H o
@ S+T[a] C)j('CI E(\>j [Tc s+ a] - \'"'Cl

SCHEME 4.3 Stereospecific cycloaddition of dichloroketene to cis- or trans-cyclooctene.
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consistent with a concerted mechanism in which 7t-bond of the ketenophile is
used suprafacially.
Some methods for the generation of ketenes are given below in Scheme 4.4.

o]
o H
RN Va2 _
H%CI — RN H>?J\C| _>R>:c_o + R3NHCI
R

H
R
E2 elimination

) '

LINR2 N
})J\ ﬁOR - H\KL%R e R>:C:O
R

R
E1cB elimination

O
H
n
/“Q%CI —> »=C=0 + znCl,
R

%z
i R 0O R__C~

Cl

electrocyclic ring opening

SCHEME 4.4 Methods for the generation of ketenes.

4.3.1 Solved Problems

Q 1. Explain the mechanism of following transformations:

oL Y $ b - ¢

mn
cis- syn cis c:s-antl-CIs trans-anti-trans c:s-antl-trans

(ii)@ + }H .
|
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COOMe e

(iii) E[ + oy (v
COOMe
o)

%ﬂ : S\

. S

(i) SOCl, hv j S A )j\
COOH ——— | = ~> —_—
v) H o T wi) || % S5

Sol 1. (i) The concerted photochemical [’TE2 + 752] cycloaddition reaction is
highly stereospecific and suprafacial on both the m-systems. Therefore,
photochemical dimerization of pure cis-but-2-ene gives only two isomers I and
II. Similarly, pure trans-but-2-ene on irradiation gives only two isomers, II
and III. However, a mixture of cis- and trans-but-2-ene on irradiation also
gives the isomer IV in addition to other isomers as shown below:

¥, (HOMO)

H, Me
‘) J..H 1) .wMe
Me Me, Me Me, Me H y

: Me hv j:( .. hv . H

H, Me
2 wMe ) wH
MEH Me Me Me, Me H \
H . s
: : hv j:‘ /D’ hv : : Me
: : . . 2 2 5 B
H,) “Me [nzs + 71228] Me Me Me ‘Me [n°s + m°s] H,) Me
: ] 1] ~
Me H Me H
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(ii) The first step involves the [1*s 4+ 7*s] addition of benzene and transoid
butadiene to give compound I. In compound I, the two p-orbitals are not
parallel and coplanar because of the twisting of double bond about its axis.
Therefore, FMOs in compound I readily overlap to give the dimer II by
[7':25+7t2a] addition. One side of the dimer II retains the cyclobutaric
component in the trans configuration while the other side becomes cis due to
the antara interaction.

. } hv wH A
‘ [n*s + ns) [n%s + ni?a]
two moles
|

COOMe e COOMe COOMe  MeOOC Me
(i) @; hv WCOOMe L COOMe _ E
2 2 N B
COOMe [n®s + n°s] [ :
0 Me” Me” MeOOC H o
H H I
O (0]

rings arranged in an exo manner to minimize repulsions

(iv) When the internal carbon of the olefin is more substituted, the intra-
molecular cycloaddition of ketenes leads to the formation of bicyclo[n.2.0]
alkanones as shown below:

a cis ring junction
is the only possibility
1- Methylb|cyclo[3 2 O]heptan 6-one (I)

It may be noted that when the terminal carbon of the olefin is more
substituted, the intramolecular cycloaddition of ketenes leads to the formation

of bicycle[n.l.1]alkanones as shown below:
Q&o

e pr
\(\/\/\ o[TfS+na 500 g

7,7-Dimethylbicyclo[3.1.1]heptan-6-one

On the other hand, 3,4-dihydro-2H-pyran is more reactive than the simple
alkene (because the electron-donating oxygen makes the enol ether more
reactive), therefore, the ketene prefers to react with it instead of undergoing
intramolecular addition reaction.
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The regiochemistry of the reaction can be explained by considering the
interaction of that carbon of alkene (i.e., enol ether) which bears the largest
coefficient in its HOMO with the central carbon of the ketene, which bears the
largest coefficient in its LUMO.

The olefin retains its cis-configuration, i.e., the two cis-hydrogens of cyclic
alkene must remain cis in the product. The stereochemistry at the remaining
center comes from the way the two molecules approach each other. (1) As the
alkene is unsymmetrical, the less sterically demanding carbonyl part of the ketene
will be oriented above the larger alkene substituents, i.e., will be in the middle of
the ring. (2) As the ketene is unsymmetrical, favored transition state must have
the larger of the two substituents oriented away from the plane of the alkene.

Q? E HOMO
s

/"C:©:O LUMO
7

R
largest coefficients

socl, CH,—N=N
(v) OH —— Cl ———» +  —
- SOZ [‘ N\\\N
N . A
N CH,—N=N SEAPN =+
- L <« ~
N\\[l\'\l N\\N (IN\\N
o O O

Diazoketones

H
_0
. 2 ~
hv B /C hv < ~
N
- N Io) [®s + n°s] \C)/
a-Ketocarbene Ketene \6 5

intermediate intermediate (1)
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S
S
(w))? D = %SL\S\
= [3, 3] shift [2+2] ~0

Zwiebelane (a 1,3-dithietane,
a compound obtained from the onion)

wn=

Q 2. Select the product of the reaction of (Z)-(2-methoxyvinyl)benzene with
dichloroacetyl chloride in presence of triethylamine.

MeO, MeO, Ph OMe Ph A\\OMe
J:\( cnq:\k © CIJ:\( (d) CIR
c © c ©
Sol 2. (a) Regiochemistry
o+ Meéf) Ph
S MeO  Ph
OMe OMe QMe =5 Z@  Homo
- [ = [ Cli/ & C|/,,
-, PANVIN ‘C=@=0 LUMO
C|/ o+ CI/

(Z)-(2-Methoxyvinyl)benzene
largest coefficients

Stereochemistry

Cl Cl

Dichloroacetyl
chloride

cyclobutane ring retains the Z-configuration
of the suprafacial component

Q 3. The major product formed in the reaction of cyclopentadiene with a
mixture of dichloroacetyl chloride and triethylamine is:

cl o cl o]
a)/ ) w © wo (@ Q)K(C'
Cl
(e} cl o Cl
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Sol 3. (b)

@ HOMO E; .

CI,/,’I C|/,/ & [n%s + ni?a]
C=Q=0 LUMO "0

Cl cl
largest coefficients Et N‘
3

al [l
Cl 0] Cl 0
- 0 _
Cl Cl T ‘
dichloroacetyl chloride Cl
Yy cl pH Cl

In general, pericyclic reactions use the longest part of a conjugated sys-
tem because the ends of the conjugated systems carry the largest coefficients
in the frontier orbitals, which make these reactions proceed faster. Therefore,
the C=C double bond of a ketene is expected to react as the 7t>s component
of a [1t's + ms] reaction giving the adducts I and II. However, the orbital
localized on the C=C double bond is at right angles to the p-orbitals of the
C=0 double bond. Consequently, the C=C m-bond does not have a low-
lying LUMO. Both its HOMO and LUMO are raised in energy by conju-
gation with the lone pair on the oxygen atom and it is not, therefore, a good
dienophile.

E>+ “c=c=0 —2
4 [4+2]

The [4 + 2] isomer, in which the carbonyl group is the dienophile giving
the ether I, is not so obviously unfavorable. [4 + 2] Cycloaddition of this type
is known for other ketenes as well. A [3,3]-Claisen rearrangement converts this
product to the [2 + 2] adduct.

/\3C| Cl o
3 2 4A> E/&?KCI
Cl [3,3] shift = 34

O Cl
2 1 1 cl
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Q 4. The major product formed in the following reaction sequence is:

(i) SOCl,

Ph ..
NEt
\coon DNEs
(iii) CH,=CH-OEt

OEt EtO Ph. Ph Q
) A g P
@pp ®) 5, (c) okt (d) I |
pn O pp O OEt
Sol 4. (b)
o O
soc, NEt, Y Ph
—
¥ on —= " o BN o & >:c O + EtzNHCI
Ph Ph Ph
E2 elimination Ketene
5+ EtO EtO
. . 2 __
5 =0  HoMmO
FQE’( r/QEt . rQEt Ph. & & P,
<l - _ - —8| “oxd=o ‘c=0=0 LUMO
pre O PH
largest coefficients
EtO,
Ph, ) [n s+n2a]  Ph
c— = pn ©

Q 5. What is the special factor in the structure of the ketenes that allows
them to act as an antarafacial component in the [7t%s + 7a] cycloaddition
reactions?

Sol 5. The resonating structure IT of ketene suggests that we should analyze
the combination of a vinyl cation (III) with an olefin from the viewpoint of
orbital symmetry conservation.

“c=c=0

. Cc=C—0 _C=C—

The presence of the orthogonal vacant p-orbitals in the vinyl cation results
in the formation of strong bonding interactions with the occupied 7t-system of
the simple olefinic reactant. Thus, the normal symmetry-allowed combination
of a cation with an olefin in this particular situation sets the stage for the
[7t%s + 7t%a] cycloaddition reaction. However, these secondary interactions are
absent from the [7t’s + 7t%a] reaction path for simple olefins.
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******** > occupied n-system of the simple olefinic reactant

Y
"X vacant p-orbital of the vinylium ion

The view presented is such that the top of the vacant p-orbital is
seen, and that it is the bottom of that orbital which is bonding
to the occupied n-system of the simple olefinic reactant.

From the above discussion, it is clear that a vinylium ion can participate as
the m%a component in the concerted ['mzs + 7T2a] cycloaddition. For example,
allene reacts with hydrogen chloride at —70 °C to give a mixture of the ste-
reoisomeric 1,3-dichloro-1,3-dimethylcyclobutanes. In this reaction, an
initially formed cation combines with a molecule of allene by the [7t%s + 7t%a]
route to give another cation, which reacts with chloride ion and hydrogen
chloride to afford the observed products.

H,C=C=CH e T
HCl + 2C=C=CH, (i) Cl CHs
H,C=C=CH, ——> H,C=C~CHy —————> UL
: ? ? * In?s + n2a] )j (i) HCI HsC
H,C &

Similarly, treatment of but-2-yne with chlorine in the presence of boron
trifluoride gives B-chlorovinylium ion. This ion undergoes [1t”s + 7c%a] com-
bination with but-2-yne to give the cyclobutenyl cation, whose discharge by
chloride ion yields 3,4-dichloro-1,2,3,4-tetramethylcyclobutene.

cl i clcl
_ cl, Me Me—C=C-Me Me——Me CI _ Me Me
Me—C=C-Me —Z—= (C=C-Me ——— —~ —
3
cl [r"s + n“a] Me Me Me’ Me

4.4 [4 + 2] CYCLOADDITIONS

The Diels—Alder reaction involves the addition of a dienophile, which is an
olefinic or acetylinic compound, to the 1,4-position of a conjugated diene
system to produce a cyclohexene. Since the reaction forms a cyclic product,
via a cyclic transition state by the addition of a 4mt-electron system (i.e., diene)
to a 2m-electron system (i.e., dienophile), it can also be described as a
[7t*s + 7%s] cycloaddition reaction. Numbers 4 and 2 identify both the number
of m-electrons involved in the electronic rearrangement and the number of
atoms in the cyclohexene ring. The letter ““s” indicates that the reaction takes
place suprafacially on both the components. The reaction between buta-
1,3-diene and ethene to give cyclohexene is a typical example of Diels—Alder
reaction (Scheme 4.5).
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CH
HC 'NCHz A T
HC\\CH2 CH2
Cyclohexene
Buta-1,3-diene  Ethene

(diene)  (dienophile)
SCHEME 4.5 Diels—Alder reaction between buta-1,3-diene and ethene.

The Diels—Alder reaction is a pericyclic reaction, which takes place in
a concerted single step by redistribution of bonding electrons. The two
reactants simply join through a cyclic transition state in which the two new
carbon—carbon o-bonds are formed at the cost of the two 7-bonds of the
diene and dienophile. The high syn stereospecificity of the reaction, the low
solvent effect on the reaction rate, and the large negative values of both
activation entropy and activation volume comprise the evidence usually
given in favor of a pericyclic Diels—Alder reaction.

4.4.1 Diene and Dienophile

The diene component in Diels—Alder reaction can be either an open chain or a
cyclic compound and it can have many different kinds of substituents. A
conjugated diene such as buta-1,3-diene can exist in two different planar
conformations: s-cis conformation and s-frans conformation (Scheme 4.6). By
“s-cis” we mean that the double bonds are cis about the single bond
(s = single). The s-trans conformation is more stable than the s-cis confor-
mation because the close proximity of the hydrogens causes some steric strain.

steric strain

H
H S
Ho bond rotation
H about C-2 & C-3
H
s-trans-conformation s-cis—confqrmation
unreactive reactive

SCHEME 4.6 Conformations of buta-1,3-diene.

Some typical diene systems are illustrated in Table 4.3.

The diene must be in the s-cis conformation to undergo the Diels—Alder
reaction, because only in this form are the C-1 and C-4 of the diene close
enough to react through a cyclic transition state. In the s-trans conformation,
C-1 and C-4 of the diene are too far apart to react through a cyclic transition
state. Dienes with an enforced coplanar s-cis conformation are exceptionally
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TABLE 4.3 Some typical diene systems.

Outer Inner-outer
Open chain ring ring Across ring Inner ring
A (X o O
A SN =
X CC L O ©
O
- OMe <o [o]\/ o/ \g
NP

A

(0]

(0}

reactive in Diels—Alder reaction. But cyclic dienes that are permanently in the
s-trans conformation and cannot adopt s-cis conformation will not undergo
Diels—Alder reaction. The order of reactivity of some conjugated dienes
toward maleic anhydride at 30 °C is given in Scheme 4.7.

= = = (
@ AN A N A
reactivity towards maleic

anhydride at 30 °C 1350 234 110 4.9 2.3 1.0

SCHEME 4.7 Order of reactivity of some conjugated dienes toward maleic anhydride at 30 °C.

The reactivity of a particular diene depends on the concentration of the s-
cis conformation in the equilibrium mixture. Factors that increase the con-
centration of this conformation make the diene more reactive. As an example
of this effect, consider 2,3-dimethylbuta-1,3-diene (Scheme 4.8).

H H
HC A HiC >y
H x_H
Z “CHs H3;C
H H
s-trans s-cis

SCHEME 4.8 Conformations of 2,3-dimethylbuta-1,3-diene.
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The methyl groups on C-2 and C-3 cause the s-trans and s-cis confor-
mations to have similar amounts of steric strain and, thus, more of the s-cis
conformer is present at equilibrium for 2,3-dimethylbutal,3-diene than for
buta-1,3-diene itself. Therefore, 2,3-dimethylbuta-1,3-diene reacts with faster
rate than buta-1,3-diene in the Diels—Alder reaction. Moreover, presence of
the electron-donating substituents (e.g., alkyl groups) further activates dienes.

However, presence of bulky 1-cis substituents decreases the equilibrium
proportion of the diene in the required s-cis conformation, thereby slowing
down the reaction. It is thus not surprising that (2Z,4Z)-hexa-2,4-diene reacts
at a slower rate than buta-1,3-diene in the Diels—Alder reaction (Scheme 4.9).

fCHS P
H:C~ ~CHy

s-trans (more stable) s-cis (less stable)

SCHEME 4.9 Conformations of (2Z,47)-hexa-2,4-diene.

Dienophiles are the molecules possessing a double or triple bond. Typical
dienophiles are illustrated in Table 4.4.

TABLE 4.4 Some typical dienophile systems.

Acyclic Cyclic

o Ly O

COOMe COOMe

Sl o ol e ¢

O

= COOMe MeHC=C=CH,

4.4.1.1 Solved Problems
Q 1. The diene that undergoes Diels—Alder reaction with maleic anhydride is:

X

@ ) © @@ &) (;@
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Sol 1. (a) Only the diene (a) can undergo Diels—Alder reaction with maleic
anhydride by attaining s-cis conformation. The remaining dienes are locked in
an s-trans conformation and hence do not react.

Q 2. The reactivity of compounds I-IV with maleic anhydride (V) follows
the order:

CH
CH, ¢ 0
H5C _
HsC = = | o
CHy

CHs o}
CH,
I I m Y v

@I<I<II<IV (b)I<IV<II<I (I<I<II<IV @I<I<IV<II

Sol 2. (b) The diene I is most reactive because it has the double bonds locked
in an s-cis conformation. In case of diene II, the very bulky fers-butyl groups
cause steric strain in the s-cis conformation, thereby decreasing its concen-
tration in the equilibrium mixture. Moreover, s-cis conformation of II is also
not planar due to steric strain. Therefore, the diene II is least reactive.

HyC CH3

HC™ Y
CH3

CH
CH; °

=

s-trans (more stable) s-cis (less stable)

In the case of (2E,4E)-hexa-2,4-diene (III) and buta-1,3-diene (IV), s-cis
conformations have almost similar steric strain but III contains electron-
donating substituents (e.g., alkyl groups), due to which it becomes more
reactive than IV.

CHj, CHj
~ "H ~ "H
xH
i~
CHa CHs
s-trans (more stable) s-cis (less stable)

Q 3. In a Diels—Alder reaction, the most reactive diene amongst the following is:
(a) (4E)-Hexa-1,4-diene (b) (4Z)-Hexa-1,4-diene
(c) (2EAE)-Hexa-2,4-diene (d) (2Z,47Z)-Hexa-2,4-diene

Sol 3. (c) Hexa-1,4-dienes being isolated dienes do not participate in a
Diels—Alder reaction.
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/\/\/W

(4E)-Hexa-1,4-diene (4Z)-Hexa-1,4-diene

Among the remaining two dienes (c) and (d), the former is more reactive
due to the fact that in the diene (d) bulky 1-cis substituents decrease the
equilibrium proportion of the diene that is present in the required s-cis
conformation, thereby slowing down the reaction.

CH3 CH3 H
Z ZH fCH3 ZNCH3
P N HiC N CHy
CHj; CH; H
(2E,4E)-Hexa-2,4-diene more stable (2Z,42)-2,4-Hexadiene less stable

Q 4. Which one of the following Diels—Alder reactions is feasible?
(a) Maleic anhydride + ethene (b) Maleic anhydride + cyclopentadiene
(c) Maleic anhydride + norbornadiene (d) Cyclopentadiene + benzene

Sol 4. (b) Cyclopentadiene (diene) readily undergoes Diels—Alder reaction
with maleic anhydride (dienophile).

O O

A
+] O 7 0 — ( 0
<~ [4 +2] 4

o g e}

Q 5. The most appropriate starting materials for the one-step synthesis of

compound (I) are:
o)
CrOx
Me
(0]

(6]
= Me X Me
(a) ®) ||
N Me Z Me
O
O
7 Me xn Me
oCLX o C0) X
~ Me Z Me
O
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o o
U+ N
D

&L, wr G,
o ¢}
|

Q 6. The product of the reaction of the benzyne intermediate with anthracene is:

Sol 5. (d)

< =
()
Zectisegislese

Sol 6. (b) The benzyne can be trapped in a Diels—Alder reaction. It is an
unstable electrophilic molecule, which makes it a good dienophile. This is due
to its low energy LUMO, which is the 7w* orbital of the triple bond.

T = Oy

Benzyne Anthracene

Site selectivity is the selectivity shown by a reagent toward one site (or
more) of a polyfunctional molecule when several sites, in principle, are
available. In cycloadditions, site selectivity always involves a pair of sites. For
example, the Diels—Alder reaction of anthracene generally takes place across
the 9,10 position than across the 1,4 or 3,9a. This may be explained by the fact
that the highest coefficients in the HOMO of the anthracene are at the 9,10
position. Furthermore, addition at the 9,10 position creates two isolated ben-
zene rings, which is a more stable system than that of a naphthalene system
created by the addition at the 1,4 position.

Q 7. The intermediate I and the major product II in the following conversion
involves:

@NH? (i) NaNO,, HCI : )\/

COOH (i) base

= NH,
(a) Carbocation and (b) Carbanion and
COOH X
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(c) Free radical and ©>ﬁ (d) Benzyne and

Sol 7. (d) Diazotization of anthranilic acid gives a diazonium salt, which on
treatment with a mild base undergoes elimination of CO, and N, to give
benzyne intermediate (I). It immediately undergoes Diels—Alder reaction to
give IL

NH CN=N
SWIS-¢ Gl WESEIE
COCH COOH d N2 -CO,

Benzyne (I)
@‘\J;‘\ [4+2]
II

Q 8. The major product I formed in the following reaction is:

= MeOOC COOMe
(@] 1
— Heat

COOMe COOMe COOMe
MeOOC
MeOOC H e 4 MeOOC o COOMe
@ / 0 Ly  © @
e N COOMe
H OH

Sol 8. (a) On heating, oxapine undergoes 67t-electron disrotatory ring closure
to give its valence isomer, which readily undergoes [4 + 2] cycloaddition with
dimethyl acetylene dicarboxylate to give I.

COOMe
Yy COOMe COOMe
M MeOOC H MeOOC\’/ H MeOOC H
\)O 4» 4A> Lci - — /
dis O [4+2]
A H (6] H (6]

ground state HOMO: ¥;
m symmetry, dis

Q 9. Identify the product in the following Diels—Alder reaction.

S

product



X X X
(@) \@ (®) @ © CO/ (@ g
X X
//_\ X A X
Sol 9. (b) Q‘jl/ [4+2] @

o0-Quinodimethane

Unstable (and thus highly reactive) dienes, of which perhaps the most
synthetically useful are o-quinodimethanes, can be generated in situ. A strong
driving force for the [4 + 2] cycloaddition of such species is a result of the
establishment (or reestablishment) of aromaticity. Common methods for
generating o-quinodimethanes include:

(i) Pyrolysis of sulfones.

A =
SO, or SO, -
dis X

Cheletropic elimination of SO, in a 4n
system involves disrotatory mode

(i1) 1,4-Elimination of ortho benzylic silanes.

SiMe; = =
_—
NMes _ Me,si—F =
- NMej;

Q 10. Explain the mechanisms of the following transformations:

. OH
N2 i) Heat
oI+ QS QO
cod o (i) H3O
COOMe COOMe
R COOMe MeOOC
(i) + H —— // +
COOMe COOMe /
major minor
Sol 10. (i)
+
CN=N O<j A HyO*
> +
c”\o) - Ny, - CO, K_,Q [4+2] O@
I
(¢}
HO_ H OH

— QY — 0
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COOMe H
COOMe
(ii) A . | COOMe —//
dIS [4+2] H :/
COOMe ; COOMe
ground state HOMO: ¥, MeOOC
m symmetry, dis
MeOOC COOMe MeOOC COOMe
COOMe ‘
[3 3 shift
COOM Cope
MeOOC
p COOMe COOMe MeOOC COOMe

Ho = @COOMe E
/ H

Q 11. Indicate condition (thermal/photochemical) as well as feasibility for
carrying out the following transformations. Justify your answer.

(i)EaQ W [— —»f (i) [ —»p

Sol 11.
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FMO analysis for the above three reactions are shown below:

¥; (HOMO)

¥, (HOMO)
_ ¥, (HOMO)
gbondlng bondingé bonding
: : bonding o
bonding: ; e
. (LUMO) ¥, (LUMO) ¥, (LUMO)

() (i) (i)

4.4.2 Frontier Orbital Interactions in Diels—Alder Reaction

Frontier molecular orbital theory continues to be used extensively by synthetic
organic chemists for the prediction of the reactivity and selectivity of many
organic reactions. As in the Diels—Alder reaction, predictions of reactivity and
selectivity are normally based on the strength of a single FMO interaction
between the diene and the dienophile, the so-called “dominant” interaction.
The dominant interaction is usually taken to be the one involving the two
frontier orbitals having the smallest energy gap between them. When the
HOMOyjene—LUMOygienophile €nergy gap is least, the reaction is called a
normal Diels—Alder cycloaddition; when the HOMOg;enophite "LUMOgiene
energy gap is smallest, the reaction is called an inverse electron demand
Diels—Alder cycloaddition (Figure 4.12).

Dienophiles with conjugating groups are usually good for Diels—Alder
reactions. Dienes react rapidly with electrophiles because their HOMOs are
relatively high in energy, but simple alkenes have relatively high-energy
LUMOs and do not react well with nucleophiles. The most effective modifi-
cation is to lower the alkene LUMO energy by conjugating the double bond
with an electron-withdrawing group such as carbonyl or nitro. This type of
Diels—Alder reaction, involving an electron-rich diene and an electron-
deficient dienophile, is referred to as a Diels—Alder reaction with normal
electron demand.

Highly electron-deficient dienes undergo Diels—Alder reaction with
electron-rich dienophiles in the inverse electron demand Diels—Alder (DAny)
reaction. In the DAny reaction, the LUMOy;ene and HOMOgienophile are closer
in energy than the HOMOyjene and LUMOyienophite- Thus, the LUMOgjene and
HOMOyienophite are the frontier orbitals that interact the most strongly and
result in the most energetically favorable bond formation.



< ™
4959 —
33

¥, —_—
(LUMO)
)

(LUMO

(HOMO) (HOMO)

A0

(HOMO)

- Neutral Diels-Alder
- HOMOdiene - I-UMOdienc»phiIe

- Normal Diels-Alder
- EWG lowers LUMOdienophiIe
- HOMOdiene - I-UModienophiIe

(LUMO) 8_8

wg—g—g—g S (LUMO)

¥, A (HOMO)

(HOMO)

2999

- Inverse Demand Diels-Alder
- EDG raises HOMOdienoph“e
- |-L"Modiene - HOModienophiIe

FIGURE 4.12 Frontier molecular orbital interactions in Diels—Alder reactions.
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The dienes used in DANy reaction are relatively electron-deficient species,
compared to the standard Diels—Alder, where the diene is electron rich. These
electron-deficient species have lower molecular orbital energies than their
standard Diels—Alder counterparts. This lowered energy results from the in-
clusion of either: (1) electron-withdrawing groups, or (2) electronegative
heteroatoms such as N and O. The relatively lower energy of the heteroatom
p-orbitals dramatically lowers the energy of both the HOMOyjene and
LUMOyjene- Aromatic compounds, such as triazines and tetrazines, can also
react in DAy reactions.

4.4.2.1 Solved Problems

Q 1. Cyclopentadiene reacts with acrylic ester to give products of Diels—Alder
reaction. What are the interacting frontier molecular orbitals?

(a) HOMO of diene and LUMO of dienophile

(b) HOMO of dienophile and LUMO of diene

(c) HOMO of diene and HOMO of dienophile

(d) LUMO of diene and LUMO of dienophile

Sol 1. (a) This is an example of Diels—Alder reaction with normal electron
demand. The diene is electron-rich and hence will use its HOMO for the
cycloaddition, whereas, the dienophile is electron-deficient and hence will use
its LUMO.

Q 2. In the following Diels—Alder reaction, interaction between which of the
following frontier molecular orbitals takes place?

$O;Tol

Ph N OPr N OPr
7 °80,Tol W |
A

(a) HOMO of diene with HOMO of dienophile
(b) HOMO of diene with LUMO of dienophile
(c) LUMO of diene with HOMO of dienophile
(d) LUMO of diene with LUMO of dienophile

Sol 2. (¢) This is an example of an inverse electron demand Diels—Alder
reaction. The diene is electron-deficient and hence uses its LUMO, whereas
the dienophile is electron-rich and will use its HOMO in the cycloaddition.
Here, LUMO of the diene and HOMO of dienophile have the smallest energy
gap and can have best overlap.

Q 3. Pick a pair of a diene and a dienophile that will undergo an inverse
electron demand Diels—Alder reaction.
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OMe OMe COOMe o

cc._ Ly
\ L L N NT

X X TMso X NO, COOMe NMe, N~(

I I mn v A B c DO

Sol 3. IV (electron-deficient diene) and C (electron-rich dienophile) will un-
dergo an inverse electron demand Diels—Alder reaction.

Q 4. An adduct I is formed by the Diels—Alder reaction of cyclopentadiene
with ethyne. When I is treated with hexachlorocyclopentadiene (II), it forms
the well-known pesticide, Aldrin (IIT). Epoxidation of III with peracid pro-
duces another pesticide, Dieldrin (IV). Draw structures of I, II, III, and I'V and
explain how these products are formed.

Sol 4. The normal electron demand Diels—Alder reaction of cyclopentadiene
with ethyne gives norbornadiene (I). Aldrin (III) is produced by combining
hexachlorocyclopentadiene with norbornadiene in an inverse electron demand
Diels—Alder reaction. Epoxidation of III with peracid produces another
pesticide, Dieldrin (IV).

cl Cl
o] al
4\ cl : cl
@ N 2= 7 = L8 A,
a4 B+2] o [4+2] Cl
Cl ;
Aldrin (Il
Norbornadiene (l) Hexachlorocyclopentadiene (1l) @
electron-rich dienophile electron-deficient diene
c. Cl
Cl
) x Cl
RCO3H (per acid)
epoxidation at the more o al
electron-rich double bond Cl
Dieldrin (IV)
Q 5. Explain the mechanism of the following reactions:
COOMe NM COOMe COOMe COOMe
€2
 NZON C A N)\(NMGZ . NZON A N
(I)N ll\ll oo o — (ii) l{l oo+ —
X N -N, N__N Qr MezN OMe'NZ N__~
COOMe COOMe COOMe COOMe

Sol 5. (i) This reaction is an example of inverse electron demand Diels—Alder
reaction. In the first step, the reaction sites of the diene and the dienophile react in
a [4 + 2] cycloaddition as indicated by the arrows. The formation of gaseous
nitrogen makes this reaction irreversible and produces the 1,2,4-triazine deriv-
ative as an exclusive reaction product.



178 Pericyclic Reactions

N
N/ COOMe COOMe
Nl\/le2 A N )\r NM82
/, —_———> | | + N,
N retroD.A. Ns _N
M
COOMe COOMe

(ii) The first step of this reaction involves an inverse electron demand
Diels—Alder reaction. The Diels—Alder adduct then undergoes a retro
Diels—Alder reaction resulting in the cleavage of the C—N bonds and giving
N, as a by-product. An elimination reaction (probably E1) then gives the
observed product.

COOMe //N o0
N== COOMe Me
NV_< Nl OMe OMe
N A NS A N7 NMe,
N _— = s oY N,
Meoo& Me 4+2] N NMe,  retroD.A. Ny
COOM
NMe, © COOMe
COOMe COOMe
N7 NMe, N7 NMe,
- .0 . N
N H -H* N
H
COOMe COOMe

4.4.3 Stereochemistry of Diels—Alder Reaction

(i) The “‘cis” principle: The addition of a dienophile to the diene component
is purely a cis addition. The relative positions of the substituents in the
dienophile are retained in the adduct. The cis addition can be readily explained
by the synchronous formation of the bonds between the two components in a
one-step reaction. cis- or trans-Dienophiles react with dienes to give 1:1 ad-
ducts in which the cis- or trans-arrangement of the substituents in the dien-
ophile is retained exhibiting the stereoselective nature of the Diels—Alder
reaction. An illustrative example is shown for the reactions of the isomeric
dimethyl maleate and dimethyl fumarate with buta-1,3-diene in Scheme 4.10.

The cis principle also applies for the substituents in the diene component,
thereby exhibiting its stereospecificity with regard to the diene. The relative
configuration of the substituents in the 1 and 4 positions of butadiene is
retained in the adduct. trans, trans-1,4-Disubstituted dienes give rise to ad-
ducts in which the 1 and 4 substituents are cis to each other. cis, trans-
1,4-Disubstituted dienes give adducts with trans substituents. For example,
Diels—Alder reaction of trans, trans-1,4-diphenylbutadiene and maleic
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H
( ICOOMe . O:COOMe
COOMe Cera =7COOMe

D|methyl maleate L )
(cis-configuration) cis-Dimethyl cyclohex-4-ene-1,2-dicarboxylate

H
( HICOOMG A - ,COOMe
+ _—
4+2 .
N y [4+2] [ 1

MeOOC H COOMe

Dimethyl fumarate

(trans-configuration) trans-Dimethyl cyclohex-4-ene-1,2-dicarboxylate

SCHEME 4.10 Diels—Alder reactions of isomeric dimethyl maleate and dimethyl fumarate with
buta-1,3-diene.

anhydride gives 1:1 adduct in which the phenyl groups are cis to each other

(Scheme 4.11).
< ié [4 + 2]

SCHEME 4.11 Diels—Alder reaction of trans, trans-1,4-diphenylbutadiene and maleic
anhydride.

HPh O

(ii) The ‘“endo” rule: Another stereochemical point of significance is that
in many Diels—Alder reactions there is the possibility of two alternative
modes of cycloaddition, the exo and the endo. Diels—Alder reaction generally
proceeds selectively via the transition state in which the most powerful
electron-withdrawing group on the dienophile is endo, i.e., below the diene, as
opposed to pointing away from it. This generalization is known as the endo
rule. For example, in the reaction of maleic anhydride with cyclopentadiene,
two modes of addition are theoretically possible, leading to the formation of an
exo adduct or an endo adduct, respectively. Actually, the endo configuration is
produced exclusively (Scheme 4.12).

Despite the fact that the exo adduct is thermodynamically more stable than
the endo adduct, it is often found in the Diels—Alder reaction that the endo
adduct is the major, if not the sole, product. This is because in endo adduct,
additional stabilization of the transition state can occur (which results in faster
rate of reaction) through secondary interaction of those lobes of HOMO and of
the LUMO that are not involved directly in bond formation, provided these are
of the same phase. However, such interactions are not possible in the transition
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= 0 P

4+2] % = O
H

O

endo adduct

&-
ﬁv@w

exo adduct

SCHEME 4.12 Formation of exo or endo adducts in the [4 + 2] reaction of cyclopentadiene and
maleic anhydride.

state for exo addition because the relevant sets of centers are now too far from
each other (Figure 4.13). Thus the endo adduct is the kinetically controlled
product.

¥, (HOMO) ¥, (HOMO)

primary only primary

secondary . -
/\___interaction interagtion

interaction---

(0]

() () v, (Lumo) ¥, (LUMO) g

endoT.S. exoT.S.

FIGURE 4.13 Orbital interactions in Diels—Alder reaction of cyclopentadiene and maleic
anhydride.

However, establishment of an equilibrium between the higher energy endo
and lower energy exo results in the predominant formation of the exo product
(thermodynamic control) (Scheme 4.13). Cycloaddition of furan with maleic
anhydride, for instance, provides only the exo product. This may be ascribed to

endo adduct exo adduct
SCHEME 4.13 Diels—Alder reaction of furan and maleic anhydride.
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the lower energy of furan (an aromatic compound) allowing the retro
Diels—Alder reaction of the endo adduct (Figure 4.14).

exoT.S.

Energy —»

exo adduct endo adduct
thermodynamic product kinetic product

>
|

Progress of reaction

FIGURE 4.14 Energy profile diagram for exo and endo products.

4.4.3.1 Solved Problems

Q 1. Which of the following statements is true about the Diels—Alder
reaction?

(a) Nonconcerted reaction

(b) Stereoselective

(c) Concerted, but not stereospecific reaction

(d) Concerted and stereospecific reaction

Sol 1. (d) Diels—Alder reaction is concerted and stereospecific. Stereospeci-
ficity is the characteristic of a reaction that leads to the formation of different
stereoisomeric products from different stereoisomeric reactants or that oper-
ates on only one (or a subset) of the stereoisomers.

The Diels—Alder reaction involves a stereospecific cis addition (supra-
facial) with respect to both the diene and dienophile. Existing stereochemical
relationships in the dienophile (cis or trans) and the diene (trans—trans or
cis—trans) are retained in the product.
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Q 2. Diels—Alder reaction normally yields endo-adduct as a major product.
This is due to:

(a) Higher stability of the product

(b) Faster rate of formation of the endo-adduct

(c) Steric hindrance

(d) Secondary orbital interactions between a diene and a dienophile

Sol 2. (d)

Q 3. The stereochemical outcome of the Diels—Alder reaction shown below is
controlled by secondary orbital interactions between atoms:

2 Me 1 3 0/4
. f«/ \,HkH
N " |

(@land4 ()land3 (¢c)2and4 (d)2and3

Sol 3. (¢) As shown below, in the cycloaddition between penta-1,3-diene
(piperylene) and acrolein, secondary orbital interactions occur between C-2
of the diene and the carbonyl carbon (i.e., 4) of the dienophile.

Me _secondary
) interaction

primary
interaction™

¥, (LUMO)

Q 4. Buta-1,3-diene on heating with maleic anhydride gives:

HO

H O H O H O
H 0 H (0] |i| (0] }ii o
Sol 4. (b)
! H 9
S Lo
AL R . — o

endo adduct

o fo) o
endoT.S.
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Q 5. For the synthesis of:

COCH,4

using Diels—Alder reaction, the reactants required are:

=
(a) @ and @\ (b) © and (
COCH,4 COCH;
=
© © and Q @ © and (gCH3
COCHg;

Sol 5. (d)

H
/ H
ORIy — ] =
+
COCH o H
: HP7~H COCHs
H,CO H
endo adduct
Q 6. The major product formed in the reaction given below is:
@ - COOMe A
+ .
Me
A" A o
(@) £ (b)y /A _LaCOOMe (c) A/ @ / COOMe
- = : Me
COOMe Me E0OMe
Sol 6. (a)
Y
I e
A - |E Me - v
@ +2] i " " =/ / - (\COOMe
Ve Me0OC—/ | MeOOC ¢ CooMe i H

MeOOC endoT.S. endo adduct

Q 7. The structures of the major products I and II in the following trans-

formations are:
o
e T 2
+ — | —— ||
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o)
<a>ﬁi4 ﬁ{ <b>zb4 LW
(@] (@] o) (@]
(c) / and d) X and A?
e} e}
o)

(@]
Sol 7. (d)
o i ) o - Z ( %
o /> [4+2] V) Paterno Buchi
’ | reaction
endoT.S. endo adduct Oxetane

Q 8. In the two-step reaction shown below, identify the correct combination of
products I and II.

COOH
@ N W A, N-bromosuccinimide

(a) A COOH and (b) / COOH and
(c) 4 (d> 4
COOH COOH
Sol 8. (¢)

> " — > =
i - COCOH

4 L
yoowra HOOCJ HOOC
endo adduct (I)
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Q 9. In the reaction sequence, the major products I and II, respectively, are:

@ Ph A conc. H,SO,
+ \l |
NO,
Lb/ i Lb LE(
Lb/ and ﬂb )KJX\\(/ and ﬂ&

Sol 9. (b) The Diels—Alder reaction of cyclopentadiene with nitrostyrene gives
adduct I. The nitro group of the adduct I is then converted to a carbonyl group
by application of the Nef reaction.

"2 3% —Lb/zﬁ

O,N O,N NO,
endoT.S. endo adduct (I)
Ph conc. H,SO,4 Ph
7 R
Nef reaction
NO, o

However, the reaction of nitrostyrene derivatives with cyclopentadiene in
the presence of tin tetrachloride affords exclusively a nitronate. In this reaction,
the nitrostyrene derivative behaves as a diene whereas cyclic diene behaves as
a dienophile.

6\ ﬁ//{\ A 6\N,O
Q\\_@ sncl, @
4+2
Ph [4+2] Bh

Since these reactions are inverse electron demand cycloadditions, the
relevant frontier orbital interactions are between the LUMO of the diene and
the HOMO of the dienophile. The accelerating effect of a Lewis acid can be
understood since complexation of the nitroalkene should decrease the
HOMO—-LUMO gap by lowering the LUMO of the diene. Thus, the peri-
selectivity of the reaction is controlled by the complexation of the nitroalkene
to the Lewis acid.
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Q 10. Predict the [4 + 2] Diels—Alder cycloaddition product with the right
stereochemistry.

(e}
+ : —— Product
MeO
(e}
o Me 0 OMe
(a) (c)
MeO M
) o) ) (@) H

Sol 10. (a) The Diels—Alder reaction of 2-methoxy-5-methylbenzoquinone
and buta-1,3-diene occurs preferentially at the double bond bearing the methyl
group rather than at the more electron-rich vinyl ether. The HOMOyiepe—
LUMO¢ienophite energy difference (AE) for the methoxy side is larger than that for
the methyl side, therefore, butadiene reacts preferentially with the methyl side
rather than the methoxy side.

~ |
\Q 0
O :9‘ Me
A N _
MeO Me —2 = veo— DMe | —= \e0 / Me =
[4+2] 4
A OMe
o H o H o H ¢}
endoT.S. endo adduct

Q 11. In the reaction sequence I and II are:

o
o o
O . U A | A .
(@) / O and / o (b) ©j and [/ 0
o o} o
o) o} 0
o) o) o)
© C):]:‘éo and @[]::20 (d) ©j] and @E]::éo

O o O

Sol 11. (b) The given reaction involves a 67t-electron disrotatory electrocyclic
ring closure of cyclooctatetraene to give the cis-isomer I, which then un-
dergoes [4 + 2] cycloaddition with maleic anhydride to give IL
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H
o
H
Hio 7 o
ground state HOMO: ¥; e
m symmetry, dis j:>: g (e}
;O ’ -
o endoT.S. H  endo adduct (Il)

It should be noted that cyclooctatetraene is a tub-shaped molecule, there-
fore, the double bonds in it are not conjugated enough to react with maleic
anhydride. As a result, the Diels—Alder reaction products shown in option
(a) will not be obtained.

Q 12. The major products I and II in the following reaction sequence are:

(a)

y o y o
= =
(C)C(;and O (d) and e
N N
:H o H o

Sol 12. (b) The reaction proceeds via thermal 41t-conrotatory ring opening
reaction of benzocyclobutane to o-quinodimethane (I) followed by endo
Diels—Alder reaction to give IL.

H
ZH > A =
R
~__H con X
(clockwise | (anticlockwise less stable and alsoH
ring opening) ring opening) less reactive in
ground state HOMO: ¥,, C, symmetry, con Diels-Alder reaction

:H Do
endo adduct (Il)
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Q 13. The major product formed in the following reaction is:

Sol 13. (¢)

CN
A

4m-con
ring opening

Hy 3
exo adduct

The endo adduct is not formed, because the transition state in this case is
less stable due to steric hindrance.

R R
HI'-<(/ \)>'HCN . H,
H

\\ H H //
ROC.» ) 4wCOR ROC,

I\
\

H H
endoT.S.

endo adduct
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Q 14. What are the products formed in the following reaction? Provide a
mechanistic pathway for their formation.

Q_A.

Sol 14. The double bonds of the cyclopentadiene are held in the s-cis
conformation. This makes the cyclopentadiene so reactive in the Diels—Alder
reaction that it dimerizes at room temperature. One molecule acts as the
diene and the other as the dienophile to form dicyclopentadiene. The
dicyclopentadiene formed has the ring of dienophile in an endo orientation to
the cyclopentadiene ring that acts as the diene. Usually, substituents on the
dienophile are found to be endo in the adduct if the substituents contain the
7-bonds due to favorable secondary interactions.

¥, (HOMO)
H H
A > — —_— / H f— ‘.\\\>
[4 +2] z _ // oy
H
endo adduct
X ) (major product)
secondary ,t” primary
interaction’ interaction

H
_A . — / i
e2 | ¥2(HOMO) = ._
H A
\ exo adduct

(minor product)

Y3 (LUMO) primary
interaction

— exoT.S. —

Q 15. Explain why the following [4 + 2] cycloaddition reaction does not occur
to produce cantharidin isolated from dried beetles (Cantharis vesicatoria).

Me 7 o 0O Q o
H, / Pd
Me Me O Me O
9] Me Me

Cantharidin
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Sol 15. The majority of Diels—Alder reactions yield endo products. In most of
the cases, the exo product is thermodynamically more stable, but the endo
adduct forms much more rapidly (kinetic control). However, [4 + 2] cyclo-
addition of furan and maleic anhydride gives predominantly exo adduct. Such
a stereochemistry of the furan-maleic anhydride adduct is due to the fact that
the initially formed endo compound readily reverses into the reactants whereas
the exo cycloaddition gives a relatively stable adduct that is the product of the
thermodynamic control.

(0]
endo adduct exo adduct
kinetic product thermodynamic product
(less stable, minor) (more stable, major)

However, synthesis of the cantharidin based on the Diels—Alder reaction
between the two reactants also involves an equilibrium that is very unfavorable
to the product. The instability of the exo adduct in this case is due to the
repulsion between the methyl groups and also to the repulsion between the
hydrogens located at C-5 and C-6.

o o) o)
Me A
o + | o — 7 (¢}
AN [
Me Me O
(0] Me

This observation is supported by the fact that when the natural cantharidin
is dehydrogenated it readily undergoes a retro Diels—Alder reaction.

Synthesis of cantharidin has indeed been achieved by performing
Diels—Alder reaction under high pressure. Subsequent hydrogenation/
desulfurization of the exo adduct is carried out by using Raney nickel.

0
H/N|
\\/ 15 kbar —HZS

Cantharidin

Q 16. Cyclopenta-2,4-dienone is unstable and cannot be isolated. All attempts
to prepare this molecule give only a Diels—Alder adduct. Interestingly,
cyclohepta-2,4,6-trienone is quite stable and can be readily isolated. Draw a
structural formula for the Diels—Alder adduct and account for the differences
in the stability of the two ketones.

(e} (0]

2 @ — > Diels-Alder adduct

Cyclopenta-2,4-dienone Cyclohepta-2,4,6-trienone
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Sol 16. A major contributing structure of cyclopenta-2,4-dienone has only four
T-electrons (antiaromatic) and, therefore, is extremely unstable and highly
reactive. It readily undergoes Diels—Alder reaction to give an endo adduct. On
the other hand, a major contributing structure of cyclohepta-2,4,6-trienone has
only six m-electrons (aromatic) and, therefore, is extremely stable and

unreactive.
- o}
(6] (e}
H—6 O

D/ b |

endoT.S. 0 endo adduct

(@)
(@]
o
I e
:
T I
{
O
T T
o

Q 17. What stereochemistry would you expect for the product of the
Diels—Alder reaction between (2E,4E)-hexadiene and ethene? What stereo-

chemistry would you expect if (2E,4Z)-hexadiene were used instead?
Sol 17.

P 4 )
(2E,4E)-Hexadiene

PO W

(2E 47)-Hexadiene o

trans-3,6-Dimethylcyclohex-1-ene

Q 18. Explain the mechanism of the following transformation:
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Sol 18.
;
. H
;
9 o —
5 7 [1,9] H shift [4+2]
6 o
o}
H O H

o)

\ 0
O endoadduct (O

Q 19. Consider the following sequence of reactions:

(0]
A A
+ —> 1(C44H1002) > Il (C16H1602)
v O
(0]

Il (C11H100,)

(i) Draw the structures of I, II, and III with stereochemical information.
(ii) Draw the structures of the other five conceivable stereoisomers
(A—E) of III and also explain the reasons for their nonformation.
(iii) After a prolonged heating (15 h, 120 °C) of the originally isolated
stereoisomer III (melting point mp: 157 °C), two new stereoisomers IV
(mp: 153 °C) and V (mp: 163 °C) are obtained.

M=——-1IVv + V
10% 20% 70%

Decide whether the following questions concerning the Diels—Alder
reaction are true or false. (Hint: You do not need to know which of the five
stereoisomers A—E correspond to either IV or V in order to answer these
questions.)

(a) The Diels—Alder reaction is reversible.

(b) The formation of III in the original reaction is thermodynamically
controlled.

(c) IIT is thermodynamically more stable than IV.

(d) IV is thermodynamically less stable than V.
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Sol 19. (i) Cyclopentadiene undergoes double [4 + 2] cycloaddition with
quinone to give a diadduct. Both the steps proceed selectively via the endo-
transition state to yield the cis-anti-cis diadduct III.

@@W o A%f} @ij

/ monoadduct

endoT. S.

T» H :I i —_— 7 —
[4+2] ,:/ :
Y H
7 O N diadduct o
L . m
endoT.S.

The initially formed endo adduct I undergoes photochemical [2 + 2]
cycloaddition to give the cage compound II.

A AT A

(e}
A (endo, endo) B (endo, exo) C (endo, exo) D (exo, exo) E (exo, exo)

The Diels—Alder reaction gives products with an endo stereochemistry.
This endo configuration is characterized by the two H atoms and the CH;
bridge of the bicyclic system being on the same side of the ring. Only struc-
tures A and III of the six stereoisomers have an endo, endo stereochemistry.
All other isomers have at least one exo configuration. In structure A, the three
rings form a U-shaped molecule that is sterically more hindered than structure
III, which has a zigzag structure.

(iii) (a) True (b) False (c) False (d) True
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Q 20. Write the structure of I, I, I1I, etc. in the following reaction sequences:
(o)

¢} e}
. (i) NBS, hv \V\j
() | 1l
(i) KOt-Bu A
MgBr
cHOo ( MnO, n 7 m-CPBA
(i) I — IV
NaHCO4
0~ ~Ph
CHs
I
CH,Br A | CH,=CH-C-CHj3 |
(iii) Zn/Ag
CH,Br
CHs
Sol 20.
H U7
(i) © NBS, by \© K_O|_:BB,.U ©—’ / 0= o)
allylic bromination [4+2] (6] H

O 1l (endo adduct)

MgBr o o @
@ )L r o 0z, o L '
A 0 E/
. oo [4 +2] »‘/

MnO,: a selective oxidant for PH
allylic and benzylic alcohols

g

endoT.S.
_m-CPBA_ -CPBA ﬁb Baeyer-Villiger to give ester
— and epoxidation in one step
NaHCO3 (exo epoxidation on less
hindered face)

IV (endo adduct) O

(iii) o-bis-(Bromomethyl)benzene can be converted to o-quinodimethane
(I) with reductants such as zinc, nickel, chromous ion, and tri-n-butylstannide.
Intermediate I then undergoes Diels—Alder reaction to give IIL.
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Br‘\
A A
ZniAg — —
I o) K+2
Br /§
/

4.4.4 Regiochemistry of Diels—Alder Reaction

Constitutionally homogeneous cycloadducts are obtained through symmetri-
cally substituted dienes and dienophiles. In contrast, when an unsymmetrical
diene and an unsymmetrical dienophile combine in a Diels—Alder reaction, it
may afford two constitutionally isomeric cycloadducts. The regioisomeric
behavior of Diels—Alder reaction can be interpreted through the application of
FMO theory on the basis of the orbital coefficients of the atoms forming the
o-bonds. The Diels—Alder reaction proceeds in such a way that there is an
interaction between the largest coefficient in the diene HOMO (at the diene
terminus) and the largest coefficient in the dienophile LUMO (at the dien-
ophile terminus) (Figure 4.15).

EDG EWG EDG

FIGURE 4.15 Orbital interactions in a Diels—Alder reaction resulting in the formation of a
regioisomer.
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Let us consider an extreme case of mechanism where due to resonance a
negative charge is developed on one end of the diene and a positive charge is
developed on one end of the dienophile. An electron-donating group (EDG)
increases the reactivity of the dienes due to increase in the electron density
in the molecule. In case the EDG is located on C-1, there will be more
charge density on C-4, and if it is located on C-2, there will be more charge
density on C-1. The reactive dienophiles possess an electron-withdrawing
group (EWG). An EWG on C-1 will reduce the electron density on C-2
(Scheme 4.14).

Tl Be A Ay

_ 8-
o}

(O )

SCHEME 4.14 Analysis of the substituents resonance effects.

The regiochemistry of the Diels—Alder reaction can then easily be pre-
dicted by a careful match of the charges. If an EDG is located at C-1 of a
diene, then the dienophile will approach with the EWG group next to the
EDG group. This is called a 1-2 or “ortho” arrangement of the substituents
(Scheme 4.15).

; L cHO
CTUH | H
endo S LH LH
OHC—!'H  oHCc—|JH
7 H H
0|v| O V)
© Z endo (major)
= H
\5 el 4+2] OMe OMe MeO H
T > CHO
nucleophlllc electrophilic Lexo Lo ::: — | Ilj| —
1 1H cHo Hero
= H
! exo (minor)

SCHEME 4.15 Regioselectivity in Diels—Alder reaction.

Relative position of the groups (present on diene and dienophile) in the
product depends on the stereochemistry of the Diels—Alder reaction. The
groups on the dienophile that are endo in the transition state will become cis
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to the groups on the outer rim of the diene (in the s-cis conformation).
Similarly, the groups on the dienophile that are exo in the transition state will
become trans to the groups on the outer rim of the diene (in the s-cis
conformation).

If the EDG group is located at C-2, the dienophile will flip over resulting in
a 1-4 or “para” arrangement of the substituents (Scheme 4.16).

nucleophilic  electrophilic e MeO
) endo Lo \O
. — : JE——
or 2 < : “CHO

MeO 5 ///
- | A OHC—" OHC endo (major)
~ * H

[4+2]

MeO MeQO
6- O r—ﬂ MeO
exo Loh U
e : — o
( CHO
l CHO CHO exo (minor)

SCHEME 4.16 Regioselectivity in Diels—Alder reaction continued.

As the charges in the diene and dienophile do not match, a 1-3 or “meta”
arrangement is not observed in both the cases (Scheme 4.17).

S+

OMe &+ OMe
| MeO
/ H
+ —X—> \E %H —X> \O/
8- 8- 0 CHO a+ll

SCHEME 4.17 Regioselectivity in Diels—Alder reaction continued.

In conclusion, it can be said that nucleophilicity of dienes and electro-
philicity of dienophiles play significant roles in facilitating Diels—Alder re-
actions. One can also say that the reaction proceeds in a way so as to put the
most electron-donating substituent on the diene component and the most
electron-withdrawing substituent on the dienophile moiety either ortho or para
to one another in the product.

4.4.4.1 Solved Problems

Q 1. 1-Methoxy buta-1,3-diene and methyl acrylate readily undergo Diels—
Alder reaction yielding methyl cis-2-methoxycyclohexene carboxylate as the
only (or major) product. Explain the stereo- and region-isomerism in the
reaction.
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Sol 1.
OMe MeO
.COOMe
endo : H | H
enaqg. H —H
MeoOC—|_t H Meooc—| J'H
O
OMe HJ\ 7 endo major
OMe
i 8+\ [4+2 OMe OMe MeO H
L__COOMe
nucleophlllc electrophilic L&Xo Ll n | I|:|| —_—
1 1H coome Hcoome
s H H
’ exo (minor)

Q 2. Predict the products in the following reactions:

(0]
MeO. CN
(i) \< + W 4 . (i) Z 7" 0Me + ﬁ L .
- /O O\\ A
(iii) & + W —

Sol 2.

[ CN
U] /E\/ MeO” 11| —= MeO — JO/
MeO [4 +2] NC. :7 NC. MeO

8~

(ii) The reactants, diene and the dienophile, have an electron-donating and
an electron-withdrawing group, respectively. As the methoxy group is located
at C-1 of diene, the dienophile will approach with the carbonyl group next to
the methoxy group to give a 1-2 or “ortho” arrangement of the substituents.
These groups will be mutually cis because the carbonyl directs the product to
be endo. In the dienophile, carbonyl and methyl groups are having a trans
geometry that is reflected in the product as well.

OMe| OMe
S+ 5- o
OMe “IH H OMe
0 hh g =Yg o
Hii — H =
ol o)
D ~H H
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(iii) This reaction is an example of inverse electron demand Diels—Alder
reaction. The regiochemistry of this reaction can also be determined by charge
control method.

e

_0 O A O , o_ 0._ 0. o
e R |
N [4+2] _
3 (6]
Acrolein Methyl vinyl ether not formed
(electron-deficient (electron-rich
diene) dienophile)

Q 3. Explain the mechanism of the following reactions:

OMe OMe OMe

=\ ~_COOMe COOMe
o e £ Twow )" Me Oy
ZnCly TMs0” N A TMSO 0

O
Danishefsky's diene

N(CH3z).

. . . \
" Li, NHs (liq.) H;0* isomerization (H3C)sSi0 H;O"
(i) | ] L} \%
t-BuOH A

CHs

Sol 3. (i) Danishefsky’s diene is obtained from o, B-unsaturated ketones via
treatment with trimethyl silyl chloride and zinc chloride. The zinc chloride is a
Lewis acid that activates the oxygen for reaction with the silicon. The
mechanism of this transformation is as follows:

oM OMe
ﬁ Z”C'2 % ﬁ ﬁ
o (HsC)ySIO™
Z”C|2 ZnCI2 Danishefsky's diene
H30)3s| g

This diene is highly electron rich as both the oxygen atoms of the sub-
stituents donate electrons toward one end of the conjugated system and thus
make the C-4 highly electron rich.
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éi(CH3)3

The electron-rich end of the diene reacts regiospecifically with the more
electron-deficient part of the dienophile to give the 1,2-product. After
the addition is complete, the functionalities are easily removed by acid
hydrolysis to generate an o, B-unsaturated ketone in a six-membered ring

system.
S+
TMSO

- 3+

A OoMe 2
4+2]
—\
5+ COOMe

5_

TMSO

“OMe

""COOMe
H

©
Cl(‘Si(CH3)3

(ii) In the first step, Birch reduction of N,N,4-trimethylaniline results
in the rapid isomerization of the initially formed kinetic product: 1,4-
cyclohexadienamine to a conjugated 1,3-cyclohexadienamine (I), even in
absence of an acid. Hydrolysis of the enamine (I) gives a 3, y-unsaturated ketone
(II), which further undergoes isomerization to a conjugated ketone (IIT) under

acidic conditions.

N(CHa),
Li, NHs (liq.)
—_ >
t-BuOH

CH3

endoT. S.

OMe

H TMSO” i

N(CH3)2

.COOMe

HCI

COOMe /]ZJ/COOMe
+£j/ 10

N(

—

C
|

H_+

>

TMs:c}j :

CHs),

Hz0*
R
Hs

+_Me .._Me
:lo Hej
=
. —
: - :? =
Si(CH3)3 Si(CH3)3

Me

.COOMe

+ (CHa)3SiCl

0] O
—

CHs CHj;

1] 1]
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Finally, the conjugated ketone (III) undergoes Diels—Alder reaction with
2-trimethylsilyloxypenta-1,3-diene to give an adduct (IV), which is hydro-
lyzed to remove a trimethylsilyloxy group to give V.

0 CHsy

\_5\ H30+

N\ ( OSi(CHy)s e OSi(CHy)s o)
CHs
mo>

more more

electrophilic end nucleophilic end

Q 4. Which is a major product formed in the following reaction?

NF T N0,

(i) TiClz, HCI

o} NH,
o} NH,

Sol 4. (a)

67 1
@WNOZL ): . __/@/ ©2 Ticy,, Hel /@
5 \5_ 5 [4+2] | O,N. i]i O,N. Nef reaction

endoT.S.

Q 5. What are the major products I and II formed in the following reaction?

= Raney Ni
/< . /\COOMe heat I z/ i "
PhS 25°C
Me Me Me Me
COOMe COOMe COOMe o
(a) and (b) and
PhS PhS PhS
Me Me Me Me
© /@\ and @\/OH @ /@\ and /@\
PhS COOMe PhS COOMe PhS COOMe
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Sol 5. (a)
S5+
PhS PhS PhS
TS H Me
5/ N H—<y o Me
+ [*s + n2s] H:‘,\l o ,\’\/\\COOMe HY\ (~COOMe
5+ H H H H
S5+
COOM
5- © endo T.S. |”
Me Me PhS
M
COOMe Raney Ni COOMe — Me
25°C /H
PhS COOMe

1} | H

Q 6. What are the major products I and II in the following reactions?

MeO. MeO COOMe
\( rCOOMe A \( J/ (I) A
+ | — |
A (||) BuzSnH
MeO. MeO COOMe MeO COOMe MeO
UL Wm0
COOMe COOMe
MeO. MeO COOMe MeO COOMe MeO NO,
(c) @\ and \O: (d) and \C[
COOMe NO, COOMe

Sol 6. (a)
OMe OMe
8,
& SV " SiH
H TH HY H o - H —
Meooc. 5L AH Bt veoocy /Lo
H” &+H H H
OMe
f/ \> N .
H SH H) H A H:
O,N ) /H B2 0N\
H” 5~ COOMe H

NO, group dominates
the direction of reactiion

MeO COOMe BusSnH ’V'eo\@/
[ ) I of NO
removal o , group NO,
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Q 7. Identify the major products I and II in the following reaction.

o
| .
A i) NaBH,-MeOH
S A, I(dimer)()ﬁi)#» I

i i o
(a) )\/\H\ and\i/\\i by | and
| 0 o)
(|3 o)
i
o) 0
| |
© | and E&g ) /K/YK and /O)\
0 o \ o

)

Sol 7. (b) But-3-en-2-one undergoes dimerization by the Diels—Alder reaction
in which the oxygen atom is the part of the diene system. The regioselectivity
of dimerization of but-3-en-2-one has been a problem. The fact that the re-
action apparently involves bonding between two formally electrophilic car-
bons has been explained by FMO theory, which also accounts for the observed
regioselectivity.

™
/? + |l A | NaBH,-MeOH |
\O o — - - >
NS [4+2] 0" ( o
0

Diels-Alder | OH
(dimer) g LTSOH

NS A.
(¢} v O Q_/ 0
o o :OH :OH
" H Q 0

The transition state for the formation of I is less stable on account of polar
forces. The “polarity” model also predicts that the dimerization should occur
through resonance forms shown below:

not formed

4.4.5 Lewis Acid Catalyzed Diels—Alder Reaction

Diels—Alder reactions are usually accelerated by Lewis acid catalysts such as
aluminum chloride, boron trifluoride and tin(IV) chloride. In the presence of
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a catalyst, an increase in the regio- and stereoselectivity is often observed.
For example, in the reaction of isoprene with methyl vinyl ketone, two
structural isomers are formed of which the predominant one is the para
adduct. The proportion of this product is even greater in the catalyzed
reaction (Scheme 4.18).

. oot

heat in a sealed tube at 120 °C 71% 29%

keep in contact with SnCl,.5H,0 93% 7%
in a sealed tube at 0 °C

SCHEME 4.18 Effect of Lewis acid catalysis on the regioselectivity of the Diels—Alder reaction.

Similarly, in the reaction of cyclopentadiene with acrylic acid, the pro-
portion of endo adduct was found to increase noticeably in the presence of
aluminum chloride etherate (Scheme 4.19).

@OH — A?COOH ﬂ@H
0 H

COOH
endo adduct exo adduct
0 °C, no catalyst 84% 16%
0 °C, AICI3.Et,O 93% 7%

SCHEME 4.19 Effect of Lewis acid catalysis on the endo/exo selectivity of the Diels—Alder
reaction.

These effects are ascribed to complex formation between the Lewis acid
and the polar group of the dienophile, which brings about changes in energies
and orbital coefficients of the frontier orbitals of the dienophile.

Rate Enhancement: Addition of a Lewis acid results in the reversible
complexation to Lewis basic sites, and the electron-withdrawing ability of the
activating substituents increase on such a complexation to the dienophile.
Lowering of the LUMO and a decrease in the HOMOjene —~LUMOyienophite Zap
help in a more favorable transition state and thus a faster reaction. The effect
of Lewis acid catalysts on the interaction of the frontier orbitals of butadiene
and methyl vinyl ketone is shown diagrammatically in Figure 4.16.

Regioselectivity: An increase in the regioselectivity in the catalyzed re-
actions can also be explained on the basis of FMO interactions. More effective
overlap of the orbitals in the transition state of a Diels—Alder reaction takes
place when the reacting compounds are oriented in such a way that the atom
with the largest coefficient in the dienophile interacts preferentially with the
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o LA
s
x |

Y, m— E 4 —
W3 — : Wy m—
. W
E LUMO 2 : E
(dienophile) : I“ LUMO k2
¥, % a2 : . (dienophile)
HOMO ; HOMO
(diene) % v, ; (diene)
i % ¥
vtk uak

non-catalyzed reaction catalyzed reaction

FIGURE 4.16 Effect of Lewis acid catalysts on the interaction of the frontier orbitals of buta-
diene and methyl vinyl ketone.

one having the larger coefficient in the diene. For example, in the reaction of
isoprene with methyl vinyl ketone, the T. S.-I is favored over T. S.-II and the
ratio of para to meta products formed is 71:29 (Figure 4.17).

? 4’67 ? /\’67
<> 0 SV H
H wH HD H H H HD

HaCOC ) D)/ COCH;

H” & H H7 6+
| (para-isomer) Il (meta-isomer)

FIGURE 4.17 Transition states for the formation of para and meta products in the reaction of
isoprene with methyl vinyl ketone.

However, in the catalyzed reaction, the interaction of the catalyst with the
carbonyl group of the ketone increases the difference between the coefficients
at C-2 and C-3 with the result that the reaction becomes more selective; T. S.-1
is favored even more and the para to meta ratio now rises to is 93:7.

Stereoselectivity: The increase in endo:exo ratio in catalyzed reaction is
also ascribed to increased secondary orbital interactions. In a typical
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non-catalyze reaction, for example, between cyclopentadiene and acrylic acid,
the preferred formation of the endo product is due to secondary interactions
involving the carbonyl group of the acrylic acid and C-2 of the diene. This
interaction is greatly increased in the catalyzed reaction because of the large
increase in the coefficient of the carbonyl carbon atom.

4.4.5.1 Solved Problems

Q 1. What would be the decreasing order of reactivity in the following
Diels—Alder reactions?

'-<+HL>© u.<+@ﬂ.@
|||.<+ @#@

(@I>I>M (b)I>I>I ()M>TI>1 (d)I>TI>1

Sol 1. (d)

Q 2. What is the major product formed in the following reaction?
COOMe

/ TiCl,
@ + HC=C=CH ——
H H
(a) Cﬁ( (b)@R © M (@ Q
Y, Ycoowme hoSCoOMe Y coome

COOMe

Sol 2. (c¢) Allenes usually participate in Diels—Alder reactions as electron-
deficient dienophiles. LUMO energy of the allene is lowered by an electron-
withdrawing group. The largest LUMO coefficient rests on C-2. Diels—Alder
reaction will take place at the internal C=C bond.

"o Wt
Hﬁ%m_%\coom

structure of allene LUMO
H H
coome ‘/:”i /y
> + H,C=C=CH —— A | = /
’ w2 | M TN H
TiCly v/ COOMe
MeO H;CO H endo adduct (major)
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Allenic esters generally show endo selectivity. Lewis acids increase effi-
ciency of the reaction as well as endo/exo selectivity. Other electron-
withdrawing groups also show preference for the endo product.

4.4.6 Retro Diels—Alder Reaction

The Diels—Alder reaction is a reversible reaction and the direction of cyclo-
addition is favored because two Tt-bonds are replaced by two c-bonds. The
cycloreversion also occurs more readily when the diene and/or dienophile are
particularly stable molecules (i.e., formation of an aromatic ring, nitrogen,
carbon dioxide, ethene, ethyne, nitriles, etc.) or when one of them can be
easily removed or consumed in a subsequent reaction (Scheme 4.20).

PhOC

MeOOC, COOMe
COOMe

A
UG - I\ + HC=CH
retro D. A. N

COOMe ¢coph

_ COOM
CN retroD.A. N D. A. COOMe

SCHEME 4.20 Examples of retro Diels—Alder reactions.

The retro Diels—Alder reaction usually requires higher temperatures in
order to overcome the high activation barrier of the cycloreversion. Moreover,
the strategy of using a retro Diels—Alder reaction is often used in organic
synthesis to mask a diene fragment or to protect a double bond.

4.4.6.1 Solved Problems
Q 1. Explain the mechanism of following transformations:

NH
2 CN NC_  CN on CHy M, CHO pp
A |

+ N, (i) S | — Z/ \g v G

HoN N=/ o N

CHO

CH,Ph

0 H O
O
[ 1) 2= wowon + T ) m 20T %
(i) H,C=CH, + (iv) O + 0]
o) H o
A il
% A A
@AY e 2 () D)
H H H
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Bullvalene

Sol 1. (i) The reaction presumably occurs via a retro Diels—Alder reaction of
the imino tautomer.

NC CN

CH,Ph CHzPh

retro D. A.

4 5 H,C=CH,
+
(i @ = Db —— T
7 4 [1,5] H shift retro D. A. <I>

(iv) Because of their low reactivity, Diels—Alder reaction of 2-pyrones
usually requires such a high temperature that the initially formed bicyclic
lactone adducts often undergo cycloreversion with loss of carbon dioxide.
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T

(v) Retro [4 + 2] cycloaddition can take place under thermal conditions
by a symmetry allowed suprafacial pathway. Whereas, retro [2 + 2] cyclo-
addition cannot occur by a concerted process because the antarafacial
geometry required for the thermal reaction is not possible for a four
T-electron system.

/1 H H H
B Oy
4>2
H retro [4 + 2] retro [2 + 2] U \\

(vi) The ring system of steroids is usually broken by a two-step process: a
Diels—Alder followed by a retro Diels—Alder to generate a 14-membered
ansa compound (benzene derivatives having para or meta positions bridged
by a chain [commonly 10—12 atoms long] are called ansa compounds [Latin
ansa, handle]).

Q0
CHO

— > Product

retro D. A.

(vii) On heating, cyclooctatetraene undergoes intermolecular Diels—Alder
reaction to give an adduct, which then undergoes intramolecular Diels—Alder
reaction followed by a six-electron shift and disrotatory electrocyclization to
give the dimer. The dimer has a cis-butadiene moiety, and hence it readily
undergoes thermally allowed Diels—Alder reaction with dimethyl acetylene
dicarboxylate (DMAD) to give the adduct, which then undergoes thermally
allowed retro Diels—Alder reaction to give the final products. Under photo-
chemical conditions, the dimer undergoes symmetry-allowed cycloreversion
of [6%s + o”s] type to give bullvalene and benzene.
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+ _bs L _s A
[4+2] [4+2] [o%s + o%s + n’s]
== C
+
retro [2 + 2]

[o%s + o%s]

Bullvalene

MeOOC———COOMe

Dimer

retro [4 + 2]
[6%s + o°s + 1°s]

Q 2. Write the structures of I and II in the following reaction sequence:

COOMe
G / A I
160 °C AlICl; (cat)

1 mm

(if) Furan + Dimethyl acetylenedicarboxylate 4. 1 4. Acetylene + Il

Sol 2.
COOMe

. A ﬂ 1 : /
(i) 4, 2@ o !} |—= =

retro D. A. AICI; (cat) M COOMe

I | meooc
[4+2 MeO Il (endo adduct)
90 o]
) > A COOMe ~ COOMe
(i — L
[4+2] retro D. A. =

MeO,C—=—CO,Me | COOMe y CooMe

4.4.7 Intramolecular Diels—Alder Reactions

The intramolecular Diels—Alder (IMDA) reactions have a number of ad-
vantages over intermolecular reactions. They offer one of the most important
synthetic routes for the stereoselective construction of polycyclic com-
pounds. The presence of the diene and the dienophile together with a tether
reduces the degree of freedom in the starting material. The length of the
chain connecting the diene and the dienophile has a pronounced effect on the
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rate of the reaction by considering the entropic advantages. Furthermore, the
nature of the connecting tether is also important in influencing the rate of
reaction.

There are two types of IMDA reactions: Type-1 and Type-Il. Type-1
reactions are those in which the diene is attached to the dienophile by a tether
from its terminus while in Type-II reactions, the tether is attached to an
internal diene position (Figure 4.18). In general, both Type-I and Type-II
IMDA reactions only occur if the tether contains three or more atoms. This
is due to the high level of strain involved in the transition states of reactions of
precursors with one or two atoms in the connecting chains.

B B
= =
Type-| Type-lI

FIGURE 4.18 Types of IMDA substrates.

In IMDA reactions, regioselectivity is higher than in the intermolecular
reactions because of the constraints imposed by the tether. Although the
possibility of two regioisomers does exist for Type-I IMDA reactions, the
majority of cases give the fused isomer exclusively, irrespective of substituent
effects, due to the higher degree of strain in the transition state leading to the
bridged product. Bridged products become more likely when the length of the
tether is 10 or more atoms (Figure 4.19).

tether must be

| A CD X > nine atoms
=

fused product
bridged product
(rarely observed)

FIGURE 4.19 Regioselectivity in Type-I IMDA reactions.

The nature of the transition state determines whether the newly formed ring
junction is cis-fused or trans-fused. The endo rule applicable to intermolecular
Diels—Alder reaction cannot be relied upon to predict the stereochemical
outcome of the IMDA reaction. The IMDA reaction of Z- and E-dienes can
give either cis- or trans-fused products depending on orientation of the diene
relative to the dienophile in the transition state (i.e., whether the addition is via
an exo or endo mode). In this case, the terms exo and endo refer to the spatial
position of the tether group. When the bulk of the tether group is oriented
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toward the developing cyclohexene ring, the situation is referred to as an endo
transition state. When the bulk of the tether group is facing away from the
forming cyclohexene ring, this is an exo transition state. The terms Z- and E-
diene are used to denote the stereochemistry of the double bond immediately
attached to the tether. An E-diene will give a trans-fused bicyclic adduct from
an exo-transition state and a cis-fused bicyclic adduct from an endo-transition
state (Figure 4.20).

— H

v HY T !

V- P

) H
exoT.S. trans-fused ring junction
— H

= W) _ CD

\ /l

\ H H H
endoT.S. cis-fused ring junction

FIGURE 4.20 Exo- and endo-transition states of an E-diene leading to the formation of trans-

and cis-fused bicyclic adducts.

On the other hand, a cis-fused bicyclic adduct is obtained from the exo-

transition state of a Z-diene, and a frans-fused bicyclic adduct is the product of
the endo-transition state (Figure 4.21). Z-dienes with three or four atom tethers
produce only cis-fused adducts as the endo-transition state leading to the trans-
fused product is highly strained.

endoT. S.

H H i
! i
L oH - = >
\ H
exoT.S. cis-fused ring junction
— <" H H
G P
\ i — =
1 1
\ ~"—H H H

trans-fused ring junction

FIGURE 4.21
trans-fused bicyclic adducts.

Exo- and endo-transition states of Z-diene leading to the formation of cis- and
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Type-II IMDA reactions can only form bridged products. Again, the pos-
sibility of two regioisomers exists, but tethers containing fewer than five atoms
produce meta-bridged cycloadducts exclusively (Figure 4.22).

=0 ©—Q ]

meta-bridged cycloadduct para-bridged cycloadduct

FIGURE 4.22 Regioselectivity in Type-II IMDA reactions.

Some examples of Type-I and Type-II IMDA reactions are given in
Scheme 4.21.

- CD
MeOOC.__~ W

H H
(_ZOOMe COOMe
72:28
H
X
| — :
= S - W
COOM W H .
e
COOMe COOMe
67:33

_ A
/ / —
| Type-Il IMDA reaction

meta-bridged cycloadduct

= (0) N — A
/\‘r\/\ /\COOMG j ‘

COOMe
(V \/[

N
302 S |
cheletropic

o) elimination of SO, o)

SCHEME 4.21 Examples of Type-I and Type-II IMDA reactions.
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4.4.7.1 Solved Problems

Q 1. The major product formed in the following reaction sequence is:

SePh
o) (i) HyO,
\ 502 (ii) Heat

O~ wCh w0 = Ch

Sol 1. (b) Selenites on oxidation Wlth hydrogen perox1de (or ozone or m- CPBA)
give selenoxides. The latter in the presence of a B-hydrogen undergoes an
intramolecular syn elimination to leave behind an alkene and selenenic acid.
The diene component is generated in situ by thermal sulfur dioxide extrusion
from sulfolene in a reverse reaction and is then trapped by the dienophile in a
Diels—Alder reaction.

H
SePh é\f% —Ph N
H,0, (0]
SO, SO so,
<J:;\H/W\V/ z “rnseon LS

_ Heat C _ Heat _
cheletroplc [4+2]

elimination of SO,

Q 2. Write the structures of I, II, IIL, etc. in the following reaction sequence:

P Ve N .
. | N A ozonolysis aq. KOH
Q) I 1 m v + v
EtOH

L C11H1602 C14H140
. CHCI Ph;P=CH—-COOEt
(i) [:::I/ & Naft n-— m—et gy

NaOH BFW\Me

(i) + MeO,C—=CO,Me —= | + II
Sol 2.

Q/\/\/\ /)4”)‘

(i) %» @/\/\/\ A
Q - Ll [4+2]

List Il
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CHO CHO
ozononS|s aq KOH
EtOH
Aldol cond.

CHO

Tho

. CHCI3 NaOH
(ii)
Riemer-Tiemann

reaction

—
S

HCOH
o}
|

Oy X Me Ph3P CH—-COOEt ©;/\f\/\/Me A
stablllzed ylide = COOEt [4+2]

is E-selective il

H / Me H,( ‘\Me
Y S H
& H =L COOEt :
H

/HH "COOEt

v

(iii) Intermolecular Diels—Alder reaction of the bicyclic bis-diene with
dimethyl acetylenedicarboxylate leads to the formation of a bimolecular
adduct, which can then undergo intramolecular cycloaddition to give the
bridged tetracyclic products in appreciable yield. This reaction is termed as a
“domino” Diels—Alder reaction.

CO,Me MeO,C

A I o TV

— —
[4 +2] CO,Me MeO,C
MeO,C CO,Me A ‘ [4+2]
CO,Me
7 7
I |
CO,Me CO,Me
II CO,Me

Q 3. Write the mechanism of the following reactions:

(i)
MeO
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—»
D \FK/\/\/ LeW|s acid

Sol 3. (i) A stereoselective total synthesis of estrone proceeds via thermal
4tt-conrotatory ring opening reaction of benzocyclobutane derivative to
generate reactive o-quinodimethane intermediate followed by an intramolecular
Diels—Alder reaction.

(i)
o)

eOWO
N /\H MeO
RNIE
2P§ Qz
() ! [3 3] shift M /Y\/k/
electrocyclic

rlng openlng
L2 >
2
p— -
o 3 3,3] 3,31 shift Type-Il IMDA
meta-bridged ~ reaction
cycloadduct

(iii) The tandem Diels—Alder reaction leads to a taxane nucleus found in
the natural compound paclitaxel (taxol), an antitumor agent.

Q 4. The optically active compound I given below was found to racemize on
heating in a microwave oven. Give a suitable explanation.
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Sol 4. Type-I IMDA reactions also exhibit facial selectivity. There are two exo

and two endo modes of addition, as the dienophile can approach the diene

from above or below. The two different approaches of the dienophile to diene

are illustrated below by the exo-transition state of a Z-diene. As discussed

above, the exo-transition state of a Z-diene produces a cis-fused ring junction.
H

\7—1 _
“H|| p— A
L -
H
| H
<, 5

An optically active compound such as I on heating undergoes retro
Diels—Alder reaction to give the compound II. In the compound II, the
dienophile can attack the diene on both the faces to give either I or III, which
are a pair of enantiomers. Thus, a racemic mixture is obtained.

N NH
HX
A
=

N
Me COOMe Me COOMe
I

4.4.8 Dehydro-Diels—Alder Reactions

In a typical Diels—Alder reaction involving buta-1,3-diene and ethene,
cyclohexene having 10 hydrogens is obtained. However, products with a fewer
number of hydrogens—S8, 6, and 4—can also be obtained depending upon the
nature of the diene and dienophile. These situations can be represented as a, b,
¢, and d in Scheme 4.22.

HDDA can also be an intramolecular process. As shown in Scheme 4.23, the
reactant has a conjugated diyne component and tethered alkynyl diynophile.



218 Pericyclic Reactions

a) Diels-Alder reaction: components required

H
[\H @+2 1 H
H

H
H H

Cyclohexene (10 H)

buta-1,3-diene and ethene

(b) didehydro-Diels-Alder (DHDA) reaction:
H H
B yeen
\__, H
H H

Cyclohexadiene (8 H)

buta-1,3-diene and ethyne

! H

H
f\m [4+2] 2| 151" H
|f—r ° H

but-1-en-3-yne and ethyne
3
7 H

Benzene (6 H)

(d) hexadehydro-Diels-Alder (HDDA) reaction:

F\' (4 +2] @[ ©: buta-1,3-diyne and ethyne

i
i
i
:
:
:
:
:
i
i
i
i
i
:
(c) tetradehydro-Diels-Alder (TDDA) reaction: '
|
:
:
i
|
i
i
i
i
i
|
i
i
i
i
i
0- Benzyne (4H)

SCHEME 4.22  General representation of Diels-Alder (a) and dehydro-Diels-Alder (b-d) reactions.

o) 0 o)
: - 5
\—¥(\:j HDDA JVZQTBS m
N )
—SiMe,
TBSO o | Bu-t
[TBS = tert-butyldimethyilsilyl]
0

SCHEME 4.23 An intramolecular HDDA reaction.
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Therefore, it readily undergoes intramolecular hexadehydro-Diels—Alder
(HDDA) reaction to give the benzyne intermediate, which is rapidly trapped by
the nucleophilic oxygen of the B-silyloxyethyl group. Further migration of the
silyl group from oxygen to carbon within zwitterion results in the formation of
the final product.

4.4.8.1 Solved Problems

Q 1. Give the product(s) and mechanism of the following reactions:

H P Ph
N\H/
. — - A . A
(i) < >—<_ : )+ Oéé—l\lko (i) 5 pr—
I \\
Me Ph

MeO I I

Sol 1. (i) Didehydro-Diels—Alder (DHDA) reaction of 1,2-di(cyclohex-1-en-1-yl)
ethyne and N-methylmaleimide gives a cyclic allene intermediate that further
undergoes second Diels—Alder reaction with another molecule of N-methyl-
maleimide to give the observed product.

U502
(¢} N (0]
Me

cyclic allene intermediate

(ii) The product is a mixture of two isomeric compounds obtained by the
intramolecular tetradehydro-Diels—Alder (TDDA) reaction in which two
phenyl acetylene components of the reactant behave as the diene or the
dienophile in alternate manner.

HS
N-C—
s .
T
¥/4 toluene
S
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H
N-C——=—Ph

O / A,
% toluene

(iii) In this case, the HDDA generated benzyne intermediate undergoes
intramolecular trapping by a second Diels—Alder reaction with p-methoxyphenyl
ring as the diene component. It is interesting that in the second cycloaddition,
the more electron-rich p-methoxyphenyl ring reacts in preference to the
phenyl ring.

(0]
——TMS

/N &E‘ 3 o
— HDDA O’O IMDA 0.0' Ph

/©)\ MeO J
MeO

4.4.9 [4 + 2] Cycloaddition Reactions with Allyl Cations
and Allyl Anions

Conjugated ions like allyl cations, allyl anions, and pentadienyl cation are also
capable of undergoing [4 + 2] cycloadditions (Scheme 4.24). These reactions
may take a concerted or a stepwise course, depending on the nature of the
reactants and the reaction conditions.

It should be noted that the reaction of a 1,3-diene partner with an allyl or
oxyallyl cation is sometimes also classified as [4 + 3] cycloaddition, where the
number identifies the number of atoms involved in the two chains. However,
electronically, the process is quite similar to the Diels—Alder reaction and can

g} A +
N A 2

< -
<‘—\H 4+2]
<: 3 Irrerm [4+2]

SCHEME 4.24 Examples of [4 + 2] cycloaddition reactions involving conjugated ions.
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be viewed as a [4w (4C) + 27 (3C)] cycloaddition in which the allyl or
oxyallyl cation participates as the reactive 27t-component.

4.4.9.1 Solved Problems
Q 1. Give the mechanism of the following reactions:

CF,COOAg
. A 3
o) - N S
Me A Me

o Me Me
(ii) Meﬁ)J\(Me + 1/0\3 _Zn/Cu O + O
Br Br '//Me Me

48% 5%

Ph ) Ph
(i) LDA, THF
i AR T
Ph)k + ‘ oh (II)H+ "

Ph

O
MeO OMe
. OMe sncl,
(iv) . o
OMe
o (3Me
Me;Si
(v) @/\/\%(OYO 2nCly
Me
Me Me CF, Mé

Sol 1. (i) Reaction of allyl halide and silver trifluoroacetate generates the
methylallyl cation, which then reacts with cyclohexadiene to give the seven-
membered ring cation. Like other tertiary cations, it loses a neighboring
proton to give the alkene, i.e., 3-methylbicyclo[3.2.2]nona-2,6-diene.

S

Me

l CF3CO0Ag

TN H
7)) Meﬁ’@me?@meg /
\_/+ ) Me

(ii) Allyl cations can undergo cycloaddition with the dienes. However,
oxyallyl cations are the most common reactive species because of their
greater stability as compared to simple allyl cations. A common method for
producing oxyallyl cation intermediates involves two-electron reduction of
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appropriate o,o’-dihaloketones with reducing agents such as zinc(0) and
iron(0). Halogenated metal enolates are formed initially and the oxyallyl
cations are then generated by a subsequent El elimination of the halide.

_ - _
o oM oM oM
MG\HJ\(MG M Me\/\rMe Me\AMe Me&Me
_ - + +
Br Br -Br Br -Br

Oxyallyl cation

Me \\Me Me

o (5o (¥
O Or O + (@]

Me Me Me

48% 5%

(iii) Treatment of a-methylstyrene with a base gives the corresponding
allyl anion. This anion then undergoes cycloaddition with stilbene, present
in situ, to give cyclopentyl anion, and then the cyclopentane after protonation.

Ph Ph

Ph
LDA +

_LbA_ Ph%:\l A Ph@’ _H Ph_O'

Ph THF N Ay 42

Ph Ph

(iv) Ionization of the acetal in the presence of tin (IV) chloride gives a highly
stabilized pentadienyl cation system, which then undergoes intramolecular
[4 + 2] cycloaddition with 1,2-dimethyl cyclopentene to give the adduct.

0}

SnCly <j<
0 gme —— o0 OMe
e [4+2] T~0OMe
OMe

+
OMe OMe

(e} O
%hom %hwe
OMe OMe

(v) Cleavage of the carboxylate bond with the help of Lewis acid generates
the methylallyl cation, which then undergoes intramolecular [4 + 2] cyclo-
addition reaction with cyclopentadiene to give the seven-membered ring
cation. This cation then loses a neighboring Me3Si* group to give the product.

Me;Si Me-Si _
3Si e3Si %an

= OYO ZnCl, = O /\9+
Me Me CF, Me Me CF,
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Me;Si

Pz Me ___ A
S '\'\//||e £ - — e
M [5] [4 + 2] e
e Me Me

SiMey SiMes

4.5 HIGHER CYCLOADDITIONS

The cycloaddition reactions that involve more than six m-electrons are
generally referred to as higher cycloadditions. These reactions provide a
convenient synthesis of medium-sized rings, which are otherwise difficult to
obtain by other methods.

4.5.1 [4 + 4] Cycloadditions

According to the Woodward—Hoffman rules, a [r*s 4+ 7*s] cycloaddition
reaction is symmetry allowed under photochemical conditions. For example,
due to the proximity of the two s-cis-1,3-dienes in the same molecule,
cis-9,10-dihydronaphthalene on photolysis undergoes an intramolecular
[4 + 4] cycloaddition (Scheme 4.25).

H
hv
T
~_ 7

H
SCHEME 4.25 Intramolecular [4 + 4] cycloaddition of cis-9,10-dihydronaphthalene.

Anthracene undergoes photochemical [7t*s + 7t*s] cycloaddition to yield the
corresponding dimer. Similarly, photo-[4 + 4]-dimerization of 4,6-dimethyl-
2H-pyran-2-one gives a mixture of frans and cis adducts. This mixture on
heating undergoes extrusion of carbon dioxide to give (1Z,3Z,57,77)-
1,3,5,7-tetramethylcycloocta-1,3,5,7-tetraene (Scheme 4.26).

"
[n*s + s ]

O
7
N hv O
| 4o, 4 O- "
[n*s + s ] /
O (6] o

SCHEME 4.26 Photodimerization of anthracene and 4,6-dimethyl-2H-pyran-2-one.
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4.5.2 [6 + 4] Cycloadditions

Under thermal conditions, the [6 + 4] cycloaddition takes place through a (s, s)
mode as illustrated in the case of cyclopentadiene and tropone (Scheme 4.27).

A
BN weers
- P = /
0@ o=t o= =

(e}

100% Exo

H +
A == 0
—X—> / /
[n*s + s | H,/7 N
o) N
0% Endo

SCHEME 4.27 [rt% + 7*s] Cycloaddition of cyclopentadiene and tropone.

In this reaction, formation of exo adduct predominates. This is in contrast to the
Diels—Alder reaction, which gives endo adduct as the major product. Moreover,
the [6 + 4] cycloaddition takes place in preference to a Diels—Alder [4 + 2]
cycloaddition (both are thermally allowed). Such a situation is known as
periselectivity and is explained by the fact that the coefficients of the frontier
molecular orbitals of the LUMO of the tropone are highest at atoms C-2 and
C-7. It has been found that the ends of conjugated systems have the largest
coefficients in the frontier orbitals, and in accordance with the orbital symmetry
rules, pericyclic reactions make use of the longest part of such systems. How-
ever, such reactions have to be permissible by the geometry of the molecule.

The frontier molecular orbitals involved in reaction of tropone illustrate
that a repulsive secondary orbital interaction destabilizes the endo transition
state leading to the complete selectivity for exo products. The frontier orbitals
have a repulsive interaction (wavy lines) between C-3 and C-4 on the tropone
and C-2 on the diene (and between C-5 and C-6 on the tropone and C-3 on the
diene) in the endo transition state (Figure 4.23).

¥, (HOMO) ‘2 (HOMO)

¥, (LUMO)

T. S. for exo product O T. S. for endo product

FIGURE 4.23 HOMO-—LUMO interactions for endo and exo approaches of cyclopentadiene and
tropone.
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Similarly, N-ethoxycarbonylazepine dimerizes on heating by a [7t% + 7t*s]
cycloaddition (Scheme 4.28).

COOEt
, T\ _ ,COOEt N

< Z N A N "/N
EtOOC-N ) —— T

S [8s + s | Vol

N EtOOC—NT{ = =7

_COOEt
N COOEt

7 ~
|
N

COOEt
SCHEME 4.28 [=% + 7*s] Dimerization of N-ethoxycarbonylazepine.

EtOOC—N

4.5.3 [8 + 2] Cycloadditions

Indolizine undergoes thermally allowed [w®s + 7%s] cycloaddition with
dimethyl acetylenedicarboxylate to give a cycloadduct, which readily undergoes
aromatization in the presence of a dehydrogenating catalyst (Scheme 4.29).

—A> B —
NA  [xBs +n2s) : H -2H
N
MeOOC  COOMe MeOOC ~ COOMe

MeOOC——=—=—COOMe
SCHEME 4.29 [r® + =%s] Cycloaddition of indolizine with dimethyl acetylenedicarboxylate.

In a similar fashion, heptafulvene, i.e., 7-methylenecyclohepta-1,3,5-triene,
adds to the acetylenic ester to give a dihydroazulene derivative (Scheme 4.30).

COOMe COOMe
N =
[n8s + n%s]

COOMe
COOMe

SCHEME 4.30 [r% + m%s] Cycloaddition of heptafulvene with dimethyl acetylenedicarboxylate.

5,7-Dimethylenecyclohepta-1,3-diene undergoes [8 + 2] cycloaddition
with dimethyl diazene-1,2-dicarboxylate to give the bridged bicyclic adduct
(Scheme 4.31).
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‘i:\\HCOOMe A w’COOMe T “y-CcooMe
NCOOMe  [r°s +n’s] N-coome | NN
\/4

lH

‘COOMe

SCHEME 4.31 [m® + m’s] Cycloaddition of 35,7-dimethylenecyclohepta-1,3-diene with
dimethyl diazene-1,2-dicarboxylate.

4.5.4 [14 + 2] Cycloadditions

[7‘5148 + ths] Cycloadditions involve an antiaromatic transition state, so it has
to be [Tc14a + ths] for the reaction to be a thermally allowed process. For
example, tetracyanoethylene (TCNE) adds to heptafulvalene in a [7'51421 + wzs]
cycloaddition. Heptafulvalene undergoes antarafacial attack, i.e., acts as '*a
component. This is possible because heptafulvalene is flexible enough not to
lose the conjugation through seven double bonds. As heptafulvalene uses
opposite lobe for overlapping with TCNE, the two hydrogen atoms in the
adduct are trans to each other (Scheme 4.32).

W
o

8_8 ¥, (HOMO)
¥, (LUMO)

FIGURE 4.24 Transition state for thermal cycloaddition of heptafulvalene to tetracyanoethylene.

Overlapping takes place between the HOMO of heptafulvalene (¥/; with m
symmetry) and LUMO of TCNE (¥, with C, symmetry). Models confirm that
heptafulvalene is not flat and hence opposite lobes at the two ends are close
together and can easily overlap with the m-lobes of TCNE (Figure 4.24).

NC CN [n

NC CN
SCHEME 4.32 Thermal cycloaddition of heptafulvalene to tetracyanoethylene.

As heptafulvalene is not flat, it is apparent that the conformational re-
quirements of the [7t'*a + 7%s] reaction allow it to compete successfully with
the various alternative [7'!:45 + Tczs] and [TC8S + ths] cycloaddition modes.
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4.5.5 Solved Problems

Q 1. Explain the mechanism of the following transformations:

O
(i)/Q\+® L>2¥+—({)\/F]i>
1 1]

Ph Ph
(ii) PhPh + MeOOC COOMe —2— Ph C COOMe
Ph Ph Ph COOMe

-
~\ A, Me
(i) Q}Me * Me0OC  COOMe r@

MeOOC  COOMe

Sol 1. (i) Irradiation of a mixture of 2,5-dimethylfuran and cyclopentadiene
gives a mixture of trans and cis [4 + 4] adducts. II is formed by the thermally
allowed [3,3] shift of cis [4 + 4] adduct that was not observed.

0\~ ;0 Aeo
ALY Y o AN | e | Cal3
[n%s + n%s | 7 7 Cope 1
1 3

—=0
2 = .
(0]
I
(ii) Hexaphenylpentalene undergoes [8 + 2] cycloaddition with dimethyl

acetylenedicarboxylate to give an unstable adduct, which ultimately gives an
azulene derivative.

Ph Ph
Ph
— Ph M
Fh Ph 8s + n2e] Tcs+rcs] C‘ COOMe c COOMe
Ph P Ph pp ~ COOMe
COOMe
MeOOC—=£—COOMe

(iii) The product of the reaction between 2-methylindolizine and dimethyl
maleate may be obtained by an initial [8 + 2] cycloaddition followed by [1,5]
hydrogen shift.
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A

P — Me

[1,5] H shift

N . 1 N .
—= MeOOC  CTOOMe MeOOC  CTOOMe
MeOOC  COOMe

4.6 CYCLOADDITION OF MULTIPLE COMPONENTS

If properly orientated in the molecular structure, cycloaddition of multiple
components can occur in a bi- or even unimolecular manner. In such situations,
reactions of the type [1®s + 7% + 70%s] are thermally allowed and those of

type [1t%s + 7% + %s + 7’s] are allowed under photochemical conditions
(Scheme 4.33).

C> <C NC._ _CN

O NC CON N N N)  Nc_SCN
+ —_—

le) NC CN [n3s + n2s + 7S]

[ns+ns+ns] V% (@]

Aj[é .

O
o

H
=
COOMe y
hv < g
ll N —
@ l [n%s + n%s + 7%s + n%s] |MeOOC—i===—COOMe @

COOMe MeOOC COOMe
SCHEME 4.33 Examples of reactions involving multiple cycloadditions.

4.6.1 Solved Problems

Q 1. Explain the mechanism of the following transformations:

COOPrg COOPrg
COOPrg
(i) @ + |l A,
COOPrg

COOPrg
Prg = propargyl
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A H R
(ii) /7 + R—==—R (excess) *» + I[
R = COOMe 1 ROHTOR

Sol 1. (i) [r*s + 7’s] Cycloaddition of cyclopentadiene and di(prop-2-yn-1-yl)
but-2-ynedioate at room temperature gives norbornadiene dicarboxylate (I),
which on further heating undergoes intramolecular [7t°s 4 7% + 7°s] cyclo-
addition in a concerted manner to give IL.

COOPrg X COOPrg
@ ’ ~‘~ [TE4S+TEZS] )l://

COOPrg / COOPrg

A COOPrg
O
[nzs + s + nzs]
(0]
A A
(ii) 2 .
/‘ [®s + n%s + ni?s] N retro D. A.
R>=—/7-R ===l R

£
O
>j

R
H ‘ grouptransfer ”\ I
R R R (transfer of two R H
R

cis-hydrogens)
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Cheletropic reactions are a special group of concerted cycloadditions or
cycloreversions in which two o-bonds are made or broken on the same atom of
the (“monocentric”) species. There is formal loss of one 7t-bond in the substrate
and an increase in coordination number of the relevant atom of the species.

Pericyclic Reactions. http://dx.doi.org/10.1016/B978-0-12-803640-2.00005-1
Copyright © 2016 Elsevier Inc. All rights reserved.
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5.1.1 [2 + 2] Cheletropic Reactions

An important example of cheletropic reactions is the reversible insertion of a
singlet carbene into a carbon—carbon double bond to give a cyclopropane
derivative. Only singlet carbenes will be considered here, as the pericyclic
selection rules cannot be applied to triplet states. Singlet carbenes add ther-
mally to alkenes in a concerted manner, therefore, the geometry of the alkene
is preserved in the product, i.e., the reaction is stereospecific. Hence, in the
present context, the reaction is described as suprafacial on the olefin. There-
fore, the reaction of E-but-2-ene and Z-but-2-ene with singlet carbene gives
trans- and cis-1,2-dimethylcyclopropane, respectively (Scheme 5.1).

fcH, fCH

H Me H: H
A } S A 2 & A
/—‘\ HIAIIMG /_\ HIIAHIH
Me H Me H Me Me Me Me

SCHEME 5.1 Reaction of singlet carbene with diastereomeric but-2-enes.

In singlet carbenes, the central carbon atom is in a state of sp” hybridi-
zation. Of the three sp>-hybrid orbitals, two are used in forming two single
bonds with the monovalent atoms or groups attached to carbon. The third sp”
hybrid orbital contains the unshared pair of electrons and acts as the highest
occupied molecular orbital (HOMO), while the unhybridized p-orbital is
empty and acts as the lowest unoccupied molecular orbital (LUMO)
(Figure 5.1).

spP-hybrid orbital (HOMO) .

X E( %,\\\R
empty p-orbital (LUMO) ---> R

Singlet carbene
(trigonal planar structure)

FIGURE 5.1 Structure of singlet carbene.

Applying FMO method, there are two possibilities in which the carbene
can approach the olefin: linear and nonlinear. In the linear approach, the plane
of bonds of two substituents on carbene is perpendicular to that of the C—C
bond of the olefin (Figure 5.2). However, this linear approach is ruled out as it
creates an antibonding interaction.
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/8— \ LUMO /%_ \ HOMO
"~ antibonding or T antibonding
HOMO LUMO
R R R R

FIGURE 5.2 HOMO-LUMO interactions in the linear approach of singlet carbene suprafacial
to the T-system.

However, in the nonlinear approach of carbene, the plane of bonds of two
substituents on carbene is parallel to that of the C—C bond of the 7t-system. As
shown in Figure 5.3, in this approach the HOMO—LUMO interactions are
oriented suprafacially to the (4n + 2) m-system and are bonding. As the
electrons reorganize themselves into new bonds, the plane of bonds of the two
substituents on carbene and that of the C—C bond of the olefins become at
right angles to each other. However, there is no way to prove that carbene

approaches linearly or nonlinearly.

/g—g\ LUMO
2 c%;‘R LUMO
R

FIGURE 5.3 HOMO-LUMO interactions in the nonlinear approach of singlet carbene
suprafacial to the Tt-system.

or

5.1.1.1 Solved Problems
Q 1. The major product formed in the following reaction is:

Me Me
>:< + :CH, (singlet) ——
H H
Me Me Me H Me CH,CH3
(@) \A’ (b) \A/ (c) 50:50 mixture of  (d)  Y—=(
H H H Me (a) and (b) H .

Sol 1. (a) For singlet carbenes, the alkene insertion reaction is stereospecific.
Therefore, the reaction of Z-but-2-ene with singlet carbene gives cis-
1,2-dimethylcyclopropane.
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Q 2. The intermediate involved in the reaction given below is:

(a) Free radical (b) Carbocation (c) Carbanion (d) Carbene

Sol 2. (d) Though carbenes formed thermally from diazoalkanes must initially
be singlet, photochemistry is one way to provide the more stable triplet
species. For triplet carbenes, the alkene insertion reaction is nonstereospecific.
Therefore, the reaction of Z-but-2-ene with triplet carbene gives a mixture of
cis/trans-1 2—dirnethylcyclopropane derivatives.

* H 050

triplet carbene cis (65%) trans (35%)

Alkenes react with a triplet carbene (i.e., diradical) in a stepwise fashion. A
concerted reaction is not possible for triplet carbenes because of the spins of the
electrons involved. After the carbene adds to the alkene in a radical reaction, the
diradical (triplet) intermediate must wait until one of the spins inverts so that
the second C—C bond can be formed with paired electrons. This intermediate
also lives long enough for C—C bond rotation and thus loss of stereochemistry.

/\\ﬂ/\l R . HO\\ .y‘ _ fast OC@

CH+

H" e
OO R H R H R R

spin flip,
spin flip, slow

slow

Q 3. In the following reaction I and II, respectively, are:

H H  benzophenone

(a) ':CH, and cis-1,2-dimethylcyclopropane
(b) *:CH, and cis-1,2-dimethylcyclopropane
(¢) ':CH, and a mixture of cis/trans-1,2-dimethylcyclopropane
(d) *:CH, and a mixture of cis/trans-1,2-dimethylcyclopropane
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Sol 3. (d) Diazo compounds liberate the free carbenes under photochemical
conditions that are in singlet states. This process can be directed toward the
formation of a triplet carbene using a triplet sensitizer like benzophenone. For
triplet carbenes, the alkene insertion reaction is nonstereospecific. Therefore,
the reaction of Z-but-2-ene with triplet carbene gives a mixture of cis/trans-
1,2-dimethylcyclopropane.

Q 4. In the following reaction, the reactive intermediate I and the product
IT are:
N

\/\/ﬁ/// i» | [ —— |
(a) Carbene and 7 (b) Radical and 22 >"X"F
H
H
NN i
(c) Carbene and =~ (d) Radical and
Sol 4. (a)
HC

s~ SNy = ) » i
- "Nz carbene (1) - e

H

Q 5. The major product in the following reaction is:

1,3-butadiene
100 °C

COOEt
(a)@\ (b) 7 COOEt  (c) \M‘A‘icooa (d) Et00C” >N
OEt

N,CHCOOEt

Sol 5. (c) Heating of ethyl diazoacetate furnishes a carbene, mostly in the
singlet state. The generated alkene undergoes a concerted cycloaddition to a
double bond to give a cyclopropane ring. This step is stereospecific with
respect to the geometry of the double bond. However, a mixture of cis and
trans forms is formed due to two different possible approaches of the carbene.

— - O

o)
NF >L0Et
~/\_.COOEt
NE&JkOE‘ o S 7 i
v 100cc .. J_ N . Ao
I % HE” “OEt _
-N, H
o) v
NS ;--27:C N_H
NZEJOEt N - %OEt — 7 R
= = o H COOEt




236 Pericyclic Reactions

It should be noted that the reaction is stopped after addition of carbene to
only one double bond. This is due to the fact that dienes are more nucleophilic
than alkenes because of the presence of high energy HOMO.

Q 6. In the following reaction, the reagent I and the major product II are:

COOEt

X 1 H,, 10% Pd/C
—_— R | |
MeO MeO MeOH

COOEt
(a) N,CHCOOEt, Cu(acac),
MeO

COOEt
(b) N,CHCOOEt, Cu(acac),
MeO

o)

Me-& COOEt
(c) NaH, Me/§>/COOEt m
Br MeO
o COOEt
(d) NaH, 'V'e\s _COOEt
Br MeO
Sol 6. (a)
o o COOEt
_ Cu(acac), .. M o
N:NJoa — HCJ\OEt °
-N; addition of carbene  \MeO

to double bond

H,, 10% Pd/C

MeOH
mcooa
eO
Q 7. The major product in the following reaction is:
N> Me [Rhy(OAc),]

/\/\
EtOOC/LKéﬁO + = OAc
EtOOC

10AC
EtOOC EtOOC
o P @ T

EtOOC
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Sol 7. (¢) The rhodium-carbenoid addition to less hindered double bond fur-
nishes a cyclopropane intermediate in which both the alkene groups are cis to
each other, which allows the subsequent Cope rearrangement of the divinyl
cyclopropane. The rearrangement proceeds through the boat-like transition
state and has the methyl and acetate groups trans to each other.

OAc

—

Me

boat-like T. S. m

1OAC
EtOOC Me

(0]

Q 8. The required reagent I and the major product II formed in the following
reaction sequence are:

q—— (g mere
_— —_—
Br

OH OH
Br
(a) CH,Br,/KO'Bu and (b) CH,Br,/KO'Bu and
Br
OH OH
Br
(c) CHBry/KO'Bu and (d) CHBrg/KO'Bu  and

Br

Sol 8. (¢) Dibromocarbene, generated from CHBr3 and base by E1cB mech-
anism, is added to the double bond to give a cyclopropane derivative that
undergoes subsequent ring expansion through the carbocation intermediate

when treated with AgNOs3.
Br
TN\ Br
t-Bu—0O HCCBr3 — Br]-C —_— C

BI’ -Br BI‘

20\

Br r
“g ‘|03
+:C %<:[>6 TAgBr <}BrH©/ Q/
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Q 9. The major product I in the following reaction sequence is:

o) (i) PTSA, CgHg, A
[\ (i) CHCI3, NaOH
B e
H (iii) H;0*

o) o} o) o
o} cl o} o
(a) oH (b) Cl () H (d)

Sol 9. (d) Aldehydes and ketones having a-protons react with secondary
amines to form enamines. The enamine formed in the first step undergoes
cyclopropanation reaction at the double bond with dichlorocarbene that is
generated by a-elimination of HCI from chloroform. This product undergoes
ring expansion to furnish 2—chlor0cyclohex-2—en-l—one @).

O cl

& %ﬁ %/ é o S
PTSA -H* - H,0 NaOH

enamine

<+>
N (@]
ij(c' o ij/m
E—
|

Q 10. In the following reaction, the intermediate and the major product I are:

CHCl3/aq. NaOH I
n-Buy;N*Br
Cl
Cl
(d):CCl, and
Sol 10. (d)

(¢]]
P Hdi - Cfi
N \CI Cl -H*
H

(c):CHCI and
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Q 11. Give the mechanism of the following reaction.

@ + N,CHCOOEt @COOEt

Sol 11. Carbenes substituted with electron-withdrawing carbonyl groups are
more powerful electrophiles than simple carbenes and will even add to the
double bonds of benzene. The product is not stable but immediately undergoes
electrocyclic ring opening.

O
A .
© + N,CHCOOEt — > @;:CJ\OB —»cooa—»@—cooa
- Na \
H

Electrocyclic
ring opening

5.1.2 [4 + 2] Cheletropic Reactions

The irreversible extrusion of nitrogen from the cyclic diazene and the easy loss
of carbon monoxide from norbornadienone are important examples of six-
electron cheletropic reactions (Scheme 5.2). The driving force for these re-
actions is often the entropic benefit of gaseous evolution (e.g., N, or CO).

(0]
4)
NayN,O3 + A = A
| NH———— || =N —2> » 7 S S
HCI - N, = -CO

SCHEME 5.2 Cheletropic extrusion of nitrogen and carbon monoxide.

The reversible insertion of SO, into butadiene presents another interesting
example of this type of reaction. It proceeds in such a manner that SO; lies in a
plane bisecting s-conformation of the diene component (Scheme 5.3).

)‘\
@:302 ‘% [)SOZ

SCHEME 5.3 Addition of SO, to buta-1,3-diene.

The HOMO—LUMO interactions in the linear approach of SO, molecule
suprafacial to the t-system are bonding (Figure 5.4). In the transition state, the
terminal carbon atoms of the diene have to move in the disrotatory manner so
that the LUMO of the diene can interact with the HOMO of the SO, or the
HOMO of the diene with the LUMO of the SO,. In case of SO, molecule, the
HOMO is that which has a lone pair of electrons in the plane having the atoms,
while the LUMO represents the p-orbital perpendicular to the plane.
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LUMO HOMO

HOMO

00

FIGURE 5.4 HOMO-LUMO interactions in the linear approach of SO, suprafacial to the
T-system.

In keeping with these arguments, under thermal conditions, (2E,4E)-hexa-
2,4-diene and (2Z,4F)-hexa-2,4-diene undergo highly stereospecific addition
of SO, to give cis- and trans-2,5-dimethyl-2,5-dihydrothiophene 1,1-dioxide
(cis- and trans-2,5-dimethylsulfolene), respectively (Scheme 5.4).

A, dis < A, dis \
SO, | S0, :SO, =——= || S0,
IS IS

Me\ Me

SCHEME 5.4  Stereochemistry of cheletropic addition of SO, to diastereomeric hexa-2,4-dienes.

Vee,

It may be noted that under photochemical conditions, the stereochemistry
of the products are exactly opposite to those obtained under thermal condi-
tions. Thus, cis- and trans-2,5-dimethyl-2,5-dihydrothiophene 1,1-dioxides
undergo highly stereospecific extrusion of SO, giving (2Z,4E)-hexa-
2,4-diene and (2E,4E)-hexa-2,4-diene, respectively (Scheme 5.5).

H R Me

hv Z "Me hv Z "H
CjOzW’\H (IESK‘OSOZT\H
Me

Me

SCHEME 5.5  Stereospecific extrusion of SO, from diastereomeric 2,7-dimethyl-2,7-dihydrothiophene
1,1-dioxides.

The reaction by nonlinear approach of SO, antarafacial to the 4n Tt-system
is also symmetry allowed and takes place in a conrotatory fashion (Figure 5.5).

However, from the structures of the products of cheletropic reaction of SO,
with a 4n w-system, it appears that the reagent approaches the m-system in a
linear fashion.
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LUMO HOMO

or

(, o C (%O
HOMO LUMO
. é %‘o o

FIGURE 5.5 HOMO-LUMO interactions in the nonlinear approach of SO, antarafacial to the
T-system.

5.1.3 [6 + 2] Cheletropic Reactions

With trienes, the extrusion process dominates and the ring opens in a con-
rotatory fashion. This indicates that in this reaction, one of the components is
acting in an antarafacial manner. For example, cis- and trans-2,7-dimethyl-
2,7-dihydrothiepine 1,1-dioxides undergo highly stereospecific extrusion of
SO, giving (2Z,4Z,6E)-octa-2,4,6-triene and (2E,4Z,6F)-octa-2.4,6-triene,
respectively (Scheme 5.6).

SO, + SO, SO, + SO,
XD con __ con /

SCHEME 5.6  Stereospecific extrusion of SO, from diastereomeric 2,7-dimethyl-2,7-dihydrothiepine
1,1-dioxides.

The formation of the above products can be explained by considering the
HOMO-LUMO interactions in the linear approach of SO, antarafacial to the
(4n + 2) m-system (Figure 5.6). As the HOMO—LUMO interactions are
bonding, the reaction is thermally allowed in a conrotatory fashion. By
the principle of microscopic reversibility, the same conclusion applies to the

extrusion of SO,.
A Jo)
con <o

FIGURE 5.6 HOMO-LUMO interactions in the linear approach of SO, antarafacial to the
(4n + 2) m-system.

HOMO

The selection rules for the thermal cheletropic reactions are given in
Table 5.1, where m is the number of electrons in the Tt-system and n is an
integer including zero.
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TABLE 5.1 Selection rules for thermal cheletropic reactions.

Allowed reaction

m Linear Nonlinear
4n dis con
4n +2 con dis

5.1.4 Solved Problems

Q 1. In the following reaction, the major product I is:

(a) (2E,AE)-Hexa-2,4-diene (b) (2Z,4E)-Hexa-2,4-diene
(c) (2Z,4Z)-Hexa-2,4-diene (d) (2E,4Z)-Hexa-2,4-diene

Sol 1. (a) On heating, cis-sulfone undergoes cheletropic elimination of SO, to
give stereospecifically the (2E,4E)-hexa-2,4-diene.

Q 2. Give the products of the following reactions:

H H =COOM
(i) E)so2 v = S (iy !/ S\x 5 e 2 1 (CaHa0)
HsC  CHy

/7 \
d o
Ph
Ph
A .
— 2 s Cco+l+l (i) O + Ph—C=C-Ph—2 > CO +1
O oh
Ph

Sol 2. (i) Butadiene sulfone or 3-sulfolene, a solid, is a convenient substitute
for gaseous buta-1,3-diene. Diels—Alder reaction between buta-1,3-diene and
dienophiles with low reactivity usually requires prolonged heating above
100 °C. This makes a procedure rather dangerous, if neat buta-1,3-diene is
used, and requires special equipment for work under elevated pressure.
Alternatively, buta-1,3-diene can be generated in situ by thermal sulfur dioxide
extrusion from sulfolene, in which case no buildup of buta-1,3-diene pressure
could be expected as the liberated diene is consumed in the cycloaddition, and,
therefore, the equilibrium of the reversible extrusion reaction acts as an in-
ternal “safety valve.”
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0 A =~ /TN & _
S L =
(,4 o cheletropic A A Y

elimination of SO, [4+2] $ |

cis-4,5-Dimethylcyclohex-1-ene

(ii) The strongly electronegative sulfone unit in thiophene 1,1-dioxide
destroys the aromaticity of the thiophene component; hence the compound
behaves as a diene in the cycloaddition reactions. Even though thiophene
1,1-dioxide is an electron-deficient diene, it is very reactive and cycloadditions
do take place between it and electron-deficient dienophiles. For example,
thiophene 1,1-dioxide forms an adduct when it is heated with methyl pro-
piolate. The adduct than undergoes cheletropic elimination of sulfur dioxide to
give IL.

o 0O
\\S// COOMe

T30
=~ o) A A
—— | /RY — 2 > + SO,
/ [4+2] cheletropic

COOMe| elimination of SO,
MeOOC 1 I (CgHgO,)

However, it should be noted that benzo[b]thiophene 1,1-dioxide acts as a
dienophile. In this case also, a reduction in aromaticity takes place, but here
the benzene resonance is maintained and the ring fusion blocks a double bond
of the thiophene unit. As a result, the compound behaves as an electron-
deficient dienophile forming an adduct with, for example, cyclopentadiene.

oY <3 LN
[4+2 st

b ‘\o )
cheletropic A retro D. A. © ~
Q elimination
of CO

(iv) Cyclopentadienones readily undergo Diels—Alder reaction because of
their s-cis conformation and their antiaromaticity. The intermediate
1,2,3,4,5,6-hexaphenylbicyclo[2.2.1]hepta-2,5-dien-7-one undergoes sponta-
neous cheletropic elimination of carbon monoxide to give hexaphenylbenzene:

Ph o) Ph
Ph
A Ph Ph A Ph Ph
o —— Ph —>h otroni
[4 + 2] 7 cheletropic
Ph Ph elimination of CO P Ph
Ph Ph™  ph Ph

/ Ph |

Ph
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(v) Due to geometrical constraints, the ring opening in the given bicyclic
sulfone cannot take place by the symmetry-allowed linear pathway in a con-
rotatory fashion. However, the reaction can take place via a symmetry-allowed
nonlinear pathway or by a stepwise mechanism. But the experimental evidence
suggests the latter mechanism for this reaction.

iy A
S = = —X— + SO,
H
SO, 50, con
H S H
unstable, not formed
o]
>300°C © + SO, + other products

5.2 1,3-DIPOLAR CYCLOADDITIONS

1,3-Dipolar cycloadditions are the reactions that involve atoms with formal
charges. Usually four-membered rings are constructed by [2 + 2] cycloaddi-
tion, six-membered rings by [4 + 2] cycloaddition, and the five-membered
rings by 1,3-dipolar cycloaddition reactions (1,3-DPCAs). In general, a
1,3-DPCA may be depicted as shown in Figure 5.7.

b o b
1,3-dipole a” ¢ aZ >c A a ¢
R \ /
) . <~ ( ) ) [n*s + 7%s] d—e
dipolarophile d=e d=e 1,3-dipolar cycloaddition

FIGURE 5.7 1,3-Dipolar cycloaddition reaction.

1,3-DPCAs are [7t*s 4+ 1?s] cycloaddition reactions are thermally allowed
according to symmetry rules. Because of structural variety of dipolarophiles
(for example, alkenes, alkynes, carbonyls, and nitriles) and dipoles having a
three-atom skeleton bearing at least one hetero atom, these reactions provide a
very common and versatile route for the synthesis of five-membered hetero-
cyclic compounds.

5.2.1 Dipolarophile and 1,3-Dipole

The 2m-component in a 1,3-DPCA is commonly referred to as the dipolar-
ophile. Substituted alkenes and alkynes are typical dipolarophiles, however,
other systems containing a 7-bond such as carbonyl (C=0), imine (C=N),
nitrile (C=N), and nitroso (N=0) functionalities also act as dipolarophiles.
The m-bond may be isolated, conjugated, or part of a cumulene system.

A three-atom Tt-electron system with four 7-electrons delocalized over
three atoms is referred to as 1,3-dipole. Typically, such a structure can be
represented by a resonance hybrid structure in which the positive charge is
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located on the central atom (b) and the negative charge is distributed over the
two terminal atoms (a and c). The other way to represent such structures is to
have the central atom (b) having two of the four electrons. The resonating
hybrid structures thus can be shown as in Figure 5.8.

T T
— b - <«—>» - _bx~ - * b - =—> - bt
a/ \C a/ \C a/ \C a/ \C

octet-structures sextet-structures

FIGURE 5.8 Octet and sextet structures of 1,3-dipole.

Although sextet structures do not contribute much to the resonance hybrid,
they are important to understanding the mechanism, reactivity, and regio-
chemistry of 1,3-DPCAs.

5.2.1.1 Classification of 1,3-Dipoles

The kind of dipoles that feature in the 1,3-DPCAs are isoelectronic with an
allyl or propargyl anion system. They have a Tt-electron system consisting of
two filled and one empty orbital, and both ends of the dipole have nucleophilic
as well as electrophilic properties. 1,3-Dipoles of the allyl anion type are bent
as the system has four electrons in three parallel p,-orbitals perpendicular to
the plane of the dipole. On the other hand, the presence of a double bond
orthogonal to the delocalized 7t-system in the propargyl/allenyl anion type
causes linearity to the dipole (Figure 5.9).

949 e

allyl type propargyl/allenyl type

FIGURE 5.9 Arrangement of orbitals in allyl- and propargyl-type dipoles.

The central atom, b, in allyl-type dipoles is commonly a group V element
(for example, N or P) or a group VI element (for example, O or S). In
propargyl/allenyl type, the central atom, b, is always a group V element as only
such an atom can bear a positive charge in the quartervalent state. The terminal
atoms (a and b) in 1,3-dipole are second-row elements (C, N, O). A wide
variety of 1,3-dipoles, allyl and propargyl/allenyl type, are shown in Table 5.2.
The dipoles having higher-row elements such as sulfur and phosphorus are
also possible but are much less widely used.
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TABLE 5.2 Types and core structures of some important 1,3-dipoles.

Allyl type
N-centered O-centered
B P N A
R e T L
Azomethine ylide Sauseag il
; : Lo e b
N o =~ Ny ScTNT Cc~ SN
? o i i
Azomethine imine (Celiz Ll
+ |+ 6 6
— - - -
' Nitrone ' Carbonyl oxide
|+ |+ ~N /6 S > N[ 6\ -
~ =N -« N Ny~ N= "N N~ >N
N— N N N . —
At Nitrosimine
!+ _ ’lr ~ 46\’ - \7/6§
\NéN\C_) ~— Ny N (o) N (0]
Azoxy compound Nitroso oxide
; ; g e b
— N 2 D ~— NI o— \O (@] (]
o~ o 0 ~0 Ozone
Nitro compound
Propargyl-allenyl type
Nitrilium betaines Diazonium betaines
P -+ + = -+
—c=N-c <~ —C=N=c_ N=N-C{ <~ N=N=c{
Nitrile ylide Diazoalkane
+ - -+ + - -+
—C=N-N" «<— —C=N=N" NEN-N <— N=N=N~
Nitrile imine Azide
_+ = -+ _+ = -+
—C=N-O =——> —C=N=0 N=N-O =—> N=N=0
Nitrile oxide Nitrous oxide

5.2.1.2 Nature of 1,3-Dipoles

Many 1,3-dipolar compounds show very high polarity. In allyl type of -
system, the negative charge is distributed over the terminal atoms, a and ¢, and
the central atom, b, carries positive charge. As expected, the polarity of the
system is considerably reduced in case the distribution of the negative charge
is more balanced. Assuming a propargyl type of structure, the calculated
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dipole moment value of diazomethane is about 6.2 D, which is about 5.5 D in
the opposite direction if we assume an allenic structure (Figure 5.10). The
observed value, pn=1.5 D, indicates that there is considerable charge
cancellation in the resonance hybrid.

JE—
N=N=CH,

N=N-CH; —=—— N=N==CH,
- - -~
n=6.2D (cal.) n=5.5D (cal.) p=15D (exp.)
Me Me l\’/Ie
It H._ - [lr H\ ’//N\\‘
H\?éN\O \?/ Qo ? O
Ph
Ph
Ph 4 .
n=3.55D (exp.)

FIGURE 5.10 Nature of 1,3-dipoles.

It is thus not possible to exactly locate electrophilic and nucleophilic centers
within the 1,3-dipolar species and it is safer to say that these compounds display
electrophilic or nucleophilic property at either a or ¢ terminal. Similarly, the
dipole moment of N-methyl-C-phenylnitrone (allyl type), p = 3.55 D, shows a
dominance of azomethine N-oxide structure and thus the terminal oxygen
carries major fraction of negative charge than the carbon atom.

5.2.2 Analysis and Mechanism of 1,3-Dipolar Cycloadditions

5.2.2.1 FMO Approach

1,3-Dipolar cycloadditions have been well explained using FMO approach
(Figure 5.11). In 1,3-dipoles, four 7-electrons are distributed over three atoms
and they can be considered as the structural variant of the diene component in

| — § 8w
w3 E w3 . LUMO
LUMO : LUMO -
e = F
’/_ \}‘2* :
_~"Tumo : HOMO
b2} H + E ‘I"28—o—8 +
HOMO * 8—8 w, HOMO
HOMO i
M8 =t g8
1,3-dipole dipolarophile 1,3-dipole dipolarophile
FIGURE 5.11 Molecular orbitals of 1,3-dipole and dipolarophile.
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the Diels—Alder reaction. Moreover, the HOMO and LUMO of a 1,3-dipole
are of similar symmetry to those of a diene with respect to the two-fold axis
and to the mirror plane that bisects the molecule. The HOMO of the

1,3-dipole is W, and the LUMO of the dipolarophile is ¥,". Both compo-
nents are antisymmetric with respect to mirror symmetry, and, therefore,

maximum overlap could be obtained for the reaction to take place in forward
direction. Similarly, when HOMO of the dipolarophile ¥, and LUMO of
1,3-dipole W3 are symmetric to the mirror plane or antisymmetric to two-
fold axis of symmetry, maximum overlap could be obtained for the reac-
tion to take place in forward direction.

Since 1,3-DPCA reactions involve 4m-electrons from the 1,3-dipole and
27-electrons from the dipolarophiles, it may be considered as symmetry-
allowed [m*s + 7*s] cycloaddition resembling Diels—Alder reaction. There
is HOMO—LUMO interaction in which either reactant can be the electrophilic
or nucleophilic component (Figure 5.12).

HOMO ‘*’28—8 LUMO ‘1’3*8—8—8
LUMO Y3 x : HoMO Y1 8—8

FIGURE 5.12 The specific set of reaction partners that defines the dominant frontier orbitals.

5.2.2.2 PMO Approach

1,3-DPCAs are [mt'*s + 10%s] cycloaddition reactions. The transition state in
such reactions has six electrons with zero node and is, therefore, aromatic.
Hence, the reactions are thermally allowed (Figure 5.13).

T. S. for 1,3-DPCA, Hiickel system,
0 node, 6 electrons, aromatic, A allowed

FIGURE 5.13  Analysis of 1,3-DPCA by PMO method.
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5.2.3 Regioselectivity and Types of 1,3-Dipolar Cycloadditions

As the transition states of 1,3-DPCAs are controlled by the coefficients of the
frontier molecular orbitals, the observed regioselectivity of these reactions can
be explained by FMO theory. These reactions have been broadly classified into
three types: Type I, Type II, and Type III (Figure 5.14).

1,3-dipole dipolarophile 1,3-dipole  dipolarophile 1,3-dipole dipolarophile

_‘\ 4
LUMO", /Lumo

LUMO>< LUMO
%" LUMO i | LUMO ™
4 JETVA N B T
HOMO  \—H— 5 HOMO HOMO ; —+~  Homo
HOMO | ,  HOmO

Type-I Type-llI
HOMO controlled LUMO controlled

Type-II
HOMO-LUMO controlled

FIGURE 5.14 Types of 1,3-DPCA.

Type I: There is an overlapping of the high-lying HOMO of the dipole
with the LUMO of the dipolarophiles. Such a situation is often referred to
as a HOMO-controlled dipole or a nucleophilic dipole and includes many
commonly used dipoles such as azomethine ylide, carbonyl ylide, nitrile
ylide, azomethine imine, carbonyl imine, and diazoalkane. There is a close
similarity of these reactions with a normal electron-demand Diels—Alder
reaction, which involves the overlapping of the diene HOMO and LUMO of
the dienophile.

Type II: Because of the similar energy gap in either direction, HOMO
of the dipole can interact with LUMO of the dipolarophiles or HOMO of
the dipolarophile can interact with LUMO of the dipole. The situation is
referred to as a HOMO—LUMO-controlled dipole or an ambiphilic dipole
and includes nitrile imine, nitrone, carbonyl oxide, nitrile oxide, and
azide.

Type III: There is an overlapping of the low-lying LUMO of the dipole
with the HOMO of the dipolarophiles. Such a situation is often referred to as a
LUMO-controlled dipole or an electrophilic dipole and includes nitrous oxide
and ozone. There is a close similarity of these reactions with an inverse
electron-demand Diels—Alder reaction, which involves the overlapping of the
diene LUMO and HOMO of the dienophile.

In 1,3-DPCAs, two regioisomeric products are possible when dipole—
dipolarophile pairs are asymmetric. The combination of the largest HOMO
and the largest LUMO orbital represents the dominant electronic interaction,
therefore, regioselectivity is directed by the atoms that bear the largest orbital
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HOMO and LUMO coefficients. The effects of the electron-donating or
electron-withdrawing groups on the shapes of the frontier orbitals of dipo-
larophiles are depicted in Figure 5.15.

LUMO

HOMO

£ &

8—8\0 8_8\ D
W = electron C = conjugated D = electron
withdrawing donating

W

FIGURE 5.15 Effects of the nature of substituents on the shapes of the frontier orbitals of
dipolarophiles.

5.2.4 Reactivity of 1,3-Dipoles in Cycloadditions

As the 1,3-DPCA reactions are controlled by the HOMO and the LUMO of
the two reactants, the reactivity of 1,3-dipoles greatly varies toward various
dipolarophiles. The smaller energy difference between the HOMO and LUMO
leads to the stronger interaction and thus makes the reactions fast. The
presence of an electron-withdrawing group on either the dipole or dipolar-
ophile lowers the energy level of both the HOMO and LUMO, whereas an
electron-donating substituent raises the energy of both. On the other hand, the
conjugating substituent increases the energy of the HOMO but decreases the
energy of the LUMO. Therefore, the presence of substituents can lead to an
increase or decrease of the reaction rate depending on whether the FMO
energy gap increases or decreases, respectively.

1,3-DPCA reactions will be favored when one component is highly elec-
trophilic while another is strongly nucleophilic in nature. The reactivity of
1,3-dipoles toward electron-rich and electron-poor dipolarophiles varies
significantly as follows:

Type I (nucleophilic dipole): In this case, dipole reacts readily with
electrophilic alkene in which a high-lying HOMO of the dipole overlaps
with the LUMO of the dipolarophile. In such reactions, the electron-
withdrawing groups (EWG) on the dipolarophile accelerate the rate of re-
action by lowering the LUMO, whereas the electron-donating groups (EDG)
decelerate the reaction by increasing the energy of the HOMO. As an
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example, the order of reactivity of diazomethane toward various dipolar-
ophiles is as under:

— > — \ > T > — \ > — \
COOEt Ph OBu NR,

Type II (ambiphilic dipole): In such cases, the HOMO of the dipole can
interact with the LUMO of the dipolarophiles or the HOMO of the dipolar-
ophile can interact with the LUMO of the dipole. Therefore, any substituent on
the either dipolarophile or dipole would accelerate the reaction by decreasing
the energy gap between the two interacting frontier orbitals, i.e., an electron
withdrawing group would decrease the energy of the LUMO while an EDG
would increase the energy of the HOMO. For example, azides react with
various electron-rich or electron-poor dipolarophiles with about a similar
reactivity rate.

Type III (electrophilic dipole): In such cases, the dipole has a low-lying
LUMO that overlaps with the HOMO of the dipolarophile. Therefore, the
presence of EWGs on the dipolarophile is responsible for decrease in the rate
of reaction, while EDGs accelerate the reaction. For example, ozone reacts
with 2-methylpropene (electron rich) much faster than the tetrachloroethene
(electron poor).

5.2.5 Stereochemistry of 1,3-Dipolar Cycloadditions

Stereospecificity: 1,3-Dipolar cycloadditions usually take place stereospecif-
ically and suprafacially resulting in retention of configuration with respect to
the 1,3-dipole as well the dipolarophiles. This high degree of stereospecificity
is strong evidence that supports the concerted over the stepwise mechanisms.
In 1,3-DPCA reactions, cis-substituents on the dipolarophilic alkene remain
cis, and trans-substituents remain frans in the resulting five-membered cyclic
compound (Figure 5.16).

-+
a—b=c a=b—c b—c
_ I
HK /‘H H.,\ (H = ﬁ/\R
R” "R R R R
cis cis
-+
a—b=c a=b—c —c
__ /1
S el (e = 45,
G R H R
trans trans

FIGURE 5.16 Stereospecific addition of 1,3-dipoles to cis- and trans-alkenes.
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5.2.6 Cycloaddition with Diazoalkanes

Diazoalkanes can be prepared by the basic hydrolysis of N-alkyl-N-nitroso
compounds (Scheme 5.7). The key step is a base-catalyzed elimination.

Em 6—\' R OH
o o/ o -
HO RLMNGY NN hpp — NEN *»RHC:I\T'—N\
(‘;HzR RH,C HO H-LCHR CoH

+ o
RHC=N=N:
SCHEME 5.7 The base-catalyzed formation of diazoalkanes.

Some of the reactions used for the preparation of diazomethane are given in
Scheme 5.8.

/\O)J\N/N\\o _KOH | CH,N, + CO, + C,H5OH

J\ N KOH

H,NT N7 S0 ————— CH,N, + 2H,0 + KNCO

N-Methyl-N-nitrosourea

o)
\©\’/ N KOH 9 <:>

Il

AN No CH,N, + H,O + KO-S

O I

| e}
N-Methyl-N-nitroso-p-toluenesulfonamide

SCHEME 5.8 A few methods used for the preparation of diazomethane.

1,3-Dipolar cycloaddition of diazoalkanes with alkenes and alkynes gives
pyrazolines and pyrazoles, respectively (Scheme 5.9).

e

oo + .o
RHC—N=N

H
N
R\@N tautomerization R\<_\/N
. _ - /;

H,C=CH, 1-Pyrazoline 2-Pyrazoline

ﬁ

oo + .o
RHC—N=N

N
R\(_N;N tautomerization R\(/—\/NH
- = ) ——— o
HC=CH 1H-Pyrazole 3H-Pyrazole
SCHEME 5.9 Cycloaddition of diazoalkanes to ethene and ethyne.
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The cycloaddition of diazoalkanes to alkenes can lead to the formation of
two regioisomeric cycloadducts (Scheme 5.10).

R . RON, RO N,
R S U &
R R . .

R R

3-Pyrazoline 4-Pyrazoline

SCHEME 5.10 Regioselective addition of diazoalkanes.

The reaction of simple diazoalkanes with electron-deficient and conjugated
alkenes is dipole-HOMO controlled, with the carbon atom of the diazoalkane
attacking the terminal carbon of the alkene, resulting in an exclusive formation
of the 3-substituted pyrazolines (Figure 5.17).

:N:B R
N
S y
LUMO wrc
w/c

FIGURE 5.17 HOMO-LUMO interaction in cycloaddition of diazoalkanes with electron-
deficient and conjugated alkenes.

The HOMOy;pole=LUMOuipolarophile and LUMOgipole "HOMOgipolarophile
interactions are comparable for electron-rich alkenes. As the coefficients
of the LUMOyjpole are comparable, the regioselectivity is controlled by
the HOMOyjpole leading to the formation of 4-substituted pyrazolines
(Figure 5.18).

0.78 0.61 0.51 0.74 0.50
R/ R
HOMO  “B—N— R\ CE—N—
R N R
o E QSH dipole-LUMO: coefficients
LUMO D%_g D are almost equal

FIGURE 5.18 HOMO-—LUMO interaction in cycloaddition of diazoalkanes with electron-rich
alkenes.
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5.2.6.1 Solved Problems

Q 1. Explain the regioselectivity of the following reactions.

= D = D = D

o + .. . + . .o
Hf—lj\l Hz((j—N:N H,C—N=N
= = =
COOMe Ph Ph COOMe
Methyl acrylate Styrene Methyl cinnamate

| | |

COOMe Ph PH COOMe

Sol 1. The regioselective formation of the product is governed by the atoms
that bear the largest orbital HOMO and LUMO coefficients, which are
developed by the electronic/stereoelectronic and steric factors. The carbon of
diazomethane bears the largest HOMO orbital coefficient whereas the terminal
carbon of methyl acrylate or styrene bears the largest LUMO orbital coeffi-
cient. Hence, the cycloaddition of diazomethane to methyl acrylate or styrene
gives the C-3 substituted product regioselectively. On the other hand, the two
substituents (Ph vs COOMe) compete at withdrawing electrons from the
alkene in case of methyl cinnamate. As the carboxyl group makes the -carbon
more electrophilic, cycloaddition of diazomethane to methyl cinnamate yields
the product bearing the carboxyl group at position-3 selectively.

Q 2. Explain the percentage yields of products obtained when diazomethane is
treated with substituted methyl acrylates.

o + .o
Y N=N
N
N N,

+ - 3 + N
4
R Expected Unexpected
Product Product
H 100 0
Me 91 9
Et 80 20
i-Pr 47 53
t-Bu 0 100

Sol 2. The above results can be explained on the basis of steric effects that can
either accelerate or compete with the electronic effects. On the basis of
electronic effects, diazomethane adds to methyl acrylate to give 3-carboxyl
pyrazoline.
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N,
K / — 1
3
H COOMe
COOMe
As steric hindrance increases in the system, formation of the opposite
regioisomer (4-carboxyl pyrazoline) also begins. The ratio of these two
regioisomers depends on the steric factors. At the extreme, increasing the size
from hydrogen to fert-butyl completely outweighs the electronic preference,
giving the opposite regioisomer exclusively.

steric
hindrance 2
,

100 % not formed

Q 3. Explain the formation of the product in the following reactions.

H
CH,N, N,
Etooc” > “COOEt —— 2~ ﬂ
. Et,O
trans-Diethyl glutaconate COOEt

23°C,15h  EtOOC

Sol 3. This reaction is regioselective because the diazo terminal carbon atom
bonds exclusively to the B-carbon of the ester. The retention of configuration
in the product with respect to both the 1,3-dipole and the dipolarophiles is a
characteristic feature of 1,3-dipolar cycloadditions. Thus, stereochemistry of
the substituents on the resulting five-membered cyclic ring entirely depends
upon stereochemistry of the substituents on the dipolarophiles. Such a ste-
reospecificity provides strong support for a concerted mechanism.

H
H C 0 N N, N\N
2 Et,O N tautomerization /
K\ COOEt g )
\\\\\ 23°C,15h EtOOC ‘COOEt EtOOC COOEt
Et00C. ==\,

trans-Diethyl glutaconate

Q 4. Explain the following order of reactivity of diazomethane with various
dipolarophiles.

= D
H,C—N=N N
™
|J
/ X
%
X NR, OBu Ph COOEt

Relative rates: no reaction 1 2000 4000 107
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Sol 4. In case of an azomethine ylide, the dipole has a high-lying HOMO that
overlaps with LUMO of the dipolarophile (smaller HOMO—LUMO energy
gap). A dipole of this class is referred to as a HOMO-controlled dipole or a
nucleophilic dipole, which attacks electrophilic alkenes readily. Electron-
withdrawing groups (EWG) on the dipolarophile would accelerate the reac-
tion by lowering the LUMO, while electron-donating groups (EDG) would
retard the reaction by raising the HOMO.

Q 5. How do you explain that the introduction of electron-withdrawing groups
on the diazoalkane leads to an increase in the rate of reaction with electron-
rich alkenes whereas the introduction of electron-donating groups on the
diazoalkane leads to an increase in the rate of reaction with electron-deficient
alkenes?

Sol 5. These observations can be explained on the basis of FMO interactions.

Energy
“\

O \\\‘\
oI

\/
C I

i
(@)

W = electron-withdrawing and D = electron-donating

The presence of electron-withdrawing groups on the diazoalkane, such as
the keto group in the diazoketones, lowers the HOMO and LUMO energies
leading to an increase in the rate of reaction with electron-rich alkenes. On the
other hand, the presence of electron-donating groups on the diazoalkane raises
both the HOMO and LUMO energies, as a result of which the rate of cyclo-
additions with electron-deficient alkenes is increased due to decrease in energy
separation between the frontier orbitals.

5.2.7 Cycloaddition with Carbonyl Ylides

Carbonyl ylides can be generated by the interaction of a carbene with the
oxygen atom of a carbonyl group. This can be readily accomplished by the
thermal or photochemical decomposition of diazomethane or transition metal
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catalyzed decomposition of an a-diazo ketone in the presence of a carbonyl
group (Scheme 5.11).

o .o H - s
i M [ b e

Carbene Ketone Carbonyl ylide

SCHEME 5.11  Generation of carbonyl ylides by decomposition of diazomethane in the presence
of a carbonyl group.

If the reacting carbonyl and the carbene moiety are present in the same
molecule, it will result in the formation of a cyclic carbonyl ylide (Scheme 5.12).

R R R
o X0 Rhy(OAc), \OD 5 X0
+ - - _ + —_— ‘
—N=N N:N Pz
O O

o
Carbonyl ylide

SCHEME 5.12 Intramolecular generation of carbonyl ylides.

Carbonyl ylides can also be prepared by electrocyclic epoxide openings.
Under thermal and photochemical conditions, ring opening of an epoxide takes
place through con- and disrotatory modes, respectively (Scheme 5.13).

+ O +
—O_R hv /\ A Rvoi

- dis R R con

SCHEME 5.13 Thermal and photochemical ring opening of an epoxide.

Carbonyl ylides undergo 1,3-dipolar cycloaddition with alkenes and al-
kynes to yield tetrahydrofuran and 2,5-dihydrofuran derivatives, respectively
(Scheme 5.14).

+ +
R.__O R R.__O R
~ R o R TR R o R
R) R —— g Yo R [ R —— )R
HC—=CH, Tetrahydrofuran HC=CH 2,5-Dihydrofuran
SCHEME 5.14 1,3-Dipolar cycloaddition of carbonyl ylides with ethene and ethyne.
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1,3-Dipolar cycloaddition of carbonyl ylides to carbonyl compounds gives
dioxalanes. For example, the irradiation of diazomethane in acetone results in
the formation of 2,2,4,4-tetramethyl-1,3-dioxolane as the major product
(Scheme 5.15). Irradiation of diazomethane generates a singlet carbene, which
attacks the carbonyl oxygen of acetone to give a carbonyl ylide intermediate.
The ylide then undergoes a 1,3-dipolar cycloaddition across the carbonyl
group of another molecule of acetone to give the heterocycle.

N
Ho- O o
o .. h A H O Y %
HZCCKEN&» /J,\ Y A %o
[n*s + n%s]
0

=N, o - H
>: 2,2,4,4-Tetramethyl-
1,3-dioxolane
SCHEME 5.15 Generation of carbonyl ylide and its addition to acetone.

However, irradiation of diazomethane in acetone in the presence of acry-
lonitrile gave a 2:1 mixture of two regioisomeric tetrahydrofuran derivatives
(Scheme 5.16). In this case, the ylide is intercepted by the more reactive
dipolarophile present in the reaction mixture.

largest HOMO coef.

: +
.. HY G2 o o
S+ hVOI’AH'/\:O Y A
H,CoNEN—> )Y + N - +
& “No [n%s + n2s] oN
A CN major

largest LUMO coef.

SCHEME 5.16 Generation of carbonyl ylide and its regioselective addition to acrylonitrile.

The cycloaddition of carbonyl ylides with electron-deficient and conjugated
alkenes are dipole-HOMO controlled. The carbon atom of the ylide HOMO,
which has the largest atomic orbital coefficient, attacks the terminal carbon of
the alkene, which has the largest LUMO coefficient. The fact that the reaction
of the unsymmetrical dipolarophile gives a 2:1 mixture of two regioisomers
indicates that in the HOMO of the carbonyl ylide, the electron density at the
unsubstituted carbon is greater than that at the substituted carbon atom.

5.2.7.1 Solved Problems

Q 1. Explain the mechanism of the following reactions:

Cl_ o. Me
. Cl N acetone, A Ph Me
i —_——
i
O~ >\ 0 O0~>™\" 0

|
Me I\I/Ie
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CgH4NO,
o o
. N, Cu(acac), >, CeH4NO,
(ii) N.O T = 1. coome
Me” \f PhH, 80 °C Me” PH COOMe

Ph

(0] O
Rhy(OAc),
(iii) = SN, —
(e}

OSiMey MeOOGC OSiMey
(iv) N A
ll\ll 0 DMAD |0
benzene ~MeOOC

o O/\ @)

o
) o] \% (i) Rh(OAc), O
SN, (i) Hz0*

OH
O A OB

)

Compound II is protected as its methyl ether III and then transformed to
IV. Provide a mechanism for the conversion of I to IV.

/0 '
Me

(e} Me
o | g T
e
o OMe y
1] v 5 OMe
(0] OAc
OH . (0]
(i) | | (i) CH3CN, heat le)
0 (ii) acetylation
N J— Me/N
o Ph, o Ph
Ph, CN g S
v S+ Meooc S COME B ne CN

MeooC  COOMe

o)
MeOOC——= ‘g
o) \V4 COOMe

Me
MeQO e)
Ve \p— ‘g OMe
\/
Me
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COOMe Ph
('x)¢ COOM @(Ph @ O@
e
COOMe COOMe )
+
C|Yo Cl, o Me
cl Y Ph Me
. Cl N /\O A
Sol 1. (i) oh >¢H _N >: Y PN — H
2 PH — [n"s + 78] o
3-Chloro-3-phenyl |
-3H-diazirine © N o Me
Me
CgH4NO, CgH4NO, o CeH4NO, o CgH4NO,

(0] _
(ii) YKNZ Cu(acac), V ik + .
—> —_— -~ N > gfC.
Me NYO PhH, 80°C  Me” \( Me Me
Ph Ph
carbene carbonyl ylide

(iv) Oxadiazolines on heating undergo retro-cycloaddition to give the
carbonyl ylide, which can be trapped with DMAD.

_SiMej _SiMe; + _SiMe;
§<SiMe3 o o %
NDN%o ? )+\O ._.)% <_,)J\O
L aien | T

_SiMe3 )
COOMe o MeOOC SiMe,

|lr/\ [n%s + S] °

CooMa MeOOC
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O/\O O/\O O/\O
\ Rh,(OAc), \ Ve A
PSR -5 TIoCH
NN g - [n*s + n®s]
2
(e} [e) O
(,\
30+
O
oHC
@ ‘\/ A
v
O retro D. A. O [n*s + n?s]
a hetero Diels-
O Alder reaction

(vi) 5-Hydroxy-4-pyrone can also behave as cyclic carbonyl ylide, which is
then trapped intramolecularly by the dipolarophile.

(0]
[ns+ns] 3

O
8 acetylation

Me~
Ph
COOM
win 5] _a + __ Ph_O_Ph Me0OC """
X con CN 17\] l/N A [ns + ni%s) l
CN CN
Ph
electrocyclic Cat
epoxide opening Ph. o. Ph thyo ~Ph
NC={  J~CN NC - 5 CN
Hr )—'COOMe H,\_’ | .COOMe
MeooC Meooc”  “H
O,
Oy Rhy(OAc), ‘\ Oy o \
(viii) N o J— O+ <~ .
_0 Y /
Me Me Me ' Me
carbene carbonyl ylide

FMO can explain selectivity: HOMOgipole— LUMOgipolarophite for €lectron-poor
dipolarophiles; LUMOgipole = HOMOyipolarophile for electron-rich dipolarophiles.
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largest largest
HOMO coef. LUMO coef.

v v o) o
o 7/—\” A m a

g\/] [n%s + n%s] </ V COOMe
V\\\:(\ LV \jo  COOMe I

Me

OMe

O - O

(i\*( A m OMe © ﬂ OMe

*/V| l [n*s + n°s] ' v

f Me Me

‘Me

largest largest
LUMO coef. HOMO coef.

(ix) The acetoxypyranone on exposure to either heat or a tertiary base, such
as triethylamine, generates 3-oxidopyrylium, which behaves as the carbonyl
ylide. The ylide is then trapped with DMAD to furnish the corresponding

cycloadduct.
0 o o o) o
| H EtN | X | X Y &
O orA [OF _O+ _O+ O+

OAc OAc 3-Oxidopyrylium

0 (@]

- A
| Jox O} [ns + n%s] COOMe
L COOMe

MeOOC COOMe

(x) 2,3-Diphenylindenone oxide, upon thermolysis or photolysis, produces
the benzopyrylium oxide. The benzopyrylium oxide behaves as a carbonyl
ylide and undergoes cycloadditions with alkenes such as norbornadiene to
produce the cycloadducts.

2 Ph

i L [
__Ph >
Ph Aorhv
o _O+ A ’)
N :
Ph Ph Ph

5.2.8 Cycloaddition with Azomethine Ylides

Azomethine ylides are an important class of 1,3-dipoles that are prepared
in situ because of their unstable nature. Products are obtained by the
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subsequent addition of an appropriate dipolarophile. Two common methods
for the preparation of azomethine ylides are as follows:

(i) Thermolysis or photolysis of suitably substituted aziridines:
Thermolysis or photolysis of suitably substituted aziridines is a very
convenient method for the generation of azomethine ylides. Thermal ring
opening of aziridines involves a conrotatory pathway like that of a cyclo-
propyl anion with which it is isoelectronic. As predicted by the orbital
symmetry rules, the ring opening of aziridines follows disrotatory mode
under the photochemical conditions. The stereochemical consequences of
these two modes of ring opening result in the formation of frans-azomethine
ylide on thermolysis of cis-dicarboxylic ester and of cis-azomethine ylide on
photolysis (Scheme 5.17). The trans-dicarboxylic acid ester behaves in the
expected manner.

COOMe
COOMge| COOMe
Ar—N<— Ar—N<—
COOMe

A
con

Ar— —R / N H rotation about

— = == |R__N 7
\>\H R H ;( single bond \\/ = \>\H H
H

trans Azomethine ylide R = COOMe cis- Azomethlne ylide
SCHEME 5.17 Thermal and photochemical ring opening of aziridines.

(ii) The fluorine-mediated desilylation of cyanoaminosilanes: Treatment
of a-cyanoaminosilanes with silver fluoride results in the desilylation to give
the intermediate anion that subsequently loses a cyanide ion to yield the
azomethine ylide (Scheme 5.18).

A AgF LY~
PSS ¢} NC/\(RI/

NC™ N "SiMe; \
R R

E——

-Z+

SCHEME 5.18 Generation of azomethine ylide from o-cyanoaminosilanes.

Pyrrolidines and pyrrolines are often obtained by the 1,3-dipolar cyclo-
addition of azomethine ylides to alkenes and alkynes (Scheme 5.19).
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R R R’

R |+ A l
. N " ' m
i CHR" :/g \QR )CHR \S_IR
> < Pyrrolidine Pyrroline

SCHEME 5.19 1,3-Dipolar cycloaddition of azomethine ylides to alkenes and alkynes.

5.2.8.1 Solved Problems
Q 1. Explain the mechanism of the following reaction:

0 COOH A

+ Nr HNTMS,

= c H™ “Bn
1]
© o@

Sol 1. Decarboxylation of imminium ion derived from secondary a-amino acid
yields azomethine ylide, which then undergoes intramolecular [3 + 2] cyclo-
addition reaction with an alkene. The diastereoselectivity is controlled by the
formation of a less-strained cis-fused ring system.

S COOH
o 0 HNTM82
Ho N
= Hoy Mg

&
o]
vl
o]
Ar % Ar (I:HZ A 4 CH2
+ + e
MN‘Bn -CO, /\/\)\(N Bn [rn%s + n%s] W\'//ﬂtBn
H H Ar - H
Q 2. Explain the stereospecificity of the following reactions:
fr v
N A MeOOC.. N\ _.cooMe
AN + MeOOC—==—COOMe o
MeOOC COOMe
MeOOC COOMe
Ar /?\r
|
N A Meooc.. N .coome
A + MeOOC—==—COOMe — >
MeOOC COOMe —

MeOOC COOMe

Sol 2. 1,3-Dipolar cycloadditions usually take place stereospecifically and
suprafacially, resulting in the retention of configuration with respect to both
the 1,3-dipole and the dipolarophile.

In most cases, stereochemistry in the dipoles is lost due to the bond rotation
as depicted by the resonance structures of such molecules. That the
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cycloaddition is a stereospecific process with respect to the dipolar species has,
however, been demonstrated by a study of cycloaddition reactions of azome-
thine ylides. cis- and trans-azomethine ylides, obtained by the ring opening of
the corresponding aziridines, are rapidly trapped by alkynes to give stereo-
specific products.

Ar
COOMe |
Al +
COOMe| A I trapped with R//.CN oM R N H
Ar—N | R_N_H —m— /\/ I e
\/\'ﬂ’ con Y Y R—=-R | H '« VR
H H R R ‘l,’ R
H trans-Azomethine ylide trans
cis . R =COOMe
rotation about
ingle bond
single bon Ar N
H Ar (~i+ R ]
COOMe‘ A R ,'\r r ftrapped with R, 2N R ON_R

Ar‘w o YN =R | W I
COOMe oA R—‘%’—R R s R

cis-Azomethine ylide R = COOMe

trans

However, it is important for stereospecificity of the cycloaddition that it
must take place before the bond rotation in the azomethine ylide. There is a
stereospecific addition of both cis- and trans-azomethines with highly reactive
dipolarophiles such as tetracyanoethylene. But in the presence of a weak
dipolarophile, conversion of cis- to trans-isomer (here, azomethine ylides)
becomes a competing process.

Q 3. The major product formed in the following reaction is:

rPh
N A
+ Ph—=——Ph —
MeOOCACOOMe
rPh rPh rPh rPh
MeOOCa_N_.coOMe Me0OC... N _.coome MeOOC\SiZ/Ph MeOOC\@/Ph
(@) \S:ZA (b) SZZ’ © )
P Ph P Ph MeOOC  Ph MeOOC  Ph
Sol 3. (b)
Ph
COOMe
Ph N (FOOMe| A MeOOC. _N__H trapped with
R <A con Ph Ph
H H COOMe
H trans-Azomethine ylide
Ph (Ph
MeOOC// (‘ N+_\\ _A _ MeOOC, N_H

H™ ~COOMe
COOMe =

Ph Ph



266 Pericyclic Reactions

5.2.9 Cycloaddition with Azomethine Imines

High reactivity of these dipoles prevents their isolation and they are normally
generated in situ, most commonly by the reaction of N,N’-disubstituted hy-
drazines with an aldehyde (Scheme 5.20).

(/_ﬁ N e E - ©OH R
H H H H H
. |-H0
R w
RNy R~ R\qéN\,(,/R
bl Ho

Azomethine imine

SCHEME 5.20 Generation of azomethine imines.

The resonance form I contributes more to the hybrid as a result of the
higher electronegativity of nitrogen relative to carbon.

Azomethine imines readily undergo 1,3-dipolar cycloaddition reactions
with alkenes and alkynes to furnish pyrazolidines and pyrazolines, respectively
(Scheme 5.21).

R
N

Z7 A

Rv
| |

Z |

Pyrazolidine Pyrazoline

SCHEME 5.21 1,3-Dipolar cycloaddition of azomethine imines to alkenes and alkynes.

Sydnones are mesoionic heterocyclic aromatic compounds with positive
and negative charges distributed around the ring (Scheme 5.22).

R\/RRRRRRRRRR\/R

N-C ) - N-C “N=c O N=C
N\O/\' N, )\ \\/%o N\O/&O N\O)%o N@/&o

SCHEME 5.22 Resonating structures of sydnones.

Sydnones undergo smooth cycloaddition with acetylenes to give pyrazoles
in high yield. The reaction involves a 1,3-dipolar cycloaddition of the sydnones,
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behaving like a cyclic azomethine imine to the corresponding acetylene, fol-
lowed by carbon dioxide evolution and aromatization (Scheme 5.23).

‘ l s+ 22 ; o jBC\N Ph —> j\/\N Ph

[3+2] [3+2]
- C02
R = COOMe

SCHEME 5.23 Cycloaddition of sydnones to acetylene derivative.

The 1,3-dipolar cycloaddition between a sydnone and 1,5-cyclooctadiene
provides 9,10-diazatetracycloundecanes (Scheme 5.24).

Ph\ Ph\
Gao o %
>%/I/ \\ (/;[‘\,
Ph. \ N N--0 N N —
N o = (1
N, o [n*s + n°s] retro
Ph
\
!
[3+2]

SCHEME 5.24 1,3-Dipolar cycloaddition reaction between sydnones and 1,5-cyclooctadiene.

5.2.10 Cycloaddition with Nitrones

Nitrones are stable compounds and thus do not require in situ generation. The
two commonly employed methods for the preparation of nitrones are: (1)
reaction of an aldehyde or ketone with a monosubstituted hydroxylamine and
(2) oxidation of a hydroxylamine with yellow mercuric oxide (Scheme 5.25).

+ — .

SN _Me - -

N MeZ"OH '/\L\ N Me -H0 o
HO

HU

{ NeonH9L ¢ N6

SCHEME 5.25 Two commonly employed methods to generate nitrones.
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Nitrones undergo cycloadditions with alkenes and alkynes to generate
isoxazolidines and isoxazolines, respectively (Scheme 5.26).

\ R N\ N\é R Ill
' (@] , R Ne)
k - ) T =
> < Isoxazolidine T

Isoxazoline

T;U:

" R" "
R |+ R

pd

SCHEME 5.26 Cycloaddition of nitrones with alkenes and alkynes.

Two regioisomeric cycloadducts are obtained in the cycloaddition reaction
of nitrones and monosubstituted alkenes (Scheme 5.27).

R’

R R

R |+ R N R N\
%N\ 5t /= T~ R)S_/o + Rv)(_z)
: X

R X

4-|soxazolidine 5-lsoxazolidine

SCHEME 5.27 Cycloaddition of nitrone to an unsymmetrical alkene.

The LUMOyipole—HOMOyipolarophile interaction controls the stereochem-
istry of the products in the cycloaddition reaction between nitrone and an
electron-rich terminal alkene. The regioselective formation of the
5-isoxazolidine in this reaction can be explained on the basis that LUMOgipole
has a larger coefficient at the carbon atom and the HOMOgjpolarophile has a
larger coefficient at the terminal carbon atom (Figure 5.19). On the other hand,
cycloaddition reaction between nitrone and terminal alkenes with electron-
withdrawing group favors the formation of the other isomer, 4-isoxazolidine.
The reaction is thus controlled by the HOMOyipole—L.UMOdipolarophile

0.67
R R’
0.62 0 65 | 0.74
R\ ) R

N /N ~
LUMO HOMO /
R R

\

/
ﬁ
o

_jj:

R
N R

R \O Rw)g_\jo
HOMO X ' 9 X N
5-lsoxazolidine LUMO W Q ‘ 4-Isoxazolidine

D = electron donating W = electron withdrawing

pz4

FIGURE 5.19 HOMO-—LUMO interactions in cycloaddition reactions involving nitrones.
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interaction. In this situation, the HOMOy;pole has the largest coefficient at the
oxygen atom and the LUMOyjpolarophile has the largest coefficient at the ter-
minal carbon atom. Formation of the 4-isomer is thus a preferred process.

As compared to the Diels—Alder reaction, the 1,3-dipolar cycloaddition
of nitrones with olefins generally exhibits lower levels of regio- and
stereo-control (exo/endo selectivity), which is a consequence of significant
contribution by both LUMOipole=HOMOyipotarophile and HOMOyipole—
LUMOyipolarophile interactions (Scheme 5.28). The process is further compli-
cated by the possibility of interconversion of the nitrone geometry in the case
of acyclic nitrones. For example, the cycloaddition between methyl acrylate
and C,N-diphenylnitrone is only marginally in favor of the exo mode.

H, CNS Ph H,, CKJ Ph

(] |
pH’ | ) exo _ Ph N\o ) _endo_ pha N o
H,\ ) /H 57% \<_< H,\J /.cooMe 43% \54/

H COOMe COOMe H H H  COOMe

SCHEME 5.28 The exo/endo selectivity in 1,3-dipolar cycloaddition of nitrones with olefins.

In the absence of E/Z isomerization, cyclic nitrones show greater stereo-
selectivity. Further, the exo transition state is usually sterically favored with
cyclic nitrones (Scheme 5.29).

.

< /2'\‘_9 N-© Me Ph COOMe

< 5—6 CHHEP [T R 100% 78%  82%
< =R

.
N
H s H
+ exo
H H
>7< + -
< /EN_Q N/O
H R SHRD | CRO0% 2% 18%
! “1
:,-” H H
endo

SCHEME 5.29 The exolendo selectivity in 1,3-dipolar cycloaddition of cyclic nitrones with
olefins.

5.2.10.1 Solved Problems
Q 1. Explain the mechanism of the following reactions:

Me
H

H H =

. M + f{l —A> 0
= O "Me " oH .

Me H \
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O\
9 _N
" A
(i) S~ OH 4 H)LH A .
|
H
o H oM
4 - = A N —O N (0}
(iii) QNfo + - - 7 .
H A H H
major minor
Sol 1.
Me
H
I A = N -Me z
i -~ o) +Me/ “OH _H O, N —
Me 2~ Me o \ﬁl,lvle
H Me Me H o
; N\
0= V4 o |- A
B H 4 42
orientation probably A N L — N+ [n*s + n°s]
driven by ring strain Me Me
(6]

N N b
s/ E@EA%
[r*s + n2s]
Q’J Z@ ) =
[*s + n%s]

(iii) The cycloaddition reaction between nitrone and dihydrofuran (elec-
tron-rich alkene) is controlled by LUMOy;po1e "HOMOgjpotarophite interaction.
The nitrone and dihydrofuran combine in a regioselective manner to place the
oxygen substituent at the 5-position of isoxazolidine. The exo-selectivity is
obtained to minimize steric repulsion.

o
N (0]
(N 0
largest / HH
LUMO coeff. -~~ endo (minor)
largest
HOMO coeff.”” .0 H
(0]
electron-rlch B
alkene H H

exo (major)
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5.2.11 Cycloaddition with Nitrile Ylides
Nitrile ylides can be prepared by the following methods:

(i) By the dehydrohalogenation of an imidoyl chloride on treatment with a
base such as triethylamine (Scheme 5.30).

R
AN
N/CQH/\“

C Et;N R C‘ltl (E/R'

R™QC = R
1 -B6NHC  Nivite yiide

SCHEME 5.30 Nitrile ylide from imidoyl chloride.

(ii) By the desilylation of silylthiomidate with silver fluoride (Scheme 5.31).

H
H|
(N/C\SiMe AgF + = H
S ———— Me—czN—CiH
Me” CSPh “NesSF - Nitrile yiide

SCHEME 5.31 Nitrile ylide from desilylation of silylthiomidate.

(iii) By the reaction of carbene with nitrile (Scheme 5.32).

2N H + -~ _H
Me—C=N + Me—C=N-CZ
H Nitrile ylide
¢T

N
CHoN,  or HzC<| |
. N ) N2
Diazomethane Diazirine

SCHEME 5.32 Nitrile ylide from the reaction of carbene with nitrile.

(iv) By the photolytic ring opening of azirines (Scheme 5.33).
R R h + —/R'
\ﬁu . R-C=N-CL |
9 ) Nitrile ylide
R
Azirine
SCHEME 5.33 Nitrile ylide from photolytic ring opening of azirines.

Nitrile ylides undergo cycloadditions with alkenes and alkynes to yield
1-pyrroline and 2H-pyrroles, respectively (Scheme 5.34).
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o=ty _R , = _R -
R-C= C\R N R R*C:N:C\R.. R N R
(o " Y

H,C=CH, , HC=CH —
1-Pyrroline 2H-Pyrrole

SCHEME 5.34 Cycloaddition involving nitrile ylide.

When a solution of 3-phenyl-2H-azirine in excess methyl acrylate or
acrylonitrile is photolyzed, 2-phenyl-4-substituted-1-pyrroline is obtained
(Scheme 5.35).

largest HOMO coeff.
¥
-+ H A N
PhﬁN hv Ph—c:h:\:ci —— Ph—¢
(\ H [n*s + ns]
3-Phenyl-2H-azirine _— R
YR R = COOMe, CN

largest LUMO coeff.
SCHEME 5.35 Regioselective cycloaddition involving nitrile ylide.

With nitrile ylides, the favored cycloadduct is the one formed by the bonding
of atoms with the largest coefficients in the HOMOy;pole and LUMOgipolarophite-
In the HOMO of nitrile ylide under consideration, the electron density at the
disubstituted carbon is somewhat greater than at the trisubstituted carbon. In
electron-deficient olefins, the largest coefficient in the LUMO is on the
unsubstituted carbon. This treatment satisfactorily explains the reaction of nitrile
ylide obtained from diphenyl azirine with methyl acrylate to yield only the
4-substituted regioisomer.

5.2.11.1 Solved Problem

Q 1. The following conversion involves:

Ph H NO,
>: N Et3N Ph \
“ NO2 T COOE
— t
R COOEt

(a) A 1,3-dipolar species as reactive intermediate, and a cycloaddition

(b) A carbocation as reactive intermediate, and a cycloaddition

(c) A 1,3-dipolar species as reactive intermediate, and an aza-Wittig reaction
(d) A carbanion as reactive intermediate, and an aza-Cope rearrangement

Sol 1. (a) The treatment of N-p-nitrobenzylbenzimidoyl chloride with trie-
thylamine gives the nitrile ylide (1,3-dipolar species). The dipole is then
trapped with ethyl propiolate by [3 + 2] cycloaddition reaction.
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CgH4NO,
H\'W
GO oY,
EtsN + - _CgH4NO - CgH4NO
————— Ph—C=N-C{® "2 <> Ph—C=N=Cc{ ® * 2
Ph™ CCI - Et;N.HCI H o H
Nitrile ylide
largest HOMO coeff.
: H
] H N
-+ CgH4NO A Ph Ph CgH4NO
thc:l\rl\:C< R CeHiNO, —== U e
(A ) H [r*s + n2s]
COOEt COOEt

— COOEt

largest LUMO coeff.

5.2.12 Cycloaddition with Nitrile Oxides

A convenient method to prepare nitrile oxides involves dehydrohalogenation
of hydroximic acid halides, which are readily obtained from the
corresponding aldoximes by treating them with N-chlorosuccinimide (NCS) or
N-bromosuccinimide (NBS) or nitrosyl chloride or X, (Scheme 5.36). A ter-
tiary amine base, such as triethylamine, is commonly used for the dehy-
drohalogenation of hydroximic acid halides.

JON . /& TN

N"H N"TH .
)J\ Cl, or NCS C Et;N _ =
R™H R™CCl R™=N-0
- EtgN.HCI Nitrile oxide

SCHEME 5.36 Generation of nitrile oxides from hydroximic acid halides.

Aliphatic nitrile oxides can also be prepared by the dehydration of primary
nitro compounds with phenylisocyanate in the presence of a catalytic amount
of a tertiary base such as triethylamine. Phenylcarbamate generated in situ on
reaction with phenylisocyanate is subsequently converted into urea derivative
(Scheme 5.37).

Et3i\]'_\ + Et3i\]'_\
Lo S (o~ B ]
Lc=N-Ph —= —
_o s O_LN. + 0, _N.
R/QN&/ RTSNNZ T Ph RJQN% Ph
o o o) 6 O

yrennees oeans - PhANHCOO"
1 [ — - 1 +
{R—=N-0; - NHEt

' Nitrile oxide !
HCNEt, HoH
H PhNCO Lo
O NN, ——— PhNH, ——> NN,
Ph - co, 2 Ph T Ph
0) -Et;N o}

SCHEME 5.37 Generation of nitrile oxides from primary nitro compounds.
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Nitrile oxides are usually prepared in the presence of the olefin or acetylene
acceptor. Most nitrile oxides are highly reactive and in the absence of trapping
agents they undergo rapid dipolar cycloaddition with themselves to give
furoxans (Scheme 5.38).

o

R—:Nj RN
&*’ oy I\+/O

R—==N-0 R™ N

(6]
SCHEME 5.38 Cycloaddition of nitrile oxides to give furoxans.

Cycloaddition between a nitrile oxide and an alkene or alkyne yields cyclic
products, isoxazoline or isoxazole, respectively (Scheme 5.39).

)

R-C=N=0 R—"0 R-C=N=0 R—""o
) A \ T =
H,C=CH, Isoxazoline HCe=CH Isoxazole

SCHEME 5.39 Cycloaddition reaction between a nitrile oxide and an alkene or alkyne.

The cycloaddition reactions between nitrile oxide and olefins are ste-
reospecific (Scheme 5.40). The stereochemistry of the substituents present
in alkene remains preserved in the final product. The treatment of nitrile
oxide with trans-alkene gives trans-product whereas with cis-alkene gives
cis-product.

.0,
noH E —7—1@
g |EOOC-C=NZO EOOC_——N-O N-O
Etooc” “cl ooy K\ j — = (D,
* o°C Hoy—=(Me H.)  [oMe — FOOC Me
e -Me me”  H Me H Me
O\+,(_)
~N B +A)
M) A Me—C=NZ0 Me—F=N-0 N-0
€ I = |
N Et;N H& j\\H Ho|  [oH Me/%)\Me
v e N | Mg Me Me Me Me

SCHEME 5.40 Stereospecificity in the cycloaddition reaction between nitrile oxide and olefins.

With the regioselectivity depending upon the electronic and steric factors,
1,3-dipolar cycloaddition reaction of a nitrile oxide and a monosubstituted
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alkene yields two regioisomeric cyclic structures, either the 4-substituted or
5-substituted isoxazolines (Scheme 5.41).

N N

_ R N R N
wimivo + = ——"{p .« (P
X X
4-|soxazoline 5-lsoxazoline

SCHEME 5.41 Regioselectivity in the cycloaddition reactions between nitrile oxide and a
monosubstituted alkene.

However, there is an exclusive formation of 5-substituted isoxazolines in
the cycloaddition reaction of nitrile oxides with electron-rich and conjugated
alkenes. These reactions are LUMOgjpole controlled, and the carbon atom of
the nitrile oxide attacks the terminal carbon of the alkene (Figure 5.20).

0.68 0.67 39
LUMO R—

4 : R—""o

- < >

HOMO : ) T~
D/C 5-Isoxazoline

FIGURE 5.20 LUMOy;po1e-controlled cycloaddition of nitrile oxide with an electron-rich alkene.

For electron-deficient dipolarophiles, both the dipole HOMO and
LUMO interactions are significant and a mixture of regioisomers results
(Figure 5.21). The 4-substituted isoxazoline is favored when strongly
electron-withdrawing substituents (such as the sulfono group) are present
on the dipolarophile.

W
LUMO
RKNJ\O F

w R—g—N— HOMO
4-Isoxazoline

HOMO W
W 5-Isoxazoline

FIGURE 5.21 Cycloaddition of nitrile oxide with an electron-deficient alkene.
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5.2.12.1 Solved Problems

Q 1. The major product I observed in the following reaction sequence is:

_ OAc A A _
H-C=N-0 + =/ | HC=CH + H-C=N-0

Sol 1. 1,3-Dipolar cycloaddition of nitrile oxide to ethyne gives isoxazole.
However, in the given case, addition of nitrile oxide to alkene also gives
isoxazole due to the lability of the intermediate isoxazoline under the exper-
imental conditions.

e o
H-C=N=0 N_ R-C=N=0
j - ;_(/ 0 K/N\o A
- AcOH — =
- “OAC OAc Isoxazole HC=CH

Q 2. The major products I and II, respectively, in the following reaction
sequence are:

. Me A Ha / Ni
Me—C=N-0 + Me” 0 |2l
H,0
N-O HN-O N-O o oH
) )
(a) Me/ﬁ) “Me @nd Me/ﬁ) “Me (b) ME/H) “Me a@nd Me)J\‘)"’Me
Me Me Me Me
N-Q O OH H'N  oH NH, OH
c and d . and .,
( )Me/ﬁ)\Me Me/uﬁ/klvle ( )Me)H/‘ “Me Me/H) Me
Me Me Me Me

Sol 2. (b) It is an example of a widely used masked-aldol reaction. 1,3-Dipolar
cycloaddition of nitrile oxides with an alkene (or alkyne) gives a cyclic product,
isoxazoline (or isoxazole). These cyclic compounds are readily cleaved by
reduction of the N—O bond and subsequent hydrolysis of the resulting imine to
give aldol-type B-hydroxycarbonyl (or Claisen-type B-dicarbonyl) products.

o _
Me—C:NQO A Me—=N-O N-Q Hy / Ni NH  OH
HK\ j\\Me [n*s +n%s]  Ho, [oMe T MG/S)WMG Me/uﬁ)"’Me
N Me

Me' H Me
Me H Isoxazoline

Me
B-Hydroxycarbonyl

Similarly, isoxazoline derived from the reaction of nitrile oxides with a cis-
alkene gives aldol-type B-hydroxycarbonyl compound.
N-O O OH
|

Hy / Ni
Me/H)\Me H,0 Me Me

Me Me
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However, isoxazole gives B-dicarbonyl compound.

O OH O o
l;'*O Hy / Ni P
MG/S%Me HQO Me Me Me/u\'/U\Me
Me Me
Me B-Dicarbonyl

Isoxazole

5.2.13 Cycloaddition with Azides

Organic azides (RN3) can be prepared by several methods, for example, by
nucleophilic substitution using ionic azides, addition reactions, insertion of a
N, group (diazo transfer), insertion of a nitrogen atom (diazotization),
cleavage of triazines and analogous compounds, and rearrangement of azides
(Figure 5.22).

N)\I.N3 /

Base/TsN3 ;------ ‘
R—NH, 3 RN, ~Lzotization diazotization Jiazotization o\ NH,
HN;3 N,
+
R—-N, R-X

X =Cl, Br, I, OTs, OMs

FIGURE 5.22 Synthesis of azides.

Azides undergo cycloadditions with alkenes and alkynes to yield
1,2,3-triazoline and 1,2,3-triazole, respectively (Scheme 5.42).

Since the differences in HOMO—LUMO energy levels for both azides and
alkynes are of similar magnitude, both HOMOgjple- and LUMOjp1e-controlled

(- R ¢ - R 2
NEN-N" 4 NTEN-R NEN-N" 4 VoN-R
) =
R————R R R R——R R R
1,2,3-Triazoline 1,2,3-Triazole
Me_ Me Me  Me

A

N-N=N A N-N

C N

SCHEME 5.42 Cycloadditions of azides to alkenes or alkynes.
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pathways operate in these cycloadditions. As a result, a mixture of regioisomeric
1,2,3-triazole products is usually formed when an alkyne is unsymmetrically
substituted. For example, in the reactions given below, azides react with alkynes
to afford the triazoles as a mixture of 1,4- and 1,5-adducts (Scheme 5.43).

2 2

N N
. 3/, \1 3/, °\1
NEN-N"Ph +=—  —— N N7y pp
opn h&oph Phoﬁ
f — /N\ /N
S ()NaNO/HCI -+ - ph ==—COOMe N’ “N-Ph . N’ “N-Ph
2 (ii) NaN4 - A T \— .

COOMe MeOOC
SCHEME 5.43 Cycloadditions of azides to unsymmetrical alkenes or alkynes.

5.2.13.1 Solved Problems
Q 1. Predict the product of the given dipolar addition.

@7N§ + MeOOC——=——COOMe Product
Ph
N N N
N -Ph PAN N Ph-y- COOM
@ N N NN g HNTUNH (q) Ny Re

MeOOC COOMe MeOOC COOMe MeOOC COOMe MeOOC

Sol 1. (a)

\
U
>

i)

- N
-N A N ON-Ph

Z

MeOOC————COOMe MeOOC COOMe

Dimethyl 1-phenyl-1H-1,2,3-
triazole-4,5-dicarboxylate

Q 2. Give the mechanism of the following reaction.

N
77N\ O
95% NN
= AT e U
o}
COOMe o MeOOC COOMe
A + N=N-N" "Ph —
COOMe N
5%, N N ©
\—/ Ph \

MeOOC COOMe

Sol 2. Reaction involves the cycloaddition of the azide to the most electron-
deficient double bond (path A), which initially resulted in the formation of the
triazoline intermediate (I). Subsequent loss of furan in a fast retro Diels—Alder
reaction led to the formation of the stable 1,4,5-tri-substituted-1,2,3-triazole.
Azide cycloaddition onto the unsubstituted double bond (path B), via intermediate
II, resulted in the monosubstituted 1,2,3-triazole and a 3,4-substituted furan
derivative.
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COOMe N
NT NN o
&G = P+ Q)
MeOOC NN MeOOC COOMe
Triazoline
intermediate (1)
0
=N N
M / o
B N et SN N, ()
PhN \—/
Triazoline COOMe MeOOC COOMe

intermediate (Il)

Although both double bonds can react in the [3 + 2] cycloaddition, the
retro Diels—Alder reaction of the intermediates occurs rapidly to give
1,4,5-tri-substituted-1,2,3-triazole predominantly.

Q 3. The major products I and II in the following reaction sequence are -
e epo () CBra, PPhg | PhN; "

(i) excess n-BulLi CuSO,
Sodium ascorbate

Br N3

(a) =z Br and /\/\/\/\ N

(b) /\WBF and WN3

3

Ph
N

(d) /V\/\\\ and /\/\/\[ \/N
N
\

Ph

Sol 3. (d) The first step involves Corey—Fuchs reaction: One-carbon ho-
mologation of an aldehyde to dibromoolefin, which is then treated with n-BuLi
to produce a terminal alkyne.

Br
CBr (i) n-BuLi
NN cHo e, WB - s /\/\/\
PPh, " (i) HyO" | N

Mechanism: In the formation of the ylide from CBry, two equivalents of
triphenylphosphine are used. One equivalent forms the ylide while the other
acts as reducing agent and bromine scavenger. The addition of the ylide to the
aldehyde is comparable to a Wittig reaction and leads to a dibromoalkene.

Br
N N T, By .
BrsC—Br + :PPhg — Br3C + Br——PPh; —— Br—C+-PPhg
J 5~
~___+PPhs Br,PPhs
R

>:O R Br
=+ 0=PPh,
H

Br

Br. Br. s
>:PPh3 -~ >7PPh3
Br Br
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Treatment of dibromoalkene with a lithium base (BuLi or LDA) generates
a bromoalkyne intermediate via dehydrohalogenation, which undergoes metal-
halogen exchange under the reaction conditions and yields the terminal alkyne
upon workup.

R B
CP" Ll N aBu-Li H,0
\/‘_ BuH R———Br R———1Li R——H
-n-Bu H*
H Br . LiBr

Bu
The second step is the copper(I)-catalyzed azide-alkyne cycloaddition
(CuAAC). CuAAC produces only 1,4-disubstituted-1,2,3-triazoles at room
temperature in excellent yields. Formally, it is not a 1,3-dipolar cycloaddition
and thus should not be termed a Huisgen cycloaddition.

—t 5-Ph A 4 N 2
AL+ NEN-N — N
N Cu* | N

1 [} 5N

N

While the reaction can be performed using commercial sources of cop-
per(I) such as cuprous bromide or iodide, the reaction works much better using
a mixture of copper(Il) (for example, copper(Il) sulfate) and a reducing agent
(for example, sodium ascorbate) to produce Cu(l) in situ. The advantage of
generating the Cu(I) species in this manner is to eliminate the need of a base in
the reaction. Also, the presence of reducing agent makes up for any oxygen
that may have been present into the system. Oxygen oxidizes the Cu(l) to
Cu(II), which retards the reaction and results in low yields.

Mechanism: The copper(I) species generated in situ forms a -complex
with the triple bond of a terminal alkyne. 7t-coordination of alkyne to copper
significantly acidifies terminal hydrogen of the alkyne, bringing it into the proper
range to be deprotonated in an aqueous medium and resulting in the formation of
a o-acetylide. The azide is then activated by coordination to copper, and the
coordination event is synergistic for both reactive partners: coordination of the
azide reveals the B-nucleophilic, vinylidene-like properties of the acetylide,
whereas the azide’s terminus becomes even more electrophilic. In the next step,
the first C—N bond-forming event takes place, and an a-alkenylidine dicopper
complex forms that ultimately gives the product as shown below:

- R———H +Cu”
cu?* —&=cu* R—=—H — > R—=—1[Cu]
| -H ' + -
A | | _t+ =_Ph
: [Cu] [Cu] §|NN N
2 : —
3//N\‘1 _Ph : //N\ _Ph - cut N/N\N/Ph N:N_’T‘_Ph
N° N v N N | =——R—=——[Cu]
>——‘<4—_5 — R/C\\C/[Cu] H
R H R [Cu] ‘ [Cu]
[Cu]
a-Alkenylidine

dicopper complex

Simplified representation of the proposed C—N bond-making steps in the reaction of
copper(l) with organic azides. [Cu] denotes either a single-metal center CulL, or a
di-/oligonuclear cluster Cu,L,.
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5.2.14 Cycloaddition with Nitrile Imines

Nitrile imines are prepared in situ, generally by base-induced dehy-
drohalogenation of hydrazonoyl halides (Scheme 5.44).

R
4

N’N\H/\"

Q BN g =R

R™(El -ENHC  Nitrile imine

SCHEME 5.44  Generation of nitrile imines of hydrazonoyl halides.

Nitrile imines can also be prepared conveniently by the oxidation of easily
accessible hydrazones (Scheme 5.45). The oxidant generally used is
chloramine-T (N-chloro-N-sodio-p-toluenesulfonamide, CAT). Other oxidants
such as iodobenzene diacetate (IBD) and 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone have also been used.

| . + - R
/k\ /N\R' o>f|(|1_|ant R——N-N"
2 Nitrile imine

SCHEME 5.45 Generation of nitrile imines by oxidation of hydrazones.

Nitrile imines smoothly undergo 1,3-dipolar cycloadditions with alkenes and
alkynes to generate 2-pyrazolines and pyrazoles, respectively (Scheme 5.46).

+ ' 0
R—=N 5 \/g/N\N,R R——le \S/EQ,R
¥< 2-Pyrazoline Pyrazole

SCHEME 5.46 1,3-dipolar cycloaddition of nitrile imines with symmetrical alkenes or alkynes.

5.2.15 Cycloaddition with Ozone

Mechanism of Ozonolysis (Criegee mechanism): The initial step of the re-
action involves a 1,3-dipolar cycloaddition of ozone to the alkene leading to
the formation of the primary ozonide (molozonide or 1,2,3-trioxolane), which
decomposes to give a carbonyl oxide and a carbonyl compound. The carbonyl
oxides are similar to ozone in being 1,3-dipolar compounds and undergo
1,3-dipolar cycloaddition to the carbonyl compound with the reverse regio-
chemistry, leading to a relatively stable secondary ozonide (1,2,4-trioxolane)
(Scheme 5.47).

A reagent is then added to convert the intermediate ozonide to a carbonyl
derivative. Reductive workup conditions are far more commonly used than
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.
95 5) R B

o/ N A O A 0-0

0 O ———— [} —_— Ry/\ ).\\\R
[n%s + S] M”R retro R [n*s + n%s] rR" O R
>—< [3+2] R R o:< [3+2]

Molozonide
(1,2,3-trioxolane)

Ozonide
(1,2,4-trioxolane)

SCHEME 5.47 Cycloaddition of ozone to alkenes.

oxidative conditions. The use of triphenylphosphine, thiourea, zinc dust, or
dimethyl sulfide produces aldehydes or ketones while the use of sodium
borohydride produces alcohols. The use of hydrogen peroxide produces car-
boxylic acids.
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6.1 GROUP TRANSFER REACTIONS

The concerted transfer of a group from one molecule to another due to
concomitant movement of a o-bond (from one molecule to another) and
formation of a new a-bond at the expense of a m-bond is generally referred
to as group transfer pericyclic reaction. These reactions resemble sigma-
tropic rearrangements since a o-bond moves. However, sigmatropic reactions
are unimolecular reactions whereas the group transfer reactions are bimolec-
ular. They also resemble cycloadditions, since a new c-bond is formed at the
expense of a T-bond. However, in group transfer reactions, no ring is
formed. Let us consider the general case of the synchronous double group
transfer reaction that can be represented as an interaction between a

Pericyclic Reactions. http://dx.doi.org/10.1016/B978-0-12-803640-2.00006-3
Copyright © 2016 Elsevier Inc. All rights reserved. 283
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component with p T-electrons and a component with q m-electrons as shown
in Figure 6.1.

DR e AN g
o d e

where p and q is the number of n-electrons

FIGURE 6.1 A general representation of synchronous double group transfer reaction.

The Woodward—Hofmann selection rules for the generalized case are the
same as for cycloaddition reactions: (1) For supra—supra or an antara—antara
double group transfer, the reaction is symmetry allowed under thermal con-
ditions when p+q=4n+2, and it is photochemically allowed when
p + q = 4n. (2) For supra—antara double group transfer, the reaction is sym-
metry allowed under thermal conditions when p 4+ q = 4n, and it is photo-
chemically allowed when p + q = 4n + 2.

The simplest example of group transfer reaction is the transfer of two
hydrogen atoms from ethane to ethene (p + q =0+ 2 =2). This reaction
is symmetry allowed under thermal conditions. Obviously, the reaction in
which two hydrogen atoms are transferred from ethane to the termini of
butadiene (p + q =0+ 4 = 4) is symmetry forbidden under thermal condi-
tions (Scheme 6.1).

H H H, /— \..H
’/, § H SaH nH
T yanw H
H Ho A A H
H ——— H H ———
ARy i L
W H H H H H

SCHEME 6.1 Group transfer reaction in ethane—ethene and ethane—butadiene systems.

A well-known example of group transfer reaction with p=0, q=2 is
represented by the concerted reduction of alkenes and alkynes with the
reactive intermediate diimide stereoselectively in the cis fashion (Scheme 6.2).
The driving force of the reaction is the formation of the stable nitrogen
molecule.

H)OH H
pVEEY

SCHEME 6.2  Stereoselective concerted reduction of an alkene derivative using diimide.
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Hydrocarbon analogues with p =0, q =2 provide another interesting
example of a group transfer reaction in which the driving force of the reaction
is aromatization of cyclohexadiene to benzene system (Scheme 6.3).

) - 0

A, +

H H”:

SCHEME 6.3 Concerted hydrogen transfer and aromatization of the cyclohexadiene to benzene
system.

A case with p = 2, ¢ = 4 has also been observed. Loss of aromaticity in the
middle ring of anthracene is less important because of the smaller stabilization
energy of this ring as compared to benzene (Scheme 6.4).

/\ i H H
A O
+ E—— +
H HH
SCHEME 6.4 Concerted hydrogen transfer reaction and aromatization in anthracene-
cyclohexadiene system.

6.1.1 Analysis of Group Transfer Reactions by Orbital
Symmetry Correlation-Diagram Method

Let us consider the transfer of two hydrogen atoms from ethane to ethene. In
this reaction, a mirror plane symmetry (m) is conserved throughout the
transformation. The molecular orbitals of the system can be obtained by
considering the symmetric and antisymmetric combinations of ¢ and o* C—H
bonds in ethane, and 7t and 7v* bonds in ethene. The molecular orbitals (MOs)
that are lowest in energy are formed from linear combination of the ¢ C—H
bonds, lowest is the symmetric sum of the two C—H o-bond (o), followed by
the antisymmetric sum (7). Similarly, the two highest energy MOs are formed
from linear combination of the two C—H o&*-bonds, highest is the antisym-
metric ¢}, preceded by the symmetric o¥ at a slightly lower energy. MOs of
ethene, i.e., 7 and 7t*, are in the center of the energy scale. Since there is a
correlation between the ground state orbitals of the reactants and products, the
reaction is symmetry allowed under thermal conditions (Figure 6.2).

6.1.2 Analysis of Group Transfer Reactions by Perturbation
Molecular Orbital Method

The group transfer reactions can be easily explained by perturbation molecular
orbital (PMO) approach. If both the R groups migrate without inversion, in a



286 Pericyclic Reactions

mimﬂ plane mirror plane
H, & M HoL M
H” " H H‘F;\’
H ! H H'!H
ML, H, H
o R
e o

m = - m

2 (A) 2 (A)

FIGURE 6.2 Correlation diagram for the concerted transfer of two hydrogen atoms from ethane
to ethene.

suprafacial manner, then transition state becomes aromatic and hence the
reaction is thermally allowed (Figure 6.3). If any one of R group undergoes
inversion, there will be one node and the transition state will be antiaromatic
and the reaction is thermally forbidden. The same situation will be obtained if
it is antara on the ethene moiety and supra on both C—R bonds.

6.1.3 Solved Problems

Q 1. Predict the products of the following reactions under thermal conditions.
H N,D, H N,D,

® HOOCH“//\COOH (i) H“'/'/\COOH

H I Hooc I
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supra on both

[ —

the components

-
T.S. for supra-sur;ra double group transferi

~ R
Y —
Wy R
Huckel system, 0 node, 6 electrons,

I . R= aromatic,AaIIoweld
R &

FIGURE 6.3 PMO approach for a group transfer reaction when both the R groups migrate
suprafacially.

\

Sol 1. The transfer of deuterium from diimide to C=C bond occurs in a
completely syn manner. Therefore, the reduction of fumaric acid (I) and
maleic acid (II) with dideuteriodiimide resulted in the formation of racemic
and meso products, respectively.

D
H N.D D Hite H/',, COOH
RN e ‘ COOH , HOOC, 5
HOOC""//\COOH HooC™ H
H
H
| pair of enantiomers (racemic mixture)
Y D H?, COOH
N,D, p Hw H
H"‘/'%\COOH _— . COOH — . COOHD
HOOC H COOH D

] meso compound

Q 2. Outline the mechanism of the following reaction and also account for the
fact that when cyclohexane is used as the solvent in this reaction the product
yield is only 20%.

TMS
T ) cyclopentane E>
(solvent)

AcO 84%

Sol 2. Initial step of the reaction involves an intramolecular hexadehydro-
Diels—Alder (HDDA) reaction to give a highly reactive benzyne intermediate.
In the absence of external trapping reagents, the benzyne intermediate
can simultaneously accept two vicinal hydrogen atoms from a suitable
alkane 2H-donor, often the reaction solvent. This desaturates the donor alkane,
forming an alkene, and traps the benzyne to a dihydrobenzenoid product.
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OAc OAc

?/H OAc
T A
™S H. T™S H
) = | T O — L D
HD e} . “H” o} . H
o)
: W, Y,

The double hydrogen atom transfer process involves a nearly planar geometry
of the six reacting atoms. In the low-energy conformer of cyclopentane, the
dihedral angle between the vicinal hydrogen atoms is small, i.e., there is
greater degree of eclipsing, so it will be more reactive as a hydrogen donor as
compared to cyclohexane.

Yo pe

domlnant conformer

6.2 ELIMINATION REACTIONS

In the generalized case when q = 0, we get concerted elimination as shown in
Figure 6.4.

pK_<R —
<R

where p is the number of n-electrons

p+2

FIGURE 6.4 Concerted elimination as a group transfer reaction when q = 0.

Thus, according to the selection rules, the concerted noncatalytic elimi-
nation should be 1,4 rather than 1,2. For example, 2,5-dihydrofuran loses
hydrogen in a unimolecular process, while 2,3-dihydrofuran does not react in
this way (Scheme 6.5).

H
H
/P SR oy SRS T gy
H O H 1,4-elimination (0} 1,2-elimination 0" H
concerted radical process
at high temp.

SCHEME 6.5 Concerted elimination in dihydrofurans.

Similarly, cyclohexa-1,4-diene decomposes unimolecularly to benzene and
hydrogen; while at the same temperature the cyclohexa-1,3-diene is thermally



Group Transfer, Elimination, and Related Reactions Chapter | 6 289

stable, and at higher temperatures it decomposes mainly by radical-chain
processes (Scheme 6.6).

H
H H
A; fast A; slow H
L tHy ~—(————————
1,4-elimination 1,2-elimination H
concerted radical process H
H H at high temp.

SCHEME 6.6 Concerted elimination in cyclohexadiene systems.

Elimination of hydrogen in dihydrofurans can be explained by the appli-
cation of PMO method as shown in Figure 6.5.

(0]
HoH
o 1,4-elimination
H H

T. S. for 1,4-elimination,
Hiickel system, 0 node,
6 electrons, aromatic, A allowed —
O + H,

= 1,2-elimination ///
HL/ZO 0
H H H ﬁ IIIIIII
@@

T. S. for 1,2-elimination, Hickel system,
0 node, 4 electrons, antiaromatic, A forbidden

FIGURE 6.5 Analysis of elimination reactions in dihydrofurans by PMO approach.

PMO method also explains eliminations in cyclohexa-1,3- or 1,4-diene
(Figure 6.6). However, in the case of the 1,4-isomer, the six-electron transi-
tion state involving two hydrogens must be derived from the boat form of the
cyclohexadiene because of the conformational requirements.

6.2.1 Solved Problems

Q 1. Rationalize the following reactions:
HsC_ CHg

TocR Q Q o @%

H3;C CHj;
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H H

HMH 1,4-elimination

T. S. for 1,4-elimination, Hiickel system, + H
0 node, 6 electrons, aromatic, A allowed 2

1,2-elimination

H H

T. S. for 1,2-elimination, Hiickel system,
0 node, 4 electrons, antiaromatic, A forbidden

\

FIGURE 6.6 Analysis of elimination reactions in cyclohexadienes by PMO approach.

Sol 1. (i) Pyrolysis of the deuterium-labeled cyclopentene has clearly shown
that the major product is formed via concerted 1,4-elimination rather than
1,2-elimination.

H H H
H A H H-D
I + H—
H 1,4-elimination H
D D concerted D
major

(ii) Upon pyrolysis, 3,3,6,6-tetramethylcyclohexa-1,4-diene undergoes
thermally allowed 1,4-elimination to give a much larger yield of ethane and
p-xylene than could have arisen from a free radical chain reaction.

H3C H3
+ CH3;—CHj;
1 ,4-elimination
concerted

6.3 DYOTROPIC REARRANGEMENTS

An intramolecular pericyclic reaction involving simultaneous migration of two
sigma bonds is called a dyotropic rearrangement (from the Greek dyo,
meaning two). In many such rearrangements, the two migrating groups
interchange their relative positions (Type I) or two migrating groups are
transferred simultaneously to new bonding sites without positional interchange
(Type II).
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In a typical Type I dyotropic rearrangement, the migrating groups having
an assumed anti conformation migrate suprafacially to opposite sides of the
molecular framework resulting in the inversion of configuration at both the
migration origin and migration terminus (Figure 6.7). Obviously, the transition
state for such a system involves four electrons.

R2

;, R? A R2 =
W )__(
R1 ’ ‘R’l 3 R1

anti inversion

FIGURE 6.7 Type I dyotropic rearrangement.

If there is retention of configuration in both the groups, the process will be
thermally forbidden. However, it will be thermally allowed if one of the groups
migrates with inversion of configuration. Also, where the migrating group
possesses an additional set of nonbonding electron pair(s), which help in
completing the cyclic array of electrons, the process is again thermally
allowed.

Good examples of Type I dyotropic rearrangements involving C—C bond
as the stationary surface are provided by the interconversion of vicinal
dibromides in cyclohexane and cyclohexanone ring systems (Scheme 6.7).

Br “Br
° e g »
Br| ——
"Br

Br

(e} o (e}
Br Br Br Br WBr
A, e Br|—
- "'Br - " “Br

Me Me Me

SCHEME 6.7 Interconversion of vicinal dibromides.

Another example of Type I dyotropic rearrangement is provided by the
rearrangement of a 4-substituted-f-lactone (1) to a y-lactone (2) under the in-
fluence of ethereal MgBr,. The stereospecificity of the reaction is maintained
during the ring expansion process where the carbon—oxygen and carbon-
migrating methyl bonds are aligned in an anti-coplanar manner in 1 (Scheme
6.8). The reaction closely resembles Wagner—Meerwein-type carbocation
rearrangements.

In Type II rearrangement, two migrating groups are transferred simulta-
neously to the new bonding sites without positional interchange, resulting in
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MgBr,
Et,0, 22 °C

SCHEME 6.8 MgBr,-assisted Type I dyotropic rearrangement of a 4-substituted-B-lactone.

transposition of 7t-bonds (Figure 6.8). In such cases, the transition state involves
a monocyclic array of 67t-electrons and hence the process is thermally allowed.

FIGURE 6.8 Type II dyotropic rearrangement.

Some examples of Type II dyotropic rearrangements by double C—H
transfer are given in Scheme 6.9. The driving force for the reaction is provided
by the proximity of the interacting orbitals and the rigid carbon framework.
Furthermore, the reaction is accelerated by the release of the ring strain at the
receptor Tt-bond and aromatization of the diene ring.

SCHEME 6.9 Examples of Type II dyotropic rearrangements.

6.3.1 Solved Problems

Q 1. i-Pr substituted trans (I) and cis (V) B-lactones undergo Type I dyotropic
shifts to give different products as shown below. Explain the mechanism of
their formation.
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o)
o\:/( MgBr,
Me o 2O 22°C Me

(6] O

o) Ph O Ph
Mev )~ “H Hi “H

MeﬁH Me i H Hue H Me s H
I 1 (78%) 1 (7%) IV (15%)
o)
o)
O MgBr, (0] H
__MgBry _ y
Me_ o, Et0,22°C Hu/~( “Ph
MeﬁH Ph Mé 5 H
v VI (>98%)

Sol 1. In case of trans B-lactone (I), the 1,2 hydride shift to provide II was the
predominant reaction pathway due to unrestricted bond rotation in isopropyl
group, which aligns proton anti periplanar to the carbon—oxygen bond, and
also due to the higher migratory aptitude of hydrogen atom as compared to
alkyl groups. In the case of cis B-lactone (V), steric hindrance between the
3-phenyl group and the Me group allows the more favored 1,2-methyl shift to
result in almost quantitative yield of VL

Q 2. Give the mechanism of the following reactions:

H Me

A Cl —aMe
O

o n

(i) 150 °C, toluene
(i) ag. NH,CI

Sol 2. (i) The conversion of B-dimethyl substituted a-lactone (I) to the ring
expanded B-lactone (II) proceeds through a dyotropic transition state.
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o+
H Cl ci H e
OL/ ﬁw A, H,,‘/ \\_,‘\\Me Clac [3; Me
0= MMe g Me E;or
€ (6]
' o o

(ii) Dione I is converted into II by a dyotropic double hydrogen transfer.
The driving force for the conversion is the aromatization of the diene ring.

| 150 °C aq. NH,CI I
toluene

6.4 ENE REACTIONS

Ene reaction is a classic example of group transfer reactions. It involves the
addition of a compound with a double bond having an allylic hydrogen (the
“ene”) to a compound with a multiple bond (the “enophile”) with transfer of
the allylic hydrogen and a concomitant reorganization of the bonding, as
illustrated in Scheme 6.10.

£ —1
. |
H/Y Y\H
ene enophile
/ \
\C:C —C=C— \C:O C=8
/ \ / /
X=Y
\
C=N 0=0 —N=0 —N=N—
/ \

SCHEME 6.10 The Ene reaction: a classical example of group transfer reactions.

Although the ene reaction is not a cycloaddition reaction, it does resemble
the Diels—Alder reaction. The two -electrons in the Diels—Alder reaction are
replaced by the two electrons of the allylic C—H o-bond in the ene reaction.
Therefore, in case of ene reactions, activation energy is greater and so higher
temperatures are generally required as compared to the Diels—Alder reaction.
However, many useful Lewis acid—catalyzed ene reactions have been devel-
oped that offer high yields and selectivities at significantly lower temperatures,
making the ene reaction a useful C—C-forming tool for the synthesis of
complex molecules and natural products. In most of the ene reactions, there is
interaction between the LUMO of the enophile and the highest occupied
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molecular orbital (HOMO) of the ene component in a suprafacial—suprafacial
manner. Mechanistically, the concerted ene reaction can be classified as a
[7%s + 7%s 4+ o7s] cycloaddition reaction and is symmetry allowed under
thermal conditions. As in the Diels—Alder reaction, the catalysts exert their
effect by lowering energy of the lowest unoccupied molecular orbital (LUMO)
of the enophile (Figure 6.9).

The ene reaction can also be analyzed by using PMO method. As shown
in Figure 6.10, in the transition state of ene reaction, addition to the double
bond takes place from the same side (suprafacial), therefore, a supra—supra
mode of addition leads to a Hiickel array that is aromatic with (4n + 2)
m-electrons. Hence, the reaction is thermally allowed and photochemically
forbidden.

HOMO of ene

LUMO of enophile

T. S. for ene reaction, Hiickel system,
0 node, 6 electrons, aromatic, A allowed

[3s + n2s + 62s]

.

FIGURE 6.9 HOMO-LUMO inter- FIGURE 6.10 PMO analysis of ene reaction.
actions in ene reaction.

6.4.1 Intermolecular Ene Reactions

B-Pinene is a reactive alkene and undergoes ene reaction with a variety of
enophiles such as acroyl chloride and maleic anhydride (Scheme 6.11). In the
first case, the major interaction is between the nucleophilic end of the
exocyclic double bond of the B-pinene and electophilic end of the acroyl
chloride, as these atoms have the largest coefficients in the HOMO and
LUMO, respectively.

0 0
o} o o o}
N el al N © o)
H H H H
A A
—_— —_—
ene ene

SCHEME 6.11 Ene reactions of B-pinene.
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Ene reaction is concerted and involves syn addition. For example, in the
reaction of hept-1-ene with dimethyl acetylenedicarboxylate, the adduct
formed has two ester groups on the same side of alkene. It is formed by the
addition of the hydrogen and allyl groups on the same side of the triple
bond of the enophile. The corresponding fumaric ester is not obtained
(Scheme 6.12).

COOMe COOMe COOMe

\/\/gH% | \/\)|/H\/[CO0Me \/\/\-/\’/\H

COOMe not obtained COOMe

SCHEME 6.12  Ene reaction of hept-1-ene with dimethyl acetylenedicarboxylate.

6.4.1.1 Solved Problems

Q 1. Give the major products of the following reactions.

O
COOMe
(i)M+2| oi, (ii)©+ m —A>
(e}

iii + ———  (iv R ——
18- _
0 SiMes _?_;’r:ov;/.rl.ﬁ SlMe3 CHsCN, 30°C

coo { .
A 50 °C r.t, DCM
“ QN:N PhMe {2 AO DCM :<cooa

COOEt

(e}
. ’ H /\g Me /\g/Me

(i) HN” NH (1eq.) | (1eq.)
/ CH4CN, . t. CH4CN, HoO, 1. t.

Sol 1. (i) Tandem ene/Diels—Alder reaction of penta-1,4-diene and maleic
anhydride results in the formation of 1:2 adduct.

O
(@)
7 | o 2, o)
\ ene H = [4+2] H
(0] O
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(ii) Tandem ene/intramolecular Diels—Alder reaction of cyclohexa-
1,4-diene and methyl propiolate gives a tricylic adduct.

COOMe
A A
—_— E—
Hi ’ﬂh ene ©w/coon/|e [4 +2]
H

(iii) The aryne generated by the fluoride-induced 1,2-elimination of 2-
(trimethylsilylaryl triflates undergoes intermolecular ene reaction with
dideuteriobenzylethyne possessing two propargylic deuteriums to give an
allene. As predicted for an ene reaction, one of the deuteriums is on the allenyl
moiety and the other is on the benzodioxole ring ortho to the allenyl moiety.

0 oTf o) — 0 N Y@
KF D C
<O]©[ M 18-crown-6 <O@ \_/D <O:©\/D\ D

SiMes THE 1. t.

MeO MeO

(iv) Styrene undergoes Diels—Alder reaction with benzyne to give an in-
termediate adduct, which then undergoes a concerted ene reaction with another
molecule of the benzyne to give 9-phenyl-9,10-dihydrophenanthrene.

9y ‘ ¢
OTf _ /L A A

e O Qe )
SiMe; H O O

(v) The reaction involves an aromatic ene reaction between the benzyne
(enophile) and toluene bearing a benzylic C—H bond (ene donor) to form an
isotoluene intermediate, which is rearomatized by reaction with another
molecule of the benzyne to give the final product.

coo ilm lilﬂ
A o~ N A 5 .
+ PhMe |‘\+ aromatic ﬁ ( ene
N=N H ne @ O

€l

(vi) The Diels—Alder reaction of 1-benzyl-4-vinyl-1H-imidazole and N-
phenylmaleimide gives the endo cycloadduct (I), which then undergoes dia-
stereoselective intermolecular ene reaction to give 4,5,6,7-tetrahydro-1H-benzo
[d]imidazole derivative (II). Rearomatization of the imidazole ring provides
highly favorable thermodynamics for the second step.
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H-O COOEt

(vii) The reaction of heterocyclic ketene aminal with methyl vinyl ketone
proceeded via an aza-ene addition followed by intramolecular cyclization to
afford imidazo[1,2-a]pyridine derivative (I). When excess of methyl vinyl
ketone is used, the initially formed I underwent another aza-ene addition to
afford imidazo[1,2,3-ij][1,8]naphthyridine derivative (II).

i (0]
H O
Ph [ Ph H imine-enamine Ph
LYHT07 "Me A tautomerization |
HN" N — 2 - N, COMe e—vu—uo—s COMe
_/ ene HN ~N HN” “NH
_/ \_/
(6] M Ph (0]
= e
oh Y
- | Me O > Me.,, s Me H,O Me/,, | Me
HN N A, ene HO” "N” °N” YOH | -PhcOOH HO” "N” "N” “OH
-/ o _/ /

I I
Q 2. Give the products of the following reactions:

R R S R
Sol 2. Thermal pericyclic ene reactions proceed in a supra—supra manner with
respect to the ene and enophile. The substituents on the enophile can be endo
or exo. In terms of the diastereoselection with respect to the newly created
chiral centers, an endo preference has been qualitatively observed, but steric
effects can easily modify this preference. For example, the reaction between
(Z)-but-2-ene and maleic anhydride gave erythro- and threo-(1-methylalkyl)-
succinic anhydride in a kinetically controlled ratio of 1:4. The major product
in this case arises through the endo transition state. The exo transition state
leading to erythro isomer is unstable due to the eclipsing steric interactions
between the methyl and the carbonyl group.

— X
H
Y (1' \/ ol H o| Me
O =« \ o HA + i» O)L.: // — O)L
HT\ J o) 09 _o0 /
o) 0 V o H
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In the reaction between (E)-but-2-ene and maleic anhydride, the major
product was the erythro adduct but the selectivity was poor due to the eclipsing
steric interactions of the trans methyl group in the endo transition state.

A
Me ////“ ﬁ Me H
H v H = or f %
Oweo 5 J 0 <A— + AL O/LL:I / — O)L
H\ J o) 0O _0 }_W
0 O QK;;fﬁ o) o H
threo exoT.S. endoT.S. erythro

Q 3. Explain the yield of the products obtained in the following ene reactions
under thermal and Lewis acid—catalyzed conditions.

COOMe N
i) N MeOOC COOMe
COOM6+ HO”[>coome

COOMe
180°C; 48 h 92% 8%
SnCl, (0.2 eq.); 0 °C; 5 min 2.5% 97.5%
COOMe COOMe
T, T
COOMe
220°C 93% 7%
AlICl3; 25 °C 100% 0%

Sol 3. (i) In case of carbonyl ene reactions, addition of Lewis acids makes the
enophiles more electrophilic, so the reaction can be performed at lower tem-
perature. This also improves the yields, regio- and stereoselectivities of the
carbonyl ene reactions. For example, in the Lewis acid—catalyzed carbonyl
ene reaction between 2-methylhepta-2,6-diene and oxamalonate, a positive
charge develops at the ene component due to which the trisubstituted alkene
becomes more reactive than the monosubstituted alkene.

= X
SnCly- -0 ene o >coome

| COOMe
MeOOC~ “~COOMe H

However, in the case of thermal ene reaction, steric accessibility of the
double bond and allylic hydrogen are of primary concern.
COOMe
X
k'>\> —A> MCOOMG
ene ,O
H

O

M

MeOOC~ “COOMe
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(ii) Thermal ene reaction of 2-methylprop-1-ene with methyl propiolate
gives a regioisomeric mixture. However, Lewis acid—mediated ene reaction
gives only one regioisomer. Complexation of a Lewis acid to the ester makes
the double bond electron-deficient and polarizes it so that reaction occurs
regiospeciﬁcally at the electron-deficient B-carbon.

H COOMe COOMe
’/_‘l ene \H/j[
o

H COOMe H
COOMe

Q 4. Give the major products of the following reactions.

H
SeO,, HOAc . H  SeO,
Me ——» (II) / — |+ 1
H

Se02 (|v)/k/\\<;\ Se02
dloxane
COOEt 95/0 EtOH

reflux

(iii)

Sol 4. (i) SeO; oxidizes active methylene or methyl group present adjacent to
the carbonyl group to give 1,2-dicarbonyl compounds. This reaction is called

Riley oxidation.
© Se02 / HOAc
Me
Riley oxidation

The mechanism involves ene reaction followed by [2,3]-sigmatropic
rearrangement and then elimination to give the desired 1,2-dicarbonyl
compounds.

0
I QDH ﬁf' (OH
ex C e 2 C € 2
o o) \ / o C-Se o
\ H or K 0
R “Ene R2 )2\(3 [2,3] shift R)Kﬂ -Se-HZOR
& H R

(ii) Selenium d10x1de oxidizes allylic positions to alcohol (or carbonyl)

group.
H H H
7 H se0, H 7 H
_— +
/ / /
H H H” oH HO™

major product (I)  minor product (Il)
Mechanism: The first step is a cycloaddition between SeO, and the

allylic substrate similar to the carbonyl ene reaction. The allylic seleninic
acid produced in the first step undergoes a [2,3]-sigmatropic rearrangement
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to reinstate the double bond position. Rapid decomposition of the seleniu-
m(II) intermediate leads to an allylic alcohol or an allylic carbonyl com-
pound as shown below:

H

: (e
N0 s 3\O A o8 ©  Ho.
oA Qm 4,( Se . K . se
( TSexg ene 2 Se . [23]shift . OH . OH
1

Allylic seleninic acid Selenium(Il)

h K Allylic alcohol
intermediate

(OH
e
L\%e = /\é HNO + Se + HO
X OH b H Allylic carbonyl

compound

(iii) Trisubstituted alkenes are oxidized selectively at the more substituted
end of the carbon—carbon double bond, indicating that the ene reaction step is
electrophilic in character. Selenium dioxide reveals a useful stereoselectivity
when applied to trisubstituted gem-dimethyl alkenes. The products are pre-
dominantly the FE-allylic alcohols or unsaturated aldehydes. This stereo-
selectivity can be explained by a five-membered transition state for the
sigmatropic rearrangement step. The observed E-stereochemistry results if the
larger alkyl substituent adopts a pseudoequatorial conformation.

an
+
N o
D +

fs- o
| more nucleophilicend_____ °~ %"
HO _H
R R 2. M R HO\ H
j A - OCS;J _ A L |OmseTR| .
g /«H ene Se. T —= [2,3] shift A
o// e\\o HO/ o) 3 2 :
larger alkyl substituent adopts
R= —CH,CH,CH(CHj3), a pseudoequatorial position
H
H R H
Hﬁ—%i ————= H )R = A M
3 - Se, - H,0
Y\ .Set (0]
ne 0 ©

(E)-2,6-Dimethylhept-2-enal

(iv) Selenium dioxide oxidizes allylic positions of most nucleophilic
double bond (trisubstituted) with E-selectivity. As explained in the previous
problem, trisubstituted alkenes are oxidized selectively at the more-substituted
end of the carbon—carbon double bond. The position next to the unsaturated
ester is not oxidized.
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COOE T 95%EtOH COOE

6.4.2 Intramolecular Ene Reactions

Intramolecular ene reactions have lower activation energy than intermolecular
because of entropic advantage. Intramolecular ene reactions are often classi-
fied into three main types. These types differ only in the position of the
attachment of the tether that connects the ene and enophile components
(Figure 6.11).

=Y AN - - = -
X Type (X H )SKZH Typedl [ /7N H§Y Type-lll H'X "
N> - = \ _H _

FIGURE 6.11 Classification of intramolecular ene reactions.

The Conia-Ene reaction is an intramolecular ene reaction of unsaturated
ketones, in which the carbonyl functionality serves as the ene component, via
its tautomer, and olefinic moiety serves as the enophile. Some of the important
examples are summarized in Scheme 6.13.

o Py i
N N — _ q A o
Ph Ph = "~ ene
D Me Me

o
Ph
H
(0]
= XL
A
ij/\/\/ ene
H

X X

SCHEME 6.13 Some intramolecular ene reactions of unsaturated ketones.

Unsaturated B-ketoesters and B-diketones are also suitable starting mate-
rials for intramolecular ene reactions (Scheme 6.14). Their stronger enolic
character enables reactions to proceed at lower temperatures.
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(o}
RS G & i
|
(6] oH

SCHEME 6.14 Intramolecular ene reaction of a B-diketone derivative.

O

The arynes generated by various methods can act as enophiles and un-
dergo intramolecular reactions with various types of ene donors as shown in
Scheme 6.15.

< & LDA, THF_ <2]©/\\N
AL i

Me
/—COOMe 5 o A
\ ﬁ R HDDA intramolecular
/)/\ aromatic ene
H reaction
COOMe COOMe

rearomatization O 0
>~ O

SCHEME 6.15 Intramolecular ene reactions of arynes.

Some examples of Type-II and Type-III intramolecular ene reactions are
given in Scheme 6.16.

??@x B %
| Q%}

SCHEME 6.16 Examples of Type-II and Type-III intramolecular ene reactions.




304 Pericyclic Reactions

6.4.2.1 Solved Problems

Q 1. In the given reaction, the major product is:

Sol 1. (a) Selective formation of the cis-disubstituted cyclopentane via
intramolecular ene reaction is due to the fact that the transition state will be of
lower energy if the hydrogen atoms are on the same side of the folded bicyclic
structure. This constraint is similar in a way that a five-membered ring fused
to a six-membered ring is lower in energy if it is cis-fused.

H
| H
| CH2 A S =
—_— —_— — —
‘ Y ene B
H H
L H

folded bicyclic T. S.

Q 2. Identify the product of the reaction:

W
i
i

Sol 2. (¢) The reactant undergoes intramolecular ene reaction under thermal
conditions. In this reaction, allyl hydrogen is transferred to alkyne system
instead of the transfer of propargylic hydrogen to alkene part, which may give
allene derivative.

Q 3. The major product formed in the reaction sequence is:

CHO i) CH,(COOMe),, NaOMe

(i) A

Citronellal
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. COOMe
(a) (b) (c)
OCOCH,

PSS

Sol 3. (d) Initially dimethyl malonate (active methylene compound) undergoes
Knoevenagel condensation with aldehyde group of citronellal to give the
diene, which on heating undergoes intramolecular ene reaction via the for-
mation of a stable six-membered chair-like transition state to give L.

o o ¢} OH
)
OMOMe . COOMe
T COoOMe 1 R COOMe
m | [ 77 coome

Me
MeO < "OMe
H H

OMe
COOMe COOMe
_A | 4 fFcooMe | COOMe __
ene Lo~ /= H COOMe
chair-like T. S.

_AL COOMe
I

Decarboxylation does not occur since the Knoevenagel product is heated
without adding acid.

Q 4. Citronellol I on oxidation with pyridinium chlorochromate (PCC) fol-
lowed by treatment with aq. sodium hydroxide gives the product II (IR:
1680 cmfl); whereas oxidation with PCC in the presence of sodium acetate
gives product IIT (IR: 1720 cm™"). Compounds II and III are:

OH

Citronellol (1)
CHO CHO
(@) and (b) and
O
| | | °
X
CHO X _CHO
(c) and (d) and
° | [ ° |
X

Sol 4. (a) Oxidative annulation of alkenols to form six-membered rings may be
accomplished with mildly acidic oxidant pyridinium chlorochromate (PCC).
This process is postulated to occur via initial oxidation of the citronellol (I) to
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citronellal (III), carbonyl ene reaction to give isopulegol (IV), and then
reoxidation to a ketone isopulegone (V). A simple base-induced isomerization
of V then afforded pulegone (IT). The IR peak at 1680 cm ' indicates the
presence of conjugated carbonyl group.

ag. NaOH
oxdn e oxdn
To
| AN

Citronellol (1) Citronellal (Il Isopulegol (V) Isopulegone V)
(IR: C=0 str. 1680 cm"! % % %
Pulegone (Il)

Buffering agents (such as sodium acetate) may be used to prevent acid-
labile protecting groups from being removed during PCC oxidations. How-
ever, buffers will also slow down oxidative cyclizations, leading to selective
oxidation of alcohols over any other sort of oxidative transformations. For
example, citronellol, which cyclizes in the presence of PCC, does not undergo
cyclization when buffers are used. The IR peak at 1720 cm™' indicates the
presence of a carbonyl group without conjugation.

(IR: C=0 str. 1720 cm™)
CH3COONa

Citronellol (I) Citronellal (1l

Q 5. Rationalize the following transformations:

o
21, ® q§©§
benzene
O 5400c Y TOH
| 2 (°
(iV)MO+)\—>| +
OH

AN
HO
LMFOsmbvkw.
r.t MeO CH,Cl,, 0

HO\

(i) —

210 °C
—_—
benzene
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o
o)
(vii) e A d%
H

(o]
N /\/\ 160 °C
AN = VL . _
(viii) \/O +{ N-Me Toluone e} N-Me
H
X
(ix) \\ & \\N A L Gi/?
~

Sol 5. (i) The initial step involves the formation of an oxenium ion by the coor-
dination of the Lewis acid to the carbonyl group of (R)-citronellal. This then
undergoes an intramolecular carbonyl ene reaction via a chair-like transition state
having all the substituents in the equatorial positions to give pure l-isopulegol.

A

X -7 — - £20- —»ﬁOH = (5\

| )(‘o -ZnBr, Ene /4 ZnBr, [ : OH
H PN
o(>\3 o~
1‘) x

ii =

) [3 3] shift B

Claisen /’

side- chaln ene reaction

H
H
@ . & < = @&
H — =
OHC OHC oHC”

ring ene reaction
(iii) The starting compound on heating undergoes diastereoselective oxy
ene reaction to give the trans-substituted product. When an allyl alcohol is
used as the ene component, the reaction is known as an oxy ene reaction.
Ph
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(iv) The product I arises by an inverse electron demand hetero Diels—Alder
reaction between acrolein and isobutylene.

The product II is produced by two successive ene reactions. In the first
step, acrolein and isobutylene undergo all carbon ene reaction to give an
intermediate, which then undergoes an intramolecular carbonyl ene reaction

to give IL
H
w%f; &) o)
/‘ A N — A
\__ ene N ¢ ene _H
_ﬂ\:O H © o I} ©

(v) Treatment of the substrate with LDA generates the aryne intermediate,
which then undergoes an intramolecular aryne ene reaction with the pendant
olefin to give benzofused heterocycle.

O\/Q o ©
Br !!'
LDA, THF \\ Vo "
MeO H r.t. MeO H ene © .

OMe OMe

N

oM

(vi) Ethylidenecyclohexane and but-3-en-2-one undergo all carbon ene
reaction to give the intermediate I, which then undergoes an intramolecular
carbonyl ene reaction to give the bicyclic product II.

o
QQ/M\ O
‘ H‘) H HO
A A
e e ——
ene ene
1 1}

(vii) The dienyl ketone (I) on heating undergoes two successive enol ene
reactions to give the bicyclic ketone (II).

o y o] / o} Oorhy o
| 7 7
= -~ AAAA, ~ AJL*
ene ene
H H H
1

I

(viii) The diyne on heating undergoes propargylic ene reaction to generate
a vinylallene intermediate, which is trapped in an intermolecular [4 + 2]
cycloaddition with N-methylmaleimide to give an endo adduct.
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Pr
/d !
=
H7 c
\2—="" propargylic [4 +2]

ene reaction
endo adduct

(ix) Thermolysis of cyanodiyne (I) in toluene produces substituted pyridine
(II). The formation of II can proceed through three possible mechanistic path-
ways. The compound II can be directly generated by a thermal [2 + 2 + 2]
cycloaddition in a single step. The second pathway involves a cascade mechanism
involving a propargylic ene reaction, followed by an intramolecular Diels—Alder
reaction involving the vinylallene and the cyano group. After a [1,5] hydrogen
shift, the substituted pyridine (II) is generated. The third pathway begins with an
intramolecular propargylic ene reaction in which the cyano group serves as the
enophile. The resulting allenylimine then undergoes hetero Diels—Alder reaction
followed by tautomerization to give the same pyridine product an.

@ ﬂ N C@Q OiQ

propargylic ene vmyallene cyano D. A. isomerization

third pathway
//\ \
Hu\

propargylic cyano ene azadlene hetero D. A. tautomerization

Experimental evidences and computational studies have shown that the
second pathway is the most favorable pathway in this formal [2 + 2 + 2] pyr-
idine synthesis. These results have been justified on the basis of the high stability
and difficulty of distortion of the cyano group, and the high distortion energy of
the [2 + 2 + 2] transition state, which makes the ene reaction of the cyano group
or the direct [2 + 2 + 2] cycloaddition more difficult than the second pathway.
However, it has been shown that if the hydrogen atom at the propargylic carbon
in I is substituted by some other groups, then the initial propargylic ene step
cannot take place. In that situation the reaction follows the third pathway and
leads to the formation of similar substituted pyridine products.

6.4.3 Retro Ene Reactions

Retro ene reaction or retro ene fragmentation involves the intramolecular
thermolysis of unsaturated compounds by the transfer of a y-hydrogen to the
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unsaturated center via a six-membered transition state to yield both ene and
enophile. All-carbon ene reactions can also go in reverse direction particularly
when ring strain is released. This reaction can also be considered as a ho-
mologue of a [1,5] sigmatropic rearrangement (Scheme 6.17).

-8

(4Z)-2-Methylhexa-1,4-diene

T
l
T
w,
/
ln
) T
l>

chair-like T. S.

SCHEME 6.17 Retro ene reaction: a homologue of a [1,5] sigmatropic rearrangement.

6.4.3.1 Solved Problems

Q 1. Explain the mechanism of the following reactions

) — 0 AL A, >\—0Me
/ oo @-i;

<-->©”M~©f” as

o D
. A D,O A N
[\"
() * Ph*COOMe ! i
2 eq. KH 2 eq. KH >—/ °
(v) AP TTrSY = -
7" 2eq.18-C-6 2eq. 18-C-6 “coc, “1OH
HO OH THF, T. t THF, 1. t HO )

Also explain the fact that the thermal retro ene did not occur when the cis-

diol I was refluxed in toluene for a week. However, the reaction occurs at a
reasonable temperature in case of the trans-diol II.
Sol 1. (i) The synthesis involves two consecutive reactions; an ene reaction
followed by retro ene reaction. The driving force for the former is formation of
a new c-bond at the expense of a carbon—carbon triple bond and for the latter
is the formation of a C=0 -bond.

AN O>V eAne retro >—OM6
OMe
H’/T\// oP K\ovvne w
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(ii) Further rearrangement of the first o-allyl phenol (normal Claisen
rearrangement product) by an ene reaction followed by retro ene reaction gives
the second o-allyl phenol (abnormal Claisen rearrangement product).

O OH N\
tautomerlzahon
[3,3] shift
=
—>
retro ene

(iii) The reactant on heatmg undergoes retro ene reaction to release the ring
strain. The unsaturated ketone thus obtained undergoes an intramolecular ene
reaction in which the carbonyl functionality serves as the ene component via
its tautomer and olefinic moiety serves as the enophile.

o)
A L 79 /\/\)J\ o
‘\(\: retrer ne \ OH = = R @

(0]
e T =)
ene H

(iv) B-Pinene on heating with methyl 2-oxo-2-phenylacetate undergoes
carbonyl ene reaction to give I, which undergoes reversible deuterium ex-
change to give II. On heating, II is transformed to frans-labeled isomer of
B-pinene by a stereospeciﬁc retro ene reaction.

O

ey

J@;

Y

COO'V'e Ph COOMe Ph COOMe

.n\D
carbonyl retro
ene ene

(v) Treatment of the czs-dlol I with KH and 18-Crown-6 at room tem-
perature gives an alkoxide, which undergoes a facile anionic oxy retro ene
reaction to yield the enol enolate, which is perfectly set up for the tandem
intramolecular aldol condensation.

It should be noted that the cis-diol I undergoes retro ene reaction at room
temperature because of the alkoxide accelerating effect. However, the
thermal retro ene does not occur when the cis-diol I was refluxed in toluene.
This is due to the fact that thermal retro ene reactions tend to occur between
180 and 400 °C. However, if the migrating hydrogen comes from an oxygen
atom rather than a carbon, then the transition state is significantly lowered,
and the rearrangement can occur within the 130 °C range. Combination of
this effect with the strain release of a cyclobutane ring in the case of the
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trans-diol II lowers the temperature for the reaction to occur within the
40—60 °C range.

2 eq KH

/ 2 eq. 18- C 6 anlomc

HO OH THF, r. t. retro ene
| > A

2 eq. KH
WOH g
retro ene 2 eq. 18-C-6
OH /)

THF, r. t.

6.5 B-ELIMINATIONS INVOLVING CYCLIC TRANSITION
STRUCTURES

Another important family of elimination reactions having cyclic transition
states involves an intramolecular hydrogen transfer that accompanies elim-
ination to form a new carbon—carbon double bond. These are thermally
activated unimolecular reactions that normally do not involve acidic or basic
catalysts. There is, however, a wide variation in the temperature at which
elimination proceeds at a convenient rate. The cyclic transition state makes it
mandatory that elimination occurs with syn stereochemistry. At least in
principle, all such reactions can proceed by a concerted mechanism. Such
reactions are often referred to as thermal syn eliminations.

6.5.1 Pyrolysis of Acetates and Xanthates

Sometimes retro ene reactions are of great synthetic value in stereoselective
eliminations as in the pyrolysis of esters (Scheme 6.18). However,
high temperature (300—500 °C) required for such reactions restricts their
utility.

Ester

SCHEME 6.18 Pyrolysis of ester derivatives.

The ready decarboxylation of B-ketocarboxylic acids is shown to occur in a
similar manner (Scheme 6.19).



Group Transfer, Elimination, and Related Reactions Chapter | 6 313

HO R R

A
S0 —2+co, + TMT‘ Y
(@]

SCHEME 6.19 Decarboxylation of B-ketocarboxylic acids.

HO

For the related Chugaev reaction, which involves the pyrolysis of xanthate
esters (O-alkyl-S-methyl xanthates), conditions are much milder (100—200 °C)
(Scheme 6.20).

Ssy-SMe HS.__SMe
/Eﬁ/ —S = RN 4 |y ——= s=c=0  + HSMe
(0]
R Alkene Carbon oxysulphide  Methanethiol

Xanthate ester

SCHEME 6.20 Pyrolysis of xanthate esters.

These pyrolytic syn-eliminations in acetates and xanthates proceed via
a six-membered transition state in which three electron pairs are shifted
at the same time. They can be easily explained by PMO approach
(Figure 6.12).

T. S. for syn elimination, Hlckel system,
0 node, 6 electrons, aromatic, A allowed

FIGURE 6.12 PMO analysis of pyrolytic syn eliminations in acetates and xanthates.

Some cycloeliminations use a ring of five atoms instead of six but still
involve six electrons. This is no longer a retro ene reaction but it is still a retro
group transfer and is allowed in the all-suprafacial mode. Some common
examples of such reactions are pyrolysis of amine oxides, sulphoxides, and
selenoxides. All these reactions are syn stereospecific.

6.5.2 Pyrolysis of Amine Oxides

The pyrolysis of amine oxides is called Cope elimination and typically
takes place at 120 °C (Scheme 6.21). The reaction is a syn periplanar elimi-
nation in which six electrons move in a five-membered ring according to
a concerted, thermally induced mechanism to yield an alkene and a
hydroxylamine.
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H O A OH
L
N 7N
R | Alkene
Amine oxide

SCHEME 6.21 Pyrolytic syn-eliminations in amine oxides: Cope elimination.

6.5.3 Pyrolysis of Selenoxides

The pyrolysis of selenoxides takes place at room temperature or below. In the
presence of a B-hydrogen, a selenite will give an elimination reaction after
oxidation to leave behind an alkene and a selenenic acid (Scheme 6.22).
Oxidizing agents such as hydrogen peroxide, ozone, or m-CPBA are quite
often used. This reaction type is commonly used with ketones leading to the
formation of enones.

o)
R O R O R O
Ph—Se—X H>0, ; RA\AR'
H R — "= H R ——— |H R| — +
5 via enol Se or m-CPBA | ™\ s?
or enolate ~Ph  orO, o0=>%~pPh H\o/se‘Ph

- HX
SCHEME 6.22 Pyrolysis of selenoxides.

Elimination of selenoxides takes place through an intramolecular, syn
elimination pathway. The carbon—hydrogen and carbon—selenium bonds are
coplanar in the transition state. The reaction is highly trans-selective when
acyclic a-phenylseleno carbonyl compounds are employed. The formation of
conjugated double bonds is favored. Endocyclic double bonds tend to pre-
dominate over exocyclic ones, unless there is no syn hydrogen available in the
ring. Some examples of selenoxide-mediated syn elimination reaction are
given in Scheme 6.23.

o] o] o}

LiN'/P H,0.
PhNLPh o PhMPh — = PNy
PhSeBr SePh
e
SePh
m-CPBA_ Hzoz f
\''SePh — >

h COOMe COOMe
PhSe
mCPBA
Me ether

SCHEME 6.23 Some important syn elimination reactions through selenoxides.

g%
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6.5.4 Pyrolysis of Sulphoxides

On pyrolysis, sulphoxides with a B-hydrogen undergo syn elimination to give
alkenes (Scheme 6.24). The pyrolysis of sulphoxides takes place at about
80 °C. Like other concerted pericyclic reactions, this reaction is also highly
stereoselective. For example, the anti-sulphoxide (1) on pyrolysis gives mainly
trans-methylstilbine (2), whereas the corresponding syn-sulphoxide (3) gives
predominantly cis-methylstilbine (4).

o) L0
Phs_H . Phs« H o
Ph>yph H) {rph PRy
g - PhSOH
H Me L Ph Me | 2Me
o) .0
Phs H R Phss H "
N ¥
H Ph Ph Ph | -PhSOH Ph
3 - - 4

SCHEME 6.24 Pyrolysis of sulphoxides.

6.5.5 Solved Problems

Q 1. Diols (I-IV), which react with CrO3 in aqueous H;SO4 and yield
products that readily undergo decarboxylation on heating, are:

Ho > OH /\h /\(\ /\)\
| ||| v
(a) I and II (b) II and III (¢) I and IV (d) I and IV

Sol 1. (¢) Geminal dicarboxylic acid (i.e., compounds in which the two
carboxyl groups are on the same carbon atom) and B-ketocarboxylic acid
obtained by the oxidation of diols II and IV, respectively, readily undergo
decarboxylation on heating.

o

L . OH
aq. H,S0, HO
o O o JH CO o o}
" CrO3 A .
__ o9 -
0 HOJYMOH S S Hoﬁ\ Ho)k(

geminal dicarboxylic acid

m—S% CrO3
aq. H,SO, HO)H(\
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oo o o o }lo o o

3 A

v——— — —— H
aq. H,SO, MOH ol Tco, N )K/

B-Ketocarboxylic acid

Q 2. Name the dicarboxylic acid that on strong heating produces acetic acid.
(a) Succinic acid  (b) Malonic acid  (c) Oxalic acid  (d) Glutaric acid

Sol 2. (b) Malonic acid being a geminal dicarboxylic acid, readily undergoes
decarboxylation on heating to produce acetic acid.

&5
HO ¢}

Q 3. Identify the products obtained when erythro and threo isomers of 1-acetoxy-
2-deutero-1,2-diphenylethane are subjected to pyrolysis. Justify your answer.

O
~co, Ho™ S T o

Acetic acid

o o
A
HOMOH -

Malonic acid

Sol 3. The syn character of pyrolytic eliminations has been demonstrated in
many ways. For example, pyrolysis of erythro and threo isomers of 1-acetoxy-
2-deutero-1,2-diphenylethane gave in each case trans-stilbene as a major
product, but the stilbene from the erythro compound retained nearly all its
deuterium, whereas the stilbene from the threo compound had lost most of its
deuterium. Either the hydrogen or deuterium could be syn to the acetoxy
group, but the preferred conformations are those in which the phenyl groups
are as far removed from each other as possible.

D Me_
H <T© H H
MeOCO Ph =— ) D : _ i
;—'ﬁi PH Ph
i HoPn '-I|3h F‘hH
H——D less stable 5%
H——OCOMe
H Me
Ph N
erythro isomer Meoco D /C—O H Ph
(racemate) D — YNy — Y—(
- - 5= Ph D
convert Fisher projection H” “Ph H 'Ph
into eclipsed sawhorse Ph D
projections more stable 95%
K Me_
C:O
D H D
MeOCO Ph = ) wn —(
WA Ph Ph
" HoPn I—I|=‘h PhD
D H less stable 26%
H OCOMe
D Me
Ph .
threo isomer Meoco D C—\E) H Ph

(racemate) H = o? D — >=<

convert Fisher projec:tionN H Ph HY
into eclipsed sawhorse Ph H
projections more stable 74%
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Q 4. Explain the mechanism of the following reaction:
Me Me Me

O.\\ol(swm N @ ) @

Sol 4. In the Chugaev reaction, the favored transition state is the one in which
the leaving group and the syn-hydrogen atom in the B-position leave the
substrate i.e., a syn-transition state. But the reaction is not necessarily syn
selective. The six-membered transition state in the Chugaev reaction provides a
stereochemical flexibility that the leaving group and an anti-hydrogen atom in
the B-position can leave the substrate jointly as a thiocarboxylic acid half ester.
For example, in the Chugaev reaction shown below, we get a mixture of two
olefins. Fifty percent of the resulting olefin mixture represents the thermody-
namically more stable Saytzeff’s product. It stems from an anti-elimination in
a substrate conformer with an equatorially disposed xanthate group because the
equally equatorially disposed anti-hydrogen at B-carbon is within reach in the
corresponding cyclic transition state.

SMe SMe m

e K LIBTY L, LT e

E I S or ] H\\S) or |
& Me H Me Me

S

=—~SMe

syn syn anti anti
elimination elimination elimination elimination
Me Me
@ ' r
50 % 50 %

Q 5. The major product formed in the following reaction is:

~OH iy NaH, CS,, Mel
_ =

(ii) 200 °C

Sol 5. (a) The reaction involves the conversion of alcohol into olefins by the
pyrolysis of the corresponding xanthate esters (Chugaev reaction). In the first
step, xanthate ester is synthesized from the alcohol as shown below:

5 0§ .0
<O NaH 9"\0 s=cfs 9 hig /\l'\/leﬁl U
- s ” s

In the presence of the isopropyl group, the cyclohexane ring exists pref-
erentially in the chair conformation in which this group is oriented equatorially

SMe
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and the xanthate group is oriented axially. As a consequence, the H atoms in
the B-positions that would have to participate in an anti-elimination are far
removed and cannot be reached in a cyclic transition state. Therefore, only a
highly syn-selective elimination is possible. This steric course explains why
the thermodynamically less stable Hofmann product is produced regiose-
lectively in this case.

Unstable conformations due to the presence of the bulky isopropyl group in axial position

|
Me Me
syn anti ~anti
elimination elimination elimination
100 % 0%
9 Me
Q 6. Pyrolysis of Me—l}ﬁ—< would give
Me CDs3

(a) A mixture of CH,=CH-CDj and CH-CH=CD, (b) CH3-CH=CD,

Me\+ Me
(c) N:< (d) CH,=CH-CD4
/
Me CD;

Sol 6. (a) Syn elimination of hydrogen or deuterium present at B-position leads
to the formation of two products (I and II).

wod )
€2
i vp |~ CHa-CH=CD; *+ Me;N-OD
O Me HC D I
L+ A - -
Me—w
Me CDs . 6W
/
Me, H
iy |~ CDs"CH=CH; + Me;N-OH
Ds;C H I

Q 7. Rationalize the following transformations:

Ph Ph Ph O

Ph ©Q J Ph Ph
~NMe, NMe,
_A L i _A L .
trans 85% 15% cis 2% 98%

Sol 7. In amine oxide pyrolysis, cycloelimination uses a ring of five atoms,
therefore, the reaction is necessarily syn selective. The oxide of trans-
1-phenyl-2-dimethylaminocyclohexane undergoes syn elimination to give
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1-phenylcyclohexene as the major product. This may be due to increased
acidity of the proton o to the phenyl ring and the stabilizing effect of the
developing conjugation in the transition state. In the cis isomer, there is no syn
hydrogen at the phenyl-substituted carbon and the nonconjugated regioisomer
is formed. The elimination does not involve the anti-hydrogen even though it
is activated by the phenyl group but it involves one of the adjacent methylene
hydrogens to give 3-phenylcyclohex-1-ene.

Q 8. The major product formed in the following reaction is:

SePh
Ph  H20
] heat

@ pp PN (b) Py Cr (@ PP
Ph D Ph

Sol 8. (c¢) In the intermediate selenoxide, either B-hydrogen or B-deuterium,
can attain the eclipsed conformation of the cyclic transition state; therefore,
a mixture of alkenes is formed. The product ratio parallels the relative
stability of the competing transition states. Generally, more of the E-alkene
is formed because of the larger steric interactions present in the transition
state leading to the formation of Z-alkene, but the selectivity is generally not
high.

Ph

)

PhSe Ph
H‘%q’Ph Torecr PO
. - PhSeOH

O Ph D D
. - j duct
PhSe, PhSe, H major pro
>y Hzoz R Ph _A more stable T. S.
Ph D heat r
D .
H . 5

PhSe% y
%ﬁ e
HY YH| phseoH /\Fg

lPIj APh

less stable T. S. due to repulsion
between bulky Ph groups

minor product

Q 9. In the reaction sequence given below, the major products I and II,
respectively, are:

<:\‘/¥ (i) LDA, - 50 °C, PhSeCl H,0,, 50 °C
(ii) LDA, - 50 °C, Mel ! t
SePh

M H / SePh
O and (6] O and
Ble]
H
Me

SePh

M
O and

SePh

O and
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Sol 9. (a) Carbonyl compounds can be converted to o,B-unsaturated carbonyl
compounds by selenoxide eliminations. Initial deprotonation with LDA gives
an enolate anion, which acts as a nucleophile and attacks the phenylselenyl
chloride. The nucleophile approaches from the less-hindered side, i.e., from the
side of hydrogen to avoid steric interaction with the ring carbon. However,
addition of LDA to the above product gives a planar enolate anion, which is
attacked by the methyl group, again from the less-hindered side to push the
already present PhSe group to the side opposite to the hydrogen.

T __ O LDA X o Ph
0= o o
0 i -50°C ﬁ A SePh
a pH H .
exo ePh
planar enolate attacks the electrophlle
[ from the less hindered exo face CEB:

he SePh

SePh ,- SePh H |.Me

LDA \/@Mefl o _ a o
-50°C O I Ofwe B
pH pH H I

The final step involves oxidation of selenide (I) to selenoxide using
hydrogen peroxide followed by pyrolytic syn elimination to give a double bond.
In this case, the oxygen cannot approach the hydrogen at the ring junction, so
elimination involves the side chain methyl group to give the less stable exo-
methylene lactone (II). Due to syn elimination, the reaction gives only the
product IT and none of the regioisomeric o,B-unsaturated lactone (IV).

SePh h-Se
H \\Me (CHZ H /
SN H,0, 5 -
o —>% o o
~0 50 °C g - PhSeOH —~0

However, if we change the sequence of the first two steps, we get
different products III and IV. In this case, the diastereomer III has two syn
hydrogens for elimination, but it prefers the hydrogen at the ring junction
because the endocyclic double bonds are more stable than the exocyclic ones.

+I
H SePh H Me se—ph
<j\/>:o (i) LDA, - 50 °C, Mel H20,
~G (ii) LDA, - 50 °c 50 °C

H PhSeCl
Me H /
_ -
- PhSeOH o ~0
A
IV (90%) 11 (10%)
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Q 10. The major product of the following reaction is:

Br
/\'~ Br (i) Zn, AcOH

PhSeN
’&O (ii) eNa

(iiiy m-CPBA, heat

NP U o R S

Sol 10. (a)

T
B B B
NI Y T T
,& _zn_ (@i”Bf _H / _PhSe,_
Me o) (6] Me! (0] Me! (0]

PhSe/\/ Phé@/b" \,//

—_— —_—
Me O  heat Me™ > g~ ~O -PhSeOH Me 0

(0] (6]



Chapter 7

Unsolved Problems

Q 1. Rationalize the following transformations:

I o/t o
X O
() J e L sy
N 2 N / —
H Ph
O

o)
(iii)@ = reflux
o@ PhNEt, Q o
9 OMe
OMe
A
(iv) + — N OMe
_NH, H
N OMe N
H H

Q 2. Give plausible mechanisms for the given transformations:

SePh / Ph
@ (") acetone Ph
H

R
Cul,
o, Ph
N Cs,CO
(iif) 28, (iv) N-NH, — 2 o
Mn02 “,
'V'e 180 °c or HgO e

Pericyclic Reactions. http://dx.doi.org/10.1016/B978-0-12-803640-2.00007-5
Copyright © 2016 Elsevier Inc. All rights reserved. 323
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Q 3. How do you explain the formation of the products in the following
reaction sequences?

(0]
(0] Ph 0 O
Bn. Ph _ Bn\N
(i) N reflux + BnN
H . toluene |
| x
Vi

major minor
Cl O Cl 0
| Ph
" © H,SO,4
(i) chCl Ph
MeO 2v2
(0)

cl
MeO
A/o OH A/ OH
o — P-2 Ni/H 0
(iii) 8%/ EtOH, EDA,2r. t. y

R=C(CH3),0H 'R 4R

hv < N_07 N\ g
Zn(OTf),, CH4CN —N =

r.t.,1h
hv

no reaction

CHACN, r.t, 10 h

Q 4. Explain the following chemical transformations with suitable mecha-
nisms:

o o o) 0 o) OH
o= > O
(i) ‘ Me _»hv . (ii) —_—
CHCl3 DMAP (cat)
= Me DCM, r. t
o LTt
HN R OH R

N>~ (@]
hs o

M2 [10% KoH (aq), MeOH
(ii) ] f
OH
I hv
LiBH,, 10% KOH (aq), MeOH + I

1]l
COOMe MeOOC

= 7 N-R
X H
(iv) OO o, ~-N._COOH X—|AenZ OO
MeO P2YIeNe Meo

R = Me, Bn
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Q 5. Provide suitable mechanisms for the following transformations:
OH O

_Ph
VL O
|
xylene X Ph
Me
i 1oce |
o~ = toluene =
Me

NHCOOMe
H =
- Bro 18°C
(iii)
Br H AgClO,4, TFE
C,Ph
(iv) ¢ __ s /N
toluene
SN COOEt
COOEt

Q 6. Provide the mechanistic rationalization for each of the following
reactions:

Me
i) =<

Li
ji/g/ THF, - 78 °C
(i)-78°Cto25°C, |, _Pro i-Pro
-Pro pmeo overnight

MeO 7
(iii) H,0, 0 °C
I I "
a </TS coom O
ii) MeO e " . veo Q
@ N THF,DBU
TsO !\l COOMe
MOM

MOM = methoxymethyl ether and DBU = 1,8-diazabicyclo[5.4.0]undec-
7-ene, a non-nucleophilic base.
o)

ot _ CsF,MeCN _
(iii) 2 @[ + st, Ve
TS Ph Ph  30°C,24h

EtOOC HO

o
COOEt COOEt
o >=N2 @ eq) -
(iv) )E/( ] /N + | NH
LDA (2 eq.), THF, -78°C pp, N Ph NN

r.t,1h

major minor
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Q 7. Provide the mechanistic rationalization for each of the following
reactions:

B

N
(i) ‘ g = Ts — 124N
CHACN

SO,Ph
NR
=
(i) RN N\ 110°C
toluene
=
S NR

R = SO,(2,4,6-PrCgH,)

(iii) C\S A -
&

) _AgBF4 (2eq) r
(iv)
[ :r " DCE,65°C

| I (45%) IV (55%)

Q 8. Give the mechanism of each of the following conversions and comment
on the reactions:

(i) Ph __100°Cc _ °C
toluene

20 min maijor

WL~ L - Py

X =COPh, LG =" 0O0CCH,Ph
|

A
' o
;Z“

Me
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(6]
Me .
(iii) N ° hv
17% aqg. phosphate buffer
LG in CH3;CN
|
LG = CI, PhCH,COO", PhS", PhCH,S", PhO", HO"
H
10 :
. 220 °C
—_— = =
(iv) toluene *
X
Me
| Il (44%) I (34%)

Q 9. Explain the formation of the products of each of the following chemical
conversions:

Me
o NF OH OH
Me
Me P N = Me P~ Me
(i) — +
Me = =
(@]

N% (i) -BuLi, DMPU, THF, — 78 °C

(i S (i) NH,CI

A
AN toluene, reflux

(iif)

| Me
(0]

(iv) i
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Q 10. Comment on the following conversions:

OMe
HO /7 N\ MeLi .‘

i —
0 — mw, 210 °C, PhOEt mMeo_H e}
MeO O
OMe
tBuO Me OH
X u
(i) air, 25 °C
Me (i) toluene, 150 °C
(iii) BF 3.OEt,

H
(-)-Colombiasin A
(marine natural product)

GWE Ph
(o]
- /O/\/COOMe _mw, 150°C _ >_§/\J\
MeOOC oW Th COOMe
EWG = CO,Me, CONBn, MeOOC

Ph© mw, 120 °C Ph N
(iv) 1 + MeONH,.HCI NaOAc. othanol OA’ p— U\
I “coome abAc, efhano N-">CcooMe

Q 11. Write a suitable mechanism for the following reactions:

COOH
. OHC-COOH.H,0
(i) A~ N/B” 2 = N Bn
H MeOH H

s st
20
min o
/ﬁ
o (i) LDA, TMSCI, THF, — 78 °C e,
me. I o (i) 65 °C (iii) HyO" " /Q
(iii) I
e Me COOH
Me/\) (i) LDA, TMSCI, THF/HMPA, — 78 °C I/
=

(i) 65 °C (i) H;0" Me
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Q 12. Explain the mechanisms of the following reactions:
OMe

Br. OMe MeO
R LI g
(0 N OMe 2 eq. LDA
H A N

(e}
M
e MeH

. i) LDA, THF, - 78 °C Me

(i) Zj (i) o
|

i COOM o COOMe
e} (i) Me/\/ e, THF,r.t. H

O

o OH
COOM
(i) CHsSCH,Li, 10 min, 0 °C ©
(iii) 6] o
\\ OMe
CN MeO—~ X OMe OH o
(i o)

1.25h, 0°C
(iii) H50*
(iv) O ()NaH,0°C C COOEt
o (ii) EFOOC—==—COOEt, 25 °C O COOE
o OH

Q 13. Consider the following reaction and account for the control of the
regiochemistry of I in the cycloaddition and also predict the relative config-
urations of the three chiral centers in I:

O
(0]
MN)J\OBn + MO #, H
H
NH

Q 14. Deduce the sequence of symmetry-allowed changes under thermal
conditions, which takes place in the following transformations:
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Q 15. Draw the structures for I, I1, and III, and outline the mechanisms of the
following reactions:

OMe
0__0 =
Q) | OMe | A I
N oo A —CO, — MeOH
SPh
~
_N
N (i) TBAF, MeCN 50 °C A |

(ii)

N SiMe,
come g Jk JK/W

— Me
BF5.OEt, [@ ]
ii .
(i) N o toluene, 100 °C * .
Bn
N o
(iv) /[ tocc  MCPEA_, e
toluene DCM BuLi (2.1 eq.), — 78 °C
(0]
BnN 150 °C
S~ | o-dichlorobenzene

(i) Ac,0, pyridine N

COOMe COOMe
o) A (i) NaBH,, MeOH A @:
v) + | ! COOMe

COOMe
N 0Ac
o O (i) Oz, Me,S
) LDA (2 eq. 0 _78°
(vi) N (2eq.) ;| 28 C ;y_CHClp, 78 °C
THF, 3.5h i) Ac,0, pyridinel
-78°C Me Me
07 g~ ~OAc

(+)-4-epi-acetomycin
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Q 16. Suggest the mechanisms for the following reactions, which involve a
retro Diels—Alder reaction as one of the steps:

N=N A N—-NH
() Ph— )—Ph + HC=CH-CN ————— Ph—{ )—Ph
N-N
CN
o O o I ¢
Ph
- Sy — BF,OEt, (22eq) I /N|
| + —_—
M 0 DCE, 70 °C, mw, 1h X
e
OMe Me

COOMe MeOOC.  COOMe

. C i) A CH

R R (R e o G e

HsC™ g~ ~CHs (I; (i) Hy/ PtO,  H,yC o~ ~CHs CH,
COOMe

Q 17. The diamine I on heating in ethanol at ambient temperature gives II in
good yield by the Diaza—Cope rearrangement. However, on heating diamine
IIT or IV in CDClj at 25 °C, an equilibrium mixture is obtained that contains
IIT and IV in a ration of 14:1. Explain the observations.

13,3] shift Lz
Diaza-Cope /@ N
MeO
1}

H
lilz
A 1 \3
[3,3] shift ol N%
Diaza-Cope @ r2
H
o
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Q 18. Give the mechanism of the following reaction and also explain the fact
that when this reaction is carried out without forming a pyridinium salt with
trimethylsilyl iodide, the yield of the target compound II is very poor:

w\NNJi:JUHM&UmeLt8h N \

| ~ H,N NH,
= (if) SnCly, EtOH-HCI, 110 °C —

| I
Q 19. 5-Aminopenta-2,4-dienals I and III on heating undergo a series of
pericyclic reactions to give different products as shown below. Sketch the
mechanism of these reactions.

N o)
> 160 °C
MeN TN No T
NMe,

Me
Me

SN 200220 _4/’_' N
v Me o- DCB mw

] IV major V minor

Q 20. Thermolysis of bicyclo[3.2.0]hept-6-ene (I) provided bicyclic lactone
(II) with the cis,cis-diene geometry that formally represents a thermally
forbidden process. However, thermolysis of bicyclo[6.2.0]dec-9-ene (III)
provided bicyclic lactone (IV) with the expected cis,trans-diene geometry.
How do you explain this observation?

COOMe O
HO -
180 °C o
B 24 h, neat
COOMe COOMe
| 1}
COOMe e}
HO B
90 °C g
2 24 h, toluene
COOMe |
MeOOC

n v



Appendix

Solution Manual

Sol 1. (i) On heating, the starting compound I undergoes a [3,3] sigmatropic
shift to give an allene (II). In the second step, II forms an extended enol (I1I),
and movement of the double bond in conjugation follows to give IV. This is
followed by a thermally-allowed [1,5] hydrogen shift from nitrogen to the
middle of the allene in IV. The compound V then undergoes six-electron
disrotatory electrocyclization to give VI, which is finally oxidized by nitro-
benzene to give a pyridine derivative (VII).

H._
O 3 O \;O
3,/'\H X 3 \5
g é@ — @@%
> ,1\1 1 [3,3] shift NH H*
p H in

IVH

1.5 H shift Nf “PhNH,

AIO

(ii) The reaction 1nV01ves cascade sequence of three successive pericyclic
reactions. The thermal Oxy-Cope rearrangement of 1,2-divinyl cyclohexanol
allyl ether (I) leads to enol II, which tautomerizes to produce the ketone III.
Transannular ene reaction of III generates an intermediate IV, which is
properly set up for the subsequent Claisen rearrangement to afford a bicyclic
lactol VL

Pericyclic Reactions.
Copyright © 2016 Elsevier Inc. All rights reserved. 333
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(iii) On refluxing in N,N-diethylaniline, 1,4-diphenoxybut-2-yne gives a
benzofurobenzopyran ring system through a series of pericyclic reactions as
shown below.

0, jp g:a@
[
@\ [3.3] shift @\ ©\

[1 5] H shift ©\ 67'c electrocycllzat|on 1 [3 3] shift

(iv) The Fischer indole synthesis involves condensation of an arylhydrazine
with an aldehyde or ketone to give an aryl hydrazone. Tautomerization of the
obtained hydrazone in the presence of an acid as a catalyst gives the corre-
sponding ene-hydrazinium species, which then undergoes [3,3] sigmatropic
rearrangement followed by loss of ammonia to give the corresponding indole
derivative (I).

Ph.-NH: ! HH
H +1 H\ 1 N+ 2
o Ph N AT HY PR N AT N IQW
o} -H0 H T 2G s

PN H
Ar

Ar

Iz

ene-hydrazinium

[3,3] shift TNH,

Sol 2. (i) In selenoxide, pyrolysis cycloelimination uses a ring of five atoms;
therefore, the reaction is necessarily syn-selective. Hence, on heating, cyclo-
hexylphenyl selenoxide undergoes syn-elimination regioselectively to produce
the less stable Hofmann product.

% 5 !
Me ! SePh __, | E§ePh m§ePh
(Hsden e & Me ~O Me
_O ¥
syn syn anti _anti
elimination elimination elimination elimination
Me Me

Hofmann product (100 %) Saytzeff product (0 %)
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(ii) On irradiation, 2,2'-diphenyl-3,3’-bibenzofuran (I) undergoes conrotatory
6Tt-electron cyclization to give an intermediate II, which then undergoes cleavage
of one furan ring via a syn-elimination to yield a phenol derivative (III).

(iii) N-vinyl B-lactam (I) on heating undergoes a domino one-pot [3,3]-
sigmatropic/67t-electrocyclization process to give a bicyclo product (IV).
When the reaction mixture is heated in the absence of base and Cul, the re-
action stops at the formation of the azacylocta-1,5-diene (II). Addition of Cul
and CsyCOj3 enables the 67t-electrocyclization to occur in a one-pot sequence.
Cul undergoes chelation with the nitrogen and/or oxygen atoms, thus cata-
lyzing the proton abstraction, which generates the required triene (III) for the
electrocyclization.

3\ R R
2 - - - R
O 1 3 N— N €
kT e ) 2 B+
[3,3] shift o Cs,CO4 dis X
Me1 2 3 H -€ H
Me Me H Me
1] n

H R
b O N

A

H
Me

v
(iv) Oxidation of the cis isomer of the cyclic hydrazine (I) with MnO; or
HgO gives an intermediate diazene (II), which undergoes symmetry-allowed
cheletropic elimination of nitrogen in a disrotatory manner to give the
o-quinodimethane intermediate (III), which then undergoes a symmetry-
allowed conrotatory ring closure to give trans-diphenylbenzocyclobutane (IV).

Ph
Ph o & oh
A A A H A
Ph or HgO | © N Pf\{(\\
I I m v

Sol 3. (i) 1,1-Divinyl-2-phenylcyclopropane derivative (I) on heating undergoes
a vinylcyclopropane rearrangement to give vinylcyclopentene derivative (II). In
this reaction one of the vinyl groups of I participates in the reaction and the
other is a substituent. The major spirolactam (III) is formed by a reversible
aromatic Cope rearrangement followed by an irreversible ene reaction. In this
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case, the driving force for the Cope rearrangement is the release of strain energy
of the cyclopropane ring, which partially compensates for the loss of aromaticity
of the phenyl ring. Similarly, the driving force for the ensuing intramolecular
ene reaction is the regain of aromaticity.

o}

Bn\N
H 1.3 shift 3] shift H
|

[3 3] shift gn— N>—§ %

o)
A (0]
—ne ™ / BnN
BnN

Y%

Ph

(ii) Treatment of compound I with sulfuric acid generates a cation (II),
which then undergoes conrotatory ring closure (Nazarov cyclization) to afford
a fused cyclopentenone (III).

c o Cl OH Cl oH
cl Ph  Cl & _Ph cl
| —H> \U -4, *—Ph
MeO MeO” S/ H " veo
e | 1 B
: " FORRED) Hg H
c on c o
cl cl
I —— S
MeO MeO m

(iii) Partial reduction of the alkyne functionality in en-yn-en (I) generates
tetraene II, which can undergo an 8m-conrotatory electrocyclization to form

cyclooctatriene III. This intermediate then undergoes a 67-disrotatory electro-
cyclization to provide only one diastereomer of the compound (IV).

P-2 Ni/H,

| —
EtOH, EDA,
r.t.

Il 1] v
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(iv) The s-trans conformation of the bipyridine, which is not suitable for
electrocyclic reactions, is more stable than its s-cis conformation. Therefore,
irradiation of a CH3CN solution of 35,5-bis(triethylsilyl)-3-vinyl-2,2’-
bipyridine (I) does not give the desired product (II). However, the addition of a
chelating agent fixes the bipyridine in its s-cis conformation suitable for electro-
cyclization. Moreover, formation of a metal chelate would induce a significant
bathochromic shift of the absorption band, which would enable the efficient
photoexcitation of the substrate.

R{Q}R‘R/\ /\R[anR/\ /\R
=N —N N=
Zn]
7 N_0 N\ _g

favored disfavored
I (R = Et3Si)

Gn electrocycllzanon [1,5] H shift =N N=

I
Sol 4. (i) The first step involves a conrotatory 6m-electron cyclization of I to
give an intermediate II, which undergoes [1,9] hydrogen shift to give a stable
benzenoid system IIIL. This is followed by a [1,3] hydrogen shift and opening
of an oxazoline ring to form a stable naphthalene system V.

%

\—/Ph

51
sod
HNYO

(ii) Reaction between p-quinol and diketene in the presence of a catalytic
DMAP afforded acetoacetate, which underwent Carroll—Claisen rear-
rangement to afford substituted arylacetone. This rearrangement involves
the transformation of a B-ketoallylester into a-allyl-B-ketocarboxylic acid
accompanied by decarboxylation The final product is an allyl ketone.

@ DMAP (cat) @j shlft
DCM, r. t. !

RO2OH
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(iii) On irradiation, 3-styrylfuran (I) undergoes an initial equilibration to a
photostationary mixture of E and Z isomers, which is followed by a 67t-electron
conrotatory ring closure of the Z-isomer to give trans-9a,9b-dihydronaphtho
[2,1-b]furan intermediate (IV). As the leaving groups are in a cis configuration,
IV cannot undergo the E2 reaction directly. Therefore, IV undergoes ElcB
(unimolecular elimination of conjugate base) reaction to produce the interme-
diate V, which undergoes protonation and tautomerization to give VI. Finally, a
Norrish Type I photoreaction occurs to give 2-methylnaphthalene (II). However,
in the presence of a reducing agent the reductive product, 2-(naphthalen-2-yl)
ethanol (III), is also obtained by the reduction of the intermediate V1.

HO—\‘ 0

1(E) I (Z)

© HO Os_H
| | vy
—~ O~ ~ Y s
=
v Y

(iv) Condensation of 1-alkenylnaphthalene-2-carbaldehyde (I) with
N-monosubstituted o-amino acid (II) generates unstabilized a.,3:y,0-unsaturated
azomethine ylide (IIT), which then undergoes 8tt-electron cyclization followed
by [1,5] hydrogen shift to give polycondensed dihydroazepine (IV).

e CH2

COOMe MeOOC

MeOOC
N-R 7 N-R
A, con A
8n-electron [1,5] H shift
1,7-cyclization MeO suprafacial MeO v

Sol 5. (i) (2Z,4E)-2-Acetyl-N,5-diphenylpenta-2,4-dienamide (I) is in equi-
librium with its tautomer imidic acid (II), which is stabilized by the
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intramolecular hydrogen bond. Moreover, this intramolecular hydrogen
bonding also keeps the azadiene N—=C—C=C in a cis conformation. As a
result, IT readily undergoes 67-azaelectrocyclization to give the intermediate
III, which then undergoes a [1,5] hydrogen shift to give the product I'V, which
is also stabilized by a hydrogen bond.

0O O ; o o oo
/ Ph
Me N—Ph Me N”Ph A Me = "N~
| = | 6n-electron X
Ph Ph . Ph
| I cyclization m
H
/N
O O
A Me” N NN
1,5] H shift
[1.9] N""ph
\"

(ii) Under thermal conditions, (2EAE,6Z,8E,10E)-dodeca-2,4,
6,8,10-pentaene (I) undergoes symmetry-allowed 67t-electrocyclization of its
central (E,ZE)-triene moiety to give the corresponding cis-5,6-disubstituted
1,3-cyclohexadiene (II), followed by an IMDA reaction involving one of its
(E)-prop-1-enyl side chains to give the endo,exo-6-methyl-8-((E)-prop-1-en-
1-yDtricyclo[3.2.1.0*"Joct-3-ene (III). It should be noted that E configuration
of the inner olefinic bonds precludes adoption of a conformation suitable for
8m-electrocyclization, forcing the alternative 67t process to prevail.

H

LA
Me N
A, dis X A = ., H
- T < 'H
6n-electrocyclic = [4 +2] N4
. Me B Me
reaction -
H
]
(exo) Me Me (endo)
mn =

Me (endo)

(iii) The endo bromine atom is preferentially expelled by the dis-in mode
of opening of cyclopropane G-bond to give the more stable allyl cation, which
is trapped by the pendant nitrogen nucleophile to yield the hexahydroindole
derivative.
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(iv) On heating, ketenimine (I) undergoes a 67-electrocyclic ring closure
to give an intermediate (II). This species then undergoes a retro-cheletropic
ene reaction with extrusion of 2-carbena-1,3-dioxolane (IV) to provide the
final product (IIT). The driving force for the latter step is the simultaneous
recovery of aromaticity at two rings and highly exergonic decomposition of IV
into CO, and ethene.

o ¢-Ph E
H
I F 80 °c _ soc
N
S COOEt retro -cheletropic

1 ene reaction

/7 N . .
‘ COOEt o%i?
mn v

Sol 6. (i) Addition of vinyllithium to cyclobutenone I, gives a mixture of cis-
and rrans-divinyl substituted cyclobutenes IV and V. Cyclobutene IV un-
dergoes anionic Oxy-Cope rearrangement through a boat-like transition state
to give the enolate VI. However, cyclobutene V undergoes a 4m-conrotatory
electrocyclic ring opening to yield VII, which can undergo &m-electro-
cyclization to yield the enolate VI or 67t-electrocyclization to yield the enolate
VIII. Hydrolysis of VI and VIII produces compounds II and III, respectively.
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Me fo) :< Me LiO \K Me LIQ
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Me Me Me
1 v '
Me
LiO Me (@] Me
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(i) On irradiation, stilbenoid compound I undergoes an initial equilibration to
a photostationary mixture of E and Z isomers, which is followed by a
photochemically-allowed ring closure of the Z isomer to an unstable compound II.
Interestingly, II loses its tosyl group (p-Me-Ph-SO,-) rather than the tosyloxy
(p-Me-Ph-SO,0-) substituent, which is a much better leaving group. This can be
explained by the selective deprotonation of II to the sulfone-stabilized anion III.
Protonation of this anion leads to intermediate I'V, which yields phenanthrenoid V
by losing tosyl group. An alternate mechanism involving the expulsion of the
tosyloxy group is not viable, because no sulfone-stabilized anion is possible.

Ts OTs Ts OTs
s
COOMe
g O Wy g

TsO N

MOM
1(E)

0 O
— MeO —> MeO —> MeO
COOMe B J COOMe COOMe

(iii) The benzyne generated by the ﬂuorlde-mduced 1,2-ehm1nat10n of Iis
attacked by the strongly nucleophilic oxygen of the cyclopropenone to give a
zwitterionic intermediate II. This species then undergoes a ring closure to give
the spirocyclic benzoxete derivative III. Electrocyclic ring opening of III
affords reactive o-quinone methide IV, which undergoes a [4 + 2] cycload-
dition with a second benzyne to generate the spirocyclic compound V.

sut—ls P en e e
|

g
Ph [4+2] O O
/
Ph Ph

IVPh v

(iv) Reaction of 3-phenylcyclobut-2-enone (I) with lithiodiazoacetate
(generated in situ) gives an intermediate oxy anion (II), which under thermal
conditions undergoes conrotatory ring opening. In the case of II, the ring can
open by two conrotatory paths. However, in practice the oxy anion substituent
undergoes exclusive outward rotation (torquoselectivity) to give a diazo-diene
intermediate (III), which then undergoes an 87t-electron cyclization to give the
1,2-diazepine product as a mixture of V and its tautomer VI. It should be noted
that both electrocyclic reactions take place under extremely mild reaction
conditions due to oxy anion acceleration.
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Sol 7. (i) The first step of the reaction involves conjugate addltlon of 1-benzyl-2-
(1-(phenylsulfonyl)-1H-inden-2-yl)pyrrolidine (I) with (p-toluenesulfonyl)
ethyne (II) to afford a zwitterion (III), which then undergoes Aza-Cope rear-
rangement to afford tetrahydroazonine (IV). The C-3 proton of the indole moiety
of IV is relatively acidic and hence readily deprotonated (probably by the
pyrrolidine or piperidine moieties of the starting material and product, respec-
tively) to give an anion V. This is followed by an anionic 67t-electron electrocyclic
ring closure of anion V to give VL. The cis-fusion of cyclopentene and piperidine
rings in VI is due to the disrotatory nature of the 67t-electrocyclic reaction under
thermal conditions. Protonation of VI gives the final product VII.

Ts
3 2

A Base
(3\:\+ /Bn '\‘Ts _ Nl

‘ 1 A H
2 [3,3] shift

Bn

v Vi vl
(ii) The mechanism of reaction involves a process consisting of
an intramolecular ene reaction between two alkynes to give a vinylallene
intermediate, which then undergoes an intramolecular Diels—Alder reaction
with the double bond to give the fused tetracyclic product.

/
N\ _H _110°C_ H
—— RN
RN < toluene RN H H [4 +2]
ene \\
N
H H R

R = S0,(2,4,6-PrCgH,)
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(iii) As the triyne I is an asymmetric triyne, the reaction can proceed via
two pathways. In both cases the first step of the cascade reaction corresponds
to an intramolecular propargylic ene-type reaction of a 1,6-diyne to generate a
vinylallene followed by an intramolecular Diels—Alder reaction and tauto-
merization. Tautomerization by a thermal suprafacial [1,3] hydrogen transfer is
symmetry forbidden. A thermal suprafacial [1,5] hydrogen transfer is sym-
metry allowed, but in this case a six-membered ring transition state cannot be
generated due to the rigidity of the planar conjugated diene moiety. It has been
shown that tautomerization in such systems actually involves water supported
[1,3] or [1,5] hydrogen transfer.

S
— / H )
< Q,H; g A, w/ water supported [1,5] H shift
— ene [4 +2] j S
Il "

PON
H H—>III

water supported [1,3] H shift

Ho /H
— 1l
S G’ H : water Supported [1,5] H shift
\ AL/ ene / wea
\,H
water supported [1,3] H shift
° |
not formed

(iv) 1,2-Diaryl substituted gem-dibromocyclopropane (I) on treatment with
silver tetrafluoroborate (AgBF,) in dichloroethane at 65 °C led to the forma-
tion of 2-bromo-1-aryl substituted indenes via a domino reaction sequence.
Initial silver(I) promoted 2m-disrotatory electrocyclic ring opening of I led to
the formation of allylic carbocation intermediates Ila and IIb, which under the
reaction conditions could equilibrate with each other. 47t-Conrotatory elec-
trocyclization of Ila and IIb followed by deprotonation led to the formation of
isomeric indenes IIT and IV, respectively.
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Sol 8. (i) Upon heating, methylenecyclopropane methylene diketone derivative
(I) undergoes [1,3] carbon shift to give an intermediate II, which then un-
dergoes a 61t-electron electrocyclization to furnish the corresponding frans-
and cis-spiro[2.5]octa-3,5-diene derivatives III and IV. In addition, III is the
major product due to its small steric hindrance and greater stability.

\ L A{S% D{j%
0 0 0
_ A _A N\ A\
Ph@\;?( [1.3] shift Ph Y N WA M
I o) I PR h v

Il (major) P
(ii) N-Methyl-N-arylacrylamide (I), with allylic leaving groups (LG), un-
dergoes a photoinduced conrotatory 67-electrocyclization to produce a zwit-
terionic intermediate. Expulsion of the leaving group followed by
deprotonation gives an o-methylene lactam (II) as the major product. In
addition, a lactam product (III) that retains the leaving group is formed via a
[1,5] hydrogen shift in the intermediate.

CHs, CHy CHj
+ | - +1 - +1 -
N O N (0] N (o]
| <> 5 _hv - | h - Il
> LG Conx LG [1,5] X LG
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-LG i
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41
N O
A
— 1l
X -
H

(iili) Benzothiophene carboxanilide (I) undergoes a photoinduced con-
rotatory 67t-electrocyclization to produce a zwitterionic intermediate. Expulsion
of the leaving group followed by deprotonation gives the cyclized product (II).
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(iv) In the first step a thermal Oxy-Cope rearrangement of divinylcyclo-
hexanol (I) affords enol intermediate IV. Subsequent tautomerization of IV
generates ketone intermediate V, which reacts via transannular ene reaction to
furnish tricyclic product II. The unsaturated ketone III is formed by a retro ene
reaction of L.

b Oy-Con % % — x’@
O/H O':’H o H HH
retro ene O
H
I n I

Sol 9. (i) When compound I is subjected to Claisen rearrangement, the initial
[3,3] shift may give rise to two diallyl cyclohexadiene intermediates, i.e., IT or
III. In the case of II, migration of either allyl group occurs with equal ease to
the para position to give the rearranged products I'V and V. However, migra-
tion of the allyl group from III gives only V. This experiment proves the
intermediacy of cyclohexadiene intermediates.

T ¢ N
Z [3 3] 3,3]
o [ v
Me =
-
|
‘\'\Aex@/\/
[3 3] [3 3]

(ii) N-Benzoyl oxazolidine derivative (I) on treatment w1th t-BuLi in
the presence of 1,3-dimethylhexahydro-2-pyrimidinone (DMPU) at —78 °C
firstly led to the formation of an ortho-lithiated compound II, which slowly
undergoes anion translocation to give III. A 6m-electron disrotatory thermal
electrocyclic ring closure of III provides enolate IV with a cis tricyclic
structure. Finally, protonation with ammonium chloride gives V.

o — o —
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(iii) Under thermal conditions, cls,trans—benzooctatetraene (I undergoes
8m-electron conrotatory electrocyclization leading to a pentaene intermedi-
ate (IT), which then undergoes 6m-electron disrotatory electrocyclization to
give a mixture of two isomeric products, endo- and exo-2-methyl-1,2,2a,8b-
tetrahydrocyclobuta[a]naphthalene (III) in a 3:1 ratio.

endo (lll) exo (Il

(iv) The synthesis of heterocycle-annulated azepine derivative involves two
consecutive symmetry-allowed reactions: the antarafacial [1,6] sigmatropic
shift of the allylic hydrogen, generating a conjugated azomethine ylide, and its
conrotatory 1,7-electrocyclization.

0 0o Ho
5 OH
=0 H! O Q/ ‘N/—l gUR
SR g [1.6]H shift (}J A, con

. +
antarafacial /N 8n-electron

Br 1,7-cyclization

Sol 10. (i) The 1-alkenyl-4-pentyn-1-ol system (I) undergoes a microwave-
assisted tandem oxyanionic 5-exo-dig addition reaction/Claisen rearrange-
ment sequence to give cyclohept-4-enone derivative (II).

1
MeLl

i [3.3]
— o) ————
mw, 210 °C 3\3 ;
PhOEt ;
Ar

(ii) Heatmg of a solution of squarate derivative (I) in THF at 110 °C under
microwave irradiation triggered a pericyclic cascade, involving sequential
4tt-electrocycloreversion, 67-electrocyclization, and tautomerization steps to
give the fully substituted aromatic derivative (II). Aerial oxidation of II
resulted in the formation of quinone (III), which on heating undergoes
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intramolecular Diels—Alder reaction to give IV. Cleavage of the fert-butyl
protecting group completed the total synthesis of marine natural product (V).

air, 25 °C
oxidation

OtBu BF, OEt,

deprotection

(iii) Tertiary propargyl vinyl ether (I) having an electron withdrawing
group (amide or ester) on heating undergoes [3,3] propargyl Claisen rear-
rangement to afford the mixture of the corresponding B-allenal (II) and its
enolic tautomer (III), which possess a highly electrophilic central allenic
carbon and a reactive hydroxyl enol functionality conveniently placed to
perform a 5-exo-dig O-cyclization reaction to afford trisubstituted furan (IV).

1 .o
Phy 0 » Ph O _H Ph HO__H
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EWG COOMe
MeOOC v

(iv) Under microwave irradiation propargyl vinyl ether (I) undergoes
propargyl Claisen rearrangement to allene intermediate (II), which by
1,3-protropic isomerization gives the corresponding diene (III). Condensa-
tion of III with methoxyamine hydrochloride gives imine intermediate (IV),
which undergoes 6-aza-electrocyclization followed by an elimination/
aromatization step leading to functionalized nicotinic acid (V).
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Sol 11. (i) On heating N-benzylbut-3-en-1-amine with glyoxylic acid mon-
ohydrate in methanol, N-benzylallylglycine is formed by involving a tandem
Aza-Cope/iminium ion solvolysis reaction.

2
__~.Bn OHC~COOH.H;0 @ A /j\solvolysis /j\
- N MeOH 5 coon [B3Ishift

H Bn Aza-Cope gjn COOH Hgn COOH

(ii) Triprenylated derivative (I) on heating in DMF at 120 °C undergoes a

double Claisen rearrangement/Diels—Alder sequence, via intermediate II to
furnish 1-O-methylforbesione (III), a natural product.

(iii) Enolization of (E)-but-2-en-1-yl propionate (I) with LDA in THF

—78 °C leads to selective formation of the (E)-silyl ketene acetal (II),
which on heating undergoes Ireland—Claisen rearrangement preferably
through a chair-like transition state. Therefore, the (E)-enolate methyl sub-
stituents adopt a pseudo-axial position in the chair-like transition state,
leading predominantly to the anti-2,3-dimethylpent-4-enoic acid (III) in
87:13 dr. However, enolization of I in a 23% HMPA/THF solvent system
leads to selective formation of the (Z)-silyl ketene acetal (IV), which on
rearrangement gives syn-2,3-dimethylpent-4-enoic acid (V) in 81:19 dr.
Thus, Ireland—Claisen rearrangement can direct the diastereoselectivity of
the process in a highly predictable manner by controlling the geometry of
enolization.
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Sol 12. (i) The first equivalent of LDA creates an intermediate as a diene
component by deprotonation of nitrogen and the second equivalent induces an
E2 elimination to generate a benzyne. The intermediate benzyne is then
trapped by an intramolecular Diels—Alder reaction to give the enolate, which
after protonation and oxidation by air gives the observed aromatic product.
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Sol 14. The given reaction involves the following sequence of symmetry-
allowed changes: an 8m-electron conrotatory electrocyclic reaction, a
67-electron disrotatory electrocyclic reaction, a [4 + 2] cycloaddition, a
reversion of the same, and a 47t-electron conrotatory electrocyclic reaction.

Sol 15.
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(iii) A BF;\OEt,-induced retro Diels—Alder reaction, which leads to
expulsion of cyclopentadiene and results in the formation of an imino dien-
ophile (I). With a diene system appended from the same carbon atom of the
indole skeleton in proximity, a facile intramolecular aza Diels—Alder reaction
generates II as a 1.5:1 mixture of diastereomers.
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(iv) 5-Chloropyrazine-2(1H)-one acts as the aza-diene in the intramolecular
hetero Diels—Alder reaction to give an intermediate, which then loses chloro-
nitrile group in the retro Diels—Alder step to give I. Oxidation of I with
m-CPBA gives II and regioselective deprotonation with n-butyl lithium fol-
lowed by nucleophilic substitution places the tether group at an appropriate
position to the sulfone group in III. On heating, III undergoes cheletropic loss
of SO,, producing heteroaromatic o-quinodimethane intermediate, which
readily undergoes an intramolecular Diels—Alder reaction resulting in the for-
mation of the final product.
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(vi) The reaction involves the conversion of (E)-but-2-en-1-yl 2-methyl-
3-oxobutanoate to a dienolate (I) that smoothly undergoes a Carroll—Claisen
rearrangement to give a f-ketocarboxylic acid (II). The stereochemistry of
the major isomer II results from the rearrangement of I through a chair-like
transition state. The ozonolysis reaction enables spontaneous cyclization to
occur concurrently. This is followed by in situ acetylation to give the desired
(£)-4-epi-acetomycin (an antibiotic). It should be noted that in this case the
decarboxylation of the initially formed B-ketocarboxylic acid (II) is avoided
by carrying out its intramolecular lactonization at low temperature
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o o]
(¢)-4-epi-acetomycin
Sol 16. (i) 3,6-Diphenyl-1,2,4,5-tetrazine (I) undergoes Diels—Alder reaction
with acrylonitrile to give a bicyclic product (II), which undergoes retro
Diels—Alder reaction generating a 4,5-dihydropyridazine (III), which on
tautomerization gives a 1,4-dihydropyridazine (IV).
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(ii) Both the compounds are unstable toward loss of nitrogen at room
temperature and readily undergo retro Diels—Alder reaction to give off N; and
an o-quinodimethane. In the absence of any other trapping agent, this highly
reactive intermediate dimerizes in another Diels—Alder reaction to give the
product. A strong driving force for the [4 4 2] cycloaddition of such species is
a result of the establishment (or re-establishment) of aromaticity.

N + - ; X
@@l\‘l or @ N etoD. A, retroDA C(/ [4+2 “?

(iii) Lewis acid-mediated ionization of 6-methoxy-5-methyl-3-phenyl-6H-
1,2-oxazine (I) gives azapyrylium intermediate (II). The considerable electron
deficiency of a cationic heteroaromatic system presumably imparts a very low
energy to the l-azadiene LUMO. Therefore, II readily undergoes [4 + 2]
cycloaddition with less activated dienophiles such as ethynylcyclopropane to
give III, which undergoes extrusion of carbon monoxide to afford a pyridine
derivative (IV) with complete regioselectivity.
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Sol 17. In the first example, the driving force for the rearrangement is relief in the
steric strain. The steric effect arises by the steric repulsion between the two mesityl
groups in I, which weakens the C—C bond that is cleaved in the rearrangement.
However, in going from I to IT a loss in imine conjugation is expected due to the
fact that in the case of I the C=N bond can be planar with the phenyl group,
whereas in II this bond cannot be fully planar or conjugated with the mesityl group
owing to steric effects. But as the reaction goes to completion, it shows that the
destabilization of I, as a result of the steric repulsion of the two mesityl groups,
appears to be greater than the resonance stabilization of the imine group.

The second example shows that in contrast to the diaza-Cope rearrange-
ment driven by steric forces, the hydrogen bond-directed reaction is more
favored. The resonance-assisted hydrogen bond in III is more stable than the
regular hydrogen bond in IV. Thus, the hydrogen-bond effect appears to be
somewhat stronger than the steric effect for the rearrangement reaction.

Sol 18. Treatment of (E)-2-(phenyldiazenyl)pyridine (I) with trimethylsilyl
iodide followed by reduction provides the corresponding pyridinium salt of
2-(2-phenylhydrazinyl)pyridine (III). The acid-catalyzed [5,5] sigmatropic
shift (benzidine rearrangement) of III then gives the target compound
5-(4-aminophenyl)pyridin-2-amine (II). The Woodward—Hoffmann rules
predict that [5,5] sigmatropic shifts would proceed suprafacially through a
10-membered transition state.
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2-(2-Phenylhydrazinyl)pyridine (IV) obtained by the reduction of I may
undergo tautomerization and disproportionation, which prevent correct
orientation for [5,5] sigmatropic rearrangement of IV to provide the benzidine
rearrangement product II. However, protection of nitrogen on the pyridine
improves the yield of II by shifting the equilibrium from the thermodynami-
cally stable hydrazono tautomer of IV to the less stable tautomer, and also by
preventing disproportionation reaction.

unproductive pathways

o i,
I = N tautomerization N /N\N
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SnCly, 1119°c
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N NH
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Sol 19. Thermal pericyclic rearrangement of I leads to the formation of
Z-a,B,yv,0-unsaturated amide II. The mechanism consists of initial double
bond isomerization (a reaction that should be relatively facile, due to the
relatively weak nature of the aldehyde -bonds), 6m-electrocyclic ring
closure, [1,5] sigmatropic shift of hydrogen, and 6m-electrocyclic ring open-
ing. A second mechanism involving a change in the order of events has been
also proposed. In this mechanism a [1,5] sigmatropic shift of hydrogen to give
vinylketene intermediate precedes ring closure.
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On heating, the aldehyde I bearlng an N-allyl group gives the interme-
diate zwitterionic dienolate VI by the same mechanism as described. This
intermediate undergoes usual 67-electrocyclic ring opening reaction to afford
the o,f,y,0-unsaturated amide, which then undergoes an intramolecular
Diels—Alder reaction to form the bicyclic lactam IV. However, due to the
presence of N-allyl groups, VI can also undergo a [3,3]-sigmatropic rear-
rangement with neutralization of charges to afford a substituted dihydropyr-
idone. A further Cope rearrangement converts this into more conjugated
dihydropyridone V.
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Sol 20. On thermolysis, I undergoes a symmetry-allowed conrotatory ring
opening to the cis,trans-cycloheptadiene (V). The prolonged reaction time and
high temperature needed for this reaction are due to the highly strained nature
of the intermediate V. However, lactonization converts V into VI, which is less
likely to undergo reversion to a cyclobutene because of strain. Two sequential
1,5-sigmatropic shifts then convert VI to cis,cis-diene II.
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Conrotatory ring opening of III takes place under milder reaction condi-
tions because the 10-membered ring readily accommodates a trans-alkene.
Therefore, the bicyclic lactone I'V formed in the second step does not undergo
an isomerization and retains its cis,trans geometry.
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Acetates pyrolysis, 312—313
1-acetoxy-2-deutero-1,2-diphenylethane,
316
Acetoxypyranone, 262
(2Z,4E)-2-Acetyl-N,5-diphenylpenta-2,4-
dienamide, 339
Acrolein, 308
AgBF,. See Silver tetrafluoroborate (AgBF,)
Aldehyde, 355—356
Aldol-type B-hydroxycarbonyl products, 276
Aliphatic nitrile oxides, 273
Alkene systems, HOMO and LUMO, 16f
Alkenes molecular orbitals, 3
m-molecular orbitals formation
in buta-1,3-diene, 6f
in hexa-1,3,5-triene system, 7f
molecular orbital theory, 4
molecular orbitals of conjugated polyenes,
6—7
molecule of buta-1,3-diene, 5
MOs formation, 4f—5f
PMO theory, 5
1-alkenyl-4-pentyn-1-ol system, 346
1-alkenylnaphthalene-2-carbaldehyde
condensation, 338
Alkyl group sigmatropic rearrangements
analysis, 91
FMO analysis
[1, 3], 91, 91f
[1, 5], 9293, 92f
selection rules for, 93t
PMO analysis of [i, j], 93, 93f
solved problems, 93—97
Allene, 333
Allene intermediate, 347
Allyl anions, 220—223
system, 245, 245f
Allyl cations, 220—223
Allyl ether of 2-naphthol, 117
Allyl ethers Wittig rearrangement, 136f
Allyl ketone, 337—338

Allyl-2,6-diallyl phenyl ether, 126
Allylic alcohol, 120—121
1-allylnaphthalen-2-ol, 117
3-allylnaphthalen-2-ol, 117
a,f:v,d-unsaturated azomethine ylide,
338
a-cyanoaminosilanes, 263, 263f
Ambiphilic dipole. See HOMO—
LUMO-controlled dipole
Amine oxides pyrolysis, 313
2-amino-5-(p-aminophenyl)thiazole, 133,
133f
5-(4-aminophenyl)pyridin-2-amine, 354
Ammonium ylide rearrangement. See
Sommelet—Hauser rearrangement
Anionic oxy retro ene reaction, 311
Anionic Oxy-Cope rearrangements. See also
Aza-Cope rearrangement;
Oxy-Cope rearrangements
1,5-diene system, 109
hexa-1,5-dien-3-ol, 109f
solved problems, 110—113
Antarafacial modes, 146
to 7t-bond, 146f
to o-bond, 147f
Antarafacial processes, 78
Anthracene, 223
photodimerization, 223f
Anthranilic acid diazotization, 171
Anti diastereomer, 115
Anti-elimination, 317—318
Anti-sulphoxide, 315
1—2 arrangement. See ortho arrangement
Aryl hydrazone, 334
Arynes, 303, 303f
Aza-Cope rearrangement, 113, 113f. See also
Oxy-Cope rearrangements
by Mannich cyclization, 113f
solved problems, 113—115
Azacylocta-1,5-diene, 335
1-azatriene intermediate, 85
Azides, cycloaddition with, 277—280
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Aziridines, 67
thermal and photochemical ring opening
of, 263f
thermolysis, 67f
Azomethine imines, cycloaddition with, 266,
266f
to alkenes and alkynes, 266, 266f
and 1,5-cyclooctadiene, 267
sydnones, 266
Azomethine ylides, cycloaddition with,
262—263. See also Carbonyl ylides,
cycloaddition with
to alkenes and alkynes, 263, 264f
fluorine-mediated desilylation of
cyanoaminosilanes, 263
pyrrolidines and pyrrolines, 263
solved problems, 264—265
thermal and photochemical ring opening of
aziridines, 263f
thermolysis or photolysis of suitably
substituted aziridines, 263

B
Benzidine rearrangement, 132
Benzo[b]thiophene 1,1-dioxide, 243
Benzofurobenzopyran ring system, 334
Benzopyrylium oxide, 262
Benzothiophene carboxanilide, 344
1-benzyl-2-(1-(phenylsulfonyl)-1H-inden-
2-yl)pyrrolidine, 342
1-benzyl-4-vinyl-1H-imidazole, 297—298
Benzyne intermediate, 170
B-allenal, 347
B-dicarbonyl compound, 277
B-dimethyl substituted o-lactone,
293—294
B-eliminations involving cyclic transition
structures, 312
acetates pyrolysis, 312—313
amine oxides pyrolysis, 313
selenoxides pyrolysis, 314
solved problems, 315—321
sulphoxides pyrolysis, 315
xanthates pyrolysis, 312—313
B-ketocarboxylic acid, 315—316, 352—353
decarboxylation, 312, 313f
B-Pinene, 295, 295f, 311
BF;\OEt;-induced retro Diels—Alder
reaction, 351
Bicyclic lactam, 355—356
Bicyclic lactol, 333
Bicyclic lactone, 356

Bicyclo[2.2.0]hex-2-ene, 45
Bipyridine, s-trans conformation of, 337
Bis-[4-(2-furyl)phenyl]diazene, 136
5,5’-bis(2-aminothiazole), 133, 133f
Boat state, chair transition state vs., 99
Boat-like structure, 99
Buffering agents, 306
Bullvalene molecule, 107—108
(E)-but-2-en-1-yl 2-methyl-3-oxobutanoate,
352—353

(E)-but-2-en-1-yl propionate, 348—349
(E)-but-2-ene, 299
But-3-en-2-one, 308
Buta-1,3-diene, 168

conformations, 165f
Butadiene sulfone, 242—243

C
2-carbena-1,3-dioxolane, 340
Carbenes, 234
Carbonyl compounds, 320
Carbonyl ylides, cycloaddition with,
256—257. See also Azomethine
ylides, cycloaddition with
and addition to acetone, 258, 258f
carbonyl and carbene moiety, 257
decomposition of diazomethane, 257f
dioxalanes, 258
electrocyclic epoxide openings,
257
with ethene and ethyne, 257, 257f
intramolecular generation, 257f
regioselective addition to acrylonitrile,
258, 258f
solved problems, 258—262
thermal and photochemical ring opening of
epoxide, 257f
Carroll—Claisen rearrangement, 129, 129f,
131, 337—338, 352—353
CAT. See Chloramines-T (CAT)
Chair transition state
boat state vs., 99
chair-like transition state, 99
Cheletropic reactions, 231. See also
1,3-dipolar cycloaddition reactions
(1,3-DPCAs); Electrocyclic reactions
[2 + 2] cheletropic reactions, 232
applying FMO method, 232
HOMO—-LUMO interactions, 233
solved problems, 233—239
sp*-hybrid orbitals, 232
[4 + 2] cheletropic reactions, 239



cheletropic extrusion of nitrogen and
carbon monoxide, 239f
HOMO—-LUMO interactions, 239
nonlinear approach of SO,, 240
reversible insertion of SO, into
butadiene, 239, 239f
stereospecific extrusion of SO,, 240f
[6 + 2] cheletropic reactions, 241
solved problems, 242—244
Chloramine-T (CAT), 281
5-Chloropyrazine-2(1H)-one, 351—352
Chorismic acid biogenetic conversion, 117
2H-chromene, 128
Chugaev reaction, 313, 317
cis,cis-diene, 356
cis,trans-benzooctatetraene, 346
cis,trans-cycloheptadiene, 356
cis B-lactones, 293
cis-1,2-dimethylcyclopropane, 233—234
cis-1,2-Divinylcyclopropane, 106—107
Cope rearrangement, 107f
cis-3,4-dimethylcyclobut-1-ene, 37, 44
cis-5,6-disubstituted 1,3-cyclohexadiene,
339
cis- and trans-2,5-dimethyl-2,5-
dihydrothiophene 1,1-dioxide, 240
cis- and trans-2,7-dimethyl-2,7-
dihydrothiepine 1,1-dioxides, 241
cis-diol, 310—311
cis-isomer, 24, 24f
cis-methylstilbine, 315
cis-spiro[2.5]octa-3,5-diene derivatives, 344
cis-stilbine, 37—38
“cis” principle, 178—179
Citronellol, 305—306
Claisen rearrangement, 115, 345
allyl vinyl ether, 115f
aromatic, 115—116, 116f
solved problems, 116—128
variants to, 129
Johnson—Claisen rearrangement, 129,
129f
rearrangement occurs via boat-like
transition state, 130—131
solved problems, 130—132
Claisen-type B-dicarbonyl products. See
Aldol-type B-hydroxycarbonyl
products
Conia-Ene reaction, 302
Conjugated ions molecular orbitals, 7—8
allylic system, 8
conjugated open-chain system, 9
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electron occupancy diagram of propenyl,
pentadienyl, and heptatriene
systems, 10f
mixing of p-orbital, 8f—9f
molecular orbitals of propenyl and
pentadienyl systems, 10f
Conjugated polyene systems, 3
molecular orbital theory, 4
molecular orbitals of conjugated polyenes,
6—7
molecule of buta-1,3-diene, 5
MOs formation, 4f—5f
T-molecular orbitals formation
buta-1,3-diene, 6f
in hexa-1,5-triene system, 3, 7f
PMO theory, 5
Conrotatory modes, 23—24, 24f
Conrotatory ring closure, 25
“Conservation of Orbital Symmetry”
principle, 13
Cope elimination, 313
Cope rearrangement, 97. See also Oxy-Cope
rearrangements
cis-1,2-divinylcyclopropane, 107f
degeneration, 106
in bridged homotropilidene
system, 108f
degenerate rearrangement, 107
fluxional molecule, 107—108
homotropilidene, 108f
solved problem, 108—109
FMO analysis, 98, 98f
hexa-1,5-diene, 97f
PMO analysis, 98, 99f
solved problems, 100—106
stereochemistry, 99
stereoselectivity, 99f—100f
Copper(I)-catalyzed azide-alkyne
cycloaddition (CuAAC), 280
Corey—Fuchs reaction, 279
Correlation-diagram method, 25—26
correlation between orbitals, 27
correlation diagrams, 29
cyclobutene and butadiene molecular
orbitals symmetry properties, 26f
cyclohexadiene and hexatriene molecular
orbitals symmetry properties, 30f
photochemical interconversion, 29
symmetry-allowed process, 27—28
symmetry-forbidden process,
27-28
symmetry-forbidden reactions, 29—31
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Criegee mechanism. See Ozonolysis
mechanism
CuAAC. See Copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC)
Cyano group, 309
Cyanoaminosilanes, fluorine-mediated
desilylation of, 263
Cyanodiyne thermolysis in toluene, 309
Cyclic nitrones, 269
Cyclic transition state, 1
Cycloaddition reactions, 3, 145, 146f.
See also Cheletropic reactions;
Electrocyclic reactions
[2 + 2] cycloadditions, 155—164
[4 + 2] cycloadditions, 164
with allyl cations and allyl anions,
220—-223
DHDA reaction, 217—220
diene, 165—174
dienophile, 165—174
frontier orbital interactions in
Diels—Alder reaction, 174—178,
175
IMDA reactions, 210—211
Lewis acid catalyzed Diels—Alder
reaction, 203—207
regiochemistry of Diels—Alder reaction,
195—-203
retro Diels—Alder reaction, 207—210
solved problems, 167—174, 176—178,
181—195, 197203
stereochemistry of Diels—Alder
reaction, 178—195
feasibility, 147—148
FMO method, 153—155
orbital symmetry correlation-diagram
method, 148—150
PMO method, 152—153
higher cycloadditions, 223
[14 + 2] cycloadditions, 225
[4 + 4] cycloadditions, 223, 223f
[6 + 4] cycloadditions, 224—225
[8 + 2] cycloadditions, 225
solved problems, 227—228
of multiple components, 228—229
solved problems, 228—229
stereochemical modes, 146—147
symmetry planes for [7t%s + 7t%s], 148f
Cyclobutenes, 44, 340
Cyclobutenone, 340
Cyclododeca-1,5,9-triyne pyrolysis, 104
Cycloeliminations, 313, 318—319

Cyclohept-4-enone derivative, 346
(1Z,4Z)-cyclohepta-1,4-diene, 106
1,3,5-cycloheptatrienes, 140
Cyclohexa-1,4-diene, 288—289
Cyclohexylphenyl selenoxide, 334
1,5-cyclooctadiene, 267, 267f
Cyclopentadiene, 169
Cyclopentadienones, 243
Cyclopropane ring, 336
Cyclopropyl anion, 67
Cyclopropyl cation, 64
Cyclopropylketene, 105
Cycloreversion, 3, 145

D
Dehydro-Diels—Alder reaction (DHDA
reaction), 217. See also
Intramolecular Diels—Alder reactions
(IMDA reactions); Lewis acid
catalyzed Diels—Alder reaction;
Retro Diels—Alder reaction
HDDA, 217-219
intramolecular HDDA reaction, 218f
representation, 218f
solved problems, 219—220
Deuterium-labeled cyclopentene pyrolysis,
290
Dewar benzene, 45
DHA. See Dihydroazulene (DHA)
DHDA reaction. See Dehydro-Diels—Alder
reaction (DHDA reaction)
1,2-Diaryl substituted gem-
dibromocyclopropane, 343—344
9,10-diazatetracycloundecanes, 267
Diazene, 335
Diazepinone, 48
Diazo compounds, 235
Diazo-diene intermediate,
341-342
Diazoalkanes, cycloaddition with, 252
with alkenes and alkynes, 252
base-catalyzed formation, 252f
diazomethane preparation, 252
electron-rich alkenes, 253
to ethene and ethyne, 252f
HOMO-—LUMO interaction, 253,
253f
regioselective addition, 253f
solved problems, 254—256
Diazoketone, 105
Diazomethane preparation, 252
Dibromocarbene, 237



1,2-dicarbonyl compounds, 300
2,3-dichloro-5,6-dicyano-1,4-benzoquinone,
281
Diels—Alder reaction, 14, 150, 164—165,
171—-172, 294—295, 353
between buta-1,3-diene and ethane, 165f
cycloreversion, 147
diene, 165—167
frontier orbital interactions in,
174—178, 175f
of furan and maleic anhydride, 180f
of isomeric dimethyl maleate and dimethyl
fumarate, 179f
Lewis acid catalyzed, 203—207
orbital interactions of cyclopentadiene and
maleic anhydride, 180f
regiochemistry of, 195—203
retro, 207—210
stereochemistry of, 178—195
of trans, trans-1,4-diphenylbutadiene, and
maleic anhydride, 179f
Diene, 165, 333, 347
buta-1,3-diene conformations, 165f
Diels—Alder reaction, 165—167
order of reactivity, 166f
typical diene systems, 166t
unstable, 172
(2Z,47)-hexa-2,4-diene conformations,
167, 167f
Dienophiles, 167, 174, 197
Dienylketene, 53, 308
3,4-dihydro-2H-pyran, 159
1,8-dihydro-as-indacene, 63
Dihydroazulene (DHA), 60—61
2,3-dihydrofuran, 288
Dihydrophenanthrene, 37—38
1,4-dihydropyridazine, 353
4,5-dihydropyridazine, 353
1,2-dihydropyridine derivative, 85
Dihydropyridone, 355—356
Dimethyl acetamide dimethylacetal
(DMA—DMA), 129
7,8-dimethyl cycloocta-1,3,5-triene, 42
Dimethyl malonate, 305
4,6-dimethyl-2H-pyran-2-one, 223
photodimerization, 223f
2,9-dimethylbicyclo[6.1.0]nona-2,4,6-triene-
9-carbonitrile isomers, 140, 141f
2,3-dimethylbuta-1,3-diene
conformations, 166f
1,3-dimethylhexahydro-2-pyrimidinone
(DMPU), 345—346
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Diols, 315
Dione, 294
Dioxalanes, 258
1,4-diphenoxybut-2-yne, 334
3,6-Diphenyl-1,2,4,5-tetrazine, 353
2,2’-diphenyl-3,3’-bibenzofuran, 335
2,3-Diphenylindenone oxide, 262
1,3-dipolar cycloaddition reactions
(1,3-DPCAs), 244, 244f. See also
Cheletropic reactions
analysis and mechanism
dominant frontier orbitals, 248f
FMO approach, 247—248
PMO approach, 248, 248f
with azides, 277—280
with azomethine imines, 266, 266f
with azomethine ylides, 262—263
to alkenes and alkynes, 263, 264f
fluorine-mediated desilylation of
cyanoaminosilanes, 263
pyrrolidines and pyrrolines, 263
solved problems, 264—265
thermal and photochemical ring opening
of aziridines, 263f
thermolysis or photolysis of suitably
substituted aziridines, 263
with carbonyl ylides, 256—257
and addition to acetone, 258, 258f
carbonyl and carbene moiety, 257
decomposition of diazomethane, 257f
dioxalanes, 258
electrocyclic epoxide openings, 257
with ethene and ethyne, 257, 257f
intramolecular generation, 257f
regioselective addition to acrylonitrile,
258, 258f
solved problems, 258—262
thermal and photochemical ring opening
of epoxide, 257f
and 1,5-cyclooctadiene, 267
to alkenes and alkynes, 266, 266f
sydnones, 266
with diazoalkanes, 252
with alkenes and alkynes, 252
base-catalyzed formation, 252f
diazomethane preparation, 252
electron-rich alkenes, 253
to ethene and ethyne, 252f
HOMO—-LUMO interaction, 253, 253f
regioselective addition, 253f
dipolarophile, 244
molecular orbitals, 247f
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1,3-dipolar cycloaddition reactions
(1,3-DPCAS) (Continued)
1,3-dipole, 244—245
classification, 245
molecular orbitals, 247f
nature, 246—247, 247f
octet and sextet structures, 245f
types and core structures, 246t
effects of nature of substituents, 250f
with nitrile imines, 281
with nitrile oxides, 273
aliphatic nitrile oxides, 273
and alkene or alkyne, 274, 274f
electron-deficient dipolarophiles, 275,
275f
furoxans, 274, 274f
from hydroximic acid halides, 273f
LUMOyipote-controlled cycloaddition,
275, 275f
and monosubstituted alkene, 275f
and olefins, 274f
from primary nitro compounds, 273f
solved problems, 276—277
with nitrile ylides, 271
cycloadditions with alkenes and alkynes,
271, 272f
cycloadduct, 272
from desilylation of silylthiomidate,
271, 271f
from imidoyl chloride, 271, 271f
from photolytic ring opening of azirines,
271, 271f
from reaction of carbene with nitrile,
271, 271f
regioselective cycloaddition, 272f
3-phenyl-2H-azirine, 272
solved problem, 272—273
with nitrones, 267, 267f
with alkenes and alkynes, 268, 268f
cyclic nitrones, 269
Diels—Alder reaction, 269
HOMO-LUMO interactions, 268f
LUMOdipnle_HOMOdipo]amphile
interaction, 268—269
regioisomeric cycloadducts, 268
solved problems, 269—270
unsymmetrical alkene, 268f
with ozone, 281—282
reactivity, 250—251
regioselectivity and types, 249—250,
249f
stereochemistry, 251

Dipolarophile, 244
molecular orbitals, 247f
1,3-dipole, 244—245
classification, 245
molecular orbitals, 247f
nature, 246—247, 247f
octet and sextet structures, 245f
types and core structures, 246t
6t-disrotatory electrocyclization, 336
Disrotatory modes, 23—24, 24f
Disrotatory ring closure, 25
Disubstituted cyclopropyl tosylate solvolysis
via dis-in mode, 65f
via dis-out mode, 66f
1,1-Divinyl-2-phenylcyclopropane derivative,
335-336
DMA—DMA. See Dimethyl acetamide
dimethylacetal (DMA—DMA)
DMPU. See 1,3-dimethylhexahydro-2-
pyrimidinone (DMPU)
(2E,AE,6Z,8E,10E)-dodeca-2,4,6,8,10-
pentaene, 339
Domino one-pot [3, 3]-sigmatropic/67-
electrocyclization process, 335
Double hydrogen atom transfer process,
288
1,3-DPCAs. See 1,3-dipolar cycloaddition
reactions (1,3-DPCAs)
Dyotropic rearrangement, 290
nonbonding electron pair(s), 291
solved problems, 292—294
Type I, 291, 291f
Type II rearrangement, 291—292
vicinal dibromides interconversion, 291,
291f
‘Wagner—Meerwein-type carbocation
rearrangements, 291

E
E isomer, 341
E-but-2-ene, 232
E-isomer, 338
EDG. See Electron-donating group (EDG)
[8 + 2] cycloadditions, 225
Electrocyclic epoxide openings, 257
Electrocyclic reactions, 2—3, 23, 25—26.
See also Cheletropic reactions;
Cycloaddition reactions
analysis, 25
correlation-diagram method, 25—31
FMO method, 33—35
PMO method, 31—33



solved problems, 35—44
subjective solved problems, 44—64
butadiene and hexatriene system, 23f
conrotatory modes, 23—24, 24f
cyclobutene and butadiene molecular
orbitals symmetry properties, 26f
disrotatory modes, 23—24, 24f
ionic species, 64—75
selection rules for, 25, 25t
stereochemistry in, 24—25
Electron-deficient dipolarophiles, 275, 275f
Electron-donating group (EDG), 196,
250—251, 256
Electron-withdrawing group (EWG), 196,
250—-251
Electrophilic dipole. See LUMO-controlled
dipole
Elimination reactions, 288. See also Ene
reaction; Group transfer reactions
cyclohexa-1,4-diene, 288—289
in cyclohexadiene systems, 289f—290f
2,3-dihydrofuran, 288
in dihydrofurans, 288f
elimination of hydrogen in dihydrofurans,
289
as group transfer reaction, 288f
PMO method, 289
solved problems, 289—290
Empirical observations, 25
Enamine, 238
endo, exo-6-methyl-8-((E)-prop-1-en-1-yl)
tricycle[3.2.1.02’7]oct-3-ene, 339
endo adduct, 179—180, 181f, 204
endo bromine atom, 339—340
endo cycloadduct, 297—298
endo transition state, 298
endo-2-methyl-1,2,2a,8b-tetrahydrocyclobuta
[a]naphthalene, 346
“endo” rule, 179
Ene reaction, 294, 294f. See also Elimination
reactions; Group transfer reactions
Diels—Alder reaction, 294—295
intermolecular Ene reactions,
295-302
intramolecular Ene reactions, 302—309
PMO method, 295
retro Ene reactions, 309—312
solved problems, 296—302, 304—312
Enol, 333
(E)-enolate methyl substituents, 348—349
Enolic tautomer, 347
Erythro adduct, 299
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Eschenmoser—Claisen rearrangement, 129,
129f

Ethyl 1H-azonine-1-carboxylate, 52

Ethylidenecyclohexane, 308

EWG. See Electron-withdrawing group
(EWG)

exo adduct, 180f—181f

exo transition state, 298

exo-2-methyl-1,2,2a,8b-tetrahydrocyclobuta
[a]naphthalene, 346

exo/endo selectivity,
269, 269f

F

Fischer indole synthesis, 334
Five-atom electrocyclizations, 70. See also
Three-atom electrocyclizations
Lewis acid catalyzed Nazarov
electrocyclization, 72f
pentadienyl cation, 71
silicon-directed Nazarov cyclization,
72
solved problems, 73—75
Fluxional molecule,
107—108
FMO method. See Frontier molecular orbital
method (FMO method)
[4 + 2] cheletropic reactions, 239
cheletropic extrusion of nitrogen and
carbon monoxide, 239f
cis- and trans-2,5-dimethyl-2,5-
dihydrothiophene 1,1-dioxide,
240
HOMO-—LUMO interactions, 239
nonlinear approach of SO,, 240
reversible insertion of SO, into butadiene,
239, 239f
stereospecific extrusion of SO,, 240f
[4 + 2] cycloadditions, 164, 350
with allyl cations and allyl anions,
220—223
DHDA reaction, 217—220
diene, 165—174
dienophile, 165—174
frontier orbital interactions in Diels—Alder
reaction, 174—178, 175f
IMDA reactions, 210—211
Lewis acid catalyzed Diels—Alder
reaction, 203—207
regiochemistry of Diels—Alder reaction,
195—-203
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[4 + 2] cycloadditions (Continued)
Retro Diels—Alder reaction, 207—210
solved problems, 167—174, 176—178,
181—195, 197—203
stereochemistry of Diels—Alder reaction,
178—195
[4 + 2] isomer, 162
[4 + 4] cycloadditions, 223, 223f
[14 + 2] cycloadditions, 225
Frontier molecular orbital method (FMO
method), 13, 15—16, 25, 33, 79,
147—148, 153, 174
(2E4E)-hexa-2,4-diene, 34
electrocyclization, 34f
photochemical electrocyclization, 34f
(2Z,4E)-hexa-2,4-diene, 34
electrocyclization, 34f
photochemical electrocyclization, 34f
(2Z,4Z,6F)-octa-2,4,6-triene, 35
electrocyclization, 35f
photochemical electrocyclization, 35f
[1,3] alkyl group sigmatropic
rearrangements analysis, 91, 91f
[1,3] hydrogen sigmatropic rearrangements
analysis, 79—80, 80f
[1,5] hydrogen sigmatropic rearrangements
analysis, 79—80, 81f
butadiene-cyclobutene interconversion, 33f
Cope rearrangement, 98, 98f
Diels—Alder reaction, 154
HOMO-LUMO interactions
[7%s + 2a] cycloaddition, 154f
[7%s + 7] cycloaddition, 153f
[74s + 72s] cycloaddition,
154f—155f
selection rules for, 155, 155t
walk rearrangement by, 139f
Frontier orbital interactions in Diels—Alder
reaction, 174—178, 175f
Functionalized nicotinic acid, 347
Furoxans, 274, 274f
Fused cyclopentenone, 336

G

y-lactone, 291

Geminal dicarboxylic acid, 315—-316

Glutaric acid, 316

Group transfer pericyclic reaction, 283

Group transfer reactions, 3, 283. See also
Elimination reactions; Ene reaction

aromatization of cyclohexadiene to

benzene system, 285, 285f

concerted hydrogen transfer reaction and
aromatization, 285, 285f

concerted reduction of alkene derivative
using diimide, 284, 284f

in ethane—ethene and ethane—butadiene
systems, 284f

orbital symmetry correlation-diagram
method, 285

PMO, 285—286

solved problems, 286—288

synchronous double group transfer
reaction, 284f

transfer of two hydrogen atoms, 284

Woodward—Hofmann selection rules, 284

H
HDDA reaction. See Hexadehydro-
Diels—Alder reaction (HDDA
reaction)
Hept-1-ene reaction with dimethyl
acetylenedicarboxylate, 296, 296f
Heterocycle-annulated azepine derivative
synthesis, 346
Hexa-1,4-dienes, 168
(2Z,AE)-hexa-2,4-diene, 37, 240
(2Z,4Z)-hexa-2,4-diene conformations, 167,
167f
(2E,4E)-hexa-2,4-diene, 24, 24f, 34
electrocyclization, 34f
photochemical electrocyclization, 34f
(2E,4Z)-hexa-2,4-diene, 24, 24f
(2Z,4E)-hexa-2,4-diene, 34
electrocyclization, 34f
photochemical electrocyclization, 34f
4-(hexa-2,4-dienyl)-phenol, 134—135
Hexadehydro-Diels—Alder reaction (HDDA
reaction), 217—219, 287—288
Hexaphenylbenzene, 243
1,2,3,4,5,6-hexaphenylbicyclo[2.2.1]hepta-
2,5-dien-7-one, 243
Highest occupied molecular orbital (HOMO),
15, 33,79, 153, 232, 294—295
HOMO. See Highest occupied molecular
orbital (HOMO)
HOMO-controlled dipole, 249—251
HOMO-—LUMO interactions, 233
in cycloaddition of diazoalkanes, 253f
HOMO—-LUMO-controlled dipole, 249,
251
in linear approach of singlet
carbene, 233f
in linear approach of SO,, 240f—241f



in nonlinear approach of singlet carbene,
233f
in nonlinear approach of SO,, 241f
Hiickel array, 152
Hiickel system, 17
Hydrazone tautomerization, 334
Hydrazonoyl halides, nitrile imines of, 281f
Hydrogen, 122
[1,7] hydrogen shift, 84
Hydrogen sigmatropic rearrangements
analysis, 79
[1,3] FMO analysis, 79—80, 80f
[1,5] FMO analysis, 80—81, 81f
PMO analysis of [i, j], 81—84, 82f
selection rules for, 83t
selection rules for FMO analysis, 82t
solved problems, 85—91
5-Hydroxy-4-pyrone, 261
4-hydroxyphenylpyruvic acid, 117

i-Pr substituted cis B-lactones, 292—293
i-Pr substituted zrans B-lactones, 292—293
IBD. See Iodobenzene diacetate (IBD)
IMDA reactions. See Intramolecular
Diels—Alder reactions (IMDA
reactions)
imidazo[1,2,3-ij][1,8]naphthyridine
derivative, 298
Imine intermediate, 347
(E)-iminium ion, 115
(Z)-iminium ion, 115
Intermediate benzyne, 349—350
Intermediate oxy anion, 341—342
Intermolecular Ene reactions, 295—302
Intramolecular Diels—Alder reactions (IMDA
reactions), 210—211, 342—343,
346—347, 349—350. See also
Dehydro-Diels—Alder reaction
(DHDA reaction); Lewis acid
catalyzed Diels—Alder reaction;
Retro Diels—Alder reaction
endo rule, 211212
Exo-and endo-transition states, 212f
regioselectivity, 211, 211f, 213f
solved problems, 214—217
types, 211, 211f, 213, 213f
Z-dienes, 212
Intramolecular Ene reactions, 302—309
Intramolecular reactions, 3
Inverse electron demand Diels—Alder
reaction, 174

Index 365

Iodobenzene diacetate (IBD), 281
Tonic species electrocyclic reactions
five-atom electrocyclizations, 70—75
three-atom electrocyclizations, 64—70
Ionic transition states
FMO analysis
[1,2] sigmatropic rearrangement, 142f
[1,4] sigmatropic rearrangement, 142f
PMO analysis
[1,2] sigmatropic rearrangement, 143f
[1,4] sigmatropic rearrangement, 143f
sigmatropic rearrangements involving,
142
solved problems, 144
Ireland—Claisen rearrangement, 130, 130f,
348—349
Isobutylene, 308
Isopulegol, 305—306
Isopulegone, 305—306
Isotoluene intermediate, 297
Isoxazole, 277
Isoxazoline, 276

J

Johnson—Claisen rearrangement, 129, 129f

K

Ketenes generation, 157, 157f
Ketenimine, 340
Ketones, 72, 333

L

LCAO. See Linear combination of atomic
orbitals (LCAO)

Lewis acid catalyzed Diels—Alder reaction,
203—204. See also Dehydro-
Diels—Alder reaction (DHDA
reaction); Intramolecular
Diels—Alder reactions (IMDA
reactions); Retro Diels—Alder
reaction

effect, 204f—205f

rate enhancement, 204
regioselectivity, 204—205
solved problems, 206—207
stereoselectivity, 205—206

Lewis acid-mediated ionization, 353—354

Lewis acid—catalyzed carbonyl ene reaction,
299

Lewis acid—catalyzed ene reactions,
294295
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Linear approach, 232
Linear combination of atomic orbitals
(LCAO), 4
Lowest unoccupied molecular orbital
(LUMO), 15, 79—80, 153, 232,
294—295
LUMO-controlled dipole, 249, 251
LUMOygipote-controlled cycloaddition
reaction, 275, 275f
LUMOdipole_HOMOdipolamphile
interaction, 268—269
Luche’s reduction, 120—121
LUMO. See Lowest unoccupied molecular
orbital (LUMO)

M

Maleic anhydride, 299

Malonic acid, 316

Mannich reaction, 113

Meisenheimer rearrangement, 137, 137f

Mesityl groups, 354

Methyl 1-formylcyclobut-2-enecarboxylate,
47

Methyl 2H-pyran-5-carboxylate, 47

Methyl vinyl ketone, 298

2-methyl-1-(methylamino)but-3-en-2-ol, 114

2-methyl-2-(prop-2-enyl)-3,6-di(l,1-
dimethylethyl)-cyclohexa-3,5-
dienone, 123

Methylcycloheptadienes, 83

[1,5] hydrogen shifts in isomeric, 83f

Methylenecyclopropane methylene diketone
derivative, 344

1-O-methylforbesione, 348

2-methylhepta-2,6-diene, 299

2-methylnaphthalene, 338

4-(1-methylpenta-2,4-dienyl)-phenol,
134—135

2-methylprop-1-ene, thermal ene reaction of,
300

Mislow—Evans rearrangement, 137, 137f

Mobius array, 32, 152

Molecular orbitals (MOs), 4, 148, 285

theory, 4
Molozonide, 281
MOs. See Molecular orbitals (MOs)

N

N,N-diethylaniline, 334
N,N’-bis(2-thiazolyl)hydrazine, 133, 133f
N-Benzoyl oxazolidine derivative, 345—346

N-benzylallylglycine, 348
N-benzylbut-3-en-1-amine, 348
N-bromosuccinimide (NBS), 273
N-chloro-N-sodio-p-toluenesulfonamide. See
Chloramine-T (CAT)
N-chlorosuccinimide (NCS), 273
N-methyl-C-phenylnitrone, 247
N-methyl-N-arylacrylamide, 344
N-monosubstituted o-amino acid, 338
N-p-nitrobenzylbenzimidoyl chloride,
272273
N-phenyl-N’-(2-thiazolyl)hydrazine, 133,
133f
N-phenylmaleimide, 297—298
N-vinyl B-lactam, 335
2-(naphthalen-2-yl)ethanol, 338
Nazarov cyclization, 75, 336
reaction, 71, 71f
NBS. See N-bromosuccinimide (NBS)
NCS. See N-chlorosuccinimide (NCS)
Nitrile imines, cycloaddition with, 281
Nitrile oxides, cycloaddition with, 273
aliphatic nitrile oxides, 273
and alkene or alkyne, 274, 274f
electron-deficient dipolarophiles, 275, 275f
furoxans, 274, 274f
from hydroximic acid halides, 273f
LUMOy;pole-controlled cycloaddition, 275,
275f
and monosubstituted alkene, 275f
and olefins, 274f
from primary nitro compounds, 273f
solved problems, 276—277
Nitrile ylides, cycloaddition with, 271
cycloadditions with alkenes and alkynes,
271, 272f
cycloadduct, 272
from desilylation of silylthiomidate, 271,
271f
from imidoyl chloride, 271, 271f
3-phenyl-2H-azirine, 272
from photolytic ring opening of azirines,
271, 271f
from reaction of carbene with nitrile, 271,
271f
regioselective cycloaddition, 272f
solved problem, 272—273
Nitrones, cycloaddition with, 267, 267f
with alkenes and alkynes, 268, 268f
cyclic nitrones, 269
Diels—Alder reaction, 269
HOMO—-LUMO interactions, 268f



LUMOdipole_HOMOdipolarophile
interaction, 268—269
regioisomeric cycloadducts, 268
solved problems, 269—270
unsymmetrical alkene, 268f
Nonbonding electron pair(s), 291
Nonlinear approach, 233
Normal electron demand, 174
Nucleophilic dipole. See HOMO-controlled
dipole

O

o-allyl phenol, 311
o-cis-butadienylphenol, 87
o-quinodimethane intermediate, 335
(2E,AZ,6E)-octa-2,4,6-triene, 39
(2Z,4Z,6F)-octa-2,4,6-triene, 35
electrocyclization, 35f
photochemical electrocyclization, 35f
Orbital symmetry correlation diagram
method, 13—15, 148
conservation of orbital symmetry,
149—150
correlation diagram for Diels—Alder and
retro Diels—Alder reaction, 151f
ethene-cyclobutane system, 149f
group transfer reaction analysis by,
285
Organic azides, 277
Organic chemistry, 1
ortho arrangement, 196
ortho-allenylphenol intermediate, 128
ortho-Claisen rearrangement, 115—116
ortho-dienone, 115—116
Oxadiazolines, 260—261
Oxalic acid, 316
Oxamalonate, 299
Oxapine, 171
3-oxidopyrylium, 262
Oxy ene reaction, 307
Oxy-Cope rearrangements. See also Anionic
Oxy-Cope rearrangements; Aza-Cope
rearrangement
anion acceleration in, 109f
1,5-diene system, 109
hexa-1,5-dien-3-ol, 109f
solved problems, 110—113
Ozone, cycloaddition with, 281—282
Ozonolysis
mechanism, 281
reaction, 352—353

Index 367

P
Para-allyl phenol, 116
Para-dienone, 115—116, 116f, 123
PCC. See Pyridinium chlorochromate (PCC)
Pentadienyl anion, 70
thermal cyclization, 71f
Pentadieny] cation, 71
Pentaene intermediate, 346
Pericyclic reactions, 1, 118—119, 147
analysis, 13
FMO method, 15—16
orbital symmetry correlation diagram
method, 13—15
perturbation molecular orbital method,
17—-19
classification, 2—3
clockwise and anticlockwise direction, 3f
stereochemical changes in, 2f
Peripatetic cyclopropane bridge, 139.
See also Walk rearrangement
Periselectivity, 41—42
Perturbation molecular orbital method (PMO
method), 17—-19, 25, 31, 79,
147—148, 152—153, 285—286
Cope rearrangement, 98, 99f
disrotatory and conrotatory processes
for butadiene-cyclobutene system, 32f
for hexatriene-cyclohexadiene system,
32f
group transfer reaction analysis by,
285—286, 287f
[i, j] hydrogen sigmatropic rearrangements
analysis, 81—84, 82f
PMO theory, 5
selection rules by, 33t
walk rearrangement by, 140f
phenol derivative, 335
3-phenyl-2H-azirine, 272
2-phenyl-4-substituted- 1-pyrroline, 272
Phenylcarbamate, 273
3-phenylcyclobut-2-enone, 341—342
(E)-2-(phenyldiazenyl)pyridine, 354
2-(2-phenylhydrazinyl)pyridine,
354355
Photochemical conditions, 25
Photochemical HOMO, 79—80
Photochemical rearrangements. See Thermal
rearrangements
Photochemically allowed reaction, 14
Photochromism, 49—50
4n T-electron system, 46—48
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m-molecular orbitals symmetry properties,
11, 12t
butadiene and hexatriene systems, 12f
linear conjugated 7t-system, 13, 13t
symmetric and antisymmetric molecular
orbitals, 11f
PMO method. See Perturbation molecular
orbital method (PMO method)
Polarity model, 203
Polycondensed dihydroazepine, 338
1-(prop-1-en-1-yloxy)but-2-ene
stereoisomers, 124
Prop-2-enyl phenyl ether, 115—116, 116f
4-(prop-2-enyl)-cyclohexa-2,5-dienone,
115—-116
2-(prop-2-enyl)-cyclohexa-3,5-dienone,
115—116, 116f
2-(prop-2-enyl)-phenol, 115—116, 116f
Propargyl anion system, 245, 245f
Propargyl aryl ether, 128
Propargyl vinyl ether Claisen substrate,
119—-120
Pulegone, 305—306
Pyran-2-thiones, 62
Pyridine derivative, 333
Pyridine product, 353—354
Pyridine-3-carboxaldehyde condensation,
114
Pyridinium chlorochromate (PCC), 305—306
Pyrolysis cycloelimination, 334
Pyrolytic syn elimination, 320
Pyrolytic syn-eliminations, 313
in amine oxides, 314f
PMO analysis of, 313f
2H-pyrroles, 271
Pyrrolidines, 263
1-pyrroline, 271
Pyrrolines, 263

Q

Quinone, 346—347

R
[6]-radialene, 104
Regiochemistry, 161
in Diels—Alder reaction, 196f—197f
of Diels—Alder reaction, 195—203
Retro Diels—Alder reaction, 207—210.
See also Dehydro-Diels—Alder
reaction; Intramolecular Diels—Alder
reactions (IMDA reactions); Lewis
acid catalyzed Diels—Alder reaction

Retro Ene reactions, 309—312
Rhodium-carbenoid addition, 237
Riley oxidation, 300

Ring expanded B-lactone, 293—294

S

s-cis conformation, 165
s-trans conformation, 165, 337
Selection rules
for electrocyclic reactions, 25, 25t
for hydrogen sigmatropic shift
by FMO, 82t
by PMO, 83t
for sigmatropic alkyl shifts
by FMO, 93t
by PMO, 94t
Selenium dioxide, 300—302
Selenoxides pyrolysis, 314
o-molecular orbitals symmetry properties.
See m-molecular orbitals symmetry
properties
Sigmatropic rearrangements, 3, 78, 78f
[2,3] sigmatropic rearrangements, 136,
300—301
solved problems, 137—139
sulfonium ylide rearrangement, 137,
137f
Wittig rearrangement, 136
[3,3] sigmatropic rearrangements, 97—132
anionic Oxy-Cope rearrangements,
109—113
Aza-Cope rearrangement, 113—115
Claisen rearrangement, 115—128
Cope rearrangement, 97—106
Cope rearrangement degeneration,
106—109
Oxy-Cope rearrangements, 109—113
variants to Claisen rearrangement,
129—132
[5,5] sigmatropic shift, 132
in benzidine rearrangement, 132f
solved problems, 133—136
alkyl group sigmatropic rearrangements
analysis, 91-97
antarafacial processes, 78
hydrogen sigmatropic rearrangements
analysis, 79—91
ionic transition states, 142—144
peripatetic cyclopropane bridge, 139—141
suprafacial processes, 78
Silicon-directed Nazarov cyclization, 72, 72f
Silver tetrafluoroborate (AgBF,), 343—344



Silyl ketene acetal rearrangement. See
Ireland-Claisen rearrangement
(2)-silyl ketene acetal, 348—349
Singlet carbene reaction, 232, 258
with diastereomeric but-2-enes, 232f
structure, 232f
Site selectivity, 170
[6 + 2] cheletropic reactions, 241
[6 + 4] cycloadditions, 224—225
Solution manual, 333—356
Solvolysis, 64
cyclopropyl tosylate, 65f
disubstituted cyclopropyl tosylate
via dis-in mode, 65f
via dis-out mode, 66f
Sommelet—Hauser rearrangement, 136, 138
[2,3] sigmatropic shifts, 136f
sp*-hybrid orbitals, 232
Spirocyclic benzoxete derivative, 341
Spirocyclic compound, 341
Spirolactam, 335—336
Stable benzenoid system, 337
Stable naphthalene system, 337
Stereochemistry, 161
Cope rearrangement, 99
in electrocyclic reactions, 24—25
Stereochemistry of Diels—Alder reaction,
178—195
Stereospecific reaction, 232
Stereospecificity, 251
Stilbenoid compound, 341
3-styrylfuran, 338
4-substituted-B-lactone, 291
MgBr;-assisted Type I dyotropic
rearrangement of, 292f
Succinic acid, 316
3-sulfolene. See Butadiene sulfone
Sulfone-stabilized anion, 341
Sulfonium ylide rearrangement, 137, 137f
Sulphoxides pyrolysis, 315
Suprafacial cycloaddition, 146—147
Suprafacial modes, 146
to 7t-bond, 146f
to o-bond, 147f
Suprafacial processes, 78
Sydnones, 266
cycloaddition of sydnones to acetylene
derivative, 267f
resonating structures of, 266f
Symmetry
allowed process, 27—28, 150
forbidden process, 27—28, 150
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Symmetry properties
7-molecular orbitals and c-molecular
orbitals, 11, 12t
butadiene and hexatriene systems, 12f
linear conjugated 7t-system, 13, 13t
symmetric and antisymmetric molecular
orbitals, 11f
syn elimination pathway reaction, 314
syn-2,3-dimethylpent-4-enoic acid, 348—349
syn-sulphoxide, 315
Synchronous double group transfer reaction,
284f

T

Tandem Diels—Alder reactions, 216
Tandem ene/Diels—Alder reaction, 296
Tandem ene/intramolecular Diels—Alder
reaction, 297
Tautomer, 341—342
Tautomerization of hydrazone, 334
TCNE. See Tetracyanoethylene (TCNE)
TDDA reaction. See Tetradehydro-
Diels—Alder reaction (TDDA
reaction)
Tertiary propargyl vinyl ether, 347
Tetracyanoethylene (TCNE), 47, 226
Tetradehydro-Diels—Alder reaction (TDDA
reaction), 219—220
4,5,6,7-tetrahydro-1H-benzo [d]imidazole
derivative, 297—298
Tetrahydroazonine, 342
2,2 4 4-tetramethyl-1,3-dioxolane, 258
3,3,6,6-tetramethylcyclohexa-1,4-diene,
290
Thermal cheletropic reactions, selection rules
for, 241, 242t
Thermal Oxy-Cope rearrangement of
divinylcyclohexanol, 345
Thermal pericyclic ene reactions, 298
Thermal rearrangements, 78
Thermal syn eliminations, 312
Thermally allowed reaction, 14
Thermolysis of suitably substituted
aziridines, 263
Thiophene 1,1-dioxide, 243
Three-atom electrocyclizations, 64. See also
Five-atom electrocyclizations
CX bond, 65
cyclopropyl anion, 67
cyclopropyl tosylate solvolysis, 65f
endo-T-chlorobicyclo[4.1.0]heptanes
solvolysis, 67f
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Three-atom electrocyclizations (Continued)
molecular orbitals and electron occupancy,
64f
R substituents, 66
solved problems, 68—70
TMSCI. See Trimethylsilyl chloride (TMSCI)
Torquoselectivity, 46—47
Tosyloxy(p-Me-Ph-SO,0-) substituent, 341
trans B-lactone, 293
trans-5,6-dimethylcyclohexa-1,3-diene, 39
trans-9a,9b-dihydronaphtho[2,1-b]furan
intermediate, 338
trans-cyclooctene system,
69—70
trans-dicarboxylic acid ester, 263
trans-diol, 310
trans-diphenylbenzocyclobutane, 335
trans-hexa-2,4-dienylphenyl ether,
134—135
trans-isomer, 24, 24f
trans-methylstilbine, 315
trans-selective reaction, 314
trans-spiro[2.5]octa-3,5-diene derivatives,
344
Transition state, 79
1,2,3-triazole, 277
1,2,3-triazoline, 277
Triene, 335
Trimethylsilyl chloride (TMSCI), 130
1,2,3-trioxolane. See Molozonide
Triprenylated derivative, 348
Trisubstituted alkenes, 301
Trisubstituted furan, 347
Triyne, 343
[2 + 2] cycloadditions,
155—156
[72s + 2a] cycloaddition
reactions, 156
ketenes generation, 157, 157f
reaction of cis-or trans-cyclooctene with
dichloroketene, 156—157
solved problems, 157—164
Type I dyotropic rearrangement,

291, 291f

Type II dyotropic rearrangement, 291—292,
292f, 295f

Type-II intramolecular ene reactions, 303,
303f

Type-I1II intramolecular ene reactions, 303,
303f

U

Ultraviolet irradiation (UV irradiation), 41
Unsaturated
B-diketones, 302, 302f
B-ketoesters, 302, 302f
ketone, 345
Unsolved problems, 323—332
UV irradiation. See Ultraviolet irradiation
(UV irradiation)

\%
VHE. See Vinyl heptafulvene (VHF)
Vicinal dibromides interconversion, 291, 291f
Vinyl heptafulvene (VHF), 60—61
Vinylallene intermediate, 308—309, 342
Vinylcyclopentene

derivative, 335—336

rearrangement reaction, 94
Vinylketene, 53

%%

Wagner—Meerwein-type carbocation
rearrangements, 291
‘Walk rearrangement, 139
by FMO method, 139f
norcaradiene, 140f—141f
by PMO method, 140f
solved problem, 141
Wittig rearrangement, 136, 138
allyl ethers, 136f
Woodward—Hoffmann orbital symmetry
rules, 64
Woodward—Hoffmann rules, 18, 18t, 29, 96,
132, 223, 354
selection rules, 284

X

Xanthate esters, 317
Xanthates pyrolysis, 312—313

YA

Z-alkene formation, 319
Z-but-2-ene, 232

Z-isomer, 338, 341
Z-o.,B,y,0-unsaturated amide, 355
Ziegler-Hafner synthesis, 60
Zwitterionic intermediate, 341



