
2 SOME CONDITIONS FOR OBSERVING
A NONLINEAR EFFECT

When two enantiomeric catalysts are mixed in various
amounts, the prediction of the enantiomeric purity of the
products is easy, provided that the mixing does not intro-
duce additional interactions between the enantiomorphic
systems. In this ideal behavior, simple additivity rules will
give rise to Equation 1 (linearity). A deviation from ideal
behavior must generate diastereomeric species that are not
present in the homochiral systems with, as a possible con-
sequence, a deviation from linearity. In the kinetic frame-
work, the non-ideal behavior will introduce new reaction
paths and may change the kinetics from those defined with
the enantiopure catalysts.

Let us clarify these points by considering a metal complex
bearing two ligands (L) symbolized as ML2. The correspond-
ing enantiopure catalysts with chiral ligands (LR or LS) may
be of the type MLRLR or MLSLS. If the ligand has some
enantiomeric excess (eeauxiliary), a heterochiral complex
MLRLS assumed of meso structure for simplicity, may be
created in addition to MLRLR and MLSLS. The meso-com-
plex is a diastereomer of the two homochiral complexes, it
will generate a racemic product and its catalytic activity may
be very different of that exerted by the homochiral com-
plexes. It will introduce a perturbation which cannot be pre-
dicted from the simple knowledge of the behavior of the
homochiral catalysts. In such cases a deviation from

Equation 1 can occur, giving a nonlinear effect. The pertur-
bation arises from the “heterochiral marriage” of the two
enantiomeric auxiliaries, either inside (vide infra) or outside
the catalytic cycle. 

There are innumerable examples of kinetic schemes which
may introduce non-linearity. They share in common some
additional pathways or equilibria by respect to the reactions
carried out with the enantiopure catalysts, building up new
species.

If the catalyst is modified by the product (autoinduction
processes [31, 32]), additional complications will occur
which may give rise to nonlinearity. This aspect, as well as
asymmetric autocatalytic reactions [18, 29], will not be con-
sidered here.

3 SOME SIMPLE MODELS

We have described two fundamental and simple models of
nonlinear effects, as seen below.

3.1 Kinetic Model

We proposed a model where the unusual behavior of the chi-
ral auxiliary reflects the formation of catalytic species involv-
ing several chiral ligands [20, 22]. If LR and LS are the two
enantiomeric ligands of a metal (M) bearing n ligands (L),
one may simply represent the complexes as MLn. ML2 com-
plexes, or the dimeric species (ML)2, are the simplest ways
of assembling two chiral ligands within a complex. This
model, however, does not take into account other co-ligands
or additional possibilities of stereoisomerism, and it assumes
that there is no free chiral ligand. A minimum of three
stereoisomeric complexes are generated, namely two
homochiral complexes (MLRLR and MLSLS) and one hete-
rochiral (meso) complex (MLRLS). The chiral products PR
and PS are obtained from these three catalysts (Fig. 3). The
heterochiral catalyst will give a racemic mixture of products
whereas the two homochiral catalysts will generate products
of opposite absolute configuration with enantiomeric excess
eeproduct = eemax. The overall enantiomeric excess of the prod-
uct will depend on the relative amounts of the three catalysts
present (x, y and z) and on their relative reactivities (khomo =
kRR = kSS, khetero = kRS).

A simple calculation has been performed [20, 22] to
express eeproduct as a function of the relative amount β of het-
erochiral catalyst present and of its relative reactivity g, as
defined in Equation 2.

β = z / (x + y) and g = kRS / kRR (2)

In Figure 3 an equilibrium is assumed between the three
complexes. K is defined as the equilibrium constant of inter-
conversion between the three complexes and is related to the
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Figure 2
The three main plots relating the ee of the chiral auxiliary to
the ee of product in enantioselective catalysis.
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