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Abstract: Phenomena related to asymmetric amplification are considered to be key to understand- 11 
ing the emergence of homochirality in life. In asymmetric catalysis, theoretical and experimental 12 
models have been studied to understand such chiral amplification, in particular on the basis of non- 13 
linear effects. Three decades after the theoretical demonstration that a chiral catalyst, when not en- 14 
antiopure, could be more enantioselective than its enantiopure counterpart, we show here a new 15 
experimental example of nonlinear hyperpositive effect. We report here our investigations in the 16 
enantioselective zinc-catalyzed alkylation of benzaldehyde with N-pyrrolidinyl norephedrine as 17 
partially resolved chiral ligand, which shows a significant hyperpositive non-linear effect. A study 18 
of the underlying mechanism has been conducted and allows us to confirm a mechanism that imply 19 
a monomeric and a dimeric complex both catalyzing the reaction at a steady state and giving differ- 20 
ent enantioselectivities. 21 

Keywords: asymmetric catalysis; nonlinear effect; chiral amplification 22 
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1. Introduction 24 
Asymmetric synthesis and catalysis are of paramount importance for obtaining en- 25 

antiopure molecules, especially in the development of chiral drugs that are almost exclu- 26 
sively applied in the form of single enantiomers [1]. In asymmetric catalysis, a chiral aux- 27 
iliary (most often a chiral ligand attached to a metal) is used ideally in its enantiomerically 28 
pure form to maximize the enantiomeric excess of the desired product (eeP). When the 29 
chiral auxiliary is not enantiopure, in most cases a linearity is observed between the opti- 30 
cal purity of the product (eeP) and the reagent (eeL), as shown in Figure 1a. However, de- 31 
viations from linearity between eeP and eeL can occur and are referred to as non-linear 32 
effects (NLEs) [2,3]. In the case of a positive non-linear effect (often called (+)-NLE), the 33 
eeP can be much higher than the eeL, resulting in asymmetric amplification (Figure 1b). 34 
The opposite is also possible, called negative non-linear effect ((-)-NLE) (Figure 1c).  35 

Recently, we observed that a chiral catalyst, when not enantiopure, can be more en- 36 
antioselective than its enantiopure counterpart (Figure 1d) [4].Such unusual, “hyperposi- 37 
tive” NLE was first suggested by Kagan in the mid-90’s [2,5,6]. This was observed in the 38 
zinc-catalyzed alkylation of aldehyde in the presence of N-benzyl ephedrine and we ra- 39 
tionalized the hyperpositive NLE by introducing a monomer-dimer competition model 40 
where both monomers and dimers are catalytically active [4,7,8,9]. Such model also allows 41 
to describe enantiodivergent NLEs, that is when a catalyst can generate one enantiomer 42 
or its opposite by simply varying the ligand ee (see Figure 1e) which was observed with 43 
N-methyl ephedrine as ligand [10]. 44 



 

 

 45 
Figure 1. Product ee vs ligand ee-graphs of catalytic asymmetric reactions showing examples for a) 46 
no NLE, b) a positive NLE [(+)-NLE)], c) a negative NLE [(-)-NLE)] d) a hyperpositive NLE and e) a 47 
enantiodivergent NLE. 48 

Since chiral ligands based on ephedrine or norephedrine have been and still are 49 
widely used in asymmetric catalysis, it appeared important to study other derivatives of 50 
this family in the context of non-linear effect. Among all the derivatives, N-pyrrolidinyl 51 
norephedrine (NPNE) attracted our attention [11,12] in part because it is one of the most 52 
enantioselective ligands in ephedrine-based catalytic organozinc additions. 53 

Herein, we wish to report our investigations in the enantioselective zinc-catalyzed 54 
alkylation of benzaldehyde with NPNE as partially resolved chiral ligand. A hyperposi- 55 
tive non-linear effect was observed with diethylzinc or dimethylzinc as reagent, which 56 
was found to be more pronounced at low temperatures. The results were rationalized by 57 
studying the effect of temperature and concentration and also on the basis of our previous 58 
studies with N-benzyl ephedrine. Overall, this system concords with the previously pro- 59 
posed monomer-dimer competition model, where a monomeric species is in equilibrium 60 
with a dimeric species, both being active and competing to generate the product albeit 61 
with different enantioselectivity. 62 

 63 
Figure 1. Catalytic enantioselective addition of dialkylzincs to benzaldehyde, catalyzed by N-pyr- 64 
rolidinyl norephedrine. 65 

2. Results 66 
2.1. Non-linear studies 67 

The zinc-catalyzed alkylation of benzaldehyde was investigated with partially re- 68 
solved chiral N-pyrrolidinyl norephedrine ligand (NPNE). Figure 2 displays the results 69 
with diethylzinc (a) or dimethylzinc (b) as reagent. The catalyst loading was fixed at 20 70 
mol% and toluene was used as solvent. The reactions were carried out at 20 °C, 0 °C and 71 
-20 °C. 72 
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In case (a), at room temperature the product was isolated in 81.4% ee when the enan- 73 
tiopure ligand was used (green curve). A strong positive non-linear effect occurred with 74 
essentially no change of the product enantiopurity up to eeL of 25%. The lowering of the 75 
reaction temperature induced a slight increase in the optical purity of the product and the 76 
appearance of a hyperpositive effect that is more significant at -20 °C than 0 °C (Dee of 77 
4.2% and 3.2%, respectively). In contrast, in case (b) the best enantioselectivity in presence 78 
of the enantiopure ligand was observed at room temperature (68.2% ee), since the lower- 79 
ing of the reaction temperature caused an opposite result than before. The three curves 80 
showed a hyperpositive effect that intensified with decreasing temperature. Here, the 81 
highest Dee was found to be 10.6%.  82 

 83 
(a) 84 

 85 
(b) 86 

 87 
Figure 2. Optical purity of the product as a function of the enantiomeric excess of NPNE ligand (20 88 
mol%) at different temperatures. (a) with ZnEt2 as reagent; (b) with ZnMe2 as reagent. The reaction 89 
conditions and experimental procedure are described in the Supplementary Methods. Each point is 90 
the mean of three different experiments. The vertical error bars depict standard deviations. The 91 
dashed line represents the product e.e. of the enantiopure compound; the full line is a free-hand 92 
drawing, which serves as a guideline. 93 



 

 

During the catalytic investigations, we detected that, when the partially resolved lig- 94 
and was used, upon addition of the dialkylzinc reagent a precipitate was observed. This 95 
was in contrast to the use of the enantiopure ligand which gave a clear solution. Figure 3 96 
displays three selected catalytic samples at 20%, 50% and 100% eeL (from left to right) that 97 
clearly illustrates the differences. Additional experiments were carried out to identify the 98 
nature of the precipitate. Analyses of the hydrolyzed precipitate obtained from 20% ee 99 
NPNE ligand sample revealed the free ligand in its racemic form, as deduced from the 100 
measurement of the optical rotatory power. 101 

 102 

 103 
Figure 3. Reaction medium (Ligand, substrate, diethylzinc, toluene) as function of the optical purity 104 
of the NPNE ligand. From left to right: 20%eeL ; 50%eeL; 100% eeL. 105 

2.2. Impact of catalyst loading 106 
The enantioselective reaction was evaluated by varying the catalyst loading of the 107 

enantiopure NPNE ligand with diethylzinc (Figure 4, a) or dimethylzinc (Figure 4, b) as 108 
reagent. In both cases, the results showed that a decrease in catalyst loading resulted in 109 
an increase in the enantiomeric excess of the product.  110 

All curves show the same trend, the major difference between the two reagents lies 111 
in the temperature effect as already observed in the previous NLE studies. 112 

 113 

 114 
a) b)

 115 
Figure 4. Optical purity of the product as a function of the catalyst loading of NPNE ligand (enan- 116 
tiopure 1S-2R form) at different temperatures. (a) with ZnEt2 as reagent; (b) with ZnMe2 as reagent. 117 
The reaction conditions and experimental procedure are described in the Supplementary Methods. 118 
Each point is the mean of three different experiments. The vertical error bars depict standard devi- 119 
ations. The dotted trendlines are second-order polynomial fits, which serve as guidelines. 120 

2.3. Impact of temperature 121 

The impact of the reaction temperature on the product enantioselectivity was inves- 122 
tigated. Figure 5 displays the results ranging from -20 °C to 40 °C with diethylzinc (yellow 123 
triangle) or with dimethylzinc (blue square) as reagent. With diethylzinc, the product ee 124 



 

 

went down from 84.4% at -20 °C to 77.8% at 40 °C. In contrast, the product ee increased 125 
from 54.4% at -20 °C to 72.4% at 40 °C with dimethylzinc.    126 

 127 
Figure 5. Optical purity of the product as a function of the temperature. Orange triangles correspond 128 
to the reaction with ZnEt2 as reagent; Blue squares correspond to the reaction with ZnMe2 as reagent. 129 
The reaction conditions and experimental procedure are described in the Supplementary Methods. 130 
Each point is the mean of three different experiments. The horizontal error bars depict temperature 131 
variation during the reaction. The vertical error bars depict standard deviations. The dotted trend- 132 
lines are second-order polynomial fits, which serve as guidelines. 133 

3. Discussion 134 
The norephedrine skeleton has been used extensively for the development of efficient 135 

chiral auxiliaries in asymmetric synthesis and asymmetric catalysis, mostly with zinc as 136 
active metal [13]. Enantioselectivities greater than 90% ee were often reported in the al- 137 
kylation (or alkynylation) of carbonyl or imine compounds [14,15,16]. Additionally, Efavi- 138 
renz, an industrially produced drug for the treatment of Human Immunodeficiency Virus 139 
(HIV), includes an enantioselective transformation mediated by N-pyrrolidinyl norephed- 140 
rine (NPNE) [17]. We therefore decided to focus NLE studies with NPNE ligand to better 141 
understand the nature of the catalytically active species. 142 

Investigations of the product ee (eeP) as function of ligand ee (eeL) with NPNE re- 143 
vealed a hyperpositive NLE in the zinc-catalyzed alkylation reaction (Figure 2). Such be- 144 
havior is similar to what was observed previously with the N-benzyl ephedrine ligand [4]. 145 
Interestingly, using ZnMe2 as reagent the enantioselectivities are more pronounced than 146 
with the NBE ligand. The hyperpositive NLE effects (i. e. the difference between the high- 147 
est eeP obtained and the eeP with enantiopure ligand) with NPNE ligand are relatively 148 
small at room temperature and more pronounced at lower temperature (0 and -20 °C). 149 

Similar to what was observed with the NBE system, a zinc aggregate precipitated 150 
when the ligand was not enantiopure, as shown in Figure 3 [18]. A measurement of the 151 
rotatory power of the ligand contained in the aggregate revealed that the ligand was in its 152 
racemic form. Therefore, the precipitate is an overall racemic mixture of NPNE-com- 153 
plexes, as previously observed with NBE as ligand, most likely as a heterochiral dimer or 154 
co-precipitated RRS·RSS trimer adduct (trimeric adducts were observed in solution with 155 
the parent ligand N-methyl ephedrine) [8]. Such precipitation of racemic ligand causes a 156 
strong positive non-linear effect to emerge, as it enantioenriches the zinc species left in 157 
solution (i.e. Kagan’s reservoir effect) [3]. Trapping the ligand in a racemic form implies that 158 
when decreasing the enantiomeric excess of the ligand, we generate more racemic inactive 159 
aggregates and thus less catalytically active species. Figure 4 displays the evolution of 160 
product ee as function of the catalyst loading of the enantiopure NPNE. In all cases, a 161 
decrease of the catalyst loading led to an increase of the product ee.  162 

 163 



 

 

The catalytic loading effect with the enantiopure ligand and the non-linear effects 164 
were correlated. Considering that the reservoir effect on the racemic species is optimal in 165 
these systems, we could correlate the data points from the catalyst loading effect with a 166 
virtual enantiomeric excess if a scalemic ligand was used. The plots were superimposed 167 
with the NLE curves and are displayed in Figure 7 below [4]. At -20 °C and 0 °C, good 168 
agreement was observed but not at room temperature. 169 

 170 

 171 
Figure 7. Colored dots: Non-linear studies (from Figure 2). Black dots: Superimposition of eeP as 172 
function of catalyst loading, which was previously converted to eeP vs. simulated ligand ee assum- 173 
ing a complete trapping of the racemic ligand (from Figure 4). 174 

Altogether, these results indicate a monomer-dimer mechanism as proposed in Fig- 175 
ure 8 [19]. Two different enantiodivergent pathways are present in the system: a mono- 176 
meric (-)-NPNE-ZnR-catalyzed mechanism and a dimeric (-)-NPNE-ZnR-catalyzed mech- 177 
anism that operate at a steady state. Since the overall ee (and yield) of the product is the 178 
combination of the two catalysts, if (i) the monomeric catalyst is more enantioselective 179 
than the dimeric catalyst (i.e. ee1 > ee2), (ii) the two chiral catalysts are in dynamic equilib- 180 
rium, and (iii) the minor enantiomer is trapped in the form of an inactive species such as 181 
a solid heterochiral dimer, then a hyperpositive non-linear effect is possible. Indeed, de- 182 
creasing eeL leads to an increase of eeP because the equilibrium should be shifted to the 183 
monomeric catalyst. Decreasing the catalyst loading should have the same effect.   184 

 185 



 

 

 186 
Figure 8. Proposed enantiodivergent model with (-)-NPNE as major enantiomer. 187 

However, this hyperpositive non-linear effect will only be possible if the reservoir 188 
effect is highly efficient, trapping the minor enantiomer. This is the case at low tempera- 189 
tures (0°C and -20 °C). On the other hand, at room temperature we observe essentially a 190 
“classical” positive non-linear effect although the study of the catalysis revealed an in- 191 
crease of eeP as function of the catalyst loading (Figure 4). This suggest that at room tem- 192 
perature a portion of the heterochiral dimer is soluble and lowers the overall eeP by allow- 193 
ing for the formation of the minor enantiomer catalyst, or by being catalytically active 194 
itself and generating racemic product.   195 

 196 
In asymmetric catalysis, the enantioselectivity is determined by the relative rates of 197 

the enantiodifferentiating step (i.e. DDG*), which is temperature-dependent. As a result, 198 
the enantioselectivity is greater at lower temperature. Here, we also investigated the effect 199 
of the temperature on the overall product ee of the reaction (Figure 5). With diethylzinc 200 
as reagent, eeP goes from 84.2% at -20 °C to 77.8% at 40°C, a variation that is very little 201 
given the temperature range. With dimethylzinc, the enantiomeric excess of the product 202 
was significantly increased (from 54.4% to 75.1%) which is an unusual inverse tempera- 203 
ture dependence. Altogether, this is consistent with an equilibrium between a monomeric 204 
species and a dimeric species, which is shifted towards the more enantioselective mono- 205 
mer at higher temperature. 206 

4. Materials and Methods 207 
Synthetic procedures as well as additional data for experimental catalytic runs can 208 

be found in the supplementary information section. Detailed experimental data (reactant 209 
quantities, reaction conditions, raw and treated results for all catalytic runs). 210 

5. Conclusions 211 
In asymmetric synthesis or catalysis, the NPNE ligand is one of the most used in the 212 

family of ephedrine-based ligands usually generating products with high enantiocontrol. 213 
The study of the ee of the product versus the ee with this ligand in the asymmetric or- 214 
ganozinc alkylation demonstrated that the chiral catalyst, when not enantiopure, is more 215 
enantioselective than its enantiopure counterpart. Mechanistic studies show that the sys- 216 
tem follows the same pattern as that with N-benzyl ephedrine or N-methyl ephedrine 217 
ligands: with NPNE ligand, we noticed the presence of an insoluble racemic aggregate 218 
that allowed to trap the minor enantiomer catalyst. The remaining enantioenriched active 219 
species consist in a two-component system, where a monomeric catalyst is in equilibrium 220 
with a dimeric catalyst. The equilibrium between the catalytic species is dependent on the 221 
total concentration of species in solution which depends on the enantiomeric excess of the 222 
ligand used in the reaction. Evidence	for	this	model	has	been	found	by	varying	the	catalyst	 223 
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loading,	or	the	reaction	temperature.	A	correlation	between	the catalytic loading effect with 224 
the enantiopure ligand and the non-linear effects suggested that part of the racemic ag- 225 
gregate could catalyze the reaction and reduce the magnitude of the observed hyperposi- 226 
tive non-linear effect at higher temperature. 227 

 228 
Supplementary Materials: Additional information of this research is included in Ta- 229 

bles S1–S13, which are available online. Synthetic procedures are also included. 230 
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