Acta Chemica Scandinavica, 1996: 50: 345-352
Printed in UK — all rights reserved

Copyright © Acta Chemica Scandinavica 1996

ACTA
CHEMICA SCANDINAVICA
ISSN 0904-213X

Nonlinear Effects in Asymmetric Catalysis:

Some Recent Aspects*

Henri B. Kagan,' Christian Girard, Denis Guillaneux, David Rainford, Odile Samuel,

Sheng Yong Zhang and Shu Hai Zhao

Laboratoire de Synthése Asymétrique, associé au CNRS, Institut de Chimie Moléculaire d’'Orsay, Batiment 420,

Université Paris-Sud, 91405 Orsay Cedex, France

Kagan, H. B., Girard, C., Guillaneux, D., Rainford, D., Samuel, O., Zhang, S.
Y. and Zhao, S. H., 1996. Nonlinear Effects in Asymmetric Catalysis: Some
Recent Aspects. — Acta Chem. Scand. 50: 345-352 © Acta Chemica

Scandinavica 1996.

Some basic definitions and principles dealing with nonlinear effects are recalled.
Examples of amplification or depression of the expected ee of the product are
presented for some catalytic reactions involving organometallic complexes with
chiral ligands. A mathematical model has been set up in order to analyze various
situations and to make some predictions. The special case of mixtures of
diastereomeric ligands having pseudo-enantiomeric relationships is discussed.
Finally, an example of nonlinear effects in stoichiometric asymmetric synthesis
is described in the case of the asymmetric reduction of acetophenone by Ipc,BClL.

The properties of each single enantiomer often differ
from the properties of a mixture of both enantiomers. It
was Pasteur! who showed, in 1848, that solutions of
natural or racemic tartaric acid had different abilities to
rotate the plane of polarized light.

Since that time polarimetry remained the major way
to obtain quantitative information on the relative
amounts of each enantiomer in a sample, enantiomers
giving the same contribution, but of opposite sign, to
the overall rotation in the polarimetric cell. Horeau
discovered, in 1969, that 1-ethyl-1-methylsuccinic acid
failed to enter in the above category when its specific
rotation was measured in chloroform.? The measured
optical purity was significantly larger than the actual
enantiomeric excess. This nonlinear property was inter-
preted as the consequence of diastereomeric autoassocia-
tions by hydrogen bonding in chloroform, while in water
the solvation prevents aggregation allowing strict propor-
tionality between ee and optical purity. The general case
of the quantitative relationships between ee’s and phys-
ical properties by diastereomeric interactions in solution
have been discussed by Horeau and Guetté® in 1974.
Wynberg and Feringa in 1976 made the important com-
ment, based on simple symmetry considerations, that the
diastereomeric excess of some diastereoselective reactions
should be influenced by the ee of the substrate.’

* Contribution presented at the Nobel Symposium on Catalytic
Asymmetric Synthesis, September 3-7, 1995 at Tammsvik,
Bro, Sweden.
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For example, they demonstrated that the lithium alumin-
ium hydride reduction of racemic or natural camphor
gave different relative amounts of isoborneol and bor-
neol. They also studied the asymmetric coupling of a
chiral or racemic phenol and McMurry coupling of
camphor.

These authors did not discuss the quantitative aspects
connecting ee’s of the starting material and the reaction
stereoselectivities. In 1986, in a joint work with Professor
Agami’s group, we considered the case of asymmetric
synthesis where the chiral auxiliary is not enantiomer-
ically pure.> We questioned the general assumption that
the ee of the product (ee,.0q) of an asymmetric synthesis
is proportional to the ee of the chiral auxiliary (ee,,).
This allowed workers to make an estimation of the
experimental ee (ee,q) by a correction, knowing the
maximum ee of the product (ee,) being reached with
enantiopure catalyst and using eqn. (1). This linear
relationship is represented as curve A in Fig. 1.

€Cproda = €€, €Caux ( 1 )

If the proportionality is not followed one can expect
a plain curve above [curve B, positive nonlinear effect,
abbreviated as (+)-NLE] or below [curve C, negative
nonlinear effect or (—)-NLE] the straight line, respect-
ively. These nonlinearities may in principle arise by
autoassociation of the initial chiral species giving diaster-
eomeric perturbations. We specifically studied asymme-
tric catalysis and will detail this subject in the next
section.
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Fig. 1. Possible deviations from the (A) linear relationship
between ee’s of the auxiliary and the product: (B) positive
and (C) negative nonlinear effects.

The first examples of nonlinear effects in
asymmetric catalysis

We discovered, in 1986. three cases in which there is a
significant nonlinear effect, thus validating the idea that
eqn. (1) must be used with some caution.® A weak
(—)-NLE was observed in the asymmetric aldolization
of triketone 1 in the presence of (S)-proline of various
ee’s (Fig. 2).5°® This was interpreted by Agami et al. in
terms of a kinetic model based on the fact that the
reaction is second-order with respect to proline.®

A positive nonlinear effect was observed in the
Sharpless epoxidation of geraniol 2 (Fig. 3, curve A).
This is compatible with the Sharpless mechanism of
asymmetric epoxidation, which indicates the intervention
of a dimeric complex, introducing two tartrate units in
the active species.!® The asymmetric sulfoxidation 5—6
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Fig. 2. Reactions in which the first NLEs were observed.
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Fig. 3. Nonlinear effects in (A): asymmetric epoxidation of
geraniol 2 and (B): oxidation of sulfide 5 (Ref. 5).

produced a (—)-NLE, until ee,,,=70%, then linearity
was resumed (Fig. 3, curve B). This complex behavior is
indicative of a complicated structure for the water-
modified titanium complex,!!''? with the involvement of
several diethyl tartrate molecules (DET) in the titanium
complex.

In 1988, Oguni et al. '3 produced an additional example
of a nonlinear effect, specifically in the case of addition
of Et,Zn to benzaldehyde catalyzed by a chiral f-amino
alcohol (Fig. 4). A strong (+)-NLE, for the formation
of the carbinol 7, was observed (called amplification by
the authors). For example, 8 with 100% ee or 10% ee
gave the alcohol 7 with 97% ee and 92% ee, respectively.

In 1989 Noyori et al.'* studied in great detail a similar
reaction, using B-amino alcohol 9 as the catalyst (Fig. 5,
curve A). The mechanistic investigation showed that the
strong amplification originated mainly from the initial
formation of a stable heterochiral dimer of the zinc
alcoholate of 9. This interesting reaction has been investi-
gated in depth at the molecular level.!>*® In 1990 Mikami
and Nakai'” disclosed a spectacular example of (+)-NLE
in an enantioselective glyoxylate ene-reaction catalyzed
by a chiral titanium complex 10 (Fig. 5, curve B).
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Fig. 4. Enantioselective diethylzinc addition to benzaldehyde
catalyzed by 8 or 9 (Refs. 13 and 14).
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Fig. 5. NLEs in (A) the formation of 7 (Fig. 4 and Ref. 14)
and (B) the ene-reaction between methyl glyoxylate and
1-methyistyrene (Ref. 17).

In 1991 nonlinear effects observed in various asymmet-
ric catalytic reactions were described, for example in the
conjugated addition of diethylzinc to chalcone catalyzed
by a chiral nickel complex,® to cite only one. The present
article will not cover all the reports on nonlinear effects,
which will appear in a separate review article.!®

NONLINEAR EFFECTS

Some models for nonlinear effects

Usually asymmetric catalytic reactions are performed by
adding a chiral ligand to a metal complex, giving rise to
an in situ catalytically active complex. This procedure
applies, for example, in asymmetric hydrogenation with
phosphines-rhodium systems or to Sharpless epoxidation
of allylic alcohols. In a recent paper,?® we classified the
nonlinear effects into two broad classes, called model 1
and model 2. Here we will describe briefly those two
situations.

Model 1. We considered first a fast ligand exchange
between reactive species involving two chiral ligands (L,
Ls), for example around a metallic center M, giving an
ML, complex [the discussion is identical for the (ML),
system or even for dimeric species symbolized by L,].
We assumed an equilibrium between complexes MLgLg,
MLLs and MLgLg, in amounts of x, y, and z respect-
ively, and a last irreversible step with pseudo-first order
constants kg, kss and kgg; these apparent rate constants
include absolute rates and equilibrium constants.
Enantiomeric products (of ee=EE,) are obtained from
the two homochiral catalysts, while the meso catalyst
generates a racemic product (Fig. 6).

Simple calculations allowed us to express the ee of the
product (EE,.4) as a function of ee,, ee,,, g and B
[eqn. (2)].°

1
I @

When =0 (no meso complex) or if g=0 (unreactive
meso complex) eqn. (2) reverts to eqn. (1), which means
that there is a linear correlation. If g<1 (meso complex
less reactive than the homochiral complexes) there is an
amplification effect which is maximum for g=0 (with an
amplification factor of 1+ ). If g> 1 there is a depressing
effect [with a factor (14 B)/(1+gB)<1]. In order to use
eqn. (2), to compute the curves e, o0 =/ (€€aux, €80, K),
it is necessary to express B as a function of ee,,, and K.
The analytical expression has been calculated,?° and will
be not detailed here. In the case where there is a statistical
distribution of ligands between the three complexes the
equilibrium constant K becomes equal to 4. The corres-
ponding curve €€, ,q =/ (€€,,y) is indicated in Fig. 7.

The maximum amplification is obtained for g=0 (meso

eeprod

M +Lg + Lg=== == MLglg + MLgLg + MLgL¢
X y 4 K=22/xy
=z/(x+
kRRJ kssl kRSJ P x+)
g =kgs/ krr
EE, -EE, EE,=0

Fig. 6. Simplified model for the ML, system with the catalytic
complexes in equilibrium (in respective concentrations of x,
y and 2).
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Fig. 7. Computer simulation of NLEs for the ML, system
(statistical distribution of Lg and Lg ligands, K=4) for ee,=
100% and g=0, 0.01, 0.1, 0.33, 1, 3, 10 and 100 (redrawn
from Ref. 20).

complex unreactive), while depression can be very
important if one can reach high reactivities for the meso
complex (large values for g). The (+)-NLE is substan-
tially increased if K is large (>4); for more details and
curves see Ref. 20.

Model 1 (Fig. 6) was extended to complexes having
three or four ligands (ML; and ML, cases) and gener-
alized to ML, species.’® Additional parameters were
needed to define the relative amounts and catalytic
activities of these complexes. The family of curves often
have the same general features as the set of curves in
Fig. 7. However, we discovered very unexpected cases.
For example, the ML, can give rise to a homochiral
complex (MLgLzLr, ML sLs) and an heterochiral
complex (MLgLgLs, MLgLgL.z). This last one is not a
meso compound and will generate a product with ee}
#0. For a given set of parameters expressing a superior
reactivity and enantioselectivity of the heterochiral com-
plex (with respect to the homochiral complex), one finds
that the product has a higher ee when the chiral auxiliary
is not enantiopure (see an example in Fig. 8).

Finally, ML, systems with n>4 give rise to curves
with very complicated shapes. Some curves cross the
straight line of the linear correlation several times or are
multi-shaped above or below the straight line. A triple-
shaped curve has recently been found experimentally by
Pfaltz et al*

The equations developed for catalysis by stereoiso-
meric ML, complexes allowed us to reproduce many
experimental curves by selecting the appropriate choice
of n, g and K values.?° For example ML, [equivalent to
(ML),] applied well to curve A of Fig. 3, while ML,
model was used to simulate curve B of Fig. 3. The ML,
model [equivalent to (ML),] was also useful to give a
curve which fits well with the experimental case of
asymmetric 1,4-cuprate addition in a muscone syn-
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Fig. 8. Computer simulation of NLEs for the ML; system
(statistical distribution of Lg and Lg ligands) for ee,=50%,
ee,=100% and g=0, 0.01, 0.1, 0.33, 1, 3, 10 and 100
(redrawn from Ref. 20).

thesis.?? In this experiment, a double-shaped curve
[(—)-NLE at low ee,, (+)-NLE at high ee,,,] has been
observed.

Model 2. Part of the chiral auxiliary (of initial enantio-
meric excess ee,,, ) may be diverted from the catalytically
active ML, complexes through the prior or competitive
formation of catalytically inactive species M'L,. The
chiral auxiliary may be stored with an enantiomeric
excess different from the initial ee (ee,.,). As a con-
sequence, the effective ee of the chiral auxiliary entering
in the catalytically active complexes will be changed. We
named this phenomenon the reservoir effect. We called
ee.s and ee. s the enantiomeric excesses of the chiral
auxiliary which is in the reservoir and distributed in the
catalytically active species, respectively. If one starts from
1 mol of chiral auxiliary (Lg+ Lg), it is easy to establish
that ee.s is given by eqn. (3).

€Caux — ACC s

(3)

CCetrr= l—o

In this equation, o is the mole fraction of chiral
auxiliary which is stored in the reservoir. For example
one calculates that if a reservoir diverts in a racemic
composition 40% of the chiral auxiliary initially present
with an ee,,, =50%, then 60% of the catalyst is left for
catalysis with ee.;=83%. Here is a substantial amplifica-
tion. If ee,., <ee,,, there will be a (—)-NLE (depressing
effect).

In the most general situation the reservoir effect
(model 2) may superimpose model 1. The enantiomeric
excess of the product is then given by the general equation
of model 2 such as eqn. (2) related to ML, case, where
ee, .y 18 replaced by ee,.,, which is the actual ee involved
in the production of the various stereoisomeric catalytic



complexes. The reservoir effect with storage of racemic
composition seems to be an important feature of many
(+)-NLE described in literature.'*!® Formation of an
inactive meso complex such as MLgiLg or MLRZLRLsL¢
is a particular case of a reservoir involving complexes
directly related to the catalytic species.

Pseudo-enantiomeric chiral auxiliaries

It is known that some diastereomeric chiral auxiliaries
sometimes induce the formation of products of opposite
configuration with ee’s which can be similar or different.
This is particularly well established for many asymmetric
reactions (catalytic or stoichiometric) using alkaloids as
chiral auxiliaries. It is then usually considered that quini-
dine and quinine have pseudo-enantiomeric relationships
for the C2 and C9 configurations (Fig. 9).

We were interested to check whether some of the
features connected to the presence of a mixture of
enantiomers could be found when the chiral auxiliary
used to produce the catalyst was a mixture of pseudo-
enantiomers. If some interactions occur between the two
one-ligand complexes, if ligands are competitors towards
a metal center or if complexes bearing two different
ligands are produced, one can expect some deviations to
the calculated curve ee, g =f (*o of the two chiral auxili-
aries) which should give a linear correlation. For that
purpose, and as an example, we investigated the Sharpless
dihydroxylation?® of 2,2'-dibromostilbene (11) using
0sO, (1 mol%), a chiral auxiliary (10 mol%) and a
stoichiometric reoxidant [K;Fe(CN)g, 3 equiv.] as illus-
trated in Fig. 10.

We found that mixtures of (DHQ), PHAL and
(DHQD), PHAL (giving R, R-diol 12 in 98% ee) provided
an almost linear correlation. For mixtures of DHQ-PCB
(giving the S,S-diol 12 in 91% ee) and (DHQD), PHAL,
a strong (+)-NLE was observed,?® as expected from
the previous mechanistic studies of asymmetric dihy-
droxylation?® (Fig. 11). A similar study has recently been
published by Noyori, in which a mixture of diastereom-

Ha J) 2l J)

N N
HO | H RO7|P H
H4CO. N H3CO. N
~ ~Z
N N
Quinine : 25, 9R PCB-DHQ : 25, 9R o
R=C
Quinidine : 2R, 9§ PCB-DHQD : 2R, 9§ ”
(DHQ),~PHAL : 28, 9R N
R= :
/N

(DHQD),~PHAL : 2R, 9§

Fig. 9. Pseudo-enantiomeric chiral auxiliaries.
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Fig. 10. Asymmetric dihydroxylation of 2,2’-dibromostilbene
(11) with pseudo-enantiomeric chiral catalysts.

eric B-amino alcohols was used as the catalyst in the
addition of Et,Zn to benzaldehyde. A detailed mechan-
istic investigation clarified the origin of the observed
nonlinear effects.!®

Nonlinear effects in stoichiometric asymmetric
synthesis

The main trend observed above for catalytic reactions
apply also to stoichiometric asymmetric synthesis. Let us
assume that a chiral auxiliary Ly, Lg is part of a chiral
reagent abbreviated as ML, . If the reagent has an ML,
structure one deals with model 1 of asymmetric catalysis
(Fig. 6) in which the initial composition MLzLz, MLLg
and MLgLg is defined by x, y, z (or by parameters p and
K, where K is no longer an equilibrium constant). It is
not necessary to consider the relative reactivity g if we
assume the full use of 1 mol equiv. of the reagent for the
transformation of the achiral substrate into the mixture
of enantiomeric products. The product will be formed
by the two homochiral reagents and the meso reagent. It
is easy to calculate ee,, .4 Since it appears in eqn. (1) and
there is no NLE. As in the catalytic reaction if there is
no meso complex (B=0) the same linearity will be
observed in all cases.

However, the presence of a very large excess of ligands
will cause retention of the relative concentrations of the
three complexes at relatively the same levels during the
entire course of the reaction. In this case the calculations
are equivalent to those of the catalytic reaction, ending
up with eqn. (2). If the heterochiral reagent generated is
very unreactive, then one can expect that the maximum
(4+)-NLE will be reached for kgzg —0, giving g—0, and
eqn. (4) will describe this particular situation.

eeprod =¢€C, CCaux (1 + B) (4)

If the conversion of the chiral reagent is not complete,
or if there is an excess of the reagent, then a more
complicated equation is needed in order to take into
account the relative reactivity g of the meso isomer with
respect to the homochiral reagents.

Finally a reservoir effect may also operate if the chiral
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Fig. 11. Sharpless asymmetric dihydroxylation of 11 (Fig. 10)
using (A) (DHQD),-PHAL/(DHQ),-PHAL and (B) (DHQD),-
PHAL/PCB-DHQ as mixtures of pseudo-enantiomeric cata-
lysts (Ref. 24).

auxiliary competitively generates inactive multiligand
species. In this case ee,,, has to be replaced by ees [eqn.
(3)] in the calculations of eepoq-

An example of a nonlinear effect was recently described
by Shinkai et al. during the reduction of an aromatic
ketone, by the Brown reagent Ipc,BCl, produced from
o-pinene and BH,C1.2° Starting with 70% ee a-pinene
they obtained an alcohol of 95% ee. We also studied the
asymmetric reduction of acetophenone by Ipc,BC1.2¢ We
prepared the reagent from (—)-a-pinene by the Brown
procedure, i.e. formation of Ipc,BH and its further
transformation by HCI into Ipc,BC1.27-?® We performed
two sets of preparations (Fig. 12). The reagent was first
prepared from (—)-a-pinene of various ee (reagent 1). In
another approach (+)-or (—)-a-pinene of very high ee
was used to prepare separately the two enantiomerically
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pure reagents; the reagent 2 of intermediate ee was then
obtained by mixing the two enantiopure boranes before
reacting them with HCL

In the first case, Ipc,BCl gave a strong (+)-NLE while
in the second case very good linearity was observed
(Fig. 13). These facts are well explained (Fig. 12) by con-
sidering that diastereomeric Ipc,BCl reagents (reagent 1)
are formed when one starts from (—)-a-pinene, the meso
reagent being of very low reactivity with respect to the
homochiral reagents. A reservoir effect is operating here,
with storage of ee. =0 giving ee.s>ee,,,. Reagent 2
contains no meso-chloroborane reagent and therefore
cannot give rise to an NLE. The reaction was performed
with 4 equiv. of Ipc,BCl in order to obtain a good
conversion of acetophenone into alcohol.

The mode of preparation of the chiral reagent from
the chiral auxiliary is very important and will determine
the presence or the absence of a nonlinear effect. A
similar observation was made recently by Mikami in a
catalytic asymmetric Diels-Alder reaction.?® The chiral
Lewis acid catalyst (RO),TiCl, was prepared from
BINOL and Ti(Oi-Pr),Cl,. A strong (+)-NLE was
observed when the catalyst was prepared from BINOL
of various ee. Enantiopure (R) or (S)-BINOL was used
for the synthesis of the two enantiopure catalysts, sub-
sequently mixed in various amounts to give the catalysts
of intermediate ee. With the latter catalysts, the reaction
showed a perfect linearity (no NLE). The experimental
facts were explained by the presence of dimeric complexes
(associated by a Cl bridge) which do not interconvert
under the reaction conditions.

Conclusion

The existence of nonlinear effects in catalytic or stoichi-
ometric asymmetric reactions may have some important
consequences, which are summarized below.

If a chiral auxiliary is not enantiomerically pure and
is used to prepare a catalyst, it is dangerous to extrapo-
late, to estimate the ee of the product, from experiments
where ee,,, #100%. It is wise to make assays with
intermediate values of ee,,, in order to check the absence
of an NLE.

A strong amplification may be useful for synthetic
operations where the chiral auxiliary is difficult to obtain
as an enantiomerically pure material.

Calculations on very simple models®® allow various
predictions to be made on the shape of the curves e€,;q =
f (ee,ux)- One interesting prediction is that higher ee for
the product could occur in some cases when the chiral
auxiliary is not enantiomerically pure.

Nonlinear effects are a good indication of the forma-
tion of diastereomeric species. They can be a tool for
some mechanistic studies of stoichiometric or catalytic
asymmetric syntheses.

NONLINEAR EFFECTS

Finally positive NLEs (amplification) should be of
interest in the construction of self-replicating systems
using a chiral auxiliary of low ee. If the catalyzed reaction
produces the chiral auxiliary, and if there is fast exchange
of ligands of the catalyst, a large amount of material of
high ee will be generated, thanks to the amplification.3!~33
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