
 

 

 University of Groningen

Lewis Acids in Autocatalytic and Dearomative Reactions
Kulish, Kirill

DOI:
10.33612/diss.178508843

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kulish, K. (2021). Lewis Acids in Autocatalytic and Dearomative Reactions. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.178508843

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.178508843
https://research.rug.nl/en/publications/fcb98051-1f23-4f64-91f1-92288456ab84
https://doi.org/10.33612/diss.178508843


35 
 

Chapter 2 

Rational design of Lewis acid mediated autocatalysis  

Here we demonstrate an autocatalytic reaction that has been designed making use of a 

Lewis acid activation mechanism: autocatalytic enhancement of Lewis acidity of the 

reaction media enables reaction rate enhancement. The overall reaction involves 

nucleophilic addition of Et2Zn to benzaldehydes in the presence of silicon-based 

electrophiles (TBDMSCl). Autocatalytic rate enhancement is demonstrated by kinetic 

studies using in situ Raman spectroscopy. These studies show that the EtZnCl formed 

during the reaction is a catalyst through activation of TBDMSCl with subsequent Lewis acid 

activation of the aldehyde substrate towards nucleophilic addition of organozinc reagents.  



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

36 
 

 

2.1 Introduction 

Autocatalytic kinetic models describe processes as diverse as the origin of life,[1] 

population growth,[2] biological systems,[3] chemical oscillations,[4] etc. Chemical 

autocatalytic systems, in particular, show unlimited diversity and can provide 

fundamental insight to design more complex network of chemical reactions mimicking 

biological systems.[5-7] The range of inorganic autocatalytic reactions[6] known contrasts 

with the few examples of demonstrated autocatalytic pathways in synthetic organic 

reactions.[7] The best-known example of chemical autocatalysis currently is undoubtedly 

the asymmetric autocatalysis discovered serendipitously by Soai in 1995, now known as 

the Soai reaction.[5a,b] This fascinating reaction involves the alkylation of pyrimidine-5-

carbaldehydes with diisopropylzinc and has stimulated extensive mechanistic studies and 

efforts towards original designs. To date, the Soai reaction and its extensions remains the 

only example of autocatalysis capable of highly efficient asymmetric amplification and 

examples of simple autocatalytic organic reactions without asymmetric amplification are 

also few in number (Scheme 1a).[8] For example, the hydrolysis of esters, show 

autocatalytic rate enhancement due to the formation of Brønsted acid during the 

reaction.[5c,9] 

Our interest in Lewis acid (LA) promoted asymmetric catalytic reactions[10] prompted us 

to consider a reaction design in which the reaction product would act as a LA with respect 

to reactants bearing a Lewis basic functionality. A resulting increase in reactivity and 

hence reaction rate is expected. An increase in the acidity of a reaction media was focused 

on as the driving force in the design of an autocatalytic reaction. 
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Scheme 1. a) The Soai reaction. b) Our design of a Lewis acid promoted autocatalytic reaction. 

The design of an autocatalytic reaction based on changes in Lewis acidity as the 

core of autocatalytic activation uses organozinc reagents that are well-established 

Lewis acids.[11] Benzaldehydes were chosen as the Lewis basic substrate due to 

their electrophilicity in the addition of organozinc compounds.[8f] Our design 

(Scheme 1b) profits from the sluggishness of the addition of R2Zn reagents to Lewis 

basic aldehydes for which the rate can be increased by Lewis acid activation. A 

silyl-based electrophile is added to generate a product that will be more Lewis 

acidic than the organozinc reagent used. The addition of the organozinc reagent 

to an aldehyde is expected to form a silyl protected alcohol product 3 (directly or 

stepwise via a Zn-alkoxide 2) and the Lewis acidic RZnCl (Scheme 1b). As the 

stronger Lewis acidic (RZnCl) is generated in the reaction medium it should then 

activate the remaining aldehyde towards nucleophilic attack by R2Zn producing 

yet more of the catalytically active RZnCl. Despite often RZnCl being considered as 

a by-product in reactions of the organometallic nucleophilic addition, in our 

design, RZnCl is supposed to be a Lewis acidic catalyst. Thus, as the reaction 

progresses, the amount of catalytically active species should increase and, 

consequently, amplify the rate of the addition reaction. 
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2.2 Results and discussion 

Et2Zn (1.0 M solution in hexane (hx)) was selected from the available organozinc reagents 

due to its moderate reactivity with aldehydes, facilitating monitoring of reaction progress 

over several hours at room temperature (RT). Silyl-based electrophiles of various 

structures are commercially available, however, we selected initially for tert-

butyldimethylsilylchloride (TBDMSCl) for practical reasons: it is a solid, is relatively stable, 

and can be purified by sublimation. No reaction between Et2Zn and TBDMSCl was 

observed within 72 h ([Et2Zn] = [TBDMSCl] = 0.5 M in THF/hexane mixture, 1:1 V/V). 

Kinetics graphs were plotted using aldehyde conversion monitored by in situ Raman 

spectroscopy under isothermal conditions and an argon atmosphere. The conversion was 

determined from the intensity of the carbonyl stretching band. 

Initially, the nucleophilic addition of Et2Zn to benzaldehyde 1a was studied with and 

without TBDMSCl. The reaction proceeded as expected: the rate was barely influenced by 

the addition of TBDMSCl (Fig. 1). 

   

Fig. 1. Conversion of 1a over time in the reaction with Et2Zn in 1) the absence of TBDMSCl (1 equiv.) 
(blue dots and black fitting curve); 2) the presence of TBDMSCl (orange dots and red fitting curve). 
Reaction conditions: [all reagents] = 0.5 M in THF/hexane (1:1). (Note: 2a has limited solubility and 
precipitates at low conc., ergo only initial conversion is shown). 

The rate of addition of Et2Zn to the less reactive p-methoxybenzaldehyde 1b was 

examined as well and it was expected to be influenced to a greater extent by TBDMSCl. In 

the absence of TBDMSCl only ca. 5% conversion is reached within 24 h. With TBDMSCl 

present, an initial lag phase followed by rate amplification was observed (Fig. 2a), 

characteristic of autocatalysis. Other effects could give rise to the sigmoidal appearance 

of the graph, for instance, slow coordination of the aldehyde to TBDMSCl. Premixing the 

aldehyde 1b and TBDMSCl for 3 h prior to the addition of Et2Zn, had no effect on the 

observed reaction progress, indicating that the direct electrophilic activation of the 
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aldehyde by TBDMSCl does not happen. Another possible explanation of the sigmoidal 

shape of the curve could be the stronger nucleophilic properties of EtZnCl comparing with 

Et2Zn. In this case, EtZnCl would react and disappear from the reaction medium. However, 

the rate amplification of 1b consumption is observed together with the accumulation of 

EtZnCl in the reaction medium (Fig. 2), which was confirmed using in situ Raman 

spectroscopy. Moreover, 1b, Et2Zn, and TBDMSCl are consumed in equimolar amounts 

(for details see 2.4 Experimental part). Hence, Et2Zn transfers 1 equiv. of Et– to the 

aldehyde moiety and subsequently forms 1 equiv. of EtZnCl in the presence of TBDMSCl. 

In addition, as reported in the literature,[11] organozinc halides, even in the presence of 

silicon-based Lewis acids (TMSCl or TMSBr),[11c] are significantly weaker nucleophiles than 

diorganozinc compounds. Thus, autocatalysis can be the origin of the sigmoidal curve. 

 

Fig. 2. a) Conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the presence of TBDMSCl 

(1 equiv.) (orange dots and red fitting curve) and the formation of EtZnCl (in mol%) (blue dots and 

black fitting curve). b) Conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the 

presence of TBDMSCl (3 equiv.) (orange dots and red fitting curve) and the formation of EtZnCl (in 

mol%) (blue dots and black fitting curve). Reaction conditions: a) [all reagents] = 0.5 M; 

b) [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1). 

EtZnCl low solubility results in precipitation, which causes Tyndall scattering of the Raman 

laser from solid particles suspended in the solution. This scattering deteriorates the 

a) with 0.5 M TBDMSCl b) with 1.5 M TBDMSCl 
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quality of Raman spectra that is expressed in dissipated points after precipitation 

([TBDMSCl] = 0.5 M, 44% conv., 540 min, Fig. 2a). To our delight, it was found that the 

solubility of EtZnCl increases with an increase in the concentration of TBDMSCl 

([TBDMSCl] = 1.5 M, 75% conv., 480 min, Fig. 2b). Higher solubility of EtZnCl in the 

presence of TBDMSCl evidences their interaction, which is discussed in the mechanistic 

part in detail. 

Then, we performed experiments with the addition of the independently prepared 

reaction products (silyl ether 3b and EtZnCl). These experiments allow understanding of 

whether the reaction is autocatalytic, and if so, which product accelerates the reaction 

rate. Experiments with addition of products were performed using 1.5 M concentration 

of TBDMSCl to enhance solubility of EtZnCl. As was found, the silyl ether 3b had little 

influence on the reaction rate (Fig. 3, black curve). In contrast, with 10 mol% EtZnCl 

(prepared by premixing Et2Zn and ZnCl2) resulted in a significant rate enhancement (Fig. 

3, blue curve). The addition of both liquid and the solid phases of the completed reaction 

to the new reaction were also tested. The concentration of EtZnCl in each phase was 

determined by Raman spectroscopy (for details see 2.4 Experimental part) to insure 

addition of only 10 mol% of EtZnCl to the new reaction mixture. In both cases, a significant 

reduction of the lag phase and enhancement of the reaction rate was observed (Fig. 3, 

red and green curves). These addition experiments indicate the possible autocatalytic 

nature of the reaction. 

    

Fig. 3. Conversion of 1b over time in the reaction with Et2Zn (1.0 equiv.) in the presence of TBDMSCl 

(3 equiv.) obtained with various additives: 1) 10 mol% silyl ether (grey dots and black fitting curve), 

2) 10 mol% reaction mixture (red dots and fitting curve), 3) 10 mol% EtZnCl (blue dots and fitting 

curve), 4) EtZnCl precipitate (green dots and fitting curve). Reaction conditions: 

[1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1). 
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The effect of substituents on the benzaldehyde on the autocatalytic character of the 

reaction focused initially on regioisomers of methoxybenzaldehyde (Fig. 4). A lag phase 

was not observed with o-MeO-isomer 1c (Fig. 4, blue curve) and the reaction rate was 

higher than with the m- and p-isomers 1d and 1b up to 20% conversion (Fig. 4, red and 

black curves). These differences can be rationalized by potential chelation accelerating 

the carbonyl moiety which is absent in 1b. With 1d, with the electron-withdrawing m-

MeO substituent,[12] the autocatalytic effect less pronounced compared to that with 1b. 

 

Fig. 4. Conversion of 1) 1b (grey dots and black fitting curve); 2) 1c (blue dots and fitting curve); 3) 

1d (red dots and fitting curve) over time in the reaction with Et2Zn (1 equiv.) in the presence of 

TBDMSCl (1 equiv.). Reaction conditions: [all reagents] = 0.5 M in THF/hexane (1:1). 

The electron-rich p-Me2N-benzaldehyde 1e, does not react with diethylzinc. However, the 

silyl electrophiles invert the reactivity of the aldehydes (Fig. 5a). Although the reaction 

lacks a clear a lag phase, in all cases TBDMSCl increases the rate of reaction. Furthermore, 

the addition of increasing amounts of product (EtZnCl) resulted in rate enhancement (Fig. 

5). With the less reactive nucleophile Me2Zn a short lag phase is observed, which is 

eliminated by the addition of MeZnCl (5 mol%) accompanied by an increase in the 

reaction rate consistent with autocatalytic behavior (Fig. 5b). In the case of the 1e reaction 

with Et2Zn/Me2Zn (1 equiv.) in the presence of TBDMSCl (1 equiv.), precipitation of EtZnCl 

was not observed. 

0

10

20

30

40

50

0 100 200 300 400 500 600

c
o
n
v
e
rs

io
n
 o

f 
1

(%
)

time (min)

1b
1c

1d



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

42 
 

 

  
Fig. 5. a) Conversion of 1e over time in the reaction with Et2Zn (1.0 equiv.) in the presence of 
TBDMSCl (1 equiv.), and EtZnCl 1) 0 mol% (grey dots and black fitting curve); 2) 5 mol% (blue dots 
and fitting curve); 3) 10 mol% (red dots and fitting curve). b) Conversion of 1e over time in the 
reaction with Me2Zn (1 equiv.) in the presence of TBDMSCl (1 equiv.), and EtZnCl 1) 0 mol% (grey 
dots and black fitting curve); 2) 5 mol% (red dots and fitting curve). Reaction conditions: [all 
reagents] = 0.5 M in THF/hexane (1:1). 

Mechanistic studies. According to our initial autocatalytic design, EtZnCl should be 

primarily responsible for the activation of the aldehyde through its Lewis acidity. EtZnCl 

was generated without TBDMSCl by premixing Et2Zn and ZnCl2 and added to the 

corresponding reaction (without TBDMSCl) from its start in 10 and 50 mol% quantities. 

Surprisingly, TBDMSCl was found to be essential for the reaction to proceed (otherwise, 

the conversion is ca. 5% for 24 h) even if EtZnCl is present in the mixture. Although the 

reaction proceeds with autocatalytic rate amplification, the reaction mechanism deviates 

from the initial design. 

Raman spectroscopy was used to better understand the role of TBDMSCl in the reaction, 

(Fig. 6). Raman spectra of independently prepared solutions of EtZnCl and EtZnCl formed 

during the addition reaction confirmed the presence of EtZnCl in the latter case (Fig. 6, A 

and B). TBDMSCl and Et2Zn/EtZnCl are present in the reaction mixture (Fig. 6, A-E), which 

confirms the stability of these components when together. The Si–Cl stretch of TBDMSCl 
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is at 474 cm-1 in when alone in solution (Fig. 6, C) and in the mixture of TBDMSCl/EtZnCl 

(Fig. 6, D). The solubility of EtZnCl increases with an increase in the concentration of 

TBDMSCl manifested in a decrease in Tyndall scattering from solid particles suspended in 

the solution. The increase in solubility implies coordination of the TBDMSCl to the zinc(II) 

species. If the coordination takes place then the presence of EtZnCl (1 equiv.) should result 

in a shift of the 29Si NMR signal of TBDMSCl. As was observed from the respective 29Si NMR 

experiment ([TBDMSCl] = 0.5 M, THF-d8/hexane (1:1 V/V), PhSiMe3 as internal standard), 

the presence of EtZnCl (1 equiv.) results in downfield shift of the 29Si NMR signal (δ = 0.39 

ppm). Thus, the coordination happens with the subsequent electrophilic activation of the 

Si atom of TBDMSCl (see part 2.4.4.12).[13] 

 

Fig. 6. Experiments were performed in mixture of THF/hexane (1:1): A Solution of EtZnCl (<0.5 M, 
partial solubility); B Reaction mixture at 50% conversion: 1 equiv. 1b (0.5 M), 1 equiv. TBDMSCl (0.5 
M), 1 equiv. Et2Zn (0.5 M). C Solution of TBDMSCl (0.5 M). D Mixture of TBDMSCl (0.5 M) and EtZnCl 
(<0.5 M, partial solubility). E Mixture of TBDMSCl (0.5 M) and Et2Zn (0.5 M). 

The rate of the reaction in the presence of TMSCl (Fig. 7) is greater than with TBDMSCl, 

and a lag phase is not observed. To rationalize this difference, we estimated their Lewis 

acidity in experiments with Ph2PHO (see part 2.4.4.12): the addition of TMSCl (1 equiv.) 

results in a significant downfield shift of the 31P NMR signal of Ph2PHO (δ = 0.64 ppm) in 

contrast to TBDMSCl (1 equiv.) little shifting the 31P NMR signal (δ = 0.03 ppm). This result 

shows that TMSCl is a stronger LA than TBDMSCl that leads to the conclusion that the 

difference in reactivity is due to steric properties. 



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

44 
 

 

    

Fig. 7. Conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the presence of 1) TBDMSCl 
(1 equiv.) (grey dots and black fitting curve); 2) TMSCl (1 equiv.) (green dots and fitting curve). 
Reaction conditions: [all reagents] = 0.5 M in THF/hexane (1:1).  

Initial rates analysis (for details see part 2.4.4) was carried out with a higher concentration 

of TBDMSCl (1.5 M, 3 equiv.) to keep the reaction mixtures homogeneous. The 

concentration of EtZnCl was varied from 0 mol% to 20 mol% (Fig. 8). Addition of the 

product shortens the lag phase and increases the reaction rate. The reaction order with 

respect to EtZnCl was 0.5, and with respect to TBDMSCl, 1b and Et2Zn was 0.6, 0.9, and 

0.1 respectively (for details see 2.4.4). The orders were rounded to 0.5, 0.5, 1.0, and 0 

respectively for simplification of kinetics interpretation. According to our design, the 

electrophilic activation of the aldehyde is the rate-determining step as it promotes the 

following nucleophilic attack by Et2Zn. Thus, such a reaction would have zero-order with 

respect to the nucleophile that corresponds to the obtained zero-order with respect to 

the Et2Zn (for details see part 2.4.4.11). The 0.5 reaction order with respect to the reagent 

can be explained by the formation of unreactive dimers, existing in equilibrium with highly 

reactive monomers (for details see part 2.4.4.10).[14] In this case, dimers and monomers 

consist of EtZnCl and TBDMSCl. 

A reasonable mechanism for this autocatalytic reaction (Scheme 2) involves a first step in 

which nucleophilic addition of Et2Zn to the aldehyde 1b forms 2b, the non-catalyzed 

background reaction. Compound 2b converts rapidly into silyl ether 3b and EtZnCl in the 

presence of TBDMSCl thus initiating the autocatalytic cycle. 
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Fig. 8. Conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the presence of TBDMSCl 
(3 equiv.), and EtZnCl 1) 0 mol% (grey dots and black fitting curve); 2) 5 mol% (blue dots and fitting 
curve); 3) 10 mol% (purple dots and fitting curve); 4) 15 mol% (red dots and fitting curve); 5) 20 
mol% (green dots and fitting curve). Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M 
in THF/hexane (1:1). 

 

Scheme 2. The proposed mechanism of the reaction. 

Since dimers of monoorganozinc halides were determined by X-ray spectroscopy, [11a] and, 

due to the solvation of TBDMSCl, we propose the dimeric intermediate structure 5 

(Scheme 2), where TBDMSCl is coordinated to the Zn2+ center. The coordination results in 

enhancement of the electrophilicity of TBDMSCl and therefore enhanced Lewis acidity of 

the Si atom. Our studies show that the reaction order is 1 with respect to p-MeO-

benzaldehyde 1b which indicates that the aldehyde does not participate in dimer 

formation. Dimer 5 is in equilibrium with monomer 6 (Scheme 2). Since the reaction order 
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with respect to EtZnCl and TBDMSCl is 0.5, the dimer 5 is unreactive and forms reactive 

monomer 6 (for details see part 2.4.4.10), which activates 1b via Si–O interaction and 

forms intermediate 7b susceptible to nucleophilic attack by Et2Zn. The nucleophilic attack 

by Et2Zn leads to the recovery of EtZnCl and the formation of a new EtZnCl species closing 

the autocatalytic cycle (Scheme 2).  

2.3 Conclusions 

We have designed a new autocatalytic reaction based on the increase in Lewis 

acidity of the reaction media as the mechanistic tool. This design was tested in 

nucleophilic addition of Et2Zn to benzaldehydes in the presence of organosilicon 

halides. Based on experimental data, kinetic studies, and Raman spectroscopy, the 

detailed mechanism with autocatalytic role of EtZnCl via interactions with of 

TBDMSCl has been established, is proposed. 

2.4 Experimental part 

2.4.1 General Information 

All reactions using oxygen- and/or moisture-sensitive materials were carried out with 

anhydrous solvents under an argon atmosphere using oven-dried glassware and standard 

Schlenk techniques. Anhydrous solvents were collected from a solvent purification 

system. Reagents and substrates were purchased from commercial sources and used as 

received. Et2Zn (1 M in hexane), Me2Zn (1 M in heptane), ZnCl2, benzaldehyde, 

p-methoxybenzaldehyde, m-methoxybenzaldehyde, o-methoxybenzaldehyde, 

p-dimethylaminobenzaldehyde, trimethylsilyl chloride (TMSCl), tert-butyldimethylsilyl 

chloride (TBDMSCl) were purchased from Sigma Aldrich. Purification of the products was 

performed by column chromatography using Merck 60 Å 230-400 mesh silica gel. 

Components were visualized by UV light and permanganate staining (KMnO4 3 g, K2CO3 

10 g, Water 300 mL). NMR spectra was recorded on a Varian VXR-400 (1H at 400 MHz; 13C 

at 101 MHz, 29Si at 79 MHz, 31P at 162 MHz) equipped with a 5 mm z-gradient broadband 

probe. Chemical shifts are reported in parts per million (ppm) relative to residual solvent 

signal (CDCl3, 1H: 7.26 ppm, 13C: 77.16 ppm). Coupling constants are reported in Hertz 

(Hz). Multiplicity is reported with the abbreviations (s: singlet, d: doublet, dd: doublet of 

doublets, t: triplet, q: quartet, m: multiplet).  
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Reactions were monitored by in situ Raman spectroscopy to follow aldehyde 

consumption. All reactions were performed isothermally at 23 °C in flamed/vacuum dried 

standard Schlenk tubes (1.5 cm x 9 cm) with Teflon coated magnetic stirring bars (2.5 

mm x 5 mm) in a Quantum Northwest Flash300 with insulation cap and Raman probe 

adapter. In situ Raman spectra were recorded on a PerkinElmer RamanStation400F at 785 

nm (80 mW at sample) equipped with a Inphotonics reaction probe. The Raman probe 

was placed in ~3 mm from the Schlenk tube wall and ~3 mm above the stirring bar. 

Tetrahydrofuran (THF) (non-stabilized) was dried by percolation through two columns 

packed with neutral alumina under a positive pressure of nitrogen (solvent dispersion 

method) and used directly after collection. Diethyl zinc (1.0 M in hexane) was added in 

one portion via syringe to a solution of aldehyde and TBDMSCl in THF under rapid stirring 

(500 rpm), at 23 °C under nitrogen. See experimental section below for quantities. Spectra 

were collected with background at start and then as a sum of 5 accumulations of 4 s 

exposures (20 s in total), with spectra recorded at 1 min intervals (with 20 s included). 

Additionally, the conversion was monitored by 1H NMR spectroscopy: reaction aliquots 

were quenched after specified times with NH4Cl (sat., methanol) and evaporated to 

dryness. Spectra of the crude material were recorded in DMSO-d6 and the conversion was 

calculated as the difference between integrals of the aldehyde and product. 

The reaction order with respect to reagent (1b, TBDMSCl, Et2Zn, and EtZnCl) was 

calculated using various concentrations of the reagent. Error bars represent standard 

deviation of reproduced kinetic experiments (at least two independent runs). Coefficient 

of determination (R2) for fitting curves is ca. 0.99. 

2.4.2 Description of reaction procedure and set up for following 

reaction kinetics using in situ Raman spectroscopy 

Calculation of EtZnCl solubility using in situ Raman spectroscopy: EtZnCl has low 

solubility under reaction conditions as apparent from the plot of integrated intensity vs. 

time which shows a steady increase and at ca. 500 min. That is clear from the typical 

“Integration vs Time” graph showing the formation/precipitation trend (Fig. 9). As seen 

from Fig. 9, the formation of EtZnCl happens with a lag phase that is in good agreement 

with the time dependence of consumption of 1b. However, the integration of the signal 

of EtZnCl decreases after a certain time due to optical scatter caused by precipitation, that 

also reduces the intensity of all Raman scattering. The impact of precipitation was partially 

overcome by increasing the number of equivalents of TBDMSCl, as noted in the main part, 

and a conversion of up to 75 mol% is reached before the onset of precipitation. The 
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solubility of EtZnCl was estimated from the maximum intensity reached as 0.380±0.002 

M under reaction conditions (Fig. 9). 

 

Fig. 9. a) Integration of EtZnCl (Zn–C) over time in the reaction of 1b with Et2Zn (1 equiv.) in the 
presence of TBDMSCl (3 equiv.). b) Concentration of EtZnCl in the reaction mixture. Reaction 
conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1). 

The concentration of EtZnCl was calculated using solvent (THF) C–C stretch at absorption 

max 908 cm-1 as internal standard in Raman spectra. The ratio between integrals of a 

reagent stretch and the THF C–C stretch is shown in Table 1 for 0.25 M concentration of 

the reagent. 

Table 1. Ratio between THF (C–C stretch) and reagent absorption stretch. 

Reagent, 

stretch 

EtZnCl, 

Zn–C 

TBDMSCl, 

Si–Cl 

1b, 

C=O 

Et2Zn, 

Zn–C 

THF, 

C–C 

Integration range, 

cm-1 
503-527 452-501 1660-1730 430-501 890-929 

Integral value at 

0.25 M 
0.803 3.344 3.305 3.280 12.717 

The ratio 

reagent/THF 
0.063 0.263 0.260 0.258 1 

General procedure for in situ EtZnCl generation: To a stirred solution of ZnCl2 (1 equiv.) 

in THF (0.5 M solution), diethylzinc (1.0 M solution in hexane, 1 equiv.) was added in one 

portion via syringe under rapid stirring at RT under inert atmosphere of Ar. The complete 

disappearance of Et2Zn/ZnCl2 and formation of EtZnCl (2 equiv. in respect to 1 equiv. of 

Et2Zn/ZnCl2) happens instantly according to in situ Raman spectroscopy. 
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Procedure for the addition of in situ generated EtZnCl (Fig. 3): Flame dried Schlenk tube 

was charged with ZnCl2 (0.045 mmol, 0.05 equiv.) and TBDMSCl (2.700 mmol, 3 equiv.) 

followed by the addition of THF (0.45 mL) under Ar. Then, Et2Zn (0.045 mmol, 0.05 equiv.) 

was added to this mixture via microsyringe. The resulted solution was left standing for 30 

min at RT. Another separate flame-dried Schlenk tube was charged with 1b (0.900 mmol, 

1 equiv.) followed by the addition of another portion of THF (0.45 mL) under Ar. The first 

solution containing pre-generated EtZnCl in the mixture with TBDMSCl was picked-up 

with a syringe and transferred to the second solution containing dissolved 1b followed by 

immediate addition of Et2Zn (1.0 M solution in hexane, 0.900 mmol, 1 equiv.). The 

resulted mixture was monitored using in situ Raman spectroscopy. Reaction conditions: 

[1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1 V/V). 

Procedure for the addition of EtZnCl generated in a separate experiment (liquid phase) 

(Fig. 3): The liquid phase of the separate experiment (conv. >95% checked by Raman 

spectroscopy) was picked-up with a syringe and the solution containing EtZnCl (0.38 M 

(based on the Raman data, see above) in THF/hexane (1:1 V/V)) was added to a new 

reaction in amount 10 mol% of EtZnCl (0.24 mL) in respect to 1b right before the addition 

of Et2Zn. Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane 

(1:1 V/V). 

Procedure for the addition of EtZnCl generated in a separate experiment (solid phase) 

(Fig. 3): The soluble part of the separate experiment (conv. >95% checked by Raman 

spectroscopy) was decanted and the solid phase was re-dissolved in THF (1 mL). The 

resulted solution containing EtZnCl (10 mol%, 0.12M (based on the Raman data, see 

above) in THF) was added to a new reaction of the separate experiment in amount 

10 mol% of EtZnCl (0.42 mL) in respect to 1b via syringe before the addition of Et2Zn. 

Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1 V/V). 

Interpretation of in situ Raman spectra: Typical arrayed spectra of a reaction mixture are 

shown below (Fig. 10, a). As was mentioned earlier, the formation/precipitation of EtZnCl 

was monitored by the Raman spectroscopy in ~500 cm-1 region (Fig. 10, b). In the same 

region, the disappearance of Et2Zn (Zn–C stretch) and TBDMSCl (Si–Cl stretch) is observed 

for all reaction mixtures (Fig. 10, b). Finally, the consumption of aldehyde (C=O stretch, 

~1700 cm-1) was taken for the calculation of the conversion (Fig. 10, c): the initial integral 

of aldehyde is taken as a starting point (0% conv.) and the difference between the initial 

integral and integrals taken after addition of Et2Zn was used to calculate a conversion. 
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Fig. 10. a) Arrayed Raman spectra of the reaction mixture of 1b with Et2Zn (1 equiv.) in the the 
presence of TBDMSC (3 equiv.). b) The selected region showing consumption of Et2Zn and TBDMSCl, 

Formation and precipitation 

of EtZnCl 

Consumption of Et2Zn 

Consumption of TBDMSCl b) 

a) 

Consumption of 1b 
c) 
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and the formation/precipitation of EtZnCl. c) The selected region showing consumption of 1b. 
Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1). 

Confirmation of in situ Raman spectroscopy data using 1H NMR via determination of 

mixture composition after quenching: To stirred solution (total concentration is 0.5 M 

with Et2Zn solution) of 1b (0.900 mmol, 1 equiv.) and TBDMSCl (2.700 mmol, 3 equiv.) in 

THF (0.9 mL), diethylzinc (1.0 M solution in hexane, 0.90 mL, 0.900 mmol, 1 equiv.) was 

added in one portion under rapid stirring at RT under inert atmosphere of Ar. To check 

rate of 1b conversion, small portions of the reaction mixture (~0.1 mL) were picked up 

using a syringe and quenched after certain time indicated in the table below. The 

quenching was performed using NH4Cl (sat., methanol solution, 1 mL). Resulted mixtures 

were evaporated to dryness, redissolved in DMSO-d6, and analyzed by 1H NMR 

spectroscopy. The conversion of 1b was calculated using integral intensity of product 3b 

-CH2Me group signals, which was divided by the summarized integral intensity for reagent 

1b -CHO and product 3b -CH2Me group 1H NMR signals (Fig. 11). 

Below, arrayed 1H NMR spectra of quenched aliquots of the reaction of 1b with Et2Zn (1 

equiv.) in the presence of TBDMSCl (3 equiv.) in THF/hexane (1:1 V/V) are given. These 

spectra contain initial peaks corresponding to aldehyde 1b, residual MeOH and NH4Cl, 

product 3b, and a negligible amount of deprotected product 2b, which is probably 

appeared upon quenching (Fig. 12). Importantly, no other by-products have been 

detected.  

 
Fig. 11. Comparison of 1) 1H NMR (black diamonds) and 2) in situ Raman (grey dots) spectroscopy 
determination of conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the presence of 
TBDMSCl (3 equiv.). Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane 
(1:1). 
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Fig. 12. Arrayed 1H NMR spectra showing conversion of 1b over time in the reaction with Et2Zn (1 
equiv.) in the presence of TBDMSCl (3 equiv.). Reaction conditions: [1b] = [Et2Zn] = 0.5 M, 
[TBDMSCl] = 1.5 M in THF/hexane (1:1). 

2.4.3 Synthetic part 

2.4.3.1 Reaction of benzaldehydes 1a,c,d with Et2Zn in the absence of TBDMSCl 

 

To stirred solution (total concentration is 0.5 M with Et2Zn solution) of aldehyde (0.900 

mmol, 1 equiv.) in THF (0.9 mL), diethylzinc (0.90 mL, 0.900 mmol, 1 equiv.) was added in 

one portion under rapid stirring at RT under inert atmosphere of Ar. After 48 h of stirring, 

the reaction mixture was quenched by saturated NH4Cl (20 mL) and extracted with Et2O 

(2 x 20 mL). Combined organic fractions were dried over MgSO4, filtered off and 

concentrated under reduced pressure. The final product was isolated using column 

chromatography on silica using EtOAc/pentane (1:19, V/V). Conversion of the initial 

aldehyde detected by 1H NMR and isolated yield of the respective benzylic alcohol are 
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shown below. Compounds 2b and 2e were not obtained by this procedure since the 

starting aldehydes are unreactive under the reaction conditions. 

1-phenylpropan-1-ol (2a);[15] Yield 59%. Conversion 64%: 

1H NMR (400 MHz, Chloroform-d) δ 7.44 – 7.14 (m, 5H), 4.56 (t, J = 6.6 

Hz, 1H), 2.02 (d, J = 20.2 Hz, 1H), 1.91 – 1.55 (m, 2H), 0.90 (t, J = 7.4 Hz, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 147.24, 131.02, 130.10, 128.62, 

78.64, 34.51, 12.78. 

1-(3-methoxyphenyl)propan-1-ol (2c);[16] Yield 77%. Conversion 

83%: 

1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.17 (m, 1H), 6.95 – 6.83 

(m, 2H), 6.83 – 6.68 (m, 1H), 4.53 (t, J = 6.6 Hz, 1H), 3.78 (s, 3H), 

2.13 (s, 1H), 1.87 – 1.63 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-

d) δ 162.32, 149.03, 132.00, 120.97, 115.52, 114.08, 78.51, 57.82, 34.46, 12.78. 

1-(2-methoxyphenyl)propan-1-ol (2d);[16]
 Yield 9%. Conversion 13%: 

1H NMR (400 MHz, Chloroform-d) δ 7.29 (dd, J = 7.5, 1.7 Hz, 1H), 7.24 – 

7.18 (m, 1H), 6.98 – 6.91 (m, 2H), 6.86 (d, J = 8.2 Hz, 1H), 4.78 (t, J = 6.6 

Hz, 1H), 3.82 (s, 3H), 2.64 (s, 1H), 1.80 (p, J = 7.3 Hz, 2H), 0.94 (t, J = 7.4 

Hz, 3H). 13C NMR (101 MHz, Chloroform-d) δ 159.24, 135.09, 130.79, 129.69, 123.32, 

113.14, 74.88, 57.88, 32.83, 13.10. 

2.4.3.2 Reaction of benzaldehydes 1a-e with Et2Zn (or Me2Zn) in the presence of TBDMSCl 

 

To stirred solution (total concentration is 0.5 M with Et2Zn solution) of aldehyde (0.900 

mmol, 1 equiv.) and TBDMSCl (0.900 mmol, 1 equiv.) in THF (0.9 mL), diethylzinc (1.0 M 

solution in hexane, 0.90 mL, 0.900 mmol, 1 equiv.) (or, in the case of product 4, 

dimethylzinc (1.0 M solution in heptane, 0.90 mL, 0.900 mmol, 1 equiv.) was added in one 

portion under rapid stirring at RT under inert atmosphere of Ar. Then, the reaction 

mixture was quenched by saturated NH4Cl (20 mL) and extracted with Et2O (2 x 20 mL) 

after the indicated time for each compound. Combined organic fractions were dried over 

MgSO4, filtered off and concentrated under reduced pressure. The final product was 
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isolated using column chromatography on silica using EtOAc/pentane (1:19, V/V). 

Conversion of the initial aldehyde detected by 1H NMR and isolated yield of the respective 

silyl ether are shown below. Reactions of aldehydes 1a and 1c were quenched before their 

full conversions to the respective silyl ethers due to long reaction times under the reaction 

conditions. 

tert-butyldimethyl(1-phenylpropoxy)silane (3a);    Reaction time: 48 

h. Yield 67%. Conversion 74%: 

1H NMR (400 MHz, Chloroform-d) δ 7.32 – 7.28 (m, 4H), 7.25 – 7.18 

(m, 1H), 4.58 (d, J = 6, 1H), 1.78 – 1.60 (m, 2H), 0.92 – 0.82 (m, 12H), 

0.03 (s, 3H), -0.13 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 145.82, 128.04, 126.85, 

126.06, 76.40, 33.87, 26.02, 18.42, 10.15, -4.50, -4.80. HRMS (ESI+, m/Z): calc. for 

251.18257 [M+H]+, found 251.18285. 

tert-butyl(1-(4-methoxyphenyl)propoxy)dimethylsilane (3b); 

Reaction time: 48 h. Yield 94%. Conversion 100%. 

1H NMR (400 MHz, Chloroform-d) δ 7.20 (d, J = 8.6 Hz, 2H), 6.83 

(d, J = 8.6 Hz, 2H), 4.52 (dd, J = 7.0, 5.4 Hz, 1H), 3.79 (s, 3H), 

1.79 – 1.55 (m, 1H), 0.88 (s, 9H), 0.85 (t, J = 7.4 Hz, 3H), 0.01 (s, 3H), -0.14 (s, 3H). 13C NMR 

(101 MHz, Chloroform-d) δ 161.04, 140.57, 129.62, 115.90, 78.55, 57.81, 36.43, 28.51, 

20.90, 12.71, -1.97, -2.31. HRMS (ESI+, m/Z): calc. for 319.14602 [M+K]+, found 319.14697. 

tert-butyl(1-(3-methoxyphenyl)propoxy)dimethylsilane (3c); 

Reaction time: 48 h. Yield 81%. Conversion 86%: 

1H NMR (400 MHz, Chloroform-d) δ 7.49 (d, J = 7.5 Hz, 1H), 7.21 

(t, J = 7.8 Hz, 1H), 6.96 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 8.2 Hz, 1H), 

5.07 (t, J = 5.6 Hz, 1H), 3.82 (s, 3H), 1.79 – 1.57 (m, 2H), 0.99 – 0.84 (m, 12H), 0.06 (s, 3H), 

-0.10 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 155.55, 134.28, 127.47, 127.16, 120.46, 

109.95, 69.48, 55.36, 32.01, 26.08, 18.44, 10.09, -4.62, -4.86. HRMS (ESI+, m/Z): calc. for 

281.19313 [M+H]+, found 281.19326. 

tert-butyl(1-(2-methoxyphenyl)propoxy)dimethylsilane (3d);                

Reaction time: 48 h. Yield 92%. Conversion 100%: 
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1H NMR (400 MHz, Chloroform-d) δ 7.21 (t, J = 7.8 Hz, 1H), 6.89 (s, 1H), 6.86 (d, J = 7.6 Hz, 

1H), 6.80 – 6.70 (m, 1H), 4.57 (t, J = 6.0 Hz, 1H), 3.81 (s, 3H), 1.80 – 1.60 (m, 2H), 0.91 (s, 

9H), 0.88 (t, J = 7.2 Hz, 3H), 0.04 (m, 3H), -0.1 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 

159.55, 147.63, 128.98, 118.48, 112.37, 111.44, 76.23, 55.27, 33.81, 26.02, 18.42, 10.14, 

-4.49, -4.81. HRMS (ESI-, m/Z): calc. for 325.18296 [M+HCO2]-, found 325.18277. 

4-(1-((tert-butyldimethylsilyl)oxy)propyl)-N,N-dimethylaniline 

(3e); Reaction time: 3 h. Yield 97%. Conversion 100%: 

1H NMR (400 MHz, Chloroform-d) δ 7.17 (d, J = 8.0 Hz, 2H), 

6.71 (d, J = 8.6 Hz, 2H), 4.51 (t, J = 6.1 Hz, 1H), 2.95 (s, 6H), 1.80 

– 1.56 (m, 1H), 0.91 – 0.85 (m, 12H), 0.04 (s, 3H), -0.11 (s, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 149.68, 134.12, 126.89, 112.39, 76.28, 40.92, 33.92, 26.07, 18.44, 10.38, 

-4.39, -4.78. HRMS (ESI+, m/Z): calc. for 294.22477 [M+H]+, found 264.22520. 

4-(1-((tert-butyldimethylsilyl)oxy)ethyl)-N,N-dimethylaniline 

(4); Reaction time: 8 h. Yield 95%. Conversion 100%: 

1H NMR (400 MHz, Chloroform-d) δ 7.21 (d, J = 8.6 Hz, 2H), 

6.72 (d, J = 8.7 Hz, 2H), 4.81 (q, J = 6.3 Hz, 1H), 2.94 (s, 6H), 

1.40 (d, J = 6.3 Hz, 3H), 0.91 (s, 95H), 0.05 (s, 3H), -0.02 (s, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 149.70, 135.34, 126.20, 112.57, 70.68, 40.96, 27.34, 26.08, 18.44, -4.54, 

-4.65. HRMS (ESI+, m/Z): calc. for 280.20912 [M+H]+, found 280.20935. 

2.4.4 Kinetics 

2.4.4.1 The reaction mixture profile 

As was mentioned in part 2.2 (main text), one of the possible explanations of the sigmoidal 

curve could be the formation of more reactive nucleophile in solution, e.g., EtZnCl. In the 

case of higher nucleophilic properties of EtZnCl, we would observe its disappearance 

together with the rate amplification. However, we observe the accumulation of EtZnCl in 

the solution (Fig. 13). The accumulation of EtZnCl was observed for all substrates (1a-e) in 

the reaction with Et2Zn in the presence of TBDMSCl. The two graphs below show the 

composition of the reaction mixture in the case of aldehydes 1b and 1e: as can be seen 

from Fig. 13a, an increase in the rate occurs together with the accumulation of EtZnCl and 

equimolar disappearance of Et2Zn. In Fig. 13b, we can see that the consumption of 

aldehyde 1e happens in equimolar amounts with the consumption of Et2Zn and the 

formation of EtZnCl. This result experimentally demonstrates that Et2Zn is a stronger 
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nucleophile than EtZnCl that is in accordance with the literature.[11] Therefore, the origin 

of the rate amplification is autocatalytic. 

 

 
Fig. 13. a) Concentration of 1b (Et2Zn, EtZnCl) over time in the reaction with Et2Zn (1 equiv.) in 
the presence of TBDMSCl (3 equiv.). Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M 
in THF/hexane (1:1). b) Concentration of 1e (Et2Zn, EtZnCl) over time in the reaction with Et2Zn 
(1 equiv.) in the presence of TBDMSCl (1 equiv.). Reaction conditions: 
[1e] = [Et2Zn] = [TBDMSCl] = 0.5 M in THF/hexane (1:1). 

2.4.4.2 Examination of the Schlenk equilibrium between EtZnCl and Et2Zn/ZnCl2 

Monoorganozinc halides are known to engage in the Schlenk equilibrium and form 

diorganozinc compounds and zinc halides (Fig. 14a).[11] To confirm the equilibrium, we 

studied the formation of 3b in the reaction of 1b with EtZnCl (1 equiv.) in the presence of 

TBDMSCl (3 equiv.) and the absence of Et2Zn. Since under the standard reaction 

conditions ([Et2Zn] = 0.5 M, [EtZnCl] = 0 M) we observe accumulation of EtZnCl (see Fig. 1 

and 13) and the literature reports that EtZnCl is a weaker nucleophile than Et2Zn,[11] the 

formation of 3b without the direct addition of Et2Zn can proceed only due to the Schlenk 
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equilibrium between EtZnCl and Et2Zn/ZnCl2 (Fig. 14). As this reaction is heterogeneous 

due to partial solubility of EtZnCl, the reaction rate was monitored using 1H NMR analysis 

of quenched aliquots of the reaction mixture, as described above. The reaction was found 

to proceed with a maximum conversion of 75%. According to in situ Raman spectroscopy, 

the addition of Et2Zn (1.0 M solution in hexane, 1 equiv.) to the solution of ZnCl2 (1 equiv.) 

in THF (0.5 M) results in the instant disappearance of the Zn–C stretch of Et2Zn and the 

appearance of the new Zn–C stretch of EtZnCl in the Raman spectrum (Fig. 6). Thus, the 

Schlenk equilibrium (Fig. 14a) between Et2Zn/ZnCl2 and EtZnCl is fast that allows formed 

Et2Zn to attack 1b in the presence of ca. 100 mol% of autocatalyst EtZnCl (Fig. 14b). 

  

Fig. 14. Scheme showing a) Schlenk equilibrium between EtZnCl and Et2Zn/ZnCl2; b) The reaction of 
1b with Et2Zn formed in Schlenk equilibrium with EtZnCl (1 equiv.) in the presence of TBDMSCl (3 
equiv.). c) Graph showing conversion of 1b over time in the reaction with EtZnCl (1 equiv.) in the 
presence of TBDMSCl (3 equiv.) (NMR data). Reaction conditions: [1b] = [EtZnCl] = 0.5 M, 
[TBDMSCl] = 1.5 M in THF/hexane (1:1). 

2.4.4.3 Calculation of the reaction constant 

For calculation of the kinetic constant, the next equations were used (Scheme 3): 

 

Scheme 3. Typical scheme of the second-order autocatalytic unilateral reaction. 
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[A]d dx   (eq. 5) 
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x x
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 (eq. 8) 
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 (eq. 9) 

The simple depiction of as the second-order autocatalytic unilateral reaction is used to 

define the constant of the reaction. The equation 9 is used for making a graph (Fig. 15): 

 

Fig. 15. The example of the plot ln([B]/[A]) vs time for calculation of the reaction constant. 

Tangent α gives the constant multiplied by sum of the initial concentrations of compounds 

A and B. Likewise, constant was calculated for reactions with different concentrations of 

1b to minimize the error. 
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Below, experimental data are given (Table 2). The constant was calculated as              

0.023±0.002M-1*min-1
. 

2.4.4.4 Calculation of the reaction order with respect to EtZnCl 

  
 

Fig. 16. Conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the presence of TBDMSCl 
(3 equiv.), and EtZnCl 1) 0 mol% (grey dots and black fitting curve); 2) 5 mol% (blue dots and fitting 
curve); 3) 10 mol% (purple dots and fitting curve); 4) 15 mol% (red dots and fitting curve); 5) 20 
mol% (green dots and fitting curve). Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M 
in THF/hexane (1:1). 

Due to the fact that EtZnCl is formed during the reaction as the reaction product, the initial 

concentration is different and the slope was calculated after the lag phase. The error of 

the calculation of the order is connected with very small loading and the sensitivity of the 

material. The order was found as 0.50±0.01 (Fig. 17). As was mentioned above, the order 

0.5 is connected with the formation of dimers (for the mathematical explanation see 

later). 

Table 2. Calculated constant of the reaction. Reaction conditions: [1b] = [Et2Zn] = 0.5 M, 

[TBDMSCl] = 1.5 M in THF/hexane (1:1). 

Initial conc. of the aldehyde, M k, M-1*min-1 

0.500 0.023/0.027 

0.750 0.022/0.022 

1.000 0.026/0.022 

1.500 0.023/0.021 

The constant was calculated as 0.023±0.002 M-1*min-1. 
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Fig. 17. Determination of order in EtZnCl, where “a” is the linear slope of the “conversion vs time” 
graph. 

2.4.4.5 Calculation of the reaction order with respect to TBDMSCl 

 

Fig. 18. Conversion of 1b over time in the reaction with Et2Zn (1 equiv.) in the presence of TBDMSCl 
1) 1 equiv. (grey dots and black fitting curve); 2) 2 equiv. (blue dots and fitting curve); 3) 3 equiv. 
(purple dots and fitting curve); 4) 4 equiv. (red dots and fitting curve). Reaction conditions: 
[1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = X M in THF/hexane (1:1). 

The order was found as 0.60±0.01 (Fig. 19). The order 0.6 is connected with the complexity 

of the process: the autocatalytic pathway is accompanied by the background reaction. 

Nevertheless, for the calculation of the reaction rate, the order was simplified to 0.5 and 

only autocatalytic pathway was taken into account. 
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Fig. 19. Determination of order in TBDMSCl, where “a” is the linear slope of the “conversion vs time” 
graph. 

2.4.4.6 Calculation of the reaction order with respect to 1b 

 
Fig. 20. Conversion of 1b 1) 0.5 M (grey dots and black fitting curve); 2) 0.75 M (blue dots and fitting 
curve); 3) 1.0 M (purple dots and fitting curve); 4) 1.25 M (red dots and fitting curve) over time in 
the reaction with Et2Zn (0.5 M) in the presence of TBDMSCl (1.5 M). Reaction conditions: [1b] = X M, 
[Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1). 

The order was found as 0.90±0.01 (Fig. 21). For the calculation of the reaction rate, the 

order was simplified to 1 and only autocatalytic pathway was taken into account.  
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Fig. 21. Determination of order in 1b, where “a” is the linear slope of “conversion vs time”. 

2.4.4.7 Calculation of the reaction order with respect to Et2Zn 

  
Fig. 22. Conversion of 1b over time in the reaction with Et2Zn 1) 1 equiv. (grey dots and black fitting 
curve); 1.25 equiv. (blue dots and fitting curve); 3) 1.5 equiv. (red dots and fitting curve) in the 
presence of TBDMSCl (3 equiv.). Reaction conditions: [1b] = 0.5 M, [Et2Zn] = X M, 
[TBDMSCl] = 1.5 M in THF/hexane (2:9). 

Since Et2Zn was used as a 1.0 M solution in hexane received from the commercial source, 

the solvent ratio was changed from THF/hexane (1:1 V/V) to (2:9 V/V) to keep the same 

ratio in experiments with different Et2Zn concentration. The order was found as ca. 

0.10±0.04 (Fig. 23). Weak dependence of the reaction rate on the concentration of Et2Zn 

is likely due to slow background reaction. For the calculation of the reaction rate, the 

order was approximated to 0 and only the autocatalytic pathway was taken into account. 

As seen from the data, activation of the substrate via autocatalytic pathway is a rate-

determining step and as soon as the aldehyde is activated, the nucleophilic attack 

proceeds rapidly. In addition, we tried to use dialkylzinc reagents prepared according to 

y = 0,883x - 0,906
R² = 0,996

-2

-1,5

-1

-0,5

-1 -0,5 0 0,5

ln
(a

) 

ln[aldehyde]

ln(a) vs ln[aldehyde]Initial 

conc., M 
a 

ln 

conc 
ln a 

0.500 0.225 -0.693 -1.492 

0.500 0.216 -0.693 -1.533 

0.750 0.308 -0.288 -1.178 

0.750 0.315 -0.288 -1.155 

1.000 0.404 0 -0.906 

1.000 0.399 0 -0.918 

1.250 0.508 0.223 -0.677 

1.250 0.484 0.223 -0.725 

0
5

10
15
20
25
30
35
40
45
50

0 50 100 150 200 250

c
o
n
v
e
rs

io
n
 o

f 
1
b

(%
)

time (min)



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

63 
 

 

the literature procedure starting from the Grignard reagent.[17] Unfortunately, results of 

the order calculation had some inconsistences due to residual metal salts. 

 
Fig. 23. Determination of order in Et2Zn, where “a” is the linear slope of “conversion vs time”. 

2.4.4.8 The rate model 

Additionally, the experimental data were compared with a theoretical model in order to 

have a clear understanding of the process. The experimental constant was calculated and 

included in the theoretical equation of a second-order autocatalytic unilateral reaction 

(Fig. 24). The constant was found to be 0.023±0.002 M*min-1 (Fig. 15, Table 2). Despite 

the experimental rate has the slightly shifted maximum likely due to the presence of the 

slow background reaction (Fig. 24), the experimental and the theoretical rates are in a 

good agreement: the observed process can be described as the second-order 

autocatalytic unilateral reaction. The calculated constant of the reaction allows us using 

simple equation 1 to see how the calculated constant fits with the real rate. Moreover, it 

tests the concept that the designed reaction is the second-order autocatalytic unilateral 

reaction. In order to build the graph, the conversion was varied from 0 to 100% with 5% 

step, the equation 1 was used to build the plot, where constant is 0.023±0.002M-1*min-1, 

[A] is the concentration of the p-mehtoxybenzaldehyde (1b), [B] is the concentration of 

the active catalyst (Fig. 24). 

 

 

 

 

 

 

y = 0,081x - 1,095
R² = 0,111

-1,4

-1,2

-1,0

-0,8

-1,1 -0,9 -0,6

ln
(a

)

ln[Et2Zn]

ln(a) vs ln[Et2Zn]Initial 

conc., M 
a ln conc ln a 

0.500 0.318 -1.050 -1.147 

0.500 0.299 -1.050 -1.209 

0.625 0.308 -0.744 -1.179 

0.625 0.328 -0.744 -1.115 

0.750 0.303 -0.511 -1.194 

0.750 0.333 -0.511 -1.099 



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

64 
 

 

 

 

 

 

 

 

Fig. 24. The experimental rate (dotes) and the calculated rate (dashes) of reaction 1b in the reaction 
with Et2Zn (1 equiv.) in the presence of TBDMSCl (3 equiv.). Reaction conditions: 
[1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = 1.5 M in THF/hexane (1:1).  
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2.4.4.9 Calculation of the reaction order with respect to TBDMSCl in the case of 1e 

 

Fig. 25. Conversion of 1e over time in the reaction with Et2Zn (1 equiv.) in the presence of TBDMSCl 
1) 1 equiv. (grey dots and black fitting curve); 2) 1.5 equiv. (blue dots and fitting curve); 3) 2 equiv. 
(purple dots and fitting curve); 4) 2.5 equiv. (red dots and fitting curve); 5) 3 equiv. (green dots and 
fitting curve). Reaction conditions: [1b] = [Et2Zn] = 0.5 M, [TBDMSCl] = X M in THF/hexane (1:1). 

In the case of 1e reaction, the reaction order with respect to TBDMSCl was found to be 

0.97±0.01 (Fig. 26). The first order with respect to TBDMSCl corresponds to the 

mechanism with the direct activation of 1e by TBDMSCl. Therefore, the lag phase for the 

reaction of aldehyde 1e with Et2Zn in the presence of TBDMSCl is not observed. However, 

as was shown in the main text (Fig. 5), the addition of EtZnCl to the reaction mixture of 1e 

amplifies the 1e conversion confirming the autocatalytic properties of EtZnCl. 

 

Fig. 26. Determination of order in TBDMSCl in the case of 1e, where “a” is the linear slope of the 
“conversion vs time” graph.  
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2.4.4.10 Explanation of the reaction 0.5 order with respect to EtZnCl and TBDMSCl 

The 0.5 reaction order with respect to reagent can arise due to formation of unreactive 

dimers. If EtZnCl and TBDMSCl form a dimer (D, Scheme 4), which is unreactive, but a 

monomer is highly reactive (M, Scheme 4), then a change of monomer concentration can 

be neglected according to the steady state approximation (SSA, eq. 13). The scheme of 

such a process is described below, where P is product, R is reagent, M is monomer and D 

is dimer (Scheme 4). In this way, formation of the product P is proportional to the 

concentration of dimer D to the power 0.5 which rationalizes the fractional reaction order. 

 
Scheme 4. Equilibrium between unreactive dimers D and reactive monomers M. 

2
𝑑[𝐃]

𝑑𝑡
= 𝑘−1[𝐌] − 𝑘1[𝐃]

1
2  (𝑒𝑞. 10) 

𝑑[𝐌]

𝑑𝑡
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1
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= 𝑘2[𝐑][𝐌] (𝑒𝑞. 12);   𝑖𝑓 (𝑘−1 + 𝑘2) ≫ 𝑘1, 𝑡ℎ𝑒𝑛: 
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= 𝑘1[𝐃]

1
2 − (𝑘−1[𝐌] + 𝑘2[𝐌]) ≈ 0 (𝑆𝑆𝐴) (𝑒𝑞. 13) 

𝑘1

𝑘−1 + 𝑘2
[𝐃]

1
2 ≈ [𝐌] (𝑒𝑞. 14) 

𝑑[𝐏]

𝑑𝑡
= 𝑘2

𝑘1𝑘2

(𝑘−1 + 𝑘2)
[𝐑][𝐃]

1
2 (𝑒𝑞. 15) 

2.4.4.11 Explanation of the reaction zero-order with respect to Et2Zn 

The reaction zero-order with respect to the reagent can arise when the reagent does not 

participate in the rate-determining step. As was found, in the absence of TBDMSCl, the 

reaction between 1b and Et2Zn reaches only ca. 5% conversion within 24 h. However, the 

addition of TBDMSCl changes the 1b reactivity facilitating the nucleophilic attack by Et2Zn. 

Therefore, the activation of the aldehyde is the rate-determining step since it leads to a 

highly reactive species, which undergo rapid nucleophilic attack by Et2Zn. One of the 

typical processes with such kinetics is SN1 substitution, which has first order with respect 

to electrophile and zero-order with respect to nucleophile.[18] In our case, we propose that 

aldehyde 1b undergoes electrophilic activation by species 6 forming intermediate 7b, 

which undergoes nucleophilic attack by Et2Zn forming 3b and EtZnCl (Scheme 5). In such 
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a reaction sequence, the change of highly reactive intermediate 7b concentration is ca. 0 

(SSA, eq. 18). Therefore, the rate of the 3b formation is expressed in the equation 20, 

which has a concentration of Et2Zn in numerator and denominator. Thus, this process is 

not dependent on the concentration of Et2Zn, and the overall reaction rate is determined 

by the rate of the 7b formation. 

 

Scheme 5. The reaction of 1b with Et2Zn via reactive intermediate 7b. 

𝑑[𝟑𝐛]

𝑑𝑡
= 𝑘2[𝟕𝐛][𝐄𝐭𝟐𝐙𝐧]  (𝑒𝑞. 16) 
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= −𝑘2[𝟕𝐛][𝐄𝐭𝟐𝐙𝐧] + 𝑘1[𝟏𝐛][𝟔] − 𝑘−1[𝟕𝐛]  (𝑒𝑞. 17) 

 𝑖𝑓 (𝑘−1 + 𝑘2) ≫ 𝑘1, 𝑡ℎ𝑒𝑛: 

𝑑[𝟕𝐛]

𝑑𝑡
= −𝑘2[𝟕𝐛][𝐄𝐭𝟐𝐙𝐧] + 𝑘1[𝟏𝐛][𝟔] − 𝑘−1[𝟕𝐛] ≈ 0 (𝑆𝑆𝐴)  (𝑒𝑞. 18) 
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𝑘−1 + 𝑘2[𝐄𝐭𝟐𝐙𝐧]
  (𝑒𝑞. 19) 

𝑑[𝟑𝐛]
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 [𝐄𝐭𝟐𝐙𝐧]  (𝑒𝑞. 20) 

2.4.4.12 NMR experiment showing interaction between silicon LA and Zn 2 + 

The interaction between silicon LA and Zn2+ was checked by 1H and 29Si NMR (Fig. 27). It 

was expected to see downfield shift of methyl group protons and downfield shift of the 

silicon by virtue of chloride atom coordination to zinc center. As was seen earlier, the 

presence of silicon LA improves solubility of EtZnCl that indirectly proves coordination. 

Experiments with and without additives were done in the reaction conditions. As was 

found, the presence of EtZnCl leads to downfield shift of 1H (δ = 0.0062 ppm) and 29Si (δ = 

0.39 ppm) signals of TBDMSCl. In its turn, the Et2Zn presence leads to a rather small 

downfield shift (1H (δ = 0.0004 ppm) and 29Si (δ = 0.08 ppm)) (Fig. 27). These experiments 
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prove coordination of TBDMSCl to zinc center and higher Lewis acidity of EtZnCl 

comparing to Et2Zn. 

 

 
Fig. 27. a) 29Si NMR spectra of TBDMSCl with and without additives. b) 1H NMR spectra of TBDMSCl 
with and without additives (SiMe2 signal is displayed). Conditions: [all reagents] = 0.5 M in THF-
d8/hexane (1:1 V/V), PhSiMe3 as internal standard (1H NMR (400 MHz, THF-d8/hexane (1:1 V/V)) δ 
0.20 ppm (SiMe3)., 29Si NMR (79 MHz, THF-d8/hexane (1:1 V/V)) δ -4.48 ppm (SiMe3).) 

In order to explain the enhanced reactivity of 1b in the presence of TMSCl, it was proposed 

to study the Lewis acidity of these two silicon LAs. Diphenylphosphine oxide (Ph2PHO) was 

chosen as Lewis base (LB) to see the shift of 31P NMR signal in the presence of LAs. As was 

found, the addition of 1 equiv. of TBDMSCl leads to a small shift of the 31P (δ = 0.03 ppm), 
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whereas the same amount of TMSCl leads to a significant shift of the 31P (δ = 0.64 ppm) 

(Fig. 28). Despite the chemical shift of 29Si of TBDMSCl being 35.04 ppm, and the chemical 

shift of 29Si of TMSCl being 29.80 ppm in the reaction conditions, Lewis acidic character of 

TMSCl is more pronounced due to its steric properties comparing with TBDMSCl. 

Therefore, stronger activation of 1b is anticipated in the case of TMSCl and subsequently 

shorter (or absent) lag phase. 

 

Fig. 28. 31P NMR spectra of diphenylphosphine oxide with and without additives. Conditions: [all 
reagents] = 1.0 M in chloroform-d. 

Additionally, 1H and 29Si NMR experiments of TMSCl in the presence of Et2Zn and EtZnCl 

were carried out (Fig. 29). It was proposed that TMSCl must be stronger activated by Zn2+ 

due to smaller size of TMSCl substituents comparing with TBDMSCl. As NMR experiment 

shows, 1H and 29Si signals of TMSCl are affected and shifted to downfield more than 

TBDMSCl signals, namely in the presence of EtZnCl 1H NMR signal of methyl groups is 

shifted to 0.1050 ppm and 29Si NMR signal to 0.43 ppm (Fig. 29). Moreover, even the 

presence of Et2Zn results in shift of the 1H NMR signal to 0.0009 ppm and the 29Si NMR 

signal to 0.13 ppm. It corresponds to the case of coordination of TMSCl to Zn2+ center, 

and, as NMR data shows, to stronger activation of TMSCl by Zn2+ than TBDMSCl. These 

results are in a good agreement with data obtained from the kinetic experiment. 
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Fig. 29. a) 29Si NMR spectra of TMSCl with and without additives. b) 1H NMR spectra of TMSCl with 
and without additives (SiMe2 signal is displayed). Conditions: [all reagents] = 0.5 M in THF-
d8/hexane (1:1 V/V), PhSiMe3 as internal standard (1H NMR (400 MHz, THF-d8/hexane (1:1 V/V)) δ 
0.20 ppm (SiMe3)., 29Si NMR (79 MHz, THF-d8/hexane (1:1 V/V)) δ -4.48 ppm (SiMe3).). 
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