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ABSTRACT
Probing catalyst systems for a nonlinear relationship between
product enantioselectivity and catalyst enantiopurity is now com-
monly being used as a mechanistic tool. We show that in some
cases striking consequences for reaction rate can ensue for reac-
tions carried out using non-enantiopure catalysts. We also dem-
onstrate how consideration of the kinetic behavior may serve to
enhance the use of nonlinear effects as a diagnostic tool for
identifying active catalytic species and for providing mechanistic
insight. Kinetic information may also help in the development of
efficient synthetic strategies using non-enantiopure systems.

Introduction
Over the past decade, an increasing number of reports
have appeared describing asymmetric catalytic reactions
where the product enantioselectivity is not proportional
to the enantiomeric excess of the chiral ligand employed.
Such nonlinear effects can be traced to earlier observa-
tions of unusual physical and chemical properties some-
times exhibited by mixtures of enantiomers in solution,
attributed to the formation of diastereomeric species or
higher order agglomerates.1-3 Wynberg and Feringa rec-
ognized that this nonideal behavior may also have impli-
cations when a chemical reaction occurs in a non-
enantiopure mixture.4 This was first quantified by Kagan
and co-workers5 both with theoretical studies and with
the first experimental description of such nonlinear effects
in asymmetric catalytic reactions. Many examples of this
nonlinear behavior have since been observed,6 and the
use of non-enantiopure catalyst mixtures is rapidly be-
coming a common mechanistic tool based on Kagan’s
work.

Nonlinear behavior in asymmetric catalysis is typically
reported as product enantioselectivity (eeprod) vs catalyst
enantiomeric excess (eecat), as shown in Figure 1, where
a positive deviation from the linear relationship is termed
an “asymmetric amplification” of eeprod. Less emphasis has
been placed on the consequences for reaction rate,
although even the earliest discussions of such nonlinear

effects noted influences on both product ratio and reac-
tion rate.4 Our work in this area7 has served to highlight
some of the less-well-recognized kinetic aspects of non-
linear behavior in asymmetric catalysis, and this paper
summarizes how a kinetic approach complements the
models developed by Kagan. In some cases striking
consequences are revealed for both chiral and overall
synthetic efficiency of reactions carried out using non-
enantiopure catalysts or chiral auxiliaries. We demonstrate
how consideration of the kinetic behavior may serve to
enhance the use of nonlinear effects as a diagnostic tool
for identifying active catalytic species and for providing
mechanistic insight. Kinetic information may also help in
the development of efficient synthetic strategies using
non-enantiopure systems.

Theoretical Models of Nonlinear Effects
Scheme 1 shows the reaction network for the ML2 model
developed by Kagan and co-workers.5 This simplest of the
MLn models describes an asymmetric catalytic reaction
based on two enantiomeric chiral ligands, LR and LS, and
a metal center, M. Three different catalyst species, two
homochiral complexes and a meso complex, may be
formed with relative concentrations which are fixed by an
equilibrium constant K (eq 1). â (eq 2) is a parameter
which allows K to be related to the optical purity of the
chiral catalyst eecat by eliminating the individual mole
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FIGURE 1. Relationships between enantioselectivity of the reaction
product (eeprod) and enantiomeric excess of the chiral catalyst (eecat).

Scheme 1. ML2 Model Developed by Kagan and Co-Workers5

Acc. Chem. Res. 2000, 33, 402-411

402 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 33, NO. 6, 2000 10.1021/ar990083s CCC: $19.00  2000 American Chemical Society
Published on Web 05/09/2000



fractions of the three complexes (x, y, and z) from the
equation.

The two enantiopure catalysts MLRLR and MLSLS give
identical reaction rates (rRR ) rSS) and reaction products
of opposite enantioselectivities (eeo and -eeo, respec-
tively). Racemic product is formed from the meso catalyst
MLRLS, which exhibits a reactivity of g relative to the
enantiopure catalysts (g ) rRS/rRR). With these definitions,
Kagan and co-workers5 showed that the enantioselectivity
of the reaction product obtained from this mixture, eeprod,
will vary with eecat according to eq 3, through which plots
such as Figure 1 are obtained.

The parameters K and g provide hints about the nature
of the catalyst mixture at varying relative amounts of LR

and LS. A value of K ) 4 gives a statistical distribution of
ligands between the three complexes; larger values indi-
cate predominance of the meso species. The parameter K
is an inherent property of the catalyst mixture, indepen-
dent of eecat, while â varies with eecat. K is also independent
of the catalytic reaction itself, and therefore independent
of the parameter g. Values of g less than 1 indicate that
the meso species is a less active catalyst than is the
enantiopure species for that particular reaction. Different
reactions carried out with the same catalyst mixture
should afford the same value of K but possibly different
values of g.

In many experimental cases where catalysts are formed
in situ by addition of M and L to the reaction mixture,
physical identification of the different species which are
formed can be problematic if not impossible. The beauty
of Kagan’s models lies in their use of data describing the
reaction event itself to extract information independent
of the reaction.

Role of Reaction Rate. We recently showed that the
models developed by Kagan allow derivation of not only
a ratio of the three catalyst species x, y, and z (eqs 1 and
2) but also their absolute relative proportions at any value
of eecat.7a Thus, the overall reaction rate for the mixed
system may be described in terms of the reaction rate for
the enantiopure system, rRR, as shown in eq 4.

The role of reaction rate in systems exhibiting nonlinear
effects may be demonstrated by considering cases exhibit-
ing positive and negative nonlinear effects. Figure 2a
shows a strong asymmetric amplification in product
enantioselectivity, similar to the striking experimental
results of Noyori et al.8 in the DAIB-catalyzed nucleophilic
addition of dialkylzinc to aldehydes, which Kagan has

analyzed according to the ML2 model.9 This example is
appealing since it demonstrates that a product of ex-
tremely high enantioselectivity may be derived from a
nearly racemic catalyst mixture. What if this same catalyst
instead exhibited the negative nonlinear effect shown in
Figure 2b? Most synthetic chemists would aim to avoid
this case where a nearly racemic product is derived from
catalyst mixtures of high enantiomeric excess.

The reaction rates predicted in Figure 3 present a
strikingly different view of the overall synthetic efficiency
compared to consideration of enantioselectivity alone. For
example, at 10% eecat, if the enantiopure catalyst produces
a certain amount of the desired enantiomer in 1 day, the
case of asymmetric amplification in Figure 2a will require
10 days to produce the same amount. By contrast, the
system exhibiting a strong negative nonlinear effect
(Figure 2b) takes only half an hour to produce the same
amount of desired enantiomer that requires 1 day to
produce when the catalyst is used in enantiopure form.

Thus, in the ML2 model a strong positive nonlinear
effect in product enantioselectivity comes at the cost of a
severely suppressed reaction rate compared to the enan-
tiopure case. Conversely, a negative nonlinear effect yields
higher productivity of the desired enantiomer than may
be achieved using the enantiopure catalyst.

The nonlinear effect is the result of an in situ purifica-
tion of the active enantiopure catalyst through diversion
of a large fraction of the minor ligand to the meso species;
however, since the same absolute amount of the major
ligand is also sacrificed in this process, the amount of
catalyst ultimately available for carrying out the enanti-
oselective reaction can be significantly decreased. If the
meso species is significantly less active than the enan-
tiopure catalyst, an asymmetric amplification in product
enantioselectivity is observed with a concomitant decrease
in reaction rate.

Figure 3 shows that the difference in reactivity for a
mixed ee system compared to the enantiopure system
lessens as eecat increases. Therefore, synthetically useful
examples of asymmetric amplification may be envisioned
for reactions employing non-enantiopure mixtures at

K ) z2/xy (1)

â ) z
x + y

)
-K eecat

2 + x-4K eecat
2 + K(4 + K eecat

2 )

4 + K eecat
2

(2)

eeprod ) eeo eecat
1 + â

1 + gâ
(3)

r ) (x + y + gz)rRR (4)

FIGURE 2. eeprod vs eecat simulated for the ML2 model5 with K )
2500. The system is modeled for two extreme cases of reactivity of
meso species: (a) g ) 0.01 and (b) g ) 100.
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higher values of eecat which do not carry such a significant
penalty in overall productivity.10 Combining information
concerning enantioselectivity and reaction rate allows a
more informed choice of synthetic route. In cases where
productivity is paramount, and a viable separation process
exists, a system exhibiting a strong negative nonlinear
effect may indeed prove more efficient than a case of
asymmetric amplification.11

Reaction Rate as a Mechanistic Tool. The goodness
of the fit of the enantioselectivity data to models such as
those developed by Kagan implies the degree of confi-
dence one has in the proposed mechanistic picture of the
catalytic system. Often independent evidence concerning
the nature of the catalytic complexes is sought, such as
molecular weight measurements or X-ray structural analy-
sis. In a similar way, comparison of experimental and
predicted values for reaction rate can provide further
corroboration. Reaction rate as a diagnostic tool offers an
advantage over methods such as those cited above in that
it provides direct information about the active catalyst
species under the relevant reaction conditions. Unfortu-
nately, kinetic information about reactions exhibiting non-
linear effects is scarce and, when available, is usually
qualitative and given only for a limited number of eecat

values.

Many literature reports have appeared for systems
showing positive nonlinear effects which are attributed
to the formation of dimeric species in agreement with the
ML2 model. Generally, qualitative agreement with the rate
suppression described above has been found. If, however,
the predicted and experimental rates are not in quantita-
tive agreement, the assumptions of the model may be
examined. The models are based on the formation in
solution of reactive dimeric species whose relative con-
centrations are given by an equilibrium distribution which
is fixed prior to the reaction and is not affected by the
reaction. It is also assumed that all catalytic species in the
mixture exhibit the same kinetic rate law, and that
enantioselectivity is not conversion-dependent. The next
sections of this paper discuss how kinetic information may
help to provide mechanistic insight in examples where
one of these assumptions has clearly broken down.

Monomeric vs Dimeric Active Species
Theoretical Models.12 It has been suggested in a number
of reports of nonlinear effects that the active catalytic
species is, in fact, monomeric in the chiral ligand. Kagan
proposed that a modified version of the ML2 model could
still be used to rationalize the nonlinear behavior in cases
where active monomeric species are formed from dis-
sociation of dimeric species under reaction conditions.5b

We develop here two variations of this model (Scheme
2a and b). We assume that three dimeric species are first
established in solution in the absence of the reactants at

FIGURE 3. Reaction rate predicted from the ML2 model5 for the
cases shown in Figure 2. The rate as a function of eecat is compared
to the enantiopure catalyst with rRR ) 1. (a) g ) 0.01 and (b) g )
100 (see refs 7a,c).

Scheme 2. ML2 Models Modified for Monomeric Active Species:
(a) Irreversible Dissociation and (b) Reversible Dissociation
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a fixed relative concentration set by K as described by the
ML2 model. Both models shown in Scheme 2 require that
the dimers no longer undergo exchange with each other
under reaction conditions, an assumption which has been
verified in some cases.13 In accordance with a number of
experimental reports, we assume that the meso species is
much more stable than the homochiral species. Under the
conditions of the catalytic reaction, therefore, the homo-
chiral species only dissociate irreversibly (Scheme 2a) or
reversibly (Scheme 2b) to form the monomeric species,
which then take part in the catalysis. For irreversible and
complete dissociation, the equations of the original ML2

model (eqs 3 and 4) with g ) 0 may be used to describe
the nonlinear effect in eeprod and rate. When dissociation
of the homochiral dimers is reversible and in equilibrium
(Scheme 2b), eq 5 shows how the relative amounts of
active monomeric catalysts x′ and y′ will be related to the
original concentrations of dimers (x and y) fixed by the
ML2 model.

Enantioselectivity and reaction rate may be predicted by
eqs 6a and 6b for this reversible case.

The two models shown in Scheme 2 predict differen-
trelative amounts of the active monomeric R and S species
at any given value of eecat, and thus predict different
nonlinear relationships between eecat and eeprod and
between eecat and rate, as illustrated in Figures 4 and 5.
In general, reversible dissociation ameliorates the poten-
tial for asymmetric amplification which is fixed in the
original dimer formation process. Indeed, the reversible
model can predict a nearly linear relationship in enanti-
oselectivity and rate as a function of eecat, even for the
same original distribution of homochiral and heterochiral
species which would give a nonlinear effect when dis-
sociation is irreversible (Figures 4a and 5a, K ) 4, Kdiss )
0.01, compared to the solid line). The reversible dissocia-
tion model approaches the irreversible model at large Kdiss

values, where the system is driven strongly toward
monomeric species. At a given K value, the fraction of the
total ligand concentration actually participating in the
reaction is smaller for reversible dissociation than for
irreversible dissociation. It may also be noted that, for a
given K value, the reversible model predicts a smaller
suppression of reaction rate with decreasing eecat.

Thus, the subtleties of the interplay between species
in solution may have a significant influence on the
observed catalytic behavior. In the absence of corroborat-
ing information about the nature of the species present
and their interactions in solution, it may not be clear
which model best describes a given reaction. Consider a

mixture of dimeric species formed according to the
original ML2 model with K ) 20. Let us assume that under
reaction conditions the solution consists of a stable meso
species (at a concentration set by K) and homochiral
dimers in equilibrium with catalytically active monomeric
R and S species (as in Scheme 2b) with dissociation
equilibrium constant Kdiss ) 0.1. The filled circles in Figure
6a represent simulation of data for this system for different
values of eecat. The solid line in Figure 6a represents not
the fit to this model but instead a fit of these data points
to the standard ML2 model with K ) 4 and g ) 0 (as in
Scheme 2a). Although the agreement is good, the data
points and the curve fit describe very different chemistry.
However, kinetic measurements might help distinguish
between the two models, because as shown in Figure 6b,
the two models exhibit different reaction rate behavior
as a function of eecat. Accurate measurements of reaction
rate as a function of eecat might therefore be used to help
choose between different mechanistic proposals.

One interesting implication of the reversible model
described in Scheme 2b is that the chemistry of the
reaction itself can affect the amounts of the species
present within the catalytic cycle, unlike in the original
MLn models for dimeric active species. Since the meso

FIGURE 4. eeprod vs eecat predicted from the irreversible (Scheme
2a) and reversible (Scheme 2b) models for monomeric active species.
(a) K ) 100 and (b) K ) 4.

reversible dissociation
x ) x′ + xeq ) x′ + (x′)2/Kdiss

y ) y′ + yeq ) y′ + (y′)2/Kdiss

(5)

reversible dissociation ee′prod ) eeo
x′ - y′
x′ + y′ (6a)

reversible dissociation r ) [x′ + y′]rRR (6b)
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complex is removed from the system in this model, these
kinetic considerations will not affect the observed non-
linear behavior. The general case where the meso species
remains involved in the dynamic monomer-dimer equi-
libria is treated by Noyori and co-workers in their more
complex model for monomeric active species (see next
section).8

Nucleophilic Addition of Dialkylzinc to Aldehydes.
One of the most notable early examples of nonlinear
effects was the nucleophilic addition of dialkylzinc to
aldehydes mediated by chiral â-amino alcohols such as
DAIB, first observed by Oguni and co-workers14 (eq 7). This

system has been studied extensively by Noyori and co-
workers8 using kinetic, spectroscopic, and structural mea-

surements as well as kinetic modeling and reaction
simulations. They presented a separate mathematical
analysis with important distinctions from the ML2 models.8b

They proposed that the system involves a complex balance
between monomeric and dimeric species which remain
in equilibrium over the course of the reaction, with entry
into the catalytic cycle through the monomeric ML.
Homochiral dimeric species are required to pass through
monomeric species in order to form the meso species as
shown in Scheme 3. This model also dictates that the
concentration of monomeric ML species engaged in
catalysis at any point during the reaction will depend on
the concentrations of reactants at that point. Therefore,

a

b

FIGURE 5. Reaction rate vs eecat predicted from the irreversible
(Scheme 2a) and reversible (Scheme 2b) models for monomeric
active species. (a) K ) 100 and (b) K ) 4.

(7)

a

b

FIGURE 6. Comparison of predicted (a) eeprod and (b) reaction rates
vs eecat for the irreversible model (Scheme 2a) with K ) 4 and the
reversible model (Scheme 2b) with K ) 20.

Scheme 3. Relationship between Catalytically Active Monomeric
and Inactive Dimeric Species (Eq 7, Ref 13b)
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the relative amounts of the various dimeric (ML)2 species
will change during the reaction in a complex way related
to the kinetic rate law for the reaction. In systems where
R and S ligands are present in unequal amounts, the
product enantioselectivity should thus depend on the
concentration of the substrate. Although this prediction
did not match experimental observations,8b the discrep-
ancy was rationalized in terms of product inhibition which
could prevent release of the monomeric species to un-
dergo further catalytic cycles. In this case a corresponding
decrease in reaction rate should be expected, but this has
not been tested experimentally. Thus, it is clear that
despite the extensive study of this complex system, further
kinetic studies could help to address remaining mecha-
nistic questions.15

Glyoxylate-Ene Reaction. Mikami and co-workers16

have studied the glyoxylate-ene reaction mediated by
chiral Lewis acids synthesized from Ti(OiPr)2Cl2 and 1,1′-
binaphthol (BINOL) of varying enantiomeric excess (eq
8). Molecular weight measurements suggested that dimer-

ic species are formed. A concentration dependence of
molecular weight was found for the homochiral species
but not the racemic mixture, further suggesting that the
heterochiral dimer species was the significantly more
stable species. A strong positive nonlinear effect was
observed in the reaction, and the enantiopure catalyst was
35 times more active than the racemic mixture. The
authors proposed a reaction mechanism which requires
dissociation of the dimeric species in binding to the
glyoxylate.16a They also proposed that a trinuclear species
may form, and their recent work confirms this and
suggests that it may be the active catalyst precursor.16b

A good fit may be obtained by application of either of
the modified ML2 models of Scheme 2a and b with
different parameters as shown in Figure 7. The large value
of the ML2 model parameter K in either case supports the
authors’ suggestion from molecular weight measurements
that the meso dimer is more stable than the homochiral
species, and the experimental trend in rate behavior is in
qualitative agreement. However, both models of Scheme
2 predict a smaller suppression of activity for the reaction
using a racemic mixture than that noted experimentally.17

This difference might be rationalized if the reversible
dissociation did not reach equilibrium, giving a steady-
state concentration of monomeric species smaller than
predicted. Further, the modified ML2 models could ac-
count for any inactive higher order species formed,16b and
a correspondingly lower rate would be observed.

Conversion Dependence of Enantioselectivity
Conjugate Addition of Dialkylzinc to Chalcones. Non-
linear effects have been observed in the alkylation of
unsaturated enones using dialkylzinc to form â-substi-
tuted carbonyl compounds (eq 9). Catalytic versions of

these reactions are mediated by Ni complexes prepared
using chiral amino alcohols such as DAIB18 or substituted
pyridine and bipyridine derivatives.19 Both Bolm and co-
workers19 and Feringa and co-workers18 observed strong
positive nonlinear effects in this reaction. However, both
groups also noted that product enantioselectivity was
sensitive to other variables, including conversion,18,19 Ni
content,18 and ligand concentration.19 It was speculated
that these effects may be due to the slow dissociation of
an inactive meso complex or the production of other
nonselective catalytic Ni species over time.

A dependence of enantioselectivity on conversion
suggests that the point during reaction at which an
observation is made is a crucial consideration. However,
the effects of reaction variables on enantioselectivity were
not monitored at constant conversion. When we plot the
data from both studies together in terms of product yield,
as in Figure 8, it may be seen that in each case a sharp
drop in product enantioselectivity is consistently observed
at high (ca. 80%) yield. This idea also fits well with the
change in enantioselectivity observed as a function of
reaction progress in both studies. We plot their data as
“incremental” enantioselectivity20 vs conversion in Figure
9, revealing that the decrease in catalyst enantioselectivity,
particularly at the end of the reaction, is more significant
than is apparent from the cumulative values. In fact,
during the last 5% conversion in the reaction shown in

FIGURE 7. Modified ML2 models of Scheme 2a and b applied to
data from the glyoxylate-ene reaction (eq 8, ref 16).

(9)

(8)
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Figure 9b, we find that the enantioselectivity completely
inverted from 68% ee R-product to 68% ee S-product!

These trends are not easily explained by the simple
assumption that deactivation or agglomeration of the
chiral species to form nonselective Ni catalysts occurs over
time, but they suggest instead that the presence of

substrate plays a role in the enantiodifferentiation in this
reaction.21 Feringa noted that in the absence of Ni, the
catalytic reaction occurred slowly to give the opposite
product, presumably with organozinc complexes of the
chiral ligand effecting the reaction. The results shown in
Figures 8 and 9 might be explained by the models of
Scheme 2, where the homochiral and heterochiral Ni
dimer species form active monomers only in the presence
of substrate. If the Ni species is shifted toward stable and
inactive dimers (both homochiral and heterochiral) at low
substrate concentrations, organozinc species may begin
to compete as catalysts, giving enantioselectivities very
different from those of the monomeric Ni complex which
dominated at higher substrate concentrations.

Detailed kinetic measurements will be needed to test
hypotheses such as these. It is clear from these data,
however, that close attention to and control of kinetic
variables such as conversion are required for systematic
investigation of the influence of reaction variables, and
for the development of rational mechanistic interpreta-
tions derived from investigations of nonlinear effects.

Nonlinear Effects in Stoichiometric Asymmetric Re-
actions. In reactions using stoichiometric reagents which
exhibit nonlinear effects, a number of special consider-
ations arise because the chiral auxiliary is consumed in
the reaction. In a system following the ML2 model, if the
meso species possesses nonzero activity and if this activity
is different from that of the homochiral species (if g * 0
and g * 1), the homochiral and heterochiral species will
be consumed at different rates, and the reaction will
exhibit a conversion-dependent enantioselectivity. If a
stoichiometric amount of the chiral reagent is used, the
nonlinear effect (either positive or negative) will be eroded
as conversion increases, and the product enantioselectivity
at 100% conversion will necessarily be a linear reflection
of the enantiomeric excess of the chiral auxiliary.

These concepts are illustrated below in the example
of the stoichiometric reduction of aralkyl ketones (eq 10)
using non-enantiopure Ipc2BCl, a chiral borane com-
pound originally introduced by H. C. Brown.22 Scientists

at Merck23 found that the use of Ipc2BCl prepared from
85% ee R-pinene was as effective in producing highly
enantiopure alcohols as was the more expensive 97% ee
starting material. This asymmetric amplification was
accompanied by a conversion-dependent enantioselec-
tivity, as shown by the filled and open symbols in Figure
10. While an ML2 fit to enantioselectivity data at high
conversion would not be meaningful, a fit to their data
collected at the beginning of the reaction (solid line in
Figure 10) allows us to determine the relative initial

FIGURE 8. eeprod vs yield in the addition of dialkylzinc to chalcone
(eq 9). Data were extracted from refs 18 and 19.

FIGURE 9. eeprod vs conversion in the addition of dialkylzinc to
chalcone (eq 9). Incremental eeprod was calculated in this work.
Cumulative eeprod was taken from (a) ref 19 and (b) ref 18.

(10)
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concentrations of the different chiral species and enables
us to trace their fates over the course of the reaction.7b

The model suggested that the meso species is formed in
higher than the statistical distribution assumed in ref 23
and that it exhibits about 10% of the activity of the
homochiral species. Simulation of the reaction on the
basis of these initial parameters then allows us to predict
the enantioselectivities at higher conversion for reactions
using mixtures of different enantiopurities of Ipc2BCl,
shown as the dotted line in Figure 10.7b This result is not
a fit to the final ee data but is predicted from the initial ee
data. Therefore, the excellent agreement between the
experimental and predicted data provides an independent
corroboration of the proposed ML2 mechanistic hypoth-
esis in this reaction.

Figure 11 illustrates the influence of conversion on
eeprod and the relative concentrations of the homochiral
and heterochiral species for the simulation of the reaction
using eeaux ) 0.3. Asymmetric amplification is observed
at lower conversions where the concentration of the more
active and selective homochiral species is higher (Figure
11a); however, as this species is consumed, conversion
to the product will ultimately be completed by the less
active meso fraction unless the chiral reagent is present
in excess. In effect, the reaction is a kinetic resolution of
the meso species. At high conversions the reaction pro-
duces racemic product, and the cumulative enantioselec-
tivity ultimately reaches that of the chiral auxiliary (Figure
11b). This inexorable erosion of the asymmetric amplifica-
tion may be combated by judicious selection of excess
chiral reagent determined from an ML2 model fit of initial
enantioselectivity data. In a case where the meso species
is completely inactive, while no erosion of enantioselec-
tivity will be observed, a properly chosen excess amount
of chiral reagent will nevertheless be required in order to
achieve full conversion of the substrate.7b

Nonlinear Effects in Diastereomeric Catalyst
Mixtures
A related type of nonlinear effect concerns reactions using
mixtures of diastereomeric catalysts which lead to reaction
products of opposite absolute configuration.24 We recently
studied mixtures of the diastereomeric catalysts shown in
eq 11 in the asymmetric hydrogenation of the dimethyl

FIGURE 10. Experimental and calculated eeprod in the Ipc2BCl-
mediated stoichiometric reduction of aralkyl ketones (eq 10).
Experimental data are from ref 23. Calculation of eeprod,f was done
from separate reaction simulations at each eecat using the param-
eters obtained in the fit to the initial ee data (see ref 7b).

FIGURE 11. Influence of conversion on (a) eeprod and (b) relative
concentrations of dd, ll, and dl species in the stoichiometric
reduction of aralkyl ketones (eq 10) for eecat ) 0.3 (see ref 7b).

(11)
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ester of itaconic acid.7d,25 In separate reactions, the two
catalysts gave high and opposite product enantioselec-
tivities and quantitative yield (RR-catalyst), 92.4% ee
R-product, and SS-catalyst, 89.4% ee S-product). It was
confirmed that the enantioselectivity obtained using either
pure catalyst alone did not vary with conversion of
substrate. A 1:1 mixture of the two catalysts also gave
quantitative yield, but, interestingly, the final product
enantioselectivity was 54.8% ee R-product. The reaction
rate curves shown in Figure 12a for reactions using the
catalysts separately reveal that they exhibit strikingly
different kinetic profiles. Figure 12b shows that the
calculated enantioselectivity, under the assumption that
the catalysts act independently in the mixture, predicts a
shift from 16% ee S-product to 54% ee R-product, in
excellent agreement with the experimentally determined
endpoint value.7d Thus, the observed nonlinear effect was
not diagnostic of interaction between the catalysts to form
new dimeric or higher order species.

A similar example was recently reported by Bolm and
co-workers26 in the nucleophilic addition of dialkylzinc to
benzaldehyde (see eq 8) catalyzed by the planar-chiral
ferrocenyl ligands shown in Figure 13. When nonequal
mixtures of the two diastereomeric catalysts were em-

ployed, the product enantioselectivity was not a linear
reflection of the diastereomeric excess of the catalyst
mixture, as shown in Figure 14. Calculation of product
enantioselectivity, assuming that the catalysts exhibit the
same rate law, shows that the nonlinear effect may be
attributed to the significantly different activities exhibited
independently by the two catalysts following the same rate
law. Enantioselectivity is expected to be independent of
conversion. Bolm26 suggested that a practical application
of the asymmetric amplification shown in Figure 14 may
be in avoiding additional separation steps in ligand
preparation. It should be noted, however, that calculated
rate of Figure 14 predicts that a 50:50 mixture of diaster-
eomers will require twice as long to complete the reaction
compared to the diastereomerically pure catalyst.

Concluding Remarks
The examples in this paper illustrate that profound kinetic
consequences may ensue when non-enantiopure catalysts
are employed in asymmetric synthesis. In many cases, a
strong amplification in product enantioselectivity comes
at a significant cost to the overall productivity of the
reaction. Further, it is shown how reaction rate measure-
ments may be used to help distinguish between proposed
mechanistic hypotheses and proposed catalytically active
species, as well as to add insight in cases where complex
behavior, including conversion-dependent enantioselec-
tivity, is observed. These kinetic concepts should also be
considered in related examples outside the scope of this
review, including asymmetric autocatalysis and chiral
activation, in which high enantioselectivity is achieved

FIGURE 12. Asymmetric hydrogenation of itaconic acid as shown
in eq 11. (a) Experimental rate vs conversion for reactions using
pure ligands. (b) Calculated eeprod vs conversion for reaction using
50% RR catalyst, 50% SS catalyst, compared to experimental
endpoint value (see ref 7d).

FIGURE 13. Diastereomeric ligands from ref 26 used in the
nucleophilic addition of dialkylzinc to benzaldehyde (eq 7).

FIGURE 14. Experimental (ref 26) eeprod and calculated (this work)
eeprod and reaction rate as a function of de in the nucleophilic
addition of dialkylzinc to benzaldehyde (see Figure 13, eq 7).
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through an amplification of reaction rate in addition to a
diversion of product selectivity. A kinetic approach broad-
ens our fundamental understanding of these reactions and
aids in developing efficient synthetic strategies for reac-
tions using non-enantiopure catalysts.
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