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In 1965, Woodward and Hoffmann have given rules
which correlate the stereochemistry of some organic
reactions with orbital symmetry."*

Very rapidly this theory proved itself to be very
fruitful and of general application to a large number
of organic reactions, the so-called pericyclic reac-
tions.*

Since then, alternate formulations have been
given by numerous authors, including Fukui,
Dewar,*” Zimmerman,*" Oosterhoff," Goddard,"
Kaneko.”

Although all these authors have maintained (in a
more or less explicit manner) the concept is of
orbitals and of symmetry, Woodward and Hoffmann
have summarized the whole of their findings in a
selection rule which does explicitly include these
two concepts.*

‘A ground-state pericyclic change is symmetry-
allowed when the total number of (4q + 2), and (4r),
components is odd”.

This rule is also valid even if a concerted pericyc-
lic reaction is decomposed in elementary compo-
nents.* In their definition of “components”, Wood-
ward and Hoffmann have also defined suprafacial
or antarafacial stereochemistry of components of
any kind.

Woodward and Hoffmann rules have been con-
stantly verified by experiment,* at least when prop-
erty used within the limits of their original
framework. We have tried to give a simple expres-
sion of these rules, and to extent their field of appli-
cation to other classes of organic reactions.

*The words symmetry-allowed or symmetry-forbidden
introduce a concept which is not necessary to describe the
experimental results.

1The electron-pairs *“involved” in a reaction are those
which have different connection in the starting molecule
and in the reaction product.

In order to do this, we shall deal only with the
basic concepts necessary to describe a molecule.
More elaborate concepts were introduced to pre-
dict the steric course of pericyclic reactions. These
concepts can be deduced from the classical ideas of
organic chemistry," Lewis electron-pairs” and Le
Bel-van't Hoff tetrahedral carbon.'" In fact, the
various ‘“‘theoretical” descriptions of organic
molecules are obtained from the classical descrip-
tion of a molecule by *“simple” mathematical trans-
formations.'®" It is our opinion that the information
content is not changed by such mathematical
methods. We believe a consistent approach to or-
ganic chemistry is in ignoring these ‘“‘theoretical”
concepts and in restricting discussion to classical
description of molecules and to experimental re-
sults. Woodward and Hoffmann generalized selec-
tion rule is in full agreement with this approach.
Once the experimental results are known,*
Woodward-Hoffmann generalized rule can be en-
tirely deduced from them without reference to
“theory™. '

This rule can be simplified if we divide the
number of electrons by two: i.e. if we consider the
number of electron-pairs, (4n) components have an
even number (2n) of electron-pairs, (4n + 2) compo-
nents have an odd number (2n+1) of electron-
pairs.

The rule and experimental results display the fol-
lowing pattern of alternation, indicative of Boolean
properties:

The structure of the Woodward-Hoffmann rules
is such that it must be predicted whether a reaction
is allowed or forbidden.*

Inspection of the experimental results shows that
the classical factors which infiuence the reaction
course obey a Boolean alternation:

(a) the number of electron-pairs involvedt can be
even or odd
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(b) the steric course of a pericyclic reaction is such
that:

there may be either inversion or retention on a
given atom

reaction may be either cis or trans relative to a
double bond

reaction may be either supra or antarafacial re-
lative to a plane

rotations in polyenic systems may be either dis-
rotatory or conrotatory.

For instance® changing the number of electron-
pairs by unity changes, for example, a conrotatory
reaction form allowed to forbidden and vice-versa.
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GroundState  Conrotatory Disrototory
Excited Stote  Disrotatory Conrotatory
Even Odd

number of electron pairs

Finally, the available experimental results show
that photochemical reactions exist, which obey the
complementary rule: allowed reaction in the ex-
cited state have the stereochemical course opposite
to the ground-state reactions.

Extension of Woodward-Hoffmann rules

The pattern of alternation which appears in
pericyclic reactions had already been noticed:

Ingold™? has described the stereochemistry of
some linear reactions by using the idea of alternate
motion of electron-pairs.

Aromaticity also shows alternation:* Hiickel-type
systems® have 4n + 2 electrons, i.e. an odd number
of electron-pairs. Moebius-type systems™ have 4n
electrons, i.e. an even number of electron-pairs.

It is worth mentioning that Woodward® identifies
aromaticity to a special case of pericyclic reaction.
We can express his views in the following manner:

*This Boolean ajternation has of course nothing to do
with the bond length alternation observed in some aroma-
tic systems.

tThis is an interesting way of introducing some
stereochemical limitations in mesomerism.
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a system is aromatic if the formal exchange be-
tween two Kekule formulas is an allowed pericyclic
reaction.t As a consequence, cyclobutadiene and
systems with an even number of double bonds are
aromatic in the excited state while benzene and sys-
tems with an odd number of double bonds are
aromatic in the ground-state,

The alternating pattern resulting from both
Woodward-Hoffmann rules and Ingold ideas, have
led us to formulate a rule which summarizes their
findings.

We have given the following formulation. For
one of the present authors:™”

“Reactions involving an odd number of electron-
pairs form or break bonds in the same half-space.

Reactions involving an even number of electron-
pairs form or break bonds in the two different
spaces.”

In other words, reactions involving an odd
number of electron-pairs have a suprafacial stereo-
chemistry (this includes not only suprafacial migra-
tions but also substitutions with retention of con-
figurations, cis additions or eliminations, syn sub-
stitutions and disrotatory ring openings or ring
closures), Similarly, reactions involving an even
number of electron-pairs have an antarafacial
stereochemistry (this includes not only antarafacial
migrations but also substitutions with inversion of
configuration, trans additions or eliminations, anti
substitutions and conrotatory ring openings or ring

closures).
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For the other author:® for an'' allowed ground-
state pericyclic reaction the sum of the number of
electron-pairs involved and of the number of “odd
processes” (i.e. inversions) must be “‘odd”."

As a direct consequence, odd number 'of
electron-pairs ground-state reactions involve an
even number of inversions, even number of
electron-pairs ground-state reactions involve an
odd number of inversions. For both type of reac-
tions, there is no restriction on the number of reten-
tions.”

This rule can be translated into a graph-system
which uses the normal concept of electron displace-
ment.”



Parity and stereochemistry

Application of parity rules

(1) Pericyclic reactions. In the case of pericyclic
reactions, parity rules are only an equivalent for-
mulation of Woodward-Hoffmann selection rule.
As such they do not bring any additional informa-
tion. We shall refer to Woodward-Hoffmann origi-
nal paper for a detailed analysis of pericyclic
reaction which can be easily translated in terms of
parity.

(2) Ionic reactions. Parity rules can be extended
without any ambiguity to some substitution and ad-
dition reactions. For example, parity rules are in
full agreement with the Sg2 substitution where only
one electron-pair i.e. an odd number is involved:*'*
there is no inversion.

H ®
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odd number of retention

electron-pairs

In the Sn2 substitution where two electron-pairs
i.e. even number are involved: there is one inver-
. Ril3
sion.
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In Prime reactions where one more electron-pair
is involved, the stereochemistry is reversed.

The Sx2' in which three electron-pairs (odd
number) are involved is a syn substitution.”
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In the ionic 1-2addition involving two electron-
pairs (even number) the stereochemistry is trans
and in the 1-4 addition where one more electron-
pair is involved, the stereochemistry is reversed,
giving a syn addition.”
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The Meerwein transposition in which two
electron-pairs are involved should present only one
inversion. The migrating carbon atom is not in-
verted whereas the receiving carbon is inverted.™
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In the 1,3 transposition there are also two
electron-pairs (even number) and one inversion at
the migrating carbon atom.”
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Limitation in the application of the parity rules

For pericyclic reactions the Woodward-
Hoffmann rules and the parity rules are equivalent.
In the whole field of applications both rules have
the same limitation:

Parity rules being based upon the number of
electron-pairs cannot be applied to radical reac-
tions involving unpaired electrons.

Just as Woodward-Hoffmann rules, parity rules
apply to ground-state reaction. It is possible to
find some excited state-reactions which obey the
complementarity rules.

Stereochemistry is defined relative to normal car-
bon stereochemical sites: tetrahedral C-atom for
saturated systems or plane for insaturated sys-
tems. Other types of sites deserve a special
analysis: non tetrahedral sites (such as trigonal
bipyramid or octahedron) or sites without apparent
“‘objective’ stereochemistry (such as monovalent
or divalent atoms).

For instance, Woodward-Hoffmann rules, as
well as parity rules, become ambiguous in chelet-
ropic reactions.” We shall deal with these cases in
a forthcoming paper.

Finally our parity rule, just as Woodward-
Hoffmann generalized selection rule, deals only
with concerted reactions. Although the concept of
“‘concertedness’ may be intuitive, an objective de-
finition apparently still does not meet with general
agreement. In our opinion, a reaction will be said to
be concerted when all participating atoms stay at
bonding distance from the beginning to the end of
the reaction.”

CONCLUSION
In this paper, we have shown that the correlation
between parity of the number of electron-pairs and
stereochemistry is not limited to pericyclic reac-
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tions but can also be applied to concerted ionic
reactions.

In our opinion, this analysis is not a mere coinci-
dence: it is founded upon basic concepts of organic
chemistry (Lewis formula and tetrahedral carbon
atom) as well as the basic rules of electron move-
ment (Walden inversion). These rules are in fact the
projection into the organic chemistry theories of
the more fundamental physical rules governing the
dynamics of electrons and nuclei.

We can then safely rely upon classical concepts
to study the stereochemistry of the products of
concerted reactions and hopefully to get some ideas
on their mechanism. In other words, the application
of parity rules to concerted reactions seems a fruit-
ful approach not only in order to rationalize known
reactions but also in order to provide heuristic
working hypotheses.
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