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Absolute asymmetric synthesis produces chiral molecules without any chiral polarization 

and is an interesting rational for the origin of homochirality. Remarkably, in the Soai 

reaction absolute asymmetric amplification of alkanol product is observed under 

heterogenous conditions. Reaction of iPr2Zn vapor on solid carbaldehyde produced 

corresponding alkanol with up to 96% ee. In a parallel amplification process, a chiral ester is 

produced with 98% ee. The latter is attributed to disproportionation of starting aldehyde 

into hemiacetal followed by a subsequent Claisen-Tishchenko mechanism. This observation 

provide evidence for the debated transient intermediate, and opens new perspectives in the 

elucidation of the mechanism of amplification of chirality in the Soai reaction. 

 

 

  



Despite the still intriguing origin of homochirality,[1] recent work provided 

enantioenrichment (ee) without any chiral bias from achiral precursors, i.e. absolute 

asymmetric synthesis.[2] Single phase homochirality without counter enantiomer 

nucleation may also be accessed through enhanced deracemization.[3] Small amount 

of chiral induction by circularly polarised light (CPL) can be amplified into an 

enantiopure solid phase.[4].The Soai reaction represents a remarkable example of an 

absolute asymmetric catalysis in the alkylation of pyrimidinyl aldehyde 1 into alkanol 

2, giving rise to homochirality without the intervention of any chiral factor (Scheme 

1a).[1a, 5]. Key to propagation of asymmetric amplification is that classical statistical 

fluctuation in the enantiomeric ratio by virtue of non-linear relationship (NLE) of 

catalyst-product pair, in the form of a homochiral aggregate species in conjunction 

with autocatalysis. [6] Recently, asymmetric amplification of such autocatalysts was 

realized via a heterogeneous vapour-solid interaction by reaction of iPr2Zn vapor on 

achiral solid aldehyde.[7] 

 

 
Scheme 1.: a) Absolute asymmetric synthesis initiated by symmetry breaking        b) Observed transient 
hemiacetal by Brown et al. c) Isolated chiral ester derived from hemiacetal intermediate in recent work. 
d) Observation of chiral ester derivative in the Soai reaction. 
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During our investigations, in addition to the main chiral alkanol 3, other side-products 

were observed. Notably, we isolated the pyridine derived chiral ester 4 with 83% ee 

after amplification following symmetry breaking (Scheme 1c). We reasoned that 

formation of ester is consistent with a Claisen-Tishchenko rearrangement of 

hemiacetal intermediate.[7b] However, ester derivative was not reported in the 

corresponding studies of Soai reaction of 1. We report the observation of chiral 

pyrimidinyl-ester 5 thus validating the formation of intermediate hemiacetal during 

amplification of alkanol 2 under heterogenous conditions. To avoid confusion, we will 

not discuss absolute configurations o enantiomers because of their random 

distribution.   

Hemiacetal complexes are proposed in an alternative mechanism for amplification. 

Brown et al. first observed this transient intermediate, during 1H NMR spectroscopy 

monitoring of the reaction at 0 °C, and identified it as an alkoxyacetal formed from one 

aldehyde and two alkoxide moieties (Scheme 1b).[6l, 8] Moreover, based on in-situ high-

resolution mass spectrometric investigations and kinetic analyses, Trapp et al. 

reported observation of the transient hemiacetal complexes, and proposed their 

implications in a autocatalytic mechanism. [9]  

Chiral hemiacetals have been reported in intramolecular condensation of Zn-alkoxides 

during monoalkylation of dialdehyde with Et2Zn.[10] Further oxidation of hemiacetal 

would lead to the corresponding chiral ester.[11] More recent work revealed an intra- 

and intermolecular Claisen-Tishchenko catalysed by metallic zinc.[12]   

We first defined overall experimental details based on our previous report, and began 

our studies by examining the behavior of pyrimidine-5-carboxaldehyde 1 upon action 

of i-Pr2Zn under heterogenous conditions. To perform the Solid–vapor phase absolute 

asymmetric synthesis, solid 1 and i-Pr2Zn solution in toluene were placed at separated 

positions in a vial under Ar atmosphere. [7b] In contrast to our recent findings on the 

studies of pyridinyl aldehyde, acetal derivative, i.e., chiral ester 5, was not reported in 

the corresponding Soai reaction of 1 with large excess of iPr2Zn vapour{Kaimori, 2019 

#220} (Scheme 1d) in the few studies under heterogenous conditions. In solution, it 

was established that the Soai reaction performed best in presence of 2 equivalents of 

iPr2Zn with respect to aldehyde 1. Because formation and amplification of alkanol 2 

may be related to diffusion of iPr2Zn vapour, in contrast to homogenous reaction 



conditions, we questioned the possible influence of the local concentration of the 

alkylating reagent available at the surface of solid aldehyde. Therefore, under 

heterogenous conditions, initial experiments were conducted with 2 equivalents of 

iPr2Zn vapor on solid Soai aldehyde 1 at room temperature.  

 

 

Scheme 2. Products of the vapour solid reaction of 1 and iPr2Zn. 

 

Analysis of crude NMR spectra allowed identification of related compounds (side 

products) consisting of ketone 6 and chiral ester resulting from alkylation of aldehyde, 

in line with our previous observations. In addition, the reaction also provided achiral 

esters 8 rising from reduction alkanol 7. These compounds are analogous to those 

previously observed in the reaction of pyridyl aldehyde, following the Claisen-

Tishchenko rearrangement. However, the side products are not observed in all cases. 

Therefore, sets of experiments were conducted for aldehyde 1 with varying 

concentration of iPr2Zn for a period of 72h. Interestingly, when the reaction was 

performed with lower loading of iPr2Zn the same side products were identified, even 

at 0.5:1 ratio of iPr2Zn:1. In contrast, in several cases, higher concentration in iPr2Zn 

delivered exclusively alkanol 2 as the sole product.  

The general features of this reactivity were reproduced for several samples. A closer 

look, at 1H NMR the crude reveals the presence of other signals in addition to those 

arising from alkanol 2 (4.50 ppm). A doublet at 5.7 ppm stems from a proton on an 

isopropyl group revealing build-up of chiral ester 5, while a signal at 3.5 ppm indicates 

formation of ketone 6 (Scheme 2). Besides, a signal at 4.78 ppm was assigned to the 

vicinal protons of the alcohol 7 rising from reduction of aldehyde 1. Notably, 1H NMR 
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shows that at lower ration 0.5:1 of iPr2Zn:1 chiral ester 5 increased at the expense of 

the major chiral 2. 

 

 

Figure 1: Conversion and ee% of vapour phase reaction on aldehyde 3c between 5 minutes and 24 hours 

A typical feature of autocatalysis is a sigmoidal product/time curve and an induction 

period. Additional experiments focused therefore on the early stages of the reaction. 

To this end, a set of reactions were initiated simultaneously and stopped at fixed time 

interval.  

Figure 1 presents the conversion and ee values obtained from the analysis on aldehyde 

1 monitored as function of time, at 0.5:1 ratio of iPr2Zn:1. Remarkably, at the outset, 

symmetry breaking was reflected in a sudden burst of very high ee, which evolved 

steadily while remaining constantly very high throughout all samples, in the range of 

82-96% ee (Figure 1a). At about 10% conversion alkanol 2 is formed with 82% ee. 

Following advancement of the reaction at early rates reveals in the first leg (figure 1b) 

that conversion increased slowly over time. Also Figure 1b shows a typical parabolic 



shape with a slow induction period followed by a fast increase of the conversion after 

the first 60 minutes. Although sampling rate remains difficult at this stage of the 

reaction, a sigmoidal shape is observed for the conversion during this interval, 

corroborating an autocatalytic process (Figure 1c). The corresponding ee measured for 

this portion shows an oscillation between 81 and 90% (figure 1d). Nevertheless, the 

high ee values remained steady.  

 

Table 1.1: Vapour phase reactions with different amount of iPr2Zn 

 
Entry a 

Ratio  
1: iPr2Zn 

Molar ratio b 
1 2 5 6 7 8 

1 1:2 21 61 12 2 4 / c 
2 1:1 2 65 7 13 13 / c 
3 1:0.5 47 17 8 16 12 / c 

a All reactions have been performed using the same batch of 1 and iPr2Zn solution in Toluene at room temperature. Reaction 
set up under Ar atmosphere as previously reported (Ref. [7b]) b Determined by 1H NMR spectroscopy on crude mixtures. c Not 
measurable. 

Table 1.2: ee values for 2 and 5 

Entry Ratio 
1: iPr2Zn 

ee% 2 a ee% 5 b 

1 1:2 94 95 
2 1:1 95 94 
3 1:0.5 96 98 

a Determined using chromatography analysis on a chiral stationary phase. b Determined by HPLC analysis of 2 after hydrolysis 
of ester 5. 

 

Beside the extent of side products formation, it was interesting to explore whether 

heterogenous amplification of alkanol 2 and ester 5 may be influenced by of iPr2Zn 

concentration. As shown in table 1.1, outcome of reactions after 72h with different 

iPr2Zn loadings consistently provided alkanol 2 with 94-96% ee. Subsequently, ester 5 

was formed with comparable enantiopurity in the range of 94-98% ee and with the 

same absolute configuration as 2. These measurements required hydrolysis of 5 due 

to difficult separation of its enantiomers on HPLC. As we reported previously, chiral 

ester 5 forms in a two steps mechanism by a Cannizaro disproportionation of aldehyde 

1 followed by a Claisen-Tishchenko rearrangement. [7b, 13] Amplification of 5 ensues by 



reversible hemiacetal formation, in two diastereomers with a kinetically preferred 

intermediate converting into ester. [14]  

In order to delineate a sequence for the formation of the different compounds during 

the autocatalytic process, the reaction of 1 with iPr2Zn in a 1:0,5 product formation 

was monitored vs. time by a series of runs. The low concentration of iPr2Zn was 

preferred in order to allow slow diffusion over solid aldehyde 1. Our hypothesis relies 

on the mechanism suggested in our previous report for the formation of a chiral ester 

facilitated under heterogenous conditions by keeping a low concentration of iPr2Zn 

overtime. In such a way, forming Zn-alkoxide is trapped upon reaction with 

“surrounding” excess aldehyde to generate the hemiacetal intermediate, which then 

disappears by converting into ester. As standard conditions, aldehyde was reacted in 

presence of iPr2Zn for a period varying from 3 to 72h, and product isolated at the end 

for each run. After in-situ work up samples were withdrawn from crudes and analysed 

by 1H NMR and subsequently essayed for enantiopurity by chiral HPLC. 

Generally, the series of NMR experiments exhibited unpredictable rates and ratios for 

product formation. The results show a steady decay of aldehyde 1 along with forming 

alkanol 2 and reduction alkanol 7 already in the early stages of the reaction (Figure 2). 

Subsequently, 5, 6 and 8 were detected only after 24 hours.  

 

 

Figure 2: Kinetic experiment on the vapour phase reaction with a 1:0,5 ratio of 1 to iPr2Zn. 

 



Likewise, enantiopurity was examined for all samples at time intervals shown in figure 

2, which reveals a firm increase of ee during the whole process confirming 

amplification of chirality. Again, the figure shows an early and significant rise of 

handedness with a first recording at 34% ee after 7h of reaction and very low 

conversion. Asymmetric amplification of 2 increased less gently to a maximum of 59% 

ee for 20 % of alkanol 2. Naturally the deficiency in iPr2Zn caused a very low conversion 

and consequently limited amplification of chirality. Notably, the perceived behaviour 

is not unique to the present study and adheres to a trend described in our preceding 

reports.  

Conclusions 

In summary, the event of a Claisen-Tishchenko rearrangement provided a direct 

evidence for a transient hemi-acetal intermediate in the Soai autocatalytic 

amplification. Under our experimental conditions, reaction of iPr2Zn vapour on solid 

aldehyde 1 delivered highly enantiopure alkanol 2 and corresponding chiral ester 5. 

Handedness arose rapidly in up to 96% and 98% ee, respectively. Although with varying 

amounts, all runs with low loading of iPr2Zn provided ester 5. This is in agreement with 

previous observation of transient Soai acetal in solution, favoured by initial 

concentration of aldehyde 1. Indeed, under heterogenous conditions and slow 

diffusion of iPr2Zn vapour, excess aldehyde is retained throughout the process which 

allows trapping of Zn-alkoxide in the form of acetal equilibrium mechanism. The 

present results provide new insight into possible intermediates involved in the 

amplification of chirality. 
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