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Abstract 

The most common view of carbocations in organic chemistry is that they 

are short-lived intermediates in several fundamental reactions, e.g. the classic 

SN1-reaction. However, carbocations that can delocalize their positive charge 

can be stable enough to be isolated and used as Lewis acid catalysts, phase 

transfer catalysts or oxidants in various reactions.  

The theme of this thesis concerns applying trityl cations as Lewis acid 

catalysts in different organic reactions. 

The first chapter presents a general introduction of the field of Lewis acids, 

the characteristics and applications of carbocations in different organic reactions, 

and the aims of this thesis. 

The second chapter describes the carbocation-catalyzed asymmetric Diels–

Alder reactions assisted by chiral counteranions.  

The third chapter shows that carbocations can be utilized as catalysts in 

oxa-Diels–Alder reactions with unactivated aldehydes and dienes as substrates. 

The fourth chapter investigates the application of carbocation catalysis in 

bromination reactions for selective functionalization at the benzylic position and 

on the aromatic ring, respectively. 

The fifth chapter highlights that carbocation-catalyzed aldehyde–olefin 

metathesis reactions can be achieved in high yields by suppressing the 

decomposition of both starting materials and products.  

 

Keywords: carbocation, trityl cation, Lewis acid catalyst, enantioselective, 

chiral counteranion, oxa-Diels–Alder, bromination, aldehyde–olefin metathesis 
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Sammanfattning på svenska 

Den vanligaste uppfattningen om karbokatjoner bland organiska kemister 

är att de är instabila och kortlivade intermediärer i ett flertal fundamentala 

organiska reaktioner, t.ex. den klassiska SN1-reaktionen. Emellertid, 

karbokatjoner som kan delokalisera sin positiva laddning kan vara tillräckligt 

stabila för att isoleras och användas som t.ex. Lewis syra katalysatorer, 

fasöverförings katalysatorer och oxidanter i olika reaktioner. 

Den här avhandlingen beskriver användandet av tritylkationer som Lewis-

syrakatalysatorer i olika reaktioner. 

I första kapitlet introduceras begreppet Lewis syrakatalys, egenskaper och 

applikationer av karbokatjoner i olika organiska reaktioner samt syftet och målet 

med avhandlingen. 

Andra kapitlet beskriver karbokatjon katalyserade asymmetriska Diels–

Alder reaktioner med hjälp av kirala motanjoner. 

Tredje kapitlet visar att karbokatjoner kan användas som katalysatorer för 

oxa-Diels–Alder reaktioner mellan oaktiverade alehyder och diener. 

Fjärde kapitlet undersöker karbokatjon katalyserade brominerings 

reaktioner av alkylarener för selektiv funktionalisering antingen på den 

bensyliska positionen eller direkt på aromatringen.  

Det femte kapitlet visar att högt utbyte är möjligt i karbokatjon 

katalyserade aldehyd–olefin metates genom att minimera karbokatjon inducerad 

sönderfall av startmaterial och produkt. 

 

Nyckelord: karbokatjon, tritylkatjon, Lewis syra katalys, enantioselektiv, kiral 

motanjon, oxa-Diels–Alder, bromering, aldehyd-olefin metates 
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ACDC  Asymmetric counteranion-directed catalysis 

Ar   Aromatic groups 

BINOL 1,1’-Bi-2-naphthol 
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Cat.  Catalyst 

Cbz  Carboxybenzyl 

d   Deuterated 

DBPy  2,6-Di-tert-butylpyridine 

DCE  1,2-Dichloroethane 

DCM  Dichloromethane 

EDG  Electron-donating group 

ee   Enantiomeric excess 

et al.  Et alia (and others) 

equiv.  Equivalent 
iPr   Isopropyl 

IR   Infrared radiation 

LA   Lewis acid 

LUMO Lowest unoccupied molecular orbital  

m   Meta 

M   Mol/L 

NBS  N-bromosuccinimide 

NMR  Nuclear magnetic resonance 

o   Ortho 

p   Para 

Ph   Phenyl 

RT   Room temperature 

S.M.  Starting material 

t   Time 

T   Temperature 

TEMPO 2,2,6,6-Tetramethylpiperidine 1-oxyl 

Tf   Trifluoromethylsulfonyl 

THF  Tetrahydrofuran 

TMS  Trimethylsilyl 

Tr   Triphenylmethyl (trityl) 

Ts   4-Toluenesulfonyl  

W   Watt  



   VI 

List of Publications 

 

This thesis is based on the following papers, referred to in the text by their 

Roman numerals I–IV: 

 

I. Chiral Anion Directed Asymmetric Carbocation-Catalyzed 

Diels–Alder Reactions 

Ni, S.; Naidu, V. R.; Franzén, J. 

Eur. J. Org. Chem. 2016, 1708. 

 

 

II. Carbocation Catalysis: Oxa-Diels–Alder Reactions of 

Unactivated Aldehydes and Simple Dienes 

El Remaily, M. A. A.; Naidu, V. R.; Ni, S.; Franzén, J. 

Eur. J. Org. Chem. 2015, 6610. 

 

 

III. Carbocation Catalyzed Bromination of Alkyl Arenes, a 

Chemoselective sp3 vs. sp2 C–H Functionalization 

Ni, S.; El Remaily, M. A. A.; Franzén, J. 

Adv. Synth. Catal. 2018, DOI: 10.1002/adsc.201800788. 

 

 

IV. Carbocation Catalyzed Ring Closing Aldehyde–Olefin 

Metathesis 

Ni, S.; Franzén, J.  

Accepted for publication in Chem. Commun. 

  



   VII 

Papers not included in this thesis: 

 

I. The Carbocation: A Forgotten Lewis Acid Catalyst 

Naidu, V. R.; Ni, S.; Franzén, J. 

ChemCatChem 2015, 7, 1896. 

 

 

II. Carbocations Effectively Catalyze Diels–Alder Reactions: A 

Computational Study  

Gustafsson, C.; Franzén, J.; Ni, S.; Szabó, Z.; Brinck, T. 

Manuscript. 

  



   VIII 

Table of Contents 

 

Abstract.................................................................................................. III 
Sammanfattning på svenska ................................................................. IV 
Abbreviations .......................................................................................... V 
List of Publications ................................................................................. VI 
Table of Contents ................................................................................. VIII 
1. Introduction ................................................................................... 1 

1.1 Lewis Acids ............................................................................................. 1 
1.2 Carbocation Catalysis ............................................................................. 2 

1.2.1 Reactions Involving Alkyl Silanes or Silyl Enol Ethers ............................ 4 
1.2.2 Diels–Alder Reactions ............................................................................ 6 
1.2.3 Miscellaneous Carbocation-Catalyzed Reactions ................................... 7 
1.2.4 Asymmetric Reactions ........................................................................... 8 

1.3 Aims of This Thesis ............................................................................... 10 
2. Chiral Anion-Directed Asymmetric Carbocation-Catalyzed Diels–

Alder Reactions .......................................................................... 11 
2.1 Development of Chiral Anion-Directed Asymmetric Catalysis ............... 11 
2.2 Preparation of Chiral Anion/Trityl Salts .................................................. 13 
2.3 Optimization of Chiral Anion-Directed Asymmetric Carbocation-Catalyzed 

Diels–Alder Reactions ........................................................................... 16 
2.4 Investigation of the Substrate Scope ..................................................... 20 
2.5 Conclusions ........................................................................................... 21 

3. Carbocation-Catalyzed Oxa-Diels–Alder Reactions .................. 23 
3.1 Development of Oxa-Diels–Alder Reactions ......................................... 23 
3.2 Optimization of Carbocation-Catalyzed Oxa-Diels–Alder Reactions ..... 24 
3.3 Investigation of the Substrate Scope ..................................................... 26 
3.4 Conclusions ........................................................................................... 28 

4. Carbocation-Catalyzed Bromination of Alkyl Arenes .................. 29 
4.1 Development of Bromination of Alkyl Arenes ........................................ 29 
4.2 Optimization of Carbocation-Catalyzed Bromination of Alkyl Arenes .... 30 
4.3 Investigation of the Substrate Scope ..................................................... 32 
4.4 Mechanistic Considerations .................................................................. 35 
4.5 Conclusions ........................................................................................... 37 

5. Carbocation-Catalyzed Intramolecular Aldehyde–Olefin 

Metathesis .................................................................................. 39 
5.1 Development of Carbonyl–Olefin Metathesis Reactions ....................... 39 
5.2 Optimization of Carbocation-Catalyzed Intramolecular Aldehyde–Olefin 

Metathesis ............................................................................................. 41 
5.3 Investigation of the Substrate Scope ..................................................... 44 
5.4 Conclusions ........................................................................................... 46 



   IX 

6. Concluding Remarks .................................................................. 47 
Acknowledgements .............................................................................. 48 
Appendix ............................................................................................... 49 
References ........................................................................................... 50 
  



   



   1 

1.  
Introduction 

 

A rapidly developing world, a drastically increasing world population and 

a growing demand of everyday needs are putting high and untenable stress on 

our natural recourses and ecological environment. All of these factors impose 

an immense responsibility on our governments, industries and researchers to 

economize our natural resources, recycle waste, develop greener manufacturing 

processes, and protect our environment and ecosystems, in order to establish 

conditions for a sustainable future. In this aspect, chemistry is a fundamental 

research area, which is crucial to create a sustainable society. In 1998, Anastas 

and Warner outlined “The 12 Principles of Green Chemistry”, which provided 

a guidance for chemists in implementing sustainable thinking in their synthetic 

design.1 Principle 9, namely “Catalytic reagents are superior to stoichiometric 

reagents”, emphasizes the important role of catalysis in chemistry.  

A catalyst is able to accelerate a chemical reaction by lowering the 

activation energy without being consumed. Theoretically, it can be used for an 

infinite number of cycles. Therefore, the field of catalysis has attracted great 

attention throughout the entire chemical community. As an important branch, 

Lewis acid catalysis has been developed as an essential tool for organic 

transformations.2 

1.1 Lewis Acids 

The concept of Lewis acid was first proposed by the prominent physical 

chemist G. N. Lewis about 95 years ago. By definition, a Lewis acid is a 

chemical species that contains an empty orbital which is capable of accepting an 

electron pair from a Lewis base to form a Lewis adduct. Thus the Lewis acid 

catalyst binds to a Lewis basic heteroatom and withdraws electrons, which in 

turn facilitates heterolytic bond cleavage or directly activates the substrate 

towards nucleophilic attack. Lewis acid catalysis has become more and more 

important and is playing a vital role in synthetic organic chemistry, which is well 

illustrated by the increasing number of applications in academic and industrial 

fields of organic chemistry.2  

Over the years, Lewis acid catalysts have in principle become synonymous 

with metals (Al, Ti, Li, Mg, Cu, etc.) or metalloids (B, Si) based compounds.2 

However, many metal-based Lewis acids suffer from high cost, toxicity, 

pollution, waste treatment, product contamination, etc.3 On the other hand, the 

carbocation is a highly powerful Lewis acid that has been almost completely 

neglected within the field of catalysis.4-6 This thesis concerns the use of 

carbocation as a Lewis acid catalyst in several different organic reactions. 
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1.2 Carbocation Catalysis 

The tropylium ion, reported in 1891, is the first discovered carbocation.7 

Since then, the existence of carbocations was validated by kinetic and 

stereochemical studies, NMR and X-ray crystallography. The properties of 

carbocations in terms of reactivity and stability have been thoroughly 

investigated over the years.8 The most common view on carbocations is that they 

are unstable and short-lived reaction intermediates in many organic reactions. 

However, this is only partially correct. Some carbocations are stable enough to 

be isolated and kept in air without any specific precautions, and some are even 

stable in aqueous solutions.9-11  

One of the most common carbocations is the triphenylmethyl cation, i.e. 

the trityl cation. Generally, trityl cations are rather stable because the positive 

charge is delocalized over three aromatic rings via conjugation.9 Increasing the 

electron density of the aromatic rings, e.g. by electron-donating groups, will 

further stabilize the positive charge which leads to decreased Lewis 

acidity/reactivity (Figure 1.1).  

 
Figure 1.1 Electronic effects of the trityl cations on Lewis acidity and stability. 

In order to quantify the activity of different carbocations as potential Lewis 

acids, the pKR+ value was introduced more than 60 years ago to compare the 

Lewis acidity of different trityl cations.12 It describes the equilibrium constant 

of different trityl cations and two equivalents of water (Figure 1.2). The pKR+ 

values for many trityl cations have been reported and a direct comparison 

between their relative Lewis acidity can be made accordingly.9-12 Mayr et al. 

reported that the reactivity of different trityl cations towards water covered a 

wide range (21 orders of magnitude) simply by varying the electronic properties 

of the three aromatic moieties.9-11 Thus, the Lewis acidity of the trityl cation can 

be easily and extensively tuned by variation of the electronic properties of the 

aromatic groups surrounding the carbocationic carbon. 
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Figure 1.2 Definition of the pKR+ value. 

 Trityl cations are strong chromophores and display a wide range of colors 

(Figure 1.3). For example, TrBF4 is commercially available and has a yellow 

color in dichloromethane. The color gradually moves to red as the electron 

density of aromatic rings increases. A strong red color is shown in a solution of 

tri(p-methoxyphenyl)methylium salt. 

 

Figure 1.3 pKR+ and colors of a series of trityl cations (with BF4
- as counteranion in 

DCM, 0.25 M). 

The trityl cation is characterized by a low-lying empty p orbital bearing 

positive charge on the central carbon atom. It is capable of activating the 

electrophile by accepting electrons, making it more susceptible towards 

nucleophilic attack (Figure 1.4).  

 

Figure 1.4 Carbocation activation of an electrophile by accepting electrons. 
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1.2.1 Reactions Involving Alkyl Silanes or Silyl Enol Ethers 

Mukaiyama and co-workers reported the first example utilizing a trityl 

cation as the Lewis acid catalyst in substitution reactions.13-14 The initial 

discovery was followed by a wide application in Mukaiyama aldol-type 

reactions15-23 and Michael addition reactions24, in which trityl cations and 

different counteranions were utilized as the catalysts (Figure 1.5).  

 

Figure 1.5 Catalysts formed from the trityl cation and different counteranions. 

The trityl cation was also applied as a catalyst for the addition of silyl enol 

ethers to aldehydes, α,β-unsaturated ketones, acetals, thioacetals, imines and all 

reactions proceeded efficiently under mild conditions (Scheme 1.1). These 

reactions were subsequently extended to the Sakurai-type allylation of acetals in 

high yields (Scheme 1.1).25  

 

 
Scheme 1.1 Examples of carbocation-catalyzed reactions. 

The first mechanistic investigation about the carbocation-catalyzed 

Mukaiyama aldol reaction was carried out by Denmark and Chen (Scheme 

1.2).26 The proposed catalytic cycle involves the activation of an aldehyde with 

the trityl cation by formation of an oxonium ion, which lowers the LUMO 

energy level of the electrophile and enables nucleophilic attack by the 

approaching silyl enol ether. The silyl group is transferred intramolecularly to 

another oxygen atom in order to regenerate the trityl catalyst (Scheme 1.2, Path 

A). Thus, no Me3SiX species is present in the solution of Path A, which is 

different from Path B. Alternative pathways are suggested which involve in situ 

formation of a stronger Lewis acid, the trimethylsilylium ion. The silyl cation is 



   5 

suggested to exchange with the trityl cation (Scheme 1.2, Path B) or take over 

the catalytic cycle suppressing trityl cation catalysis (Scheme 1.2, Path C).  

 

Scheme 1.2 Proposed mechanism of the carbocation-catalyzed Mukaiyama aldol 
reaction. 

Crossover experiments with doubly labeled silyl enol ethers (1:1) as 

substrates were designed (Scheme 1.3). A series of silyl ethers were separated 

in a ratio of 2.1:1.8:1.3:1, which showed that intermolecular exchange between 

silyl groups occurred. Therefore, Me3SiX existed in the reaction and Path A was 

excluded. Stereochemical studies with a carbocation and a silyl cation separately 

as the catalyst led to the products with different anti/syn ratios, which indicated 

that the silyl cation did not take over the catalysis when the carbocation was 

used as the catalyst. In that case, once released, silyl cation exchanges faster 

with the carbocation before it catalyzes the reaction, and hence, Path C was 

excluded. Kinetic studies revealed that the reaction rate was dramatically 

increased with the silyl cation as the catalyst compared to the carbocation, which 

also indicated that the silyl cation did not take over the catalysis. Finally, they 

concluded that Path B was the most probable reaction pathway. 

 

Scheme 1.3 Crossover experiments with doubly labeled silyl enol ethers. 

However, the group of Bosnich thoroughly investigated the mechanism, 

and their results supported a silyl cation catalysis process.27 In the rate equation 

of Mukaiyama aldol reaction, the observed rate constant (kobs) should have a 

linear relationship with catalyst concentration (Scheme 1.4). By following the 
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reaction with low-temperature 1H NMR spectroscopy, this result was consistent 

with [Me3SiOTf], and no correlation existed between kobs and [Ph3COTf]. Thus, 

the catalyst in this reaction was proposed to be the silyl cation. 

 
Scheme 1.4 The rate equation for Mukaiyama aldol reaction. 

In this reaction, the trityl cation first reacted with trace amount of water to 

form triflic acid, which induced protonation of the silyl enol ether and released 

TMSOTf (Scheme 1.5). This was also supported by the fact that the reaction rate 

dramatically decreased after utilizing a hindered base 2,6-di-tert-butyl-4-

methylpyridine (DBPy). The explanation for this was that the neutralization of 

acid inhibited the regeneration of the real catalyst (TMSOTf) and suppressed the 

silyl cation catalysis. 

 

Scheme 1.5 In situ formation of the silyl cation. 

1.2.2 Diels–Alder Reactions 

Compared with the silyl cation related reactions, carbocation-catalyzed 

Diels–Alder reactions avoid the interference of silyl cation catalysis. The first 

example was reported by Kagan and co-workers,28-30 who designed the o-

substituted ferrocenyl scaffold with planar chirality. In order to increase the 

reactivity, they avoided placing three aryl groups on the central carbon. This 

carbocation was exploited in the Diels–Alder reaction of cyclopentadiene and 

methacrolein, providing nearly quantitative yield with up to 99:1 exo/endo 

diastereoselectivity (Scheme 1.6).  

 
Scheme 1.6 Ferrocenyl-carbenium-ion-catalyzed Diels–Alder reaction. 
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However, no enantioselectivity was observed in this reaction. One 

explanation for this was that the deprotonation of the p-methyl group on the 

carbocation released TfOH, which acted as the actual catalyst (Scheme 1.7). 

Additionally, acidic species could also be formed via hydrolysis of the 

carbocation and nucleophilic attack of diene to the carbocation center followed 

by loss of a proton.31 

 

 

Scheme 1.7 Formation of TfOH through carbocation decomposition. 

Previous studies in our group showed that TrBF4 was an extremely efficient 

catalyst for the Diels–Alder reaction (Scheme 1.8). In the reaction of 

crotonaldehyde and cyclopentadiene, 91 % yield with an endo/exo ratio of 98:2 

was obtained in the presence of only 500 ppm TrBF4.32 Several other dienes and 

dienophiles were also applicable, most often affording excellent yields with 

exceptionally low catalyst loadings.  

 

Scheme 1.8 TrBF4 catalyzed Diels–Alder reactions. 

The Luo group reported another example of trityl cation catalysis in Diels–

Alder reaction.33 The carbocation salt TrBArF was used as a Lewis acid catalyst 

for Diels–Alder reactions between anthracene derivatives and unsaturated 

carbonyl compounds, giving products with good to excellent yields (Scheme 

1.9). 

 

Scheme 1.9 TrBArF catalyzed Diels–Alder reactions. 

1.2.3 Miscellaneous Carbocation-Catalyzed Reactions 

Since the potential of carbocations as Lewis acid catalysts was recognized, 

their application has been expanded to other reactions.34-36 For example, our 
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group successfully applied carbocations in aza-Diels–Alder, halogenation, 

epoxide rearrangement, hetero-ene cyclization, Michael addition and even the 

intermolecular carbonyl–olefin metathesis reaction (Scheme 1.10). 

 
Scheme 1.10 Various TrBF4 catalyzed reactions. 

The Guo group reported TrBF4 catalyzed Povarov reactions and interrupted 

Povarov reactions.37-39 In the presence of TrBF4, a series of tetrahydroquinolines 

and dihydropyrans were synthesized in good to excellent yields via Povarov 

reactions and interrupted Povarov reactions (Scheme 1.11).  

 
Scheme 1.11 TrBF4 catalyzed Povarov reactions and interrupted Povarov 

reactions. 

1.2.4 Asymmetric Reactions 

The application of carbocations as catalysts in asymmetric reactions is a 

great challenge and there have been two different strategies to achieve that goal. 

The first and most direct strategy is to use chiral carbocations. Chen and co-
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workers reported the only example of asymmetric carbocation catalysis (Scheme 

1.12).40 They designed and synthesized an optically active carbocation (A), 

which was able to catalyze the asymmetric Mukaiyama aldol reaction to form 

the corresponding product. Using a 10–20 mol% catalyst loading, the silyl 

ketene acetal was completely converted and gave the product in 52% yield and 

24% ee. The addition of extra silyl ketene acetal together with a prolonged 

reaction time, gave the product in 99% yield and 11% ee. Using one equivalent 

of carbocation, the product was obtained in 22% yield and 50% ee. As 

previously proposed by Bosnich, all these experiments indicated that silyl 

cations were involved in the catalysis. 

 

Scheme 1.12 Chiral trityl perchlorate catalyzed asymmetric Mukaiyama aldol 
reaction. 

Another strategy for inducing enantioselectivty is to use chiral 

counteranions in the carbocation catalysis. In 2015, Luo et al. reported one 

example of asymmetric catalysis employing the chiral phosphate/trityl cation 

pairs as Lewis acid catalysts.41 In their elegant work, the chiral phosphate 

counteranion efficiently controls stereoselectivity for carbocation-catalyzed 

Michael addition, hetero-Diels–Alder and ene-reactions (Scheme 1.13).  

 
Scheme 1.13 Chiral trityl phosphate catalyzed asymmetric reactions. 

The Oestreich group successfully synthesized a trityl salt with a novel 

chiral borate as counteranion (Scheme 1.14).42 This catalyst was applied in 
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Diels–Alder reactions and Mukaiyama aldol additions and afforded the 

corresponding products in moderate yields. Unfortunately, all attempts towards 

asymmetric catalytic Diels–Alder reactions and Mukaiyama aldol additions 

were unsuccessful. One explanation for this could be the competing catalysis 

with silyl cations, since they observed a rapid decoloration of the reaction 

mixture. 

 
Scheme 1.14 The trityl salt with a novel chiral borate as the counteranion. 

1.3 Aims of This Thesis 

The area of carbocation catalysis is highly developing and the overall aim 

of this thesis is to describe novel trityl cation catalysis in organic reactions. 

There are only a few examples of asymmetric carbocation catalysis and one aim 

of this thesis has been to develop new methodologies applying chiral anion-

directed asymmetric carbocation catalysis. Although carbocations have proved 

to be efficient in a variety of organic reactions, their potential for catalyzing 

other reactions cannot be neglected. Another aim of this thesis was to explore 

additional applications of carbocations in organic catalysis.  
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2.  
Chiral Anion-Directed Asymmetric 

Carbocation-Catalyzed Diels–Alder 
Reactions 

(Paper I) 

 

2.1 Development of Chiral Anion-Directed Asymmetric 
Catalysis  

Early successful reports on asymmetric ion-pair catalysis dates back to 

1984, when the alkylation of enolates in high enantioselectivity was achieved 

through an ion-pair intermediate, formed from chiral quaternary ammonium 

cations and enolates.43-44 This concept has been further developed to efficient 

asymmetric phase-transfer catalysis.45-50 However, chiral anion-directed 

asymmetric catalysis lagged rather far behind. In 2000, Arndtsen and co-

workers observed nonnegligible enantioselectivity when they carried out a 

copper(I)-catalyzed aziridination reaction with borate 2.1 as the sole source of 

chirality (Scheme 2.1a).51 Their study provided an essential validation of chiral 

anion catalysis as a viable concept to achieve enantioenriched products. 

Following their research, Nelson and co-workers used the same chiral borate 2.1 

in a ring-opening reaction of meso-aziridinium ions intermediate M1 (Scheme 

2.1b).52 The resulting modest enantioselectivity hinted that chiral anion catalysis 

could be a general method for asymmetric catalysis.  

 

Scheme 2.1 Early efforts towards asymmetric catalysis using chiral anions.  
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In 2006, Mayer and List reported that excellent enantioselectivity could be 

achieved in the reduction of α,β-unsaturated aldehydes by applying catalytic 

amounts of an achiral secondary amine and a chiral phosphoric acid (Scheme 

2.2).53 In this case, the α,β-unsaturated aldehyde is activated through formation 

of an intermediate iminium ion, which forms a contact ion pair M2 with the 

chiral phosphate that provides a chiral environment allowing a stereoselective 

reduction. The authors named this type of catalysis as ‘asymmetric 

counteranion-directed catalysis’ (ACDC) and since then, there has been an 

exponential growth in asymmetric counteranion-directed catalysis.54-66  

 

Scheme 2.2 Asymmetric reduction of conjugate aldehyde catalyzed by employing 
an achiral secondary amine and a chiral phosphoric acid. 

Our strategy for enantioselective carbocation-catalyzed reactions was 

based on the in situ formation of a contact trityl cation/chiral anion pair from the 

corresponding trityl chloride and the silver or sodium salt of the chiral anion 

(Scheme 2.3). The formed chiral ion pair was anticipated to be in equilibrium 

with the inactive covalently bound Tr–anion species, which is affected by the 

nucleophilicity of the anion. This equilibrium shifts upon addition of the 

carbonyl substrate, which have been shown by Luo and co-workers. In the 

proposed catalytic cycle, the dienophile was activated by the trityl cation and 

surrounded by the chiral environment provided by the chiral anion (Scheme 2.3, 

M3). Subsequent cycloaddition with the diene afforded the enantioenriched 

product.  
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Scheme 2.3 Strategy for chiral anion-directed asymmetric carbocation-catalyzed 

Diels–Alder reactions. 

2.2 Preparation of Chiral Anion/Trityl Salts 

Due to the inherent characteristics in terms of stability and reactivity, the 

cationic central carbon needs to be stabilized with two or three aryl groups. In 

addition, -hydrogens connected directly to the cationic center or pendant in 

ortho- or para-position of the phenyl ring are liable to undergo E1 elimination 

and -tertiary alkyl groups can cause 1,2-alkyl shifts/elimination processes. All 

the above-mentioned problems create difficulties when introducing a chiral 

environment in close proximity to the cationic center. An alternative approach 

is taking advantage of chiral counteranions, which was previously successfully 

used and summarized as asymmetric counteranion-directed catalysis (ACDC) 

by List and co-workers.53 

In order to apply the ACDC concept towards asymmetric carbocation 

catalysis, a series of BINOL-derived silver, sodium salts and trityl chlorides 

were synthesized as precursors for the corresponding asymmetric anion/trityl 

salts (Scheme 2.4 and Scheme 2.5). 
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Scheme 2.4 Salts of asymmetric counteranions and Brønsted acid used in the 

Diels–Alder reactions. 

The silver salts of chiral phosphates 2.6, phosphoric amides 2.7 and 

bis(sulfonyl)imide 2.8 based on the BINOL scaffold are easily available 

asymmetric anions that have previously been successfully used in asymmetric 

counteranion-directed catalysis (ACDC).53 They could be readily accessible by 

reactions between the corresponding acids and the silver carbonate.67-68 

 

Scheme 2.5 Trityl chlorides used in the Diels–Alder reactions. 

The sodium salts of bis(sulfonyl)imides 2.9a and 2.9c were prepared by 

treating the disodium salts of the BINOLs 2.13 with bis(chlorosulfonyl)amine 

2.14 (Scheme 2.6a), and bis(sulfonyl)imide 2.10 was obtained by eluting 2.9a 

on a silica gel column with diethyl ether saturated with gaseous HCl.69 Further 

functionalization of the BINOL 3,3’-positions were introduced through 

palladium(0) catalyzed coupling reactions of the sodium salt 2.9c and the 

corresponding boric acids 2.15 (Scheme 2.6b).  
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Scheme 2.6 Synthesis of bis(sulfonyl)amides by a) nucleophilic attack, and b) 

palladium catalyzed coupling reactions. 

Sodium salt 2.11 was synthesized by adding BINOL 2.17a to NaB(OMe)4 

in THF under reflux for indicated time, followed by treating the mixture with 

B(OMe)3 for 3 h (Scheme 2.7).70 Trityl chlorides 2.12 were prepared from the 

corresponding trityl alcohols by refluxing with excess acetyl chloride or SOCl2 

in diethyl ether. 71-72 

 

 
Scheme 2.7 Synthesis of sodium bis((S)-1,1’-binaphthalene-2,2’-dioxy)-borate. 

The chiral carbocation catalysts were prepared by simply mixing the 

desired asymmetric silver or sodium salts and chlorides 2.12 together in DCM. 

After the sodium or silver chloride precipitated, the ion pair formed was 

proposed to be in equilibrium with the inactive covalent bound Tr-anion species 

(Scheme 2.8). Deep colors appeared when the silver salt of bis(sulfonyl)imide 

2.8 or the sodium salts of bis(sulfonyl)imides 2.9 were utilized. In comparison, 

no or very faint colors were observed when asymmetric phosphates 2.6 or 

phosphoric amides 2.7 were added.  

 
Scheme 2.8 Equilibrium between active ion pair and inactive covalent bond 

species. 
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2.3 Optimization of Chiral Anion-Directed Asymmetric 
Carbocation-Catalyzed Diels–Alder Reactions 

We started by screening different counteranions. The reactivity of the 

catalyst formed from bis(sulfonyl)imide 2.9a was higher than those formed from 

phosphate 2.6a and phosphoric amide 2.7a (Table 2.1, entries 1, 2 and 5). After 

26 hours, only 5% ee was obtained with bis(sulfonyl)imide 2.8 as the catalyst 

(Table 2.1, entry 3). In comparison, the reaction under the catalysis of 

bis(sulfonyl)imide 2.9a derived catalyst afforded the Diels–Alder adduct 2.15 

with 28% ee, which was the best result (Table 2.1, entry 5). 

Table 2.1 Screening of counteranion motif for the chiral anion-directed asymmetric 
carbocation-catalyzed Diels–Alder reaction.[a] 

 

Entry[a] Anion t [h] Conv. [%][b] Ee [%][c] 

1 2.6a 70 2 13 

2 2.7a 100 40 4 

3 2.8 26 5 5 

4 2.9a 16 28 28 

5 2.9a 90 73 28 

6[d] 2.10 23 40 11 

7 2.11 91 23 0 

8[d] 2.9a 68 0 – 

9[e] – 68 4 – 

 [a] The anion (5 mol%) and TrCl 2.12a (5 mol%) were dissolved in DCM. After 10 minutes, the 

solution was cooled to the indicated temperature. Then methacrolein 2.13 (1 equiv.) and 2,3-

dimethylbutadiene 2.14 (1 equiv.) were added (0.3 M) and the mixture was stirred for the indicated 
time. [b] Determined by 1H NMR spectroscopy on the crude reaction mixture. [c] Determined by 

chiral GC. [d] Without TrCl. [e] Without anion. 

Brønsted acids catalysis is a problem that always accompanies carbocation 

catalysis. They can be formed through the reactions of carbocations with rather 

weak nucleophiles or bases, such as water and olefins or through hydride 

abstraction. However, our group has shown that carbocation-catalyzed Diels–

Alder reactions do not undergo carbocation degradation and Brønsted acid 

catalysis.32, 34 In addition, bis(sulfonyl)imide 2.10 turned out to be more efficient 

than TrCl 2.12a/anion 2.9a ion pair. However, the drastically decreased 

enantioselectivity once more showed that the active catalyst in this reaction is 
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the carbocation (Table 2.1, entries 4 and 6). The borate ion 2.11 derived from 

BINOL skeleton proved to be a poor counteranion for this transformation and 

led to low conversion and a completely racemic product (Table 2.1, entry 7). 

This reaction did not work without TrCl (Table 2.1, entry 8). In the absence of 

anions, only 4% conversion was observed with extended reaction time, which 

indicated that TrCl could be neglected for any background catalysis (Table 2.1, 

entry 9).  
 

Table 2.2 Screening of BINOL motifs for the chiral anion-directed asymmetric 
carbocation-catalyzed Diels–Alder reaction.[a] 

 

Entry Anion t [h] Conv. [%][b] Ee [%][c] 

1 2.6b 70 10 13 

2 2.6c 70 3 0 

3 2.7b 64 18 8 

4 2.7c 35 24 18 

5 2.7d 36 <95 18 

6 2.9b 20 45 2 

7 2.9c 21 80 14 

8 2.9d 26 5 5 

9 2.9e 67 33 5 

10 2.9f 22 20 7 

11 2.9g 72 60 4 

12 2.9h 19 24 6 

 [a] The anion (5 mol%) and TrCl 2.12a (5 mol%) were dissolved in DCM. After 10 minutes, the 
solution was cooled to the indicated temperature. Then methacrolein 2.13 (1 equiv.) and 2,3-
dimethylbutadiene 2.14 (1 equiv.) were added (0.3 M) and the mixture was stirred for the indicated 
time. [b] Determined by 1H NMR spectroscopy of the crude reaction mixture. [c] Determined by 
chiral GC. 

Next, we hoped to benefit from the steric bulk by functionalizing the 

BINOL motif at the 3,3’-positions. Disappointingly, the 3,5-

bis(trifluoromethyl)phenyl substituted phosphonate 2.6b and TrCl 2.12a 

afforded the same selectivity as the non-substituted phosphoric acid 2.6a under 

the standard reaction conditions (Table 2.2, entry 1 and Table 2.1, entry 1). The 
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reaction was almost completely inhibited for the even bulkier VAPOL-

phosphonate 2.6c and no enantioselectivity was observed (Table 2.2, entry 2). 

For the phosphoric amides 2.7a–d, a trend of increasing enantioselectivity with 

increasing bulk could be observed, going from 4% ee for Ph- (2.7a) up to 18% 

ee for Ph3Si- (2.7c) and tri-iPr-Ph- (2.7d) (Table 2.1, entry 2 and Table 2.2, 

entries 3–5). Dramatic increase in reactivity was observed for phosphoric amide 

2.7d that afforded nearly full conversion within 36 h (Table 2.2, entry 5). 

We expected that functionalized bis(sulfonyl)imides 2.9b–h could provide 

the most promising anions, but all attempts to increase the stereoselectivity of 

the Diels–Alder reaction by tuning of substituents at the 3,3’-positions of the 

BINOL scaffold failed. Unfortunately, all attempts to increase the steric 

hindrance resulted in significant decrease of enantioselectivity (Table 2.1, entry 

5 and Table 2.2, entries 6–12). These observations did not meet our expectations, 

since the non-substituted organic acids based on the BINOL motif generally 

show poorer selectivity compared to the substituted counterparts at 3,3’-

positions in asymmetric catalysis. 

We continued our optimization based on the best result, a combination of 

bis(sulfuryl)amide 2.9a and TrCl 2.12a. Halogenated solvents were superior for 

this reaction and DCE showed the highest reaction rate (Table 2.3, entries 1–3). 

As an apolar solvent, toluene should favor a close contact ion pair, but a drastic 

decrease in rate and only 15% ee was observed under these conditions (Table 

2.3, entry 4). On the other hand, more polar solvents such as THF, CH3CN and 

CH3NO2 had a negative effect on the enantioselectivity (Table 2.3, entries 5–7). 

As expected, increasing the catalyst loading led to higher conversion, but with 

negligable effect on enantioselectivity (Table 2.3, entries 8–11). Decreasing the 

reaction temperature to –20 °C, 35% ee and 34% ee were obtained in DCM and 

DCE respectively (Table 2.3, entries 12–13). Although up to 40% ee was 

obtained at –70 °C in DCM, the decrease in temperature almost completely 

inhibited the reaction (Table 2.3, entry 14). 
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Table 2.3 Screening of reaction conditions for the chiral anion-directed asymmetric 
carbocation-catalyzed Diels–Alder reaction.[a] 

 

Entry[a] Cat. [mol%] Solvent T [°C] t [h] Conv. [%][b] Ee [%][c] 

1 5 DCM 0 68 62 28 

2 5 CHCl3 0 68 29 21 

3 5 DCE 0 68 78 29 

4 5 PhMe 0 68 10 15 

5 5 THF 0 68 0 – 

6 5 CH3CN 0 68 17 4 

7 5 CH3NO2 0 68 60 2 

8 1 DCE 0 24 33 26 

9 10 DCE 0 24 71 30 

10 20 DCE 0 24 83 30 

11 100 DCE 0 24 80 22 

12 5 DCM –20 22 23 35 

13 5 DCE –20 22 41 34 

14 5 DCM –70 70 5 40 

 [a] The anion 2.9a and TrCl 2.12a were dissolved in DCM. After 10 minutes, the solution was 
cooled to the indicated temperature. Then methacrolein 2.13 (1 equiv.) and 2,3-dimethylbutadiene 
2.14 (1 equiv.) were added (0.3 M) and the mixture was stirred for the indicated time. [b] Determined 
by 1H NMR spectroscopy on the crude reaction mixture. [c] Determined by chiral GC. 

The Lewis acidity of the trityl cation can be tuned simply by changing the 

electronic properties of the aromatic groups, which facilitates our study on how 

this would affect the stereoselectivity of the Diels–Alder reaction. As previously 

mentioned (Figure 1.1), the reactivity would decrease as electron density on the 

aromatic groups increased (Table 2.4, entries 1–3). The Lewis acid trimethoxy 

TrCl 2.12d did not catalyze the Diels–Alder reaction under these conditions 

(Table 2.4, entry 4). Although the monomethoxy TrCl 2.12b could afford 

slightly higher enantioselectivity than TrCl 2.12a and dimethoxy TrCl 2.12c, the 

influence is insignificant (Table 2.4, entries 1–3). The bulkier carbocation 1-

naphthyldiphenylmethylium ion 2.12e had no influence on either selectivity or 

reactivity for this reaction (Table 2.4, entry 5 and Table 2.1, entry 4). Finally, the 
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best selectivity for the Diels–Alder reaction was obtained with anion 2.9a and 

TrCl 2.12b in a 2:1 DCE/DCM solvent mixture at –70 oC, which afforded the 

Diels–Alder adduct with 53% ee and 9% conversion after 45 h. 

Table 2.4 Screening of TrCl derivatives for the chiral anion-directed asymmetric 
carbocation-catalyzed Diels–Alder reaction.[a] 

 

Entry TrCl T [°C] Conv.[%][b] Ee [%][c] 

1 2.12a –20 41 34 

2 2.12b –20 23 39 

3 2.12c –20 4 36 

4[d] 2.12d –20 0 0 

5[e] 2.12e 0 33 28 

6[f,g] 2.12b –70 9 53 

[a] The anion 2.9a (5 mol%) and TrCl 2.12 (5 mol%) were dissolved in DCM. After 10 minutes, the 
solution was cooled to the indicated temperature. Then methacrolein 2.13 (1 equiv.) and 2,3-
dimethylbutadiene 2.14 (1 equiv.) were added (0.3 M) and the mixture was stirred for the indicated 
time. [b] Determined by 1H NMR spectroscopy on the crude reaction mixture. [c] Determined by 
chiral GC. [d] Performed at 0 °C. [e] In DCM. [f] In DCE/DCM 2:1. [g] Reaction time is 45 h.  

2.4 Investigation of the Substrate Scope 

Reactions with more dienes and dienophiles were attempted with limited 

success, although the concept of chiral anion-directed carbocation catalysis was 

demonstrated with substantial enantioselectivity (Scheme 2.9). 2,3-

Dibenzylbutadiene 2.16 afforded the corresponding Diels–Alder adduct 2.17 

with 20% ee with anion 2.9a and TrCl 2.12a. Cyclopentadiene 2.18 afforded the 

bicyclic adduct 2.20 in 23% ee and 1,3-cyclohexadiene 2.19 did not react under 

these conditions. The -substituted dienophile 2.22 afforded the trans-adduct 

2.23 in 22% ee. 
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Scheme 2.9 Screening of different substrates for the chiral anion-directed 

carbocation-catalyzed Diels–Alder reactions. 

2.5 Conclusions 

In conclusion, we have demonstrated that trityl cation/chiral anion contact 

pairs can function as catalysts for inducing enantioselectivity in the Diels–Alder 

reaction with up to 53% ee. In spite of the fact that the results presented here are 

not of direct synthetic value, they do provide a solid proof of the concept of 

chiral anion-directed carbocation asymmetric catalysis and complement the 

recent successful work by Luo and co-workers in this area. Based on the 

exceptional Lewis acid properties of the carbocations and recent novel 

explorations for a variety of transformations, chiral anion-directed asymmetric 

carbocation catalysis has potential to be a highly efficient strategy in organic 

synthesis in the future. 
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3.  
Carbocation-Catalyzed Oxa-Diels–Alder 

Reactions 

(Paper II) 

 

3.1 Development of Oxa-Diels–Alder Reactions 

 The Diels–Alder reaction has undoubtedly become one of the most 

powerful reactions for constructing cyclic compounds since its discovery in 

1928.73 Furthermore, the introduction of hetero-atoms to the substrates in the 

Diels–Alder reaction greatly enriches its scope in synthesizing heterocycles and 

complex natural products.74-77 As one of these categories, the oxa-Diels–Alder 

reactions which utilize carbonyl compounds as hetero-dienophiles or hetero-

dienes provide an efficient and straightforward strategy to prepare 

functionalized pyrans.76, 78-84 

However, compared with the corresponding electron-deficient alkenes in 

the Diels–Alder reactions, carbonyl compounds as dienophiles in the oxa-Diels–

Alder reactions are much more challenging due to substantially higher LUMO 

energy level of a carbonyl compound compared to an electron deficient alkene. 

Therefore, the substrates for the reaction are limited to highly active dienes 

named after Danishefsky,85 Brassard,86 and Rawal87 or highly activated 

aldehydes such as chloral and glyoxalates. However, simple and unactivated 

dienes and aldehydes are inexpensive and abundant. The oxa-Diels–Alder 

reactions between these substrates are desirable and would prepare valuable 

dihydropyran products. To cope with the challenge, some strategies have been 

reported that utilize elevated temperatures and/or stronger Brønsted acid,88-89 

Lewis acids90-92 or transition metal catalysis,93 but they suffer from either harsh 

reaction conditions, high catalyst loadings, low yields or poor substrate scope. 

Recently, Matsubara and co-workers reported that iron(III)porphyrin 

([Fe(TPP)]BF4)94 and iron(IV)corrole95 could efficiently catalyzed the oxa-

Diels–Alder reaction with nonactivated dienes and aldehydes under mild 

reaction conditions. The reactions displayed a relatively broad substrate scope 

and provided high yields (Scheme 3.1a). List and co-workers reported a 

successful asymmetric oxa-Diels–Alder reaction with a series of strong 

Brønsted acids imidodiphosphorimidates (IDPis) as catalysts. The reaction was 

proposed to proceed via a step-wise mechanism with excellent enantioselectivity 

and broad substrate scope (Scheme 3.1b).  
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Scheme 3.1 Oxa-Diels–Alder reactions catalyzed by a) [Fe(TPP)]BF4 or b) IDPis. 

Our group have reported the use of carbocations as a novel Lewis acid 

organocatalyst for Diels–Alder and aza-Diels–Alder reactions (Scheme 3.2a and 

b).32, 34 Since trityl cations showed high efficiency in both reactions, we planned 

to expand our research to the oxa-Diels–Alder reaction (Scheme 3.2c). 

 

Scheme 3.2 a) TrBF4 catalyzed Diels–Alder reaction, b) TrBF4 catalyzed aza-
Diels–Alder reaction, and c) TrBF4 catalyzed oxa-Diels–Alder reaction. 

3.2 Optimization of Carbocation-Catalyzed Oxa-Diels–Alder 
Reactions 

Our investigation started by adding only 1.0 mol% of trityl tetrafluoroborate 

(TrBF4) to benzaldehyde 3.1a and 2,3-dimethylbutadiene 3.2a in 

dichloromethane. The starting materials were smoothly converted to 3,6-

dihydropyran 3.3a in 83% yield within 24 h at room temperature (Table 3.1, 

entry 1). After increasing the catalyst loading to 5.0 mol%, there was no effect 

on the yield, but the reaction time could be substantially decreased to one hour 

(Table 3.1, entry 2). When the catalyst loading was reduced to 0.5 mol%, only 

22% yield could be obtained over 48 h, probably due to catalyst deactivation 

(Table 3.1, entry 3). 
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Table 3.1 Optimization of the reaction condition for the oxa-Diels–Alder reaction.[a] 

 

Entry Cat. (mol%) Solvent t (h) Yield (%)[c] 

1 TrBF4 (1.0) DCM 24 83 

2 TrBF4 (5.0) DCM 1 85 

3 TrBF4 (0.5) DCM 48 22 

4 (p-MeOPh)(Ph)2CBF4 DCM 24 40 

5 BF3∙OEt2 (5.0) DCM 24 54 

6 TiCl4 (5.0) DCM 24 30 

7 HBF4∙OEt2 (5.0) DCM 24 29 

8 AlCl3 (5.0) DCM 24 0 

9 TrBF4 (1.0) DCE 24 61 

10 TrBF4 (1.0) PhMe 24 32 

11 TrBF4 (1.0) Et2O 24 5 

12 TrBF4 (1.0) CH3NO2 24 0 

13 TrBF4 (1.0) CH3CN 24 0 

[a] The catalyst was added to a solution (0.3 M) of benzaldehyde 3.1a and 2,3-dimethylbutadiene 
3.2a. [b] Determined by 1H NMR with 1-methylnaphthalene as the internal standard. 

When the electron density of the trityl cation was increased, going from a 

hydrogen to a methoxy substituent, the reaction rate decreased as expected 

(Table 3.1, entry 4). A series of Lewis and Brønsted acids were screened in order 

to evaluate the catalytic ability of the trityl cation for the oxa-Diels–Alder 

reaction. BF3∙OEt2, HBF4∙OEt2, and TiCl4
91 were substantially less efficient than 

the trityl cation (Table 3.1, entries 5–7 vs. entry 1), and AlCl3 showed no activity 

as a catalyst for this reaction (Table 3.1, entry 8). 

Different solvents were also screened. In less polar solvents DCE and 

toluene, dihydropyrans were obtained in 61% and 32% yield, respectively (Table 

3.1, entries 9–10). On the other hand, more polar solvents (Et2O, CH3NO2 and 

CH3CN) almost completely suppressed the reactivity, and only starting material 

could be recovered (Table 3.1, entries 11–13).  
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3.3 Investigation of the Substrate Scope 

After establishing the optimal reaction conditions, we started to investigate 

various benzaldehydes 3.1a–p with 2,3-dimethybutadiene 3.2a (Table 3.2). 2-

Naphthaldehyde 3.1b gave the corresponding 3,6-dihydropyran 3.3b in 90% 

isolated yield under the standard reaction conditions. Halogenated 

benzaldehydes were perfect substrates for this transformation affording the 

corresponding cycloaddition adducts 3.3c–h in high to excellent yields. Both p- 

and o-nitrobenzaldehyde 3.1i–j were good substrates and gave the cycloaddition 

products 3.3i–j in 91% and 97% isolated yield, respectively. In contrast to the 

inhibiting effect of the solvent acetonitrile (c.f. Table 3.1, entry 13), the 

introduction of a cyano group on benzaldehyde derivatives (3.1k–l) was well 

tolerated leading to the corresponding products 3.3k–l in good yields with only 

a slight decrease compared to the halogen and nitro substituted derivatives. 

Increasing the electron density of the aromatic ring of the aldehyde had 

negligible effect on both yield and rate of the reaction, e.g. electron-donating 

moieties with methyl (3.1m–n) or methoxy groups (3.1o–p) on the 

benzaldehyde gave slightly lower but still very high yields compared to the 

electron-withdrawing groups and the pyrans 3.3m–p could be isolated in 73–82% 

yield. 

Subsequently, we turned our attention towards different dienes. Isoprene 

3.2b turned out to be less reactive and resulted in low yield and poor conversion. 

However, after increasing the catalyst loading to 2.0 mol%, the starting material 

was fully converted within 24 h and compound 3.3q was isolated as a single 

regioisomer in 71% yield. For the reactions of 2-naphthaldehyde 3.1b and p-

chlorobenzaldehyde 3.1e with isoprene 3.2b, the catalyst loadings had to be 

increased to 3.0 mol% in order to obtain full conversion and the corresponding 

pyrans (3.3r–s) were isolated as single regioisomers in excellent yields. 

2,3-Dibenzylbutadiene 3.2c could afford the corresponding adduct 3.3t in 

high yield in the presence of 2.0 mol% TrBF4. Unfortunately, 1,3-

cyclohexadiene (3.1u), cyclopentadiene (3.1v), 1,4-dipheylbutadiene (3.1w) 

and 2,4-hexadiene (3.1x) did not undergo oxa-Diels–Alder reactions, even after 

extensive optimization in terms of catalyst loading, reaction temperature or 

screening of different aromatic aldehydes. 
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Table 3.2 TrBF4 catalyzed oxa-Diels–Alder of aromatic aldehydes.[a,b] 

 

 

[a] TrBF4 (1.0 mol%) was added to a solution (0.3 M) of aldehyde (1.5 equiv.) and diene (1.0 equiv.). 
[b] Yield was determined by 1H NMR with 1-methylnaphthalene as the internal standard. Yields in 
brackets are isolated yields. [c] 2.0 mol% TrBF4 was used. [d] 3.0 mol% TrBF4 was used. [e] 48 h 
reaction time. [f] After 72 h reaction time, only decomposition of diene was observed. 

Alkyl aldehydes turned out to be more challenging substrates compared 
with aromatic aldehydes. Dihydrocinnamic aldehyde 3.4a underwent the oxa-
Diels–Alder reaction with 2,3-dimethylbutadiene 3.2a, giving pyran 3.5a in only 
44% yield after 5 days. After further optimization, the yield was improved to 
61% using 2.0 mol% TrBF4 and 24 h reaction time (Table 3.3). For the 
corresponding reaction with the less reactive diene, isoprene 3.2b, the catalyst 
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loading had to be further increased to 3.0 mol% to give dihydropyran 3.5e in 
69% yield. Cyclohexanecarboxaldehyde 3.4b reacted very smoothly with 2,3-
dimethylbutadiene 3.2a in the presence of 2.0 mol% TrBF4, giving pyran 3.5b 
in moderate yield over 24 h. We were also intrigued to find that the acid-
sensitive acetaldehyde 3.4c smoothly underwent oxa-Diels–Alder reactions in 
the presence of 2.0 mol% TrBF4 to give 2,4,5-trimethyl-3,6-dihydro-pyran 3.5c 
in 63% yield. Interestingly, cyclopropanecarboxaldehyde 3.4d underwent the 
cycloaddition with both 2,3-dimethylbutadiene 3.2a and isoprene 3.2b, giving 
3.5d and 3.5f, respectively, in moderate yields without affecting the -
cyclopropyl group.  

Table 3.3 TrBF4 catalyzed oxa-Diels–Alder reactions of aliphatic aldehydes.[a,b] 

 

 

[a] TrBF4 (2.0 mol%) was added to a solution (0.3 M) of aldehyde (1.5 equiv.) and diene (1.0 equiv.). 

[b] Yield was determined by 1H NMR with 1-methylnaphthalene as the internal standard. Yields in 
brackets are isolated yields. [c] 3.0 mol% TrBF4 and 48 h reaction time was used. 

3.4 Conclusions 

We have developed a trityl cation (TrBF4) catalyzed oxa-Diels–Alder 

reaction of unactivated dienes and aldehydes that in a straightforward fashion 

provides different 3,6-dihydropyran derivatives in good to excellent yields under 

mild reaction conditions and remarkably low catalyst loadings. In comparison 

with most previously reported strategies, this protocol does not require 

functional group activation of the substrates, neither electron-deficient 

aldehydes nor electron-rich dienes. This overcomes a severe limitation often 

associated with the oxa-Diels–Alder reaction. Given the obvious benefits: cheap, 

commercially available and metal free catalyst, the low catalyst loadings, mild 

reaction conditions and high yields, this protocol stands out as a highly efficient 

complement to the few previously reported strategies. 
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4.  
Carbocation-Catalyzed Bromination of 

Alkyl Arenes 

(Paper III) 

 

4.1 Development of Bromination of Alkyl Arenes  

Alkyl arenes have two potential sites of activation, either on the aromatic 

ring (sp2 C–H functionalization) or at the benzylic position (sp3 C–H 

functionalization). The benzylic position can be brominated using N-

bromosuccinimide (NBS) in the presence of a radical initiator such as benzoyl 

peroxide or AIBN in refluxing CCl4, in a classic reaction known as the Wohl–

Ziegler reaction.96-97 Since its discovery in 1940, numerous strategies in terms 

of different bromine sources, activation modes, and benign solvents have been 

developed.98-103 In spite of this, the Wohl–Ziegler bromination usually requires 

elevated reaction temperatures and radical initiators. Surprisingly, there have 

been only scattered reports towards the development of milder reaction 

conditions for benzylic sp3 C–H bond bromination.104-106 On the other hand, 

NBS in the presence of a Lewis acid is effective for bromination of arenes (sp2 

C–H bond bromination) through electrophilic aromatic substitution.107-109 One 

major problem associated with the bromination of alkyl arenes is the 

chemoselectivity between arene sp2 C–H and benzylic sp3 C–H bond 

bromination especially for activated and moderately activated arenes, in whose 

cases both -bromoalkyl arenes and bromoarenes are always formed 

simultaneously. Shibatomi and co-workers reported that chemoselective 

bromination between arene sp2 C–H and benzylic sp3 C–H bond could be tuned 

by switching between zirconium(IV) chloride and trifluoromethanesulfonic acid 

for a limited number of substrates.105, 110  

Here is described the development of a trityl cation catalyzed mild and 

highly chemoselective benzylic sp3 C–H bromination. For activated and weakly 

activated arenes, the chemoselectivity between arene sp2 C–H and benzylic sp3 

C–H bromination could be completely switched simply by changing the solvent 

(Scheme 4.1).  

 

Scheme 4.1 Carbocation-catalyzed chemeoselective bromination of alkyl arenes. 
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4.2 Optimization of Carbocation-Catalyzed Bromination of Alkyl 
Arenes 

During the course of our study on carbocation-catalyzed reactions, we 

found that when toluene 4.1a and NBS 4.2 in DCM were exposed to standard 

hood fluorescent light (55 W F.L.) with a catalyst loading of 2.0 mol% TrBF4, 

full conversion was observed within 7 h affording benzyl bromide 4.3a in 90% 

yield. It should be noted that no aromatic sp2 C–H bromination was observed in 

this process (Table 4.1, entry 1). When the catalyst loading was reduced to 1.0 

mol%, the reaction time increased to 24 h without any influence on yield (Table 

4.1, entry 2). Control experiments indicated that both light and catalyst were 

indispensable for bromination (Table 4.1, entries 3 and 4).  

Table 4.1 Optimization of reaction condition for the benzylic bromination. [a] 

 
Entry Solvent Catalyst T (h) Yield (%)[b] 

1 DCM TrBF4 7 90 

2[c] DCM TrBF4 24 90 

3[d] DCM TrBF4 24 trace 

4 DCM – 24 trace 

5 Benzene TrBF4 17 90 

6 CH3CN TrBF4 17 43 

7 DCM HBF4·Et2O 14 91 

8 DCM BF3·Et2O 15 86 

9 DCM p-TsOH 17 90 

10 DCM AlCl3 2 84 

11 DCM (p-MeOPh)(Ph)2CBF4 21 trace 

[a] The catalyst (2.0 mol%) was added to a solution of toluene 4.1a (1.0 equiv.) and NBS 4.2 (1.0 
equiv.) in DCM (0.3 M) and irradiated by 55 W F.L. for the indicated time. [b] Determined by 1H 
NMR with CH3NO2 as the internal standard. [c] 1.0 mol% catalyst was used. [d] Performed in dark.  

We also screened different solvents. Evidently, the apolar solvent benzene 

led to an extended reaction time of 17 h to reach full conversion, without any 

effect on the yield (Table 4.1, entry 5). On the other hand, the more polar solvent 

acetonitrile resulted in a drastic decrease in yield (Table 4.1, entry 6). Then a 

series of Lewis and Brønsted acids were screened, during which HBF4·Et2O, 

BF3·Et2O and p-toluenesulfonic acid turned out to be competent and gave 

compatible yields (Table 4.1, entries 1, 7–9). However, they were less active 

than TrBF4 and required a substantially increased reaction time. AlCl3 was very 

efficient and gave full conversion in only 2 h, although it provided the lowest 

yield among all the screened Lewis acids (Table 4.1, entry 10). Under these 
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reaction conditions, the less Lewis acidic (4-methoxyphenyl)-

diphenylmethylium tetrafluoroborate did not catalyze the bromination (Table 

4.1, entry 11). 

However, for the more activated aromatic compounds, such as anisole, 

aniline, etc., chemoselectivity becomes an issue and electrophilic aromatic 

substitution starts to outcompete the benzylic bromination to give mainly 

bromoarenes. We decided to take advantage of this change in chemoselectivity 

to gain control over benzylic sp3 and aromatic sp2 C–H functionalization. The 

bromination of 1-methylnaphthalene 4.1o was chosen as a model reaction. 

Under the standard reaction conditions (2.0 mol% TrBF4, NBS, 55 W F.L., 

DCM), a 2:98 mixture of 1-(bromomethyl)naphthalene 4.3o and 1-bromo-4-

methylnaphthalene 4.5o was observed after full conversion (Table 4.2, entry 1). 

However, when the reaction was performed in the absence of light, the benzylic 

bromination pathway was completely suppressed and 4.5o was observed as the 

single product (Table 4.2, entry 2). In addition, the use of the polar solvent 

acetonitrile favored the intermediate ionic species involved in the electrophilic 

aromatic substitution and full conversion to 4.5o was observed in only 2 h (Table 

4.2, entry 3). Absence of light did not affect the selectivity of the reaction in 

acetonitrile and no precautions to avoid day/hood light were necessary (Table 

4.2, entry 4). On the other hand, the nonpolar solvent benzene totally reversed 

the selectivity and 1-bromomethyl-naphthalene 4.3o was obtained as the sole 

product (Table 4.2, entry 5).  

 
Table 4.2 Optimization of reaction condition for the chemoselective switch: 

Benzylic sp3 vs. aromatic sp2 C–H functionalization.[a] 

 

Entry Solvent t (h) 
Ratio[b] 

4.3o:4.5o 

1 DCM 20 2:98 

2[c] DCM 20 0:100 

3 CH3CN 2 0:100 

4[c] CH3CN 2 0:100 

5 Benzene 15 100:0 

[a] The TrBF4 (2.0 mol%, 0.25 M in DCM) was added to a solution of 1-methylnaphthalene 4.1o 
(1.2 equiv.) and NBS (1.0 equiv.) in the indicated solvent (0.3 M) and irradiated by 55 W F.L. [b] 
Determined by 1H NMR with CH3NO2 as the internal standard after completed reaction. [c] 
Performed in dark.  
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4.3 Investigation of the Substrate Scope 

Under the standard reaction conditions for the trityl cation-catalyzed 

benzyl bromination (NBS, TrBF4, 55 W F.L., DCM), we could isolate benzyl 

bromide 4.3a in 82% yield after work up and flash column chromatography. The 

isolated yield of 4.3a is lower than the 1H NMR yield probably due to the 

inherent instability of benzyl bromide derivatives (Table 4.3 and Table 4.1, entry 

1). Similarly, o- and p-bromotoluene 4.1b–c and 1-bromo-4-methylnaphthalene 

4.1d all gave the corresponding benzyl bromides 4.3b–d in excellent isolated 

yields (Table 4.3). Ethylbenzene 4.1e was a better substrate and afforded 4.3e in 

92% yield. For 4-methyl-ethylbenzene 4.1f and diphenylmethane 4.1g, the 

products were rather unstable and hydrolyzed during purification on silica gel 

flash column. The corresponding alcohols 4.3f–g were isolated in 66% and 71% 

yields, respectively (Table 4.3). As would be expected, the bromination of 4-

methyl-ethylbenzene occurred exclusively on the secondary carbon of ethyl 

group in preference of the methyl group (Table 4.3, 4.3f). 

Table 4.3 TrBF4 catalyzed benzylic bromination.[a] 

 

 

[a] TrBF4 (2.0 mol%, 0.25 M in DCM) was added to 4.1 (1.5 equiv.) and 4.2 (1.0 equiv.) in DCM 
(0.3 M) and irradiated by 55 W F.L. [b] 20 mol% of the catalyst was used. 

This method also tolerated electron-withdrawing groups, such as nitro, 

ethoxycarbonyl and cyano, delivering the corresponding products 4.3h–j in 
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excellent yields. Even for the unstable toluenesulfonyl chloride, 55% isolated 

yield of 4.3k could be obtained (Table 4.3). It was believed that 2-methylfuran 

should be highly acid-sensitive and would probably react through electrophilic 

aromatic bromination under these conditions. To our surprise, the methyl group 

was selectively brominated to give 4.3l in 96% isolated yield (Table 4.3). A 

catalyst loading of 20 mol% was necessary for the nitrogen- containing 

heterocyclic aromatics, quinoxaline and quinoline 4.1m–n. Under these 

conditions, bromination went smoothly to afford 4.3m–n in good yields (Table 

4.3). 

A one-pot benzylic amination of toluene was developed based on this 

protocol (Scheme 4.2). This reaction was conducted by adding 2 mol% TrBF4 

to toluene 4.1a and NBS 4.2 in DCM, under the irradiation of the hood light (55 

W). After full conversion of toluene 4.1a, the solvent was changed to CH3CN 

followed by addition of K2CO3. After additional 24 h at 80 °C, N-benzyl-

succinimide 4.4 was isolated in 90% overall yield.111  

 
Scheme 4.2 Direct one-pot oxidative benzylic C–H amination. 

With the optimized conditions in hand, we started to investigate the 

substrate scope for the chemoselective switch between benzylic sp3 and aromatic 

sp2 C–H functionalization (Table 4.4). The benzylic bromination products 1- and 

2-bromomethyl-naphthalene 4.3o and 4.3p were obtained in high yields after 

bromination of 1- and 2-methylnaphthalenes 4.1o and 4.1p in benzene. The 

same reactions in acetonitrile resulted in complete switch in chemoselectivity 

and bromonaphthalenes 4.5o and 4.5p were isolated in 92% and 90% yields, 

respectively. Similarly, benzyl bromides 4.3q–r and bromobenzenes 4.5q–r 

were obtained chemoselectively in moderate to excellent yields upon 

bromination of p-methylanisol 4.1q and N-methyl-N-(p-tolyl)acetamide 4.1r in 

benzene and acetonitrile. Furthermore, m-iodotoluene 4.1s, m-xylene 4.1t and 

mesitylene 4.1u in benzene underwent benzylic bromination and gave 4.3s–u as 

single products in moderate to excellent yield. The same reactions of 4.1s–u in 

acetonitrile afforded the corresponding bromobenzene derivatives 4.5s–u in 

high yields. Benzylic bromination of 1,3,5-triethylbenzene 4.1v gave the 

corresponding alcohol 4.3v in 61% yield after flash column, due to the instability 

of the secondary bromide. Bromobenzene 4.5v was obtained in high yield after 

bromination of 1,3,5-triethylbenzene 4.1v in acetonitrile. Finally, with fluorene 

as substrate, benzylic bromination product 4.3w and bromoarene 4.5w were 

obtained in high yields in benzene and acetonitrile, respectively. 
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Table 4.4 Selected substrates for the chemoselective switch: Benzylic sp3 vs. 
aromatic sp2 C–H functionalization.[a] 

 

 

[a] Method A: TrBF4 (2.0 mol%, 0.25 M in DCM) was added to 4.1 (1.5 equiv.) and 4.2 (1.0 equiv.) 

in benzene (0.3 M). Method B: TrBF4 (2.0 mol%, 0.25 M in DCM) was added to 4.1 (1.2 equiv.) 

and 4.2 (1.0 equiv.) in CH3CN (0.3 M). [b] 1.5 eq. of 4.1s was used. 

To show the practicality of this chemoselective protocol, we developed an 

efficient one-pot dibromination protocol by utilizing 1-methylnaphthalene 4.1o 

and two equivalents of NBS in the presence of 2.0 mol% TrBF4 as catalyst 

(Scheme 4.3). The one-pot reaction first went through an arene bromination in 

acetonitrile. After full conversion of 1-methylnaphthalene 4.1o, the solvent was 

switched to benzene. An additional 16 h reaction time provided the desired 

product 4.3d in 84% isolated yield, which was considerably higher compared to 

the 75% overall yield obtained for the two-step procedure (Scheme 4.3). 

 
Scheme 4.3 One-pot vs. two-step dibromination of 1-methylnaphthalene. One-

pot: 1) TrBF4 (2.0 mol%, 0.25 M in DCM), NBS (2.0 equiv.), 55 W F.L., CH3CN. 
2) Benzene, 55 W F.L. Two-step: 1) TrBF4 (2.0 mol%, 0.25 M in DCM), NBS 

(1.0 equiv.), 55 W F.L., CH3CN. 2) TrBF4 (2.0 mol%, 0.25 M in DCM), NBS (1.0 
equiv.), benzene, 55 W F.L. 
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4.4 Mechanistic Considerations  

Activation of NBS with a Lewis acid, such as AlCl3, FeCl3, ZrCl4, has been 

previously reported in electrophilic aromatic bromination reactions.106, 112 The 

activation mode proposed in these cases involves the coordination of the metal 

to the carbonyl oxygen in NBS, leading to an increase in the electrophilicity of 

the bromine atom. In order to verify such a coordination of the trityl cation, 

TrBF4
 and NBS were mixed in a 1:1 ratio in CD2Cl2 and monitored by 1H NMR. 

The chemical shift of the CH2 groups in NBS shifts from 2.959 to 2.962 ppm 

while the signals corresponding to the trityl cation did not change, which 

suggests a weak coordination of the trityl cation to the carbonyl group on NBS. 

Furthermore, the IR-absorption bands for NBS and mixtures of NBS/TrBF4
 were 

investigated and revealed a shift from 1697 cm-1 to 1700 cm-1 even at a low trityl 

cation concentration (Figure 4.1). Such an increase in absorption frequency 

signifies a more electron-deficient carbonyl group and supports the activation of 

NBS through trityl cation coordination. 

 

 

Figure 4.1 IR absorption of a) blue line: NBS (100%), b) red line: NBS/TrBF4 
(50:1), c) purple line: NBS/TrBF4 (2:1), d) orange line: NBS/TrBF4 (1:2). 

Thus, the role of the trityl cation in the electrophilic aromatic substitution 

is believed to activate NBS, making it a more potent electrophile (Figure 4.2). It 

should also be mentioned that an adduct between the NBS-derived byproduct 

succinimide and the trityl cation was not observed under the benzylic or 

aromatic bromination reaction conditions, despite the nucleophilic potential of 

succinimide. 
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Figure 4.2 Trityl cation-catalyzed EAS process. 

No background reaction occurs in the absence of catalyst (Table 4.1, entry 

1) and no reaction occurs in the absence of daylight (Table 4.1, entry 4) or in the 

presence of a radical inhibitor (Scheme 4.4), which supports a radical chain 

reaction.  

 

Scheme 4.4 Radical quenching control experiment. 

The time course of the trityl cation-catalyzed benzylic bromination of 

toluene shows a relatively slow initial conversion of NBS to succinimide. After 

4 h and approximately 40 % conversion of NBS, an increase in reaction rate was 

observed to give full conversion after 6 h (Figure 4.3). Such a pronounced 

induction period is characteristic of a free radical reaction.113 

Figure 4.3 Reaction profile for the trityl cation-catalyzed benzylic bromination of 
toluene with NBS monitored by 1H NMR. Reaction conditions: TrBF4 
(2.0 mol%, 0.25 M in DCM) was added to a solution of toluene 4.1a 

(1.0 equiv.) and NBS 4.2 (1.0 equiv.) in DCM (0.3 M) and irradiated by 
55 W F.L. 

Based on the fact that both the trityl cation and light are needed for the 

radical benzylic bromination to proceed, it could be suggested that the role of 

the trityl cation is to assist in the generation of bromine from HBr and NBS by 

further activation of NBS towards nucleophilic attack of bromide (Figure 4.4).114 
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Figure 4.4 Proposed trityl cation catalyzed bromine formation. 

4.5 Conclusions 

In conclusion, we have developed a photo-induced carbocation-catalyzed 

benzylic bromination. This protocol avoids the use of high temperatures and 

toxic radical initiators. In addition, for activated and weakly activated arenes we 

showed that the trityl cation was an efficient Lewis acid catalyst for activation 

of NBS towards electrophilic aromatic substitution. Thereby, a chemoselective 

switch between benzylic bromination and arene ring bromination was developed 

by simply changing the reaction solvent. In addition, over-oxidation was 

completely suppressed in this protocol and mono-brominated compounds were 

isolated as the sole products. 
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5.  
Carbocation-Catalyzed Intramolecular 

Aldehyde–Olefin Metathesis 

(Paper IV) 

 

5.1 Development of Carbonyl–Olefin Metathesis Reactions 

Alkenes are essential functional groups in organic chemistry and have 

found wide applications in different areas from polymer chemistry, material 

science, pharmaceutical industry to agrochemicals.115 Thus, synthetic strategies 

leading to olefin formation are of central importance in organic chemistry. 

Traditionally, alkenes have been prepared through carbonyl/ylide metathesis 

(e.g. Wittig, Julia olefination, etc.) and up to date the most efficient and well-

used method is the olefin/olefin metathesis.116-118  

On the other hand, alkene synthesis through the direct catalytic metathesis 

between an olefin and a carbonyl group constitutes a highly powerful 

complement to the strategies known today, which will open up for new synthetic 

opportunities in particular with respect to atom economy and substrate scope. 

However, such an approach has turned out to be considerably challenging and 

despite the undisputable potential of the carbonyl–olefin metathesis, this 

reaction has rarely been reported in literatures. 

The first major breakthrough in this area was in 2016 when Schindler119 

and Li120 independently reported on an iron(III) chloride catalyzed ring closing 

ketone–olefin metathesis. Earlier this year Tiefenbacher et al. reported Brønsted 

acid catalyzed ring closing ketone–olefin metathesis inside a supramolecular 

host.121 Shortly after that, Ho and Nguyen reported their success in using the 

tropylium ion as a catalyst for the ring closing ketone–olefin metathesis, 

intermolecular aldehyde–olefin metathesis as well as ring-opening metathesis, 

although with rather restricted substrate scope and moderate yields.122 

However, in contrast to the ketone–olefin metathesis, the catalytic 

aldehyde–olefin metathesis is even more challenging, due to decomposition of 

both starting materials and the products in the presence of the Lewis acid 

catalysts.  

In 1994, Bickelhaupt and co-workers reported two isolated example of a 

direct olefination of benzaldehyde in the presence of a heterogeneous zinc(II) 

reagent, EPZ-10 (Scheme 5.1a).123 Under these conditions, the metathesis 

products, styrene and β-methylstyrene could be isolated in poor yield. In an 

earlier work in our group, we developed a carbocation-catalyzed aldehyde–

olefin metathesis as an extension of Bickelhaupt’s work. Although this was an 

important proof of concept, the reaction suffered from a high catalyst loading 
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and limited substrate scope (Scheme 5.1b).124 Furthermore, Lambert and co-

workers developed an aldehyde–olefin ring opening metathesis using a bicyclic 

hydrazine derivative as catalyst (Scheme 5.1c).125-126 Unfortunately, this work is 

limited to cyclopropene derivatives. In 2017, Schindler et al. reported a few 

specific examples of intramolecular aldehyde–olefin metathesis in the 

formation of highly stable polycyclic aromatic compounds (Scheme 5.1d).127-128 

 

Scheme 5.1 Strategies towards catalyzed aldehyde–olefin metathesis reactions. 

In the following chapter, 4-phenylphenyl-diphenylmethylium 

tetrafluoroborate is shown to be a highly efficient catalyst for the ring closing 

aldehyde–olefin metathesis. It is demonstrated that the key to avoid substrate 

and product decomposition lies in careful tuning of substituents on the olefin 

moiety as well as the carbocation Lewis acidity (Scheme 5.2).  

 

Scheme 5.2 Our strategy towards carbocation-catalyzed aldehyde–olefin 
metathesis. 

The proposed mechanism for the Lewis acid mediated carbonyl–olefin 

metathesis involves the Lewis acid induced LUMO activation of enal A through 

initial formation of the oxonium ion B (Scheme 5.3). Subsequent attack of the 

pendant alkene moiety gives the oxetane C, which occurs either through a 

stepwise [2+2] mechanism involving a carbocationic intermediate, or a 

concerted [2+2] cycloaddition mechanism. Recent mechanistic studies by 

Schindler et al. provide support for a Lewis acid induced concerted, 

asynchronous [2+2]-cycloaddition for FeCl3 catalyzed ketone–olefin 

metathesis.128 Finally, fragmentation of oxetane C, either through a stepwise or 
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a concerted retro-[2+2] cycloaddition releases the cycloalkene D and the 

carbonyl byproduct E.  

 

Scheme 5.3 Overview of the mechanism of Lewis acid catalyzed ring-closing 
metathesis. 

5.2 Optimization of Carbocation-Catalyzed Intramolecular 
Aldehyde–Olefin Metathesis 

We first made a comparison between aldehyde–olefin and ketone–olefin 

metathesis catalyzed by TrBF4. After extensive optimization, indene 5.2a was 

obtained in 60% yield after full conversion of enal 5.1a (Scheme 5.4a) and 3-

methylindene 5.2 b in 90% yield from enone 5.1b (Scheme 5.4b). The low yield 

of indene 5.2a indicates that that enal 5.1a decomposes or undergoes side 

reactions in the presences of TrBF4. Furthermore, according to the proposed 

mechanism (see Scheme 5.3), indene 5.2a and acetone must be formed in a 1:1 

ratio. Thus, the significant lower yield of indene 5.2a compared to acetone (60% 

and 76%, respectively) indicates that indene 5.2a decomposes under these 

reaction conditions, most likely through Lewis acid initiated polymerization. In 

comparison, the metathesis of the corresponding ketone 5.1b under the same 

reaction conditions gave high and almost the same yield of 3-methylindene 5.2b 

and acetone, indicating minor decomposition/side reactions of starting material 

5.1b and negligible trityl cation induced decomposition of methyl-indene 5.2b. 

 

Scheme 5.4 Comparison of trityl cation catalyzed ketone–olefin and aldehyde–
olefin metathesis reactions. 
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Inspired by Li’s work,120 the isobutenyl group of enal 5.1a was modified 

to the trans-styryl group in enal 5.4a. Gratifying, treatment of the latter with 

TrBF4 gave indene 5.2a and benzaldehyde 5.5a in 71% and 86% yields, 

respectively (Table 5.1, entry 1). In order to evaluate the catalytic ability of the 

trityl cation, we set out to screen a series of Lewis and Brønsted acids (Table 5.1, 

entries 2–6). In contrast to its good performance in ketone–olefin metathesis,119-

120 FeCl3 was not a suitable catalyst for the ring closing metathesis of enal 5.4a 

and complete consumption of enal 5.4a within 4 hours did not lead to any 

observable formation of indene 5.2a (Table 5.1, entry 2). However, 

benzaldehyde 5.5a was formed in 74% yield, which indicated that the metathesis 

did occur but with rapid decomposition of indene 5.2a under these conditions. 

In the same fashion, InCl3, BF3·Et2O and HBF4·Et2O all gave benzaldehyde 5.5a 

in high yields but low yield or no formation of indene 5.2a (Table 5.1, entries 

3–5). AlCl3 showed the poorest efficiency with only 36% conversion of enal 

5.4a and 3% yield of indene 5.2a in 4 hours (Table 5.1, entry 6).  

Table 5.1 Optimization of reaction conditions for the trityl cation catalyzed 
aldehyde–olefin metathesis reaction.[a] 

 

Entry Catalyst Solvent 

Yield (%)[b] 

5.4a 5.2a 5.5a 

1 TrBF4 DCM 0 71 86 

2 FeCl3 DCM 0 0 74 

3 InCl3 DCM 0 14 78 

4 BF3·Et2O DCM 0 20 100 

5 HBF4·Et2O DCM 0 0 83 

6 AlCl3 DCM 64 3 17 

7 TrBF4
 DCE 0 18 26 

8 TrBF4 CH3CN 91 0 0 

9 TrBF4 1,4-dioxane 98 0 0 

10 TrBF4 toluene 89 10 11 

[a] Reaction conditions: TrBF4 was added to 5.4a (0.01 mmol) in d-DCM (0.01 M) for 4 hours at 
room temperature. [b] Yield was determined by 1H NMR spectroscopy.  
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Interestingly, changing the solvent from DCM to DCE increased the 

decomposition rate of enal 5.4a, so both indene 5.2a and benzaldehyde 5.5a 

were formed in low yields (Table 5.1, entry 7). In addition, polar solvents, such 

as CH3CN and 1,4-dioxane as well as the nonpolar solvent toluene inhibited the 

metathesis, leading to low yield or no formation of indene 5.2a and the starting 

material was recovered (Table 5.1, entries 8–10). 

Table 5.2 Evaluation of olefin substitution and carbocation Lewis acidity on 
aldehyde–olefin metathesis reactions.[a] 

 

Entry S.M. R Catalyst t (h) 

Yield[b] 

S.M. 5.2a 5.5 

1 5.6 p-NO2 TrBF4 2.5 100 0 0 

2 5.7 p-F TrBF4 1.5 0 71 86 

3 5.8 p-MeO TrBF4 5 min 0 22 26 

4 5.9a o-Me TrBF4 40 min 0 75 84 

5 5.10 p-Me TrBF4 15 min 0 60 74 

6 5.11 o-Ph TrBF4 40 min 0 71 80 

7 5.12 2,4,6-Trimethyl TrBF4 3.5 0 65 79 

8 5.13 1-Naphthyl TrBF4 2 0 58 78 

9 5.14 o-Me Cat A 29 6 60 71 

10 5.14 o-Me Cat B 4 0 76 85 

11 5.14 o-Me Cat C 3 0 80 86 

12[c] 5.14 o-Me Cat C 8 0 80 86 

[a] Reaction conditions: TrBF4 (10 mol%) was added to S.M. (0.01 mmol) in DCM (0.01 M) for the 
indicated time at room temperature. [b] Yields were determined by 1H NMR spectroscopy. [c] 5 
mol% of p-PhTrBF4 was used. 

Next, we focused on the substituent effect of the trans-styryl moiety and 

how this would effect the Lewis acid-induced decomposition of the starting 

material. Decreasing the electron density/nucleophilicity of the olefin moiety by 
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introducing a p-nitro group (enal 5.6) fully inhibited the reaction with complete 

recovery of the starting material (Table 5.2, entry 1). The p-fluoro-substituent 

(enal 5.7) had no influence on the reactivity or decomposition and afforded the 

same yield of indene 5.2a as enal 5.4a (Table 5.2, entry 2). On the contrary, 

increasing the electron density/nucleophilicity of the alkene by introducing a p-

methoxy group greatly accelerated decomposition of enal 5.8 leading to full 

conversion in only 5 minutes with a low yield of indene 5.2a (Table 5.2, entry 

3). Subsequent tuning of the electronic properties of the alkene moiety revealed 

that weakly electron-donating groups, such as o-methyl 5.9a, p-methyl 5.10 and 

o-phenyl 5.11 groups all shortened the reaction time, leading to somewhat 

reduced product decomposition and only minor increased enal decomposition 

(Table 5.2, entries 4–6). O-methyl substituted enal 5.9a was the most efficient 

substrate affording indene 5.2a in 75% yield (Table 5.2, entry 4). The more 

sterically encumbered 2,4,6-trimethyl substituent resulted in a pronounced 

increased reaction time and a lower yield (Table 5.2, entry 7) and the 

electronically different 1-naphthyl substituent had a negative effect on the 

metathesis and afforded indene 5.2a in 58% yield (Table 5.2, entry 8).  

After identifying the o-tolyl group in enal 5.9a as the best, we next 

investigated the influence of carbocation Lewis acidity on the aldehyde–olefin 

metathesis. The trityl cations Cat A–C were screened as catalysts for the 

metathesis of enal 5.9a. Due to the strong electron-donating ability of the p-

methoxyphenyl group to the carbocation center, the mono-methoxy substituted 

trityl cation Cat A was the least Lewis acidic carbocation in the series. 

Unfortunately, the lower Lewis acidity of Cat A resulted in neither shortened 

reaction time nor less decomposition of starting material/product (Table 5.2, 

entry 9). In comparison, the mono-methyl substituted trityl cation Cat B is a 

considerably stronger Lewis acid than Cat A, but it is less Lewis acidic than 

TrBF4 and led to full conversion after 4 h (Table 5.2, entry 10). Despite the 

increased reaction time, the yield was virtually the same as for TrBF4, which 

indicates that product decomposition was slower with Cat B (Table 5.2, entry 

10). After extensive screening we found that with the mono-p-phenyl-substituted 

trityl cation Cat C, the yield of indene 5.2a could be increased to 80% within 3 

h (Table 5.2, entry 11). Notably, reducing the catalyst loading to only 5 mol% 

prolonged the reaction time to 8 h without any loss in yield (Table 5.2, entry 12). 

Thus, the p-phenyl substituted trityl cation Cat C, almost completely diminished 

product decomposition giving nearly the same yield of indene 5.2a and aldehyde 

5.5e. 

5.3 Investigation of the Substrate Scope 

With the optimal conditions in hand (Cat C (5 mol%), DCM, RT), 

aldehyde–olefin metathesis of enal 5.9a gave indene 5.2a in 81% isolated yield 

(Table 5.3, entry 1). Introducing a methyl substituent at the 5-position in enal 

5.9b gave the corresponding indene 5.2b in 71% yield (Table 5.3, entry 2). On 

the contrary, the 3-methyl group in enal 5.9c greatly accelerated the metathesis 
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reaction and afforded 7-methyl-indene 5.2c in 78% yield within 30 minutes 

reaction time (Table 5.3, entry 3). The increased reactivity is most likely a result 

of 1,3-allylic strain induced by the 3-methyl group that locks the conformation 

with the olefin side chain in closer proximity to the aldehyde moiety. The 5-

methoxy substituted enal 5.9e also had an accelerating effect on the metathesis 

and gave indene 5.2e in 68% isolated yield (Table 5.3, entry 5). On the contrary, 

the 4-methyl substituted enal 5.9d and 2-benzyloxy substituted 5.9f gave the 

corresponding indenes 5.2d and 5.2f in low yields (Table 5.3, entries 4 and 6). 

This is most likely due to increased product decomposition as a result of the 

higher reactivity of the 6-methyl indene 5.2d and 4-benzyloxy indene 5.2f, 

which is caused by the electron-donating properties of the alkyl groups at the 

para and ortho positions, respectively, to the indene double bond. Different 

halogenated enals were also screened and fluorinated enals 5.9g–i gave indenes 

5.2g–i in good yields. However, the 5-chloro substituent in enal 5.9j had a 

negative effect on the metathesis and product 5.2j was isolated in 45% yield.  

Table 5.3 Survey of substrates with functionalized aromatic ring.[a] 

 

Entry R t (h) Yield (%)[b] 

1 H (5.9a) 8 81 

2 5-Methyl (5.9b) 4 71 

3 3-Methyl (5.9c) 0.5 78 

4 4-Methyl (5.9d) 6 40 

5 5-Methoxyl (5.9e) 0.75 68 

6 2-BnO (5.9f) 1.75 26 

7 4-Fluro (5.9g) 4 80 

8 6-Fluro (5.9h) 0.5 60 

9 4,5-Difluro (5.9i) 4 73 

10 5-Chloro (5.9j) 5 45 

[a] Reaction conditions: p-PhTrBF4 (5 mol%) was added to 5.9 (0.2 mmol) in DCM (0.01 M) for 
the indicated time at room temperature. [b] Isolated yield. 

We next evaluated the substitution at the benzylic position of enals 5.10. 

This would allow easy access to 1-functionalized indenes 5.11 (Table 5.4). To 

our delight, functionalization at this position had a remarkable effect on 

reactivity and for the Cat C catalyzed metathesis of enals 5.10, the catalyst 

loading could be reduced down to 2.0 mol% without any loss in efficiency. 

Under these conditions the corresponding products were isolated in 78–84% 
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yields within less than one hour. This drastic increase in reactivity is most likely 

due to the Thorpe–Ingold effect favoring cyclization. However, the 3-

benzyloxypropyl functionalized enal 5.10i reacted considerably slower and 

required 5 mol% catalyst loading to give indene 5.11i in 80% yield. The terminal 

alkene moiety in enal 5.10j had a negative influence on the metathesis with 

increased reaction time and side reactions to give 5.11j in only 37% yield.   

Table 5.4 Survey of substrates with functionalized benzylic position.[a] 

 

Entry R t (h) Yield (%)[b] 

1 Me (5.10a) 0.5 78 

2 n-Butyl (5.10b) 1 83 

3 Cyclopentyl (5.10c) 0.5 84 

4 Phenylethyl (5.10d) 1 84 

5 Phenylpropyl (5.10e) 0.75 80 

6 3-Chlorophenylethyl (5.10f) 1 83 

7 2-Fluorophenylethyl (5.10g) 1 81 

8 4-Methyphenylethyl (5.10h) 1 81 

9[c] 3-Benzyloxypropyl (5.10i) 1 80 

10[c] 3-Butenyl (5.10j) 4 37 

[a] Reaction conditions: p-PhTrBF4 (5 mol%) was added to 5.10 (0.2 mmol) in DCM (0.01 M) for 
the indicated time at room temperature. [b] Isolated yield. [c] 5 mol% catalyst loading was used. 

5.4 Conclusions 

In conclusion, we have developed a direct organocatalytic aldehyde–olefin 

ring closing metathesis. The reaction is operationally simple and enables direct 

coupling of aldehydes and pendant olefins in the presence of the easily available 

4-phenylphenyl-diphenylmethylium tetrafluoroborate as the Lewis acid catalyst. 

The catalyst loadings can be reduced to 2 mol% and the products are isolated in 

good yields, often in a very clean and selective manner.  
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6.  
Concluding Remarks 

A series of carbocation-catalyzed reactions are described in this thesis. As 

a metal-free Lewis acid catalyst, the carbocation demonstrated its power towards 

more sustainable catalysis.  

In regard to asymmetric catalysis, the carbocation/chiral anion contact ion 

pair turned out to be effective to prepare optically active products with up to 53% 

ee in Diels–Alder reactions. These results, together with Luo’s research, 

demonstrate that the asymmetric counteranion-directed carbocation catalysis is 

an effective strategy for asymmetric catalysis. This strategy also shows its 

priority over traditional Brønsted acid catalysis and as a complementary to the 

latter, it has the potential to become a highly effective strategy for organic 

transformations in the future.  

The trityl cation (TrBF4) catalyzed oxa-Diels–Alder reactions of 

unactivated dienes and unactivated aldehydes were developed to prepare 

different 3,6-dihydropyran derivatives in a straightforwardly fashion, in good to 

excellent yields under mild reaction conditions and remarkably low catalyst 

loadings. This protocol does not require activated substrates, which overcomes 

a severe limitation often associated with the oxa-Diels–Alder reaction.  

Carbocation-catalyzed bromination simplified the traditional bromination 

procedures by utilizing only fluorescent light (55 W), and a low catalyst loading 

(2 mol%), without heating or radical initiators. For electron-rich arenes, the 

selectivity between bromination of the benzylic position and phenyl ring could 

be switched simply by changing the solvent. In the mechanism study, activation 

of NBS with the carbocation was verified by both 1H NMR and IR 

spectroscopies.  

In the aldehyde–olefin metathesis reaction, an easily available 4-

phenylphenyl-diphenylmethylium ion shows its priority over other Lewis/ 

Brønsted acids in substantially decreasing the decomposition of both starting 

material and indene derivatives, which enables high yields for various substrates. 

A variety of functionalized indene derivatives could be easily prepared 

according to the developed procedure. This protocol is characterized by simple 

operation, low catalyst loading and high efficiency, and represents a rare 

example of the catalytic aldehyde–olefin metathesis. 

Despite the fact that the carbocation is a highly interesting and well-studied 

Lewis acid, it has received limited attention as a catalyst for organic 

transformations and the selective reactivity demonstrated here shows the future 

potential of the carbocation as an environmental friendly complement to 

traditional metal- and metalloid-based Lewis acid catalysts.  
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