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In 1976 seemingly minor progress was
achieved by the use of ligand indices
only®. As we now know, this was, how-
ever, an absolutely crucial breakthrough
for the development of the theory of chem-
ical identity groups'', in that the geomet-
ric skeletal symmetries and other geomet-
ric features of the molecules were replaced
by the concept of chemical identity. The
concept of chemical identity implicitly em-
braces molecular geometry and chemistry,
and it is also directly applicable to mole-
cules that are not representable by any geo-
metric model.

The concept of permutational isomerism
must be carefully distinguished from that
of stereoisomerism. There exist permuta-
tion isomers which are not stereoisomers,
and there are stereoisomers that are not
permutation isomers®. In the case of per-
mutation isomers with a polycentric skele-
ton some members of a family of permuta-
tion isomers have the same chemical
constitution and thus are stereoisomers,
while others are constitutional isomers.

If L is the set of ligands, then the set of
all permutations of L forms a group SymL,
the symmetric group on L objects. With
this terminology we provide the following
definitions:

Let X be a given compound and E a refer-
ence model for X having a set L of chemi-
cally distinguishable ligands. Let S, be the
set of all permutations of the ligands of E
that yield models chemically identical with
E, all representing X. For reasons based
entirely on the nature of chemistry, the set
Sy will be a subgroup of SymL. We call Sy
the chemical identity group of X, and J,(L)
is the family of permutation isomers with a
ligand set L and a reference isomer X.

The chemical identity group is the con-
ceptual basis for our representation of the
stereochemistry of molecules, flexible or
not. As is well known, groups are fre-
quently used to express geometric symme-
tries. Our chemical identity group is, how-
ever, new in concept and in intent. The
chemical identity group does not express
geometric symmetries so much as it ex-
presses stereochemical realities. Moreover,
even our indexing system® ) is different
from those used previously: our approach
is based entirely on permutations of in-
dexed ligands on a fixed model, and we do
not assign indices to the skeletal sites at all
(see e.g. ref.?),

Although a particular chemical identity
group may be isomorphic to groups repre-
senting symmetries of some geometric
models or to the Longuet-Higgins group "
and related groups, the meaning of the cor-
responding chemical identity groups is en-
tirely different!"!). Their elements never re-
present any symmetry-related operations
that bring some geometric objects into self-
coincidence (see Scheme 4 and below).

If all the ligands are chemically distinct,
X has exactly |SymL|:Sy| chemically
distinct permutation isomers; all the per-
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mutations belonging to a given left coset
ASx of S, in SymL will generate the same
isomer from E. The chemical identity
groups of the permutation isomers all
belong to the conjugacy class of Sy in
SymL. Thus, the family 6 contains
|SymL|:|Sg,| = 5!:6 = 20 permutation iso-
mers that are represented by the cosets AS,
(see Table 1).

Under given observation conditions, X
has an enantiomer X if each geometric ar-
rangement of a molecule from X is the
mirror image of some molecule from X and
conversely. A mixture of equal numbers of
molecules from X and X is called the ra-
ccmate of X,

Let X be the reference isomer of a family
J4(L) of permutation isomers with all li-
gandsin theset L= {L,, ... L,} chemically
distinguishable. If X has an enantiomer X
belonging to the same family of permuta-
tion isomers, then X and X have the same
skeleton; we then say that the skeleton of X
is achiral. In this case, any permutation of
the ligands of X that preserves the chemi-
cal identity of X also preserves the chemi-
cal identity of X, so that both X and X
have the same chemical identity group.
The chirality of such isomers must then be
due to differences in the placement of the
ligands on the skeleton. The set of R, of all
permutations that preserve the chemical
identity of X and the set of all permuta-
tions that interconvert X with its enan-
tiomer X, form a union that is the racemate
group of X.

It turns out that Sy < Ry is a subgroup
of order 2 and therefore normal in R,. The
coset S, of Sy in R, is called the enantiomer
coset; any permutation belonging to the
enantiomer coset will interchange X and X
with each other.

A brief discussion of the asymmetric car-
bon atom will illustrate the differences be-
tween earlier uses of permutations in
chemistry and the chemical identity ap-
proach.

Le Bel and van’t Hoff based their postu-
late of the asymmetric carbon atom on the
chemical evidence that was available to
them®?, namely that all the ways of attach-
ing four chemically distinguishable ligands
to a carbon atom give molecules of exactly
two distinct enantiomeric compounds. Un-
der the assumption that the carbon atom
has a rigid valence skeleton, the only geo-
metric model that is compatible with the
known facts is a skeleton with a tetrahedral
point group symmetry T,. With this skele-

Table 1. Family of permutation isomers 6 represented
by the left cosets of S¢, in SymL.

6 Corresponding left coset 1 -Sg,

e, (123), (132), (12) (45), (13) (45), (23) (45)
(12), (13), (23), (45), (123) (45), (132) (45)
(124), (13) (24), (243), (254), (12543), (13254)
(24), (1243), (1324), (1254), (13) (254), (2543)
(125), (13) (25), (253), (245), (12453), (13245)
(25), (1253), (1325), (1245), (13) (245), (2453)
(134), (234), (12) (34), (13542), (354), (12354)
(34), (1234), (1342), (12) (354), (1354), (2354)
(135), (235), (12) (35), (13452), (345), (12345)
(35), (1235), (1352), (12) (345), (1345), (2345)
(142), (143), (14) (23), (154), (15423), (15432)
(14), (1423), (1432), (1542), (1543), (154) (23)
(145), (14523), (14532), (152), (153), (15) (23)
(15), (1523), (1532), (1452), (1453), (145) (23)
(14) (25), (14253), (14325), (15) (24), (15243),
(15324)

(1425), (143) (25), (14) (253), (1524), (153) (24),
(15) (243)

i (14) (35), (14235), (14352). (15342), (15) (34),
(15234)

(1435), (14) (235), (142) (35), (152) (34), (1534),
(15) (234)

i (24) (35), (12435), (13524), (12534), (13425),
(25)(34)

(2435), (124) (35), (135) (24), (125) (34),
(134) (25), (2534)
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tal symmetry, the central carbon atom is
located at the center of a regular tetrahe-
dron whose vertices are occupied by the
ligands 1, ..., 4. Then any even permuta-
tion of the idealized ligands (i.e. permuta-
tion that corresponds to an even number of
pairwise ligand exchanges) of a model E
leads to a rotated form of E. For example,
the even permutation (123) represents a
120° rotation of E = 7a about an axis pass-
ing through the central atom and ligand 4;
thus 7a gives a molecule 7b (Scheme 5).
The odd ligand permutations convert 7
into 7, the enantiomer of 7.

The product p-A of the permutations A
and p is given by the sequential action of A
and , i.e. the action of A followed by the
action of y (see e.g. 7Ta—>7b—7a).

Scheme 5
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Thus, the chemical identity group of the
asymmetric carbon atom is compatible
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amines gave results that were hard to re-
produce. This lack of reliability seems to be
due to the fact that sometimes the reac-
tants form a supersaturated solution in
which the 4CC takes place at a low temper-
ature, whereas sometimes the starting ma-
terials crystallize out before the 4CC oc-
curs. The components then undergo the
4CC after redissolving when the reaction
mixtures are warmed.

Therefore, it seems to be desirable to run
the stereoselective 4CC at higher tempera-
tures. Now that we know about the «type
I» a-ferrocenylalkylamines, we hope that
it will be possible to carry out 4CC with a
“high degree of stereoselectivity at relatively
high temperatures. In order to avoid some
of the conceivable side reactions, amines
25 of type I with an electron withdrawing
group R look particularly promising. With
regard to peptide syntheses by stereoselec-
tive 4CC, we are almost back to square
one.

If the analysis of stereoselectivity as a
function of reaction conditions shows that
the given stereoselective reaction is not just
a pair of corresponding reactions, but a
more complex system of parallel and con-
secutive reactions, it is advisable to obtain
as much mechanistic information as pos-
sible from a systematic variation of the
reaction conditions, possibly including a
computer-assisted analysis of the data, and
to exploit this information in a computer-
assisted optimization of stereoselectivity
and-overall yield by factor analysis®, sim-
plex methods ™, etc.

6. Asymmetric Reactions

A brief discussion of the history of the
concept of asymmetric reactions, may il-
lustrate the necessity for the present treat-
ment of the problem.

The notion of asymmetric induction
originates with Emil Fischer " who used it
to explain the formation of optically active
carbohydrates from CO, and water by
plants. He conjectured that optically active
chlorophyll exerts a stereochemically di-
recting influence upon photosynthesis. Af-
ter that it was believed for quite some time
that «only living organisms with their
asymmetric tissues, or asymmetric prod-
ucts of living organisms or the latter them-
selves with their inherent asymmetry can
achieve this. Only asymmetry can create
asymmetry».

This prejudice was overcome by the first
in vitro asymmetric reactions by Marck-
wald®® and Mc Kenzie™. Marckwald de-
fined asymmetric syntheses as follows:
«Asymmetric syntheses are those which
produce optically active substances from
symmetrically constituted compounds
with intermediate use of optically active
substances but avoiding any analytical
operation».

Owing to conceptual progress in stereo-
chemistry and the discovery of many new

types of asymmetric reactions, the defini-
tions of asymmetrically induced syntheses
underwent successive modification and ex-
tension to yield the currently most widely
accepted statement® that «in its broadest
interpretation, an asymmetric synthesis is
a reaction in which an achiral unit in an
ensemble of substrate molecules is con-
verted by a reactant into a chiral unit in
such a manner that the stereoisomeric
products are produced in unequal
amounts».

This definition which was given in a
monograph by Mosher and Morrison '™
corresponds to a definition in Eliel’s®"
textbook of stereochemistry. It includes
cases in which the chiral reference system is
part of the same molecule where the new
center of chirality is generated. According
to Klabunowski'®, asymmetric syntheses
are confined to the syntheses of optically
active compounds from substances
«whose molecules are optically inactive be-
fore the reaction», with the explicit exclu-
sion of racemates as starting materials.

The facts that there are many definitions
of «asymmetric induction» which differ
substantially from each other, and that
from a present-day view point it seems im-
possible to define asymmetric reactions in
an unambiguous manner on the basis of
the traditional stereochemical concepts,
point to the need for new concepts to clas-
sify the phenomena in this field, leading to
the present definition.

Let A,...,A, be any molecules in a
balanced stoichiometric equation, and
{a,A,,...,a,A,} denote the ensemble of ini-
tial reactants that contains a, copies of A,
and a, copies of A,, analogous considera-
tions apply to the final products B,,...,B,.

A reaction
{a,A|+...+aA,}->{bB, +...+bB,}
is called an asymmetric synthesis, if

(a) the reaction is stereoselective, and

(b) G({a,A,,....a,A,}) < G({b,B,,..., b,B,})
is valhd with stereoselectivity while
G({a,A.....,a,A,}) = G({bB,....,b,B,})
holds for the corresponding reaction with-
out stereoselectivity, and

k
(©) G({bB,...,bB}) <EG({bB}), in
|

words, the chiral genus of the ensemble of
final products must be strictly smaller than
the sum of the chiral genera of its individ-
ual members.

The condition (a) states that unequal
amounts of stereoisomers are produced or
destroyed by the reaction; together condi-
tions (b) and (c) assure that the increase in
chiral genus is due to a stereoselectivity
which is caused by chiral influences alone.
Condition (a) is an essential part of the
definition: it is interrelated with condition
(c), and together they restrict the type of
chirality-increasing stereoselective reac-
tions that will be called an asymmetric syn-
thesis. In fact, a stereoselective reaction is
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never «infinitely selective», because this
would require an infinite free enthalpy dif-
ference of stereoisomers or stereoisomeric
transition states, respectively. In the case
of idealized destructive selectivity «infinite
selectivity» would be reached at infinite
reaction time, when none of the considered
stereoisomers would be left overs.

The previous difficulties in defining
asymmetric syntheses are mainly due to the
lack of an adequate quantitative measure
of molecular chirality.

Any definition of asymmetric syntheses
must express that these are stereoselective
reactions during which an «increase of chi-
rality occurs, caused by chiral influences».

Despite considerable effort that has
gone into the study of asymmetric reac-
tions, they remained almost as mysterious
as they were at Emil Fischer’s time, until
Viadimir Prelog'® discovered that in the
preferred products of asymmetric reac-
tions there exists a well-defined configura-
tional relation of the initial chiral moieties
of the educts and the newly formed chiral
parts. The observed direction of selectivity
is determined by the relative sizes of the
residues. This rule contains the statement:
«The addition reactions of carbonyl com-
pounds proceed according to the rule as if
the attack at the carbonyl group by the
reactant would preferentially take place
from the less sterically hindered side of a
conformation specified by the respective
rule» 1%,

Scheme 17
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Prelog’s rule (steric bulk L > M > S)

Prelog also noticed that the extent of
stereoselectivity of -asymmetric reactions
depends on the relative steric bulk of the
ligands at the initial asymmetric carbon
atom.

For Ernst Ruch™ and the present au-
thor®®, as well as for many others, Viadi-
mir Prelog’s insights were the decisive
stimulus for their endeavours in stereo-
chemistry.
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