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Abstract

Investigation of the dependence of product ee on catalyst ee is a widely used tool to probe the 

mechanism of an enantioselective reaction; in particular, the observation of a nonlinear 

relationship is usually interpreted as an indication of the presence of one or more species that 

contain at least two units of the chiral entity. In this report, we demonstrate that catalytic 

enantioconvergent reactions can display an intrinsic negative nonlinear effect that originates purely 

from the kinetic characteristics of certain enantioconvergent processes and is independent of 

possible aggregation of the chiral entity. Specifically, this intrinsic negative nonlinear effect can 

arise when there is a kinetic resolution of the racemic starting material, and its magnitude is 

correlated with the selectivity factor and the conversion; the dependence on conversion provides a 

ready means to distinguish it from a more conventional nonlinear effect. We support our analysis 

with experimental data for two distinct enantioconvergent processes, one catalyzed by a chiral 

phosphine and the other by a chiral Pd/phosphine complex.
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INTRODUCTION

A nonlinear effect (NLE) in asymmetric catalysis is a deviation from proportionality (linear 

dependence) between the enantiomeric excess of a chiral product (eeP) and the enantiomeric 

excess of a chiral catalyst (eeCAT) used in a reaction (Figure 1).1 The first instances of such 

nonlinear effects (positive and negative) were reported by Kagan in 1986.2 Since this 

pioneering discovery, a growing number of processes that display positive, negative, or 

multi-shape nonlinear effects have been identified.

Since 1986, nonlinear effects have attracted considerable attention, both for practical reasons 

and from the perspective of understanding reaction mechanisms.1 In the latter case, an 

adherence to or a departure from a linear relationship can provide insight into the 

composition of species that are present in a reaction mixture. Thus, the observation of a 

nonlinear effect in a homogeneous reaction3 can be an indication of the presence of a 

catalyst (or other species) that contains two or more units of the chiral entity (e.g., multiple 

chiral ligands bound to a transition metal), and models for various scenarios have been 

developed, e.g., MLn models for catalysts and a reservoir model. Due in part to the 

experimental simplicity of NLE investigations relative to many other types of mechanistic 

studies, the determination of the relationship between product ee and catalyst ee has become 

a standard tool for obtaining insight into new catalytic asymmetric processes.

As indicated above, the observation of a nonlinear correlation between product ee and 

catalyst ee is typically interpreted as evidence for the presence of one or more species that 

contain multiple units of the chiral entity. In this report, we demonstrate that a nonlinear 

effect can be observed in the absence of such higher-order speciation; specifically, we 

provide a model and experimental data that illustrate that a (negative) nonlinear effect can 

occur in certain enantioconvergent reactions.

RESULTS AND DISCUSSION

Analysis

In the case of simple (non-dynamic) kinetic resolutions of racemic compounds (Figure 2), 

the ee of the product varies intrinsically as a function of conversion,4 which complicates the 

use of conventional NLE studies (e.g., Figure 1) as a mechanistic probe. Nevertheless, 
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investigations (both theory and experiment) of such kinetic resolutions using 

enantiomerically impure catalysts have been described, usually focusing on the impact on 

the ee of the unreacted, enantioenriched starting material,5 which is often the “desired 

product” in simple kinetic resolutions.

Racemic compounds can serve as useful substrates not only for simple kinetic resolutions, 

but also for stereoconvergent reactions, wherein both enantiomers of the racemic starting 

material are converted into a particular enantiomer of the product, thereby making full use of 

the substrate (Figure 3).6–8 Enantioconvergence can be achieved with (e.g., dynamic kinetic 

resolution)6 or without7 in situ racemization of the starting material.9 In such reactions, the 

ee of the product need not vary as a function of conversion or of the stereochemical 

composition of the starting material.

Although nonlinear effects have been investigated in the context of certain kinetic 

resolutions,5 to the best of our knowledge, nonlinear effects in enantioconvergent processes 

of the type depicted in Figure 3b have not been mathematically analyzed;10 building on 

important earlier studies,5 we focus on this topic in the context of product ee.

For the sake of illustration, we examine the simplest scenar- io, wherein the catalyst is fully 

selective (i.e., kS = 0 in Figure 3b). In this case, CATR produces only PR, and the 

enantioconvergent reaction may be represented by eq 1 and eq 2.11 If the catalyst is 

scalemic, as in an NLE study, then two additional pathways must also be considered (eq 3 

and eq 4), which have the same pair of rate constants as for eq 1 and eq 2 (k1 and k2), due to 

symmetry.

Within this model, consider the case in which k1 >> k2 (i.e., there is a substantial kinetic 

resolution of the starting material) and the catalyst is scalemic ([CATR] > [CATS]). At the 
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beginning of the reaction, eq 1 is therefore dominant, leading to the preferential formation of 

PR and the corresponding depletion of SMR relative to SMS. As the reaction progresses, 

because [SMS] > [SMR], eq 4 becomes increasingly significant, leading to an erosion in 

product ee.12 Of course, this parallels the behavior of product ee in a simple kinetic 

resolution, i.e., it decreases as the reaction proceeds.

Figure 4 illustrates numerical simulations of the model that is shown in eqs 1–4. At the 

outset of the reaction, the product ee (eeP) is equal to the catalyst ee (eeCAT); as the reaction 

progresses, the product ee decreases from that initial value (Figure 4a). The magnitude of 

this effect increases as the selectivity factor increases (Figure 4b).

The calculated dependence of product ee on catalyst ee as a function of the selectivity factor 

at 10% and at 90% conversion is provided in Figures 5a and 5b, respectively. These figures 

illustrate that, for enantioconvergent processes of the type analyzed herein, a negative 
nonlinear effect is expected without the intervention of higher-order species.

At 10% conversion, the “intrinsic” negative nonlinear effect is very small even for reactions 

with a high selectivity factor (Figure 5a). This is because, at low conversion, the unreacted 

starting material is virtually racemic, and the ee of the product therefore largely reflects the 

ee of the catalyst (left side of Figure 4a) and the inherent selectivity of the catalyst (left side 

of Figure 4b).

On the other hand, at 90% conversion, the intrinsic nonlinear effect is much more 

pronounced and is discernible even in the case of a low selectivity factor (e.g., s = 3; Figure 

5b). This is because, at high conversion, the unreacted starting material may be substantially 

enantioenriched, and the ee of the product therefore deviates from that expected based on the 

ee of the catalyst (Figure 4a: “expected” = left side; observed = right side) and the inherent 

selectivity of the catalyst (Figure 4b: “expected” = left side; observed = right side).

Because the magnitude of this intrinsic nonlinear effect for such enantioconvergent 

processes is dependent on the conversion, investigations of nonlinear effects for these 

reactions should be conducted at low and at high conversion. In order to assess the possible 

presence of higher-order species that contain the chiral entity, an NLE study carried out at 

low (and consistent) conversion will minimize the impact of the intrinsic negative nonlinear 

effect (Figure 5a). Comparison of the low-conversion and the high-conversion data can then 

provide insight into the contribution of the intrinsic nonlinear effect. From a practical point 

of view, the graph in Figure 5b shows that, for enantioconvergent reactions that proceed with 

a high selectivity factor, it can be important to employ catalyst of very high ee, because even 

modest impurities can lead to a substantial erosion in product ee (Figure 5b: eeCAT = 95%, s 

= 50 ⟹ eeP = 50%).

It is important to note that many of our conclusions have analogy with Blackmond, 
Singleton, Kagan, and Ismagilov’s analyses of the use of enantiomerically impure catalysts 
in simple kinetic resolutions.5 However, due to the nature of simple kinetic resolutions 

(product ee decreases as the conversion increases), they are not typically subjected to 

classical NLE studies of product ee versus catalyst ee.
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Thus, enantioconvergent reactions can display an intrinsic negative nonlinear effect that 

originates from the inherent kinetics of the system and not from the intervention of higher-

order species that include the chiral entity. This effect can occur when there is a kinetic 

resolution of the chiral substrate that is (at least partly) the turnover-limiting step of the 

overall catalytic cycle.

Experimental data

We have examined nonlinear effects for two distinct enantioconvergent processes, one that is 

catalyzed by a phosphine and one that is catalyzed by a transition metal. For each reaction, 

we have investigated the impact of catalyst ee on product ee at low and at high conversions 

of the starting material.

First, we investigated the enantioselective addition of 1,3-oxazol-5(4H)-ones to racemic 

allenes catalyzed by chiral phosphepine 1 (eq 5).13 Mechanistic studies of this and of related 

phosphine-catalyzed γ additions are consistent with the mechanism outlined in Figure 

6.13,14

(5)

The coupling is stereoconvergent with respect to both of the racemic starting materials. With 

regard to the 1,3-oxazol-5(4H)-one, because it undergoes rapid deprotonation/racemization 

under the reaction conditions and the achiral conjugate base serves as the partner in the 

coupling process, its chirality does not impact our analysis. With regard to the allene, it does 

not racemize during the reaction, and a modest kinetic resolution is observed (s ~ 4). The 

rate law for the coupling is first-order in the catalyst and in the allene, and it is zeroth-order 

in the nucleophile and the phenol. Furthermore, the resting state of the catalyst during the 

reaction is the free phosphine. Collectively, these data are consistent with the formation of 

intermediate 2 being the rate-determining step of the catalytic cycle (Figure 6).13 In this 

step, the two enantiomers of the allene react with the chiral catalyst to form a common 

intermediate in which the axial chirality of the starting allene has been ablated.

As illustrated in Figure 7, when this phosphine-catalyzed γ addition is examined at low 

conversion, no nonlinear effect is evident (~10% conversion; blue squares). In contrast, 

when the reaction is allowed to proceed to high conversion, a negative nonlinear effect is 

observed (>90% conversion; red circles). Because no nonlinear effect is detected at low 

conversion, we conclude that the observed negative nonlinear effect at >90% conversion is 

due to the intrinsic kinetics of this enantioconvergent process, as predicted by the model, 

rather than the presence of species that contain more than one unit of the chiral phosphine. 
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The magnitude of the intrinsic nonlinear effect is small, due to the modest selectivity factor 

(s ~ 4) in the kinetic resolution of the chiral allene.

Next, we chose to investigate a mechanistically distinct enantioconvergent process wherein 

the intrinsic negative nonlinear effect should be more apparent, due to a more efficient 

kinetic resolution. Specifically, we examined the palladium-catalyzed enantioconvergent 

conversion of racemic allylic carbonates into allylic alcohols, under the conditions described 

by Gais (eq 6).15

(6)

An outline of the proposed mechanism,15 which follows the generally accepted pathway for 

allylic substitutions catalyzed by palladium(0) complexes,16 is provided in Figure 8. In the 

first step, the two enantiomers of the allylic carbonate react with the chiral catalyst to form a 

common intermediate (4), resulting in enantioconvergence of the racemic starting material. 

Our own investigation establishes that the starting allylic carbonate is configurationally 

stable under the reaction conditions and that it is resolved with a high selectivity factor (s ~ 

70).17

When we conduct an NLE study of this palladium-catalyzed enantioconvergent process, 

essentially no nonlinear effect is evident at low conversion (blue squares; Figure 9), whereas 

we observe a substantial negative nonlinear effect for reactions that proceed to high 

conversion (red circles). Again, this is consistent with our model and with the conclusion 

that the negative nonlinear effect at high conversion is due to the intrinsic kinetics of the 

enantioconvergent reaction, not to higher-order species that contain the chiral ligand.18

CONCLUSIONS

Although the observation of a nonlinear effect (eeP versus eeCAT) in a catalytic asymmetric 

reaction is often cited as evidence for the presence of at least one species that contains 

multiple units of the chiral entity, we have identified a particular family of processes that can 

display a negative nonlinear effect in the absence of such higher-order species. Thus, 

enantioconvergent reactions wherein there is a kinetic resolution of the racemic starting 

material in the (at least partially) rate-determining step can exhibit a negative nonlinear 
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effect due to the intrinsic kinetics of such transformations. In the context of two previously 

reported enantioconvergent processes, we have demonstrated that, by investigating the 

relationship between eeP and eeCAT both at low and at high conversion, it is possible to gain 

insight into the origin of a nonlinear effect, i.e., due to higher-order species versus intrinsic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Examples of nonlinear effects in asymmetric catalysis. eeMAX = ee provided by enantiopure 

catalyst.
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Figure 2. 
A simple (non-dynamic) kinetic resolution.
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Figure 3. 
Illustrative examples of enantioconvergent processes: (a) with in situ racemization of the 

starting material; (b) without in situ racemization of the starting material.
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Figure 4. 
Mathematical simulations of product ee (eeP) as a function of conversion, starting from a 

racemic starting material. Variation of: (a) eeCAT, with a constant s (10); (b) s, with a 

constant eeCAT (50%).
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Figure 5. 
Mathematical simulations of product ee (eeP) as a function of catalyst ee (eeCAT), starting 

from a racemic starting material. Variation of s at: (a) 10% conversion; (b) 90% conversion.
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Figure 6. 
Outline of the proposed mechanism for the enantioconvergent γ addition of 1,3-

oxazol-5(4H)-ones to racemic allenes catalyzed by chiral phosphepine 1.
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Figure 7. 
Product ee (major diastereomer) as a function of catalyst ee for a phosphine-catalyzed 

enantioconvergent coupling (eq 5).
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Figure 8. 
Outline of the proposed mechanism for the enantioconvergent conversion of racemic allylic 

carbonates into allylic alcohols catalyzed by a chiral palladium/phosphine complex.
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Figure 9. 
Product ee as a function of catalyst ee for a palladium-catalyzed enantioconvergent coupling 

(eq 6).
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