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Chapter 1 

Introduction 

Autocatalysis can describe different processes, such as the origin of life, population 

growth, some biological systems, and chemical oscillations. Chemical autocatalytic 

systems are of particular interest due to their diversity and fundamental significance. In 

this chapter, the importance of chemical autocatalysis and an overview of recent 

developments in this topic are given. The following types of autocatalysis are discussed: 1) 

autocatalysis with direct activation of reaction centers; 2) asymmetric autocatalysis; 3) 

template-based autocatalysis; 4) supramolecular autocatalysis; 5) physical autocatalysis. 

The unique features of each type are described in detail to show the main principles behind 

the design of various autocatalytic systems. In addition, this chapter introduces all 

research projects studied during this PhD research. 
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1.1 Introduction 

Autocatalysis is a unique example of catalysis, in which the products amplify the rate of 

the reaction. Regardless of mechanistic differences, positive feedback from the product 

formation can be described using a sigmoidal curve depicted in Fig. 1.[1] The sigmoidal 

curve is described by equation 1, where the rate of the reaction, dA/dt, is a power function 

of the concentration of autocatalysts Ai; X is the concentrations of all compounds except 

Ai; f(X) is the sum of all other processes contributing to the reaction rate. The shape of the 

sigmoidal curve (Fig. 1) depends on k, the constant of autocatalytic reaction, n, the order 

of the reaction with respect to the autocatalyst.[2] If the reaction constant of an 

autocatalytic process is rather small, then the autocatalytic part of the curve (Fig. 1) is less 

pronounced and the autocatalysis is hard to detect.[2] In general, the ratio between the 

reaction rate of the autocatalytic process (k(X)[Ai]n) and the background reaction (f(X)), 

which initially generates some amount of autocatalyst, defines the length of a lag phase.[2] 

At high conversions starting materials are nearly consumed and the process reaches 

saturation (Fig. 1).[1] 

𝒅𝑨

𝒅𝒕
= 𝒌(𝑨𝒊, 𝑿)[𝑨𝒊]𝒏 + 𝒇(𝑿), 𝒘𝒉𝒆𝒓𝒆 𝒌, 𝒏 > 𝟎, 𝒌 ≫ 𝒇 (eq. 1) 

 
Fig. 1. The simplified equation and graph describing autocatalytic reaction. 

Autocatalysis is different from conventional catalysis: it does not require the addition of 

an external catalyst since the catalyst is self-generating in the reaction. Various molecular 

systems can demonstrate autocatalytic behavior, which can be observed and proven by 
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kinetic studies.[1,2] The inherent complexity of studying this type of kinetics makes 

autocatalysis a challenging and yet attractive field. Although there are numerous 

examples of autocatalysis in inorganic chemistry,[4-8] the work presented in this thesis is 

aimed to design and study organic autocatalysis. Organic autocatalysis is of particular 

interest since multiple scientists believe that understanding autocatalytic reactions can 

provide more clues into the origin of life.[9-16] Therefore, the following narrative is devoted 

to organic autocatalysis. 

Despite multiple scientific groups studying autocatalysis,[1-16] the design of a new 

autocatalytic reaction remains a challenging task.[1] A recent thorough review written by 

S. N. Semenov et al.[1] highlights three principal approaches to be used in order to create 

a new autocatalytic system. The first and the most well-studied one is template-based 

autocatalysis. This approach involves the pre-orientation of substrates by 

product/catalyst, which plays a template role. The catalyst is also known as a receptor or 

replicant.[17] This pre-orientation brings two molecules of starting materials close in space 

facilitating the reaction, which gives a new molecule of the template. The approach is 

discussed in detail in part 1.4. 

The second possible approach is based on involving a product in the catalytic cycle of the 

product generation as a ligand to metal center.[1] This type of autocatalysis is less 

common, although this principle is well demonstrated in the case of the copper-catalyzed 

azide-alkyne cycloaddition reaction (CuAAC),[18-20] in which polytriazoles formed in the 

reaction stabilize Cu(I) thereby amplifying the rate of self-generation; or in the case of the 

Soai reaction,[21] which is shown and discussed below in part 1.3. 

The third way of designing an autocatalytic reaction is liberation of an active catalyst by 

products, or in other words, the catalytic destruction of an inhibitor by products.[1] This 

approach was recently demonstrated by W. Huck et al. in the case of oligopeptide 

inhibitors for trypsin, chymotrypsin, and elastase.[22] These inhibitors are able to block the 

corresponding protease completely leading to the initial lag phase. However, the 

inhibitors have limited proteolytic stability that results in a cleavage producing the active 

protease.[22] Then, the active protease catalyzes continuous liberation of itself.[22] 

Moreover, this approach finds application in chemical oscillators.[23,24] The authors 

combined the autocatalytic reaction with a negative feedback loop in order to generate 

oscillations.[23,24] In the case of W. Huck’s oscillator, the inhibitor needs to be activated by 

the protease. This is a vital part of their oscillating system.[23,24] 
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Below, the following types of autocatalysis are discussed: 1) autocatalysis with direct 

activation of reacting centers; 2) asymmetric autocatalysis; 3) template-based 

autocatalysis; 4) supramolecular autocatalysis; 5) physical autocatalysis.  

1.2 Types of autocatalysis: direct activation of reacting 

centers 

Often in reviews, template-based, physical, and asymmetric autocatalysis types are 

highlighted.[9,15,17] Unlike previous reviews, in addition to these types, Chapter 1 highlights 

the direct activation of reacting centers as a unique type of autocatalysis. The term “direct 

activation” gathers all acid/base,[30-36] organometallic,[37-40] nucleophilic,[41-44] radical-

based,[45] ligand-induced catalysis,[20] activation of aldehyde by zinc complex of the alcohol 

product[21] where the electronic properties of the reactants are changed by the 

autocatalyst to facilitate the reaction. In order to illustrate “direct activation” 

autocatalysis, the following paragraphs describe some examples of different autocatalytic 

reactions which proceed via change of the electronic properties of the reacting centers at 

the substrates upon their activation by products. 

For instance, acidic hydrolysis of esters proceeds by virtue of electrophilic activation of 

the ester moiety.[25,26] Unlike acidic processes, base-driven autocatalysis proceeds via a 

different mechanism, in which deprotonation leads the autocatalysis. An interesting 

example of such an autocatalytic reaction is demonstrated by M. D. Ward et al. (Scheme 

1):[31] [Co8L12](BF4)16 (L – bridging ligands) cage (depicted as a grey square in Scheme 1) 

encapsulates neutral molecule 1, which gets deprotonated with subsequent ring opening 

and generation of 2. The cage then liberates a new molecule of 2 and encapsulates the 

next molecule of 1. [31] Here, the electronic properties of substrate 1 are drastically 

changed by the autocatalyst 2. Therefore, although the mechanism is completely opposite 

to acidic hydrolysis, both reactions can be assigned to the same type of autocatalysis. 
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Scheme 1. The mechanism of base autocatalyzed oxazole ring opening. [31] 

Another interesting example is organometallic autocatalysis discovered by D. B. Collum et 

al. (Scheme 2).[37] The authors observed that the lithiation of 4 by (LDA)2 (lithium 

diisopropylamide) proceeds with rate amplification (Scheme 2). It was found that 

intermediate 5 is a stronger lithiation reagent than (LDA)2, which performs lithiation of 4 

faster than the initial (LDA)2 dimer. The product of the reaction (6, Scheme 2) reacts with 

initial (LDA)2 forming 5 and another molecule of LDA (Scheme 2). 

 

Scheme 2. Autocatalytic lithiation. [37] 

Ligand-induced autocatalysis is rather limited in examples[20] but it is worth to be 

mentioned since it is a good example of transition-metal catalyzed reactions as 

autocatalytic reactions with the “direct activation” of substrates. The best example known 

up to date is CuAAC.[1,20] In order to understand how products change electronic 

properties of Cu(I) or, in other words, directly activate substrates, the mechanism of 

CuAAC must be discussed. In 2004, V. V. Fokin et al. proposed autocatalytic behavior of 

“click” reactions in the case of the polytriazolylamine formation.[19] The proposition was 

based on the fact that polytriazolamine ligands tightly bind and consequently stabilize 

Cu(I) species, which perform the catalytic cycle (Scheme 3).[19] However, it took 14 years 
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to design and accomplish this reaction in an autocatalytic manner.[20] Only in 2018, S. N. 

Semenov et al. proved this reaction to be autocatalytic in the case of azide−alkyne 

cyclization of 7 and 8 (Scheme 3).[20] The authors showed that autocatalysis is compatible 

with a certain range of substrates and speculated about the connection of this particular 

autocatalytic process with the origin of life.[20] As follows from the stabilization of Cu(I) 

species, electron-donation from the product changes the electronic properties of these 

species,[19,20] which acts as a catalyst for the formation of product 9. Therefore, this 

example of transition-metal catalyzed cyclization is an autocatalytic reaction with direct 

activation. 

 

Scheme 3. The mechanism of CuAAC in an autocatalytic manner.[20] 

As was shown in different examples, the type of autocatalysis with direct activation of 

substrates includes many various transformations, in which electronic properties of 

reagents are enhanced by an autocatalyst. 

1.3 Types of autocatalysis: asymmetric autocatalysis 

According to N. Budisa, V. Kubyshkin, and M. Schmidt,[46] cellular life 1) produces or 

consumes energy, 2) has a certain metabolism and 3) form, and 4) transfers 

information.[46] Chirality is the simplest form of information one organic molecule can 

transfer to another one.[47] Thereby, the origin of life is often explained using asymmetric 

autocatalysis.[1,9] Despite asymmetric autocatalysis being likely responsible for the 

emergence of homochirality, literature data is extremely limited with successful examples 

of such reactions. In terms of kinetics, successful asymmetric autocatalysis can be realized 

in two cases: 1) as Frank model suggests, one enantiomer amplifies the formation of itself 

and simultaneously suppresses the formation of the opposite enantiomer;[48] 2) two or 
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more molecules of the same enantiomer catalyze the formation of itself that results in a 

higher order of the reaction with respect to the self-amplifying enantiomer subsequently 

suppressing the formation of another one.[1,15] Otherwise, the discrimination of two 

enantiomers is insufficient since transition states have the same energy state for both 

enantiomers.[15] Although rational design of such a reaction remains unaccomplished, the 

Soai reaction,[21] being a proof of concept for asymmetric autocatalysis, motivated 

multiple groups to study and design such reactions.[1,9]  

The Soai reaction is the first and only example of asymmetric autocatalysis and was 

demonstrated by K. Soai et al. in the case of iPr2Zn addition to various 5-pirimidine 

carboxaldehydes (Fig. 2).[21,49,50] Found by serendipity, the Soai reaction was a question to 

debate for more than 25 years until the recent publication of S. E. Denmark et al.[51] The 

authors demonstrated that the rate amplification was driven by a catalyst, which was 

formed in solution and has a tetrameric structure (Fig. 2).[51] The tetrameric structure has 

a combination of two four-membered cycles (12, Fig. 2, Zn-O-Zn-O, red cycle) and one big 

macrocycle (12, Fig. 2, blue cycle), which includes four-membered cycles. In addition, it 

was calculated that the reaction going with activation by enantiopure catalyst has a lower 

barrier, than the racemic one (19.6 kcal/mol vs 29.6 kcal/mol). [51] This results in a dramatic 

difference in rates of the racemic and the enantiopure reactions. Importantly, to achieve 

high ee, the reaction needs to be repeated in cycles, where every new reaction cycle is 

accompanied by an addition of a certain amount of the final product from the previous 

one. The effectiveness of such chiral amplification is impressive: even after the first cycle, 

the addition of 0.8 mol% of 0.00005% ee leads to the formation of the product with 57% 

ee. [52] Nevertheless, reasons for the very first induction of chirality remain unclear. 

However, when it comes to the range of substrate, the Soai reaction is limited to iPr2Zn 

and 5-pyrimidine or 5-pyridine carboxaldehydes.[51] As was found, sterically bulky 

substituents of organozinc reagent help to break tetramers formed in solution. Otherwise, 

for instance, in the case of Et2Zn addition, tetramers remain stable without the 

dissociation to catalytically active dimers.[51] Therefore, no active molecules are present 

in the solution to perform the autocatalytic cycle. The nitrogen in meta position to the 

aldehyde moiety in compound 10 is important as well (Fig. 2). This nitrogen makes a 

molecule of product 11 (Fig. 2), which acts as a bridge by binding several Zn2+ atoms, which 

are important for the formation of the active catalyst. [51] 
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Fig 2. The Soai reaction[21] and the active catalyst demonstrated by S.E. Denmark.[51] 

Regardless of inherent complexity, the concept of asymmetric autocatalysis keeps on 

motivating scientific groups to discover new reactions of this type to expand the 

boundaries of understanding how chirality and life appeared on Earth. 

1.4 Types of autocatalysis: template-based autocatalysis 

Another type of autocatalysis is template-based autocatalysis. Templates are frequently 

found in biological systems.[1,9,17,53] Nowadays, organic chemistry has a solid 

understanding of the principle mechanism underlying this type of autocatalysis in virtue 

of numerous examples described in the literature. [1,9,17] In general, template-based 

autocatalysis is based on the formation of a product, which plays a template role for 

binding and pre-orientation of reagents in space (Fig. 3).[1,9,17] This pre-orientation brings 

two molecules of starting materials close in space facilitating the reaction, which gives a 

new molecule of the template.  
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Fig. 3. Illustration of a simple template-based autocatalytic system.[1,9,17] 

The typical cycle of template-based autocatalysis includes a background reaction (A+B, 

Fig. 3), which slowly generates the template. [9,17] In all cases shown in literature, [9,17] the 

template plays only a “holder” role that differs from the first type of autocatalysis with 

the direct activation of reacting centers. Importantly, the rate acceleration by the 

template depends on reactive centers.[1] In other words, the ratio between the 

background and the autocatalytic reaction rates changes the shape and slope of the 

kinetic curve of template-based autocatalytic reactions (Fig. 4).[54] For instance, it has been 

well-established that the Diels-Alder reaction is effectively amplified by template 

autocatalysis since the position of the substrates in space plays a crucial role for the 

reaction to proceed.[54]  

Some cases of template-based autocatalysis have a plateau effect, which in principle is 

inherent for this type of catalysis and negatively affects the reaction rate.[1,9,13,17] This 

effect takes place when the equilibrium dimer/monomers is shifted towards the 

formation of dimers (Fig. 4).[13] This ratio represents a dissociation of a product dimer, 

which inevitably occurs due to the template effect. The dissociation is a crucial step in the 

liberation of an active template to continue the autocatalytic cycle.[13] Fig. 4 with a kinetic 

profile of such reaction is given to illustrate how the formation of stable dimers affects 

the reaction rate. In general, the amplification of a reaction rate is connected with the 
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increasing concentration of the catalyst (product) (Fig. 4). At the initial stage of the 

reaction, the concentration of the catalyst is too low to form dimers. However, at a certain 

conversion, the concentrations of catalyst and reagents are such that self-binding, 

formation of dimers, becomes more favorable than binding with reagents. This results in 

a common problem of these systems, namely product inhibition leading to parabolic 

instead of exponential amplification (Fig. 4). [13] 

  

Fig. 4. The sigmoidal kinetic curve of a template-based autocatalytic reaction with 
plateau.[13] 

However, there are examples of template-based autocatalysis, without product inhibition 

and with excellent rate amplification.[1,9,13,17] Along with [4+2] Diels-Alder cycloaddition,[55-

59] there are multiple suitable reactions for the construction of a template. For instance, 

nitrone-olefin [3+2] cycloaddition,[60-64] condensation reactions based on simple 

templates,[65-68]
 condensation reactions based on complex systems such as 

hexadeoxynucleotide, [69] PNA template,[70,71] DNA analogous,[72] and oligopeptides[73-75] 

have been reported in the past years. Template-based autocatalysis chemistry is 

constantly evolving, with new examples emerging every year. 

The formation of a template-reactant intermediate is often based on hydrogen bonding. 

There are multiple examples of various template-based autocatalysis with diverse binding 

groups.[1,9,13,17] Regardless of exact molecular structure, an approach to the generation of 

such hydrogen bonds can be described as donor/acceptor or acid/base interaction 

between two molecules (Scheme 4).[54] Relatively acidic protons of 13 (Scheme 4) form 

hydrogen bonds with relatively basic oxygens of 14 (Scheme 4). The basic pyridine 
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nitrogen atom of 13 also binds the acidic proton of 14 (Scheme 4). These multiple 

hydrogen bonds along with well-defined geometry allow tight and strong bonding.[54] 

Many templates are based on similar structures and principles.[17] 

 

Scheme 4. An example of a strong hydrogen bonding.[54] 

The nature of the solvent, its ability to form hydrogen bonds, and even viscosity[54] affect 

the reaction and hydrogen bonding and therefore the autocatalytic character of template-

based reactions.[54] Thus, common solvents in this type of autocatalysis are chloroform, 

dichloromethane, or toluene due to their inability to form strong hydrogen bonds.[1,9,13] 

However, the stability of the intermediates proportionally depends on the number of 

hydrogen bonds. Some examples such as the PNA-based template effectively perform 

autocatalysis even in an aqueous solution.[70,71] In order to illustrate reactions and 

varieties of hydrogen bonding used in template-based autocatalysis, the following 

examples are given: 

J. Rebek’s Jr. template: the template is constructed by condensation of ester 16 with 

primary amine 17, binding happens via adenosine-imide hydrogen bonding, which is 

effective in chloroform at 1.0 mM and supported by the rigid structure of starting 

materials (Scheme 5):[67] 
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Scheme 5. An example of J. Rebek’s Jr. template.[67] 

 

B. Wang & I. O. Sutherland’s template: the template is constructed by [4+2] Diels-

Alder cycloaddition of 19 and 20, binding happens via formation of three hydrogen 

bonds, which is effective in dichloromethane at 20.0 mM and very specific due to 

encoded binding via base-base-acid / acid-acid-base interaction (Scheme 6):[56] 

 

Scheme 6. An example of B. Wang & I. O. Sutherland’s template.[56] 
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D. Philp template: the template is constructed by 1,3-dipolar cycloaddition, binding 

happens via formation of hydrogen bonds between acylated 2-aminopyridine 22 and 

carboxylic acid 23 bearing dienophile, which is effective in chloroform at 10.0 mM 

(Scheme 7):[62,63] 

 

 

Scheme 7. An example of D. Philp’s template. [62,63] 

 

G. von Kiedrowski’s template: the template is based on a 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDC) mediated condensation of two peptide 

nucleic acid chains (26 and 27) in aqueous solution at 5.0 mM (Scheme 8):[71] 
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Scheme 8. An example of G. von Kiedrowski’s template.[71] 

Despite the template-based autocatalysis being well-elaborated, there are reactions, 

which yet to be studied for template formation. Moreover, templates working in prebiotic 

conditions are of particular interest since they plausibly played a certain role in the origin 

of life, and therefore, need to be developed further. 
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1.5 Types of autocatalysis: supramolecular autocatalysis 

Another type of autocatalytic reaction is supramolecular autocatalysis, which has never 

been highlighted before as a separate type in the published reviews.[1,9,17,53] In the current 

thesis, supramolecular autocatalysis is emphasized as a unique type of autocatalysis 

because both macroscopic and microscopic parameters play a crucial role in the reaction 

rate amplification.[11,12] Moreover, prebiotic reaction conditions makes supramolecular 

autocatalysis a very prominent tool for studies of the origin of life.[1,9,11,12] 

Unlike all previous examples of autocatalysis, supramolecular autocatalysis includes 

supramolecular polymers, so-called fibers, based on supramolecular monomers bonded 

together by hydrogen bonding.[11,12] Besides temperature and the physicochemical 

properties of the medium, the mechanical properties of such fibers are based on the type 

of intermolecular interaction between monomers and the structure of monomers.[11,12] 

Macroscopic parameters of fibers such as rigidity or flexibility affect the rate of the 

reaction since the formation of monomers happens on the edges of fibers.[83,84] Therefore, 

the ability of fibers to break forming new edges directly affects the rate of the monomer 

formation.[83,84] In certain aspects, this type of autocatalysis is similar to selective 

crystallization, where fibers play the role of crystal seeds. 

Microscopic parameters such as type of bonding, presence or absence of certain groups 

in the peptide chain (Fig. 5) affect the stability of monomers.[83,84] For example, as was 

demonstrated by S. Otto et al., a six-membered cycle (Fig. 5) generates another six-

membered cycle on the edges of fibers.[84-87] However, the strong hydrophobic character 

of the peptide chain (Fig. 5) leads to the formation of small 3, 4, or 5-membered 

macrocycles.[84] Interestingly, systems forming small macrocycles do not demonstrate 

autocatalytic behavior.[84] On the contrary, hydrophilic peptide chains lead to formation 

of bigger macrocycles.[84] Peptide hydrophobicity and its multivalency strictly determine 

properties of such systems and the ability of a certain dynamic combinatorial library to 

form self-replicators. 



Chapter 1. Introduction 

25 
 

 

 

 

Fig. 5. The example of supramolecular autocatalysis made by S. Otto et al.[84] 

Recently, interesting properties of this system were demonstrated in another paper.[88] It 

was demonstrated how a “parasite” system builds up using a host system capable of self-

replication.[88] Monomers of “parasite” and “host” are based on sulfur-sulfur bridging, 

which plays a crucial role in the case of dynamic systems since S-S bridges can be broken 

and reshuffled under the reaction conditions until they form stable six-membered 

template and fibers.[83,84] The “parasite” process resembles one depicted in Fig. 5 with the 

only difference that “parasite” cannot perform self-replication. Authors compare this 

behavior with parasitic or predatory one, which is often associated with living systems.[88] 

Concluding this type of autocatalysis, it is important to mention that this field is 

rather young yet very promising in terms of elucidation of the origin of life.  

1.6 Types of autocatalysis: physical autocatalysis 

The name of this type of autocatalysis reflects the main idea: amplification of reaction 

rate happens in virtue of a physical effect. Thus, the reaction itself is not autocatalytic in 

terms of chemical events but the reaction demonstrates autocatalytic behavior. This 
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paradox is a beautiful example of how macroscopic parameters of a reaction might be 

more important than the chemical reaction itself. 

Physical autocatalysis was initially discovered by P. L. Luisi et al. in 1990.[89,90] Since that 

time, many scientific groups have come up with different ideas with one common thing, 

namely that physical autocatalysis was performed by micelle formation.[9] One of the most 

recent examples of physical autocatalysis was demonstrated by S. Fletcher et al. (Fig. 6).[91-

93] Authors exploited the Michael-addition of thiol 29 to α,β-unsaturated amides 30 and 

esters 31 to link polar “heads” with non-polar “tails” creating a micelle unit 32 or 33 

respectively (Fig. 6). These units form micelle, which “encapsulate” tails 29 (Fig. 6). In such 

a way, micelle serves as a phase-transfer catalyst, and an increasing amount of micelles 

increases the surface of interaction between heads and tails. This macroscopic process 

demonstrates the rate amplification in an autocatalytic manner.  

 

 

Fig. 6. The example of physical autocatalysis made by S. Fletcher et al.[91-93] 
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One of the most remarkable observations in the autocatalytic formation of micelles is that 

the process resembles the formation of cell membranes. Often, in the literature physical 

autocatalysis is called autopoiesis and is connected with the origin of life.[94,95] 

1.7 Conclusion 

A major part of autocatalytic research is based on receptor-like chemistry, which is limited 

to a few chemical reactions for the synthesis of a template. Organic chemistry counts only 

a limited amount of works made by design. Therefore, the design of a new autocatalytic 

reaction remains a challenging task, which requires a non-trivial approach. This approach 

must include complete awareness of reagent and product properties, and, especially, the 

interaction between them leading to positive feedback on the reaction rate by a product 

formation. This thesis proposes two new autocatalytic design examples (Chapter 2 and 

Chapter 3) and one new reaction type for template-based autocatalysis (Chapter 5). 
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1.8 Thesis outline 

The major focus of this PhD work is on the development of novel autocatalytic reactions 

by design. Our approach makes use of involving Lewis acid (LA) activation to promote 

autocatalytic reactions. In continuation of the LA reactivity study, the dearomatization of 

naphthols enabled by LA is described in the last chapter. 

Chapter 2 describes the investigation of the design of an autocatalytic system based on 

the amplification of the Lewis acidity of the reaction medium. This has been demonstrated 

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

Lewis acid (TBDMSCl). The design has been studied using various benzaldehydes, and the 

mechanism supported by NMR and Raman spectroscopy has been proposed. 

In chapter 3, an example of the autocatalytic reaction based on tertiary amide reduction 

is described. The catalytic activity of hemiaminal intermediates is studied in auto-, cross- 

and catalytic experiments. Moreover, unexpected autocatalysis driven by full reduction 

products has also been observed and discussed. 

In continuation of chapter 3, chapter 4 describes computational study of tertiary amide 

reduction by borane. As shown in chapter 3, the autocatalytic reduction is triggered by 

hemiaminals initially generated by the background reaction. In chapter 4, molecular 

modeling has been considered to unravel how the initial hemiaminal is generated. 

Concluding the autocatalytic part of the thesis, chapter 5 encloses our attempts to design 

new template-based autocatalysis. The design has been studied in the case of 1-

azaanthracene [4+4] photodimerization driven by light. The dimerization has been 

expected to proceed autocatalytically in the presence of acidic linkers, which have been 

invoked to provide bridging between two units 1-azaanthracene and dimer playing a 

template role. 

Finally, chapter 6 demonstrates an application of LAs in dearomatization reactions. It has 

been found that the AlCl3 activation of naphthols leads to the stabilization of the non-

aromatic tautomer, α,β-unsaturated ketone that has been used as Michael acceptor in 

the Cu(I)-catalyzed addition of organometallic resulting in the corresponding 

dearomatized products, as well as the addition of phosphines and hydrides. 
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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. 
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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 

a) 

b) 

0

10

20

30

40

50

60

70

80

90

0 20 40 60 80 100

c
o
n
v
e
rs

io
n
 o

f 
1
e

(%
)

time (min)

0

10

20

30

40

50

60

70

80

0 5 10 15 20

c
o
n
v
e
rs

io
n
 o

f 
1
e

(%
)

time (min)



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

43 
 

 

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. 
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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. 



Chapter 2. Rational design of Lewis acid mediated autocatalysis 

50 
 

 

 

 

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

 𝑖𝑓 (𝑘−1 + 𝑘2) ≫ 𝑘1, 𝑡ℎ𝑒𝑛: 

𝑑[𝟕𝐛]

𝑑𝑡
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  (𝑒𝑞. 19) 

𝑑[𝟑𝐛]
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𝑘1[𝟏𝐛][𝟔]

𝑘−1 + 𝑘2[𝐄𝐭𝟐𝐙𝐧]
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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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Chapter 3 

Autocatalytic processes in amide reduction 

In this chapter, the design of a new autocatalytic reaction is described. Inspired by the 

well-established Corey-Bakshi-Shibata (CBS) oxazaborolidine asymmetric catalysis, we 

envisioned that borane-hemiaminal complexes prepared via the borane reduction of 

amides can exhibit autocatalytic properties. This chapter describes 1H and 19F NMR 

spectroscopy supported kinetic studies pointing at autocatalytic character of the amide 

reduction by boranes. Moreover, when reduction of various amides or amide and an 

ester was carried out in one reaction mixture cross-catalytic behavior of corresponding 

borane-hemiaminals has been observed.  
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3.1 Introduction 

Among the various types of catalysis, autocatalysis stands out due to its unique nature: 

the catalyst is being self-generated during the reaction.[1-3] Although the first 

autocatalytic reaction has been found as early as in 1869 by Boutlerow when he 

reported the formose reaction,[4] the current literature has a modest number of 

autocatalytic works in comparison with conventional catalysis.[1,2] Among these works, 

scientists highlight several types of autocatalysis:[1,2] 1) acid/base;[5-11] 2) autocatalytic 

reactions based on organometallic chemistry; [12-15] nucleophilic; [4,16-18] 4) template-

based;[19-26] 5) physical autocatalysis;[27-31] 6) asymmetric autocatalysis;[32-35] and 7) 

inorganic autocatalysis. [36-39] Surprisingly, however, a majority of published reactions 

was discovered by serendipity, and sparse works were done based on a rational 

design.[1,2] In fact, the design of a new autocatalytic reaction remains an issue and the 

development of new autocatalytic ones requires a well-thought-out approach, which 

must be confirmed by kinetic studies.[1,2] The recent review by S. N. Semenov et al. 

introduces three main approaches for the design of autocatalytic systems.[1] The first 

approach makes use of a reaction where the product plays the template role for its own 

formation and therefore results leads to the rate amplification.[19-26] The second 

approach is based on transition-metal catalyzed reaction where the reaction product 

can serve as a ligand and therefore enhance the catalytic activity of the metal.[40-42] The 

third approach is based on the liberation of an active catalyst by the product of the 

reaction.[43,44] 

The current work proposes a different route, which in a certain way generalizes the 

second approach described by S. N. Semenov et al. Instead of adapting a product to a 

known ligand, our design is based on a reaction, which results in a product that 

structurally resembles the well-established catalyst, e.g., Corey-Bakshi-Shibata (CBS) 

catalyst. It was anticipated that the reaction product will be able to catalyze its own 

formation, since it bears the two structural moieties present at the original CBS catalyst 

(Lewis acid (LA) and Lewis base (LB)). 

This strategy was inspired by an interesting case of CBS reduction published in 1996 by 

E. J. Corey et al.[45] Initially, the authors had planned to perform the enantioselective 

reduction of 2-benzoylpyridine A1 by catecholborane in the presence of the CBS catalyst 

(Scheme 1a).[45] However, the reduction resulted in the racemic product A2 (Scheme 1a). 

It was proposed that the direct reduction of the carbonyl is promoted by the 

coordination of A1 pyridine ring to catecholborane, and therefore proceeds faster than 

the CBS catalytic cycle.[45] To prove this hypothesis, the authors performed the reduction 
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of the respective pyridinium salt B1 (Scheme 1b) resulting in the corresponding product 

B2 with 99% ee.[45] 

 

Scheme 1. a) Reduction of 2-benzoylpyridine by catecholborane in the presence of the 
CBS catalyst. b) Reduction of 1-allyl-2-benzoylpyridin-1-ium trifluoromethanesulfonate 
salt by catecholborane in the presence of the CBS catalyst.[45] 

This reaction attracted our attention since the reduction product A2 (Scheme 1a) has 

similar Lewis acidic and Lewis basic properties as the CBS catalyst.[46,47] However, our 

preliminary studies showed that the reduction product A2 does not show autocatalytic 

properties, and the reaction proceeds via the direct reduction of A1 by catecholborane. 

Despite the fact that the reduction of 2-benzoylpyridine did not show autocatalytic 

properties, we anticipated that the desired autocatalyst must have more pronounced 

Lewis acidic and Lewis basic properties than the initial substrates to allow an effective 

autocatalytic cycle. Therefore, we turned to a different system with potentially 

autocatalytic properties of the product, namely the reduction of tertiary carboxamides 

by borane. 

As suggested in the literature, amide 1 undergoes reduction by borane to form an 

unstable hemiaminal 2, which is ultimately reduced to the corresponding amine 5/6 and 

boron-containing LAs (Scheme 2).[48-50] Importantly, the intermediate hemiaminal 2 with 

Lewis acidic –OBH2 and Lewis basic –NR2 moieties meets requirements to perform an 

autocatalytic cycle of self-generation. Nevertheless, there are only a few examples of 

stable hemiaminals obtained in the case of reduction by aluminium [51-53] or borohydride 

species, [54-56] and only one example of a stable hemiaminal obtained upon the reduction 

by borane has been reported so far.[57] 
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Scheme 2. Literature-reported mechanism of amide reduction by borane. [48-50]  

The stability of 2 strongly depends on the substituents (R1, R2, and R3, Scheme 2) since 

the decomposition process leading to highly reactive intermediate 3 is governed by the 

intramolecular attack of nitrogen electron pair on the neighboring electropositive 

carbon atom (Scheme 2).[48-50] To inhibit this process, electron-withdrawing substituents 

must be considered to allow quenching of the nitrogen electron lone pair 

nucleophilicity. The stabilization of hemiaminal 2 (Scheme 2) is an important part of the 

design since 2 is supposed to be an autocatalyst, which must be present during the 

reaction for a reasonable amount of time to perform autocatalysis. This direct reduction 

of 1 by BH3 will lead to the initial generation of 2 (a background reaction, step I, Scheme 

3). After that, a newly formed Lewis base (LB) (compound 2, blue nitrogen, Scheme 3) 

should coordinate BH3 molecule (Step III, Scheme 3) followed by coordination to 1 (Step 

IV, Scheme 3). This would result in simultaneous activation of both substrates, 

analogous to the CBS catalysis mechanism.[46,47]  Next, Step V (Scheme 3) will produce 

another molecule of 2 and restore the autocatalyst (2) closing the autocatalytic cycle. 
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Scheme 3. The anticipated mechanism of our designed autocatalytic amide reduction by 
borane: (Steps I-II) and autocatalytic cycle (Steps III-V). 

This autocatalytic process seems plausible since the first reduction step (Scheme 3) 

results in the liberation of the nitrogen lone pair from the conjugation with the carbonyl 

moiety. Hence, the nucleophilicity of intermediate 2 is expected to be significantly 

higher than the nucleophilicity of the starting amide 1. This subsequently makes 2 a 

better ligand for BH3 as required according to our design (Scheme 3). Moreover, the 

same step leads to the substitution of hydrogen to oxygen in the boron center, which 

subsequently increases the partial positive charge on the boron center, making it more 

Lewis acidic. (Note: the charge computation is in part 3.4, Table 1). 

This chapter illustrates an example of autocatalysis designed and tested on the 

renowned borane reduction of amides. Besides autocatalytic activity, this system 

demonstrates cross-catalytic activity when different amides are mixed in the presence of 

BH3. Moreover, hemiaminals have shown a catalytic activity in between substrate 

classes such as amides and esters. 
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3.2 Results and discussion 

3.2.1 Preliminary study of the borane reduction of amides 

The generally low stability of hemiaminals prevents their detection, and therefore, 

represents a problem for the study of this autocatalytic process. The stability issue has 

been overcome when trifluoroacetic acid carboxamides were examined in the current 

work (R1 = CF3, R2/R3 = Alk, Ar). The autocatalytic character of the reaction was 

determined by kinetic studies, which were carried out using 1H and 19F NMR 

spectroscopy in deuterated solvents such as dichloromethane-d2 (DCM-d2) and 

tetrahydrofuran-d8 (THF-d8). The borane dimethylsulfide complex (BMS) was used in 

the study as a reducing agent due to its stability, safety, and high solubility in organic 

solvents.[58] 

We started the investigation by evaluating the reactivity of different tertiary 

carboxamides in the reduction by BMS. The preliminary experiments confirmed the 

higher stability of hemiaminals in the case of the tertiary trifluoroacetamides 1a-e under 

the reaction conditions (Table 1). (Note: the kinetics of the reduction of other amides are 

enclosed in part 3.4). In virtue of the -CF3 group present in 1a-e structures, it was 

possible to monitor reaction kinetics using 19F NMR spectroscopy (for details see 

experimental part).[59] Regarding amides 1a-e, it was shown that amides with only 

aliphatic substituents (-NR2R3 = -piperidine 1a, dicyclohexylamine 1b, Table 1) do not 

form stable hemiaminals 2 in solution. However, the substitution of one aliphatic 

substituent to an aromatic one (-NR2R3 = -NMePh 1c) leads to the appearance of 

relatively stable hemiaminal 2c, the concentration of which was about 4.5 mol% in the 

reaction mixture (Table 1). As expected,[48-50] the formation of 2c leads to full reduction 

product 5c, confirmed by 1H NMR. In order to stabilize the hemiaminal and elongate its 

half-live in the solution, the aliphatic substituent was replaced by a phenyl ring (-NR2R3 = 

-NPh2 1d, Table 1). In the case of amide 1d, stable hemiaminal 2d was observed up to 

80 mol% of the reaction mixture before converting to the respective amine 5d with a 

promising kinetic profile (see part 3.2.2). Further decrease of the electron density at the 

nitrogen, by introducing -CF3 groups in the para position of the aromatic rings of the 

amide 1e (-NR2R3 = -N(C6H4pCF3)2 1e, Table 1), allowed stabilizing the hemiaminal 

intermediate further. It was present in the reaction mixture for 72 h (5e, Table 1). It is 

noteworthy that hemiaminal 2d, as 2e, appear in 19F NMR as two main doublets, 

however, also a set of low-intensity peaks are present which is indicative of the 

presence of several boron-containing hemiaminals are formed. 
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Table 1. The BMS reduction of amides 1a-e leading to 2a-e and subsequently to 6a/5b-e. 
Reaction conditions: 1 (0.045 M) / BMS (0.648 M) = 1/14.4, DCM-d2, N2. 

 

2 a b c d e 

max conc.[a], mol% 0 traces 4.5 80 97 

lifetime[b], h - - 7.25 17 >72 

5/6 a b c d e 

time full conv.[c], h 8 140 30 47 >72 

[a] max conc. of 2 in the reaction mixture expressed in mol% with respect to initial conc. 
of 1. [b] reaction time when conc. of 2 is max. [c] reaction time needed to ultimate 
reduction of amide 1 into respective amine 5/6.  

In the case of aromatic or bulky aliphatic substituents at the nitrogen atom, full 

reduction products do not form complexes with borane and are present in the solution 

as free amines 5b-e, whereas sterically not hindered aliphatic amine 5a forms complex 

6a quantitatively, under the reaction conditions. The formation of complex 6a was 

confirmed by 1H, 11B, and 19F NMR spectra (for details see part 3.4, description of 

compounds). 

To further clarify the structures of 2d and 2e, 11B NMR spectra were recorded. We have 

found that for the compound 2d chemical shift of 11B is 24.20 ppm, and for 2e is 28.09 

ppm. According to literature,[60] these chemical shifts correspond to the dioxyborane 

species 2-2 (Scheme 4). Therefore, the structure of hemiaminals in the reaction mixture 

was refined (2-2, Scheme 4). The formation of dioxyboranes from oxyboranes is a 

spontaneous process, which was described in the literature, e.g. in the case of the direct 

borane reduction of pinacolone.[61,62] Thus, the equilibrium between oxyborane 

hemiaminals 2 and dioxyborane hemiaminals 2-2 is excepted (Scheme 4). Naturally, the 

oxyboranes 2 are represented in solution as a mixture of R and S enantiomers. 

Therefore, the dioxyboranes 2-2 must be represented by a statistic mixture of 

diastereomers ([R,S] + [S,R]) / ([R,R] + [S,S]) = 50:50 (Scheme 4). The latter was identified 
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by a set of doublets in the 19F NMR spectra corresponding to the expected 

diastereomeric mixture (for details see part 3.4).  

 

Scheme 4. The equilibrium between oxyboranes 2 and dioxyboranes 2-2. 

Since the formation of 2-2 proceeds via spontaneous coordination of two molecules 

of 2,[61,62] we checked whether 2 could also be present in solution. To do so, the BMS 

reduction was carried out in THF-d8 as solvent as well. We hypothesized that the 

coordinating solvent would inhibit the formation of 2-2 to a certain extent. We found, 

that changing the solvent allowed us to observe the formation of new species that 

appeared as a separate set of doublets that likely correspond to hemiaminal 2 (for 

details see part 3.4). 

Finally, to characterize 2d/2e hemiaminals fully, we have tried to isolate them. 

Unfortunately, the hemiaminals were found unstable on silica or alumina; upon acidic, 

neutral, or basic quenching. All our attempts to isolate 2 led to its hydrolysis. 

After the preliminary results, a kinetic study was carried out. 

3.2.2 Kinetic studies: autocatalytic behavior confirmation  

Reactions were monitored by real-time 1H and 19F NMR spectroscopy. In the case of 
19F NMR, conversion of a starting material and the formation of products were 

measured using the -CF3 group: the integral intensity of the reaction mixture component 

signals was divided by the summarized integral intensity for all the components 

(products and starting amide). In the case of 1H NMR, hexamethyldisilazane (HMDSO) 

was used as an internal standard, and concentrations of the reaction mixture 

components were measured versus the internal standard signal. 

First, the kinetic investigation of the BMS reduction of amides 1a-e was performed. We 

have found that the reduction of all five amides features a lag phase followed by a rate 

amplification (for details see part 3.4, kinetics). Interestingly, in the case of amide 1d, 

the concentration profile of the reaction shows that both the hemiaminal 2d and the 

corresponding amine 5d are formed after a lag phase (1.5 h lag phase for 2d, and 35 h 
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for 5d) (Fig. 1). Usually, a lag phase is typical for autocatalytic reactions since the initial 

concentration of an autocatalyst (product) is low.[1] To confirm that the lag phase is the 

consequence of having an autocatalytic process, we need to test how the addition of the 

product affects the reaction rate. If the reaction is autocatalytic, the added product will 

increase the reaction rate and decrease, or even eliminate, the lag phase.[1]  

 

Fig. 1. Graphs showing kinetics for reaction of 1d with BMS (3.6 equiv.) after A) 60 h, B) 5 
h. Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2.  

Therefore, two different experiments were carried out: 1) the addition of hemiaminal 2d 

to the start of a reaction and 2) the addition of the fully reduced products 5d and 7. 

Importantly, since the potential autocatalyst cannot be added as a pure isolated 

product, the addition of separate reaction mixtures containing a certain amount of 

hemiaminal and full reduction products was done instead (Fig. 2). 

These experiments were performed as follows: a separate reaction mixture containing a 

certain amount of 2d or 5d (defined by 1H and 19F NMR prior to use) was added in a 

freshly prepared reaction mixture in 15 mol% amount of respective catalysts. The kinetic 

studies showed the elimination of the lag phase in both cases, confirming the 

autocatalytic character of the reaction (Fig. 2). In the case of hemiaminal addition, the 

short lag phase disappears (Fig. 2A-C), initially the reaction proceeds faster (Fig. 2B). 

However, we found an overall rate deceleration that was assigned to the fact that the 

addition of hemiaminal is inevitably accompanied by the incorporation of the SMe2 that 

plays a ligand role to BH3. It has been shown in the literature[63] that dissociation of BMS 

to SMe2 and BH3 can be of key importance for the reduction of carbonyls; therefore, one 

would expect that the presence of SMe2 should slow down the reaction rate. To confirm 
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this, we performed the amide reduction with BMS containing an additional amount of 

SMe2 (>5 mol%), and we found that the reaction was slower. In addition, we performed 

the reaction in the presence of a stronger ligand to bind borane, namely dimethylaniline 

(1 equiv.), and found that this ligand has completely inhibited the reaction.  

We then moved to test the effect of adding fully reduced products on the reaction rate 

(5d and boron-containing LAs 7). We found that the lag phase was eliminated (Fig. 2A-

C). Thus, upon the addition of 15 mol% of the final mixture 35 h lag phase has 

disappeared, thus supporting that one or both reaction products are catalytically active. 

Yet, the overall rate is decelerated since the addition of 5d+7 (15 mol%) leads to rapid 

consumption of hemiaminal 2d (Fig. 2A-D), which are able to catalyze the first step. 

Therefore, the consumption of hemiaminal leads to a rate decrease, which is in good 

agreement with the initial design. 
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Fig. 2. Graph showing kinetics of 1d reaction with BMS (3.6 equiv.) under different 
conditions. A) no additive (orange), 2d (15 mol%) added at the start of the reaction 
(blue); 5d+7 (15 mol%) added at the start of the reaction (grey). B) Region corresponding 
to the first 5 h of the graph “A” is shown. C) Kinetics of 1d reduction with BMS 
(3.6 equiv.) and additive 2d (15 mol%). D) Kinetics of 1d reduction with BMS (3.6 equiv.) 
and additive 5d+7 (15 mol%). Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, 
DCM-d2, N2. 

Although the addition experiments confirmed autocatalytic behavior of the first step of 

the amide reduction and showed that even the second step is autocatalytic, further 

studies were necessary to demonstrate the autocatalytic activity of the system. 

Therefore, cross-catalytic experiments were performed. 

3.2.3 Kinetic studies: cross-catalytic behavior confirmation  

It has been reported that autocatalytic systems show also cross-catalytic behavior when 

mixed with other autocatalytic reactions that use homologous reagents.[26,63] Therefore, 

autocatalytic activity can be indirectly proved via cross-catalytic experiments. Following 

this rationale, we envisioned a reaction system where two amides with different 

reactivities are mixed together and result in a faster process compared to what would 

be expected in the individual reduction reactions. Hence, a series of cross-experiments 

were carried out. Two different amides (cross-systems 1a/1d; 1b/1d; 1a/1b; 1d/1e) 

were mixed in equimolar concentrations and reduced with the excess of BMS. An 

illustration of such a process is depicted in Scheme 5: the BMS reduction of amide 1a 

proceeds with two autocatalytic cycles (AC), the first one rendering 2a and the second 

yielding 5a/7. The same applies to amide 1d; for these systems hemiaminals 2a/2d 
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affect the first reduction step of the other, as 5a/5d/7 promote the second reductive 

step of the other amide, in a cross-catalytic manner. 

 

Scheme 5. Anticipated cross-catalytic behavior of reactions studied in the current 
chapter. 

Firstly, the mixture 1a/1d was examined. As expected, we have found that the reduction 

rate of 1a has been slightly decreased in the cross-catalytic system (blue curve, Fig. 3) 

when compared to the kinetics in the separate experiment (green curve, Fig. 3). On the 

contrary, the initial reduction rate of 1d has been significantly increased in the cross-

catalytic experiment (orange curve, Fig. 3) with respect to its individual reduction. In the 

case of 1d, the rate enhancement has been taking place up to the inflection point (Fig. 

3A) (around 9 h after the beginning of the experiment) until the reduction of 1a has 

been completed. Hence, this result confirms a catalytic activity of hemiaminals 2a in the 

first reduction step of 1d. Considering that hemiaminal 2a was not observed by NMR 

experiments, they must have a remarkable catalytic activity since the rate amplification 

and the lag phase elimination for the amide 1d were observed (Fig. 3). Moreover, as 

found from a separate experiment, the BMS reduction of 1a proceeds with the 

immediate formation of full reduction products (6a/7), and these products catalyze the 

second step of 1d reduction (yellow curve, Fig. 3). It results in a significantly amplified 

reduction of intermediate 2d into the respective amine 5d when compared to the 

results in the separate experiment, in which for the second step there is 17 h long lag 

phase. The rate deceleration for amide 1a can be a result of the inevitable liberation of 

the SMe2 molecule during the reduction since another equivalent of amide 1d is reduced 

in the reaction mixture. 

 

 



Chapter 3. Autocatalytic processes in amide reduction 

86 
 

 

 

 

Fig. 3. Kinetics of the cross-catalytic reaction of 1a/1d with BMS showing the first 20 h 
(A) and 5 h (B) reaction time frame. Reaction conditions: [1a] = [1d] = 0.045 M, 
[BMS] = 0.648 M, DCM-d2, N2. 

The second cross-system consists of the amide 1b and 1d, in which hemiaminals have 

different stability. In this case, the rate of the conversion of 1b has been increasing with 

the formation of 2d (blue curve, Fig. 4) that might indicate a catalytic effect of 2b on 1b 

reduction. Moreover, the reduction of 1d in the cross-catalytic experiment (orange 

curve, Fig. 4) proceeds faster than in a separate one (red curve, Fig. 4) confirming a 

catalytic activity of hemiaminals 2b. Again, as in the previous system 1a/1d, the 

accumulation of full reduction products 5b/7 led to a rapid conversion of 2d into 

respective amine 5d. Thus, mutual positive catalytic effects were observed in this cross-

system. The rate deceleration for amide 1b after the consumption of 1d must be a result 

of the liberation of SMe2 in the reaction mixture, as in the previous case. 
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Fig. 4. Kinetics of the cross-catalytic reaction of 1b/1d with BMS showing the first 50 h 
(A) and 20 h (B) reaction time frame. Reaction conditions: [1b] = [1d] = 0.045 M, 
[BMS] = 0.648 M, DCM-d2, N2. 

 

 
Fig. 5. Kinetics of the cross-catalytic reaction of 1a/1b with BMS showing the first 24 h 
(A) and 10 h (B) reaction time frame. Reaction conditions: [1a] = [1b] = 0.045 M, 
[BMS] = 0.648 M, DCM-d2, N2. 
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The following example of cross-catalysis is of particular interest due to the sterically 

similar amide substituents, reaction rates, and a composition of products that results in 

the most representative cross-catalytic system. The cross-system 1d/1e shows a 

remarkable cross-catalytic behavior (Fig. 6). Before discussing cross-catalysis, it is 

important to analyze separate experiments of the BMS reduction of 1d and 1e (Fig. 6A) 

in order to see the difference with the cross-experiment (Fig. 6B-D). According to kinetic 

data, amides 1d and 1e are reduced to the corresponding hemiaminals 2e and 2d with a 

short lag phase (yellow and light blue curves, Fig. 6A). Unlike amide 1d, amide 1e gives 

only traces of full reduction products 5e/7 under the reaction conditions (orange curve, 

Fig. 6A). The overall reduction rates of these amides are similar despite more electron-

withdrawing substituents of 1e when compared to 1d (Fig. 6). This observation is 

indicative of the first reduction step being autocatalytic: the stronger LB 1d undergoes 

catalytic activation by the weaker LA 2d whereas the weaker LB 1e is affected by the 

stronger LA 2e. As a result of cross-catalysis, greater rate amplification of the amide 1d 

by hemiaminals 2e was observed (Fig. 6). 

The cross-catalytic experiment of 1d/1e reduction by BMS confirmed the hypothesis: 

when these two amides are mixed, the reduction of amide 1d proceeds 4 times faster 

than the separate experiment of the 1d reduction (orange and grey curves, Fig 6B). The 

reduction rate of 1e in cross-experiment was not changed dramatically as was expected. 

However, the composition of 1e reduction is significantly changed with the presence of 

amide 1d (Fig. 6A-D). As shown in the case of 1a/1d or 1b/1d systems (Fig. 4 or 5, 

respectively), the accumulation of full reduction products leads to a rapid conversion of 

hemiaminal 2d in 5d. Importantly, the BMS reduction of amide 1e does not render 

directly 5e since the hemiaminal 2e is stable in a separate experiment (Fig. 6A). The 

cross-experiment 1d/1e shows an interesting result: the formation of the full reduction 

products 5d/7 launches the ultimate reduction of hemiaminal 2e yielding into the 

respective amine 5e (Fig. 6C,D). Therefore, in the case of stable hemiaminals, the cross-

catalysis facilitates the second step of reduction to proceed. 
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Fig. 6. Scheme and kinetics graphs for cross-catalytic system 1d/1e with BMS (14.4 
equiv.). A) Kinetics of separate reactions of 1d and 1e with BMS. B) Comparing kinetic 
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profile of conversion of 1d and 1e in separate and cross-catalytic experiments. C) Kinetics 
of cross-catalytic experiment (first 50 h). D) Kinetics of cross-catalytic experiment (first 
10 h). Reaction conditions: [1d] = [1e] = 0.045 M, [BMS] = 0.648 M, DCM-d2, N2 (another 
BMS batch, see experimental section 3.4 for details). 

To conclude, in the cross-catalytic experiments, regardless of the structure of amines 

5/6, the presence of full reduction products leads to faster conversion of hemiaminals 

into respective amines. The same result was found in the case of the experiment with 

the addition of 5d/7 products (Fig. 2). Additionally, a separate experiment of the BMS 

reduction of amide 1d with the addition of the isolated product 5d showed that the 

amine 5d does not affect the reaction rate. Considering these results experiments, 

boron-containing LAs 7 must be responsible for the autocatalysis of the second step of 

amide reduction. As shown in Scheme 2, they can act as LAs and facilitate the cleavage 

of hemiaminals leading to intermediates 3 (Scheme 2). Regarding the first reduction 

step, cross-catalytic systems 1a/1d, 1b/1d, and especially 1d/1e have proven 

autocatalytic activity of hemiaminals. Remarkably, even in the amplification of the 

reduction rate has been observed in the experiments where hemiaminals were not 

observed, e.g. 1a/1d system. 

3.2.4 Kinetic studies: catalytic reduction of esters  

In order to estimate the catalytic activity of 2d in the absence of other catalytically 

active intermediates, BMS reductions of ester 8 in the absence (orange curve, Fig. 7) and 

the presence (light blue curve, Fig. 7) of amide 1d were performed. Analogously to the 

results from the cross-experiments with only amides, the mixture shows higher 

reactivity towards the reduction by BMS when compared to separate experiments. The 

reduction rate of the ester 8 is ca. 4 times faster (light blue curve, Fig. 7) than in the 

separate reaction (orange curve, Fig. 7), and surprisingly the reduction rate of amide 1d 

is amplified as well (yellow curve, Fig. 7). The amplification of the rate of 1d reduction 

prompted us to perform an additional study to see whether another alkoxyborane 

species can promote the reduction of amide 1d. 
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Fig. 7. Reduction of 8 by BMS in the presence of 1d. Reaction conditions: 
[1d] = [8] = 0.045 M, [BMS] = 0.648 M, DCM-d2, N2. 

As depicted in Fig. 7, hemiaminal 2d has become more stable compared to the separate 

experiment of the 1d reduction. A more detailed analysis of 1H and 19F NMR spectra of 

the reaction mixture showed that there are various hemiaminals present including 2d. 

Esters are normally reduced by boranes into respective mono-, di-, and trioxyboranes.[64] 

Therefore, we hypothesize that these oxyborane species can undergo exchange with 

oxyborane hemiaminal 2d rendering a mixture of hemiaminals. We observed faster 

reduction rate when these new hemiaminals are present (yellow curve, Fig. 7).  

To prove possible promoting effect of alkoxyboranes, we performed the BMS reduction 

of amide 1d with the addition of MeOH, which naturally forms alkoxyboranes in situ.[64] 

In fact, methoxyborane species promoted the BMS reduction of 1d (light blue curve, Fig. 

8) and the initial rate was 1.5 times faster compared to a separate experiment without 

the addition of MeOH (yellow curve, Fig. 8). Moreover, hemiaminals 2d-mix obtained in 

the addition of MeOH experiment (orange curve, Fig. 8) showed higher stability than the 

hemiaminals 2d from a separate experiment (dark blue curve, Fig. 8). The formation of 

multiple methoxyborane species was observed by 1H NMR experiment confirming the 

formation of 2d-mix species (for details see part 3.4). The higher catalytic activity of 2d-

mix hemiaminals is possibly due to the less occupied boron atom comparing with bulky 

substituents of 2-2d dioxyborane hemiaminals, which predominantly exist in the 

reaction mixture, as was shown above. Additionally, the higher stability of 2d-mix is 

probably due to more electron-rich -OMe substituents in contrast to 2-2d hemiaminal 
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bearing with -OCHCF3NR2 substituents that are causing a deceleration of the 

intermediate 3 formation. 

 

Fig. 8. Effect of MeOH on the BMS reduction of 1d. Reaction conditions: [1d] = 0.045 M, 
[MeOH] = 0.03 M, [BMS] = 0.648 M, DCM-d2, N2. 

Concluding this part, the catalytic activity of hemiaminals 2d was examined in the case 

of ester 8. As was found, the hemiaminals possess not only auto- and cross-catalytic 

activity but also catalytic activity between substrate classes. Remarkably, originally slow 

BMS reduction of ester moiety was enhanced by hemiaminals. 

3.2.5 Mechanistic considerations  

3.2.5.1 Autocatalysis confirmation 

Despite the autocatalytic activity of hemiaminals being largely supported by the auto- 

and cross-catalytic experiments, one may point to another explanation for the rate 

amplification of the first step of the reduction, namely the direct reduction of amide 1d 

by hemiaminal 2d (Scheme 6). This means that the newly formed oxyborane 

hemiaminals 2d can react with amide 1d leading to the formation of dioxyborane 

hemiaminals 2-2d (Scheme 6). Such a process would proceed with a lag phase 

resembling an autocatalytic process since the initial concentration of 2d is low. In order 

to exclude this, the computation of such a process was performed for 1d. As was found, 

the reduction of amide 1d by hemiaminal 2d has a high energy barrier (31.64 kcal/mol). 

Thus, the direct reduction is not kinetically feasible.[65] Moreover, it is known that amides 
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do not undergo reduction by dioxyboranes, unlike boranes.[48,49] Also, an attempt to pre-

generate oxyborane species based on pinacolone structure[61,62] was done in order to 

see whether the alkoxyborane is capable of the reduction of amide 1d. As was found, 

the reduction by the pinacolone-based alkoxyborane does not proceed. In addition to 

these results, it is important to look at the cross-catalytic system 1d/1e.  

 

Scheme 6. The calculation of the 1d direct reduction by 2d. 

The outcome of the 1d/1e cross-catalysis supports autocatalytic properties of 

hemiaminals and excludes the direct reduction of amides 1 by hemiaminals 2 being 

responsible for the rate amplification. To further demonstrate this point, the conversion 

of amide 1d after 1.5 hours is analyzed (Fig. 6). It was found that the difference between 

the conversion of amide 1d in a separate experiment and in the cross-experiment is 27% 

(Fig. 6). Therefore, if the conversion of amide 1d is increased in virtue of the direct 

reduction by hemiaminals 2e then the conversion of the amide 1e must be at least 27%. 

However, we have found that the conversion of the amide 1e is 8%. Therefore, the rate 

amplification of the BMS reduction of amide 1d cannot be rationalized as the 

consequence of 2e reducing 1d, thus indirectly supporting the autocatalytic pathway.  

Moreover, as was observed in the case of the 1a/1d cross-catalytic system, the 

consumption of hemiaminal 2d towards 5d was facilitated by the full reduction products 

of 1a, leading to the deceleration of reduction of the amide 1d (Fig. 3). The same result 

was obtained in the case of BMS reduction of 1d in the presence of water (2 equiv., Fig. 

9). As it was found, the addition of water to the reaction mixture leads to the 

decomposition of hemiaminals 2d with the formation of new hemiaminals (2d-H2O, Fig. 

9), which demonstrate lower hemiaminal stability and the autocatalytic activity in the 
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solution (Fig. 9). Even though BMS (14.4 equiv.) reacts with water (2 equiv.) and 

therefore some amount of BMS is consumed, at least 12 equiv. of BMS are still present 

in the reaction mixture, and therefore a background reduction can proceed (Fig. 9). 

However, the addition of 2 equiv. of water results in a 10-folds decrease in the reduction 

rate (Fig. 9). This means that hemiaminals 2d are essential for the first reduction step. 

 

Fig. 9. Effect of H2O on the BMS reduction of 1d. Reaction conditions: [1d] = 0.045 M, 
[H2O] = 0.09 M, [BMS] = 0.648 M, DCM-d2, N2. 

3.2.5.2 Determination of the reaction order with respect to reagents 

Finally, we moved to explore the reaction orders for the BMS reduction of 1d. Since 

analyzed reactions have a lag phase, the initial rate analysis of reactions mixtures was 

performed using the linear part of the curve, excluding the first part of the rate 

amplification. The initial reaction order in 1d was found 1.21 (Fig. 10, calculations are in 

part 3.4.4, Fig. 22). However, the problem of the initial rates approach is considering 

only the fragment of the reaction progress. On the other hand, obtaining reagent orders 

using visual kinetic analysis (VKA) (calculations are in part 3.4.4, Fig. 23) allows more 

reliable information as it relies on the kinetic data obtained from the complete reaction 

profile.[66] Using the VKA method, we have found that the overall reaction order with 

respect to the amide 1d is 0.7. Fractional reaction order in amide indicates that the 

amide or its products (e.g. 2d or 5d/7) are involved in a complex process.[65] One 

element of such complex process is the product inhibition caused by the liberation of 

SMe2 from the BMS complex upon the reduction, which was observed in the previous 

auto- and cross-catalytic experiments. The accumulation of liberated SMe2 during the 

reaction was observed by 1H NMR. To further prove the inhibitory effect of SMe2, two 
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experiments with different concentrations of SMe2 (4 mol% and 8 mol% with respect to 

BMS) were performed (Fig. 10C). We found that increasing the SMe2 concentration 

decelerates the reaction rate (orange curve, Fig. 10C) proving the inhibition. 

Noteworthy, we observe an increase of the lag phase in experiments with a lower amide 

concentration, probably due to a decrease in the concentration of catalytically active 

hemiaminal 2d since it is obtained from the amide (Fig. 10A-B). Since we were not able 

to monitor BMS concentration directly, it was calculated as the initial concentration of 

BMS minus the consumed concentration of 1d. Using initial rates analysis, the reaction 

order in BMS was found 1.00, which was confirmed by the VKA method as well (Fig. 

10D). 

The fractional reaction order with respect to the reagent is somewhat unusual.[65] As 

was shown in the literature,[67] BMS dissociation can be a rate determining step in the 

reduction of carbonyls. Taking into account the obtained kinetic data and the literature 

results,[67] we suggest that the dissociation of BMS to BH3 and SMe2 is an important step 

in the overall process step (Scheme 7). This statement is based on the fractional reaction 

order in 1d, first order in BMS, and reaction rate inhibition by SMe2. The diminishing of 

the rate in the presence of SMe2 is explained using Scheme 7: increasing the SMe2 

concentration shifts the equilibrium towards the formation of the BMS complex 

subsequently decreasing the concentration of active BH3 in solution (Scheme 7). The 

inhibitory effect of a ligand on the second reduction step is better pronounced in the 

case of 1c reduction. In DCM-d2, the maximum concentration of hemiaminal 2c is 

0.01 M meaning that 2c is rapidly converted to 5c. However, when a coordinating 

solvent such as THF-d8 is used instead of DCM-d2, the maximum concentration of 2c is 

0.12 M and the formation of full reduction products is slowed down (see part 3.4.4, Fig. 

16). 

 

Scheme 7. The equilibrium showing the liberation of the BH3 molecule from the BMS 
complex.  
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Fig. 10. A) Concentration of BMS over time in the reaction with 1d at variable starting 
concentrations of 1d. B) Selected region of Graph A. Reaction conditions: [1d] = X M, 
[BMS] = 0.648 M, DCM-d2, N2. C) Kinetics of inhibition by SMe2.when using different 
concentrations of SMe2: 0.026 M (blue curve) (0.57 equiv. with respect to 1d); 0.052 M 
(orange curve) (1.15 equiv. with respect to 1d). Reaction conditions: [1d] = 0.045 M, 
[BMS] = 0.648 M, [SMe2] = X M, DCM-d2, N2. D) Concentration of 1d over time in the 
reaction with BMS at variable starting concentrations of BMS. Reaction conditions: 
[1d] = 0.045 M, [BMS] = X M, DCM-d2, N2. 

To summarize, we have proven by computational and experimental data autocatalysis is 

the most likely explanation of the rate amplification observed in our reaction system. 

The decomposition of hemiaminals caused by water or any other strong ligand 
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decelerates the reduction rate (Fig. 9) meaning that hemiaminals are necessary for the 

reduction. 

3.3 Conclusions 

The design of a new autocatalytic system requires significant effort since the number of 

well-defined approaches to autocatalysis is paltry.[1] In this work, we have described a 

new approach to autocatalysis, specifically we have explored the reduction of amides 

with borane. During this reduction, unstable hemiaminals are formed.[49] We 

hypothesize that stabilizing these hemiaminals was crucial in the design of a new 

autocatalytic process since they possess structural patterns that align with CBS catalysis. 

We report here how we managed to stabilize hemiaminals by finetuning their electronic 

properties. Moreover, we were able to observe auto-, cross-, and catalytic behavior of 

the BMS reduction of amides using kinetic studies carried out by 19F NMR spectroscopy. 

Lastly, we unexpectedly found that the reduction of hemiaminals toward full reduction 

products was also autocatalytic. 

3.4 Experimental part 

3.4.1 General Information 

Purification of the synthesized compounds was performed by column chromatography 

using Merck 60 Å 230-400 mesh silica gel. Components were visualized by UV and 

KMnO4 staining. NMR samples for kinetic measurements were prepared using dry 

deuterated solvents under a nitrogen atmosphere. Oven-dried glassware and Schlenk 

techniques were applied. Dry deuterated solvents (THF-d8 and DCM-d2) were stored 

over calcium hydride and were filtered from CaH2 only just before the use. Starting 

amides were stored under a nitrogen atmosphere. Commercial BMS was purified by 

vacuum transfer technique, it contained 4-5% of excessive dimethyl sulfide afterwards. 

Although the same behavior and the same shape for kinetic curves were obtained using 

commercial BMS, but general reaction rates were slower, most likely due to the excess 

of dimethyl sulfide. Other reagents and substrates purchased from commercial sources 

were used as received. NMR data was collected on a Varian VXR-300 (1H at 300 MHz; 13C 

at 50 MHz; 19F at 282 MHz) or a Varian VXR-400 (1H at 400 MHz; 13C at 101 MHz; 
11B NMR at 128 MHz, 19F at 376 MHz) equipped with a 5 mm z-gradient broadband 

probe. Chemical shifts are reported in parts per million (ppm) relative to residual solvent 
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peak (CDCl3, 1H: 7.26 ppm; 13C: 77.16 ppm), (CD2Cl2, 1H: 5.32 ppm; 13C: 53.84 ppm), (THF-

d8, 1H: 3.58 ppm; 13C: 67.21 ppm). Coupling constants are reported in Hertz (Hz). 

Multiplicity is reported with the usual abbreviations (s: singlet, bs: broad singlet, d: 

doublet, dd: doublet of doublets, t: triplet, td: triplet of doublets, q: quartet, qt: quartet 

of triplets, m: multiplet). Exact mass spectra were recorded on a LTQ Orbitrap XL 

apparatus with ESI ionization. 

All comparative experiments from the main part were performed on a single purified 

batch of BMS to avoid the reaction rate inhibition caused by different amount of SMe2. 

There was no significant deviation observed in confirmation experiments under 

standard dry conditions. Error bars represent standard deviation of reproduced kinetic 

experiments without considerable dispersion in the results (at least two independent 

runs). 

3.4.2 Description of reaction procedure and set up for following 

reaction kinetics 

General procedure for NMR kinetic experiments: An amide was placed in a dried NMR 

tube under N2 followed by the addition of a BMS solution prepared in a dry deuterated 

solvent under an N2 atmosphere. The NMR tube was sealed and shaken, the cup was 

covered with parafilm. The first NMR spectrum was typically registered in 5 minutes 

after mixing the components. 

General procedure for product addition experiments: An amide was placed in a dried 

NMR tube under N2 followed by the addition of a BMS solution prepared in a dry 

deuterated solvent under an N2 atmosphere. Then the reaction mixture from the 

previous separate experiment with a certain conversion to product 2 was immediately 

injected through a syringe under an N2 atmosphere, considering the amount of all 

components to reproduce the original concentrations of amide 1 and BMS from the 

previous experiment. Then, the NMR tube was sealed with a cap and parafilm and 

shaken. The first NMR spectrum was typically registered in 5 minutes after mixing the 

components. 

General procedure for cross-experiments: An amide was placed in a dried NMR tube 

under N2. The other amide (or ester 8) was loaded into a flame-dried vial followed by 

the addition of a BMS solution prepared in a dry deuterated solvent under an N2 

atmosphere. The mixture obtained was immediately transferred to the NMR tube under 

nitrogen. Then, the NMR tube was sealed with a cap and parafilm and shaken. The first 

NMR spectrum was typically registered in 5 minutes after mixing the components. An 
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excess (14.4 equivalents, 0.648 M) of BMS relative to carbonyls (0.045 M each) was used 

to minimize the BMS concentration change during the reaction. 

General procedure for NMR kinetic data management: Reactions were monitored by 

real-time 1H and 19F NMR spectroscopy. In the case of 19F NMR, conversion of a starting 

material and the formation of products were measured using the -CF3 labeling group: 

the integral intensity of the reaction mixture component signals was divided by the 

summarized integral intensity for all the components (products and starting amide). In 

the case of 1H NMR, hexamethyldisilazane (HMDSO) was used as an internal standard, 

and concentrations of the reaction mixture components, which were subsequently 

recalculated to conversion and formations, were measured versus the internal standard 

signal. Conversions were plotted against reaction time to obtain typical kinetic curves. 

3.4.3 Synthetic part 

Synthesis of substrates 

 2,2,2-trifluoro-1-(piperidin-1-yl)ethan-1-one (1a) 

A round-bottom flask was charged with piperidine (1.0 mL, 10 mmol) and dry DCM (15 

mL). trifluoroacetic anhydride (TFAA) (0.7 mL, 5 mmol) was added dropwise to the 

mixture over 10 min at 0°C. The reaction was allowed to warm up to room temperature 

and stirred for about 4 h. Then water (20 mL) was added and aqueous layer was 

extracted with DCM (3 x 15 mL). The combined organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by silica gel 

column chromatography (DCM as eluent) to give pure product 1a as colorless clear 

liquid in 80% yield. 1H NMR (300 MHz, Chloroform-d) δ 3.67 – 3.42 (m, 4H), 1.73 – 1.57 

(m, 6H). 13C NMR (75 MHz, Chloroform-d) δ 155.29 (q, J = 35.0 Hz), 116.63 (q, J = 287.9 

Hz), 46.81 (q, J = 3.7 Hz), 44.54, 26.32, 25.35, 24.15. 19F NMR (282 MHz, Chloroform-d) δ 

-68.92. HRMS (ESI+, m/Z): calc. for 182.07873 [M+H]+, found 182.07840.[68] 

 N,N-dicyclohexyl-2,2,2-trifluoroacetamide (1b) 
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A round-bottom flask was charged with dicyclohexylamine (3.3 mL, 17 mmol), 

triethylamine (4.6 mL, 33 mmol) and dry DCM (15 mL). TFAA (4.7 mL, 33 mmol) was 

added dropwise to the mixture over 10 min at 0°C. The reaction was allowed to warm 

up to room temperature and stirred for about 4 h. Then water (20 mL) was added and 

aqueous layer was extracted with DCM (3 x 15 mL). The combined organic phase was 

dried over Na2SO4 and concentrated under reduced pressure. The crude product was 

purified by silica gel column chromatography (eluent from pentane to pentane:Et2O = 

19:1) to give pure product 1b as white crystals in 92% yield. 1H NMR (400 MHz, 

Chloroform-d) δ 3.62 (t, J = 11.5 Hz, 1H), 3.12  – 2.93 (m, 1H), 2.40 (q, J = 12.2 Hz, 2H), 

1.97 – 1.68 (m, 6H), 1.68 – 1.39 (m, 6H), 1.40 – 0.96 (m, 6H). 13C NMR (101 MHz, 

Chloroform-d) δ 155.76 (q, J = 34.2 Hz), 116.72 (q, J = 288.8 Hz), 57.95 (q, J = 3.8 Hz), 

57.41, 30.99, 28.93, 26.39, 25.64, 25.19, 25.11. 19F NMR (376 MHz, Chloroform-d) δ -

69.28. HRMS (ESI+, m/Z): calc. for 278.17263 [M+H]+, found 278.17273. 

2,2,2-trifluoro-N-methyl-N-phenylacetamide (1c) 

A round-bottom flask was charged with N-methylaniline (0.542 mL, 5 mmol), 

triethylamine (0.7 mL, 5 mmol) and dry DCM (15 mL). TFAA (0.7 mL, 5 mmol) was added 

dropwise to the mixture over 10 min at 0°C. The reaction was allowed to warm up to 

room temperature and stirred for about 4 h. Then water (20 mL) was added and 

aqueous layer was extracted with DCM (3 x 15 mL). The combined organic phase was 

dried over Na2SO4 and concentrated under reduced pressure. The crude mass was 

purified by silica gel column chromatography (eluent pentane:EtOAc = 97:3) to give 1c as 

a clear yellowish liquid in 93% yield. 1H NMR (300 MHz, Chloroform-d) δ 7.53 – 7.34 (m, 

3H), 7.29 – 7.16 (m, 2H), 3.36 (s, 3H). 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.35 (m, 

3H), 7.22 (d, J = 7.2 Hz, 2H), 3.34 (s, 3H). 13C NMR (75 MHz, Chloroform-d) δ 140.61, 

129.53, 128.98, 127.33, 118.24, 114.42, 39.66. 13C NMR (101 MHz, Chloroform-d) δ 

157.03 (q, J = 35.8 Hz), 140.79, 129.67, 129.11, 127.47, 116.48 (q, J = 288.0 Hz), 39.80. 
19F NMR (376 MHz, Chloroform-d) δ -67.12. HRMS (ESI+, m/Z): calc. for 204.06308 

[M+H]+, found 204.06300.[69] 

 2,2,2-trifluoro-N,N-diphenylacetamide (1d) 
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A round-bottom flask was charged with diphenylamine (1.2 g, 7.09 mmol), triethylamine 

(0.99 mL, 7.09 mmol) and dry DCM (26 mL). TFAA (1 mL, 7.09 mmol) was added 

dropwise to the mixture and left stirring at room temperature overnight. The organic 

phase was extracted with Na2CO3 (sat., 25 mL) and dried over MgSO4. The crude product 

was purified by silica gel column chromatography (eluent pentane:EtOAc = 19:1). The 

pure product 1d was obtained as a clear oil, which gradually crystallized to colorless 

crystals (85% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.50 – 7.02 (m, 10H). 13C NMR 

(75 MHz, Chloroform-d) δ 157.07, 141.56, 129.45, 129.06, 128.71, 127.62, 126.03, 

116.52 (q, J = 287.25 Hz). 13C NMR (101 MHz, Chloroform-d) δ 156.95 (q, J = 36.1, 35.7 

Hz), 141.64 (bs), 139.76 (bs), 129.57, 128.73 (bs), 127.69 (bs), 126.14 (bs), 116.66 (q, J = 

288.8 Hz). 19F NMR (282 MHz, Chloroform-d) δ -66.89. HRMS (ESI+, m/Z): calc. for 

266.07873 [M+H]+, found 266.07881. [70] 

 bis(4-(trifluoromethyl)phenyl)amine 

To a solution of 1-iodo-4-(trifluoromethyl)benzene (2.000 g, 7.35 mmol) and 4-

(trifluoromethyl)aniline (1.185 g, 7.35 mmol) in toluene (20 mL) were added Pd(OAc)2 

(0.165 g, 0.73 mmol), XPhos (0.351 g, 0.74 mmol) and Cs2CO3 (3.596 g, 11.03 mmol) and 

stirred at 100°C for 3 h under nitrogen. After cooling, the crude mixture was diluted with 

ethyl acetate and washed with brine (20 mL). The organic layer was dried with MgSO4 

and concentrated. The crude product was further purified by silica gel chromatography 

(eluent from pentane to pentane:EtOAc = 19:1) to afford 1.900 g of the bis(4-

(trifluoromethyl)phenyl)amine as a colorless solid with 85% yield. 1H NMR (400 MHz, 

Chloroform-d) δ 7.55 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 8.4 Hz, 2H), 6.10 (s, 1H). 13C NMR 

(101 MHz, Chloroform-d) δ 147.45, 129.49 (q, J = 3.9 Hz), 126.94 (q, J = 271.0 Hz), 126.23 

(q, J = 32.8 Hz), 120.03. 19F NMR (376 MHz, Chloroform-d) δ -61.82. [71] 

 2,2,2-trifluoro-N,N-bis(4-(trifluoromethyl)phenyl)acetamide (1e) 

A round-bottom flask was charged with bis(4-(trifluoromethyl)phenyl)amine (0.900 g, 

2.95 mmol), N,N-diisopropylethylamine (0.77 mL, 4.42 mmol) and dry DCM (15 mL). 
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TFAA (0.63 mL, 4.42 mmol) was added dropwise to the mixture and left stirring at room 

temperature for 4 days. After that, solvent was evaporated, and residue was loaded on 

silica. The crude product was purified by silica gel column chromatography (eluent 

pentane:EtOAc = 19:1). The pure product 1e was obtained as a clear oil, which gradually 

crystallized to colorless crystals (33% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.71 (d, 

J = 8.2 Hz, 2H), 7.43 (d, J = 8.1 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 156.79 (q, J = 

36.9 Hz), 142.98 (bs), 128.06 (bs), 127.62, 127.07 (q, J = 3.5 Hz), 123.56 (q, J = 272.5 Hz), 

116.28 (q, J = 288.6 Hz). 19F NMR (376 MHz, Chloroform-d) δ -62.88 (s, 6F), -66.93 (s, 3F). 

HRMS (ESI-, m/Z): calc. for 400.03894 [M-H]-, found 400.03821. 

 2,2,3,3,3-pentafluoro-N,N-diphenylpropanamide (1f) 

To dissolved diphenylamine (1.000 g, 6 mmol) in DCM (10 mL), triethylamine (1.6 mL, 12 

mmol) was added at RT in one portion under N2. Then, pentafluoropropionic anhydride 

(PFPA) (1.7 mL, 9 mmol) was added slowly. Resulted mixture was stirred for 15 h and 

then DCM was added (40 mL). Organic layer was washed with H2O (3 x 50 mL), then 

dried over MgSO4 and evaporated. The crude product obtained was purified by silica gel 

column chromatography (eluent pentane:Et2O = 19:1) to give pure product 1f as 

colorless solid in 85% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.55 – 7.12 (m, 10H). 
13C NMR (101 MHz, Chloroform-d) δ 158.03 (t, J = 25.2 Hz), 141.55 (bs), 139.74 (bs), 

129.59, 128.45 (bs), 126.34 (bs), 118.28 (qt, J = 286.5, 34.1 Hz), 108.53 (td, J = 274.4, 

36.7 Hz). 19F NMR (376 MHz, Chloroform-d) δ -81.82 (s, 3F), -112.23 (s, 2F). HRMS (ESI+, 

m/Z): calc. for 316.07553 [M+H]+, found 316.07566. 

 2,2,2-trichloro-N,N-diphenylacetamide (1g) 

A round-bottom flask was charged with diphenylamine (0.846 g, 5 mmol) and 

trimethylamine (0.834 mL, 6 mmol) in dry DCM (30 mL) and cooled down to 0°C. 

Trichloroacetic anhydride (1.1 mL, 6 mmol) was added dropwise to the mixture at 0°C, 

then allowed to warm up to room temperature and left stirring overnight. Then, the 

mixture was washed with brine (30 mL), dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified by silica gel column 

chromatography (eluent pure pentane for the first column, pentane/EtOAc = 19:1 for 

the second column). The pure product 1g was obtained as a light-yellow clear oil, which 
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slowly crystallized to light-yellow crystals. 1H NMR (400 MHz, Chloroform-d) δ 7.45 – 

7.22 (m, 10H). 13C NMR (101 MHz, Chloroform-d) δ 161.38, 143.04, 129.36, 128.48, 

128.14, 93.33. HRMS (ESI+, m/Z): calc. for 313.99007 [M+H]+, found 313.99011. 

 2,3,4,5,6-pentafluoro-N,N-diphenylbenzamide (1h) 

To diphenylamine (1.000 g, 6 mmol) dissolved in DCE (10 mL), Me3Al (1 M in hexane, 5.9 

mL, 6 mmol) was added slowly at RT under N2. After 3 h, methoxyperfluorobenzoyl 

(1.336 g, 6 mmol) was added to the mixture dropwise. Resulted solution was stirred for 

20 h. After that, reaction was quenched with NH4Cl (sat., 20 mL) and acidified with HCl 

(1.0 M, 5 mL). Then, organic layer was separated and aqueous layer was washed with 

DCM (15 mL). Combined organic fractions were washed with H2O (25 mL), dried over 

MgSO4 and concentrated under reduced pressure. The crude product obtained was 

purified by silica gel column chromatography (eluent from pentane to pentane:Et2O = 

19:1) to give pure product 1h as colorless solid. To remove impurities after column, 

crystals were washed with cold pentane (2 x 10 mL) to give 47% yield. 1H NMR (300 

MHz, Chloroform-d) δ 7.44 – 7.23 (m, 10H). 13C NMR (75 MHz, Chloroform-d) δ 169.84, 

158.52, 144.16, 141.27 (d, J = 2.7 Hz), 140.89, 140.17, 139.28, 135.75, 129.79, 129.41, 

128.90, 127.83, 127.37, 126.11. 19F NMR (282 MHz, Chloroform-d) δ -139.82 – -140.48 

(m, 2F), -151.78 (t, J = 20.7 Hz, 1F), -160.28 – -160.54 (m, 2F). HRMS (ESI+, m/Z): calc. for 

364.07579 [M+H]+, found 364.07553. 

 N,N-diphenyl-3,5-bis(trifluoromethyl)benzamide (1i) 

To dissolved diphenylamine (0.500 g, 3 mmol) in DCM (10 mL), triethylamine (0.41 mL, 

3 mmol) was added one portion at in RT under N2. Then, 3,5-bis(trifluoromethyl)benzoyl 

chloride (0.817 g, 3 mmol) was added slowly. Resulted mixture was stirred for 15 h and 

then DCM was added (40 mL). Organic layer was washed with H2O (3 x 50 mL), then 

dried over MgSO4 and evaporated. The crude product was purified by silica gel column 

chromatography (eluent pentane:Et2O = 19:1) to give pure product 1i as colorless solid 

in 75% yield. 1H NMR (400 MHz, Chloroform-d) δ 7.86 (s, 2H), 7.77 (s, 1H), 7.36 – 7.29 (t, 
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J = 7.4 Hz, 4H), 7.28 – 7.12 (m, 6H). 13C NMR (101 MHz, Chloroform-d) δ 167.25 142.92, 

138.28, 131.49 (q, J = 33.8 Hz), 129.62, 129.51 (q, J = 2.9 Hz), 127.49 (bs), 127.37, 123.72 

(hept, J = 3.4 Hz), 122.90 (q, J = 272.9 Hz). 19F NMR (376 MHz, Chloroform-d) δ -63.21. 

HRMS (ESI+, m/Z): calc. for 410.09741 [M+H]+, found 410.09767. 

 1,3,3-trimethylindolin-2-one (1j) 

Indolin-2-one (1g, 7,51 mmol) was dissolved in THF (24 mL) and cooled down to 0°C. 

Then, NaH (60% in mineral oil, 1.2g, 30 mmol) was added portionwise under vigorous 

stirring, followed by MeI (1,6 mL, 26,34 mmol). The reaction mixture was allowed to 

warm up to room temperature and left stirring for 18 hours. Then quenching was 

performed using saturated aqueous NH4Cl (25 mL), the crude product was extracted 

with DCM (3 x 25 mL). The combined organic layers were washed with brine (50 mL), 

dried over anhydrous Na2SO4 and concentrated under reduced pressure. The product 1j 

was purified by silica gel column chromatography (eluent pentane:EtOAc = 2:1) to afford 

90% yield of a brownish oil. 1H NMR (400 MHz, Chloroform-d) δ 7.29 – 7.24 (m, 1H), 7.23 

– 7.18 (m, 1H), 7.16 – 6.94 (m, 1H), 6.84 (d, J = 7.8 Hz, 1H), 3.21 (s, 3H), 1.36 (s, 6H). 
13C NMR (101 MHz, Chloroform-d) δ 181.45, 142.74, 135.94, 127.75, 122.56, 122.34, 

108.10, 44.26, 26.30, 24.48. [72] 

 1-phenylindolin-2-one 

To a suspension of Indolin-2-one (1,33 g, 10 mmol), CuI (317 mg, 1 mmol) and K2CO3 (3 

g, 22 mmol) in CH3CN (30 mL), PhI (1.3 mL, 12 mmol) and N1,N2-dimethylethane-1,2-

diamine (0.2 mL, 2 mmol) were added under nitrogen atmosphere. The reaction mixture 

was then stirred under reflux overnight. The reaction mixture was allowed to cool down 

to room temperature, HCl (1 M, 30 mL) was added, and the solution was extracted with 

ethyl acetate (3 x 30 mL). The combined organic layers were washed with brine (100 

mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The 

residue was purified by silica gel column chromatography (eluent pentane/EtOAc = 5:1 

for the first column, then toluene to toluene/EtOAc = 10:1 for the second column) to 

give the product as a colorless solid (1.5 g, 72% yield). 1H NMR (400 MHz, Chloroform-d) 
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δ 7.60 – 7.49 (m, 3H), 7.46 – 7.37 (m, 4H), 7.32 (d, J = 6.8 Hz, 1H), 7.21 (t, J = 7.6 Hz, 1H), 

7.18 – 6.97 (m, 1H), 6.80 (d, J = 7.9 Hz, 1H), 3.72 (s, 2H). 13C NMR (101 MHz, Chloroform-

d) δ 174.43, 145.24, 134.51, 129.65, 128.09, 127.78, 126.63, 124.62, 124.32, 122.79, 

109.39, 36.08. [73] 

 1'-phenylspiro[cyclohexane-1,3'-indolin]-2'-one (1k) 

To a solution of 1-phenylindolin-2-one (750 mg, 3.584 mmol) in THF (12 mL), NaH (60% 

in mineral oil, 382 mg, 9.54 mmol) was added at 0°C. After 5 min, 1,5-dibromopentane 

(1.1 mL, 8.387 mmol) was introduced. After 10 min cooling bath was removed, and the 

mixture was allowed to warm to RT and left stirring for 20 h. The reaction mixture was 

then quenched with NH4Cl (sat., 10 mL), and extracted with DCM (3 x 15 mL). The 

combined organic layers were washed with brine (50 mL), dried over anhydrous Na2SO4 

and concentrated under reduced pressure. The product was purified by silica gel column 

chromatography (eluent pentane/EtOAc = 19:1). Second column was needed to get rid 

of residual 1,5-dibromopentane. The product 1k was obtained in 71 % yield as colorless 

clear viscous oil, which slowly crystallizes at RT. 1H NMR (300 MHz, Chloroform-d) δ 7.56 

– 7.48 (m, 3H), 7.45 – 7.36 (m, 3H), 7.20 (t, J = 7.8, 1H), 7.08 (t, J = 7.6, 1H), 6.84 (d, J = 

7.9 Hz, 1H), 2.06 – 1.90 (m, 4H), 1.85 – 1.65 (m, 6H). 13C NMR (75 MHz, Chloroform-d) δ 

180.09, 142.76, 135.33, 134.79, 129.61, 127.93, 127.43, 126.83, 124.17, 122.49, 109.31, 

47.49, 33.49, 25.30, 21.22. HRMS (ESI+, m/Z): calc. for 278.15394 [M+H]+, found 

278.15419. 

 3,3-difluoro-1-phenylindolin-2-one (1l) 

1-phenylindolin-2-one (0.418 g, 2 mmol) was dissolved in DCM (5 mL), and Deoxofluor 

(1.1 mL, 6 mmol) was added at room temperature followed by the addition of 2 drops of 

ethanol (to generate a catalytic amount of HF). The reaction mixture was stirred at room 

temperature for 48 h. Reaction was quenched by the slow addition of aqueous NaHCO3 

solution until the effervescence was completed. The dichloromethane layer was 

separated, dried over anhydrous MgSO4, and concentrated under reduced pressure. 

Product was purified by silica gel column chromatography (eluent 
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pentane/EtOAc = 19:1) to afford 3,3-difluoro-1-phenylindolin-2-one (1l) with 70% yield 

of light yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 7.68 – 7.61 (m, 1H), 7.60 – 7.52 

(m, 2H), 7.51 – 7.35 (m, 4H), 7.31 – 7.17 (m, 1H), 6.88 (d, J = 8.0 Hz, 1H). 13C NMR (101 

MHz, Chloroform-d) δ 164.65 (t, J = 30.6 Hz), 144.29 (t, J = 6.9 Hz), 133.64 (t, J = 1.7 Hz), 

132.74, 130.05, 129.06, 126.31, 125.09, 124.50 (t, J = 1.8 Hz), 120.01 (t, J = 23.0 Hz), 

110.89. 19F NMR (376 MHz, Chloroform-d) δ -110.62. [74] 

 3-hydroxy-3-phenylindolin-2-one 

To a solution of oxindole (1.47 g, 10.0 mmol) in THF (20 mL), NaH (60%, 0.6 g, 15 mmol) 

was added at –15°C and the resulting mixture was stirred for 30 min. PhMgBr (6.7 mL, 

3.0 M in Et2O, 20 mmol) was then added dropwise to the mixture and the reaction was 

allowed to warm to room temperature. 1 hour later the reaction mixture was quenched 

with NH4Cl (sat., 30 mL) and extracted with ether (3 x 50 mL). The combined organic 

layers were washed with brine (50 mL), dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The residue was washed with DCM, dried over anhydrous 

MgSO4, and concentrated under reduced pressure to give product as light-yellow solid in 

82% yield. 1H NMR (400 MHz, DMSO-d6) δ 10.36 (s, 1H), 7.33 – 7.18 (m, 6H), 7.07 (d, J = 

7.4, 1H), 6.94 (t, J = 7.5, 1H), 6.87 (d, J = 7.7 Hz, 1H), 6.58 (s, 1H). 13C NMR (101 MHz, 

DMSO-d6) δ 178.48, 141.95, 141.54, 133.75, 129.23, 128.08, 127.41, 125.42, 124.78, 

122.05, 109.85, 77.32. [75] 

 3-methoxy-1-methyl-3-phenylindolin-2-one (1m) 

3-hydroxy-3-phenylindolin-2-one (0.634 g, 2.82 mmol) was dissolved in DMF (10 mL) and 

cooled down to 0°C. Then, NaH (60% in mineral oil, 0.259 g, 6.474 mmol) was added 

portionwise under vigorous stirring. Then, MeI (0.403 mL, 6.474 mmol) was added. The 

reaction mixture was allowed to warm up to room temperature and left stirring for 3 h. 

Then quenching was performed using saturated aqueous NH4Cl (15 mL), the crude 

product was extracted with EtOAc (3 x 15 mL), then washed with water (3 x 20 mL). The 

organic layer was washed dried over anhydrous Na2SO4 and concentrated under 
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reduced pressure. The product 1m was purified by silica gel column chromatography 

(eluent pentane/EtOAc = 10:1). The pure product was obtained as viscous semi-

transparent oil, which gradually crystallized to white crystals (87% yield). 1H NMR (400 

MHz, Chloroform-d) δ 7.46 – 7.35 (m, 3H), 7.34 – 7.24 (m, 4H), 7.21 – 7.04 (m, 1H), 6.93 

(d, J = 7.8 Hz, 1H), 3.24 (s, 3H), 3.23 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 175.18, 

144.50, 138.61, 130.12, 128.38, 128.35, 127.96, 126.30, 125.69, 123.26, 108.52, 83.92, 

53.10, 26.35. [76] 

 ethyl 3,5-bis(trifluoromethyl)benzoate (8) 

To suspension of potassium carbonate (0.500 g, 4 mmol) in dry ethanol (5 mL), 3,5-

bis(trifluoromethyl)benzoyl chloride (0.500 g, 2 mmol) was added. After 1 h of stirring, 

solvent was removed under reduced pressure, crude was suspesed in DCM (10 mL) 

filtered off and passed through flash silica column. Concentration under reduced 

pressure resulted to pure product 8 with 90% yield as colorless solid. 1H NMR (400 MHz, 

Chloroform-d) δ 8.49 (s, 1H), 8.06 (s, 1H), 4.46 (q, J = 7.1 Hz, 1H), 1.44 (t, J = 7.1 Hz, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 164.06, 132.78, 132.28 (q, J = 34.2 Hz), 129.87 (q, J 

= 3.7 Hz), 126.48 – 126.24 (m), 123.05 (q, J = 272.9 Hz), 62.40, 14.40. 19F NMR (376 MHz, 

Chloroform-d) δ -63.02. [77] 

Products synthesis 

 

To a Schlenk flask (5 mL) charged with 1a-l (or 8) (0.08 mmol), BMS (1.14 mmol) in dry 

DCM (1.3 mL) was added at RT under nitrogen atmosphere. The reaction mixture was 

stirred for certain time specific for each compound (from 10 to 168 h). After completion 

of the reaction, MeOH (1 mL) was slowly added quench excess of BMS. Then, the 

resulted solution was quenched with NaHCO3 (sat., 20 mL). Aqueos layer was washed 

with DCM (2 x 20 mL), combined organic fraction were washed with brine (30 mL), dried 

over MgSO4, filtered off and concentrated in vacuo. Desired products were purified by 
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silica gel column chromatography when needed (eluent: pentane and gradient DCM 

from 0 to 4%). 

Note: Complexes and hemiaminals are unstable and were not isolated. Upon isolation, 

stable in the reaction medium hemiaminals undergo hydrolysis to aldehydes and 

amines. Thanks to high stability of 2d in THF-d8, 2d is characterizaed in the reaction 

mixture (for 2e in DCM-d2). 

N-(1-(boraneyloxy)-2,2,2-trifluoroethyl)-N-phenylaniline (2d).  

Characterization is done in the reaction mixture in THF-d8. Reaction time: 24 h. Full 

conversion mainly to hemiaminal. Due to multiple structures in solution, 

characterization is given for the major hemiaminal product. The 13C of –CF3 group is not 

included in the characterization due to complexity of the region. Two sets of 13C and 19F 

is highly likely due to formation of diastereomeric species, which exist in solution in 1:1 

dr. 

1H NMR (400 MHz, THF-d8) δ 7.27 – 7.18 (m, 4H), 7.14 – 6.93 (m, 6H), 6.37 (q, J = 5.4 Hz, 

1H). 13C NMR (101 MHz, THF-d8) δ 146.50, 146.36, 130.10, 130.06, 125.24, 125.18, 

125.00, 124.96, 84.34 (q, J = 15.8 Hz), 83.99 (q, J = 15.7 Hz). 19F NMR (376 MHz, THF-d8) 

δ -76.00 (d, J = 5.6 Hz), -76.22 (d, J = 5.4 Hz). 11B NMR (128 MHz, THF-d8) δ 24.20. 

 N-(1-(boraneyloxy)-2,2,2-trifluoroethyl)-4-(trifluoromethyl)-N-(4-

(trifluoromethyl)phenyl)aniline (2e). Characterization is done in the reaction mixture in 

DCM-d2. Reaction time: 48 h. Full conversion mainly to hemiaminal. Due to multiple 

structures in solution, characterization is given for the major hemiaminal products. The 
13C of –CF3 group is not included in the characterization due to complexity of the region. 
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Two sets of 13C and 19F is highly likely due to formation of diastereomeric species, which 

exist in solution in 1:1 dr. 

1H NMR (400 MHz, Methylene Chloride-d2) δ 7.56 (dd, J = 16.0, 8.6 Hz, 4H), 7.11 (dd, J = 

16.1, 8.6 Hz, 4H), 6.35 – 6.30 (m, 1H). 13C NMR (101 MHz, Methylene Chloride-d2) δ 

147.58, 147.48, 127.55, 127.37, 127.33, 127.29, 127.25, 127.22, 126.90, 124.70, 83.36 

(q, J = 28.2 Hz), 83.00 (q, J = 28.4 Hz). 19F NMR (376 MHz, Methylene Chloride-d2) δ -

62.63 (s, 6F), -62.66 (s, 6F), -75.72 (d, J = 5.1 Hz, 3F), -75.79 (d, J = 5.0 Hz, 3F). 11B NMR 

(128 MHz, Methylene Chloride-d2) δ 28.09. 

 N-cyclohexyl-N-(2,2,2-trifluoroethyl)cyclohexanamine (5b).  

Reaction time: 96 h. Yield 91%. 

1H NMR (400 MHz, Chloroform-d) δ 3.11 (q, J = 9.4 Hz, 2H), 2.69 – 2.44 (m, 2H), 1.79 – 

1.65 (m, 8H), 1.62 – 1.55 (m, 2H), 1.28 – 1.15 (m, 8H), 1.12 – 0.96 (m, 2H). 13C NMR (101 

MHz, Chloroform-d) δ 126.18 (q, J = 279.8 Hz), 59.37, 48.19 (q, J = 31.6 Hz), 32.42, 26.61, 

26.13. 19F NMR (376 MHz, Chloroform-d) δ -71.83 (t, J = 9.3 Hz). HRMS (ESI+, m/Z): calc. 

for 264.19336 [M+H]+, found 264.19360. 

 N-methyl-N-(2,2,2-trifluoroethyl)aniline (5c).  

Reaction time: 96 h. Yield 94%. 

1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.12 (m, 2H), 7.08 – 6.60 (m, 3H), 3.86 (q, J = 

9.0 Hz, 2H), 3.06 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 148.80, 129.38, 125.74 (q, J 

= 282.8 Hz), 118.41, 112.88, 54.56 (q, J = 32.5 Hz), 39.28. 19F NMR (376 MHz, 

Chloroform-d) δ -70.51 (t, J = 8.9 Hz). HRMS (ESI+, m/Z): calc. for 190.08381 [M+H]+, 

found 190.09382. 
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 N-phenyl-N-(2,2,2-trifluoroethyl)aniline (5d).  

Reaction time: 48 h. Yield 92%. 

1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.29 (m, 4H), 7.09 (d, J = 7.4 Hz, 2H), 7.04 (t, J 

= 7.9 Hz, 4H), 4.33 (q, J = 8.7 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.62, 

129.66, 125.37 (q, J = 282.8 Hz), 122.88, 121.46, 54.12 (q, J = 33.2 Hz). 19F NMR (376 

MHz, Chloroform-d) δ -69.56 (t, J = 8.7 Hz).[3] 

 N-(2,2,2-trifluoroethyl)-4-(trifluoromethyl)-N-(4-

(trifluoromethyl)phenyl)aniline (5e). Characterization is done in the mixture with 5d 

because product 5e can be obtained only after cross-experiment in a reasonbale 

amount. Reaction time: 72 h. Yield 84%.  

1H NMR (400 MHz, Chloroform-d) δ 7.59 (d, J = 8.6 Hz, 4H), 7.12 (d, J = 8.5 Hz, 4H), 4.37 

(q, J = 8.5 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 149.50, 127.18 (q, J = 3.7 Hz), 

125.68 (q, J = 20.6 Hz), 124.77 (q, J = 283.31 Hz), 121.41, 53.70 (q, J = 33.8 Hz). 19F NMR 

(376 MHz, Chloroform-d) δ -62.14 (s, 6F), -69.19 (t, J = 8.4 Hz, 3F). HRMS (ESI-, m/Z): 

calc. for 386.05968 [M-H]-, found 386.05965. 

 N-(2,2,3,3,3-pentafluoropropyl)-N-phenylaniline (5f). Reaction time: 

168 h. Yield 86%. Perfluorinated carbons have very low intensity signals in 13C NMR due 

to multiple splitting. 

1H NMR (400 MHz, Chloroform-d) δ 7.34 – 7.29 (m, 4H), 7.06 (t, J = 7.4 Hz, 2H), 7.01 (d, J 

= 7.9 Hz, 4H), 4.37 (t, J = 15.3 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.96, 
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129.65, 122.94, 121.52 (t, J = 1.1 Hz), 52.22 (t, J = 21.9 Hz).19F NMR (376 MHz, 

Chloroform-d) δ -84.42 (s, 3F), -119.32 (t, J = 15.3 Hz, 2F). HRMS (ESI+, m/Z): calc. for 

302.09627 [M+H]+, found 302.09614. 

 N-phenyl-N-(2,2,2-trichloroethyl)aniline (5g). React. time: 168 h. 

Yield 83%. 

1H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.19 (m, 4H), 7.11 (d, J = 7.7 Hz, 4H), 7.07 (t, J 

= 7.3 Hz, 2H), 4.79 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 147.91, 129.50, 123.11, 

122.15, 100.25, 70.76. HRMS (ESI+, m/Z): calc. for 302.00786 [M+H]+, found 302.00711. 

 N-((perfluorophenyl)methyl)-N-phenylaniline (5h). Reaction time: 

72 h. Yield 89%. Although perfluorinated ring does not give clear 13C NMR peaks, weak 

broad signals in the aromatic region were addressed as –C6F5 ring carbons. 

1H NMR (400 MHz, Chloroform-d) δ 7.29 – 7.24 (m, 4H), 7.03 – 6.98 (m, 6H), 4.97 (s, 2H). 
13C NMR (101 MHz, Chloroform-d) δ 147.62, 146.83, 144.30, 142.04, 138.73, 129.50, 

122.63, 121.69, 44.38. 19F NMR (376 MHz, Chloroform-d) δ -140.36 – -143.55 (m, 2F), -

154.74 (t, J = 21.0 Hz, 1F), -162.06 – -162.42 (m, 2F). HRMS (ESI-, m/Z): calc. for 

348.08171 [M-H]-, found 348.08087. 

 N-(3,5-bis(trifluoromethyl)benzyl)-N-phenylaniline (5i). 

Reaction time: 24 h. Yield 78%. 

1H NMR (400 MHz, Chloroform-d) δ 7.81 (s, 2H), 7.76 (s, 1H), 7.28 (t, J = 7.9 Hz, 4H), 7.05 

– 6.96 (m, 6H), 5.10 (s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 150.17, 144.90, 134.53 

(q, J = 33.2 Hz), 132.18, 129.39 (q, J = 3.6 Hz), 125.87 (q, J = 273.8 Hz), 124.84, 123.84 – 
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123.61 (m), 123.39, 58.54. 19F NMR (376 MHz, Chloroform-d) δ -140.36 – -143.55 (m, 

2F), -154.74 (t, J = 21.0 Hz, 1F), -162.06 – -162.42 (m, 2F). HRMS (ESI+, m/Z): calc. for 

396.11815 [M+H]+, found 396.11949. 

 1,3,3-trimethylindoline (5j). Reaction time: 24 h. Yield 93%. 

1H NMR (400 MHz, Chloroform-d) δ 7.12 – 7.09 (m, 1H), 7.02 (d, J = 7.2 Hz, 1H), 6.74 – 

6.70 (m, 1H), 6.51 (d, J = 7.5 Hz, 1H), 3.08 (s, 2H), 2.76 (s, 3H), 1.30 (s, 6H). 13C NMR (101 

MHz, Chloroform-d) δ 152.00, 139.43, 127.59, 121.67, 118.13, 107.58, 70.47, 40.43, 

36.22, 27.54. HRMS (ESI+, m/Z): calc. for 162.12773 [M+H]+, found 162.12766. [78] 

 1'-phenylspiro[cyclohexane-1,3'-indoline] (5k). Reaction time: 24 h. 

Yield 90%. 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.32 (m, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.19 (d, J 

= 7.9 Hz, 1H), 7.14 (d, J = 7.3 Hz, 1H), 7.10 (t, J = 7.7 Hz, 1H), 6.97 (t, J = 7.3 Hz, 1H), 6.80 

(t, J = 7.3 Hz, 1H), 3.82 (s, 2H), 1.87 – 1.72 (m, 5H), 1.69 – 1.62 (m, 2H), 1.53 – 1.31 (m, 

3H). 13C NMR (101 MHz, Chloroform-d) δ 145.80, 144.32, 140.53, 129.27, 127.43, 

122.87, 120.77, 119.05, 117.53, 108.40, 62.04, 44.27, 36.76, 25.79, 23.25. HRMS (ESI+, 

m/Z): calc. for 264.17468 [M+H]+, found 264.17472. [79] 

 Borane 1-(2,2,2-trifluoroethyl)piperidine complex (6a). Characterization 

is done in the reaction mixture in DCM-d2. Reaction time: 10 h. Full conversion to one 

product. 

1H NMR (400 MHz, Methylene Chloride-d2) δ 3.52 (q, J = 9.7 Hz, 2H), 3.13 – 2.97 (m, 4H), 

2.18 – 2.10 (m, 2H), 1.73 – 1.62 (m, 2H), 1.51 – 1.40 (m, 2H). 13C NMR (101 MHz, 

Methylene Chloride-d2) δ 126.11 (q, J = 280.9 Hz), 63.58 (q, J = 33.1 Hz), 61.40 (q, J = 2.0 
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Hz), 24.93, 23.46. 19F NMR (376 MHz, Methylene Chloride-d2) δ -60.76 (t, J = 9.5 Hz). 
11B NMR (128 MHz, Methylene Chloride-d2) δ -10.38. 

 3-fluoro-1-phenyl-1H-indole (10). Reaction time: 48 h. Yield 81%. In the 

mixture with 11. 10 is the product of elimination of HF. 

1H NMR (400 MHz, Chloroform-d) δ 7.72 (d, J = 8.0 Hz, 1H), 7.61 – 7.45 (m, 5H), 7.37 (t, J 

= 7.2 Hz, 1H), 7.27 (t, J = 7.7 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 7.18 (d, J = 2.8 Hz, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 147.89, 145.46, 139.48, 132.70 (d, J = 4.4 Hz) 

129.82, 126.63, 124.49, 123.63, 120.51, 117.43 (d, J = 2.6 Hz), 110.80 (d, J = 27.0 Hz), 

110.76. 19F NMR (376 MHz, Chloroform-d) δ -174.38 – -174.40 (m). HRMS (ESI+, m/Z): 

calc. for 212.08700 [M+H]+, found 212.08730. 

 1-phenylindoline (11). Reaction time: 48 h. Yield 9%. In the mixture with 

10. Although not all peaks in 1H and 13C NMR are visible due to the presence of 10, 

characteristic peaks of 11 are shown. 11 is the full reduction by-product. 

1H NMR (400 MHz, Chloroform-d) δ 7.09 (t, J = 7.7 Hz, 1H), 6.99 (t, J = 7.3 Hz, 1H), 6.87 – 

6.74 (m, 1H), 3.97 (t, J = 8.4 Hz, 2H), 3.15 (t, J = 8.4 Hz, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ 129.28, 128.07, 125.16, 121.09, 117.82, 108.30, 52.26, 28.30. HRMS 

(ESI+, m/Z): calc. for 196.11208 [M+H]+, found 196.11212. [79] 

 1-methyl-3-phenyl-1H-indole (12). Reaction time: 96 h. Yield 79%. Upon 

isolation, intermediate eliminates MeOH resulting in compound 12. 

1H NMR (400 MHz, Chloroform-d) δ 7.98 (d, J = 8.0 Hz, 1H), 7.69 (d, J = 7.1 Hz, 2H), 7.46 

(t, J = 7.7 Hz, 2H), 7.39 (d, J = 8.2 Hz, 1H), 7.35 – 7.27 (m, 2H), 7.26 (s, 1H), 7.22 (t, J = 7.5 
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Hz, 1H), 3.86 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 137.62, 135.80, 128.88, 

127.47, 126.67, 126.30, 125.84, 122.11, 120.07, 120.02, 116.88, 109.66, 33.03. [80] 

 (3,5-bis(trifluoromethyl)phenyl)methanol (13). Reaction time: 168 h. 

Yield 85%. Isolated product after hydrolysis of the respective oxyborane species 9. 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (s, 2H), 7.80 (s, 1H), 4.86 (s, 2H), 1.92 (s, 1H). 
13C NMR (101 MHz, Chloroform-d) δ 143.35, 131.94 (q, J = 33.2 Hz), 126.76 (q, J = 2.6 

Hz), 123.47 (q, J = 272.7 Hz), 121.66 – 121.44 (m), 63.90. 19F NMR (376 MHz, Chloroform-

d) δ -62.94. [81]  

Computational details 

Geometries of all the stationary points were fully optimized at the B3LYP[82]/6-

311G(d,p)[83] computational level using the Gaussian09 program.[84] In the chapter, 

energies are expressed in kcal/mol, they are computed using the standard conditions at 

Gaussian 298.15 K and 1 atm. The effect of the solvent (DCM) was modeled using the 

polarizable continuum model (PCM) with the default parameters implemented in the 

Gaussian09 package. 

Charge of boron center of different boron-containing species 

The assumption of increasing of Lewis acidity of mono-, di-, tri- oxyboranes comparing 

with the initial BH3 was supported via computing APT charges of the respective boron 

compounds. As we can see from the Table 2, the more hydrogens are replaced by 

electron-withdrawing oxygens, the higher the APT positive charge. However, this result 

helps us only to estimate to a certain extent the Lewis acidity of boronic compounds. 

Table 2. APT charge of boron center of different boron-containing species using DCM as 
solvent. 

 BH3 BH2OMe BH(OMe)2 B(OMe)3 BH2OBH2 2d 

APT charge of the 

boron 
0.602 0.983 1.498 1.864 1.095 1.036 
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19F NMR experiment to demonstrate 2d and 2d-2 hemiaminals 

As was mentioned in part 3.2 (Scheme 4), hemiaminals are represented in the reaction 

mixture in DCM-d2 mainly as two doublets, which were addressed as the compound 2-

2d using 19F NMR (Fig. 11). In order to see whether 2d hemiaminals are the products of 

the reaction, the reduction was performed in THF-d8. As THF-d8 is a coordinating 

solvent, it is expected that the equilibrium between monooxyborane hemiaminals 2d 

and dioxyborane hemiaminals 2-2d can be suppressed by the THF coordination. As seen 

from the 19F NMR experiment in THF-d8 (Fig. 12), the reaction mixture consists of 

multiple hemiaminal peaks, and the one observed first is a doublet presumably 

corresponding to monooxyborane 2d. Unfortunately, the 11B NMR experiment did not 

show any detectible peaks in the THF-d8 experiment except one corresponding to BMS. 

 

 
 

Fig. 11. A selected 19F NMR spectrum showing set of two doublets corresponding to 2d-2 
hemiaminal. Reaction conditions: 1d(0.045 M)/BMS(0.648 M) = 1/14.4, DCM-d2, N2.  
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Fig. 12. A selected 19F NMR spectrum showing set of two doublets corresponding to 2d 
and 2-2d hemiaminal. Reaction conditions: 1d(0.045 M)/BMS(0.648 M) = 1/14.4, THF-d8, 
N2. 

1H and 19F NMR experiments to demonstrate 2d-mix 

In the experiment with the addition of methanol, the amplification of the reduction rate 

of amide 1d is supposed to be a consequence of the formation of various 2d-mix 

hemiaminals, which include -OMe substituents of the boron derived from the MeOH 

present in the mixture. In order to prove this, 1H NMR spectra of the reaction mixture 

were analyzed. As was found, in the region of -OMe group (3.4-3.8 ppm), multiple peaks 

corresponding to various methoxyborane species are observed proving a feasible 

formation of mixed 2d-mix species (Fig. 13). Moreover, as seen from the arrayed 
19F NMR spectra (Fig. 14), multiple new peaks in the hemiaminal region (-75.5-76.4 ppm) 

appear with the addition of MeOH confirming the formation of 2d-mix species. 

Fig. 13. A selected 1H NMR spectrum of reaction mixture of 1d (0.045 M) and MeOH 
(0.03 M) with purified BMS (0.648 M) in DCM-d2 at RT under nitrogen atmosphere 
showing conversion of 1d to 2d and 5d. 

Clear CH2 quartet due to CF3 

Multiple quartets 

of 2d-mix 
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Fig. 14. Arrayed 19F NMR spectra of reaction mixture of 1d (0.045 M) and MeOH (0.03 M) 
with purified BMS (0.648 M) in DCM-d2 at RT under nitrogen atmosphere and their 
selected region after showing conversion of 1d to 2d and 5d. 

  

0 h 

46 h 

Clear CF3 

triplet due 

to CH2 

Multiple CF3 

doublets of 

2d-mix 



Chapter 3. Autocatalytic processes in amide reduction 

118 
 

 

3.4.4 Kinetics 

3.4.4.1 NMR spectra 

All kinetic experiments were carried out using NMR spectroscopy. Typical 1H NMR and 
19F NMR spectra are depicted below (Fig. 15). Obtained NMR data was used for graphs 

depicted later in the text. 

 

 

 

 

Fig. 15. A selected region of 1H (top) and 19F (bottom) NMR spectra of reaction mixture of 
1d (0.18 M) with commercial BMS (0.648 M) in DCM-d2 at RT under nitrogen 
atmosphere showing conversion of 1d to 2d and 5d. 

3.4.4.2 Kinetic data 

Kinetic data obtained from 1H and 19F NMR experiments are presented below as graphs. 

Here, separate experiments for various amides studied in the current work are 
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described. Graphs containing the only one curve showing the conversion of starting 

material to the respective amine since the hemiaminal was not detected. Graphs with 

multiple curves show conversion of an amide, the conversion of the amide to 

hemiaminal, and finally the conversion to the respective amine. 

Reduction of 2,2,2-trifluoro-N-methyl-N-phenylacetamide (1c) 

 

 

Fig. 16. Graphs showing kinetics for reaction of 1c with BMS (3.6 equiv.) in A) DCM-d2 
(left) and B) THF-d8 (right). Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, A) 
DCM-d2, B) THF-d8, N2. 

Reduction of 2,2,2-trifluoro-N,N-diphenylacetamide (1d) 
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Fig. 17. Graphs showing kinetics for reaction of 1d with BMS (3.6 equiv.) after A) 21 h, B) 
6 h. Reaction conditions: [1d] = 0.18 M, [BMS] = 0.648 M, THF-d8, N2. 

Kinetics of BMS reduction of amides 1f-m 

Reduction of 2,2,3,3,3-pentafluoro-N,N-diphenylpropanamide (1f) and 2,2,2-trichloro-

N,N-diphenylacetamide (1g) 

 

 
Fig. 18. Graphs showing kinetics for reaction of A) 1f (left) or B) 1g (right) with BMS (3.6 
equiv.). Reaction conditions: [1f] = [1g] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2. 
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Reduction of 2,3,4,5,6-pentafluoro-N,N-diphenylbenzamide (1h) and N,N-diphenyl-3,5-

bis(trifluoromethyl)benzamide (1i) 

 

 
Fig. 19. Graphs showing kinetics for reaction of A) 1h (left) or B) 1i (right) with BMS (3.6 
equiv.). Reaction conditions: [1h] = [1i] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2. 

Reduction of 1,3,3-trimethylindolin-2-one (1j) and 1'-phenylspiro[cyclohexane-1,3'-

indolin]-2'-oneone (1k) 
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Fig. 20. Graphs showing kinetics for reaction of A) 1j (left) or B) 1k(right) with BMS (3.6 
equiv.). Reaction conditions: [1j] = [1k] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2. 

Reduction of 3,3-difluoro-1-phenylindolin-2-one (1l) and 3-methoxy-1,3-

diphenylindolin-2-one (1m) 
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Fig. 21. Graphs showing kinetics for reaction of A) 1l (left) or B) 1m (right) with BMS (3.6 
equiv.). Reaction conditions: [1l] = [1m] = 0.18 M, [BMS] = 0.648 M, DCM-d2, N2.  
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Initial rate analysis for determination of reaction orders with respect to BMS and 1d 

The initial rate analysis was performed using the linear part of the kinetic curve. The 

slope of the curve (a from equation y = ax + b for the linear part) and the initial 

concentration of BMS/1d were taken to calculate the initial order with respect to 

reagent (Fig. 22). Since we can monitor only change in amide concentration, the reaction 

order in BMS was calculated using fractional conversion of 1d. The reaction order in 1d 

was calculated using fractional conversion of 1d multiplied by the coefficient equal to 

the ratio [initial conc. of 1d in analyzed reaction]/[0.045 M] (0.045 M is the lowest 

concentration examined). In this way, the normalized fractional conversion represents 

change in the concentration and can be used in the equation to find the order in 1d (Fig. 

22). The reaction order in 1d was found 1.21 (Fig. 22B), and in BMS 1.00 (Fig. 22D). 

 

 

Fig. 22. A) Fractional conversion of 1d over time in the reaction with BMS (X equiv.) in 
DCM-d2. Reaction conditions: [1d] = 0.18 M, [BMS] = X M in DCM-d2, N2. B) 
Determination of order in BMS, where “a” is the linear slope of the “conversion vs time” 
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graph. C) Fractional conversion of 1b (X equiv.) multiplied by the ratio [current initial 
conc.]/[0.045 M] over time in the reaction with BMS in DCM-d2. Reaction conditions: 
[1d] = X M, [BMS] = 0.648 M in DCM-d2, N2. D) Determination of order in 1d, where “a” is 
the linear slope of the “conversion vs time” graph. 

VKA for determination of reaction orders with respect to BMS and 1d 

The reaction order with respect to BMS/1d was calculated using VKA[66] with a 

normalized time scale. The reagent concentration was plotted vs a function of ∑[A]αt 

(normalized time), in which α is the order of the reagent. The value of α at which all 

BMS/1d concentrations profiles overlay corresponds to the order of the reaction in 

BMS/1d. Thus, the reaction order in 1d was found 0.7 (Fig. 23B), and in BMS 1.0 (Fig. 

23E). 
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Fig. 23. Divergence of the reaction profiles when the order in BMS (A-C) is modified from 
0.5 to 1.5, and in 1d (D-F) from 0.5 to 1.0. Reaction conditions: A-C: 
1d(0.045 M)/BMS(X M) = 1/x, X = [0.324 M], [0.648 M], [1.296 M], [1.620 M] in DCM-d2, 
N2. D-F: 1d(Y M)/BMS(0.648 M) = y/14.4, Y = [0.045 M], [0.090 M], [0.180 M], [0.360 M] 
in DCM-d2, N2.  
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Chapter 4 

Computation of amide reduction 

As was described in chapter 3, the reduction of tertiary carboxamides by borane is a 

complex autocatalytic two-step process accompanied by a slow background reaction. The 

background reaction initially generates a hemiaminal molecule responsible for promoting 

the first autocatalytic step. The complexity of the set autocatalytic and background 

reaction impedes the empirical kinetic differentiation between autocatalyzed and 

background reactions. Therefore, a computational study has been conducted to get 

mechanistic insight into the background reaction launching the overall process. This 

chapter aims to provide answers to whether the background reduction is a (a)synchronous 

process, what is the role of amide substituent, and how the amide reduction correlates 

with the well-established borane reduction of aldehydes.  
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4.1 Introduction 

The reduction of carboxamides with boranes is a common tool in organic synthesis.[1-3] 

The generally proposed mechanism for this transformation suggests initial coordination 

of the borane B to the oxygen of the amide A, rendering AB (Scheme 1).[4] Then, AB 

evolves via a hydride transfer from the borane moiety to the carbonyl group rendering a 

hemiaminal H (Scheme 1). [4,5] Under the reaction conditions, the reduction of hemiaminal 

continues to the fully reduced products (Scheme 1). [4,5] 

 

Scheme 1. Literature-reported mechanism of amide reduction by borane including “background” 

reaction of amide reduction (steps I-II) and the formation of full reduction products (step III). [4,5] 

In the previous chapter, the design of an autocatalytic reaction, based on the self-

amplified generation of hemiaminals, was described in detail. Hemiaminals generated in 

the background reaction (Scheme 1) launch the autocatalytic cycle (Scheme 2): once H is 

formed (steps I-II, Scheme 1) it reacts with B forming HB and subsequently with A forming 

the HBA complex (steps IV-V, Scheme 2). In the HBA complex, it is presumed that the 

hemiaminal nitrogen coordinates to the boron center of BH3, turning it more electron rich 

and thus favoring the transfer of a hydride to the carbonyl moiety of the amide A. The 

following step (step VI, Scheme 2) generates a new molecule H allowing the autocatalytic 

cycle to continue. 

 

Scheme 2. The proposed mechanism including background reaction (I-III) and possible autocatalytic 
pathway (IV-VI) based on hemiaminal autocatalysis. 
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As it is possible to infer from the previous mechanistic proposal, the net reduction of 

amides can be devised as two symbiotic processes: a background reaction (steps I-II, 

Scheme 1) and the autocatalytic cycle (steps IV-VI, Scheme 2). The autocatalytic cycle 

(steps IV-VI, Scheme 2) requires the background reaction (steps I-II, Scheme 2), specifically 

it requires for H to be formed since the initial generation of hemiaminal requires separate 

antecedent steps I-II. Thereby, the background reaction plays an important role in the 

overall mechanism of the borane reduction of amides. However, the complexity of the set 

autocatalytic and background reaction impedes the empirical kinetic differentiation 

between autocatalyzed and background reactions. Thus, it is not possible to study the 

experimental kinetics of each individual step. Therefore, we have resorted to molecular 

modeling in order to gain a deeper understanding of this autocatalytic transformation. In 

the current chapter, specifically steps I-II (Scheme 1) are discussed. We aim to understand 

whether the reduction step II (Scheme 1) is synchronous or asynchronous and how the 

amide substituents influence the synchronicity; and lastly to compare the amide reduction 

with the well-described aldehyde reduction by borane [6] to have a more general 

understanding of the reduction process.  

State of the art 

There are different computational and experimental works done in similar systems, 

namely aldehydes. [6-8] These studies suggest that the aldehyde reduction includes 

(Scheme 3): 1) the first step is the dissociation of BH3X complex (X = BH3, THF, SMe2) 

rendering BH3 and X (X = BH3, THF, SMe2) via an SN1 or SN2 pathway. The SN1 mechanism 

would consist of the dissociation of the B-X bond whereas in the SN2 this dissociation 

would be promoted by the attack of a carbonyl moiety. 2) Then, the formation of a new 

complex AB between BH3 and the carbonyl oxygen via donor-acceptor interaction takes 

place. 3) Finally, the AB complex undergoes a conformational reorganization forming new 

C-H and B-O bonds (the carbonyl reduction and the alkoxyborane formation) (Scheme 3). 

[6] Literature suggests that the SN1 process takes place in the case of aldehydes when 

BH3∙SMe2 is used as a reductant. [6] However, in the case of amides, competition between 

the SN1 and SN2 formation of AB complexes has been never discussed. This prompted us 

to study which pathway (SN1/SN2) leads to the amide complex AB and whether the 

formation of AB is a rate-determining step of the overall reduction process. 
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Scheme 3. The typical mechanism of aldehyde/ketone reduction by BH3X complex (X = BH3, THF, 
SMe2).[6] 

As suggested in the literature,[8] the borane reduction of esters proceeds via the formation 

of the AB complex. (Scheme 4).[8] In fact, other works showed that the stabilization of the 

ester complex AB impedes the reduction step.[9,10] The reduction of esters requires higher 

energy loss than the reduction of aldehydes due to the strong coordination of the ester 

moiety to BH3.[9,10] This happens in virtue of the resonance stabilization enabled in the 

case of esters, which leads to the efficient stabilization of the ester complex AB (Scheme 

4).[9,10] Since the respective study in the case of amides has not been reported, we wanted 

to reveal how the stabilization of the amide complex AB affects the reduction step. 

 

Scheme 4. Resonance structures of esters, their AB complexes, and the reduction step. [8] 

The computational study is divided into two sections: (1) discussion of the formation of 

the complexes AB: competition between SN1 and SN2 processes; and (2) study of the 

reduction step. This last point makes emphasis on understanding whether the reaction is 

concerted or stepwise. 

4.2 Computational details 

Geometries of all the stationary points were fully optimized at the B3LYP[11] /6-

311G++(d,p)[12] computational level using the Gaussian09 program.[13] The minimum or 

transition state nature of all the presented stationary points was confirmed through 

frequencies calculation, having the minima 0 imaginary frequencies and the transition 

states 1. In the chapter, the reported energies correspond to relative Gibbs free energies 
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are expressed in kcal/mol, they are computed using the standard conditions at Gaussian 

298.25 K and 1 atm. Harmonic analysis was used to establish the nature of all optimized 

structures as either minima or transition structures. The connectivity among the 

reactants, products, and transition states (TSs) were confirmed by following the intrinsic 

reaction coordinate through IRC computations.[14-16] The stability of all stationary points 

was confirmed.  

4.3 Results and discussion 

4.3.1 Selection of molecules for the investigation 

The analysis of the stability of the AB complex was carried out using various para-

substituted N,N-dimethylbenzamides (1a-h) (Table 1) (Note: The para-substitution was 

chosen to avoid any steric influence and observe only electronic effects). The substituents 

selected range is from electron neutral groups (-H (a), -F (b)) to electron-donating (-NMe2 

(c), -OMe (d), Me (e)) and electron-withdrawing (-NO2 (f), -CF3 (g), -Cl (h)), so that we can 

have a complete overview of the electronic influence of the groups on the reaction. 

Hammett σ constants were used in order to find the relationship between different 

variables, e.g. the formation of complexes AB or TS energy barrier of the reduction step, 

and the electronic influence of the substituent.[17]  

Table 1. Amides (1a-h) and aldehydes (2a-h) used to study the mechanism of their reduction by 

BH3. 

 

4.3.2 Structural analysis of AB complexes (A: 1a-h, 2a-h) 

4.3.2.1 SN1/SN2 formation of AB complexes 

As was mentioned above (Scheme 3), the formation of the AB complex can proceed either 

via an SN1 or via an SN2 process.[6] However, in the case of amides, this process has not 

1 or 2 a b c d e f g h 

 R H F NMe2 OMe Me NO2 CF3 Cl 
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been investigated before. Therefore, both SN1 and SN2 pathways were examined in the 

case of substrates 1a-d in order to understand which pathway prevails in the overall 

reduction (Scheme 5). As in the previous chapter, BH3∙SMe2 was used as a borane source. 

 

Scheme 5. The potential formation of complexes AB from amides 1a-h and BH3 via SN1 and SN2 
mechanisms. 

In the case of SN2 process, the attack of the carbonyl to the borane can happen via 2 

possible pathways: 1) from the side of the phenyl ring and 2) from the side of -NMe2 

substituent. It was found that the SN2 substitution from the -NMe2 side is ca. 1 kcal/mol 

higher in energy than from the side of the phenyl ring as depicted in Scheme 5. The energy 

barrier required for this nucleophilic substitution varies from 18.94 to 19.51 kcal/mol 

depending on the R substituent. In order to understand whether this is the leading 

process, the dissociation of BH3∙SMe2 (SN1 process) was computed. The dissociation 

energy of BH3∙SMe2 is 17.74 kcal/mol that is slightly lower than previously published 

results.[6] The difference between the literature results and those obtained in the current 

work (3.7 kcal/mol) can be rationalized based on the different basis set and method used 

in the literature (literature method: MP2(FC)/6-31+G(d,p)).[6] 

Taking into account that the dissociation energy of BH3∙SMe2 (SN1 process) is 

1.20-1.77 kcal/mol lower than the energy barrier of the SN2 process, we can conclude that 

the SN1 process is the one ruling this reactivity. These findings are in agreement with the 

results described in the previous chapter: the reaction order with respect to amide is 0.7, 

BH3∙SMe2 is 1.0, and SMe2 has inhibitory effect, which means that the dissociation of the 

initial borane complex (the SN1 process) plays an important role in the overall process. 
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4.3.2.2 Structure of AB complexes 

Noteworthy, AB complexes 3a-h can feature a cis- or a trans-configuration (Table 2). The 

TS energy for transformation of trans-complexes to cis-ones is 4.40-5.07 kcal/mol 

(depending on the substituent R Table 2). 

We have obtained, as expected, that trans-3a-h complexes are 1.75–3.31 kcal/mol 

(depending on the substituent R) more stable than cis-3a-h complexes due to the steric 

clash between the -NMe2 moiety and BH3. 

The formation of complexes 3/4a-h is an exergonic process. We have found that 

complexes trans-3a-h become more stable as the donating effect of the R substituent 

increases (1). Interestingly, we have found that the formation of the complex AB in the 

case of benzaldehydes 4a-h is about 3 times more sensitive to the effect of the substituent 

than in the case of amides 1a-h. Surprised by this fact, we moved to analyze the APT 

charges on both C and O atoms, obtaining that the interaction between the amide moiety 

and the borane leads to an increase of the positive charge on the carbonyl carbon and 

negative charge on the carbonyl oxygen (Table 3). The same trend was found for 

aldehydes 2a-h and their borane complexes 4a-h. Despite charges not being very 

informative, a structural analysis of those molecules helps to rationalize this fact (Fig. 2). 

In the case of amide 1a, amide moiety is not in the plane of the aromatic ring unlike in the 

case of aldehyde 2a, which is completely planar (dihedral angle C-C-C-O between the 

aromatic ring and the carbonyl moiety: for 1a 46.14°, for 2a 0.00°). Therefore, the 

Table 2. The isomerization process of trans-3a-h to cis-3a-h. 

 

3 
a 

(H) 
b 

(F) 
c 

(NMe2) 
d 

(OMe) 
e 

(Me) 
f 

(NO2) 
g 

(CF3) 
h 

(Cl) 

ΔG (TS) 
trans/cis, 
kcal/mol  

4.89 4.88 4.77 4.83 4.40 5.05 5.07 4.87 



Chapter 4. Computation of amide reduction 

140 
 

 

conjugation with the phenyl ring and so the effect of the substituent in the case of 

aldehydes is stronger.  

  

 
 

Fig. 1. A) Scheme showing the formation of 3/4a-h complexes. B) Table with computed Gibbs free 
energy of the process. C) The correlation between the AB complex formation Gibbs free energy and 
σ+ in para-substituted N,N-dimethylbenzamides 1a-h and benzaldehydes 2a-h. The zero energy 
point is starting compound 1/2a-h and BH3. 
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kcal/mol 

a H 0 -3.67 -3.99 

b F -0.07 -3.35 -3.69 

c NMe2 -1.70 -4.87 -7.61 

d OMe -0.78 -4.08 -5.20 

e Me -0.31 -3.34 -4.78 

f NO2 0.79 -2.45 -1.88 

g CF3 0.61 -2.80 -2.50 

h Cl 0.11 -3.23 -3.51 
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Fig. 2. Computed structures of amide 1a and aldehyde 2a showing conjugation of carbonyl moieties 
with the ring. 

As was shown, amides and benzaldehydes behave similarly in terms of the formation of 

the AB complex with BH3. The higher the electron donation on the carbonyl is the more 

stable the complex is. However, the formation of AB complexes with amides is less 

sensitive to a change of the substituent of the ring than in the case of aldehydes. 

4.3.3 Structural analysis of the reduction TS 

It was found that σ+ Hammett constants give a better correlation with the obtained TS 

energies for both amides and aldehydes than σ constants (Table 4). Typically, the presence 

of a linear correlation of the TS energies with σ+ Hammett constants reveals that in the TS 

positive charge is accumulated at the reacting center.[17] In fact, we have found that in the 

TS there is an increment of the electrophilicity of the carbon atom at the carbonyl moiety 

(Table 4) that explains a better correlation with σ+. 

 

Table 3. APT charges in starting compounds 1a-h and complexes 3a-h. 

 

  
a 

(H) 
b 

(F) 
c 

(NMe2) 
d 

(OMe) 
e 

(Me) 
f 

(NO2) 
g 

(CF3) 
h 

(Cl) 

APT 
(O) 

1 -0.866 -0.864 -0.916 -0.884 -0.880 -0.884 -0.871 -0.880 

3 -0.968 -0.967 -1.029 -0.990 -0.982 -0.975 -0.968 -0.979 

APT 
(C) 

1 1.208 1.221 1.374 1.289 1.248 1.220 1.210 1.248 

3 1.279 1.297 1.517 1.394 1.331 1.280 1.271 1.327 

46.14° 

1a 1a 2a 2a 

0.00° 

planar 

twisted 
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The correlation between the Hammett constant and the TS energies for the reduction of 

amides indicates that the more electron-withdrawing the R group is, the lower the TS 

barrier (Fig. 3). Aldehydes show the same trend (Fig. 3). Surprisingly, in the reduction step, 

amides 1a-h become more sensitive to the effect of the substituent than aldehydes 2a-h. 

(Note: The selection of cis-3a-h complexes for the computation of TSs (Fig. 3) needs an 

explanation. As follows from the IRC analysis given in part 4.3.4, despite trans-3a-h 

complexes being more stable than cis-ones, the reduction requires from the cis-

configuration at the C=O bond (Fig. 4). Therefore, as it was mentioned in part 4.3.3, the 

energy barriers calculations of TSs 5a-h were performed using cis-3a-h complexes as a 

starting point (Fig. 3), and the isomerization step is included in the mechanism.  

 

 

 

 

 

 

 

Table 4. APT charges in starting compounds 1a-h and reduction step TSs 5a-h. 

 

  
a 

(H) 
b 

(F) 
c 

(NMe2) 
d 

(OMe) 
e 

(Me) 
f 

(NO2) 
g 

(CF3) 
h 

(Cl) 

APT 
(C) 

1 1.208 1.221 1.374 1.289 1.248 1.220 1.210 1.248 

5 1.309 1.318 1.399 1.355 1.335 1.335 1.320 1.341 
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Fig. 3. A) Scheme showing the reduction step of 3/4a-h to 7/8a-h via TSs 5/6a-h. B) Table with 
computed Gibbs free energy of the process. C) The correlation between the reduction step TS and 
σ+ in para-substituted N,N-dimethylbenzamides 1a-h and benzaldehydes 2a-h. The zero energy 
point is the respective complexes cis-3a-h/4a-h. 

Despite amides 1a-h and benzaldehydes 2a-h showing a similar trend for the energetics 

of the TSs with respect to the nature of the R substituent (Fig. 3), the computation of IRCs 

was performed to understand whether the overall process (isomerization and reduction) 

is concerted. Later, KIEs were obtained to gain a better understanding of the reduction 

step, specifically its synchronicity. 

4.3.4 Discussion of IRCs and KIE 

From IRC studies, we have found that the reduction begins with the rotation of the BH3 

group from the plane of the amide moiety to above it, analogously to the proposed 

process for aldehydes.[6] This conformational reorganization is reflected in the appearance 

of the conf-AB conformer at the pre-TS region (Fig. 4). Within this structure, the B–H bond 

elongates while BH3 activates the carbonyl moiety towards the hydride acceptance due 

to the donation of electron density from the carbonyl oxygen to the BH3. After that, the 

hydride migration from boron to carbonyl takes place at structure 5 (Fig. 4). Then, 

subsequently, the conf-P appears due to the opening of C-O-B bond (for 1d C-O-B angle 

changes from 85.45° in TS (5) to 108.82° in conf-P) and keeps evolving towards 7 (Fig. 4). 

Based on IRC data, the reduction step is asynchronous.  
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TS 
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5, ΔG(TS), 
kcal/mol 

6, ΔG(TS), 
kcal/mol 

a H 0 15.00 15.14 
b F -0.07 14.97 14.96 
c NMe2 -1.70 17.17 16.31 
d OMe -0.78 15.77 15.68 
e Me -0.31 15.57 15.37 
f NO2 0.79 13.82 14.29 
g CF3 0.61 14.19 14.56 
h Cl 0.11 14.79 14.91 

B) C) 
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Fig. 4. IRC graph for the reduction of 1d by BH3 showing important steps of the reduction. 

Thereafter, the IRC computation for the reduction step of aldehydes 2a-h by BH3 was 

performed (Fig. 5). As depicted in Graph 2, aldehydes 2a-h have a different profile of the 

reduction step, namely the appearance at the IRC of the hidden intermediate conf-AB,[18] 

found in the case of amides, is less pronounced in the case of aldehydes 2a-h (Fig. 5). In 

the initial complex, boron and oxygen have stronger interaction probably due to steric 

properties of the carbonyl moiety. That leads to an increase of the electron density on the 

boron atom of 4a-h and subsequently to the electrophilic activation of the aldehyde 

moiety. Hence, these factors result in earlier TS, which is similar to starting materials (4a-

h AB complexes). Thus, in the case of aldehydes 2a-h, TS is more asynchronous than in 

the case of amides 1a-h.  
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Fig. 5. IRC graph for the reduction of 2d by BH3 showing important steps of the reduction. 

According to IRC results, the number of chemical events involved in the reduction step of 

amides and aldehydes is equal: 1) conformational reorganization in complex AB; 2) the 

transition state leading to the C-H bond formation and the B-H bond breakage; 

3) conformational reorganization leading to the product. However, slightly different pre-

TS region and non-identical TS geometry of amides and aldehydes were intriguing. This 

prompted us to compute KIE of the reduction step to clarify the process further. The value 

of the isotope effect is directly related to the extent of the B–H bond breakage and 

synchronicity of the TS. In the case of BH3 reduction, the replacement of protons by 

deuterium atoms leads to primary KIE. Thus, the high KIE number evidences the B-H(D) 

breakage involved in the TS that sufficiently proves the synchronicity of the process.[19] 

The calculated primary KIE is normal (<1) and corresponds to literature values for the 

similar process of the carbonyl reduction by BH3 in THF solution calculated in the case of 

acetone (KIE of acetone reduction by BH(D)3 in THF is 1.3).[20] Naturally, in the case of 

amides, KIE is less dependent on the substituent R than in the case of aldehydes (Fig. 6). 
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Surprisingly, the correlation of KIE with σ+ has different slope angles for amides and 

aldehydes (Fig. 6). 

  

Fig. 6. A) Table with computed KIE of the process. B) The correlation of the KIE from σ+ in the case 

of amide and aldehyde reduction. 

In order to explain the difference in the slopes, we analyzed IR spectra of TSs.[21] In the 

case of 5a-h, substituents affect the BH vibration less than the CO vibration (Fig. 7). The 

vibrational frequency of the CO bond in TSs of 5a-h is closer to a single C–O bond vibration 

than in 6a-h. In its turn, CO bond in 6a-h TSs is close to double bond or one and a half 

bond vibration frequency. At the same time, a vibration of BH bond of 6a-h is more 

sensitive than CO vibration towards a change of the ring substituent R (Fig. 7). It means 

that for the 6a-h the conjugation of the boron with the ring plays an important role in TS. 

The conjugation increases electron density on the boron amplifying its negative charge 

and making the hydrogen more prone to shift to the carbonyl carbon in a stepwise manner 

similar to the hydride shift. This statement is supported by the CH vibrational correlation 

with σ+, which is almost 15 times more dependent on the substituent change for 6a-h 

comparing with 5a-h (Fig. 7). Thus, TSs of amides are late TSs, which are more 

synchronous and closer to products, and TSs of aldehydes are early TSs, which are less 

synchronous and closer to reactants. Late amides TSs and early aldehydes TSs are 

confirmed by Hammond’s postulate:[22] the amide 5a-h TSs are closer to products than 

the aldehyde 6a-h TSs, and the stronger electron-donating properties of the substituent 

R the closer the TS 5 becomes to the product, and vice versa for the TS 6. 
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Aldehydes
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KIE vs σ+# R σ+ 
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a H 0 1.446 1.276 

b F -0.07 1.434 1.280 

c NMe2 -1.70 1.410 1.383 

d OMe -0.78 1.429 1.331 

e Me -0.31 1.431 1.301 

f NO2 0.79 1.452 1.210 

g CF3 0.61 1.447 1.231 

h Cl 0.11 1.435 1.272 
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Fig. 7. A) Table with computed BH, CO, and CH IR stretches of 5/6a-h TSs. B) The correlation between 
the BH, CO, and CH IR stretches in TSs 5/6a-h and σ+. 

5 R σ+ 
IR BH, 

cm-1 

IR CO, 

cm-1 

IR CH, 

cm-1 

a H 0 1967.37 1370.89 -569.01 

b F -0.07 1966.25 1370.91 -567.48 

c NMe2 -1.70 1962.92 1365.15 -573.33 

d OMe -0.78 1966.09 1368.38 -570.16 

e Me -0.31 1966.03 1369.84 -569.15 

f NO2 0.79 1969.26 1374.83 -563.56 

g CF3 0.61 1968.00 1373.4 -564.41 

h Cl 0.11 1966.34 1370.97 -566.70 

6 R σ+ 
IR BH, 

cm-1 

IR CO, 

cm-1 

IR CH, 

cm-1 

a H 0 2246.09 1553.88 -313.96 

b F -0.07 2241.84 1552.09 -316.52 

c NMe2 -1.70 2164.78 1504.26 -412.08 

d OMe -0.78 2206.44 1523.65 -355.88 

e Me -0.31 2231.14 1544.2 -328.32 

f NO2 0.79 2283.39 1569.27 -284.07 

g CF3 0.61 2271.26 1563.79 -293.41 

h Cl 0.11 2246.57 1547.63 -311.57 
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Based on IRC and KIE, the synchronicity of the amide reduction step was established and 

verified using a comparison with the aldehyde reduction. Taking into account the 

formation of AB complexes, their isomerization, IRC path, and results obtained from KIE, 

a plausible mechanism was proposed. 

4.3.5 Proposed mechanism 

The general mechanism for amides and aldehydes reduction with boranes is presented in 

Scheme 6. We have used the conversion of 1d to 7d as a model, however, it should be 

noted that the other molecules show an analogous profile. The mechanism begins with 

the formation of complex AB from the coordination of amides 1a-h to BH3. This 

coordination is an exergonic process (-4.87 – -2.44 kcal/mol, depending on the ring 

substituent R) resulting in the formation of trans-3a-h. Thereafter, trans-3a-h undergo 

isomerization to cis-3a-h with an energy penalty of only 4.40–5.07 kcal/mol (depending 

on the ring substituent R). This step is followed by a rotation of BH3 above the amide 

moiety in the pre-TS region (conf-AB, Scheme 6). Then, the delivery of a hydride atom 

from the borane to the carbonyl moiety happens (13.82–17.17 kcal/mol) (A--B, Scheme 

6) followed by the formation of the product conformer (conf-P, Scheme 6), which 

eventually results in the hemiaminal 7a-h (P, Scheme 6). The overall process is exergonic 

for all 1a-h amides (-15.63 – -14.85 kcal/mol) and 2a-h aldehydes (-34.89 – -30.46 

kcal/mol). 

 

Scheme 6. The mechanism of the hemiaminal formation from amides by BH3. Numbers are 

expressed in kcal/mol and correspond to the process of 1d amide reduction. 
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Importantly, although the reduction step is synchronous and concerted for both 

substrates (aldehydes and amides), the overall process of amides 1a-h reduction is 

stepwise. As we can see from the IRC data, the reduction happens to start from the cis-

complexes cis-3a-h, which are obtained from the trans-complexes trans-3a-h. Therefore, 

taking into account that this transformation happens intra-molecularly with the formation 

of a local minimum at IRC path (complex cis-3a-h), we can conclude that the amide 

reduction is a stepwise process, whereas the aldehyde reduction is a concerted one. 

4.4 Conclusions 

It was demonstrated that the amides undergo the reduction by BH3∙SMe2 via a stepwise 

mechanism, in which 1) the dissociation of BH3 from BH3∙SMe2 takes places via SN1 

process; 2) the cis/trans isomerization of complexes AB occurs; 3) finally, the hydride 

transfer from the BH3 moiety to amide happens rendering the hemiaminal, which 

launches an autocatalytic process (Scheme 6). We have found that the stronger 

coordination of amide to BH3 is the lower the reactivity of AB complex towards reduction 

(Scheme 6). Therefore, donating substituents must decelerate the overall reaction rate. 

The reduction includes a rotation of BH3 above the amide moiety in complex AB leading 

to the late TS (5) followed by a subsequent conformational reorganization that ultimately 

forms product P (Scheme 6). Additionally, we have found that the aldehydes feature early 

TSs, which are less synchronous than in the case of the amides as KIE confirms. 

With this study, we have shed light on the background reaction present in the 

autocatalytic reduction of amides, and we have managed to rationalize the reaction 

orders found for this process. In the future, further investigation will be developed to 

completely unravel the autocatalytic cycle. 

4.5 Structural characteristics of 1/2a-h and IR spectra 

Additionally to the main part of the chapter, some interesting correlations of amides 1a-

h and aldehydes 2a-h are given here. These parameters can be predicted by IR 

spectrometry using their revealed correlations with absorption. Therefore, the current 

theoretical research has potential application perspectives. 

It was found that the C=O bond in amide moiety elongates with increasing of electron-

donating properties of the substituent R (Fig. 8). At the same time, the more negative the 



Chapter 4. Computation of amide reduction 

150 
 

 

σ+ value is the “flatter” dihedral angle O-C-C-C becomes due to the increase of the 

conjugation (Fig. 8). 

For a better understanding of whether the effect of the substituent on the geometric 

parameters of the reacting center is common for other carbonyls, the similar computation 

was performed for para-substituted benzaldehydes 2a-h (Fig. 9). A similar trend was 

found for the C=O double bond in the case of aldehydes (Fig. 9). Remarkably, the 

sensitivity of the C=O bond to the substituent effect is almost 3 times higher for aldehydes 

than for amides. In the case of amides, the direct conjugation of the nitrogen lone pair 

within amide moiety diminishes the effect of a substituent of the aromatic ring. 

 

 
Fig. 8. A) Table with computed geometric parameters of 1a-h. B) The correlation between C=O 
bond, dihedral angles OCNC, and OCCC and σ+ in para-substituted N,N-dimethylbenzamides 1a-h. 

 

 

 

 

# R σ+ C=O, Å OCNC, ° OCCC, ° 

a H 0 1.2257 3.1940 46.1441 

b F -0.07 1.2257 3.5977 43.2560 

c NMe2 -1.70 1.2277 4.2574 37.0940 

d OMe -0.78 1.2267 3.9507 40.1502 

e Me -0.31 1.2262 3.4299 44.1584 

f NO2 0.79 1.2247 2.6677 50.1880 

g CF3 0.61 1.2250 2.9124 48.3492 

h Cl 0.11 1.2255 3.4023 44.4459 
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Fig. 9. A) Table with computed geometric parameters of 2a-h. B) The correlation between C=O bond 

and σ+ in para-substituted benzaldehydes 2a-h. 

Additionally, it was found that the stability of the AB complex is in a linear dependence 

from the C=O bond length. The length of the C=O bond is dictated by factors such as 

conjugation within amide moiety or the electronic effect of the substituent. The longer 

the C=O bond the higher partial negative charge the oxygen has, the more exposed the 

oxygen is. Thus, elongation of the C=O bond in carbonyl moiety leads to more nucleophilic 

oxygen center and amplification of its binding ability. Respectively stability of the AB 

complex increases with elongation of the C=O bond. The sensitivity of amides and 

aldehydes complexes with BH3 to the length of the C=O bond is roughly the same though 

due to different bond lengths the plots are shifted (Fig. 10). 
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Fig. 10. The correlation between ΔG AB complex formation and C=O bond in A. 

A linear dependence of the TS energy from the C=O bond length was found for both 

substrate classes (Fig. 11). As was found, the amide reduction is more sensitive to the 

change of the substituent of the ring, and the elongation of the C=O correlates with an 

increase of the reaction barrier. Since the same trend was found for the stability of the 

complexes, the increase of the reduction barrier is likely due to the stabilization of the 

starting AB complex. 

 

Fig. 11. The correlation between energy of reduction step TS and C=O bond in 5a-h/6a-h. 

Lastly, as follows from all correlations given above, it is possible to predict the stability of 

the AB complex or TS energy of the reduction step using IR spectroscopy and the equation 

shown below (Fig. 12). In practice, this result allows the prediction of the reaction rate, 

the relative reactivity of substrates, and the beforehand tuning of reaction conditions, 

such as temperature or time, in order to achieve desired experimental results in virtue of 

using an IR spectrum of a starting material. 
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Fig. 12. A) Table with computed COIR stretches of 1/2a-h TSs. B) The correlation between C=O bond 

and σ+ in para-substituted benzaldehydes 2a-h. The correlation between carbonyl C=O stretch 

maximum in calculated IR spectrum of 1a-h/2a-h and C=O bond length. 
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4.6 Table with collected data for amides 1a-h and aldehydes 
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H 0 -3,67 14,00 1,2257 1696,0 1,446 1967,4 1370,9 -569,0 -29,35 1,96 

F -0,07 -3,35 14,97 1,2257 1696,4 1,434 1966,3 1370,9 -567,5 -29,69 1,98 

NMe2 -1,70 -4,87 17,17 1,2277 1686,2 1,410 1962,9 1365,2 -573,3 -29,05 1,69 

OMe -0,78 -4,08 15,77 1,2268 1691,1 1,429 1966,1 1368,4 -570,2 -29,09 1,84 

Me -0,31 -3,34 15,57 1,2262 1693,8 1,431 1966,0 1369,8 -569,2 -29,43 1,89 

NO2 0,79 -2,45 13,82 1,2247 1701,0 1,452 1969,3 1374,8 -563,6 -30,15 2,18 

CF3 0,61 -2,80 14,19 1,2250 1699,9 1,447 1968,0 1373,4 -564,4 -30,04 2,12 

Cl 0,11 -3,25 14,79 1,2255 1696,8 1,435 1966,3 1371,0 -566,7 -29,77 2,01 
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H 0 -3,99 15,14 1,2109 1767,6 1,276 2246,1 1553,9 -314,0 -44,37 2,93 

F -0,07 -3,69 14,96 1,2110 1767,3 1,280 2241,8 1552,1 -316,5 -44,02 2,94 

NMe2 -1,70 -7,61 16,31 1,2161 1745,3 1,383 2164,8 1504,3 -412,1 -39,16 2,40 

OMe -0,78 -5,20 15,68 1,2133 1757,1 1,331 2206,4 1523,6 -355,9 -41,90 2,67 

Me -0,31 -4,78 15,37 1,2119 1763,1 1,301 2231,1 1544,2 -328,3 -43,76 2,85 

NO2 0,79 -1,88 14,29 1,2084 1776,7 1,210 2283,4 1569,3 -284,1 -47,29 3,31 

CF3 0,61 -2,50 14,56 1,2091 1774,5 1,231 2271,3 1563,8 -293,4 -46,25 3,18 

Cl 0,11 -3,51 14,91 1,2107 1767,8 1,272 2246,6 1547,6 -311,6 -44,51 2,99 
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Chapter 5 
Autocatalytic [4+4] photodimerization of 1-azaanthracene 

Herein, a design for template autocatalysis is described. The design is based on light-driven 

photodimerization, which is a new approach for autocatalysis design. As a model reaction, 

[4+4] photodimerization of 1-azaanthracenes was chosen. The [4+4] photodimerization 

was studied in the presence of different auxiliaries, which were used as linkers between 

starting substrates and the product (template). Due to particular geometry, the template 

was expected to pre-orientate starting molecules in space to pre-form the product of the 

same structure in the transition state.   
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5.1 Introduction  

The principle and examples of template-based autocatalysis have already been described 

in Chapter 1. Here, a short introduction of [4+4] photodimerization is given. As was shown 

in the literature, template-based autocatalysis is especially effective in the case of 

pericyclic reactions.[1] Pericyclic reactions require a certain pre-orientation of reagents in 

space with respect to each other to “pre-form” product cycle in transition state (TS). 

Despite the process is thermodynamically favorable, it has an entropy loss and therefore 

template effect can amplify the reaction rate by virtue of bringing together and orienting 

the starting materials.[1] 

[4+4] Photodimerization is a pericyclic process, which proceeds via photoexcitation of 

substrates. Noteworthy, the ground state (GS) cyclization is impossible and the excited 

state (ES) process is often entropically disfavored.[2] Driven by light, this reaction can be 

switch on and off as many times as it is required. In practice, this gives us an opportunity 

to start and stop the autocatalytic process mimicking chemical oscillators.[3,4] 

A schematic illustration of [4+4] photodimerization is depicted in Fig. 1. The 

photoexcitation of a 1,3-diene system makes the formation of excimer possible due to the 

orbital symmetry of the highest occupied molecular orbital (HOMO) in the excited diene 

and the lowest unoccupied molecular orbital (LUMO) in another ground state diene. After 

the formation, the excimer decays with the formation of 8-membered cycle, which is the 

final product of the reaction (Fig. 1).[5,6] 

 

Fig. 1. [4+4] Photodimerization process. [5,6] 

Returning to the role of template, literature is rich in examples, in which pre-orientation 

of substrates in [4+4] photodimerization has a dramatic effect on the reaction outcome,[7-

13] especially in the case of anthracenes.[14-20] Therefore, as it was discussed in detail in 

Chapter 1, the template-effect could essentially amplify the photodimerization rate in an 
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autocatalytic manner. One literature example was found of particular interest for the 

application in template-based autocatalysis due to the promising structure of the 

photodimerization product that can be applied as the template (Table 1).[21] Authors 

found that 1-azaanthracene (1, Table 1) undergoes [4+4] photodimerization resulting in 

three regioisomers. It was found the reaction regioselectivity can be improved when using 

acidic conditions (Table 1). 

Table 1. Reaction conditions of [4+4] photodimerization of 1-azaanthracene (1) and respective 

products ratio.[21] 

 

Entry HCl, equiv Conc, M 1, Conv. % 2, Yield % 3, Yield % 4, Yield % 

1 0 0.5 97 52 20 28 

2 0 1.0 99 52 26 22 

3 1 1.0 99 76 24 0 

4 3 0.5 99 79 21 0 

5 3 1.0 99 95 5 0 

 

According to the article,[21] hydrochloric acid protonates substrate 1 subsequently 

improving the regioselectivity of the reaction via cation-π interaction (Scheme 1). After 

the protonation of 1 (Scheme 1), the two molecules pre-orient in such a way that protons 

are pointing in opposite directions and charged parts are placed as far from each other as 

possible. Next, photoexcitation happens, and finally, the cation-π complex undergoes 

dimerization with the formation of product 2 (Scheme 1). The authors demonstrate that 

the same process happens in the solid phase of 1 hydrochloride salt crystals where all 

protonated molecules are packed by cation-π orientation.[21] 

 

Scheme 1. Pre-orientation of protonated 1-azaanthracene and subsequent dimerization. [21] 
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Here, the application of the [4+4] photodimerization of 1 in the design of an autocatalytic 

reaction is described. The current chapter proposes the design of an autocatalytic reaction 

based on a template, which is supposed to pre-orientate starting molecules in space. The 

pre-orientation is often provided by the template, which directly binds reagents by 

hydrogen bonds.[3] The hydrogen bonding occurs since both initial substrates bear donor 

and acceptor centers which are naturally translated to the product (template).[3] Unlike 

reported examples (see Chapter 1), the current design employs a different type of 

product. The product used in this chapter cannot bind reagents by itself. In order to bind 

a reagent molecule (1, Scheme 2), the current product (4, Scheme 2) needs the presence 

of an auxiliary binding linker (5, Scheme 2). This is required because the studied product 

4 consists of two identical donating centers, namely basic nitrogens (4, Schemes 2). 

Therefore, the binding linker 5 must have the acceptor center, an acidic proton that can 

form hydrogen bonds with reagents (Scheme 2). Such bridging can be performed by 

linkers with two acidic moieties placed in opposite parts of the molecules with linear 

geometry (5, Scheme 2). According to our design, acid/base interaction between one 

molecule of 4 with two molecules of 5 results in the desired template 6, which bears two 

acidic protons to bind two molecules of 1 forming intermediate 7. After the intramolecular 

[4+4] photodimerization of two molecules of 1 within the intermediate 7, the dimer 8 is 

formed, which then liberates two molecules of 4 closing the autocatalytic cycle. In this 

study, the use of nonpolar solvent, without heteroatoms capable of hydrogen bonding, is 

essential to achieve a strong interaction between reagents.[1] 

 

Scheme 2. Design of autocatalytic cycle based on [4+4] photodimerization of 1. 
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As shown in Table 1, the [4+4] photodimerization of 1 results in the formation of three 

regioisomers. Among these three, only regioisomer 4 can perform the autocatalytic cycle. 

This is due to a specific configuration of its binding sites (basic nitrogens, Scheme 2), which 

provide geometrically appropriate bonding and pre-orientation of two molecules of 1 

yielding into the same product 4 after the photodimerization (Scheme 2). Therefore, the 

desired autocatalytic system is supposed to demonstrate the self-amplification of 

regioisomer 4 in the reaction mixture. Thereby, the indirect evidence of autocatalysis 

would be an increase of concentration of 4 in the final mixture in the presence of an 

appropriate linker 5, in comparison with the reaction without a linker. The concentration 

of 4 in the final mixture can be easily determined using 1H NMR spectroscopy. Once the 

system with the increased concentration of 4 is found, a more detailed kinetic study must 

be performed with complete monitoring of the reaction progress. 

Summarizing, [4+4] photodimerization of 1-azaanthracene (1) generates product 4 in the 

background reaction (Scheme 2). Product 4 interacts with acidic linkers subsequently 

forming template 6, which binds starting materials (1) and pre-orientates them in space 

in such a way that they react yielding the same product (4). In the current study, we have 

studied dicarboxylic acids as linkers 5 since they are known to form hydrogen bonding 

with pyridines.[1] Chloroform-d was taken as a solvent to achieve a strong hydrogen 

bonding and to avoid additional isolation of the reaction mixture prior to 1H NMR analysis 

step. 

5.2 Results and discussion 

Since 1-azaanthracene is not a commercially available compound and the literature 

provides its synthesis either by flash vacuum pyrolysis[22] or by using unstable 

malonodialdehyde,[23] we decided to develop an alternative synthesis. The proposed 

retrosynthetic plan includes three steps (Scheme 3): 1) reduction of commercial 3-amino-

2-naphthalenecarboxylic acid (9, Scheme 3);[24] 2) oxidation of (3-aminonaphthalen-2-

yl)methanol (10, Scheme 3) to 3-amino-2-naphthaldehyde (11, Scheme 3); 3) 

condensation of the aldehyde with ethanal resulting to the desired 1-azaanthracene. 
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Scheme 3. Proposed retrosynthesis of 1. 

The reduction was accomplished following the literature procedure with 65% yield.[24] 

Surprisingly, the oxidation of 10 is more complicated than expected. Several attempts 

based on the literature, in which similar (2-aminophenyl)methanol (10Ph, Table 2) was 

oxidized with yields from good to excellent, were conducted in the case of compound 10 

(Table 2). 

Oxidation with harsh oxidants (Table 2, Entry 1 and 2) was unselective, resulting in 

multiple products derived from the oxidation of naphthalene core. On the contrary, 

catalytic oxidation using copper(I) catalysis gave an excellent result with 93% yield. Finally, 

aldehyde 11 was transformed into the desired 1-azaanthracene via Friedländer 

condensation reaction in slightly modified literature conditions with 27% yield.[25] 

Table 2. Conditions and results of 10/10Ph oxidation. 

 

Entry Conditions 
11 

Yield, % 

11Ph 

Yield, % 

1 MnO2, DCM, RT[24] 10 66[24] 

2[a] PCC, DCM, RT[26] 15 72[26] 

3[b] 
CuI 5 mol%, bpy 5 mol%, TEMPO 5 mol%, NMI 10 

mol%, O2, RT[27] 
93 99[27] 

[a] PCC – Pyridinium chlorochromate. [b] bpy =2,2′-bipyridyl; TEMPO = 2,2,6,6-

tetramethylpiperidine N-oxyl, ABNO = 9-azabicyclo[3.3.1]nonane N-oxyl; NMI = 

N-methylimidazole 
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Having starting material in hands, firstly literature conditions[21] were examined in order 

to see reproducibility of the [4+4] dimerization reaction of 1. For photoexcitation, 

M365LP1-C5 (365 nm, 435 mW) collimated LED (1700 mA) was used since the maximum 

of 1-azaanthracene absorption is 363 nm.[28] In a reported procedure,[21] the authors 

applied a mercury lamp for the photoexcitation. Using UV LED instead, reaction time was 

significantly improved, and the full conversion was observed within 2 h instead of 48 h as 

in the original procedure. Despite applying another light source, the reaction yields and 

products were found to be in good agreement with the original paper. 

The excellent reproducibility of the original results allowed us to proceed further with the 

examination of the design. In the first place, it was important to check a concentration 

effect on the product ratio since it is known that autocatalysis based on templates is 

concentration sensitive.[3] Thus, [4+4] photodimerization in the presence of various linkers 

was studied at 0.25 M, 0.10 M, and 0.05 M concentration of 1 (Table 3). To examine the 

design, various acids were explored as linkers in the photodimerization reaction (Table 3). 

In initial experiments, a molar ratio between linker and 1 was taken equal to 0.5 because 

according to the design one molecule of the linker is supposed to bind two molecules of 

1. As it was found for all studied mixtures, the decreasing of the concentration leads to 

the increasing of the yield of product 4 (Table 3). 

Table 3. Reaction conditions and respective products ratio determined by 1H NMR. Reaction 
conditions: solution of 1 (conc. 0.25/0.10/0.05 M) and additive (conc., M) in chloroform under 
irradiation by UV LED 365 nm, 2 h, RT. 

 

Entry Additive (5) Conc, M 1, Conv. % 
2, Yield 

% 

3, Yield 

% 

4, Yield 

% 

1 

No additives 

0.25 100 40 30 30 

2 0.10 100 38 28 34 

3 0.05 100 35 25 40 

4 

 

0.25 100 60 34 6 

5 0.10 100 58 34 8 

6 0.05 100 53 34 13 



Chapter 5. Autocatalytic [4+4] photodimerization of 1-azaanthracene 

164 
 

 

7 
 

0.05 100 56 28 16 

8 

 

0.10 100 57 30 13 

9 0.05 100 52 30 18 

10 

 

0.10 100 58 32 10 

11 0.05 100 53 30 17 

12 

 

0.10 100 37 28 35 

13 0.05 100 31 25 44 

14 

 

0.10 100 37 27 36 

15 0.05 100 34 26 40 

16 

 

0.25 100 50 36 14 

17 0.10 100 51 30 19 

18 0.05 100 50 30 20 

19 

 

0.25 0 - - - 

20 0.10 0 - - - 

21 0.05 0 - - - 

 

As follows from the Table 3, p-toluenesulfonic acid monohydrate (p-TSA∙H2O, Table 3, 12), 

as a strong acid,[29] provides results similar to that obtained with HCl in MeOH, producing 

mainly product 2. The dilution helps to get slightly more of 4 but the difference is rather 

small. Next, dicarboxylic acids have been tested as they are able to bind two molecules of 

1. First, malonic acid (Table 3, 13) was examined in the photodimerization reaction. 

Unfortunately, a significant drop in the yield of product 4 was obtained. It was considered 

that a linear linker holding the substrates in parallel planes had to demonstrate a better 

result. Thus, acids with two carboxylic groups in para position to each other have been 

tested, namely trans-cyclohexane-1,4-dicarboxylic acid (Table 3, 14) and terephthalic acid 

(Table 3, 15). Unfortunately, 14 and 15 demonstrated similar behavior to the ones that 

had been tested before. An attempt to decrease the acidity of the media by adding fewer 

equivalents of acid did not lead to a positive result (Table 3, Entries 8–15). Lastly, weaker 



Chapter 5. Autocatalytic [4+4] photodimerization of 1-azaanthracene 

165 
 

 

acids as resorcinol (Table 3, 16) and hydroquinone (Table 3, 17) were examined as binding 

linkers and they were found ineffective for the needed purposes (Table 3, Entries 16–21). 

All examined linkers increase the formation of the regioisomer 2 and suppress the 

formation of 4. In other words, as follows from the obtained data, the background 

reaction (Table 1 and Scheme 2), which in the presence of acids is driven towards the 

formation of 2, outcompetes the autocatalytic pathway, which proceeds with the 

formation of 4 according to the design. 

5.3 Conclusions 

Here, we have described the first design of template-based autocatalysis driven by light. 

The current template is of a unique structure since the binding of reagents occurs in virtue 

of linkers, unlike all previous literature examples employing the direct binding. The design 

was tested in the case of [4+4] photodimerization of 1 in the presence of different acids. 

Prior to the main investigation of the autocatalytic properties of the system, the new 

approach to 1-azaanthracene synthesis was developed. Then, the regioselectivity of 

[4+4] photodimerization in different conditions was studied. Linkers tested in the design 

approbation are based on acidic molecules. As was found, regardless of the acid structure, 

the enhanced acidity of the medium leads to the predominant formation of undesired 

regioisomer 2, which is not capable of self-amplification. Although the 

[4+4] photodimerization of 1 was found inapplicable in the design, other reactions driven 

by light can find an application in template-based autocatalysis. 

5.4 Perspectives 

Despite the autocatalytic design being unsuccessful in the case of [4+4] photodimerization 

of 1, there are other chemical reactions driven by light and suitable for the design 

examination. For instance, [4+4] photodimerization of 2‑anthracenecarboxylic acid (18, 

Scheme 4) gives the dimer 5,6,11,12-tetrahydro-5,12:6,11-bis([1,2]benzeno)dibenzo[a,e] 

[8]annulene-2,8-dicarboxylic acid (19, Scheme 4) suitable for the design (Scheme 4, a). 

The [4+4] photodimerization of 18 has been extensively studied in the last decades.[30,31] 

The literature has examples, in which authors were able to obtain regioselectivity 

together with some enantioselectivity of the product using chiral auxiliaries bearing 

Brønsted basic parts in the molecule such as amines.[30,31] Thus, this reaction can be 

considered for further studies of the template-based autocatalytic amplification of rate in 

combination with basic linkers in the case of [4+4] photodimerization (Scheme 4, b). 
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Scheme 4. a) [4+4] photodimerization of 2‑anthracenecarboxylic acid 12 in the presence of chiral 

auxiliaries. b) The possible application of the photodimerization in autocatalytic study. 

5.5 Experimental part 

5.5.1 General information 

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

anhydrous solvents (vide infra) under a nitrogen atmosphere using oven dried glassware 

and standard Schlenk techniques. Reactions were monitored by 1H NMR. Purification of 

the products, when necessary, was performed by column chromatography using Merck 

60 Å 230-400 mesh silica gel. NMR data was collected on Varian VXR400 (1H at 400.0 MHz; 
13C at 100.58 MHz), equipped with a 5 mm z-gradient broadband probe. Chemical shifts 

are reported in parts per million (ppm) relative to residual solvent peak (CDCl3, 1H: 7.26 

ppm; 13C: 77.00 ppm). Coupling constants are reported in Hertz. Multiplicity is reported 

with the usual abbreviations (s: singlet, d: doublet, dd: doublet of doublets, t: triplet). 

Solvents not required to be dry were purchased as technical grade and used as received. 

Dry solvents were freshly collected from a dry solvent purification system prior to use. 

Inert atmosphere experiments were performed with standard Schlenk techniques with 

dried (P2O5) nitrogen gas. All reported compounds were characterized by 1H and 13C NMR 

and compared with literature data. For photoexcitation, M365LP1-C5 (365 nm, 435 mW) 

collimated LED (1700 mA) (Thorlabs) was used. 
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5.5.2 Synthesis of substrates 

1-Azaanthracene (1)[23] 

By the modification of a literature procedure,[25] into a Schlenk flask charged with 

molecular sieves, 3-amino-2-naphthaldehyde (7) (1 equiv., 0.026 mol), acetaldehyde 

(15 equiv., 21 mL), sodium hydroxide (3.6 equiv, 0.096 mol), absolute EtOH (100 mL), and 

dry THF (50 mL) were added under pressure of nitrogen. The solution was stirred at RT 

overnight. Then, the solvent was removed under reduced pressure and the crude was 

dissolved in DCM (50 mL). Resulted mixture was washed with brine (50 mL). Then, 

aqueous phase was extracted with DCM (3 x 50 mL). The combined organic layers were 

dried over anhydrous Na2SO4. After that, the solvent was removed using rotary 

evaporator at reduced pressure and the residue was purified with a column 

chromatography on alumina (eluent: Hex:Ac=9:1) followed by a crystallization from 

hexane to afford the product 1 (27% yield, 96% purity). 

1H NMR (400 MHz, CDCl3) δ 9.00 (dd, J = 4.0, 1.7 Hz, 1H), 8.71 (s, 1H), 8.40 (s, 1H), 8.32 (d, 

J = 8.5 Hz, 1H), 8.17 – 8.08 (m, 1H), 8.06–7.99 (m, 1H), 7.67–7.46 (m, 2H), 7.37 (dd, J = 8.6, 

3.9 Hz, 1H). 

13C NMR (101 MHz, CDCl3) 149.92, 146.74, 136.93, 136.78, 132.32, 130.21, 128.87, 

128.45, 127.57, 127.45, 127.31, 126.27, 125.15. 

 

5,6,11,12-tetrahydro-5,12:11,6-bis([2,3]pyridino)dibenzo[a,e][8]annulene (2); 

5,6,11,12-tetrahydro-5,12:11,6-bis([2,3]pyridino)dibenzo[a,e][8]annulene (3); 

5,6,11,12-tetrahydro-5,12:6,11-bis([2,3]pyridino)dibenzo[a,e][8]annulene (4).[21] 

Following the general procedure, 1-azaanthracene (1) (1 equiv., 0.062 mmol) was 

dissolved in chloroform (2.4 mL). The resulting solution was transferred into a vial 

equipped with a magnetic stirred and irradiate at RT overnight. After the irradiation, the 

mixture was washed with aqueous Na2CO3 (sat., 3 x 0.5 mL) and dried over Na2SO4. Then, 
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the solvent was removed using rotary evaporator at reduced pressure and the residue 

was purified by preparative TLC (eluent: pentane: chloroform = 1:2 with 1% methanol) to 

obtain the product 2 (31% yield); product 3 (25% yield) and product 4 (44% yield). 

2: 1H NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 4.8, 1.2 Hz, 2H), 7.19 (dd, J = 7.2, 1.6 Hz, 2H), 

7.14–7.10 (m, 2H), 6.96–6.90 (m, 2H), 6.92–6.87 (m, 4H), 6.74 (dd, J = 4.8, 7.2 Hz, 2H), 

4.78 (d, J = 11.2 Hz, 2H), 4.62 (d, J = 11.2 Hz, 2H). 

3: 1H NMR (400 MHz, CDCl3): δ 8.03 (dd, J = 4.8, 1.2 Hz, 2H), 7.33 (dd, J = 7.6, 1.6 Hz, 2H), 

7.01–6.96 (m, 4H), 6.95–6.89 (m, 4H), 6.76 (dd, J = 4.8, 7.2 Hz, 2H), 4.78 (d, J = 11.2 Hz, 

2H), 4.61 (d, J = 11.2 Hz, 2H). 

4: 1H NMR (400 MHz, CDCl3): δ 8.04 (dd, J = 4.8,1.6 Hz, 2H), 7.18 (dd, J = 7.2, 1.6 Hz, 2H), 

7.17–7.14 (m, 2H), 6.99–6.90 (m, 2H), 6.90-6.86 (m, 4H), 6.73 (dd, J = 4.8, 7.2 Hz, 2H), 4.87 

(s, 2H), 4.55 (s, 2H). 

 

 (3-aminonaphthalen-2-yl)methanol (10)[24] 

Following a literature procedure,[24] to a suspension of 3-amino-2-naphthalenecarboxylic 

acid (9) (1 equiv., 0.050 mol) in dry THF (0.33 M), lithium aluminum hydride (3 equiv., 

0.160 mol) was added portion-wise under argon atmosphere at –10 °C. The reaction 

mixture was warmed slowly to ambient temperature and stirred at RT for 4 h. The reaction 

was quenched slowly with NH4Cl (sat., 50 mL) at –10 °C and then warmed up to ambient 

temperature. Afterwards, resulted mixture was diluted with ethyl acetate and filtered 

over celite. The filtrate was successively washed with water (50 mL) and brine (50 mL) and 

dried over Na2SO4. After filtration, the solvent was removed under reduced pressure and 

pure product was isolated by crystallization in ethyl acetate/heptane (yield: 65%). 

1H NMR (400 MHz, DMSO-d6) δ 7.65 (d, J = 8.7 Hz, 1H), 7.64 (s, 1H), 7.52 (d, J = 8.2 Hz, 

1H), 7.27 (t, J = 7.4 Hz, 1H), 7.11 (t, J = 7.4 Hz, 1H), 6.93 (s, 1H), 5.27 (t, J = 5.4 Hz, 1H), 

5.20 (s, 1H), 4.58 (d, J = 5.1 Hz, 2H). 
13C NMR (101 MHz, DMSO-d6) δ 144.98, 134.10, 129.51, 127.38, 126.43, 125.86, 125.46, 

124.75, 107.21, 61.18. 
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3-amino-2-naphthaldehyde (11)[32] 

By the modification of a literature procedure,[27] the compound 10 (1 equiv, 27 mmol) and 

solid copper(I) iodide (0.05 equiv., 1.350 mmol) were added to a round bottom flask. A 

solution of 2,2'-bipyridine (250 μL, 0.05 equiv., 1.350 mmol), TEMPO (0.05 equiv., 

1.350 mmol) and N-methyl imidazole (0.1 equiv., 2.700 mmol) in acetonitrile (200 mL) was 

added into the round bottom flask. Then, oxygen gas was bubbled through solution for 

1 h. After that, the solvent was removed using rotary evaporator at reduced pressure, and 

the residue was purified by column chromatography (eluent DCM) to afford the product 

3 (93% yield). 

1H NMR (400 MHz, CDCl3) δ 10.10 (s, 1H), 8.08 (s, 1H), 7.77 (d, J = 8.3 Hz, 1H), 7.55 (d, J = 

8.4 Hz, 1H), 7.45 (t, J = 7.5 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 6.93 (s, 1H), 5.77 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 194.67, 145.32, 139.78, 137.93, 129.92, 129.38, 126.27, 

125.59, 122.89, 122.47, 109.64. 

5.5.3 General procedure for the [4+4] photodimerization of a solution 

of 1-azaanthracene in the presence of additives. 

1-Azaanthracene and additives were dissolved in chloroform-d. The resulting solution was 

transferred into a vial equipped with a magnetic stirring bar and irradiated for 2 h with 

M365LP1-C5 (365 nm, 435 mW) collimated LED (1700 mA) at RT. After the completion of 

the reaction, the mixture was washed with aqueous Na2CO3 (sat., 3 x 0.5 mL) and dried 

over Na2SO4. Finally, the solvent was removed using rotary evaporator at reduced 

pressure and the isomers ratio was checked by 1H NMR. 
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Chapter 6 

Lewis acid promoted dearomatization of naphthols  

Here, two-step dearomative functionalization of naphthols promoted by Lewis acids and 

copper(I) catalysis is reported. Firstly, studies involving Lewis Acid (LA) effect are 

conducted. As was found, LA complexation inverses the electronic properties of the ring 

and establishes an equilibrium with the dearomatized counterpart. Secondly, subsequent 

trapping of the dearomatized intermediate with organometallics as well as 

organophosphines is demonstrated and provides the corresponding dearomatized 

products. Finally, the mechanistic considerations are given. 
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6.1 Introduction 

Biologically active natural products and pharmaceutically active compounds often contain 

a high percentage of sp3 carbons embedded in cyclic structures, commonly six-membered 

systems.[1,2] Dearomative strategies allow functionalization of readily available arenes and 

offer rapid access to complex six-membered alicyclic compounds with substitution 

patterns that are difficult to achieve in a single reaction step with other methods.[3] As a 

result, the area of dearomative functionalizations has seen major development in recent 

years, with reductive,[4] oxidative,[5] transition-metal-mediated,[6] and cycloaddition[7] 

based processes having been reported. Nevertheless, dearomative functionalization still 

represents a challenge, especially in intermolecular processes and with non-activated 

arenes.[3d] 

Building on our recent developments in Lewis acid (LA) promoted C-C bond forming 

reactions with organometallic reagents[8] we were interested to adapt these strategies to 

achieve dearomative functionalization of arenes. This idea was initially triggered by a 

report of G. Erker et al. from 1999,[9] in which the authors reported that the 

tautomerization equilibrium of naphthol can be shifted towards the keto form in the 

presence of a LA, namely B(C6F5)3. Although the authors could stabilize naphthalen-1(4H)-

one with the LA, the dearomatization of naphthol was not regioselective and the resulting 

alicyclic compound was not further functionalized (Scheme 1a). In addition to G. Erker's 

seminal report, K. Yu. Koltunov et al. reported on the dearomatization of naphthol 

derivatives using an excess of super acids and/or aluminum based LAs.[10] In their work, 

the dearomatization process is followed by an attack of an external nucleophile, such as 

benzene or toluene, and even cyclohexane when radical processes intervene.[10]  

Given these results, we wondered if it is possible to obtain the dearomatized product 

through the combined use of Lewis acids and copper(I) catalyzed conjugate addition. A 

major challenge for this strategy is the compatibility between the acidic conditions 

required for the dearomatization step and the reactive, often basic, nucleophiles needed 

for the second step. 
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Scheme 1. a) and b) the state of art; c) this work.  

6.2 Results and discussion 

We started our investigations by assessing the conditions required to shift the keto-enol 

equilibrium completely to the dearomatized keto-form (Table 1). As a first step we 

reproduced the experiments reported by Erker et al. using B(C6F5)3 in toluene.[9] In 

agreement with the previous report, we found that upon the addition of an equimolar 

amount of B(C6F5)3 to 1-naphthol (1) in toluene, the keto-enol equilibrium between 1 and 

naphthalenone/B(C6F5)3 complex 1a is established in a 25/75 ratio. We also observed that 

this ratio is sensitive to the solvent, and can be changed to 50/50 by using 

dichloromethane as a solvent instead (entry 2). Other boron based LAs such as BPh3, BBr3 

and B(OiPr)3 did not trigger the formation of 1a. To maximally shift the equilibrium 

towards the keto-form other types of LAs were screened as well, revealing AlCl3 as the 

most promising candidate for dearomatization purposes (for details see Table 3). 
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Table 1. Optimizations for dearomatization.[a] 

 

Entry LA Solvent LA (equiv.) Ratio[b] 1/Mono 1a/Bis 1a 

1 B(C6F5)3 Toluene 1 25/75/0 

2 B(C6F5)3 DCM 1 50/50/0 

3[c] AlCl3 Toluene 1 - 

4[d] AlCl3 DCM 1 0/100/0 

5[e] AlCl3 DCM 2 0/67/33 

6 AlCl3 DCM 3 0/0/100 

[a] Reaction conditions: 1-naphthol (1) (60 mM in DCM), LA (equiv), RT, N2 atm. [b] Ratio was determined 

using 1H NMR. [c] Heterogeneous mixture with traces of 1a (in the solution) was obtained probably due to 

low solubility of 1a in toluene. [d] Cloudy yellow solution at RT; suspension with pale yellow precipitate at 0 
0C. [e] Clear red solution at RT and at 0 0C. 

In toluene, the mixture between AlCl3 and 1-naphthol was not fully dissolved and in the 

solution only trace amounts of the ketone form 1a were observed (Table 1, entry 3). 

In contrast, the mixture is soluble in DCM, with only 1a being detected (Table 1, entry 4). 

Interestingly, we found that addition of an extra equivalent of AlCl3 led to the binding of 

two molecules of AlCl3 to the 1-naphthol (determined by 1H NMR, see 6.4.5 for further 

details) and that the resulting complex Bis 1a is more soluble than the mono-coordinated 

one (Table 1, entries 5 and 6). Importantly, in polar coordinating solvents such as THF, 

MTBE or acetone, only the enol form is present.  

We also evaluated the keto-enol equilibrium, under the same optimized conditions, when 

using 1-naphthols substituted at position 4, namely 4-ethylnaphthalen-1-ol 2 and 

4-nitronaphthalen-1-ol 3 (Scheme 2, a-c). The reaction of 1-naphthol 1 leads to only one 

species with a methylene group at position 4, whereas in the case of 4-ethylnaphthalen-

1-ol 2 two tautomeric ketones were observed (Scheme 2a). In contrast, 4-

nitronaphthalen-1-ol 3 forms a complex that is insoluble in DCM upon addition of 1 equiv. 

of AlCl3. The insolubility is remedied by the addition of a second equivalence of AlCl3 

(Scheme 2b). The optimized dearomative conditions were also applied to the regioisomer 

2-naphthol 4, and 2-naphthone 4a was the only dearomatized species observed by NMR 

(Scheme 2c). 
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Scheme 2. Determination of the keto-enol equilibrium upon addition of AlCl3 to substituted 
naphthols 2-4. Reaction conditions: 1-naphthol (1) (60 mM in DCM), AlCl3 (2 equiv.), RT, N2 atm. 
Ratios are determined by 1H NMR spectroscopy. 

Therefore, the next question we moved to assess was the nucleophilic functionalization 

of the in situ formed 1-naphthone (1a). To this end, we explored how the presence of 

different classes of nucleophiles affects the LA assisted tautomerization and the reactivity 

of the 1-naphthone as a Michael acceptor. 

First, we looked at organometallics as potential nucleophiles to functionalize naphthols. 

There are two important factors that can influence the keto-enol equilibrium in such 

reactions, when using organometallics: a) the basicity of the reagent and b) the 

coordinating nature of the original solvent in which the organometallic is prepared. 

Organometallics are usually stabilized by coordinating solvents, which can be detrimental 

for the tautomerization. To avoid this problem, we opted for organometallics soluble in 

solvents such as hexane or its analogs and chose EtLi (1.0 M in hexane/benzene) and Et2Zn 

(1.0 M in hexane) as nucleophiles.[12] When using EtLi only traces of the conjugate addition 

product 5a were obtained (Table 2, entry 1). On the other hand, we found that the 

addition of Et2Zn in the presence of AlCl3 affords 5a in low yield without catalyst, but with 

satisfactory yield when adding 5 mol% of CuCl/dppf as catalyst,[13] at room temperature 

and with a short (10 min) reaction time (compare Table 2, entries 2 and 3).  

The maximum conversion (and therefore isolated yield) of the reaction, as measured by 

NMR, is 50%, which could be indicative of the formation of dimers bridged by the LA (see 
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later). After a simple work-up the reaction gives only two products, namely the product 

of the 1,4-addition to α,β-unsaturated ketone and the starting material (50:50, NMR 

yields in %). Subjecting this mixture of products again to the reaction conditions resulted 

in a 75% yield of the desired product and 25% of starting material. 

Next, we moved to explore the reactivity of another type of nucleophile, namely 

phosphines, in the addition reaction to 1-naphthol (1), both with and without copper 

catalyst. In contrast to the fast reaction time observed with Et2Zn the phospha-Michael 

addition requires significantly longer reaction times, providing 71% yield of the addition 

product in 24 h at room temperature (Table 2, entry 4). Anticipating that weaker 

coordinating solvents could aid the transformation by increasing LA binding, we decided 

to screen dichloroethane (DCE) as a solvent for this reaction. In this case, we were able to 

obtain 85% yield of addition product (Table 2, entry 5). 

Table 2. Dearomatization followed by nucleophilic addition.[a] 

 

Entry 5-7, Nu, (equiv.) Solv. Catalyst (5 mol%) Time (h) Yield (%)[b] 

1[c] 5a, EtLi (2) Toluene CuCl/dppf 24 - 

2 5a, Et2Zn (2) DCM - 0.1 7 

3 5a, Et2Zn (2) DCM CuCl/dppf 0.1 50 

4 6a, Ph2PH (1.1)    DCM[d] - 24 71 

5 6a, Ph2PH (1.1) DCE - 24 85 

   6[e] 6a, Ph2PH (1.1) DCM - 72 35 

7 
6b, pMeO-Ph2PH 

(1.1) 
DCM - 24 71 

8 7a, HSiEt3 (1.2) DCM CuCl/dppf 0.1 60 

[a] Reaction conditions: 1-naphthol (1) (60 mM in DCM), AlCl3 (2 equiv.), RT, N2 atm. [b] Yields are 

those for the isolated products. [c] Reaction conditions: 1-naphthol (1) (60 mM in toluene), AlCl3 

(2 equiv.), 0°C, N2 atm. Traces of product. [d] When using toluene as a solvent 73% conversion of 1 

towards product 6a was observed with traces of side products. [e] Reaction with a 

substoichiometric amount of AlCl3 (0.1 equiv.). 

Phosphines are less basic than the considered organometallic reagents. This implies that, 

even though they can deprotonate 1, an acid/base equilibrium will be established and it 
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should be possible to use a catalytic amount of AlCl3. Attempting the reaction with 0.1 

equiv. of AlCl3 instead of 2 equiv. did indeed allow the phospha-Michael addition to 

proceed, albeit with a significantly reduced reaction rate (Table 2, entry 6). Finally, p-OMe 

diphenyl phosphine was used as an example of an electron rich phosphine, resulting in 

71% yield of addition product (Table 2, entry 7). 

Since the reduction of activated double bonds using silanes is a well-established 

protocol,[14] we asked ourselves whether we could use this methodology to achieve the 

formal reduction of naphthol via the unsaturated keto-intermediate 1a. For this purpose, 

Et3SiH was tested in the LA-promoted dearomatization reaction. We were pleased to find 

that the reduced product could be obtained within 10 min in 60% yield (entry 8) in the 

copper catalyzed reaction (5 mol% of CuCl/dppf). The presence of CuCl is mandatory for 

the reaction to take place otherwise series of radical processes promoted by R2AlH takes 

place.[15]  

The addition reactions of C-, P- and H-nucleophiles were also examined for naphthol 

substrates 2 and 4.[16] Selection of the results is presented (see 6.4 for the complete data 

set) in Scheme 3. We were elated to discover both substrates reacted, although with 

generally lower yields than those obtained with substrate 1. Lower yields obtained with 

naphthol 2 can be rationalized by the formation of the two ketones in equimolar 

quantities one of which is less reactive due to the lack of direct conjugation between the 

double bond and the ketone moiety. In the case of substrate 4, lower yields can be 

attributed to the lower reactivity of the double bond conjugated to the aromatic ring. 
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Scheme 3. Dearomatization/nucleophilic addition sequence applied to substrates 2 and 4. 

In order to obtain insight into the mechanism behind this dearomatization protocol we 

turned to molecular modelling (Scheme 4) and studied it with the assumption that AlCl3 

exists in solution as a dimer Al2Cl6. We found that in the energetically most feasible 

pathway naphthol I acts, first, as a Lewis base, interacting with Al2Cl6 and forming species 

II (-8.05 kcal/mol). The exergonicity of this step can be rationalized by the high affinity 

between Al and O. In species II the electron density on the naphthol ring is decreased and 

consequently the acidity of the -OH group increased, thus facilitating its interaction with 

another naphthol molecule. Once formed, species II can interact with a second (non-

activated) naphthol molecule in a slightly less exergonic process that yields III (Scheme 4). 

Species (III) can exist in different conformations, but once the reactive conformation is in 

place, it forms the dearomatized species IV. This step involves an energy penalty of 5.59 

kcal/mol (TS-III-IV). Species IV can further reorganize towards species V, releasing a 

naphthol molecule in the process. In this regard, it should be mentioned that IV can form 

species II with the concomitant release of a protonated tetralone, however this process 
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is less favorable than the reorganization of IV towards V 2.43 vs -20.21 kcal/mol, Scheme 

4) (see section 6.4.6 for a more detailed mechanistic discussion and conformational 

analysis). 

 

Scheme 4. Mechanistic proposal for the intermolecular dearomatization of naphthol. Calculations 
were performed at the PCM(DCM)/M06/def2svpp computational level. The energies reported 
correspond to relative Gibbs free energies computed at normal conditions of temperature and 
pressure and expressed in kcal/mol. 
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6.3 Conclusion 

In summary, we have shown that it is possible to achieve dearomative functionalization 

of naphthol derivatives using a protocol in which the oxophilicity of aluminium is used as 

a reaction trigger and the intrinsic acidity of the naphthol is enhanced and exploited 

towards copper catalyzed formation of a tetralone scaffold with C-, P- and H-nucleophiles. 

Based on molecular modeling we have also proposed mechanistic rational for this Lewis 

acid promoted dearomatization process. Future studies will be directed towards 

development of synthetic methodologies using this strategy. 

6.4 Synthetic part and additional experiments 

6.4.1 General Information 

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

anhydrous solvents under a nitrogen atmosphere using oven-dried glassware and 

standard Schlenk techniques. Dry solvents were collected from a dry solvent purification 

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

received. Et2Zn (1 M in hexane), EtLi (1 M in hexane/benzene 1:9), Et3Al (1 M in hexane), 

Me3Al (1 M in hexane), Ph2PH, Zn dust, CuCl, AlCl3 and other Lewis acids were purchased 

from Sigma Aldrich; B(C6F5)3 from abcr GmbH; 1-naphthol from Acros Organics; 2-

naphthol from Alfa-Aesar; dppf and ZnCl2 from TCI. 4-ethylnaphthalen-1-ol (2) was 

synthesized according to the literature procedures.[17][18] Reactions were temperature 

controlled, for which the MW unit adjusted the power used (maximum 250 W, average 

20 W). 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, H2O 300 mL). NMR data was collected on 

a Varian VXR-400 (1H at 400 MHz; 13C at 101 MHz; 31P at 161.94 MHz) equipped with a 5 

mm z-gradient broadband probe and Bruker 500 MHz AVANCE III HD (1H at 500 MHz and 
13C at 126 MHz). Chemical shifts are reported in parts per million (ppm) relative to residual 

solvent peak (CDCl3, 1H: 7.26 ppm, 13C: 77.16 ppm; CD2Cl2, 1H: 5.32 ppm, 13C: 53.84 ppm; 

toluene, 1H: –CD2H 2.08 ppm, 13C: –CD3 20.43 ppm). Coupling constants are reported in 

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

dd: doublet of doublets, t: triplet, q: quartet, m: multiplet, td: triplet of doublets, dt: 

doublet of triplets). Exact mass spectra were recorded on a LTQ Orbitrap XL apparatus 

with ESI ionization. 
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6.4.2 Computational details 

Geometries of all the stationary points were fully optimized at the M06[19]/def2svpp[20] 

computational level using the Gaussian09 program.[21] The minimum or transition state 

nature of all the presented stationary points was confirmed through the calculation of 

frequencies, having the minima 0 imaginary frequencies and the transition states 1. 

Moreover, for each of the stationary points the stability of the wave function was analyzed 

and confirmed.[22][23] The effect of the solvent (DCM) was modeled using the polarizable 

continuum model (PCM) with the default parameters implemented in the Gaussian09 

package. The energies are reported as relative Gibbs free energies with respect to two 

molecules of I and one molecule of Al2Cl6 molecules unless it is specified otherwise. 

Energies are expressed in kcal/mol, they are computed using the standard conditions 

considered in Gaussian, i.e. 298.25 K and 1 atm. 

 

6.4.3 Lewis acid promoted tautomerization of naphthols to ketones: 

optimization 

Different conditions to tautomerize the 1-naphthol (1) were explored (Table 3). We 

started with exploring Lewis acids (LAs) containing boron, and we found that only when 

B(C6F5)3 behaves as LA the complex between 1-naphthol and B(C6F5)3 exists in equilibrium 

with the ketone form, in agreement with previous reports (Table 4).[24] (Note: 1H NMR 

chemical shift of the newly formed -CH2- group in toluene is 2.61 ppm, while in DCM the 

chemical shift of the group is 4.16 ppm. This is likely due to anisotropy effect of toluene, 

which surrounds the complex by π-π interaction). Moreover, when the LA is changed from 

a boron to an aluminium species the equilibrium is completely shifted towards Mono 1a 

(Table 4, entries 7 and 8). Then, we also explored the effect of the concentration of the 

LA in this equilibrium. We found in the presence of B(C6F5)3 increasing the number of 

equivalents of the LA in the solution does not promote the tautomerization, however, in 

the case of AlCl3 this equilibrium is completely shifted towards 1a with only one equivalent 

of LA (see Table 4, entries 7 and 8). 
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6.4.4 Lewis acid effect 

 

 

 

 

 

 

 

 

 

 

Table 3. Conditions scope. 

 

Entry LA Solvent Ratio 1/Mono 1a 

1 BPh3 toluene 100/0 

2 BPh3 DCM 100/0 

3 BBr3 DCM 100/0 

4 B(OiPr)3 DCM 100/0 

5 AlCl3 chloroform 80/20 

6 Al(OiPr)3 DCM 100/0 

7 AlCl3+HOTf DCM 75/25 

8 TiCl4 DCM 100/0 

9 Ti(OiPr)4 DCM 100/0 

10 TMSOTf (2 equiv.) DCM 100/0 

11 HOTf DCM 100/0 

Reaction conditions: 1 equiv. of LA in a deuterated solvent with 60 mM of 1 at RT. Conversions 
are determined by NMR. 
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6.4.5 Concentration effect 
Table 4. Conditions scope. 

 

Entry LA Conc, mM 
LA 

equiv. 

Ratio 

1/1a 

Ratio Mono 1a/Bis 

1a 

1 B(C6F5)3 15 1 99/1 - 

2 B(C6F5)3 15 2 98/2 - 

3 B(C6F5)3 30 1 90/10 - 

4 B(C6F5)3 60 1 80/20 - 

5 AlCl3 60 0.1 90/10 - 

6 AlCl3 60 0.5 50/50 - 

7 AlCl3 30 1 0/100 - 

8 AlCl3 60 1 0/100 - 

9 AlCl3 60 2 0/100 67/33 

10 AlCl3 60 3 0/100 0/100 

11 AlCl3 40 3 0/100 50/50 

12 AlCl3 
60 + 1 equiv. 

phenol 
2 0/100 - 

1 equiv. of AlCl3 at 0 0C is pale yellow precipitate in DCM, 2equiv. of AlCl3 at 0 0C is red 
DCM solution. 

 

6.4.6 Mechanistic studies 

6.4.6.1 NMR studies of naphthol intermediate formation 

A solution of naphthol (60 mM in DCM-d2) was added to solid AlCl3 (0.5, 1, 2 and 3 equiv.), 

previously added in an NMR tube (under N2 atmosphere), obtaining a suspension. After 5 

min. of ultrasonication, 1H NMR experiments were performed on the reaction mixture 

(Table 5, Fig. 1). We have found, in line with the previously presented results, that one 

equivalent of the LA is enough to shift the equilibrium towards Mono 1a, and when more 

LA is added the equilibrium is shifted towards a double LA coordination on the naphthone. 
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Fig. 1A. 1H NMR study of formation mono- and bi-aluminum complexes with 1-naphthol in DCM-
d2. 

Table 5. Studying of formation mono- and bi-aluminium complexes. 

 
 Entry AlCl3 equiv. Ratio 1/Mono 1a/Bis 1a 

1-naphthol (1) 

1 0 - 
2 0.5 50 / 50 / 0 
3 1 0 / 100 / 0 
4 2 0 / 67 / 33 
5 3 0 / 0 / 100 

2-naphthol (4) 

1 0 - 
2 0.5 50 / 50 / 0 
3 1 0 / 100 / 0 
4 2 0 / 0 / 100 
5 3 0 / 0 / 100 
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Fig. 1B. 1H NMR study of formation mono- and bis-aluminum complexes with 2-naphthol in DCM-
d2. 

6.4.6.2 Computational studies 

To understand how naphthol 1 and dearomatized naphthone bind AlCl3 we resorted to 

molecular modelling. We first explored the relative stability of AlCl3 as a monomer and as 

a dimer in solution. We found that the dimerization is a highly exergonic process 

(-18.14 kcal/mol, see Scheme 5-a) and consequently aluminium species participate in the 

reaction in its dimer form. In an attempt to rationalize the interaction between Al2Cl6 and 

I, we explored the formation of II-a and II. These two species are in equilibrium and 

species II is energetically the most favorable. In the presence of an excess of the LA the 

equilibrium will be shifted to II-a, thus explaining enhanced solubility of the species 

formed in this reaction condition. Next to this, we have explored the possibility of a double 

coordination of AlCl3 to II, however the formation of complex II-b is too endergonic to be 

a competitive species (Scheme 5-b). We moved next to explore dearomatized species V. 

We have found that species V-a and V-b are almost degenerated and that they are close 

in energy to species V. These findings, are in line with the solubility characteristics found 

during the reaction exploration, compounds V-a and V-b must be more soluble in DCM 

than V thus the increase in the number of equivalents of AlCl3 will not only shift the 

equilibrium towards their formation but also increase the solubility of the reaction 

mixture. 
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Scheme 5. a) Analysis of the equilibrium of AlCl3 as a monomer and as a dimer. b) Study of the 
formation of mono- and bi-aluminum complexes from naphthol. Calculations were performed at 
the PCM(DCM)/M06/def2svpp computational level. The energies reported correspond to relative 
Gibbs free energies with respect to two units of I and Al2Cl6. Energies are computed at normal 
conditions of temperature and pressure and expressed in kcal/mol. 

To understand the overall picture of the process we next explored the dearomatization of 

naphthol in the absence of Al2Cl3 and in the presence of ½ equivalent (Scheme 6). As 

expected, we found that 1,3 or 1,5 hydrogen migration towards dearomatization possess 

very high barriers both in the presence and absence of the LA (see scheme 6A and B). 

Consequently, we wondered whether the dearomatization reaction would be facilitated 

intermolecularly using additional molecule of naphthol (Scheme 6C). In line with the 

experimental evidence, we found that the intermolecular dearomatization of two 

naphthol units, in the absence of any Lewis acid auxiliary, is quite high (34.54 kcal/mol). 

However, in the presence of 1/2 or 1 equivalent of Al2Cl6 the barriers decrease 

significantly from 34.54 to 5.59 and 17.94, respectively. 
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Scheme 6. Top: A and B) Relative energies for the dearomatization of naphthol as a monomer 
without Lewis acid and in the presence of one molecule of AlCl3 (from left to right). Bottom: C) 
Relative energies for the dearomatization of naphthol as an aggregate without Lewis acid, in the 
presence of ½ and 1 equivalent of Al2Cl6 (from left to right). 

Connected to this we have explored all the possible orientations for the aggregated 

species to evaluate the influence of the conformational disposition in the relative 

energies. To do so, we chose a set of four initial orientations: with a 0° and 180° of the 

COCO internal coordinate being, both alcohols present in the same side of the molecule 

or in opposite (Scheme 7). The energetic analysis of these complexes with respect to free 

naphthol and ½ of Al2Cl6 lead us to conclude that the interaction of two activated naphthol 

molecules is the most exergonic, and that the preferred orientation of the two rings is 

µ12 = 0b, Table 6. Moreover, we observe that the formation of IV is exergonic (-12.15 

kcal/mol), in agreement with 1H NMR studies. 
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Scheme 7. Explored orientations for the naphthol dimer, in the absence of AlCl3, with one and two 
molecules of the LA. The same orientations were considered for the naphthone derivative. 

Table 6. Analysis of the energies of the different dimeric aggregates that can be present in the 
reaction media (naphthol, naphthone) and their combination, in the presence of none, one or two 
AlCl3 molecules. The energies are reported with respect to two units of I and Al2Cl6, and they are 
reported as relative Gibbs free energies. Energies are expressed in kcal/mol. 

 

With this information in hand, we proposed two paths that can account for the 

intermolecular dearomatization of naphthol towards the naphthone derivative. The 

energetically most feasible path involves the initial coordination of an AlCl3 molecule to 

the lone pair of the oxygen atom at the naphthol, and subsequent interaction of this 

species with a second unit of naphthol. Once III is formed, it can further progress through 

a hydrogen migration that involves an energy penalty of only 5.59 kcal/mol and yields one 

unit of an AlCl3 activated tetralone and a naphthol molecule, the latter can subsequently 

participate in a second loop of this catalytic cycle. Alternatively, it can be proposed that 

two units of II interact with each other leading to complex III-a in a very exergonic process 

(-16.73 kcal/mol). However, the evolution of this complex through TS-IIIa-IVa involves a 

barrier of 17.94 kcal/mol, i. e. more than twice the energy penalty of TS-III-IV, thus even 

this mechanism is feasible at the working conditions it is not competitive with the one 
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previously described (Scheme 8). Once V is formed it can further interact with another V 

molecule or another ketone in a very favorable process, this aggregate can then further 

react with any nucleophile present in the reaction media through a 1,4-addition. 

 

Scheme 8. Bottom: Mechanistic alternatives explored for the aluminium catalyzed dearomatization 
of naphthols promoted by AlCl3. Top: Energy profiles for the explored paths and Anisotropy of the 
induced current density (ACID) analysis of II and V. 
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An ACID[25] analysis reveals that the aluminium while being responsible for the activation 

of the naphthol moiety it does not alter the aromaticity and conjugation of II. Analogous 

conclusions can be extracted from the ACID of intermediate V. 

Analogously, we have also explored the mechanism behind the dearomatization of 2-

naphthol (Table 7). We first analyzed the interaction of two 2-naphthol units, both 

activated and one none activated ones and, finally, among two activated 2-naphthol units. 

We found that also in this case the latter constitutes the most exergonic process (-21.52 

kcal/mol). 

Table 7. Analysis of the energies of the different dimeric species that can be present in the reaction 
media (2-naphthol, 2-naphthone) and their combination, in the presence of none, one or two AlCl3 
molecules (from left to right). Energies are expressed in kcal/mol. 

 

Then, we explored the energy barrier for the intermolecular dearomatization of 2-

naphthol obtaining that the barrier is even lower than for 1-naphhtol, 4.51 kcal/mol (see 

Scheme 9). 

 

Scheme 9. Relative energies for the dearomatization of 2-naphthol as a dimer in the presence of 
one molecule of AlCl3. The energies are reported with respect to the uncoordinated 2-naphthol and 
AlCl3, and they are reported as relative Gibbs free energies. Energies are expressed in kcal/mol. 
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6.4.7 Lewis acid promoted tautomerization of N-methylnaphthalen-1-

amine (8) 

 

In order to explore whether the dearomatization protocol can be expanded towards 

different functionalized naphthalene derivatives, we explored the tautomerization of 

N-methylnaphthalene (8). For this purpose, N-methylnaphthalen-1-amine 8 (78.5 mg, 

0.5 mmol) was dissolved in 5 mL of CH2Cl2 (purple solution) was added to AlCl3 (2.0 equiv., 

133 mg, 1 mmol). After 2 minutes of vigorous stirring, HPPh2 (1.1 equiv., 96 μL, 0.55 mmol) 

dissolved in 1.0 mL of CH2Cl2 was added slowly and the reaction was stirred during 3 days. 

After this time, the mixture was quenched using a saturated aqueous solution of Na2CO3 

and the product was extracted with DCM. Combined organic fractions were dried over 

MgSO4 and evaporated under reduce pressure. Column chromatography using SiO2 was 

carried out resulted in 72 mg (43% yield) of the addition product. 

Optimization of the reaction conditions (Table 8) 

As it can be observed in Table 8, the reaction conditions were optimized trying different 

Lewis acids, temperatures and solvents. When AlBr3 was used as Lewis Acid (Table 8, entry 

1) the conversion to the non-hydrolysed product was slightly bigger than when AlCl3 was 

used (Table 8, entry 2) but after column chromatography only 13% of the hydrolysed 

product could be obtained in comparison with the 43% yield obtained with AlCl3. The use 

of other Lewis acids does not provide the desired product and only starting material was 

recovered after 3 days of reaction (entries 3-7).  

Later on, the use of other chlorinated and non-chlorinated solvents were tried giving 

unsatisfactory results (entries 8-14). Finally increasing the reaction temperature led to 

lower conversion (entry 15, change from 45% to 18%). 

From presented results, it can be concluded that the optimal reaction conditions to 

achieve dearomatization of an amine are the same used for 1-naphthol. 
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Table 8. Optimization of the reaction conditions using N-Methylnaphthalen-1-amine as 
substrate. 

Entrya Lewis Acid Solvent T (oC) Yield (%)b 

1 AlBr3 DCM RT 59 (13) 

2 AlCl3 DCM RT 45 (43) 

3 FeCl3 DCM RT 0 

4 TiCl4 DCM RT 0 

5 CeCl3 DCM RT 0 

6 BF3*OEt2 + CeCl3 DCM RT 8 (0) 

7 B(C6F5)3 DCM RT 0 

8 AlCl3 CHCl3 RT 34 (22) 

9 AlCl3 CCl4 RT 0 

10 AlCl3 DCE RT 0 

11 AlCl3 PhMe RT 35 (17) 

12 AlCl3 THF RT 0 

13 AlCl3 MeCN RT 0 

14 AlCl3 Neat RT 0 

15 AlCl3 DCM 50 18 

a) Reaction carried out using 0.5 mmol of (1-aminomethyl)naphthalene, 2 equiv. of the 
corresponding LA and 1.1 equiv. of HPPh2 using 6 mL of solvent under nitrogen atmosphere. b) 
Isolated yield of the hydrolysed product in parenthesis. 

6.4.8. Synthesis and characterization of compounds 

6.4.8.1 NMR study of naphthone intermediates 

Procedure: To AlCl3 (1 or 2 equiv.), a solution of naphthol (60 mM in DCM-d2) was added 

in an NMR-tube under N2 atmosphere obtaining a suspension. After 5 min of 

ultrasonication, NMR experiment was performed. 

Naphthalen-1(4H)-one∙AlCl3 (Mono 1a). 

1H NMR (CD2Cl2, 400 MHz): δ 8.48 (dd, J = 8.2, 1.3 Hz, 1H), 8.31 (dt, J = 9.9, 3.3 Hz, 1H), 

7.97 (td, J = 7.6, 1.4 Hz, 1H), 7.77 (d, J = 7.9 Hz, 1H), 7.73 (t, J = 7.7 Hz, 1H), 7.56 (dt, J = 

9.8, 1.7 Hz, 1H), 4.34 – 4.28 (m, 2H) ppm. 13C NMR (CD2Cl2, 100 MHz): δ 194.0, 167.8, 

150.3, 140.2, 132.0, 131.8, 131.7, 131.6, 130.1, 38.2 ppm. 



Chapter 6. Lewis acid promoted dearomatization of naphthols 

195 
 

 

Naphthalen-1(4H)-one∙B(C6F5)3 (Mono 1a). 

1H NMR (CD2Cl2, 400 MHz): δ 8.49 (d, J = 8.2 Hz, 1H), 7.98 (dt, J = 10.1, 3.3 Hz, 1H), 7.91 

(td, J = 7.6, 1.4 Hz, 1H), 7.77 – 7.62 (m, 2H), 7.06 (d, J = 10.1 Hz, 1H), 4.16 (s, 2H) ppm. 
13C NMR (CD2Cl2, 100 MHz): δ 192.7, 165.5, 148.4, 139.2, 131.9, 131.8, 131.7, 126.6, 37.5 

ppm. 

4-Ethylnaphthalen-1(4H)-one∙AlCl3 (Mono 2a) + 

4-ethylnaphthalen-1(2H)-one∙AlCl3 (Mono 2b). 

1H NMR (CD2Cl2, 400 MHz): δ 8.48 (m, 1H); 8.22 (dd, J = 9.9, 3.3 Hz, 1H), 8.14 (t, J = 7.7 Hz, 

1H), 7.97 (td, J = 7.7, 1.4 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.73 – 

7.59 (m, 1H); 7.52 (dd, J = 9.9, 1.5 Hz, 1H); 6.46 (t, J = 3.9 Hz, 1H); 4.27 – 4.16 (m, 3H); 2.75 

(dt, J = 7.7, 5.9 Hz, 1H); 2.40 (m, 1H), 2.24 (m, 1H); 1.31 (t, J = 7.4 Hz, 3H); 0.75 (t, J = 7.5 

Hz, 3H) ppm. 13C NMR (CD2Cl2, 100 MHz): δ 172.9, 145.5, 140.5, 133.5, 132.4, 131.6, 131.5, 

130.8, 129.8, 128.6, 128.3, 47.8, 44.1, 31.0, 27.5, 15.2, 12.3 ppm. 

4-Nitronaphthalen-1(4H)-one∙2AlCl3 (Bis 3a). 

1H NMR (CD2Cl2, 400 MHz): 9.33 – 8.90 (m, 1H), 8.84 – 8.49 (m, 2H), 8.44 – 8.14 (m, 1H), 

8.15 – 7.89 (m, 1H), 7.84 – 7.30 (m, 1H), 1.09 (s, 1H) ppm. 

Naphthalen-2(1H)-one∙AlCl3 (Mono 4a).  

1H NMR (CD2Cl2, 400 MHz): δ 8.60 (d, J = 9.4 Hz, 1H), 7.82 – 7.76 (m, 2H), 7.64 – 7.60 (m, 

2H), 7.06 (d, J = 9.4 Hz, 1H), 4.63 (s, 2H) ppm. 13C NMR (CD2Cl2, 100 MHz): δ 212.3, 168.4, 

140.9, 137.3, 135.5, 131.6, 131.3, 131.2, 126.1, 46.2 ppm. 
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Naphthalen-2(1H)-one∙2AlCl3 (Bis 4a). 

1H NMR (CD2Cl2, 400 MHz): δ 8.88 – 8.64 (m, 1H), 7.95 – 7.79 (m, 2H), 7.72 – 7.62 (m, 2H), 

7.17 – 7.09 (m, 1H), 4.67 (s, 2H) ppm. 13C NMR (CD2Cl2, 100 MHz): δ 212.1, 170.0, 141.4, 

137.9, 135.9, 131.8, 131.4, 131.3, 125.9, 46.4 ppm. 

6.4.8.2 Cu-catalysed addition of organometallics to naphthols 

Method A: In an oven dried Schlenk, a DCM solution (3 mL) of naphthol (0.347 mmol) was 

added, at RT and under nitrogen, to AlCl3 (0.093 g, 0.694 mmol). To the obtained solution, 

CuCl (0.0017 g, 0.017 mmol) and dppf (0.0096 g, 0.017 mmol) were added and the 

mixture was stirred for 5 min. ZnEt2 (1.0 M in hexane, 0.69 mL 0.694 mmol) was added at 

the same temperature for 30 sec. Then, the reaction was stirred vigorously at RT for 10 

min. Finally, the mixture was quenched with NH4Cl (saturated, 10 mL) and extracted with 

Et2O (3 x 10 mL). The combined organic fractions were dried over MgSO4 and evaporated. 

The desired product was isolated by column chromatography on silica using 

EtOAc/pentane (2:98, v/v) as an eluent. 

Method B: A solution of 1-naphthol (0.347 mmol) in DCM (3 mL) was added, at RT under 

nitrogen atmosphere, to AlCl3 (0.093 g, 0.694 mmol). To the obtained solution, CuCl 

(0.0017 g, 0.017 mmol) and dppf (0.0096 g, 0.017 mmol) were added and the resulting 

mixture was stirred for 5 min. Me3Al (1.0 M in hexane, 1.38 mL, 1.39 mmol) was added at 

the same temperature for 30 sec. Subsequently, the reaction was stirred vigorously at RT 

for 10 min. Then, the mixture was quenched by NH4Cl (saturated, 10 mL) and extracted 

with Et2O (3 x 10 mL). The combined organic fractions were dried over MgSO4 and 

evaporated. The desired product was isolated by column chromatography on silica using 

EtOAc/pentane (2:98, v/v) as an eluent. 

 3-Ethyl-3,4-dihydronaphthalen-1(2H)-one (5a),[26] colorless oil, 50% 

yield, synthesized following Method A. 

1H NMR (CDCl3, 400 MHz): δ 8.01 (dd, J = 7.8, 1.4 Hz, 1H), 7.47 (td, J = 7.5, 1.5 Hz, 1H), 7.30 

(t, J = 7.5 Hz, 1H), 7.25 (d, J = 7.5 Hz, 1H), 3.01 (m, 1H), 2.78 (m, 1H), 2.69 (dd, J = 16.2, 

10.7 Hz, 1H), 2.31 (dd, J = 16.5, 12.1 Hz, 1H), 2.11 (m, 1H), 1.49 (m, 2H), 0.99 (t, J = 7.4 Hz, 

3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 201.3, 146.5, 136.1, 135.1, 131.6, 129.6, 129.2, 
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47.8, 39.7, 38.5, 31.2, 13.8 ppm. HRMS (ESI+, m/Z): calc. for 175.1117 [M+H]+, found 

175.1118. 

trans-3,4-Diethyl-3,4-dihydronaphthalen-1(2H)-one (5b), colorless oil, 

24% yield, synthesized following Method A. 

1H NMR (CDCl3, 400 MHz): δ 7.98 (dd, J = 7.8, 1.4 Hz, 1H), 7.47 (td, J = 7.5, 1.5 Hz, 1H), 7.29 

(td, J = 7.6, 1.2 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 2.88 (dd, J = 17.7, 5.2 Hz, 1H), 2.68 (m, 1H), 

2.51 (m, 1H), 2.12 (m, 1H), 1.73 (m, 2H), 1.45 – 1.27 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H), 0.90 

(t, J = 7.4 Hz, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 200.7, 149.3, 136.1, 134.2, 132.4, 

129.5, 129.2, 47.6, 41.8, 41.3, 31.9, 29.3, 15.1, 14.5 ppm. HRMS (ESI+, m/Z): calc. for 

203.1430 [M+H]+, found 203.1432. 

4-Ethyl-3,4-dihydronaphthalen-2-(1H)-one (5c),[27] colorless oil, 31% yield, 

synthesized following Method A. 

1H NMR (CDCl3, 400 MHz): δ 7.23 – 7.18 (m, 3H), 7.13 – 7.09 (m, 1H), 3.58 (s, 2H), 3.02 – 

2.95 (m, 1H), 2.69 (dd, J = 16.3, 5.6 Hz, 1H), 2.54 (dd, J = 16.3, 4.3 Hz, 1H), 1.68 – 1.48 (m, 

2H), 0.94 (t, J = 7.3 Hz, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 213.20, 142.53, 135.40, 

131.31, 130.41, 129.41, 129.21, 46.56, 46.44, 43.87, 30.48, 14.53 ppm. HRMS (ESI+, m/Z): 

calc. for 175.1117 [M+H]+, found 175.1117. 

3-Methyl-3,4-dihydronaphthalen-1(2H)-one (5d),[28] colorless oil, 55% yield, 

synthesized following Method B. 

1H NMR (CDCl3, 400 MHz) δ 8.01 (d, J = 7.85 Hz, 1H), 7.46 (t, J = 7.85 Hz, 1H), 7.29 (t, J = 

7.85 Hz, 1H), 7.23 (d, J = 7.85 Hz, 1H), 3.01 – 2.92 (m, 1H), 2.78 – 2.61 (m, 2H), 2.40 – 2.24 

(m, 2H), 1.13 (d, J = 5.74, 3H) ppm. 13C NMR (CDCl3, 100 MHz) δ 201.15, 146.44, 136.14, 

134.87, 131.48, 129.64, 129.26, 49.84, 40.70, 33.15, 24.04 ppm. HRMS (ESI+, m/Z): calc. 

for 161.0970 [M+H]+, found 161.0961. 
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6.4.8.3 Phospha-Michael 1,4-addition to naphthols 

Procedure: To a solution of naphthol (0.347 mmol) in DCM (5 mL), AlCl3 (0.093 g, 

0.694 mmol) was added at RT under nitrogen atmosphere. Then, a solution of Ph2PH 

(0.382 mmol) in DCM (0.5 mL) was added at the same temperature in one portion. The 

reaction was stirred at RT for 24 h. Then, the mixture was quenched by NH4Cl (saturated, 

10 ml) and extracted with Et2O (3 x 10 mL). The combined organic fractions were dried 

over MgSO4 and evaporated. Then, the desired product was isolated by column 

chromatography on silica using EtOAc/pentane (2:98, v/v) as an eluent.[29] 

3-(Diphenylphosphaneyl)-3,4-dihydronaphthalen-1(2H)-one (6a), 

colorless solid, 85% yield. 

1H NMR (CDCl3, 400 MHz): δ 8.02 (dd, J = 7.8, 1.4 Hz, 1H), 7.53 (m, 4H), 7.45 (td, J = 7.5, 

1.5 Hz, 1H), 7.42 – 7.34 (m, 6H), 7.31 (t, J = 7.5 Hz, 1H), 7.16 (d, J = 7.7 Hz, 1H), 3.12 (m, 

1H), 2.96 (dd, J = 7.8, 5.7 Hz, 2H), 2.74 (m, 1H), 2.53 (m, 1H) ppm. 13C NMR (CDCl3, 

100 MHz): δ 199.5 (d, J = 12.0 Hz), 146.2 (d, J = 13.4 Hz), 138.0 (d, J = 13.2 Hz), 137.5 (d, J 

= 12.9 Hz), 136.3 (d, J = 14.3 Hz), 136.1 (d, J = 19.9 Hz), 135.0, 132.0 (d, J = 11.5 Hz), 131.4 

(d, J = 7.2 Hz), 131.3, 129.7 (d, J = 20.5 Hz), 44.3 (d, J = 13.7 Hz), 35.6 (d, J = 3.0 Hz), 35.5 

(d, J = 8.8 Hz) ppm. 31P NMR (CDCl3, 161.94 MHz): δ –5.48 ppm. 1H NMR 31P decoupled 

(CDCl3, 500 MHz) δ 8.05 – 8.03 (m, 1H), 7.55 (m, 4H), 7.47 (td, J = 7.5, 1.2 Hz, 1H), 7.44 – 

7.37 (m, 6H), 7.33 (t, J = 7.5 Hz, 1H), 7.17 (d, J = 7.6 Hz, 1H), 3.14 (m, 1H), 2.98 (d, J = 7.9 

Hz, 2H), 2.76 (dd, J = 16.9, 3.1 Hz, 1H), 2.55 (dd, J = 16.8, 13.0 Hz, 1H) ppm. 1H NMR (CDCl3, 

500 MHz) δ 8.08 – 8.00 (dd, J = 7.8, 0.8 Hz, 1H), 7.61 – 7.50 (m, 4H), 7.47 (td, J = 7.5, 1.4 

Hz, 1H), 7.44 – 7.36 (m, 5H), 7.33 (t, J = 7.5 Hz, 1H), 7.17 (d, J = 7.6 Hz, 1H), 3.21 – 3.08 (m, 

1H), 2.98 (m, 2H), 2.81 – 2.68 (m, 1H), 2.55 (m, 1H) ppm. 13C NMR 31P decoupled (CDCl3, 

126 MHz) δ 199.53, 146.18, 138.03, 137.57, 136.35, 136.31, 136.14, 135.01, 132.08, 

131.96, 131.39, 131.32, 129.84, 129.64, 44.33, 35.61, 35.55 ppm. 13C NMR (CDCl3, 126 

MHz) δ 199.5 (d, J = 11.9 Hz), 146.2 (d, J = 13.5 Hz), 138.0 (d, J = 13.2 Hz), 137.6 (d, J = 13.0 

Hz), 136.4 (d, J = 14.8 Hz), 136.2 (d, J = 5.7 Hz), 136.1, 135.0, 132.0 (d, J = 14.5 Hz), 131.4 

(d, J = 7.2 Hz), 131.3, 129.7 (d, J = 25.6 Hz), 44.3 (d, J = 13.7 Hz), 35.6 (d, J = 4.6 Hz), 35.5 

(d, J = 10.2 Hz) ppm. 31P NMR (CDCl3, 202 MHz): δ -8.48 ppm. HRMS (ESI+, m/Z): calc. for 

331.1246 [M+H]+, found 331.1248. 
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3-(Bis(4-ethoxyphenyl)phosphaneyl)-3,4-dihydronaphthalen-

1(2H)-one (6b), colorless oil, 71% yield. 

1H NMR (CDCl3, 400 MHz) δ 7.99 (d, J = 7.8 Hz, 1H), 7.59 – 7.39 (m, 5H), 7.29 (t, J = 7.5 Hz, 

1H), 7.14 (d, J = 7.6 Hz, 1H), 6.93 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H), 

3.80 (s, 3H), 3.22 – 2.87 (m, 3H), 2.74 – 2.63 (m, 1H), 2.60 – 2.46 (m, 1H) ppm. 13C NMR 

(CDCl3, 100 MHz) δ 196.9 (d, J = 12.2 Hz), 160.6 (d, J = 7.1 Hz), 143.6 (d, J = 13.5 Hz), 135.0 

(d, J = 14.4 Hz), 134.8 (d, J = 14.1 Hz), 133.6, 132.4, 128.6 (d, J = 1.1 Hz), 127.0 (d, J = 22.0 

Hz), 126.5 (d, J = 10.7 Hz), 126.1 (d, J = 10.6 Hz), 114.4 (d, J = 8.1 Hz), 55.2, 41.7 (d, J = 14.5 

Hz), 33.6 (d, J = 10.3 Hz), 32.9 (d, J = 17.8 Hz). ppm. 31P NMR (CDCl3, 161.94 MHz) δ –11.39 

ppm. HRMS (ESI+, m/Z): calc. for 391.1458 [M+H]+, found 391.14576. 

3-(Bis(2-methoxyphenyl)phosphaneyl)-3,4-dihydronaphthalen-

1(2H)-one (6c), colorless oil, 80% yield. 

1H NMR (CDCl3, 400 MHz) δ 8.00 (dd, J = 7.8, 0.9 Hz, 1H), 7.42 (td, J = 7.5, 1.2 Hz, 1H), 

7.38 – 7.19 (m, 5H), 7.16 (d, J = 7.7 Hz, 1H), 7.02 – 6.76 (m, 4H), 3.75 (s, 3H), 3.74 (s, 3H), 

3.33 – 3.18 (m, 1H), 3.16 – 2.93 (m, 2H), 2.77 – 2.71 (m, 1H), 2.66 – 2.57 (m, 1H) ppm. 13C 

NMR (CDCl3, 100 MHz) δ 197.8 (d, J = 12.2 Hz), 162.0 (d, J = 5.9 Hz), 161.9 (d, J = 5.9 Hz), 

144.4 (d, J = 14.4 Hz), 134.0 (d, J = 8.7 Hz), 133.7 (d, J = 8.5 Hz), 133.5, 132.5, 130.7 (d, J = 

9.1 Hz), 128.7 (d, J = 1.1 Hz), 127.0 (d, J = 34.2 Hz), 121.0 (d, J = 3.4 Hz), 121.0, 110.8 (d, J 

= 1.8 Hz), 110.7 (d, J = 1.9 Hz), 55.7, 55.6, 42.4 (d, J = 14.1 Hz), 33.7 (d, J = 19.5 Hz), 31.7 

(d, J = 11.9 Hz) ppm. 31P NMR (CDCl3, 161.94 MHz) δ –28.52 ppm. HRMS (ESI+, m/Z): calc. 

for 391.1458 [M+H]+, found 391.14576. 
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3-(Diisopropylphosphoryl)-3,4-dihydronaphthalen-1(2H)-one (6d), 

colorless oil, 30% yield. 

1H NMR (CDCl3, 400 MHz) δ 8.01 (dd, J = 7.7, 0.6 Hz, 1H), 7.49 (td, J = 7.6, 1.0 Hz, 1H), 7.33 

(t, J = 7.5 Hz, 1H), 7.27 (d, J = 7.6 Hz, 1H), 3.31 (m, 1H), 3.16 (m, 1H), 3.00 – 2.67 (m, 3H), 

2.39 – 2.11 (m, 2H), 1.38 – 1.08 (m, 12H) ppm. 13C NMR (CDCl3, 100 MHz) δ 195.9 (d, 

J = 13.3 Hz), 142.9 (d, J = 13.8 Hz), 134.2, 131.8 (d, J = 1.0 Hz), 128.9 (d, J = 1.0 Hz), 127.5, 

127.5, 39.0 (d, J = 3.0 Hz), 32.2 (d, J = 58.9 Hz), 29.9, 29.6 (d, J = 3.0 Hz), 25.7 (d, J = 26.1 

Hz), 25.1 (d, J = 25.7 Hz), 16.8 (d, J = 2.8 Hz), 16.6 (d, J = 1.4 Hz), 16.6 (d, J = 1.2 Hz). 31P 

NMR (CDCl3, 161.94 MHz) δ 51.16 ppm. HRMS (ESI+, m/Z): calc. for 279.15084 [M+H]+, 

279.15084. 

trans-3-(Diphenylphosphaneyl)-4-nitro-3,4-dihydronaphthalen-

1(2H)-one (6e-trans), colorless oil, 7% yield. 

1H NMR (CDCl3, 400 MHz): δ 8.03 (d, J = 7.8 Hz, 1H), 7.53 – 7.41 (m, 5H), 7.40 – 7.29 (m, 

7H), 3.23 – 3.18 (m, 1H), 3.15 – 3.01 (m, 1H), 2.65 (q, J = 7.3 Hz, 1H), 2.57 – 2.48 (m, 1H), 

1.89 – 1.69 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 196.5 (d, J = 

2.6 Hz), 146.3 (d, J = 2.8 Hz), 136.3 (d, J = 14.4 Hz), 135.9 (d, J = 14.1 Hz), 133.9, 133.8 (d, 

J = 7.1 Hz), 133.7 (d, J = 10.1 Hz), 132.0 (d, J = 1.7 Hz), 129.7, 129.4 (d, J = 0.8 Hz), 129.3 (d, 

J = 0.7 Hz), 128.8 (d, J = 2.2 Hz), 128.7 (d, J = 2.4 Hz), 127.3 (d, J = 8.0 Hz), 42.3 (d, J = 14.6 

Hz), 36.0 (d, J = 15.3 Hz), 35.3 (d, J = 11.3 Hz), 29.8 (d, J = 6.3 Hz), 12.6 ppm. 31P NMR 

(CDCl3, 161.94 MHz): δ –16.08 ppm. HRMS (ESI+, m/Z): calc. for 359.1559 [M+H]+, found 

359.1565. 

cis-3-(Diphenylphosphaneyl)-4-nitro-3,4-dihydronaphthalen-1(2H)-

one (6e-cis), colorless oil, 43% yield. 
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1H NMR (CDCl3, 400 MHz): δ 8.04 (dd, J = 7.7, 1.0 Hz, 1H), 7.61 – 7.55 (m, 2H), 7.55 – 7.48 

(m, 2H), 7.44 (td, J = 7.5, 1.4 Hz, 1H), 7.41 – 7.30 (m, 7H), 7.08 (d, J = 7.5 Hz, 1H), 3.32 – 

3.25 (m, 1H), 2.89 – 2.79 (m, 1H), 2.63 – 2.57 (m, 1H), 2.51 – 2.40 (m, 2H), 1.55 – 1.44 (m, 

1H), 0.82 (t, J = 7.4 Hz, 3H) ppm. 13C NMR (CDCl3, 100 MHz): δ 197.4 (d, J = 13.1 Hz), 148.4 

(d, J = 7.2 Hz), 135.8 (d, J = 13.9 Hz), 135.4 (d, J = 13.2 Hz), 133.9 (d, J = 18.7 Hz), 133.7 (d, 

J = 17.9 Hz), 132.9, 131.8, 129.5 (d, J = 5.1 Hz), 129.3 (d, J = 1.5 Hz), 128.9 (d, J = 1.9 Hz), 

128.8 (d, J = 2.2 Hz), 128.1, 127.3, 42.4 (d, J = 9.8 Hz), 37.9 (d, J = 12.3 Hz), 37.3 (d, J = 17.0 

Hz), 24.4 (d, J = 15.6 Hz), 12.5 (d, J = 0.7 Hz). 31P NMR (CDCl3, 161.94 MHz): δ –18.48 ppm. 

HRMS (ESI+, m/Z): calc. for 359.1559 [M+H]+, found 359.1563. 

trans-3-(Diphenylphosphaneyl)-4-nitro-3,4-

dihydronaphthalen-1(2H)-one (6f-trans), colorless oil, 4% yield; cis-3-

(diphenylphosphaneyl)-4-nitro-3,4-dihydronaphthalen-1(2H)-one (6f-cis), colorless oil, 

2% yield. 

1H NMR (CDCl3, 500 MHz) δ 8.26 – 8.08 (m, 1H); 7.78 – 7.29 (m, 13H); 5.65 (s, 1H); 5.50 (s, 

1H); 3.97 (s, 1H); 3.49 (dt, J = 13.5, 4.5 Hz, 1H); 3.16 (m, 1H); 2.64 (dd, J = 19.0, 6.5, 1H), 

2.60 (dd, J = 18.4, 5.2 Hz, 1H) ppm. 13C NMR (CDCl3, 126 MHz) δ 197.4 (d, J = 10.2 Hz), 

196.6; 137.5, 137.5, 137.2, 136.9, 136.8, 136.6, 136.5, 136.3, 136.0, 135.9, 135.3, 135.1, 

134.9, 134.0, 133.4, 133.0, 133.0, 132.9, 132.1, 132.0, 131.9, 131.9, 131.9, 131.8, 131.7, 

130.9, 130.3; 88.6 (d, J = 20.5 Hz); 87.9 (d, J = 13.9 Hz); 39.7 (d, J = 19.4 Hz); 38.7 (d, J = 

11.1 Hz); 38.5 (d, J = 10.6 Hz), 38.3 (d, J = 6.9 Hz) ppm. 31P NMR (CDCl3, 161.94 MHz): δ –

17.09, –14.81 ppm. HRMS (ESI+, m/Z): calc. for 376.3712 [M+H]+, found 376.3713. 

4-(Diphenylphosphaneyl)-3,4-dihydronaphthalen-2(1H)-one (6g), 

3% yield. 

1H NMR (CDCl3, 400 MHz): δ 7.66 – 7.57 (m, 4H), 7.46 (dd, J = 3.3, 2.0 Hz, 6H), 7.25 – 7.09 

(m, 4H), 4.02 (dt, J = 4.7, 2.6 Hz, 1H), 3.97 (d, J = 20.7 Hz, 1H), 3.54 (d, J = 20.3 Hz, 1H), 2.89 

– 2.70 (m, 1H), 2.65 (m, 1H) ppm. 31P NMR (CDCl3, 161.94 MHz): δ –11.27 ppm. HRMS 

(ESI+, m/Z): calc. for 331.1246 [M+H]+, found 331.1248. 
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6.4.8.4 Cu-catalysed reduction of naphthols by Et3SiH 

Procedure: To a solution of naphthol (0.347 mmol) in DCM (5 mL) AlCl3 (0.093 g, 

0.694 mmol) was added at RT under nitrogen atmosphere. To the obtained solution, CuCl 

(0.0034 g, 0.035 mmol) and dppf (0.0192 g, 0.035 mmol) were added and the mixture was 

stirred for 5 min. Then, Et3SiH (0.097 g, 0.416 mmol) in DCM (0.5 mL) was added at the 

same temperature for 30 sec. The reaction was stirred vigorously at RT for 10 min. Finally, 

the mixture was quenched by NH4Cl (saturated, 10 mL) and extracted with Et2O (3 x 

10 mL). The combined organic fractions were dried over MgSO4 and evaporated. The 

desired product was isolated by column chromatography on silica using EtOAc/pentane 

(2:98, v/v) as an eluent. 

3,4-Dihydronaphthalen-1(2H)-one (7a), colorless oil, 60% yield. 

1H NMR (CDCl3, 400 MHz): δ 8.04 (dd, J = 7.8, 1.4 Hz, 1H), 7.46 (td, J = 7.4, 1.4 Hz, 1H), 7.31 

(t, J = 7.8 Hz, 1H), 7.25 (d, J = 7.7 Hz, 1H), 2.97 (t, J = 6.1 Hz, 2H), 2.66 (dd, J = 7.2, 5.9 Hz, 

2H), 2.14 (m, 2H) ppm. 13C NMR (CDCl3, 100 MHz): δ 201.1, 147.2, 136.1, 135.3, 131.4, 

129.8, 129.3, 41.8, 32.4, 25.9 ppm. HRMS (ESI+, m/Z): calc. for 147.0804 [M+H]+, found 

147.0807. 

4-Ethyl-3,4-dihydronaphthalen-1(2H)-one (7b),[30] colorless oil, 18% yield. 

1H NMR (CDCl3, 400 MHz): δ 8.03 (dd, J = 7.8, 1.4 Hz, 1H), 7.49 (td, J = 7.5, 1.5 Hz, 1H), 7.31 

(t, J = 7.8 Hz, 1H), 7.29 (d, J = 7.5, 1H), 2.88 – 2.82 (m, 1H), 2.77 (m, 1H), 2.58 (dt, J = 17.8, 

5.2 Hz, 1H), 2.24 (m, 1H), 2.07 (m, 1H), 1.85 – 1.65 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H) ppm. 
13C NMR (CDCl3, 100 MHz): δ 201.2, 150.9, 136.0, 134.6, 130.9, 130.0, 129.2, 42.2, 37.7, 

30.1, 29.0, 14.8 ppm. HRMS (ESI+, m/Z): calc. for 175.1117 [M+H]+, found 175.1118. 

3,4-Dihydronaphthalen-2(1H)-one (7c), colorless oil, 40% yield. 

1H NMR (CDCl3, 400 MHz): δ 7.27 – 7.19 (m, 3H), 7.12 (dd, J = 5.6, 2.2 Hz, 1H), 3.59 (s, 2H), 

3.06 (t, J = 6.7 Hz, 2H), 2.55 (t, J = 6.7 Hz, 2H) ppm. 13C NMR (CDCl3, 100 MHz): δ 213.4, 

139.3, 135.9, 130.9, 130.2, 129.6, 129.5, 47.7, 40.8, 31.0 ppm. HRMS (ESI+, m/Z): calc. for 

147.0804 [M+H]+, found 147.0804.  
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Summary 

 

In this thesis, the potential of Lewis acids (LAs) to module chemical transformations is 

explored, namely in autocatalysis (Chapters 1-5) and in dearomatization (Chapter 6). 

In Chapter 2, we explore the nucleophilic addition of Et2Zn to benzaldehydes in 

the presence of a silicon-based LA (TBDMSCl). In these transformations, the very 

product of the reaction, EtZnCl, can act as LA, promoting an autocatalytic 

transformation. Autocatalytic rate enhancement was demonstrated by kinetic 

studies using in situ Raman spectroscopy. Finally, we confirmed by 29Si NMR that 

TBDMSCl undergoes electrophilic activation by EtZnCl leading to the active 

autocatalyst (TBDMSCl-EtZnCl complex). This autocatalyst activates aldehyde 

towards nucleophilic attack by Et2Zn and therefore facilitates self-amplification. 

 

Next, in Chapter 3, we explored autocatalytic processes in the reduction of amides with 

borane. As suggested in the literature, amides are susceptible to reduction in the presence 

of borane. As a result, unstable hemiaminals are formed. These hemiaminals possess two 

structural features, namely a Lewis acidic boron center for the electrophilic activation of 

the substrate and a Lewis basic nitrogen center (LB) for the coordination of borane. The 
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coordination of the oxygen atom to the boron promotes the hydride shift from the boron 

species to the amide, analogously to the mode of action in Corey-Bakshi-Shibata (CBS) 

catalysis. Therefore, hemiaminals were envisioned as catalysts promoting an autocatalytic 

process. Hence, we aimed to obtain stable hemiaminals and study their auto- and cross-

catalytic behavior. We have found that tertiary trifluoroacetic carboxamides in the 

presence of BH3∙SMe2 evolve via a reductive autocatalytic process, which was confirmed 

by kinetic studies using 19F NMR spectroscopy. To see whether hemiaminals can engage 

in cross-catalysis, the borane reduction of a set of different amides was performed, 

observing that one of the produced hemiaminals can amplify the rate of the production 

of another one. 

 

Despite the fact that we could confirm autocatalysis in the case of amide reduction with 

boranes, how the initial hemiaminal is generated in the background reaction is still an 

incognita. In Chapter 4, molecular modeling was considered to unravel this aspect. The 

study was carried out to shed light on whether the first reduction step is a synchronous 

process or not, what is the role of the amide substituent, and how amide reduction 

correlates with well-developed aldehyde reduction. As was found, the borane reduction 

of amides proceeds via the formation of the complex trans-AB, which undergoes 

isomerization to cis-AB followed by a conformational reorganization leading to 

hemiaminals. 

 



Summary 

209 
 

 

Finally, Chapter 5 encloses our attempts to confirm our design of new template-based 

autocatalysis. As reported, template formation is the most common approach to the 

design of new autocatalytic reactions. Typically, pericyclic reactions are employed for the 

formation of a template since, in this case, the template has the strongest autocatalytic 

effect on the overall reaction rate. Unlike reported works, in Chapter 5, the light-driven 

reaction has been examined to design autocatalysis for the first time. The product of the 

pericyclic [4+4] photodimerization of 1-azaanthracene was expected to act as a template 

for self-generation in the presence of acidic linkers. Due to the antiperiplanar position of 

the pyridine rings, the product (template) would pre-orientate two units of 1-

azaanthracene in space, in principle, facilitating its reaction. However, as was found 

experimentally, none of the examined linkers promoted the formation of the template. In 

Chapter 5, we discuss these results in detail. 

 

Lastly, in Chapter 6 we have explored the potential of different LA to promote 

dearomative reactions and subsequent evolution of the dearomatized intermediate via a 

conjugate addition. Specifically, we explored the dearomatization of a series of naphthol 

derivatives towards the ketone tautomer (naphthone). It was found that the ratio 

between the naphthol and the naphthone strongly depends on the nature of the LA, and 

only in the presence of AlCl3 the equilibrium is completely shifted towards the 

dearomatized intermediate. Having found after scoping of various Lewis acids that AlCl3 

is the most powerful LA promoting the dearomatization of naphthol, we selected it to 

study the addition of various nucleophiles to the ketone intermediate. To perform a 

conjugated addition on the ketone, different organometallics and organophosphines 
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were explored. They rendered the corresponding dearomatized products with moderate 

to excellent yields. Finally, the mechanism for the formation of the highly reactive 

naphthone intermediate was rationalized using molecular modeling. 
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Samenvatting 

 

In dit proefschrift wordt het potentieel van Lewis-zuren (LA's) om chemische 

transformaties te moduleren onderzocht, namelijk in autokatalyse (Hoofdstukken 1-5) en 

in dearomatisering (Hoofdstuk 6). 

In Hoofdstuk 2 onderzoeken we de nucleofiele toevoeging van Et2Zn aan 

benzaldehyden in de aanwezigheid van een LA (TBDMSCl) op basis van silicium. Bij 

deze transformaties kan het product van de reactie, EtZnCl, fungeren als LA en een 

autokatalytische transformatie bevorderen. Autokatalytische snelheidsverhoging 

werd aangetoond door kinetische studies met in situ Raman-spectroscopie. Ten 

slotte hebben we met 29Si NMR bevestigd dat TBDMSCl elektrofiele activering 

door EtZnCl ondergaat, wat leidt tot de actieve autokatalysator (TBDMSCl-EtZnCl 

complex). Deze autokatalysator activeert aldehyde naar nucleofiele toevoeging 

van organozinkreagentia en vergemakkelijkt daardoor zelfvorming. 

 
Vervolgens hebben we in Hoofdstuk 3 autokatalytische processen onderzocht in de 

reductie reacties van amiden met boraan. Zoals in de literatuur wordt gesuggereerd, zijn 

amiden gevoelig voor reductie in aanwezigheid van boraan. Als resultaat worden 
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onstabiele hemiaminalen gevormd. Deze hemiaminalen hebben twee structurele 

kenmerken, namelijk een Lewis-zuur boorcentrum voor de elektrofiele activering van het 

substraat en een Lewis-basisch stikstofcentrum voor de coördinatie van boraan. 

Coördinatie van het zuurstofatoom aan het boor atoom bevordert de hydrideverschuiving 

van het boor-molecuul naar het amide, analoog aan Corey-Bakshi-Shibata (CBS)-katalyse. 

Door deze eigenschap verwachtten we dat hemiaminalen beschouwd kunnen worden als 

katalysatoren die een autokatalytisch proces bevorderen. Om deze hypothese te testen 

zijn we op zoek gegaan naar stabiele hemiaminalen, deze konden vervolgens gebruikt 

worden om hun auto en kruiskatalytische gedrag te testen. We hebben ontdekt dat 

tertiaire trifluorazijnzuurcarboxamiden in aanwezigheid van BH3∙SMe2 evolueren via een 

reductief autokatalytisch proces, dit werd bevestigd door kinetische studies met behulp 

van 19F NMR-spectroscopie. Om te zien of hemiaminalen kunnen deelnemen aan 

kruiskatalyse, werd de reductie van een reeks verschillende amiden uitgevoerd met 

boraan, waarbij werd opgemerkt dat een van de geproduceerde hemiaminalen de 

snelheid van de productie van een ander kan versterken.  

 

Ondanks het feit dat we autokatalyse konden bevestigen in het geval van de amide-

reductie met boranen, is het nog steeds onbekend hoe het initiële hemiaminaal wordt 

gegenereerd. In Hoofdstuk 4 werd moleculaire modellering gebruikt met als doel om dit 

aspect te ontrafelen. De studie werd uitgevoerd met het doel om licht te werpen op de 

vraag of de eerste reductiestap een synchroon proces is of niet, wat de rol is van het 

amidesubstituent en hoe amide-reductie correleert met de goed ontwikkelde aldehyde-

reductie. Er werd gevonden dat de boraanreductie van amiden verloopt via de vorming 

van het complex trans-AB, dat isomerisatie ondergaat tot cis-AB, gevolgd door een 

conformationele verschuiving die leidt tot hemiaminalen. 
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Hoofdstuk 5 bevat onze pogingen om ons ontwerp van nieuwe op sjablonen gebaseerde 

autokatalyse te bevestigen. Zoals in de literatuur beschreven, is sjabloonvorming de 

meest gebruikelijke benadering voor het ontwerpen van nieuwe autokatalytische 

reacties. Typisch worden pericyclische reacties gebruikt voor de vorming van een 

sjabloon, aangezien in dit geval het sjabloon het sterkste autokatalytische effect heeft op 

de algehele reactiesnelheid. In Hoofdstuk 5 is voor het eerst een door licht aangedreven 

reactie onderzocht om autokatalyse te ontwerpen. Het product van de pericyclische 

[4+4] fotodimerisatie van 1-azaanthraceen werd in aanwezigheid van zure linkers 

verwacht te fungeren als een sjabloon voor zelfgeneratie. Vanwege de antiperiplanaire 

positie van de pyridine-ringen, oriënteert de mal in principe twee eenheden van 1-

azaanthraceen in de ruimte, waardoor de reactie wordt vergemakkelijkt. Echter, zoals 

experimenteel werd gevonden, bevorderde geen van de onderzochte linkers de vorming 

van de matrijs. In Hoofdstuk 5 bespreken we deze resultaten. 

 

Ten slotte hebben we in Hoofdstuk 6 het potentieel van verschillende LA onderzocht om 

dearomatieve reacties te bevorderen en daarnaast hebben we gekeken naar de 

daaropvolgende evolutie van het gedearomatiseerde tussenproduct via een 

geconjugeerde toevoeging. Specifiek hebben we de dearomatisering van een reeks 
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naftolderivaten aan het derivaat keton (nafton) onderzocht. Daarnaast vonden we dat de 

verhouding tussen de naftol en de nafton sterk afhangtvan de aard van de LA, en alleen 

in de aanwezigheid van AlCl3 wordt het evenwicht volledig verschoven naar het 

gedearomatiseerde tussenproduct. Toen we ontdekten dat AlCl3 het krachtigste LA van 

geteste Lewis-zuren is dat de dearomatisering van naftol bevordert, hebben we het 

geselecteerd om de toevoeging van verschillende nucleofielen aan het keton-

tussenproduct te bestuderen. Om een geconjugeerde toevoeging aan het keton uit te 

voeren, werden verschillende organometalen en organofosfines onderzocht. Ze gaven de 

overeenkomstige gedearomatiseerde producten met matige tot uitstekende 

opbrengsten, wat de veelzijdigheid van dit dearomatieve protocol bewees. Ten slotte 

werd het mechanisme voor de vorming van het zeer reactieve nafton-tussenproduct 

gerationaliseerd met behulp van moleculaire modellering. 
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List of abbreviations 
 

BMS: borane dimethyl sulfide complex 

CBS: Corey-Bakshi-Shibata 

DCM: dichloromethane 

ee: enantiomeric excess 

EWG: electron-withdrawing group 

EDG: electron-donating group 

GC/MS: gas chromatography/mass spectroscopy 

HRMS: high-resolution mass spectroscopy 

hx: hexane 

LA: Lewis Acid 

LB: Lewis Base 

LED: light-emitting diode 

NMR: nuclear magnetic resonance 

o.n.: overnight 

RT: room temperature 

SiLA: silicon Lewis acid 

TEMPO: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl 

THF: tetrahydrofurane 

TLC: thin layer chromatography 

TBDMSCl: tert-butyldimethylsilyl chloride 

TMSCl: trimethylsilyl chloride 

TMSOTf: trimethylsilyl trifluoromethanesulfonate 

X-Phos: [2-Dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl] 
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