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Abstract: Observation of a conversion-dependent enantioselectivity in asymmetric reactions with nonenantiopure
catalysts or reagents may be diagnostic of kinetically complex behavior. This paper shows how reaction
simulations based on parameters derived from initial enantioselectivity data provide an extension of the Kagan
ML, models as powerful mechanistic tools in asymmetric synthesis. This approach is illustrated for an example
of a stoichiometric reduction of aralkyl ketones with chiral borane reagents and is also discussed for several
cases of catalytic reactions.

Introduction studies aimed at a stereochemical rationalization of the observed
nonlinear phenomena outnumber kinetic approaches toward
mechanistic understanding. We recently reported an extension
of Kagan’s models to include consideration of the reaction rate,
demonstrating how this information may help to support or reject
proposed reaction mechanisms as well as to provide insight for
practical synthetic strategies employing nonenantiopure cata-
lysts’-8 A further kinetic complication which was not treated

in that work is a dependence of enantioselectivity on reaction
time or substrate conversion, which has been noted in a number
of experimental studig®:" The mechanistic implications which
derive from such a conversion-dependent enantioselectivity in
asymmetric reactions using nonenantiopure reagents and a
protocol for the general use of Kagan's models in cases such
as this are discussed in this paper. This diagnostic tool is
demonstrated for the case of a stoichiometric asymmetric
reaction reported by workers at Mergland comments about

an extension to catalytic systems follow this discussion.

It has been known for some time that mixtures of enantiomers
sometimes exhibit unusual physical and chemical properties
attributable to the formation of diastereomeric species in
solutions! For example, the NMR spectrum of a racemic
mixture of enantiomeric compounds may differ from that of
the pure enantiomeéror the rate of an organic reaction involving
a racemic mixture of chiral compounds may be different from
that using the corresponding enantiomerically pure compéund.
When the enantiomeric excess obtained in the products of an
asymmetric reaction is not linearly proportional to the optical
purity of the chiral catalyst or chiral auxiliary used, this has
been termed either a positive (“asymmetric amplification”) or
a negative nonlinear effect, depending on the direction of
deviation from the enantioselectivity expected when an enan-
tiopure catalyst or auxiliary is used. Kagan and co-workers
first described nonlinear effects of the enantiopurity of a catalyst
or chiral auxiliary on the product enantiomeric excess in
asyrr_\metric r(_sactiorjs, and they Qeveloped ma'ghgm_atical m(_)delﬁQesults and Discussion
of this behavior which help elucidate mechanistic information
about the reaction. Numerous other catalytic and stoichiometric ~Modeling and Reaction Simulation Based on Initial Enan-
examples of these nonlinear effects have since been rerﬁorted,tioselectivity Data. A temporal enantioselectivity dependence
and analysis in terms of Kagan’s models has proved to be a (g) (a) Oguni, N.; Matsuda, Y.; Kaneko, T. Am. Chem. Sod 98§
powerful_ diagn_ostic tool ir_1 many cases. N ééL)Q479872. %)gllr\lno)gr-i'EFfN';aﬂtal\ngé mpgl\%vhgmhegérlféé Edi Eﬂngl]ggé
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may arise for a number of reasons which violate one or more
of the tenets on which the Mlmodels are based. These include

(a) fast ligand exchange (dynamic equilibrium) between the
chiral species present in the reaction mixture, (b) identical

reaction rate laws followed by each chiral species present, and
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(c) absence of reaction-driven phenomena such as productPreviously recognized that the enantiopurity of diisopinocam-

inhibition or autocatalysis. In the limit of very low conversion,

pheylborane (IpBH)% and IpeBCI could exceed that of the

it may be argued that each of these assumptions will hold evenstarting material when an exess afpinene was used in
in cases where it clearly breaks down as the reaction progressespreparation of the dimeric chiral reagent. They suggested that

Applying an ML, model fit* to initial enantioselectivity data
€6y0gj thus provides a means of determining the relatiigal
concentrations of the chiral species (Scheme 1, wherg,x
and z refer to the initial relative concentrations of the enan-
tiopure andmesospecies). Even for cases where the chiral
auxiliary or catalyst changes over time, knowledge of its initial
condition is important for tracing its fate over the course of the
reaction, which may be investigated through kinetic modeling

reductions carried out with enantiopure reagents prepared in this
way may also serve as a convenient method for obtaining
optically purea-pinene, which is liberated during the reaction.
The asymmetric amplification noted in the reactions carried
out in the Merck studies was accompanied by a conversion-
dependent enantioselectivity, and both were especially pro-
nounced for reactions using the ¥l reagent prepared with
a-pinene of lower enantiopuriti€§. A plot of final product

of the reaction based on these initial conditions. The parametersenantioselectivity vs the enantiomeric excess of the chiral borane

K andg (respectively describing the relative initial abundance
and reactivity of thanesospecies in an Mk model) derived

from the model fit to the initial ee data may thus be used in a
mathematical simulation of the reaction to predict the conversion
dependence of the product enantioselectivity. The form of the

reagent came close to that predicted from Kagan’'s khodel
(Scheme 2) for a statistical distributiofk (= 4) of active
homochiral and inactiveg(= 0) mesocomplexes. That this
apparent agreement between the experimental values and the
model fit must be purely coincidental was also noted by these

expressions describing the reaction rates and concentrations ofuthors, since changes in enantioselectivity with reaction
each species as a function of time which are to be used in theProgress cannot be accounted for in the JMhodels. Kagan

simulations will be based on mechanistic proposals for the
particular system under study concerning the origin of the

and co-worker®1have noted that for a stoichiometric reaction
with nonenantiopure reagents, the relative concentrations of the

conversion dependence. If the predictions from such a simulationchiral auxiliary species change over the course of the reaction

are borne out by the experimental data, this would lend strong

when the homo- and heterochiral species are consumed at

support to the proposed reaction mechanism, since it providesdifferent rates. Thus the assumption of dynamic equilibrium

an independent test of the experimental reaction results.
Example: Stoichiometric Reduction of Aralkyl Ketones
with Dimeric Chiral Borane Reagents. The practical exploita-
tion of the phenomenon of nonlinear effects was recently
realized in pharmaceutical production by scientists at Merck in
the preparation of an LTPantagonist for the treatment of
asthm& They developed an in-situ preparation of diisopi-
nocampheylchloroborane (If8Cl), a chiral borane compound
originally introduced by Brow# for the stoichiometric reduction
of aralkyl ketones (eq 1).

)(]3\ + TooBCl 1. THF, -25 °C OH )
pc! .
A7 Ry 2. PhCHO, 0 °C Ar)*\ Ry

Although the enantiopurity of the reagent was not measured,
the Merck workers found that the use of BEI prepared from
85% eea-pinene was as effective in producing highly enan-

tiopure alcohols as was the reagent prepared from the more
expensive 97% ee starting material. Brown and co-workers had

(10) (a) Brown, H. C.; Chandrasekharan, J.; Ramachandran,P Ofg.
Chem 1985 50, 5446. (b) Brown, H. C.; Srebnik, M.; Ramachandran, P.
V. J. Org. Chem1989 54, 1577. (c) Brown, H. C.; Chandrasekharan, J.;
Ramachandran, P. \J. Am. Chem. Sod 988 110, 1539. (d) Brown, H.
C.; Desai, M. C.; Jadhav, P. K. Org. Chem1982 47, 5065.

between the chiral species does not hold in this case. Kagan
also pointed out® however, that this assumption will hold
approximately when a very large excess of chiral auxiliary is
employed. Similarly, it may be noted that the relative concentra-
tions of the chiral reagents may be treated as constant in the
limit of very low conversion, regardless of the amount of the
chiral reagent employed.

The Merck study of ref 9c thus provides a case where the
kinetic modeling approach outlined above may be applied.
Figure 1a shows the initial enantioselectivity experimental data
points up to egx= 0.7 reproduced from ref 9c. The solid line
shows the ML model fit to those experimental data that was
performed in the present work, and which affords an excellent
fit with parametersK = 49 andg = 0.1. These parameters
provide important mechanistic information about the reaction.
The model value of = 0.1 shows that thenesocomplex was
not completely inactive, as indeed the conversion dependence
of the product enantioselectivity also implied. The large value
of K indicates that the system did indeed form a nonrandom
mixture of chiral species, exhibiting a larger fractionroéso
species than would be expected from the statistical distribution.

(112) (a) Girard, C.; Kagan, H. Bletrahedron Asymni995 6, 1881~
1884. (b) Girard, C.; Kagan, H. Bletrahedron Asymni997, 8, 3851~
3854.
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Figure 1. Experimental (ref 3c) and modeling (this work) results of
nonlinear behavior in the stoichiometric asymmetric reduction of aralkyl
ketones with use of 1 equiv of IgBCI prepared froma-pinene of
different enantiopurities (see eq 1 and Scheme @):experimental
data for initial product enantioselectivity from ref 90; experimental
data for final product enantioselectivity from ref 9c. (a) Mhodel fit

to the experimental initial product ee data, givikg= 49 andg = 0.1

(—). (b) Simulation of the reaction to the expeimental reaction endpoint
to give final product enantioselectivity data (---).
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Figure 2. Initial distribution of speciesdd);, [ll]i, and fI]; as a function
of eqyux for the value ofK = 49 predicted by the MLmodel fit to the
initial enantioselectivity data shown in Figure 1a.

For example, a racemic mixture in this case contains only 11%
of each pure species and 78% of thesospecies, compared
to 25% pure and 50%xnesdfor the case of a racemic statistical
distribution K = 4). Figure 2 shows the relationship between
the initial distribution of speciedf];, [Il];, and @I]; and egux
calculated from the model fit to the initial enantioselectivity
data as described in ref 7.

The starting conditions fixed by this MLmodel fit to the

J. Am. Chem. Soc., Vol. 120, No. 51133%B

instant in time will be described by eq 2:

JR=3S_
SR+5S
eg([dd]; — [IIT;)(1 — exp(—kyd))

([dd]; + [I])(1 — exp(—kyqt)) + [dI]i(1 — exp=gkyd))

This equation shows that, as noted by Kagan and co-wofRers,
it is only when themesaspecies is completely inactivg € 0)
that no change in product enantioselectivity with conversion
will be observed in a stoichiometric reaction of nonenantiopure
reagents.

The results of the reaction simulations using eq 2 are shown
as the dotted line in Figure 1b. This curve fot,gg; differs
from the solid line shown for the initial ee data in an important
way: it is nota fit to the data points, but it is instead a set of
six separate predictiotswhich are independent of the experi-
mentally found values for the final product enantioselectivities,
and are based only on the parametedsi|([ [II];, [dI];, andg)
derived from the initial ee model fit. The excellent agreement
between the experimental and predicted data for the final product
enantioselectivity thus provides an independent corroboration
of the proposed mechanistic hypothesis that the reaction
proceeds through chiral species of relative concentrations and
activities as described by the MImodel of the initial enanti-
oselectivity data.

The reaction simulation also highlights special implications
of nonlinear effects in stoichiometric reactions due to the fact
that the chiral auxiliary is consumed in the reaction. When only
1 equiv of a chiral reagent is used in a reaction with 1:1
stoichiometry, the final product enantioselectivity at 100%
conversion will necessarily be a linear reflection of the enan-
tiomeric excess of the chiral auxiliaPy.This is illustrated in
Figure 3a for the simulation of the reaction for the case qfee
= 0.513 Asymmetric amplification is observed at lower conver-
sions where the concentration of the more active and selective
dd species is higher, as shown in Figure 3b; however, as this
species is consumed, conversion to the product will ultimately
be completed by the less actimgesafraction. This is reflected
in the reaction rate as well as in the product ee: the final 40%
conversion proceeded at a rate 10 times slower than the first
60%. While the ratio of the homochiral speciés|f[II] remains
constant over the course of the reaction, the lower reactivity of
the dl species means that the reaction is, in effect, a kinetic
resolution of thedl species. Therefore a single value for the
parameter K, which describes the relationship betweeso
and homochiral species, is not physically meaningful for the
description of a stoichiometric reaction where the relative
concentrations of the species change with reaction time.

This inexorable erosion of product enantioselectivity may be
combatted by judicious selection of an excess amount of the
chiral reagent. An ML model fit of initial enantioselectivity

e%rod,f(t) =

)

initial enantioselectivity data were then used to carry out separatedat@ allows determination of the level of excess chiral reagent

simulations of the reactions of mixtures of the three chiral
species values from 0 to 0.7. The simulation adheres to all of
the assumptions of the Mlmodel except that thed, Il, anddl

required to minimize the contribution from the less activeso
complex, which will depend on the paramet&randg as well
as the value of eg. For example, addition of a 50% excess of

species are consumed at the relative rates prescribed by thdhe chiral reagent for the reaction shown in Figure 3 will provide

parameters found in the model fit to the initial ee data. Thus
thedd andll species react with the identical rate constiagt

and produce reaction products with opposite enantioselectivity

eg and —ee,. The dl species is one-tenth as active as the
enantiopure complexekf{ = gxkggs, g = 0.1) and produces
racemic product (ee= 0). With these conditions, it may be
shown that the cumulative product enantioselectivity at any

the correct stoichiometry to obtain a high yield by using
primarily the enantioselectived reagent, and for this example

(12) The datum point ggx= 0.7 was used to fix the endpoint sampling
time for the reaction simulations for the othegg&elata points as described
in the Experimental section.

(13) The reactions described in ref 9c and simulated in Figure 1 were
carried out with 1 equiv of chiral reagent but did not proceed to 100%
conversion.
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cases. Examples from the literature where this kinetic approach

1la ee(a“"l);(zg L might explain deviations from the assumptions of the ML
g=0.1 models are discussed below.

Bolm and co-worke reported asymmetric amplification in
the conjugate addition of dialkylzinc compounds to chalcones
catalyzed by Ni complexes with chiral pyridine ligands. They
-0.6 noted a strong conversion dependence of enantioselectivity
I which was also confirmed by Feringa and co-worRefer
° . Loa similar systems. Bolm attributed the conversion dependence of

. enantioselectivity to the formation of more stable but less
. selective catalyst species over the course of the reaction.
T02 Although the final enantioselectivity data give a reasonable fit
L N L to an MLy, model#2 mechanistic interpretation based on these
0 ; ] ML eool 0 model parameters may not be meaningful since the model
0 20 40 60 80 100 assumes that no changes in the catalytic species occur during
the reaction. Indeed, initial enantioselectivity data suggest that
the asymmetric amplification may be even more pronounced
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% Conversion of Chiral Reagent

0.6 4 + 06 than is apparent from the final product enantioselectivity data:
b ee(aux) = 0.5 a catalyst with 19% enantiopurity initially gave 87% product
05 ) K= (;‘? Los enantioselectivity (the same initial product selectivity as a 90%

8 ’ g=u ’ enantiopure catalyst), whereas at full conversion, the asymmetric

3 amplification decreased to 52% product ee. The initial ee data

& 047 T04 are reminiscent of the extreme asymmetric amplification

6 observed in the enantioselective addition of dialkylzinc to

5037 103 aldehydes catalyzed by chiral amino alcohols studied extensively

= by Noyori and co-worker&-kwhere an inactivenesocomplex

ﬁ 021 102 was the most dominant species at lower catalyst enantiopurity.

4 However, the ML model fit to the final product enantioselec-

A 01l Log tivity data in the case of Bolm and co-workers’ data would
assign an activity to themesaospecies which is at least 10 times
greater than that which may be estimated from the two reported

0 0 20 . 60 %0 100 0 initial enantioselectivity data points. The initial enantioselectivity

) i data provide a more realistic description of the pristine catalyst
% Conversion of Chiral Reagent system and could be used as the starting point to model the

Figure 3. Simulation of the reaction shown in eq 1 and Scheme 1 Proposed changes in the catalytic species over the course of

with use of 1 equiv of IpsBCI at eq., = 0.5. (a) Product enantiose-  the reaction.

lectivity and reaction rate as a function of conversion of the chiral Another assumption of the MLmodels is that reactions

auxiliary. (b) Change in the relative concentrations ofdbgll, anddl carried out with different catalytic species in a nonenantiopure

species as a function of conversion of the chiral auxiliary. mixture exhibit the same substrate concentration dependence.
. . . It may easily be imagined, however, that interactions between

the required excess will be lower at higher values afietn a two enantiomeric catalysts which result in the formation of new

case where thenesospecies is completely inactive, while N0 giastereomeric species might result in changes in substrate
erosion of enantioselectivity will be observed, a properly chosen pinging constants such that the observed reaction rate law for
excess amount of chiral reagent will nevertheless be required; mesoor heterochiral species may differ from that for the pure
to achieve full conversion of the substrate. , enantiomers. If different catalytic species in a nonenantiopure
Extension to Catalytic Systems.n the case of catalytic  mixyre of asymmetric catalysts exhibit different reaction rate
reactions which follow an Mk model, the effect on product |55 and different intrinsic product enantioselectivities, the
enantioselectivity noted above for stoichiometric reactions gyerall observed product enantioselectivity will vary with
should not occur, because the completion of repeated turnovers,qversion in a manner amenable to the kinetic modeling
regenerating the chiral catalytic species can resultin a SUStai”edapproach described hete.
asymmetric amplification. In this case, storing the minor
enantiomer as less activeesoor heterochiral compounds can
be an effective in-situ method of preparing an enantiopure chiral
catalyst. Although overall productivity in the catalytic reaction
may be adversely affectédproduct enantioselectivity should
not be a function of conversion in this case. Observation of a
conversion-dependent enantioselectivity may thus imply a
kinetically more complicated mechanism than that described (14) Blackmond, D. G. IrCatalysis of Organic Reactionsierkes, F.,
by the ML, models. Such conversion dependeffdd,as well Ed.; Marcel Dekker: New York, 1998; Vol. 36, pp 45865.
as seemingly inexplicable effects of changes in variables such,, SlSI\)Ag?rgrfak'si'i?Agﬂ'&fgg%&cﬁgﬁ01;’ ff?i\l(iagvg”.bsg%
as temperaturé solventé®! or catalyst/ligand concentratiéf!' H. J. Chem. Soc., Chem. Commu89q 982. (d) Danda, J.; Nishikawa,
have been reported, but seldom in sufficient detail to permit H.; Otaka, K.J. Org. Chem1991 56, 6740. (e) ShengJian, L.; Yaozhong,
meaningful kinetic modeling. Provided that sufficient data are éo Q'qkap’s?"iéa?:'?hf‘mﬁﬂb E;em %‘;}%:i Pﬂg{ﬂgﬁg&?f; ?gf‘- ((f))
available, reaction simulations based on a model fit to initial spibata, T.; Morioka, H.; Hayase, T.; (J:hoji, K.: Soai, K. Am. Che?n.
ee data could help to rationalize the observed effects in theseSoc 1996 118 471.

If the product of an asymmetric reaction inhibits or accelerates
the rate of the enantioselective reaction, the,Models again
become invalid for use with final product enantioselectivity data.
An example of this is the case of asymmetric catalytic
autoinduction or autocatalysl&,where reactions carried out
using catalysts of low initial enantiopurity give reaction products
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of increasing enantioselectivity as conversion increases. Foreeyxvalues from 0 to 0.7 (eqs-3). The reaction is assumed
example, Sodf' showed that the autocatalytic formation of a to be first order in the chiral species, and the total reaction rate
chiral pyrimidyl alcohol in a reaction starting with the alcohol is the sum of the individual reactions. The reaction stoichiometry
at 5% ee gave a product enantioselectivity of initially 55% and is assumed to be one to one between the chiral species and the
ultimately 90%1¢ In the simplest case of autocatalysis, the rate product. Since the experimental value of the rate constant
should depend on both the initial concentrations of catalyst

species and the amount of product present in the mixture at Motal = Faa T M+ Ty 3)
any time. Reaction simulation based on initial enantioselectivity d[dd]
data could thus be used to provide corroboration in cases where f0= gt~ Kqaldd] (4)
an autocatalytic reaction mechanism is proposed. L
d[ll]

Conclusions =g T Kydtll] (5)

The relationship between the enantiomeric excess of a d[di]
reacti(_)n product and th_e enant_iopurity of the_ catalyst or auxiliary rg = T g kydl] (6)
used in the asymmetric reaction may provide a useful tool for
mechanistic analysis. The examples given here show, however, [dd] = [dd]; exp(—kg4) @)
that whenever two or more nonenantiomeric catalyst species I =i Kt 8
compete in the same reaction mixture, the possiblity of a (11 = []; exp(—kd) (8)
temporal (or conversion) dependence on enantioselectivity [dI] = [dI]; exp(—g*kydt) (9)

should not be excluded a priori. The manifestation of nonlin-

earity in a catalyst system is in most cases reported as a plot ofis not known (only its value relative tky is given by the Ml
the relationship between the final product enantioselectivity at model), the reaction was simulated by settiag= 1 and using
the end of an asymmetric catalytic reaction and the enantiopurity arbitrary units for time. The reaction simulations were carried
of the catalyst that was added prior to the start of the reaction. out to an identical fixed time, representing the experimental
Each data point on a plot of the relationship between the final endpoint oft = 18 h when the gg,q data were obtained, for
product enantioselectivity and the enantiopurity of the catalyst each of eight cases of gg (a simulation of reaction rate for
or auxiliary may in fact represent a convolution of complex the racemic case was carried out even though it gives a product
kinetic behavior over the course of the reaction. This paper enantioselectivity of zero). The experimental,gg for the
demonstrates how initial enantioselectivity data may be useful datum point egx = 0.7 was used to fix the simulation time
in fixing the parameters at the starting point of the reaction to corresponding to the endpoint sampling time for the reaction,
yield the information needed to formulate a description of the and this time was used as the endpoint in simulations for the
system as the reaction progresses. This work further suggeststher eg,, data points shown in Figure 1b. Thus six of the
that experimental kinetic studies may aid in deconvoluting such simulated final product enantioselectivity data points (0.1, 0.2,
complex behavior toward a fuller mechanistic understanding, 0.3, 0.4, 0.5, and 0.6) are independent of the experimental final
and practical exploitation, of nonlinear behavior in asymmetric product enantioselectivity data.
synthesis.
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