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Abstract: This work demonstrates how the mathematical models developed by Kagan and co-#étkettescribe
nonlinear enantioselectivity behavior may also be used to predict reaction rate as a function of catalyst enantiomeric
excess in asymmetric catalytic reactions. Comparison of these predictions with experimental reaction rate
measurements may thus be used to provide an independent confirmation of the model. The predictions of reaction
rate reveal striking consequences for nonlinear catalytic behavior. A strong amplification in product chirality may
come at the cost of a severely suppressed rate of product formation; in comparison, a system exhibijizye
nonlinear effect in product enantioselectivity can provide a significaantiyplifiedrate of formation of the desired
product. Consideration of the kinetic behavior of these systems can provide valuable mechanistic insights and may
help in the development of efficient synthetic strategies using nonenantiopure catalyst mixtures.

Introduction mechanistic insights and aid in the development of efficient
synthetic strategies for asymmetric catalytic reactions using

Asymmetric catalytic synthesis of enantiomerically enriched .
nonenantiopure catalysts.

products has become an important tool in practical organic
synthesis. An interesting feature of these reactions which has
been highlighted in the recent literature is the observation in Background
certain cases of a nonlinear correlation between the enantiomeric

excess of the reaction product and that of the chiral catalyst or . L .
organometallic catalyst system containing two or more ligands,

T 1o § .
auxiliary. K_agan and co-workers reported the first examples there exists the possibility of forming achiral and heterochiral
of such nonlinear effects more than a decade ago, and they

. . . . complexes in addition to homochiral catalytic species. The
developed mathematical models to describe this behavior. Themodels developed by Kagan and co-workebshow how the
results from such modeling have been used to provide insights P y rag

. i . . ultimate enantioselectivity observed in a reaction carried out
about reaction mechanisms and the structure of active catalytic~ . : . )
. . . 2. _“using such a mixture of catalysts will depend on the relative
species. For example, in two cases of Sharpless epoxidation

: . concentrations and reactivities of each catalytic species in the
of allylic alcohols, they found that the parameters determined mixture, as well as on the intrinsic product enantioselectivit
from a fit to their ML, model were in agreement with obtaine;j with each catalyst in the aspmmetric reaction. A Igt
experimental evidence, indicating the presence of a more : ye asy n. AP

. S of reaction product enantioselectivity (gg) as a function of
abundant but less reactive dimeriesocomplex. enantiomeric excess of the catalyst (gereveals whether a
As in any such modeling exercise, an independent experi- ystd

mental corroboration of the mathematical fit is desirable in order ?hoenrllnt?earurseelgut%n?ilt“Exe)gfitri'en-[gle drggheg?r?tgcg r:r?dfli;gz
to test the model and to validate the physical significance of o perm P 9

the values obtained for the model parameters. The purpose Ofcontalnlng a nqmber of adjustable parameters related to the
this paper is to demonstrate that an independent test of thec""t"’“ys't prope'rt|es. )

models developed by Kagan and co-workers may readily be ~E&ch experimental data pair (8¢ eyod corresponds to the
carried out by combining the observed enantioselectivity data result pf one catalytic reaction using a chiral catalyst or auxiliary
with measurements of the overall rate of the catalytic reaction Of @ different level of enantiomeric excess. Thus the number
carried out at different levels of catalyst enantiomeric excess. Of data pairs available for the curve fitting is usually small (most
In addition, it is shown that consideration of reaction rate Published examples of nonlinear effects report fewer than 10
behavior combined with enantioselectivity can provide further different enantiomeric excesses for a given catailigand
system), and the simplest of the reported mathematical models
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Scheme 1 Table 1. Relative Concentrations of Catalyst Species Complexes

MLrLr (X), MLdLs (y), and MLgLs (2) at Each Level of Catalyst
XMLgLg + yMLgLg + zMILgLg Enantiomeric Excess (89)? °

eQ)rod €Qux X y z
IRR» €€, Igs, €€, Igs, ee=0

0 0 0.030 0.030 0.940
0.23 0.1 0.107 0.007 0.886
] 0.42 0.2 0.203 0.003 0.794
products 0.47 0.3 0.301 0.002 0.697
. 0.71 0.5 0.500 0.001 0.499
K=2 0.76 0.65 0.65 <0.001 0.35
Xy 0.87 0.85 0.85 <0.001 0.15
z 0.95 1 1 0 0
Xty aValues are for the example in ref 1a of the Sharpless epoxidation
Lp of geraniol carried out using (Ti(O-i-RfJRR)-DET) with different
&= levels of enantiomeric excess of the tartrate. The relative concentrations
" X, y, andz are determined as described above from the; kibdel fit
Ton = Tss to experimental (g e&rd data pairs using the parametérs= 1000
YL, -YL, [x+z]-[2y+7]  x-y andg = 0.35. The experimental ggand eguare experimental values

o SL+YL, [2x+z]+[2y+z] xty+z TRy taken from ref 1a, Figure Sa.

two parameters provide the basis for discussions of the
mechanistic implications of the model in a particular application.
For example, large values &f indicate predominance of the
mesaspecies, and values gfless than one mean that threso
species is less reactive than the enantiopure catalyst.

Kagan and co-workers report their model results in terms of
these parameteks andg; it will be shown here how the model

ML > Model. Scheme 1 shows the reaction network for the may also be used to determine the separate relative concentra-
ML > model developed by Kagan and co-workéffor asym- tions of the three catalyst species Mlg, MLd.s, and MLgLs
metric catalysis based on the fast ligand exchange between twQqrespectivelyx, y, andz) and how these concentrations may be
chiral ligands, |r and Ls, and a metal center M. The model used in turn to determine the reaction rate predicted by the model
assumes that at any given level of catalyst enantiomeric excessat each level of catalyst enantiomeric excess.
(that is, at fixed amounts ofd.and Lg), a steady-state exists The sum of the relative concentratiorsy, andz of the
for the concentrations of the three catalyst species in the mixture, different catalyst species in the different branches of the network
two homochiral complexes MiLr, ML 4l 5 and amesccomplex must add up to 1x+ y + z= 1). This relationship coupled
MLRgLs, in the respective relative concentratioxsy, andz with the definitions ofK andf given above and in Scheme 1
When the ligand distribution is equal to the equilibrium provide three independent equations from which the individual
distribution (Curtin-Hammett limit of fast ligand exchange), values ofx, y, andz may be determined at any value okge
the parameteiK becomes the equilibrium constant. The catalytic  The overall reaction rate for the network in Scheme 1 is given
reaction carried out using these complexes is assumed to bepy the summation of the rates of reaction of each pathway. With
pseudo-zero-order in substrate and first order in catalyst the assumptions of the MLmodel given above, this rate will
concentration. For a reaction carried out with either of the be given by eq 3. The reaction rate will be different for
enantiopure catalysts MLr or MLd.s, the reaction rate is  reactions carried out with catalysts of different enantiomeric

identical (rr = rs9 and the product enantioselectivities are excess because y, andz are each a function of gg.

opposite (eg and —ee, respectively). Racemic product is

formed from themeso catalyst which exhibits the relative Mota = XIRr T YR T 9ZIkg = (X + Y+ 02rgr ~ (3)
reactivity equal to the parametgr With these assumptions,

and with the enantiomeric excess of the chiral catalyst expressed Just as the model allows plots ofye@ Vs e@uxto be drawn,

as egu, Kagan and co-workers showed that the enantioselec- Similar plots ofrioa VS e@ux may be constructed to show the
tivity of the reaction products ggq obtained from this mixture model prediction of the overall rate at each level of enantiomeric

the more complicated Misystem are then carried out to provide
an additional vivid illustration of the implications of reaction
rate in assessing the overall synthetic efficiency, in comparison
to the chiral efficiency, of nonenantiopure catalyst systems.

Results and Discussion

of catalysts will vary with egy according to excess of the catalyst or auxiliary used to effect the asymmetric
reaction. If the rate for the reaction carried out using an
€600 = €6€6,,{(1 + B)/(1 + gp)] Q) enantiopure catalyst or auxiliary is measured, then the value of

_ _ o rrris known. If this rate is not known, the rate of reaction at
The ratio of mesoto chiral complexes is given by the each value of catalyst enantiomeric excess may be normalized

parameteys, which was shown in ref 1 to be related Koand to the unknown value ofgr
eaux according to As an illustration we consider the MLmodel fit to
experimental data described by Kagan and co-wotRdos
—Kee. 2+ \/—4Ke 24 K(4+ Ke 2) geraniol epoxidation using the Sharpless reagent (Ti(O4i-Pr)
_Zz _ Sux Sux Sux . . . .
B= XtV _ 2 (RR)-DET) with different levels of enantiomeric excess of
y 4+ Keg,, diethyl tartrate (DET). The experimental data points and the

@) model fit of egrq VS equx are reproduced here as Figure Ka (
The value fors varies with egxbecause the relative amounts = 1000 andg = 0.35)% The difference between the data and
of the three catalystx(y, andz) vary with catalyst enantiomeric ~ the dashed line shows the deviation from linearity of the system.
excess, but the value of the equilibrium constéris fixed for Table 1 shows the calculated relative concentrations of the
a given metatligand system at a given temperature. Equations three catalyst species as a function of.geletermined from

1 and 2 may be fi'F to a series of experimental data pairs of ™ (3)Figure 1a in this paper reproduces the model fit given in Figure 5a
(e@uwx e8irod to Obtain values foK andg. The values for these  of ref 1a.
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100 and that no further changes to the catalyst species occur during
a the catalytic reaction, such as the formation of new metal
. s ligand species through binding of the reaction product. Reaction
g rate measurements might thus help to identify cases in which
product inhibition, autocatalysis, or other phenomena occur in
which the active catalyst species are modified as the reaction
progresses.
Another case where reaction rate data might be useful would
be in distinguishing between a catalyst system following an ML
. model such as is considered here and one corresponding to a
“reservoir model”, the second type of model developed by
Kagan and co-worker§:P In this model, inactive mixed-ligand
complexes are formed which may alter the relative percentages
, model of the remainindrk andSligands from which the active catalysts
o : : : : are formed; this may alter the enantiomeric excess of the
0 20 40 60 80 100 remaining species actively engaged in catalysis. When the
Catalyst Enantiomeric Excess, ee,, (%) achiral or heterochiral species in Miystems have low activity,
these two models may give similar predictions for enantiose-
100 lectivity. The goodness of fit of experimental rate data to the
prediction for each model might help in choosing which offers
b . a closer description of the system under study.
Another important assumption of the Minodels is that the
° reaction rate is zero order in substrate for all catalytic species
participating in the network. When different catalytic species
° participating in the same reaction exhibit different rate laws,
60 enantioselectivity can vary over the course of the reaction as a
° function of conversion of substrate. In such a case, product
enantioselectivity observed at the reaction endpoint would be a
function of the initial substrate concentration. The features of
03 a plot of egrqVs equxwould thus depend on the initial substrate
concentration chosen for the series of experiments, and neither
rate nor enantioselectivity behavior would be accurately de-
20 . I ‘ : scribed by an Mk model.
0 20 40 60 80 100 In cases where the applicability of the model is indeed
Catalyst Enantiomeric Excess, e¢yyy (%) confirmed by agreement between experimental and model-
derived reaction rate data, the calculations described above can

catalyst enantiomeric excess and (b) model prediction of the overall provide furth'er insights into the physiclal implications for catalyst
reaction rate for each (@g €ard data pair shown in part a. (Part a: systems which are found to follow this model. Kagan and co-

Reprinted from ref 1a, Figure 5a. Copyright 1994 American Chemical workers report  their N_'b_ model rt_asults in terms of the
Society.) parameterK andg, but it is interesting to consider what the

this model as described above. Figure 1b shows the predictedvalIueS of these parameters signify for the separate relative

overall rate from eq 3 for each value of.ge Thus, i concentrations of the three catalyst species predicted _by the
experimental reaction rate measurements afor the réactionsmOdel' Table 1 shows that the MLs catalysF concentration
described by these (g e6yoq data were available, comparison is close to zero at all Ievel§ of catalyst enantiomeric excess for
of the experimental data trtc)) the predictions in Fiéure 1b would theK andg valges determ!ned fr_om t.he model fit, Therefore
provide a test of the physical significance of the model-derived the c_atalyst mixture consists primarily of only two catalytic
parameters. Agreement between experimentally measured an%pemes, th? enantiopure MLR and themesoMLRLs com-

; - ) o lexes. This result is predicted for high values of the equilib-
model-predicted reaction rates would confirm the applicability

of the model as a physical description of the nonlinear catalyst rium constant, indicating that thenesocomplex has formed
. phy : P YStat the expense d@ll of the minor enantiomeric ligandslwhich
behavior. Conversely, a discrepancy between the two would

. : e W riginally present in the mixture. Ther ion is therefor
suggest that one or more of the assumptions used in building as originally present in the mixture € reaction Is therefore

. . . . Ycatalyzed by a mixture of the MiLg catalyst giving product of
the model are not applicable to the catalytic system in question. e, and themesaMIL rLs species which gives racemic product.

In the case where experlmentql rate measurements are not ""rhe observed enantioselectivity will reflect some dilution of
agreement with the model predictions, an opportunity for further eq, by the racemic product formed by theesocomplex, but

e L i e by examialon of e Imogels e none of th pure . complex remains to conrtute
initial metak-ligand equil.ibration' if this :alssumption is not met Its opposite er_1ar_1t|oselect|V|ty_eQ,, the uIt_|mate_ effect will be
then the value oK may not rem:;in constant as,eds varied a positive d_ewanon from Fhe linear relationship betweqno@e
and a single model-derived value of this constgnt would n;)t be and egy, since the reaction rate of threesocomplex is less
. - . than that of the enantiopure catalyst{= 0.35gR).*
physically meaningful. Such a case might offer clues about
metal-ligand binding and dissociation rates in comparison t0 ~ (4) This concept of the selective sacrifice of one chiral ligand is also

the catalytic reaction rate which could then be used to optimize discussed in the second model presented by Kagan and co-workers, which
ligand design describes how the existence of a reservoir of inactive species outside the
’ . . . catalytic cycle may serve to increase the enantiopurity of the catalytic species

The model also assumes that no free ligand remains injnsige the cycle. They have also discussed how the reservoir model may

solution after this metalligand exchange equilibrium is reached be used in conjunction with the Mlmodels
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Figure 1. (a) Relationship between product enantioselectivity and
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Figure 1b makes it clear, however, that the cost of this Scheme 2
amplification of product chirality comes in the form of alower  y N[ 1, + yML{LsLg + zMLgLgLs + w MLsLs
overall reaction rate. Formation of thmesocomplex is an
effective method of engaging all of thg;ligand and therefore . e . e . e n, e’
suppressing the opposite chemistry of the enantiopurel ML home =0 ] °c °
catalyst. However, this necessarily also sacrifices some of the =& Thomo =& Thomo
Lr ligand, decreasing the total concentration of the gMk
species, which is the catalyst responsible for high activity and
selectivity. For example, Figure 1a,b shows that a catalyst of products
only 20% egux yields a reaction product of double this

enantioselectivity, but at a reaction rate equal to only half that gtferent activity and enantioselectivity and effectively cause a
of the enantiopure catalyst. _ N ~ change the overall enantiomeric excess of the species remaining
Other examples of even more dramatic positive asymmetric j the catalytic cycle. Our calculations also show that consid-
amplification in the ML system have been shown in theoretical eration of reaction rate as well as enantioselectivity provides a

curves by Kagan and co-workers, corresponding to the case ofmpgre complete picture of catalyst behavior in asymmetric
complete monopolization of the minor ligand by an even less catalytic reactions.

reactivemesospecies (higheK values, loweg values) than in ML 3 Model. An even more striking example of the implica-
the example just shown. The penalty in reaction rate for chiral tjons of reaction rate behavior for synthetic efficiency may be
amplification will be even greater in such a case. For example, found by considering the Mimodel described by Kagan and
the model predicts that product enantioselectivities approachingco-workerstab This model, shown in Scheme 2, treats the
90% may be obtained with chiral catalysts of only 10% purity theoretical case where one metal center and three chiral ligands
(model parameteris = 2500,g < 0.01), but the overall reaction  participate in the catalytic event. In the simplest catbes gives

rate in this catalyst mixture will be ten times slower than that gy catalytic species, two homochiral species and two hetero-
of the enantiopure catalyst. Thus the chiral amplification in chjral species. These heterochiral species, in contrast to the

this model may be thought of as an advantageous selectivemesospecies found in the MLsystem, are chiral and yield a
poisoning of the active catalyst: the stronger the positive chiral chjral product in the catalytic reaction.

amplification is, the lower the absolute concentration of active  kagan and co-workets carried out simulations of the

catalyst MlgLr in the catalyst mixturé. This rate behavior has  enantioselectivity behavior of the Misystem as a function of
implications for the practical exploitation of nonenantiopure catalyst enantiomeric excess, assuming that a statistical distribu-
catalyst systems in organic synthesis. The advantage oftion of the chiral ligands exists between these four complexes
combining some form of ligand-accelerated catalysis with the (x = 3). As an illustration, they treated the case where the
use of sgt_:h nonenantiopure systems also becomes apparent. homochiral complexes give an enantiopure product fee
An amplified rate of the reaction by some modifier added to 1009) and the heterochiral complexes givg ee50%. The
the system described here would help to offset the effects of ye|ative reactivity of the heterochiral complexes was varied from
the decreased concentration of the Mk catalyst in the  zero g = 0) to 2 orders of magnitude greater than that of the
catalytic cycle. . . . . homochiral complexesg(= 100). Figure 2 reproduces their
~ Although most studies of asymmetric catalytic reactions report simulation for these two extremes of relative reactivity of the
final conversion of substrate or isolated prOdUCt y|e|d in addition pure and mixed_"gand Comp|exes Showing how product enan-
to enantioselectivity, kinetic measurements of substrate conver-ipselectivity varies with eg, Significant deviations from linear
sion as a function of reaction time are carried out less often. hehavior are observed in this theoretical example. It is clear
Noyori and co-worker$ have completed some of the most  that high values ofy (a highly reactive heterochiral complex)
extensive kinetic studies as well as detailed spectroscopic andiead to a strong negative nonlinear effect; a catalyst of 50%
StI’UClUI’a| |nVest|gat|Ons Of nonlinear effeCtS in thell’ Work on enantiomeric excess g|ves a product of On|y 26% enantiose'ec-
the alkylation of aldehydes by dialkylzincs catalyzed by chiral tjyity. In a system wherg equals zero (inactive heterochiral
p-dialkylamino alcohols. Their studies include consideration complexes), by contrast, the product enantioselectivity is
of the consequences for reaction rate of the phenomena whichstrongly amplified: 93% 8fais achieved at 50% gg. Thus,
lead to nonlinear enantioselectivity behavior. Although that for an ML; system with these characteristics, it would appear
system cannot be described by a simplea¥iodel, the reaction  that a strategy for high chiral efficiency would be favored by
exhibits an overall rate decrease with decreasipg & reasons an inactive heterochiral complex.
similar to those discussed here. Potential catalytic species which - analogous to the calculations presented here for the ML
become engaged in mixed-ligand complexes alter the overall system, we may now determine how both the relative concen-
observed catalytic behavior because these complexes exhibitrations of the catalytic species and the reaction rate in the ML
(5) For reports on chiral poisoning, see: (a) Alcock, N. W.; Brown, J. sys_tem Va_ry as the relative amoun_ts of and Ls (e_%UX) are
M.; Maddox, P. JJ. Chem. Soc., Chem. Commu®86 1532-33. (b) varied? Figure 3 shows the relative concentrations of the
Maruoka, K.; Yamamoto, HJ. Am. Chem. Sod989 115 789-90. (c) catalyst species in the MLsystem for the case of a statistical

Faller, 3. W.; Parr, 3JJ. An. Chem. Sacl993 115 804-05. Kagan and g bar - _ -
co-workers have also pointed out how the concept of chiral poisoning distribution of ligandsK = 3). Measurable concentrations of

increases the concentration of enantiopure catalyst within the catalytic cycle. all four complexes are present untibggeaches~70%. Thus
(6) () Jacobsen, E. N.; Marko, |.; France, M. B.; Svendsen, J. S.; in the case of a loWK value, the heterochiral complexes have
Sharpless, K. BJ. Am. Chem. Sod 989 111, 737-739. (b) Berrisford,
D. J.; Bolm, C.; Sharpless, K. BAngew. Chem1995 34, 1059-1070. (8) The actual case of an Mlcatalyst is probably more complex than
(7) A related idea described recently is called “chiral activation”. Addition that described by this model. The two heterochiral complexeszLMLs
of a species which selectively interacts with one enantiomer in a racemic and MLgLd r would most likely be further differentiated by their relative
catalyst mixture resulted in a significant rate acceleration of the reaction positions in the coordination sphere of the metal: for example, in an
carried out by the activated catalyst species. No “sacrifice” of either catalytic octahedral complex, the intrinsic enantioselectivities of catalysts containing
species occurs in this case; in fact, the remaining, unactivated enantiomerhomochiral ligandscis to one another could be different than that of a
continues to react with its intrinsic activity and (opposite) enantioselectiv- complex where heterochiral ligands are imia configuration.
ity: (a) Mikami, K.; Matsukawa T.Nature 1997 385 613-15. (b) (9) Details on these calculations are available in the Supporting Informa-
Matsukawa, T.; Mikami, KTetrahedron Asymmetryl997, 8, 815-816. tion.
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Figure 2. Calculation of the nonlinear relationship between product
enantioselectivity and catalyst enantiomeric excess for theritidel,
reproduced from Ref. 1a, Figure 9 (Copyright 1994 American Chemical
Society), with the following parameter& = 3; enantioselectivity from
homochiral species ge= 100%; enantioselectivity from heterochiral
species €g = 50%; relative reaction rate for heterochiral vs homochiral
speciesg = 0 org = 100. The dashed line shows the linear relationship.
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804 a ML; Model
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Figure 4. Reaction rate as a function of catalyst enantiomeric excess
in the ML; system: (@) overall reaction rate and (b) rate of production
of theR product. Parameters = 3; enantioselectivity from homochiral
species, eg= 100%; enantioselectivity from heterochiral speci€’s ee
= 50%; relative reaction rate for heterochiral vs homochiral spegies,
=0 org = 100.

regardless of the intrinsic enantioselectivities or relative reac-
tivities (e, e€,, and g) of the catalytic reaction in which these
species participate.

Also analogous to our calculations for the Misystem,

in the ML; system as a function of catalyst enantiomeric excess, for determination of the relative catalyst concentrations allows us

the case of a statistical distibution ok and Ls ligands K = 3).

not completely engaged all of the minor ligang in contrast

to the observation in the previous Mkystem wher& = 1000.

As eaux increases from 0 to 100% (and consequently the
percentage of kincreases from 50% to 100%), the concentra-
tion of the homochiral MRLgLr increases steadily. The
heterocomplex MRLRgLs at first shows an increase in concen-
tration as egy increases. The concentrations of this complex
and the other two &containing complexes (MdLdLr and
MLd 4 ¢ eventually decrease to zero aggapproaches 100%

to explore reaction rate behavior at different gealues for
the MLs system shown in Figure B.For this illustration, we
take the two caseg = 0 andg = 100 from Figure 2 (eg=
100%, e& = 50%). Figure 4 shows the model prediction of
reaction rate vs gg for these two cases.

The reaction rate data in Figure 4a reveal a striking contrast
to the conclusions reached from the enantioselectivity plot for
the same two cases shown in Figure 2. The system which
exhibited a strongegatie nonlinear effect in enantioselectivity
shows a strongositive amplification in reaction rate. At low
values of eg,y the reaction rate for the case where= 100 is

and the s concentration in the system approaches zero. The 2 orders of magnitude faster than that p= 0 as well as that
relative concentrations of these complexes are fixed by the valuefound for the linear case{,mg. This rate difference decreases

of the equilibrium constari and are not affected by parameters

as egxincreases, but a 10-fold difference in rates remains even

of the catalytic reaction. Thus Figure 3 describes how the at equx= 95%. Thus it is demonstrated for the Mtase how

relative amounts of the different catalyst species vary withcee

high asymmetric amplification in product chirality is achieved
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at an even more dramatic cost in reaction rate than was observeduppressed production rates may ultimately be an acceptable

in the ML, model.

We may put this difference in rates in terms of the overall
synthetic efficiency of the reaction by considering specifically
the rate of production of the desird®l product. Figure 4b
compares théR product rate for the cases gf= 0 andg =
100 shown in 4a. This shows that at,ge= 50%, while the
catalyst mixture exhibits a nearly 4-fofabsitive amplification
in product enantioselectivity in the case whgre 0 compared
to g = 100, in fact it produces 100 timelgss R product
molecules in a given reaction time. Thus, a significaigolute
amplificationin the R product as a function of ggis observed
for the case which exhibits megative nonlinear relationship
between eg.q and eguy. It should be emphasized that ths
product rate is also amplified over the rate which would be
observed in the absence of a nonlinear effect inxee

The result that a catalyst mixture with poorer enantioselec-
tivity gives a higher synthetic efficiency to the desired product
may appear to be counterintuitive, but this conclusion is easily
rationalized by recalling that selectivity in any reaction is given
by aratio of reaction rates. The individual product formation
rates may rise or fall as selectivity changes. The overall
synthetic yield in a reaction will depend both on how selectively
and on how fast a product is formed. Thus a strategy for
efficient catalytic synthesis of chiral compounds should take
into account both enantioselectivity (chiral efficiency) and
reaction rate (overall synthetic efficiency) behavior in the choice

price to pay for high enantioselectivity in the catalytic reaction.

Conclusions

This paper highlights the importance of considering reaction
rate data in conjunction with enantioselectivity results for
asymmetric catalytic reactions. It is demonstrated how kinetic
measurements may provide an independent means of confirming
parameters derived from theoretical models such as those
developed by Kagan and co-workéf$. Thus reaction rate data
may help to corroborate the insights that these models offer
about the participation of different catalyst species in the reaction
mechanism. Alternatively, experimental rate data may point
out cases where the models fail to provide an adequate physical
description of the catalytic system.

An example is given to illustrate thatreegative nonlinear
effect in enantioselectivity may be accompanied by a significant
positive amplification in reaction rate. This work illustrates how
consideration of reaction rates can add valuable insights for
developing synthetic strategies for the efficient production of
chiral compounds from nonenantiopure catalyst mixtures.
Understanding the kinetic aspects of these reactions may thus
help lead to a fuller understanding and ultimate exploitation of
nonlinear effects in asymmetric catalysis.

Supporting Information Available: Calculations of relative
concentrations of catalytic species, {, z, and w) and the
reaction rate for the My model (2 pages). See any current

of a catalyst system to carry out the reaction. For cases where
separation of the two enantiomeric reaction products is very
difficult or very costly, a penalty in the form of severely

masthead page for ordering and Internet access instructions.
JA973049M



