the same number of 7 bonds,

o The o bond that cleaves can be in the
(Scheme 17.67).

he sigma bond is
proken in the middle

s

of the pi system

R

3 R
SR 1 3 R 7
{ / New bond i:
A sigma bond is
> — @ < | formed i.e., new position

4 2

1 > 3R 1 3 R of the sigma bond
2

a [3,3] sigmatropic rearrangement

3 3

The sigma bond is
broken at the end of
the pi system

24 4 27 X4

2 — )

5

7 " Ry
: [Wew sigma bond

a [1,5] sigmatropic rearrangement

SCHEME 17.67

middle of the n system or at end of the 7 system

e The o bond that breaks is bonded to an allylic carbon.
o Toidentify the order of a sigmatropic shift [Z, j] first
[This bond cleaves|

identify the o bond which is broken in the reaction.
Then assign number 1 to both the atoms involved in | 4,c Y

HO

this bond, then the atoms in each direction from the o d s
bond being cleaved, upto and including the atoms ol b ORI
which form the new o bond in the product are =

numbered as atom

s 2,3 and so on. The numbers

CH,

SCHEME 17.68

rm the new bond,

assigned to the atoms that fo i
FIROC L0 thin the brackets to show the reaction order (Scheme

separated by commas are put wi
17.67). Similarly the migrati
[1,5] sigmatropic shift. The or
from C1 to C5 but since the
forms part of the new © bond

on of hydrogen (Sc
der [1,5] is not due

hydrogen (on

and had also fo
to be coun

heme 17.68) is another example of
to the fact that hydrogen migrates
e of the two atoms given the number 1)
rmed part of the old o bond. Only all the
ted. Thus the rearrangement of

: . ion have
atoms taking part in. the goctn o labelled as [1,3] shift since the methylene

cyclohexadiene (Scheme 1 :
group linking 1 and 5 is not invo

* Since in these rea k
n¢ 1 coined the term “sigm

5
"
a

ctions a change in the posi

7.68) cannot b .
lved in the reaction.

atropic shifts™.
sement of a 1,5-dien

pe rearrangement (I, Scheme 17.69).

tion of one & bond takes place, Woodward

e (when the six atoms involved are all
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* The oxygen analog of the Cope rearrangement is called the Claisen rearrangemep;
Often one of the 7 bonds is part of an aromatic ring (II, Scheme 17.69). Ally] viny]

ethers also undergo Claisen rearrangement.

CeH 1 : : taut e
= i v [3,3] sigmatropic automeri
< ) 2 0. rearrangement Z O  zaton [~
S A[3,3] | d L —LEN
CH,  sigmatropic 3 x z
Al @ rearrange- < H
ment ;
C.H. a Cope
i ’ea"a"tgle' Allyl phenyl ether o-Allylphenol
= e (I) a Claisen rearrangement
CH,

SCHEME 17.69

e More examples of sigmatropic rearrangements are in (Scheme 17.69a).

@ @

o O 2
-

©\@ ® 5

® ‘ @)

a [3,3] sigmatropic rearrangement

@ O
®CH, — CH,=CH—CR,

| @° @ O
®CH,—CH=CR/, =
@ @

a [1,3] sigmatropic rearrangement

a [3,5] sigmatropic rearrangement

SCHEME 17.69a

A. Sigmatropic Migration of Hydrogen
(i) Introduction.

A hydrogen atom is reported to migrate from one end of a system of © bonds to the other,
under thermal or photochemical rearrangements. In the transition state the hydrogen must
be in contact with both ends of the chain at the same time. There are two distinct processes by
which a sigmatropic migration can occur. If the hydrogen moves along the top or bottom face of
the n-system i.e., migrating group remains associated with same face of the conjugated system
throughout the process, the migration is termed suprafacial. When the hydrogen moves across
the n system either from top to bottom or vice versa i.e., the migrating group moves to the
opposite face of the n-system during the course of migration then it is called antarafacial.

In a given sigmatropic rearrangement, the migrating group is bonded to both the
migration source and the migration termini in the transition state. It is imagined that the
migrating H atom breaks away from the rest of the system which is treated as a free radical
Thus in a simplest case involving a [1,3] shift of hydrogen (Scheme 17.70), the frontier orbital
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analySf t(;ireat:nﬂ;lti Eiy&-‘,te.m as a hyd_rogen :fltorn interacting with an allyl radical. The electron
of the hydrog 151n a 1s orbital which has only one lobe. The HOMO of an allylic free
radical depends on the number of carbons in the n-framework (Scheme 17.71).

=S PN .

~

— i
H

Imaginary transition state for a
[1,3] sigmatropic hydrogen shift.

H

H
SCHEME 17.70

The HOMO of the allylic radicals

SCHEME 17.71

(ii) [1,3] Sigmatropic Rearrangement (Hydrogen Shift).
In the migration of hydrogen the H must move from a plus to plus or from minus to a
minus lobe of the HOMO, it cannot move to a lobe of opposite sign.

H,. orbital
iz Phases incorrect
&) 4 foroverlap

1H H
| 2 3 A | 9 '
1CH,CH=CD, —#—% CH,=CHCD,

The [1,3] sigmatropic rearrangement ‘ e

is thermally forbidden HOMO

[1,3] thermal suprafacial migration
of H is symmetry forbidden

H1s orbital

The [1,3] thermal antarafacial - H A
migration of H is symmetry allowed C\H = CH,

but geometrically impossible.

H
(1)

SCHEME 17.72

During a thermal [1,3] sigmatropic migration of a hydrogen, the overlap of the.hydrogen
15 orbital with the HOMO of the allyl radical (I, Scheme 17.71, asymmetric) is bonding at one
end and antibonding at the other end for the suprafacial migration (Scheme 17.72). Thus [1,3]
sigmatropic suprafacial migration of hydrogen (under thermal conditions) is symmetry-
forbidden (Scheme 17.72). However, in the antarafacial process (Scheme 17.72) the hydrogen
atom shall have to cross over the pi system to the other face to form a four membered ring
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transition state, a geometrically very difficult situation. Thus over all thermal [1,3] sigmatropi,
rearrangements are rare. The stability of the triene (I, Scheme 17.72) which is not thermally
1somerized to toluene, which is thermodynamically more stable is due to a symmetry-forbidden
process (suprafacial H migration is symmetry forbidden, antarafacial H migration though
symmetry allowed but sterically forbidden).

In a photochemical reaction promotion of an electron means that now (I, Scheme 17.73)
becomes the HOMO. Suprafacial pathway for [1,3] shift now becomes an allowed process anqd
antarafacial pathway forbidden. Thus, the compound (II, Scheme 17.73) displays a [1,3]
hydrogen shift under photochemical conditions.

% Photochemical [1,3]
,@\ suprafacial process
e XY \(symmetry allowed)
H CH, CH,
9 o H 1 H
hv
ek ;
0 : /
CH, H CH,
(N (In

The [1,3] sigmatropic rearrangement is photochemically allowed

SCHEME 17.73

A [1,3] sigmatropic rearrangement involves a 7 bond and a pair of ¢ electrons so in all two
pairs electrons are involved similarly a [1,5] sigmatropic rearrangement involves three pairs of
electrons. Woodward Hoffmann rules for sigmatropic rearrangements are given in Table 17 4.

Table 17.4 Woodward-Hoffmann Rules for Sigmatropic Rearrangements

Number of pairs of electrons Reaction condition Allowed mode
in the reacting system
Even number Thermal Antarafacial
Photochemical Suprafacial
Odd number Thermal Suprafacial
Photochemical Antarafacial

Thus, since a [1,3] sigmatropic migration involves two pairs of electrons, an antrafacial
rearrangement for a 1,3-shift under thermal conditions does not take place due to geometrical
constraints. 1,3-Shifts do take place photochemically [Table 17.4, moreover, since under
photochemical conditions HOMO becomes symmetric (see, Scheme 17.73) hydrogen can migrate
by suprafacial pathway].

(iii) [1,5] Sigmatropic Hydrogen Shift.

The [1,5] sigmatropic shift of hydrogen or deuterium atoms is well known. These involve
three pairs of electrons, thus these occurs via a suprafacial pathway under thermal conditions
(see Table 17.4). These shifts can be analyzed by examining a hydrogen atom and a pentadieny!
radical whose HOMO (see III, Scheme 17.71) is bonding at both the migration origin and the
migration terminus. Thus the migration maintains orbital symmetry when the migrating group
remains on the same side of the conjugated system (suprafacial process, Scheme 17.74).
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Hydrogen atom
d’ 1s orbital

Thermal [1,5] hydrogen shift.
Suprafacial process-symmetry
allowed.

CH —CH
\
—CD, CHD,
The [1,5] sigmatropic rearrangement is thermally allowed

SCHEME 17.74

Another remarkable example of suprafacial [1,5] hydrogen shift thermally, is in the
1,3-diene (I, Scheme 17.75) of known stereochemistry both at the double bond and at the
stereocenter. This 1,3-diene gave a two component mixture compatible with only suprafacial

migration. These results are explained as under:
e One has to consider two rotational isomers (I and Ia, Scheme 17.75) for the reaction.
e Recall, a compound can have an infinite number of conformations but only one

configuration.
e In (I) the methyl group is directed toward C4-C5 double bond while in (Ia) it is now

ethyl group that is directed toward C4-C5 bond.

S (R) CHs
[1.5] %
CH,CH, Suprafacial S~ C':!
(bottom to bottom) B 3
(T) - CH,CH;,4
(In)
(E)_CH, H
[1.5] -
: SEHE
(S) : Suprafacial \D CH.CH
H,C \CHZCH3 (top to top) 2 2~ 3

(la)

(1) = (la) rotamers

SCHEME 17.75

e There are two suprafacial [1,5] pathways for
(I and Ia Scheme 17.75) “top to top” as in (I)
e Each of these suprafacial pathways gives a product with sp

both are formed.

the hydrogen in these two conformations
or “bottom to bottom” as in (Ia).

ecific stereochemistry and
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* Considering the two stereogenic units in (I, Scheme 17.75) 4 stereoisomers coulq

considered. Two (IT and III) are formed during suprafacial migration by the Symmetry
allowed pathway.

e If one considers, the antarafacial pathway the remaining two stereoisomers (as g

diastereomeric pair) would have been formed (Scheme 17.76) which however, is not

the case.
H
(S)
A =/ ~-CH,
D
Antarafacial X\ CH,
[1,5] (E)
CH,CH,
(not formed)
E (R) .CH
(E)_CH, . 7 Sk
D
H
Antarafacial XX _CH,CH,
o [1,5] 2)
H3C¥(S) “*CH,CH, CH,
(la, scheme 8.75) (not formed)

SCHEME 17.76

Heating of indene (Scheme 17.77) causes the scrambling of the label to all the three non-
aromatic positions. It is only via [1,5] shift of H or D (by including the p-orbitals of the benzene
ring) that one can account for the results.

H1 p AN

G - QIO 4 O
!

SCHEME 17.77

(iv) [1,7] Sigmatropic Hydrogen Shift _

In the case of [1,7] hydrogen shifts, in a triene, the orbital symmetry rules (see III,
Scheme 17.71) predict that the transfer of hydrogen must be antarafacial compared to [1,3]
shift, the transition state is not much strained and the shift is sterically feasible. This is seen
in the thermal interconversion of vitamin D series (Scheme 17.78).
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CH,
R CH, 3,
H;C A
SN [1,7] H shift
—
HO— _— |
: HO— S
Previtamin D }:;
Vitamin D,

I
CH? CH,
HO Ny HQ /

SCHEME 17.78

r'__f -
- More on sigmatropic rearrangements (Degenerate rearrangements)

1, 3—Pentadiene on heqting regenerates itself via a [1, 5] shift of hydrogen, this
kind of process in which a reactant rearranges to itself is termed degenerate
rearrangement (Scheme 17.78a). Significantly as expected the [1, 3] shift is

symmetry forbidden.

4
S 35 [1,3] <N [1.5] =
H -« <4 — ——
~ 2 5)4 Al s Q

CH, CH,
1
1,3-pentadiene 1,3-pentadiene

not formed
A degenerate rearrangement

SCHEME 17.78a
ngement can be established either by isotopically labeled
bstituted molecules (Scheme 17.780b).

S8 A ~~ “CH,D
I — :
[1,5] NS
CD; CD,

5,5,5—trideuten‘o-1 ] 1.1 ,5-tn'deu§en‘o-1 ;
3-pentadiene 3-pentadiene

CH
CH CH, :l CH,
SO 3 A = ___é_>
R =5 CHy J '
3 3 [1.5] CH, 3
H H H

CHy—H

The degenerate rearra
molecules or suitably su

.—-———_——-——————
e | e f o~ e e
-———_______.____.__————_'—'

SCHEME 17.78b o o el
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Three membered rings can often play the role of a double bond and a [ 1, 5] H shift
can take place just like in 1, 3-pentadiene and involves the opening of the
cyclopropane (Scheme 17.78c¢).

SCHEME 17.78¢

— |

B. Sigmatropic Migrations of Carbon

As compared to a hydrogen atom which has its electrons in a 1s orbital that has only one lobe,
a carbon free radical (free imaginary transition state) has its odd electron in a p orbital which
has two lobes of opposite sign. Recall that a [1,3] sigmatropic suprafacial migration of hydrogen
(thermally) is symmetry forbidden while an antarafacial reaction though allowed is
geometrically improbable (see Schemes 17.72-17.74). Interestingly an additional possibility
would exist if an alkyl group (carbon) rather than a hydrogen was potential migrator. A [1,3]
shift can now be suprafacial migration (I, Scheme 17.79) if the migrating group does so
antarafacially i.e., it would result in inversion of configuration of the migrating group. Thus
carbon can simultaneously interact with the migration source and the migration terminus
using either one of its lobes or both of its lobes (Scheme 17.79). Considering suprafacial
rearrangement, carbon will migrate using one of its lobes if the HOMO is symmetric (II, Scheme
17.79). This happens during a thermal suprafacial [1,5] process. When carbon migrates with
only one of its lobes interacting with migration source and migration terminus, the migrating
group retains its configuration since bonding is always to the same lobe. When the carbon
migrates using both of its lobes. (asymmetric HOMO, I Scheme 17.79), a [1,3] thermal suprafacial
migration would involve opposite lobes. Thus, if the migrating carbon was originally bonded
via its positive lobe, it must now use its negative lobe to form the new C—C bond. The
stereochemical outcome of such a process is the inversion of configuration in the migrating group.

’
-
~
>

Ot N
7

Fo e P
64 54 B!

A thermal [1,3] suprafacial A thermal suprafacial
shift of H is forbidden [1,3] shift of carbon is
however allowed with A thermal suprafacial [1,5]
inversion of configuration shift of carbon is allowed
o with retention of configuration
a8y

SCHEME 17.79
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H Ow-SO,CH,

(IN)
reactant for aza-Cope
rearrangement

Aza-Cope rearrangement

SCHEME 17.91

EXERCISE 17.16

Write the structure of products from the reactions (Scheme 17.92).

\H\ A
\\H

ﬁ% I
OH

o

0

SCHEME 17.92

ANSWER. Always look for the presence of a 1, 5-diene unit which will hint towards
a Cope rearrangement (draw the arrow to form a bond between C1 and C6 and
breaking a bond between C3 and C4, Scheme 17.93).

w

oxy-Cope
—_—>

oxy-Cope
e

OH
H

) Enol

Ty
SCHEME 17.93

Ketone

)
H

=)

T —
N =
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F—’_’- \\
0 E o i
OCH20H=CHCH3 CH, CH, CH, /CH3
CH, CH, CH, 4 _CHj, C\H
mu ity C ! \
A }\A\\ < ,CH
//CH \\Cl:‘l//
2
QHZ ~= _J
0 OH
Two successive allylic
Chi, CH, CH, i rearrangements restore
—p the original orientation
ofthe allylic group

SCHEME 17.96

DO 0=~ pe O Me
K/\ N N e 4 Me
= Me -~
)] threo-2,3-dimethylpentenal

transition state

7\’2 T R, H R’ H
_0—Cy,__-CH, /\A/K/

L ] S R1JY‘Q/(\ Oy — RN\ O\ cH

PAON H = :
H~ ~SCH, transition state H

R, >R,
) .
Claisen rearrangement

SCHEME 17.96a

H. [5, 5] Sigmatropic Shifts
Thermal [5, 5] shifts are facile, however the compounds undergoing such rearrangement are

not common. One type of substrates are pentadienyl ethers which give 4-pentadienylphenols
as the major products along with minor products arising from ortho-Claisen rearrangement
(Scheme 17.96b). With the help of deuterium labeling it has been shown that major products
arise from direct [5, 5] sigmatropic shifts and not by two consecutive [3, 3] shifts.

It is proved that [5, 5] shifts occur very fast in negatively charged compounds. An
interesting reaction is oxy-Cope rearrangement of (I, Scheme 17.96¢) the arrangement does
not proceed by a sequence of consecutive [3, 3] shifts, however it is indeed a result of [5, 5]

shifts, (Scheme 17.96¢).
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D. ,D
X/\/ D
O 7

Qb OH =D

D

NF D

D. ,D
Otl 0 OH
=R
2~ D_—’ "
H NN
5 N D

[5,5] Sigmatropic shifts
SCHEME 17.96b

SCHEME 17.96¢

17.8 THE ENE REACTION

In this reaction an alkene having an allylic hydrogen atom reacts thermally with a dienophile
(C=C, C=0, N=N etc., called enophile) with the formation of a new o bond to the terminal
carbon of the allyl group. This is followed by the 1,5-migration of the allylic hydrogen and
subsequent change in the position of allylic double bond. The reaction thus resembles both

cycloaddition and a [1,5] _sigmatropic shift of hydrogen.
Mechanistically, the reactionis a concerted process, there being little charge development
imary kinetic isotope effect to show C—H bond breaks in

in the transition state. It shows a pr1
the rate determining step (the reverse process occurs in the pyrolysis of esters). The interaction
1 and the LUMO of the enophile (Scheme

of a hydrogen atom with the HOMO of the allyl radica
17:97) is a symmetry allowed process. A good example of ene reaction is found during allylic
oxidation of alkenes with selenium dioxide.

The reaction shows a primary kinetic isotope e
determining step. The ene reaction of p-pinene with malei

ffect of C—H bond breaking in the rate
¢ anhydride (Scheme 17.97) gives
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