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List of abbreviations 
                       A 

 

Å Angstrom 

 Ac Acetyl 

Aq Aqueous 

Ar Argon 

Ac2O Acetic anhydride 

 

                      B 

 

BBU Basic Building Unit  

Bn Benzyl 

Bu Butyl 

Boc tert-butyloxycarbonyl 

 

                       C 

 

°C Degree Celsius 

CBU Composite Building Units 

CsCO3 Cesium carbonate 

CH3CN Acetonitrile 
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E Electrophile 

Equiv. Equivalents 

Et Ethyl 

Et2O Diethylether 

EtOAc Ethyl acetate 

EG Ethylene glycol 

EWG Electron withdrawing group 

ELP Extra-Large Pore 

 

                      H 

 

HCl Hydrochloric acid 

Hz Hertz 

 

                       I 

 

IR Infrared spectroscopy 
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                      M 

 

Me Methyl 

MgSO4 Magnesium sulfate 

mg Milligram 

min Minute 

ml Millilitre 

mmol Millimole 

MR Member ring 

 

                      N 

 

NMR Nuclear magnetic resonance  

Nu Nucleophile 

 

                       P 

 

Pd Palladium 

Pd(PPh3)4 Tetrakis(triphenylphosphine)palladium 

Pd(OAc)2 Palladium acetate 

Pd(PPh3)2Cl2 Bis(triphenylphosphine)palladium 

Ph Phenyl 

ppm Parts per million 

 

                       R 

 

r.t. Room temperature 

R General alkyl group 

 

                       S 

 

SM Starting material 

 

                       T 

 

T Temperature 

TCE Tetrachloroethane 

TEA Triethylamine 

Tf Trifluoromethanesulfonate 

TMS Trimethylsilyl 

TS Transition state 

 

                       X 

 

X-phos Ligand 

XRD X-Ray Diffraction 
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Zeolites represent a class of naturally occurring or synthetically produced crystalline minerals 

with a unique porous structure. They belong to a class of silicate and substituted silicate 

minerals, formed of one, two, or three-dimensional frameworks characterized by pores and 

channels. In addition to pores and channel systems, zeolites are also defined by their chemical 

composition. 

 In recent years, research is more oriented toward the synthesis of zeolites with extra-large pore 

size. These unique zeolites offer significant advantages, especially in industrial sector, as they 

can enhance bulky molecule accessibility and reduce diffusion limitations. Consequently, there 

is a considerable demand for extra-large pore zeolites in industries such as petrochemicals and 

pharmaceuticals. Also, they find many applications in environmental procedures like water 

purification. However, the synthesis of zeolites with extra-large pores poses many challenges. 

As of now, only 23 extra-large pore size zeolites have been reported, and many of them 

encounter stability issues due to the presence of elements like germanium in their framework, 

thereby limiting their use. 

The use of structure-directing agents (SDAs) play an important role in controlling the pore size 

of zeolites during their synthesis. Usually, the SDAs used for synthesizing zeolites with extra-

large pore sizes are mainly based on ammonium salts. Nevertheless, an emerging alternative 

for preparing such zeolites involves the use of phosphonium salts as promising structure-

directing agents. 

In this thesis, our aim was to synthesize a set of ammonium and phosphonium salts with 

different alkyl and aryl chains based on size expansion approach. The prepared salts were tested 

as possible SDAs in the synthesis of extra-large pore size zeolites by our colleague in the LCS 

laboratory. Zeolites with silicate and alumino-silicate frameworks were targeted due to their 

stability and promising character in industry. Moreover, our second target was to resynthesize 

ZEO-1 zeolite, a new discovered zeolite with interesting characteristics, for spectroscopic 

examination of its stability and acid site accessibility. 

This manuscript is structured into four chapters: 

- Chapter 1 provides an overview about zeolites, their synthesis, and the criteria required by 

structure directing agents (SDAs) to facilitate their formation with unique frameworks. This 

chapter focus mainly on the use of ammonium and phosphonium salts as structure directing 

agents (SDAs) in zeolite synthesis. Moreover, it describes the methodologies used for 

designing structure directing agents specifically used for the preparation of zeolites with extra-

large pore sizes. Additionally, this chapter include a comprehensive listing of the discovered 
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extra-large pore size along with the corresponding ammonium and phosphonium based SDAs. 

A special focus is given to ZEO-1 zeolite, a new alumino-silicate extra-large pore-size zeolite 

with interesting structure, synthesized using phosphonium based SDA.  

- Chapter 2 (results and discussion), shows the different categories of ammonium and 

phosphonium salts that we synthesized and purified, also highlighting the encountered 

challenges during their preparation process. Additionally, this chapter provides the 

experimental procedures applied in the synthesis of the salts with their characterization.  

- Chapter 3 (results and discussion), shows the attempts carried out by our collaboators in the 

LCS laboratory, in which they used the prepared salts in chapter 2 for zeolite synthesis. 

Moreover, this chapter provides an interpretation account of the obtained results and their 

significance. 

Parallel to this project , a  new approach for the synthesis of indoles and aryl phosphine oxides 

starting from N-aryl ynamide is reported in this manuscript. This approach shows the effect of 

substituents on the ynamide and their role in either obtaining indole or aryl phosphine oxides. 

Furthermore, this chapter contains a detailed experimental part for the prepared molecules. 
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1. Introduction to zeolites 

 

It all started in 1756, when a Swedish mineralogist A. F. Cronstedt discovered zeolite or in 

Greek words zeôlithos (the boiling stone).1 Zeolites are uniformly crystalline porous materials 

formed of a vertex sharing TO4 units (T = Si, P, Al, Ge, Ga, B etc.; O = oxygen). Moreover, 

Zeolites can be found naturally in the environment, for example chabazite (|Ca6 (H2O)40 |1/3 

[Al12Si24O72]1/3-CHA), erionite (|(Ca,Na2)3.5 K2 (H2O)27| [Al9Si27O72]-ERI), mordenite (|Na8 

(H2O)24 | [Al8Si40O96]-MOR), and clinoptilolite (|Ca4 (H2O)24 | [Al8Si28O72]-HEU); or can be 

synthesized under hydrothermal conditions. The arrangement of TO4 units result in the 

formation of  unique pore and channel network with different potential uses. For example, 

zeolites are used in the petrochemical industry: petroleum cracking, petroleum product 

dewaxing, and methanol convergent.2 They are also used as ingredients in detergents,3 ion 

exchange 3, 4 catalysis,5 and in purifying water from nuclear,6 and house wastes7. 

 

1.1. Zeolite Nomenclature, Classification and Construction 

 Zeolite nomenclature: 

The International Union of Pure and Applied Chemistry (IUPAC) defines zeolite as follow:8  

|guest composition| [host composition] (Sym)-IZA 

The International Zeolite Association has designated the three-letter code "IZA" to denote the 

structural framework (topology) of zeolites. The framework designation is usually derived 

from the name of the zeolite or type material, with examples such as FAU zeolite from 

Faujasite, LTA zeolite from Linde Type A (LTA), and MFI zeolite from ZSM-5 (Zeolite 

Secony Mobil-five).  Currently, there are 260 structural codes accepted (accessed on 

25/03/2023).9 The following is an illustration of this terminology:8  

 

|Na12(H2O)27| [Al12Si12O48] (8-ring)-LTA 

 

 Zeolite classification: 

In 1970, Meier and Olson introduced the classification of zeolite materials according to their 

framework type. The term framework describes the shape and dimension of zeolite referring 

to the connectivity of tetrahedral coordinated atoms (TO4) at the highest possible symmetry.10 

Moreover, the framework structure does not take into account the framework's chemical 

https://fr.wikipedia.org/wiki/Chabazite
https://fr.wikipedia.org/wiki/%C3%89rionite
https://fr.wikipedia.org/w/index.php?title=Mord%C3%A9nite&action=edit&redlink=1
https://fr.wikipedia.org/w/index.php?title=Clinoptilolite&action=edit&redlink=1
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composition (T = Si, P, Al, Ge, Ga, B, etc.). Therefore, this allows many different zeolites to 

be categorized under one type of framework, such as ZSM-5,11 AMS-1B,12 AZ-1,13 BOR-C,14 

and NU-515, all sharing the MFI framework type regardless of their chemical composition.  

Zeolite frameworks are primarily divided into groups based on their channel system16 and 

microporosity.17 The zeolite channel systems are categorized as one-dimensional (such as AEL 

type), two-dimensional (such as MRT), or three-dimensional (such as MEL).9 Furthermore, the 

pore openings found in a zeolite are characterized by the number of T-atoms or O-atoms in the 

ring connected to each other. For example, Figure 1 shows the MFI framework with 10 blue 

dots.  Each blue dot represents a T or oxygen atom, so if there are 10 T atoms (10 blue dots) it 

means that the number of tetrahedral (TO4) is 10 or it is a 10-member ring zeolite. Moreover, 

zeolite microporosity is more defined by the size of the largest ring found in the framework. 

As a result, based on the number of T atoms, zeolites are  divided into four groups (Table 1): 9 

 Small pore-size zeolites, with 8 member ring (TO4 = 8), their pore diameter is around 4 

Å, for example, AlPO-18 with AEI topology (Framework) 

 Medium pore-size zeolites, with 10 member ring (TO4 = 10), their pore diameter is 

around 4.99 Å, for example, EU-1 with EUO topology (Framework) 

  Large pore-size zeolites, with 12 member ring (TO4 = 12), their pore diameter around 

7.03 Å, for example, ITQ-27 with IWV topology (Framework) 

  Extra-large pore-size zeolites, with pore size greater than 12 member ring (TO4 >12), 

their pore diameter greater than 7.5 Å, for example, ZEO-1 with JZO topology 

(Framework). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. MFI Framework9 
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Pore Size Number of Tetrahedra (MR) Pore Diameter (Å) Example 

Small 8 3.84 AlPO-18 (AEI) 

Medium 10 4.99 EU-1 (EUO) 

Large 12 7.03 ITQ-27 (IWV) 

Extra Large >12 >7.5 ZEO-1 (JZO) 

Table 1: Classification of zeolites according to their pore size; 9 MR: Members of the ring 

 

 Zeolite construction 

The TO4 tetrahedron, known as the Basic Building Unit (BBU), is the fundamental building 

block of all zeolites.18 The spatial connection of a certain number of BBU up to 16 atoms (T 

=16) forms a larger building unit called Secondary Building Unit (SBUs). Subsequently, a 

group of SBU forms a Composite Building Unit (CBUs) that reflects the zeolitic framework's 

properties. A zeolite framework may contain CBUs of various types. Therefore, different 

zeolites can share the same CBUs. An example to explain zeolite construction is shown in 

Figure 2, the union of BBUs forms SBUs (e.g. 4 and 4-4), and the union of SBUs forms CBUs 

(e.g. d4r (t-cub ), clo (t-rpa ), and lta (t-grc ) ), each edge refer to a T atom, and their combination 

describes the zeolite (e.g. Gloverite).9  

 

O

T OO
O

 

Figure 2. Construction of Gloverite Zeolite (Adapted from the IZA Database website)9  
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1.2. Zeolite Preparation 

The most general approach for zeolite synthesis is the use of hydrothermal conditions. At first, 

hydrated alumino-silicate gel is formed by adding an aluminium (Al) source. For example Al(i-

PrO)3 is added to a basic aqueous solution containing organic structure-directing agents 

(OSDA), followed by stirring until the reactants undergo total hydrolysis (Step 1, Figure 3). 

Then, a silica (Si) source, such as Si(OEt)4, is added and the solution is further stirred (Step 2, 

Figure 3). The resulting solution is heated at 85 oC in an oven to remove any excess water, until 

the desired H2O:Si ratio is achieved. Secondly, the crystallization stage begins when the 

prepared gel-like solution is transferred to an autoclave and placed in an oven at a specific 

temperature for a certain time, to favor the zeolite’s crystallization (Step 3, Figure 3).19 

 

 

Figure 3. Steps for the preparation of aluminosilicate gel followed by its crystallization within 

specific time at certain temperature to afford a zeolite.  

 

After the crystallization process, the use of organic species as structure-directing agents (SDA) 

for the synthesis of zeolites, is considered as the most important factor in controlling the 

topology of a zeolite. These organic species organize the inorganic units present in the solution, 

such as silica and alumina, via hydrophobic/hydrophilic interactions. At specific pH and 

temperature, the SDA induces nucleation and seed formation (Scheme 1 Steps 1 and 2).20 

Followed by crystal growth to obtain a zeolite with specific size, shape, and dimension (Steps 

3 and 4). Finally, the last step in this process is the removal of SDAs from zeolite pores by 

calcination. 
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Scheme 1. Zeolite crystallization20 

 

 

2. Use of structure-directing agents (SDAs) in zeolite synthesis 

2.1. General introduction 

The use of structure-directing agents in the preparation of zeolites was first introduced in 1961. 

21, 22 Researchers used tetramethylammonium salt (1) as an organic SDA in the synthesis of 

ZK-4 zeolite with small pore size (Scheme 2). The use of such organic cations instead of 

inorganic minerals, for instance Na+ or K+, favor the synthesis of zeolites with lower amounts 

of Al due to small charge-to-volume ratio of SDA’s. This was a significant discovery because 

low aluminium content in zeolites provides high hydrothermal stability and strong brønsted 

acidity. After the successful use of tetramethylammonium salt (1) as an SDA, researchers 

investigated more about organic SDAs, and another larger tetraalkyl ammonium salt was 

introduced. In 1967, researchers reported the discovery of the first high-silica zeolite Beta 

(BEA) using tetraethylammonium salt (2) (Scheme 2).23 Soon after, in 1972, another important 

zeolite in the chemical industry,24 the (ZSM-5), was discovered using tetrapropylammonium 

salt (3) (Scheme 2).25 And finally, increasing the number of carbons of the alkyl substituent to 

four, tetrabutylammonium salt (4) favored the synthesis of  ZSM-11 zeolite (Scheme 2).26 

 

 The use of tetramethylammonium cation (1) as SDA in the beginning resulted in the formation 

of zeolites with small cavities that were proportional to the size of the pores accommodated 

within (Scheme 2). This was the first indication of the correlation between the size and shape 

of the organic SDA and the pore volume of the zeolite that serves as its host. However, the 

correlation between the two is not always a clear-cut. This is explained by the fact that extra-

large pore-size zeolite BEA, which features 12-membered rings (12 MR) and 3-dimensional 
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channels with a high pore volume, was discovered through the use of tetraethylammonium salt 

(2). while, the use of larger cations such as tetrapropylammonium salt (3) and tetrabutyl 

ammonium salt (4) resulted in the development of medium pore size zeolites with 10-MR 

channels, ZSM-5 and ZSM-11, respectively (Scheme 2). The reason behind the formation of 

an open zeolite framework beta (BEA) when using relatively small ammonium salt (2), was 

later linked to the clustering mode of these small ammonium salts inside the BEA framework.27   

 

The synthesis of zeolites using structure directing agents goes through three possible mode of 

actions.  The first mode of action is called Templating, the term "Templating" refers to the 

process wherein an organic molecule arranges oxides tetrahedra in a specific pattern around 

itself during gelation or nucleation. This pattern serves as a primary unit for constructing a 

particular type of structure. In simpler terms, structural correlations exist between the 

molecular size and shape of the SDA and the zeolite framework that forms during 

crystallization of the zeolite nuclei.28  

 

The second mode of actions is called "structure-directing effect" which refers to the fact that 

the addition of organic species induces the crystallization of a specific framework type that 

would not have occurred otherwise, with no direct relation with molecular size and shape of 

the SDA. And  the final term "pore-filling effect", it refers to the organic SDAs becoming 

trapped within the porous zeolite crystal lattice, creating non-bonded host-guest interactions 

that provide stability to the open zeolite framework with no direct relation between size and 

shape of the SDA and the pores dimension. Although these terms (Templating, Structure-

directing, and Pore-filling) have been used separately to emphasize specific roles of organic 

species during the structure-directing phenomenon, but the truth is that these three modes occur 

simultaneously during the structural-directing phenomenon by organic species in any zeolite 

synthesis procedure.29 30 

 

In addition to the role played by structure-directing agents SDAs in zeolite crystallization, other 

factors, such as the quantity of silica, alumina, or heteroatoms, etc., can affect the zeolite 

crystallization process. Furthermore, performing the synthesis in a medium containing fluoride, 

employing different water concentrations, or using aluminophosphate (AlPO4), etc., are all 

factors that can affect the zeolitic outcome. Further description for these variables can be found 

here.31 
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 However, in this bibliographic part, the focus is more oriented toward the role of SDAs in 

promoting zeolite synthesis, particularly SDAs with ammonium and phosphonium units.  

 

 

Scheme 2. Early reported synthesized zeolites using ammonium salt based SDA’s with different alkyl 

chains.9  

 

2.2 Use of Ammonium Salts as Structure-Directing Agents (SDAs) in Zeolite Synthesis 

 

2.2.1 Recent Advances in the Use of Ammonium Salts: Size and Shape Effects in 

Zeolite Synthesis 

The use of an organic salt as structure directing agent requires some conditions to fullfill. 

Starting by zeolite synthesis, it occurs in aqueous medium (water) to favor the condensation 

process between alumino-silicate, therefore the SDA should be soluble in aqueous media to 

interact with alumino-silicate species. As a result they should have a hydrophilic character. 

Moreover, zeolite frame works, which are formed of high silica, are considerably hydrophobic. 

Thus, close interaction between the organic and alumino –silicate required to promote the 

structure-directing phenomena. As a consequence, organic species must have a specific 

hydrophobic property to favor such contact. 

The first example in this series describes the use of imidazole base ammonium salts with 

increasing size through some structure modification in the preparation of zeolites with 

increasing pore size (Scheme 3). The imidazole-based ammonium salt (5), which is the smallest 

SDA among them, favored the crystallization of medium pore size zeolite called ZSM-22 (TO4 

= 10) with TON framework. 32 Moreover, increasing the size of the SDA and including two 
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cationic center with a spacer n = 5 (SDA 6), favored the crystallization of large pore size zeolite 

called  ECNU-36 (TO4 = 12) with BEA framework. 33 And finally, similar to the concept of 

SDA 6, a new SDA 7 was synthesized with two imidazole cationic centers having different 

alkyl groups with n = 10 spacer, the used SDA favored the crystallization of extra-large pore 

size zeolite HPM-8 with TO4 = 30.34 These examples emphasize that using ammonium salts 

with imidazole units having different alkyl substituents and spacers favored the crystallization 

of zeolites with correlated pore size. 

 

Scheme 3. The use of ammonium salts with different sizes and shapes in the preparation of zeolite 

frameworks with correlated dimensions 9 

The second example explains the effect of expanding the size of the same molecule on the 

formed topology of a zeolite. Tetrapropyl ammonium salt (3), is a known SDA used in the 

synthesis of  medium pore size zeolite ZSM-5 with MFI topology (TO4 = 10) (Scheme 4). 

Recently, Villaescua, Sun and Camblor designed a new silica zeolite (IDM-1) containing 

medium and extra-large pores which is an expansion version of the mentioned ZSM-5 zeolite 

with MFI topology. The research group prepared SDA 8 having two cationic groups similar to 

the SDA used in the preparation of MFI. The two cationic groups are separated by an aromatic 

group to enhance rigidity and the size of the SDA (Scheme 4). What is special about the zeolite 

formed is that several medium/large zeolites have been reported before. However, the synthesis 

of high silica zeolites with medium and extra-large are still rare. IDM-1 is one of these 

examples which has high silica content,35 therefore, high thermal stability, up to 1000 oC. The 

presence of stable zeolites with medium and extra-large pore size may improve the catalytic 

activity. For example, it helps in controlling the molecular movement for reactants and products 
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across different channel system. This, along with several other examples in the literature, 

demonstrates the geometrical relation between the size and shape of the SDA and the zeolite 

framework that crystallizes around. 

 

Scheme 4. Rational design of structure directing agent (SDA) for the synthesis of zeolites with both 

10-ring and 16-ring multi-dimensional channel system.9  

 

Over the years, zeolites were synthesized with different chemical compositions. For instance, 

heteroatoms like germanium favor the synthesis of zeolites with different pore sizes.  One of 

these examples of zeolites containing germanium hetero atom is ITQ-34 with ITR topology. 

The ITQ-34 zeolite is a unique three-dimensional medium pore size zeolite synthesized by 

Corma et al.36 The prepared ITR zeolite containing germanium (Ge) was synthesized using 

propane-1,3-bis(trimethylphosphonium) (10) (scheme 5). The ITR zeolite synthesis was 

always performed in the presence of Ge species by using a hazardous and costly organic 

template of propane-1,3-bis(trimethylphosphonium) (10). Moreover, the use of Ge species in 

zeolite structure is costly, and reduces its stability especially upon calcination. Furthermore, 

researchers found that ITH zeolite could be synthesized without the addition of Ge by the help 

of several SDAs, one of them is SDA 9, which is a known cheap SDA suitable for the synthesis 

of pure silica ITH (Scheme 5). Moreover, from a topological point of view the ITH and ITR 

framework are “twins” with very similar structures. Taking what mentioned into consideration 

and understanding the similarities and the differences in the structures of ITH and ITR zeolites. 

A minor modification of SDA 9 characterized by increasing the size of organic template 

favored the synthesis of pure silicate, alumino silicate, and borosilicate ITR zeolites with no 

Ge species (Scheme 5). The synthesis of such zeolites with high crystallinity and in the absence 

of Ge atoms, especially in the case of  the synthesized ITR with aluminosilicate framework, 
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offers high catalytic activity in the process of converting methanol to propylene. The ITR 

framework exhibits excellent propylene selectivity and long life time  when compared to other 

zeolites such as alumini silicate ZSM-5 with MFI topology.37 

 

 
Scheme 5. Designing  an ammonium salt for the synthesis of Free-Ge ITR Zeolites  

 

The Diels–Alder (DA) reaction is one of the famous methods used for the preparation of 

complex cyclic and polycyclic organic compounds by reacting 1,3-dienes with dienophiles . 

The use of a designed catalyst for the Diels-Alder reaction can have many advantages as it can 

favor the formation of the transition state TS, stabilize it, and minimize the reaction’s activation 

energy. One good option for this reaction is using solid catalysts that have pores, like zeolites. 

Some researchers have already looked into using zeolites for the Diels-Alder reaction. Their 

early results showed that a zeolite called ZSM-5 could help with this reaction when heated 

between 250 °C and 500 °C. However, the zeolite catalysts were selected on the bases of the 

already available materials with no correlation with the transition state formed. 

 

Taking the Diels–Alder (DA) reaction as a starting point, researchers had developed a method 

to make pure silica zeolite using an organic structure directing agent (OSDA) mimicking  the 

transition state (TS) of the Diels Alder reaction. Following this principle, and taking into 

consideration that the transition state and reaction product are very close. An organic SDA 12 

that represent  the product of  reaction  between 1,3-cyclohexadiene and N-methylmaleimide 
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was used in zeolite crystallization and indeed it favored the crystallization of zeolite with BEC 

framework (Scheme 6). 38  

 The use of BEC zeolite as catalyst for the Diels alder reaction  showed a 2–2.5 fold increase 

of the initial reaction rate at 60 oC compared to the use of ZSM-5 at 250-500 oC. The reason 

behind these results is the stabilization of the transition state inside the pores and the decrease 

in activation energy. More precisely, the decrease in enthalpy and entropy of activation energy 

as calculated by Eyring-Polanyi equation. These results support the importance of the 

stabilization effect achieved by the catalyst structure and which also depends on the reaction 

temperature. Finally, the reaction rate of the Diels Alder process can also be remarkably 

increased by introducing single metal atom to zeolite pores, such as Ti. This example and other 

examples describes the effectiveness of this new approach to enhance reaction-specific 

catalysts through imprinting SDA size and shape.39 

 

 
Scheme 6. Customizing Zeolite Catalysts for Diels-Alder Reactions: Imprinting SDAs Size and Shape 

into Pore Structures9, 38 

 Nano sheet zeolites are a category of zeolites having a unique two-dimensional structure with 

few nanometer thick. Such materials are prepared using SDAs with long alkyl chains. An 

example illustrating the synthesis of nano sheets using bifunctional surfactants is highlighted 

here. In which bifunctional surfactants were systematically synthesized with a long 

hydrophobic alkyl chain with 22 carbon atoms on one side and two quaternary ammonium 

groups joined by a C6 spacer on the other, almost equivalent to the distance between two 

successive MFI unit cells.40, 30 The  bis-ammonium head groups served as two successive 

tetrapropylammonium SDA (3) of the MFI framework, while the long hydrophobic tails 

prevented further crystal formation of the zeolite in one direction, thus encouraging the 

formation of a thin layer of zeolite (Scheme 7). The intelligent construction of this SDA 13 

possessing specific hydrophilic/hydrophobic characteristics enables the production of 

extremely thin (2 nm) zeolite with MFI topology. This approach will improve the catalytic 
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efficiency because of their remarkable ability to prevent catalyst deactivation caused by coke 

deposition in methanol-to-gasoline conversion. For additional examples check [41].41  

 

Scheme 7: Synthesis of  thin (2 nm) MFI zeolite using hydrophobic SDA.9  

 

2.2.2 The impact of Rigidity vs Flexibility of Ammonium-Based SDAs on Zeolite 

Crystallization and Cavity Formation 

The rigidity or flexibility of organic cations play a crucial factor in determining their ability to 

create zeolite structures. For example, large and rigid molecules with limited flexibility, 

including those with multiple rings, are the most effective for creating new zeolite frameworks 

with large cavities. Moreover, a tight lock-and-key type of interaction between large and rigid 

SDA from one side and the formed zeolite from the other is found. Such SDAs play the role of 

templates, as they imprint their shape and size in the zeolite cavities. 

 Several examples of these polycyclic ammonium cations, along with the resulting zeolite 

frameworks were summarized in a recent review.39 Some examples are highlighted in scheme 

8, the use of large and rigid ammonium-based SDAs 14-19 favored the crystallization of the 

corresponding zeolites, with a direct correlation between their dimension and the zeolite 

cavities obtained. 
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Scheme 8. The use of rigid SDAs in the synthesis of zeolites with identical cavities. 39 

 

On the other hand, the SDAs that are flexible and have more methylene groups can adopt a 

wide range of shapes, and any of these shapes could potentially favor specific zeolite structures. 

Therefore, flexible cations are generally viewed as less selective SDAs, since they can result 

in various frameworks depending on the specific shape they adopt. This can be seen as a 

disadvantage since it often produces a mixture of phases. However, the ability of SDA to take 

different conformations increases the chances of discovering suitable crystallization conditions 

that lead to the formation of zeolite materials. For instance, hexamethonium cations (9) have 

been used recently to synthesize three zeolites having medium pore size, which are  RFE, 42 

ITH, 43 and EUO 44 framework (Scheme 9). 

 

Scheme 9. The use of Flexible SDAs (hexamethonium) in the synthesis of different medium pore size 

zeolites.9  
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2.2.3. Preparation of Zeolites with Extra-Large Pore Size 

 

2.2.3.1  Introduction to extra-large pore-size zeolites  

The Structure Commission of the International Zeolite Association (IZA-SC) has compiled a 

database of zeolite structures that currently lists 260 distinct zeolite types, including 23 extra-

large pore zeolites (ELP) zeolites with unique structural topologies. This represents a doubling 

of the number of ELP zeolites found in the database over the past decade. Despite this increase, 

ELP zeolites account for a relatively small proportion (23/260) of the discovered zeolites, in 

comparison to small pore (82/260), medium pore (54/260), and large pore zeolites (70/260) 

(Figure 4).9 The extra-large pore size zeolites with pore aperture larger than 0.75 nm, aroused 

increasing interest from researchers because these zeolites have a wide range of applications: 

for example, in processing bulkier molecules, improving diffusion rate, prolonging catalyst 

lifetimes and changing product selectivity. 

 

 

Figure 4. The classification of zeolites based on their largest pore as shown in the database of zeolite 

structure 9 

 

2.2.3.2 Approaches for Choosing Suitable Ammonium Salts as Structure-Directing 

Agents (OSDA) for Extra-Large Pore- Size Zeolite Synthesis 

The formation of extra-large pore-size zeolites is mainly dependent on the structure-directing 

agent used. The choice of large, rigid, and polar organic SDAs, in addition to suitable gels and 

media containing fluoride, will favor the formation of low framework density zeolites with a 

multi-dimensional channel system. Moreover, the presence of some secondary building units, 

such as Ge heteroatom will favor the formation of zeolites with extra-large pore sizes. To 
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discover new ELP zeolites, successful SDA design strategies are followed, including SDA size 

expansion and SDAs π–π stacking.  

 

2.2.3.2.1.The Use of Size Expansion Approach in the Synthesis of Extra-Large 

Pore Size Zeolites 

The size expansion approach is a method used in the synthesis of extra-large pore-size zeolites 

using modified structure-directing agents. It involves enlarging the size of the organic molecule 

used as an SDA by adding extra carbons or other groups during resynthesis. This approach 

resulted in the formation of larger pore zeolites, allowing for the synthesis of novel zeolite 

frameworks. For example, the use of SDA 20 favored the crystallization of three dimensional 

large pore size zeolite MCM-68 with a 12-member ring (Scheme 10).45 However, when using 

SDA 21 having two extra methyl groups favored the crystallization of a three dimensional 

extra-large pore size zeolite ITQ-37 (30-member ring  (ITQ-37) >12-member ring (MCM-

68)).46  

Moreover, the presence of halogenated groups on the used SDA and its position, can also play 

an important role on the outcome of the crystallization process. For example, the use of SDA 

22 having fluorine on meta position favored the crystallization of a one dimensional large pore 

size zeolite SSZ-55 with 12-member ring (Scheme 10).47 Using similar SDA 23 having fluorine 

atom on para instead of meta position favored the synthesis of a one dimensional extra-large 

pore size zeolite SSZ-53 having 14-member ring (14-member ring (SSZ-53) >12-member ring 

(SSZ-55)).48  

  

Scheme 10. The use of size expansion approach for the synthesis of extra-large pore size zeolites. 9  

 

Furthermore, the use of isoindoline-based SDA 24 having two methyl groups on the nitrogen 

atom favored the crystallization of a three dimensional large pore size zeolite BEC having a 12 

member ring (Scheme 11). The use of similar SDA 25 having two cyclohexyl group instead of 
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the two methyl groups favored the crystallization of three dimensional extra-large pore zeolite 

ITQ-54 with 20 member rings 49 (20 member ring (ITQ-54) > 12-member ring (BEC)). 

Researchers at Chevron also demonstrated another case when using SDA 27 having two ethyl 

groups instead of SDA 26 having two methyl groups (Scheme 11). A one dimensional extra-

large pore size zeolite SSZ-6150  with 21-member ring was obtained instead of extra-large pore 

size zeolite SSZ-35,51 having 16-member ring (21-member ring (SSZ-61) > 16-member ring 

(SSZ-35)). It is quite worthy that SSZ-61 is the first pure silica zeolite with a 21-member ring.  

 

 

Scheme 11. The use of size expansion approach for the synthesis of extra-large pore size zeolites.9  

 

Last example in this section shows, the use of trimethyladammantammonium (14) which 

favored the crystallization of a three dimensional small pore size zeolite SSZ-13 with 8-

member ring. However, replacing SDA 14 with SDA 28, which has additional two methyl 

groups, favored the crystallization of three dimensional extra-large pore size ITQ-56 zeolite 

with 22-member ring (22-member ring (ITQ-56) > 8-member ring (SSZ-13)). 52  

 

Scheme 12. The use of size expansion approach for the synthesis of extra-large pore size zeolites.9  
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2.2.3.2.2.The Use of π–π Stacking Phenomenon in the Synthesis of Extra-Large 

Pore Size Zeolites  

The π–π stacking phenomenon refers to the non-covalent interaction between aromatic 

molecules, where the aromatic rings align in parallel to each other with a distance of 3.4-3.5 

Å. In the synthesis of zeolites using SDAs, π–π stacking can occur between the aromatic rings 

of the SDA molecules. This phenomena can influence the size and shape of the formed zeolite 

pores. For example, Du and his colleagues built upon this idea by using imidazole-based 

aromatic derivatives. They used SDAs having different groups at different positions as 

supramolecular SDAs, to produce NUD-1 with 18 member rings using SDA 29,53 NUD-2 with 

14-member ring using SDA 30,54 and ITQ-37 with 30 member rings using SDA 31 (Scheme 

13).55 This shows that π-π supramolecular stacking, which uses planar shape SDAs having 

aromatic groups that build up above each other fitting in one pore, is a promising strategy to 

direct the crystallization process of extra-large pore size zeolites. 

 

 

Scheme 13.  The use of  π–π Stacking phenomenom in synthesis of zeolites with extra large pore 

size.9  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

33 

 
2.2.4.Ammonium Salts Used in the Preparation of Extra-Large Pore Size Zeolites. 

 
 

2.2.4.1. Ammonium Salts Used as SDAs in the Synthesis of Aluminophosphate/ 

Gallophosphate Extra-Large Pore Size Zeolites with the Resulting Topology 

 

In this category, the first reported extra-large pore size zeolite was VPI-5 in 1988.56 The VPI-

5  is a one dimensional 18-member ring zeolite with aluminophosphate VFI framework and 

pore size larger than 1 nm.  The synthesized VPI-5 was obtained when using SDA 32 (Table 

2, Entry 1). Similarly to SDA 32, the two  SDAs  3357 and 3458 have directed the synthesis of 

zeolites with VFI Framework. Two years later, in 1990, a one dimensional 14-member ring 

zeolite named AlPO-8 was reported with aluminophosphate AET framework when using SDA 

35 (Table 2, Entry 2).59 One year later in 1991, a novel zeolite, Gloverite, was reported  with 

CLO topology having phosphorus and gallium atoms in its framework. Gloverite zeolite is an 

extra-large zeolite with three dimensional framework and 20-rings, it was prepared by a cage 

like SDA 36 (Table 2, Entry 3)60. Later, different procedures using SDAs 37-41 were used for 

the preparation of zeolites with CLO  topology.61 After 22 years, in 2013, the last extra-large 

pore size zeolite belonging to alumino phosphate family was reported. The prepared extra-large 

pore size zeolite ITQ-51, was synthesized with IFO topology with the help of a proton sponge-

based SDA 42 (Table 2, Entry 4) .62 So far, only three extra-large pore size zeolite with 

aluminophosphates have been reported (VFI, AET, and IFO). The SDAs used in their 

preparation belong to the ammonium salt family. Protonated aliphatic ammonium salts with 

two or three alkyl chains appear to favor the crystallization of aluminophosphate zeolites. 

Ammonium salts with aromatic substituents having a shared proton sponge and 3 positive 

charges work as well. The gallophosphate extra-large pore zeolite seems to be favored by a 

quite different range of SDAs  (imidazole, ammonium salts with two positive charges, bicyclic 

ammonium salts, tetra alkyl and di alkyl ammonium salts).  
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Table 2. The ammonium salts used as SDA’s in the synthesis of aluminophosphate / gallophosphate 

extra-large pore size zeolites with the resulted topology. 

 

 

 

 

 

 

 

 

 

 

Entry Year 
Zeolite 

(topology) 

Channel 

dimension 

Framework 

composition 
SDA used 

1 1988 
VPI-5 

(VFI) 
1D 18-ring 

Al, P 

 

 

  

2 1990 
AlPO-8 

(AET) 
1D 14-ring Al, P 

 

3 1991 
Gloverite 

(CLO) 
3D 20-ring Ga, P 

 

4 2013 ITQ-51 (IFO) 1D 16-ring Al, P 

 



 

35 

2.2.4.2. Ammonium Salts Used in the Synthesis of Pure and Substituted Silicates 

(excluding Ge) Extra-Large Pore Size Zeolites with the Resulting Topology 

UTD-1, a pure silicate extra-large pore size zeolite, was synthesized in 2019 with DON 

topology having one dimensional channel with a 14-member ring using imidazole based SDA 

43 (Table 3a, Entry 1).63 This UTD-1 was first reported in 1996 using cobalt based SDA . One 

year later, in 1997, another interesting extra-large pore size zeolite was synthesized from pure 

silicate, having one dimension with 14-member ring named CIT-5 with CFI topology.64 It was 

synthesized using SDA 44 based on natural product derivative sparteine  as mentioned before 

(Table 3a, Entry  2). In 2003, after 6 years, two extra-large pore size zeolites having a mixture 

of boron and  silica in their framework  were reported. The extra-large pore zeolites SSZ-5348 

with SFH topology and SSZ-5965 with SFN topology were synthesized, both having a  one 

dimensional framework with a 14- member rings. SSZ-53 was synthesized using fluoro 

aromatic SDA 23 (Table 3a, Entry 3) and SSZ-59 was synthesized using a quite similar SDA 

45  having a non-flourinated aromatic and 1-methylpiperidine groups (Table 3a, Entry 4). In 

the same year, a three dimensional 18-member ring extra-large pore size zeolite ECR-34 was 

synthesized with an ETR topology having a mixture of Ga, Al, and Si in the framework (Table 

3a, Entry 5).66 The synthesis of  ECR-34 zeolite proceeded when using tetraethylammonium 

hydroxide SDA 2. 

 Table 3a.The ammonium salts used as SDA’s in the synthesis of pure and substituted silicates 

(excluding Ge) extra-large pore size zeolites with the resulted topology between 1996 and 2003. 

 

Entry 
Zeolite 

(topology) 
Year 

Channel 

dimension 

Framework 

composition 
SDA used 

1 UTD-1 (DON) 1996 1D 14-ring Si 

 

2 CIT-5 (CFI) 1997 1D 14-ring Si 

 

3 SSZ-53 (SFH) 2003 1D 14-ring B, Si 

 

4 SSZ-59 (SFN) 2003 1D 14-ring B, Si 

 

5 ECR-34 (ETR) 2003 3D 18-ring Ga, Al, Si 
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 After 13 years, in 2014, a one dimensional 18-member ring extra-large pore zeolite SSZ-6150 

with SSO topology was synthesized, having only Si in the framework composition. The 

synthesis of this zeolite was done using bicyclic SDA 27 (Table 3b, Entry 6). Another extra-

large pore size zeolite, EMM-23 with EWT topology, also having three dimensional channel 

with 21-member ring, was reported in the same year. In this case, the SDA 46 used was based 

on a bisquaternary  ammonium salt having 2 heterocycles linked with an n-pentyl group67 

(Table 3b, Entry 7). Additionally, cyclic bisammonium SDA 47 also favored the synthesis of 

zeolite with EWT framework.68  Three years later, in 2017, an imidazole based ammonium salt 

48 favored the synthesis of two dimensional, 14 member ring extra-large pore size zeolite SSZ-

70 with SYV topology (Table 3b, Entry 8).69 In 2020, extra-large pore size zeolites with silica 

content  NUD-670 and IDM-135 were synthesized from imidazole-based ammonium salt SDA 

43 (Table 3b, Entry 9) and aromatic SDA 8, respectively. (Table 3b, Entry 10).  

 

Table 3b.The ammonium salts used as SDA’s in the synthesis of pure and substituted silicates    

(excluding Ge) extra-large pore size zeolites with the resulted topology between 2014 and 2020. 

 

 

Entry Zeolite 

(topology) 
year Channel 

dimension 

Framework 

composition 
SDA used 

6 
Ssz-61 

(SSO) 
2014 1D 18-ring Si 

 

7 
EMM-23 

(EWT) 
2014 3D 21-ring Si 

 

8 
SSZ-70 

(SVY) 
2017 2D 14-ring Si 

 

9 NUD-6 2020 3D 16-ring Si 

 

10 IDM-1 2020 - Si 
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2.2.4.3. Ammonium Salts Used in the Synthesis of Germanosilicate Extra-Large 

Pore Size Zeolites with the Resulting Topology 

Extra-large pore size zeolite having germanium atoms in their framework composition was 

first synthesized in 2004. An ITQ-15 zeolite with UTL topology was obtained, having two 

dimensional channel with 14-member ring when using SDA 49 (Table 4a, Entry 1).71 Two 

years later, in 2006, a three dimensional 18-member ring extra-large pore zeolite ITQ-33 was 

synthesized with ITT framework by the help of diquaternary salt 9 (Table 4a, Entry 2).72 Three 

years later, in 2009 another germanium containing extra-large pore size zeolite ITQ-37 was 

prepared with ITV topology, having a three dimensional channel with 30-member ring.46 It was 

synthesized using diquaternary compound 50 as SDA (Table 4a, Entry 3). In 2010, an extra-

large pore size zeolite ITQ-44 was also reported with IRR topology by the use of SDA 51 

(Table 4a, Entry 4).73  

Table 4a. The ammonium salts used as SDA’s in the synthesis of germanosilicate extra-large pore size 

zeolites with the resulted topology between 2004 and 2010. 

 

The same SDA 51 was used one year later in the preparation of three dimensional 18-member 

ring ITQ-43 with IRT topology (Table 4b, Entry 5).74 Three years later, in 2014, an imidazole-

based SDA favored the synthesis of three dimensional extra-large pore sized NUD-1 with three 

dimensional having 18 member ring using SDA 29 (Table 4b, Entry 6).53Error! Bookmark not defined. 

In 2015, a zeolite containing germanium was reported, ITQ-54 a three dimensional extra-large 

Entry 
Zeolite 

(topology) 
Year 

Channel 

dimension 

Framework 

composition 
SDA used 

1 
ITQ-15 

(UTL) 
2004 2D 14-ring Ge, Si 

 

2 
ITQ-33 

(ITT) 
2006 3D 18-ring Ge, Si 

 

3 
ITQ-37 

(ITV) 
2009 3D 30-ring Ge, Si 

 

4 
ITQ-44 

(IRR) 
2010 3D 18-ring Ge, Si 
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pore size zeolite with 20 member ring was synthesized with IFU topology using SDA 25 (Table 

4b, Entry 7 )49 The last reported example in the germanium series, is the extra-large pore size 

zeolite SYSU-3 with SYT topology.  The extra-large pore size zeolite SYSU-3 was prepared 

using  SDA 52 derived from traditional Chinese medicine (Sophoridine) (Table 4b, Entry 8).75  

 

Table 4b. The ammonium salts used as SDA’s in the synthesis of germanosilicate extra-large pore size 

zeolites with the resulted topology between 2011 and 2018. 

 

 

 

 

 

 

 

 

 

 

 

 

Entry 
Zeolite 

(topology) 
year 

Channel 

dimension 

Framework 

composition 
SDA used 

5 
ITQ-43 

(IRT) 
2011 3D 28-ring Ge, Si 

 

6 NUD-1 2014 3D 18-ring Ge, Si 

 

7 
ITQ-54 

(IFU) 
2015 3D 20-ring Ge, Si 

 

8 
SYSU-3 

(SYT) 
2018 3D 24-ring Ge, Si 
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2.2.5.Hydrothermal Stability of the Ammonium Based SDAs in Zeolite Synthesis 

 

In order for the organic cations to withstand the harsh conditions applied by the hydrothermal 

synthesis of zeolites, characterized by high temperatures, pressures, and basic pHs, SDA 

species must exhibit a high hydrothermal stability. When ammonium cations are exposed to 

high pH and temperature in aqueous media, they frequently undergo Hofmann elimination 

reaction to produce the corresponding alkenes and tertiary amines. As a result, these fragments 

will cancel or at least change the structure-directing mode of an SDA. Degradation of SDAs 

during zeolite crystallization may affect the molecule’s potential to crystalize a zeolite, not only 

because of the lower concentration of the SDA, but also because of the ability of creating other 

organic species with their own structure-directing potential. For example,  The use of N,N,N-

trimethyl-tert-butylammonium (TMTBA) (53), under specific conditions, caused its 

interaction with its own Hofmann elimination side product, that is trimethylamine (57), thus 

generating a smaller tetramethylammonium cation (1) (Scheme 14).76 30 Despite the fact that 

the original and newly produced cations are different in size and shape, both have been proven 

to structure-direct the crystallization of AST zeolites in fluoride media.77 However, the unit 

cell dimensions of the synthesized AST zeolites were substantially different containing smaller 

unit cells. For additional examples check [78].78 

 

 

Scheme 14. Formation of trimethylamine (21) via hoffmen elimination followed by transmethylation 

to give SDA 1. 
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2.3. Use of phosphonium salts in zeolite synthesis: 

2.3.1. Summary of the Prepared Phosphonium Salts with the Corresponding Zeolites. 

The use of phosphonium cations as SDAs in the preparation of zeolite materials has been 

discovered in the beginning of 2000. These phosphonium cations were introduced as promising 

alternatives  to ammonium cations as they have higher stability, even though the synthesis may 

be carried out under more harsh conditions. In fact, the use of these phosphonium cations has 

allowed for the creation of zeolite frameworks with different pore sizes.  Below is a list 

covering almost all phosphonium based SDAs with the corresponding zeolite frameworks. The 

results shows that zeolites with small (GIS, PTH) 7980, medium (ITR),36 Large (GME, ITQ-

27)81 and extra-large (IFT and ITQ-40) 82 were prepared using a wide set phosphonium salts 

(Scheme 15). The size expansion approach is also applicable in case of phosphonium salts, for 

instance, Corma and his co-workers  reported the use of phosphonium-based SDA 62 in the 

preparation of two dimensional large pore zeolite ITQ-27 with a 12-member ring. Using similar 

SDA 63 having two ethyl groups instead of two methyl groups or using the SDA 64 having 

two phosphonium groups connected with a 3 carbon linker, favored the crystallization of 3 

dimensional extra-large pore size zeolite ITQ-40 with 16-member ring (16-member ring (ITQ-

40) > 12-member ring (ITQ-27)). 

 

 
      Scheme 15. The use of phosphonium salts in the synthesis of zeolites with different pore sizes 
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2.3.2. ZEO-1 zeolite 

Over the past three decades, there has been significant progress in synthesizing zeolites with 

extra-large pores, as previously shown in Tables 2, 3 and 4. Since the beginning of the zeolite 

synthesis journey in 1940,  around  22 extra-large pore-size zeolites were reported. However, 

these prepared zeolites suffered from stability issues concerning their use in the industry due 

to the presence of expensive heteroatoms such as germanium, given for example, the 

multidimensional extra-large pores zeolites with -ITV,-CLO,-IFU,-IRY, and -IFT frameworks. 

Moreover, some of these extra-large pore-size zeolites suffer from low multidimensionality 

and have interrupted frameworks. As a result, only  stable fully connected aluminosilicate 

large-pore zeolites such as BEA, FAU, and EMT were discovered and used in industry 

Lately, a fully connected non-interrupted three-dimensional aluminosilicate extra-large pore-

size zeolite with an interesting mixture of extra-large and large pore-size named ZEO-1 was 

discovered.83 The ZEO-1 zeolite was synthesized using Tricyclohexyl methyl phosphonium 

(TCyMP) (65a) as the organic structure-directing agent (OSDA). The framework composition 

contains an alumino-silicate ratio of 14.5. Additionally, it showed high thermal and hydro-

thermal stability up to at least 1000°C and possess a good potential as a catalytic cracking 

catalyst. 

The pore system of ZEO-1 contains both  three-dimensional extra-large 16MR and large  12MR 

channels with high interconnectivity. Therefore three types of super cages with four windows 

of 16MR (A), 16-12 MR (B),  and 12MR (C)  are present (Scheme 16). The presence of alumina 

in the framework composition forms active acid sites which in its turn enable good heavy-oil 

conversion and fluid catalytic cracking (FCC), competing with the used zeolites in such 

processes. 

 

Scheme 16. The ZEO-1 pore system containing three super cages with (A) 16MR, (B) 16-12MR, and 

(C) 12MR apertures. The phosphonium based SDA 79a used in ZEO-1 synthesis is shown to the right 

(D). 
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In conclusion the meta stability of a zeolite and the complexity of their formation mechanisms, 

make it hard to understand the real effect of the synthetic variables on the mechanism of 

formation. Understanding the mode of action of organic structure-directing agents at the 

molecular level is still a matter of debate and the ability of SDA to favor zeolite formation, in 

most of the time, is based on trial and error concept. A general conclusion has not yet been 

reached. However, it is supposed that using large, rigid, and polar organic structure directing 

agents (OSDAs), in addition to suitable gels and fluoride containing media, will favor the 

formation of low framework density zeolites with multi-dimensional channel system. 

Moreover, the presence of some secondary building units, such as Ge heteroatom will favor 

the formation of zeolites with extra-large pore sizes.  
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3. Project description 

 

The aim of this doctoral thesis was to synthesize rigid, polar, and hydrophilic organic salts. At 

first, our interest is devoted to the synthesis of ammonium salts that have alkyl chains similar 

to the structure directing agents (SDAs) found in Scheme 2. Herein, a new set of ammonium 

salts 66 having a single  alkyne substituent were prepared. The use of ammonium salts with 

alkyne units in zeolite synthesis, can enable their use in introducing metals to zeolite 

frameworks through the formation of metal-π-complexes. Additionally, a second set of 

ammonium salts 67 featuring two alkyne moieties are prepared and some of them tested in 

zeolite synthesis. Moreover, ammonium salts 67 can serve as building block to form larger 

molecules through the size expansion approach for example, by trimerization. 

                   Scheme 17. The ammonium and phosphonium salts prepared in the thesis 

 

As demonstrated before, ball-shaped SDAs like SDA 14, 28, and 36, favored the 

crystallization of zeolites with distinct frameworks and pore sizes. In this study, a new series 

of ammonium salts, based on hexamethylenetetramine 68, was synthesized with different alkyl 

groups and tested as a potential candidate to favor crystallization of zeolites. Two ammonium 

salts with long-carbon chains based on hexamethylenetetramine 68 were prepared as possible 

candidates for the synthesis of thin layer zeolites. Moreover, it has been proven that ammonium 

salts with imidazole units are among the most successful SDAs for zeolite synthesis, with over 
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59 imidazole-based SDAs directing the crystallization of zeolites with various frameworks and 

pore sizes.84 Nonetheless, five of these  SDAs favored the crystallization of extra-large pore 

size zeolites, more preciously, three out of these five SDAs (Table 3, SDA 43, 48 and 43) 

demonstrated the ability to preferentially induce the formation of extra-large pore size zeolites 

with silicate and substituted silicate frameworks. To this end, an expanded series of ammonium 

salts 69 and 70, with imidazole substituents, were synthesized and tested for its ability to 

enhance the synthesis of zeolites with alumino-silicate frameworks. 

SDAs containing aromatic units were also used in the synthesis of zeolites with diverse 

framework compositions, as detailed in Tables 2, 3, and 4. Herein, a new ammonium salt 71 

incorporating a [2.2] paracyclophane unit was developed, which possesses two aromatic units, 

one of the two benzene rings  is situated at a sufficiently distant location from the cation. This 

structural configuration may promote π-π stacking similar to the example described in Scheme 

13 by SDA 31. The incorporation of two connected rings, as in the case of [2.2] 

paracyclophane, is expected to support the crystallization of zeolites with extra-large pores, 

compared to the reported example of ITQ-37 Scheme 13. Additionally, another aromatic 

compound, the 4-phenylpyridinium salt (72) was synthesized, the presence of two aromatic 

rings may facilitate the formation of extra-large pore zeolites featuring a channel system, 

potentially favoring π-π stacking. Finally, the last prepared ammonium salts in the aromatic 

category are those containing the mesityl group 73, which were generated by the alkylation of 

(Chloromethyl)-1,3,5-trimethylbenzene-based ammonium salts using tertiary amines. 

Apart from the use of ammonium salts in zeolites synthesis, SDAs based on phosphorous are 

emerging as promising contenders for zeolite synthesis. This class of SDAs exhibits remarkable 

thermal stability and is impervious to Hoffman elimination. Although just one example was 

presented in Table 3 and two in Table 4, these preliminary results indicate a new area of SDAs 

with great potential. Accordingly, the first target in this series is to reproduce alumino silicate 

zeolite ZEO-1 using tricyclohexyl(methyl)phosphonium hydroxide (65a). ZEO-1, a new type 

of zeolites, having an extra-large pore size and excellent stability up to 1000 oC, making it as a 

prime target for researchers. This process will enable a spectroscopic examination of its 

stability and acid site accessibility. Following the size expansion strategy, a new set of SDAs 

employing different alkyl chains based on tricyclohexyl phosphine and triphenyl phosphine 

(65) are prepared and some of them tested using the same conditions employed for the 

preparation of ZEO-1 

Furthermore, the phosphonium salts series is extended to include the preparation of 

bisphosphonium 74 salts having two tricyclohexyl phosphonium units with various alkyl chain 
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spacers. As shown in Table 3 Entry 7 and 10 and Table 4 Entry 2, bis salts featuring two 

ammonium units is well-known and has been employed in the synthesis of zeolites with extra-

large pore size. Here in, a new set of bisphosphonium salts instead of ammonium salts featuring 

tricyclohexyl ohosphine is synthesized. 

The different ammonium and phosphonium salts prepared are used in several zeolite synthesis 

trials in the LCS laboratory and the resulted  outcomes are shown in chapter 3.
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1. Synthesis of ammonium salts. 

 

1.1. Ammonium salts containing terminal and non-terminal alkyne unit(s). 

 

 Ammonium salts containing one alkyne group substituent 66(a-g): 

At first, in the series of ammonium salts containing one alkyne group substituent, two ammonium 

salts with terminal alkyne groups 66(a,b) were synthesized by reacting 1.2 equiv. of triethylamine 

(57b) or tripropylamine (57c) with 1 equiv. of propargylbromide (75a). Following a procedure 

described by McLndoe group for the alkylation of trioctylamine with propargyl bromide, the 

reaction proceeded at room temperature in diethyl ether (Et2O) within 48h (Scheme 18).85 A total 

of 9g of 66a and 10.5 g of 66b were prepared. The colored impurities of the obtained ammonium 

salts 66a and 66b were removed by triturating in acetone. For purification, the salts were dissolved 

in distilled water and washed with pentane several times to afford the final products 66a and 66b 

in 93% and 83% yield, respectively. The 1H NMR spectra for ammonium salts with terminal 

alkynes showed special  pattern. For example, in the case of 66a (Scheme 18), when the 1H NMR 

analysis was run in deuterated  DMSO, four different peaks were observed: 4.33 ppm (d, J = 2.6 

Hz, 2H, H-3), 4.01 ppm (t, J = 2.6 Hz, 1H, H-1), 3.32 ppm (q, J = 7.2 Hz, 6H, H-4), and 1.2 ppm 

(t, J = 7.2 Hz, 9H, H-5). However, when the 1H NMR analysis was run in deuterium oxide (D2O) 

instead of deuterated DMSO, only three peaks were observed: 4.11 ppm (s, 2H, H-3), 3.40 ppm 

(q, J = 7.3 Hz, 6H, H-4), and 1.29 ppm (t, J = 7.3 Hz, 9H, H-5). The reason behind the 

disappearance of the H-1 peak was the acidic character of H and the lability of deuterium in D2O.  

 

The set of ammonium salts, which have one alkyne group substituent, was extended to include 

ammonium salts with non-terminal alkyne units 66c-f (Scheme 18). Based on the size expansion 

approach, ammonium salts with different alkyl chains were prepared quantitatively (94-99 %) 

following the same experimental procedure. A total of 3g of 66c, 4.2g of 66d, 12.9g of  66e, and 

6g of 66f were synthesized.  All of these salts were dissolved in water and washed with pentane 

several times for purification. The last example in this series was synthesized by reacting tri-n-

propyl amine (57c) with 1-bromo-2-pentyne (75c), and 2g of 66g were obtained after purification 

with a 99% yield. All of these reported ammonium salts are new except for the first ammonium 

salt 66a it was synthesized before but not used as SDA. 
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Scheme 18. Synthesis of terminal and non-terminal alkyne based ammonium salts 

 

 Ammonium salts containing two alkyne group substituents 67(a-b): 

Ammonium salts containing two alkyne group substituents were also synthesized and tested as 

possible candidates in zeolite synthesis (Schemes 19 and 21). At first, ammonium salt 67a was 

prepared by a two-step reaction (Scheme 19). In step 1, tertiary amine 77 was obtained by reacting 

2.5 equiv. of pyrrolidine (76) with 1 equiv. of propargyl bromide (75a) in acetonitrile at 60 oC. 

The reaction proceeded within 48h, and the obtained product 77 was purified by removing the 

excess of pyrrolidine salt using column chromatography (alumina oxide 95:5 (v/v) pentane-ethyl 

acetate). The combined fractions were then concentrated not to dryness to avoid the loss of tertiary 

amine 77 and further alkylated with propargyl bromide (75a) (1.3 equiv.) in dry diethylether (Et2O) 

at room temperature. The reaction proceeded within 48h to afford final product with a 45 % yield. 

The obtained product was further washed with pentane to remove the traces of pyrrolidine (76). 

For clarification, the reaction was done over two steps to avoid having a mixture of protonated 

pyrrolidinium salt and product 67a that are hard to separate. 

 

Scheme 19. Synthesis of ammonium salt 67a using a two step reaction. 
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In order to minimize the use of excess pyrrolidine (76) and eliminate the need of purifying through 

column chromatography, another approach was followed for synthesizing ammonium salts with 

two alkyne units. Propargyl bromide (75a) was added to a solution containing  dipropylamine (78) 

and potassium carbonate (1.2 equiv.) in acetonitrile (Scheme 20). The reaction was heated at 60oC 

for 48h. However, the reaction did not proceed as expected, resulting in the formation of different 

side products and impurities. This outcome may be due to the instability of terminal alkynes under 

basic conditions at high temperatures. 

 

 

Scheme 20. Attempt to prepare ammonium salt 67b 

 

As an alternative, acetylene 75(a or b) was added to a solution containing secondary amines 76 or 

78 and potassium carbonate (2 equiv.) in DMF (Scheme 21).86  Following a procedure reported by 

Nakamura’s group for the preparation of propargylic amines, the reaction proceeded within 48 h 

at room temperature.  The resulting mixture was filtered over celite and washed with diethyl ether 

(Et2O), followed by washing with distilled water to remove the excess of DMF. The obtained 

tertiary amine 79 was dissolved again in dry diethylether (Et2O) and further alkylated with bromo 

alkyne 75 (1.2 equiv.) to afford ammonium salts 67c (43%, 1.3g), 67d (86%, 2.4g), and 67b (87%, 

1.6g). The reason behind using a two-step reaction instead of one is the use of DMF as a polar 

solvent with a base to favor the occurrence of reaction at room temperature. Thus, when DMF is 

present, tertiary amine can be extracted by diethyl ether and washed with water to remove traces 

of DMF. However, if the product 67 is formed in the first step, it will be challenging to isolate it 

from DMF as they are both soluble in distilled water.  From the reported ammonium salts 67a-d, 

the ammonium salt 67a was synthesized before but not used as SDA. 
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Scheme 21. Synthesis of ammonium salts 67c, 67d and 67b through a 2 step reaction 

 

To investigate the effect of having two alkyl groups instead of alkyne groups in zeolite synthesis, 

ammonium salt 82 was proposed. An attempt to synthesize ammonium salt based on pyrrolidine 

with two alkyl chains (propyl) following the same procedure mentioned in scheme 21 was made. 

Pyrrolidine (76) and bromopropane (80c) (1 equiv.) were added to a DMF solution containing 

potassium carbonate (2 equiv.). However, The reaction didn’t proceed even after stirring at room 

temperature for 48h (Scheme 22). 

 

 

Scheme 22. Attempt to synthesize ammonium salt 82 following a 2 step reaction 

 

As an alternative, the reaction conditions found in scheme 20 were repeated again in scheme 23 

on different substrates. Pyrrolidine (76) (1 equiv.) and bromopropane (80c) (3 equiv.) were added 

to a solution containing K2CO3 (1.2 equiv.) dissolved in acetonitrile. The reaction proceeded at 60 

oC within 48h. The resulting solution was condensed under reduced pressure, dissolved in ethanol, 

and filtered to remove the remaining insoluble potassium carbonate to afford 2g of ammonium salt 

82 with a 98 % yield. 
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Scheme 23. Synthesis of ammonium salt 82 in one step reaction 

 

1.2. Hexamethylenetetramine based ammonium salts 87(a-f). 

 

As demonstrated previously in chapter 1, ball-shaped SDAs like SDA 14, 28 and 36 favored the 

crystallization of zeolites with distinct frameworks and pore sizes. In this part, a new set of 

ammonium salts with different nitrogen to carbon ratios based on hexamethylenetetramine 68a-f 

were prepared (Scheme 24). These salts were prepared following a procedure reported by Ma’s 

group for the synthesis of N- benzyl hexamethylenetetranium bromide 68d (yield reported by the 

group: 84%), the alkylation reaction between RX 80 (5 equiv.) and hexamethylenetetramine (83) 

proceeded in ethyl acetate at 60 oC within 12h.87 The hexamethylenetetramine-based ammonium 

salts 68a-f were obtained in quantitative yields after washing with ethyl acetate (68a (1.9 g, 42%), 

68b (3g, 93%), 68c (17.2 g, 86%), 68d (4 g, 64%), 68e (1.2 g, 50%), and 68f (1.6 g, 54%)). All of 

these ammonium salts 68a-e were synthesized before except the last one 68f. However, these 

ammonium salts were never used in zeolite synthesis. Extra information about these molecules is 

given in the experimental part. 
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Scheme 24. Synthesis of hexamethylenetetramine based ammonium salts 68a-f. 

 

1.3. Imidazole based ammonium salts 69a-d and 70a-c. 

 

SDAs with different imidazole units are quite famous ammonium salts that favor the crystallization 

of zeolites with different frameworks.88 Here, four different imidazole-based ammonium salts were 

synthesized, having acetylene, benzyl, and mesitylene units 69a-d (Scheme 25). The alkylation 

reaction between R2X (75b, 80d, or 80g) and N-alkylimidazole 84a or 84b in THF at 66 oC 

proceeded within 48 h to afford the salts 69a (1.5g, 80%), 69b (2g, 99%), 69c (4.5g, 64%), and 

69d (5.3 g, 92%) (Scheme 25). The procedure used was reported by Li and Camblor’s group for 

the synthesis of ammonium salt 69c (Reported yield: 92 %). 89 For purification, the imidazole-

based ammonium salts were dissolved in water and washed with diethyl ether (Et2O) several times.  

Ammonium salt 69d had an ionic liquid character, so it was heated more under reduced pressure 

to remove the traces of starting material. All of these ammonium salts 69a-d were synthesized 

before, however only 69c was used in the synthesis of extra-large germanosilicate zeolite HPM-

14.  

 

                         Scheme 25. Synthesis of imidazole based ammonium salts 69a-d 

 

The set of ammonium salts having imidazole units was extended, and another three imidazole 

based ammonium salts were prepared with extra aromatic substituents 70(a-c) (Scheme 26). The 

reaction between imidazole 85 and methyl iodide (MeI, 3 equiv.) in the presence of potassium 
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carbonate (3 equiv.) proceeded at 60 oC within 48 h. The first attempt to purify the products by 

dissolving the crude in ethanol and then filtering the insoluble potassium carbonate was not 

efficient. So, another method was followed in which distilled water was added to the crude, the 

solution was heated to 50 oC to dissolve all potassium carbonate, and the  un soluble imidazole 

salts were collected by filtration. The procedure was repeated several times until the pH of the 

filtered distilled water was around 7. The imidazole-based ammonium  salts 70a-c were obtained 

quantitatively (Scheme 26). These three ammonium salts 70a-c were synthesized before but not 

used in zeolite synthesis. 

 

 

Scheme 26. Synthesis of imidazole based ammonium salts 70 (a-c) 

 

1.4. Ammonium salts containing aromatic units. 

 

1.4.1. Synthesis of [2.2] paracyclophane ammonium salt using different approaches. 

Ammonium salts with aromatic units showed great potential in the synthesis of zeolites with 

different pore sizes. The combination of hydrophobic planar part and hydrophilic polar part, tends 

to be efficient in the synthesis of extra-large pore sizes zeolites with different topologies (Chapter 

1, Table: 2, Entry 1 and 4; Table: 3, Entry 1, 3, 4, and 10; and Table: 4, Entry 4, 6, and 7). The 

first target in this section was the preparation of an ammonium salt with a [2.2] paracyclophane 

unit. The reason behind this choice was the rigidity of this compound, the presence of two aromatic 

rings phasing each other would favor π–π stacking between two pairs of molecules, thus forming 

pores with larger dimensions. For the preparation of ammonium salt with [2.2] paracyclophane 

unit, amide 91 should be prepared first (Scheme 27). Initially, [2.2] paracyclophane (86) reacts 
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with acetyl chloride (2 equiv.) in the presence of Lewis acid aluminum chloride (1.8 equiv.) as 

shown in path 1 (Scheme 27). Following the procedure described by Cram for the synthesis of 

Ketone 87 (yield reported 74%), the reaction proceeded at room temperature in dichloromethane 

within 17 h to yield the final product with a 66% yield.90 Following a procedure reported by Cram 

and Allinger for the syntheses of carboxylic acid 88 from 87 using potassium hydroxide (KOH, 

7.3 equiv.) and bromine (Br2, 3.3 equiv.) in a mixture of water and Dioxane (Reported yield 90%). 

The attempt to synthesize carboxylic acid 88 starting from ketone 87 using the same haloform 

reaction wasn’t successful.91 So, another approach was followed (path 2). Compound 89 was also 

synthesized using a Frieldel-Crafts acylation reaction from [2.2] paracyclophane (86) (1 equiv.) 

and oxalyl chloride (1.8 equiv.) with a 99% yield. Then, the obtained product 89 undergoes a 

decarbonylation reaction when refluxed in chlorobenzene within 48 h to afford acyl chloride 

compound 90 following a procedure described by Psiorz for the synthesis of 90 from 89.92 Then, 

to the obtained mixture containing acyl chloride 90 and chlorobenzene, dichloromethane and 

diethyl amine were added. The reaction proceeded at room temperature within 48 h to yield amide 

91 with a 26% yield. To increase the yield of the amide 91 and to avoid the moisture sensitivity of 

the acyl chloride 90, path 3 was followed. Ketone 92 was prepared from [2.2] paracyclophane (86) 

and 2-cloroacetyl chloride (2 equiv.) using a Friedel-Crafts acylation reaction. The reaction 

proceeded within 17h to afford the final product 92 with an 80% yield (Scheme 27). In step 2, 

compound 92 was added to a pyridine solution and heated at 60 oC for 20h following Kings 

reaction.93 After that, the pyridine was evaporated from the solution, and the remaining salt was 

dissolved in a 14% NaOH solution. The solution was stirred for 24 h at 60 oC and the obtained 

carboxylic acid 88 was isolated and purified by acid-base workup with an 86% yield. In step 3, 

following Richards approach for the preparation of compound similar to 91 but having two methyl 

instead of ethyl groups, oxalyl chloride (1.1 equiv.) was added to a solution of carboxylic acid 88 

and DMF (0.8 equiv.) in dichloromethane. The solution was stirred for 5h at room temperature, 

followed by the addition of diethyl amine to the acyl chloride compound formed in situ. The 

reaction was further stirred for 16h and the final amide product 91 was obtained with a 65% yield 

after purification.94  
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Scheme 27. Attempts to synthesis amide 91 using different paths. 

 

The obtained amide 91 was reduced to the tertiary amine compound 93 using LiAlH4 (7 equiv.) 

in THF within 24h at room temperature (Scheme 28).94 This reaction was used by Richards group 

for the preparation of a similar compound to 93, but having two methyl instead of two ethyl groups 

(yield: 80%). The crude was isolated by an acid base workup. The obtained mixture after treatment 

showed the target product 93 with another side product 94. The reason behind obtaining side 

product 94 could be caused during the reduction step by the cleavage of the amine group as shown 

in scheme 28c. To isolate the targeted product 93, a column chromatography using alumina oxide 

with 90:10 (v/v) pentane-ethyl acetate was applied. The final product 93 was obtained with a 65% 

yield, and the alcohol 94 was isolated with a 17% yield. 

  

 

Scheme 28. A. reduction of amide 91 to the corresponding tertiary amine   

B. Side product alcohol 94. C. mechanism for obtaining the alcohol                                                                                                                                        
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The alkylation of the previously prepared tertiary amine 93 using 4 equiv. of haloalkanes in 

different solvents such as dichloromethane, THF, Acetonitrile, and DMF under reflux for 48 h 

didn’t proceed (Scheme 29). However, using Methyl trifluoromethanesulfonate (CH3OTf, 6 

equiv.) in dichloromethane at room temperature favored the alkylation reaction of tertiary amine 

93, and the corresponding ammonium salt 71 was obtained with 90%. For purification, the 

prepared ammonium salt 71 was washed with distilled water and saturated solution of NaHCO3. 

 

 

Scheme 29. Attempts to alkylate tertiary amine 71 

 

1.4.2. Synthesis of 4-phenylpyridinium and Mesitylene based ammonium salts. 

Another ammonium salt 72 based on an aromatic group was synthesized, but this time 

instead of having the aromatic rings phasing each other, 4-phenylpyridine (95) was used having 

two aromatic rings in a linear position. The design of the aromatic ammonium salt 72 might favor 

the formation of a channel system instead of spherical ones and might favor the π–π  stacking 

mode. The alkylation reaction of 4-phenylpyridine 95 with methyl iodide (26 equiv.) in 

acetonitrile, proceeded within 24 h at 80 oC to afford the final product 72 with 99% yield (Scheme 

30).  

 

Scheme 30. Synthesis of ammonium salt  72 from 4-phenylpyridine 95 
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The benzyltrimethylammonium salt (96) was used as SDA in the synthesis of ZSM-12 

zeolite (Scheme 31. A). The obtained MTW topology has the largest ring size equal to 12 (T = 12) 

and the largest pore diameter of 0.608 nm.95 Taking into consideration the ability of benzyl 

trimethylammonium salt (96) (Scheme 31) to favor the synthesis of zeolite with medium pore size, 

a new set of ammonium salts 73(a-c) with modified alkyl groups was synthesized. The presence 

of three methyl groups on the benzene ring with different R groups on nitrogen may favor the 

crystallization of extra-large pore-size zeolites (Scheme 31). The three ammonium salts were 

synthesized by reacting tertiary amines 57(a-c) (5 equiv.) with 2-(chloromethyl)-1,3,5-

trimethylbenzene (80g) (1 equiv.) either in THF or acetonitrile at room temperature within 48h 

(Scheme 31, B). The excesses of trimethylamine (57a) and triethylamine (57b) were removed from 

products 73(a-b) by heating under reduced pressure, and the final products 73(a, b) were obtained 

quantitatively with a 99% yield. The ammonium salt 73c still has some traces of tripropylamine 

(57c) even after washing several times with diethyl ether (Et2O). 

 

 

 

 

Scheme 31 A. SDA 96 

B. Synthesis of ammonium salts 73a-c 
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2. Synthesis of phosphonium salts 

 

2.1. Alkylated phosphonium salts with different alkyl and aryl chains. 

The use of phosphonium-based SDAs in zeolite synthesis is flourishing, especially that SDAs with 

ammonium salts were extensively studied in the synthesis of zeolites and an alternative is required. 

Additionally, some ammonium salts have stability problems as they can undergo Hoffman 

elimination under basic conditions, making phosphonium-based SDAs a better alternative. Three 

different examples have been reported using phosonium-based SDAs in the synthesis of zeolites 

with extra-large pore sizes (Chapter 1, Scheme 15). Here, the synthesis of SDA 65a was repeated 

to resynthesize ZEO-1, and the set is extended to include examples with different alkyl groups 

65(b-c) (Scheme 32). The starting material, 97, was always weighed in a glove box,  transferred 

to a Schlenk tube, and flushed with argon to avoid the formation of phosphorus oxide. Acetonitrile 

was then added, followed by electrophile 80. The reaction proceeded within 48 h at room 

temperature when preparing 65(a-b) and was heated at 70 oC when preparing 65(c-d). A total of 

147g of 65a were prepared quantitatively on gram scale, and for each trial, 15g of 65a were 

obtained with 98%. Additionally, phosphonium salt 65b was also prepared quantitatively on a 

gram scale with 98%. Both phosphonium salts 65a and 65b were obtained pure after solvent 

evaporation and drying under reduced pressure. A 2.5g of pure phosphonium salt 65c were 

obtained  with good yield (89%) after they were dissolved at room temperature in distilled water 

and washed with pentane to remove traces of phosphine oxide. Moreover, 3.5 g phosphonium salt 

of 65d were obtained quantitatively (98%) on gram scale after washing with pentane to remove 

benzyl bromide (80d), followed by workup acetonitrile –pentane. The last example reported in this 

series was 65e, similar to 65a but having 3 phenyl groups instead of cyclohexyl groups. It was 

prepared by reacting 97b with Methyl Iodide (4 equiv.) in acetonitrile at room temperature. The 

reaction proceeded within 48 h to afford 0.7g of 65e with a 95% yield (Scheme 32). From the 

synthesized phosphonium salts 65a-e, phosphonium salt 65a was synthesized before and 65e is 

commercially available. 
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Scheme 32. Synthesis of phosphonium salts 65a-e 

 

Extending the phosphonium salt series, a phosphonium salt with three tricyclohexyl groups and 

one aryl group was prepared. The P- arylation of tricyclohexylphosphine (97a) to form SDA 65f 

was first investigated following an approach reported by Dalla and Taillier in the literature  for the 

Arylation of Phosphirane (Scheme 33A).96 Tricyclohexyl phosphine (97a) and diaryiodonium salt 

(98) were dissolved in tetrachloroethane, and the reaction was studied at different temperatures in 

the presence and absence of copper metal and copper chloride. The results are shown in table 5. In 

the first two trials, 1 and 2, the reactions were done in the presence of copper chloride (10%) and 

copper metal.96 In trial 1, the reaction was stirred for 1 h at 50 oC, and in trial 2, the reaction was 

stirred for 6 h at room temperature. In trials 3-5, the reactions were done in the absence of copper 

chloride and copper metal. In trial 3, the reaction was stirred at room temperature for 6h, trial 4, 

the reaction was stirred for 6h at 80 oC; and in trial 5 , the reaction was stirred 6h at 116 oC. The 31 

P NMR analysis of the solutions found in trials 1-5  at different times and temperatures showed 

the presence of side product 99 with a peak at 27.3 ppm with no traces of the expected product 65f 

(Scheme 33). 
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Scheme 33. A. Attempt to synthesize phosphonium salt 65f   

B. Side product 99 

 

 

Trial 

Copper 

Chloride (10 

%) 

Copper metal Monitoring 

1     
1h at 50 OC 

2     
6h at r.t 

3 - - 6h at r.t 

4 - - 6h at 80 oC 

5 - - 6h at 116 oC 

Table 5. Attempts done for the preparation of 65f 

 

To further confirm that side product 99 was obtained, tricyclohexylphosphine (97a) was mixed 

with triflic acid (TfOH, 1 equiv.) at room temperature for 1h in tetrachloroethane (Scheme 34). 

The obtained solution was later concentrated under reduced pressure, followed by a water-

dichloromethane workup. The 31P NMR decoupled analysis showed a peak at 27.7 ppm, which 

confirms that side product 99 was obtained (Figure 5). Additionally, the coupled 31P NMR 

analyses showed a peak of the doublet at the same position at 27.7 ppm, indicating the presence of 

a P-H bond. The first postulate about obtaining side product 99 could be due to the use of triflic 

acid in the preparation of diaryiodonium salt 98. However, the 1H NMR and 13C NMR of 

diaryiodonium salt 98 were pure, and the 19F NMR of the product showed only one peak at -77.8 

ppm referring to the counter anion OTf of the product with no other peaks referring to triflic acid 

(TfOH), unless the triflic acid (TfOH) peak and OTf counter anion peak of 98 superpose (Figure 

6). 
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Scheme 34. Protonation of 97a with TfOH 

 

               
                                                                                                   

 

 

 

As the approach used in Scheme 33 was not successful, another approach reported by Jugé for the 

synthesis of Phosphonium Triflates was followed (65h was reported with 89% yield). 

Tricyclohexyl phosphine (97a) or Triphenyl phosphine (97b) reacts with 2-(trimethyl s ilyl) phenyl 

trifluoromethanesulfonate (100) in the presence of CsF (6 equiv.) at room temperature. 97 within 

15h in acetonitrile (Scheme 35). The products 65g and 65h were obtained with 80% and 60% 

yield, respectively, after purification by dissolving in acetonitrile and washing with pentane. 

 

 

Figure 5. 31PNMR spectra of the same 

product obtained in scheme 35 and 

scheme 36. 

Figure 6. 19FNMR spectrum for 

diaryiodonium salt 115. 
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Scheme 35. Synthesis of phophonium salts 65g-h 

 

2.2. Phosphonium salts having two phosphorus groups linked with different alkyl chains. 

 

SDA’s formed of bis salts connected by an alkyl chain as a spacer were used in the preparation of 

zeolites with different pore sizes as mentioned in Chapter 1 (SDA 6 and 7 in Scheme 3, SDA 8 in 

Scheme 4, SDAs 9, 10, 11 in Scheme 5 etc. In this part, a set of bis tricyclohexyl phosphonium 

salts 74 (a-d) were synthesized with different alkyl chain spacers (n) (Scheme 36). The first 

attempt to synthesize bistricyclohexylphosphonium salt with an n = 2 spacer did not proceed. So, 

the first spacer used was 101, with n = 3. Tricyclohexyl phosphine (97a) was weighed in a glove 

box and transferred to a schlenk tube. Then, the tube was placed under argon, and acetonitrile was 

added, followed by electrophile 101. The reaction proceeded with reflux for 48 h. The 

phosphonium salts 74(a-d) were obtained with high purity and quantitatively on the gram scale 

after adding the salts separately to distilled water, followed by boiling the milky suspension until 

it became clear. The solution was left to cool down, followed by washing with diethyl ether (Et2O) 

several times to afford the products 74a (1.5 g, 99%), 74b (2 g, 91%), 74c (2g, 95%), and 74d 

(2.6g, 93%), respectively. 
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Scheme 36. Synthesis of bisphosphonium salts 74a-d 

 

 

3. Conclusion 

This chapter showed the synthesis of two different categories of salts: ammonium and 

phosphonium salts. Within the ammonium salts category, compounds having alkyne unit(s), 

hexamethylenetetramine, imidazole, and aromatic moieties were synthesized on a gram scale. 

Additionally, phosphonium salts were also prepared, characterized by the presence of either one 

or two phosphonium units. Some of these synthesized salts were tested as SDAs in zeolite 

synthesis, as will be explained in the following chapter, while the others will be tested later. It is 

notable that the success of each structure-directing agent (SDA) is predicated upon a systematic 

trial-and-error approach. Consequently, each SDA should be used under different conditions and 

in multiple experimental trials to find the optimal parameters for zeolite crystallization. 
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Experimental Part 
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4. Experimental part 

General description: 

 

Solvents (THF, DCM, Et2O, CH3CN, and toluene) were dried using a double-cartridge solvent 

purification system. Anhydrous DMF was purchased from Sigma-Aldrich. The use of a glovebox 

was consistently used for the storage, weighing, and starting of reactions containing air-sensitive 

materials like tricyclohexylphosphine. Chromatographic purification processes employed Acros 

Organics silica gel Si 60 (40-60 μm) or Merck aluminum oxide 90 active neutral (60-200 μm, 

activity stage III) as stationary phases. Thin-layer chromatography (TLC) procedures were done 

on silica gel 60 plates (0.20 mm) or aluminium oxide 60 neutral plates (0.20 mm) with UV 

detection. Nuclear magnetic resonance (NMR) spectra were measured on either a Brucker Avance 

III (500 MHz) or a Brucker Neo (600 MHz) spectrometer. The chemical shifts (δ) of 1H and 13C 

NMR are denoted in parts per million (ppm) using the TMS signal (0 ppm) and the residual peak 

of chloroform-D (77.16 ppm) as internal references, respectively. Moreover, the coupled 13C NMR 

was used for measurement with dept 135.  Coupling constants are expressed in Hertz (Hz). 

Abbreviations are used as follows: s = singlet, d = doublet, t = triplet, q = quartet, qt = quintuplet, 

sext = sextuplet, m = multiplet, and br = broad. Infrared (IR) spectra were measured using a 

PerkinElmer instrument. Two spectrometers are equipped with an ATR device, and only the most 

significant or structurally relevant peaks are provided. High Resolution Mass Spectrometry 

(HRMS) and UPLC-MS analyses (Ultra Performance Liquid Chromatography coupled with Mass 

Spectrometry) were executed under electron spray ionization (ESI) mode utilizing an Acquity 

UPLC H-ClassXevo G2-XS QTof (WATERS) spectrometer. Melting points (Mp) were 

determined using an electrothermal apparatus, and are not corrected. 
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 Ammonium salts containing terminal and non-terminal alkyne unit(s) 

 

 

 
 
 

General Procedure A: 

 

To a dry flask containing the tertiary amine 57(a-d) dissolved in diethyl ether, the bromoalkyne 

75(a-c) was added. The reaction mixture was stirred at room temperature for 48h,85 and the 

obtained solution was concentrated under reduced pressure to afford the targeted product.  

 

Triethyl(2-propynyl)ammonium bromide (66a) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure A from triethylamine (57b) (5.64 g, 55.70 mmol, 1.2 

equiv.) and propargyl bromide (75a) (5.52 g, 46.8 mmol, 1 equiv.). The reaction proceeded within 

48h at room temperature, the organic phase was concentrated under reduced pressure, and the 

product obtained was purified by dissolving in water and washing with pentane to afford triethyl(2-

propynyl)ammonium bromide 66a (9.610 g, 43.7 mmol, Yield: 93%). 

 

 1H NMR (500 MHz, D2O) δ 4.11 (s, 2H, H-3), 3.40 (q, 3J = 7.3 Hz, 6H, H-4), 1.29 (t, 3J = 7.3 

Hz, 9H, H-5). 
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 13C NMR (126 MHz, D2O ) δ 80.3 (Cq, C-1), 70.2 (Cq, C-2), 53.2 (CH2, C-4), 47.4 (CH2, C-3), 

6.8 (CH3, C-5). 

HRMS (ESI+):  Calcd for C9H18N [M+]: 140.1442; found: 140.1439. 

Melting point: 196.0-196.9 2.5oC/min. 

The 1H and 13C NMR data match those reported in the literature98 

 

Tripropyl(2-propynyl) ammonium bromide (66b) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure A from tripropylamine (57c) (9.31 g, 65.0 mmol, 1.3 

equiv.) and propargyl bromide (75a) (5.95 g, 50 mmol, 1 equiv.). The reaction proceeded within 

48h at room temperature, the organic phase was concentrated under reduced pressure, and the 

product obtained was dissolved in water and washed with pentane to afford tripropyl(2-

propynyl)ammonium bromide 66b (10.9 g, 41.5 mmol, Yield: 83%). 

 

1H NMR (500 MHz, CDCl3) δ 4.76 (d, 4J = 2.6 Hz, 2H, H-3), 3.48 (m, 6H, H-4), 2.86 (t, 4J = 2.6 

Hz, 1 H, H-1), 1.86 (m, 6H, H-5), 1.07(t, 3J = 7.4Hz, 9H, H-6).  

13C NMR (126 MHz, CDCl3) δ 81.0 (Cq, C-1), 71.4 (Cq, C-2), 61.4 (CH2, C-4), 50.8 (CH2, C-3), 

16.3 (CH2, C-5), 10.9 (CH3, C-6).  

HRMS (ESI+): Calcd for C12H24N [M+]: 182.1914; found: 182.1909.  

Melting point: 185.7-186.9 2.5 oC/min 

IR (ATR, cm-1) v  3132, 2969, 2932, 2876, 2113, 1450, 1384 
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Trimethyl(2-butynyl)ammonium bromide (66c) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure A from trimethylamine (57a) (0.56 g, 9.40 mmol, 1.2 

equiv.) and 1-bromo-2-butyne (75b) (1.04 g, 7.80 mmol, 1 equiv.). The reaction proceeded within 

48h at room temperature, and the organic solution was concentrated under reduced pressure to 

afford trimethyl(2-butynyl)ammonium bromide 66c (1.2 g, 6.25 mmol, Yield: 98%) without any 

further purification.  

 

1H NMR (500 MHz, D2O) δ 4.18 (q, 5J = 2.4 Hz, 2H, H-4), 3.20 (s, 9H, H-5), 1.96 (t, 5J = 2.4 

Hz, 3H, H-1). 

13C NMR (126 MHz, D2O) δ 90.2 (Cq, C-2), 66.7 (Cq, C-3), 57.2 (CH2, C-4), 52.6 (CH3, C-5), 

2.8 (CH3, C-1).  

HRMS (ESI+): Calcd for C7H14N [M+]: 112.1130; found: 112.1126  

Melting point: 132.3-132.8 2.5oC / min 

IR (ATR, cm-1) v  3452, 3401, 2243, 1625, 1477, 905 
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Triethyl(2-butynyl)ammonium bromide (66d) 

 

 

 

 

 

 

Prepared according to general procedure A from triethylamine (57b) (0.48 g, 4.70 mmol, 1.1 

equiv.) and 1-bromo-2-butyne (75b) (0.57 g, 4.27 mmol, 1 equiv.). The reaction proceeded within 

48h at room temperature, the organic solution was concentrated under reduced pressure, and the 

obtained crude was dissolved in water and washed with pentane to afford triethyl(2-

butynyl)ammonium bromide (66d) (0.97 g, 4.14 mmol, Yield: 97%). 

 

 1H NMR (500 MHz, D2O) δ 3.94 (q, 5J = 2.5 Hz, 2H, H-4), 3.29 (q, 3J = 7.2 Hz, 6H, H-5), 1.82 

(t, 5J = 2.5 Hz, 3H, H-1), 1.2 (t, 3J = 7.2 Hz, 9H, H-6). 

 13C NMR (126 MHz, D2O) δ 89.1 (Cq, C-2), 66.1 (Cq, C-3), 53.0 (CH2, C-5), 48.3 (CH2, C-4), 

7.0 (CH3, C-6), 2.8 (CH3, C-1).  

HRMS (ESI+): Calcd for C10H20N [M+]: 154.1595; found: 154.1596. 

Melting point: 127.0-128.3 2.5 oC/min 

IR (ATR, cm-1) v  3400, 2984, 2242, 1627, 1013. 

 

Tripropyl(2- butynyl) ammonium bromide (66e) 

 

 

 

 

 

 

 

 

 

 

Prepared according to procedure A from tripropylamine (57c) (1.06 g, 7.42 mmol, 1.3 equiv.) and 

1-Bromo-2-butyne 75b (0.76 g, 5.71 mmol, 1 equiv.). The reaction proceeded within 48h at room 
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temperature, the organic solution was concentrated under reduced  pressure, and the obtained crude 

was dissolved in water and washed with pentane to afford tripropyl(2-butynyl)ammonium bromide 

(66e) (1.40 g, 5.07 mmol, Yield: 93%). For further purification, the product was heated under 

reduced pressure to remove traces of tripropylamine (57c).  

 

1H NMR (500 MHz, D2O) δ 4.08 (q, 5J = 2.4 Hz, 2H, H-4), 3.28 (m, 6H, H-5), 1.92 (t, 5J = 2.4 

Hz, 3H, H-1), 1.73 (m, 6H, H-6), 0.98 (t, 3J = 7.4 Hz, 9H, H-7). 

 13C NMR (126 MHz, D2O) δ 89.3 (Cq, C-2), 66.3 (Cq, C-3), 60.3 (CH2, C-5), 50.0 (CH2, C-4), 

15.2 (CH2, C-6), 10.0 (CH3, C-7), 2.8 (CH3, C-1). 

HRMS (ESI+):  Calcd for C13H26N [M+]: 196.2065; found: 196.2065.  

Melting point: 96.4-97.8 2.5 oC/min  

IR (ATR, cm-1) v  3200, 2938, 2250, 1400, 1320 

 

Tributyl (2-butynyl)ammonium bromide (66f) 

 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure A from tributylamine (57d) (1.51 g, 8.17 mmol, 1.3 

equiv.) and 1-bromo-2-butyne (75b) (0.84 g, 6.28 mmol, 1 equiv.). The reaction proceeded within 

48h at room temperature, the organic solution was concentrated under reduced pressure, and the 

product obtained was dissolved in water and washed with pentane to afford tributyl(2-

butynyl)ammonium bromide (66f) (1.80 g, 5.65 mmol, Yield: 90%) as an oily compound. 

 

 1H NMR (500 MHz, D2O) δ  4.01 (q, 5J = 2.2 Hz, 2H, H-4), 3.25 (m, 6H, H-5), 1.86 (t, 5J = 2.2 

Hz, 3H, H-1), 1.63 (m, 6H, H-6), 1.33 (sextet, 3J = 7.3 Hz, 6H, H-7), 0.91 (t, 3J = 7.3 Hz, 9H, H-

8).  
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13C NMR (126 MHz, D2O) δ 89.1 (Cq, C-2), 66.1 (Cq, C-3), 58.3 (CH2, C-5), 49.6 (CH2, C-4),  

23.3 (CH2, C-6), 19.2 (CH2, C-7),12.9 (CH3, C-8), 2.8 (CH3, C-1).  

HRMS (ESI+): Calcd for C16H32N [M+]: 238.2534; found: 238.2535. 

IR (ATR, cm-1) v  3410, 2960, 2874, 2243, 1620, 1477, 1378.  

Tripropyl (2-pentynyl) ammonium bromide (66g) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure A from tripropylamine (57c) (1.28 g, 8.96 mmol, 1.3 

equiv.) and 1-bromo-2-pentyne (75c) (1.01 g, 6.89 mmol, 1 equiv.). The reaction proceeded within 

48h at room temperature, the organic phase was concentrated under reduced pressure, and the 

product obtained was dissolved in water and washed with pentane to afford Tripropyl(2-

pentynyl)ammonium bromide 66g (1.98 g, 6.82 mmol, Yield: 98%). For further purification, the 

product was heated under reduced pressure to remove the traces of tripropylamine (57c).  

 

1H NMR (500 MHz, D2O) δ 4.05 (t, 5J = 2.2 Hz, 2H, H-5), 3.23 (m, 6H, H-6), 2.27 (qt, 3J = 7.5 

Hz, 5J = 2.2 Hz, 2H, H-2), 1.69 (m, 6H, H-7), 1.12 (t, 3J = 7.5 Hz, 3H, H-1), 0.93 (t, 3J = 7.3 Hz, 

9H, H-8). 

 13C NMR (126 MHz, D2O) δ 94.6 (Cq, C-3), 66.4 (Cq, C-4), 60 (CH2, C-6), 49.7 (CH2, C-5), 

15.0 (CH2, C-7), 12.5 (CH3, C-1), 11.8 (CH2, C-2), 9.8 (CH3, C-8).  

HRMS (ESI+): Calcd for C14H28N [M+]: 210.2223; found: 210.2223.  

Melting point: 130.8-132.7 2.5 oC/min 

IR (ATR, cm-1) v  3472, 2969, 2937, 2877, 2238, 1474, 749 

 

___________________________________ 
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Di(2-propynyl)pyrrolidinium bromide (67a) 

 

 

 

 

 

 

 

 

 

To a flask containing pyrrolidine (76) (1.64 g, 23 mmol, 2.5 equiv.) dissolved in acetonitrile, 

propargyl bromide (75a) (1.1g, 9.2 mmol, 1 equiv.) was added. The solution was heated at 60 oC 

for 48h, and the obtained product n-propargyl pyrrolidine (77) was purified by removing the excess 

of pyrrolidine salt using column chromatography (alumina oxide, pentane/ethyl acetate 95:5 (v/v)). 

The isolated compound 77 was further alkylated with propargyl bromide (75a) (1.42 g, 12.00 

mmol, 1.3 equiv.) to afford the desired product di(2-propynyl)pyrrolidinium bromide (67a) (1.47 

g, 6.47 mmol, Yield: 45%).  

 

1H NMR (500 MHz, D2O) δ 4.38 (m, 4H, H-3), 3.73 (t, 3J = 7.3 Hz, 4H, H-4), 3.19 (t, 4J = 2.5 

Hz, 1H, H-1), 2.22 (m, 4H, H-5). 

13C NMR (126 MHz, D2O) δ 81.1 (CH, C-1), 71.6 (CH, C-1), 62.5 (CH2, C-4), 51.4 (CH2, C-3), 

22.5 (CH2, C-5) 

HRMS (ESI+): Calcd for C10H14N [M+]: 148.1128; found: 148.1126. 

 Melting Point: 225.6 - 226.3 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature99 
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General Procedure B 

 

To a mixture of dialkylamine (76 or 78) (1 equiv.) and K2CO3 (2 equiv.) in DMF, bromo alkyne 

75(a-b) (1 equiv.) was added. The reaction proceeded at room temperature within 48h.86 After 

celite filtration, the solution was diluted with water, and compound 79 was extracted with Et2O, 

dried over MgSO4, and concentrated under reduced pressure. The obtained compound 79 was 

dissolved in dry Et2O and further alkylated with bromoalkyne 75(a-b) (1.2 equiv.) at room 

temperature within 48h. Upon reaction completion, the organic phase was concentrated under 

reduced pressure to afford ammonium salt 67(b-d).  

 

Di(2-propynyl) dipropyl ammonium bromide (67b) 

 

 

 

 
 

 

 

 

 

Prepared according to general procedure B from dipropylamine (78) (0.73 g, 7.20 mmol, 1 equiv.). 

In the first alkylation step, propargyl bromide (75a) (0.86 g, 7.20 mmol, 1 equiv.) was added. For 

the second alkylation step, extra propargyl bromide (75a) (1.03 g, 8.62 mmol, 1.2 equiv.) was 

added. The product obtained was dissolved in water and washed with pentane to afford di(2-

propynyl) dipropyl ammonium bromide (67b) (1.60 g, 6.20 mmol, Yield: 87%). For purification, 

the product was crystallized from acetone. 
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 1H NMR (500 MHz, D2O) δ 4.35 (d, 4J = 2.5 Hz, 4H, H-3), 3.43 (m, 4H, H-4), 3.22 (t, 4J = 2.5 

Hz, 1H, H-1), 1.77 (m, 4H, H-5), 0.97 (t, 3J = 7.3 Hz, 6H, H-6). 

 13C NMR (126 MHz, D2O) δ 81.2 (Cq, C-1), 69.9 (Cq, C-2), 60.7(CH2, C-4), 49.5 (CH2, C-3), 

15.4 (CH2, C-5), 9.7 (CH3, C-6).  

HRMS (ESI+): Calcd for C12H20N [M+]: 178.1596; found: 178.1596.  

Melting point: 154.4 - 154.9 2.5oC/min 

IR (ATR, cm-1) v  3166, 2969, 2117, 1455, 719. 

 

Di (2-butynyl) pyrrolidinium bromide (67c) 

 

 
 

 

 

 

 

 

 

Prepared according to general procedure B from pyrrolidine (76) (0.95 g, 12.20 mmol, 1 equiv.). 

In the first alkylation step, 1-bromo-2-butyne (75b) (1.6 g, 12.2 mmol, 1 equiv.) was added. For 

the second alkylation step, extra 1-bromo-2-butyne (75b) (1.94 g, 14.60 mmol, 1.2 equiv.) was 

added. The salt di(2-butynyl) pyrrolidinium bromide (67c) (1.3 g, 5.07 mmol, Yield: 43%) was 

obtained without any further purification.  

 

1H NMR (500 MHz, D2O) δ 4.23 (q, 5J = 2.5 Hz, 4H, H-4), 3.63 (t, 3J = 7.3 Hz, 4H, H-5), 2.17 

(m, 4H, H-6), 1.88 (t, 5J = 2.5 Hz, 6H, H-1).  

13C NMR (126 MHz, D2O) δ 88.8 (Cq, C-2), 66.8 (Cq, C-3), 61.3 (CH2, C-5), 51.4 (CH2, C-4), 

22.0 (CH2, C-6), 2.6 (CH3, C-1). 

HRMS (ESI+):  Calcd for C12H18N [M+]: 176.1440; found: 176.1439  

Melting point: 106.3-107.4 2.5 oC/min 

IR (ATR, cm-1) v  3406, 2955, 2916, 2331, 2243, 1368, 879 
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Di (2-butynyl) dipropylammonium bromide (67d) 

 

 

 

 

 

 

 

 

Prepared according to general procedure B from dipropylamine (78) (0.99 g, 9.79 mmol, 1 equiv.). 

In the first alkylation step, 1-bromo-2-butyne (75b) (1.30 g, 9.97 mmol, 1 equiv.) was added. For 

the second alkylation step, an extra 1-bromo-2-butyne (75b) (1.56g, 12 mmol, 1.2 equiv.) was 

added. The obtained salt di (2-butynyl) dipropylammonium bromide (67d) (2.40 g, 8.38 mmol, 

Yield: 86%) was dissolved in water and washed with pentane for further purification.  

 

1H NMR (500 MHz, D2O) δ 4.13 (q, 5J = 2.3 Hz, 4H, H-4), 3.31 (m, 4H, H-5), 1.88 (t, 5J = 2.3 

Hz , 6H, H-1), 1.71 (m, 4H, H-6), 0.94 (t, 3J = 7.4 Hz, 6H, H-7). 

 13C NMR (126 MHz, D2O) δ 90.0 (Cq, C-2), 65.7 (Cq, C-3), 60.05 (CH2, C-5), 49.8 (CH2, C-4), 

15.2 (CH2,C-6), 9.8 (CH3,C-7), 2.7 (CH3,C-1). 

HRMS (ESI+):  Calcd for C14H24N [M+]: 206.1913; found: 206.1909. 

Melting point: 135.7-136.4 2.5 oC/min 

IR (ATR, cm-1) v  3405, 2970, 2939, 2907, 2869, 2329, 2240. 
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Di (propyl) pyrrolidinium Bromide (82) 

 

 
 

To a solution of pyrrolidine (76) (0.60 g, 8.50 mmol, 1 equiv.) and K2CO3 (1.40 g, 10.20 mmol, 

1.2 equiv.) in acetonitrile, bromopropane (80c) (3.12 g, 25.4 mmol, 3 equiv.) was added. The 

solution was stirred for 48h at 60 oC. For purification, the obtained solution was condensed under 

reduced pressure, dissolved in ethanol, triturated, and then filtered to remove K2CO3. The final 

solution was condensed under reduced pressure to afford di(propyl)pyrrolidinium bromide (82) (2 

g, 8.47 mmol, Yield 98%). 

 

 
 

 
1H NMR (500 MHz, D2O) δ 3.37 (m, 4 H, H-4), 3.08 (m, 4 H, H-3), 2.03 (m, 4H, H-5), 1.61 (m, 

4H, H-2), 0.83 (t, 3J = 7.3 Hz, 6H, H-1). 

13C NMR (126 MHz, D2O) δ 62.7 (CH2, C-4), 61.1 (CH2, C-3), 21.5 (CH2, C-5), 16.2 (CH2, C-

2), 9.9 (CH3, C-1). 

HRMS (ESI+): Calcd for C10H22N [M+]: 156.1752; found: 156.1752.  

Melting Point: 263.6 - 264.5 2.5oC/min 

IR (ATR, cm-1) v  3472, 2965, 2878, 1469, 949. 

___________________________________ 

 

 

 

 

 



90 

 

 

 Ammonium salts containing hexmethylenetetramine unit 68a-f: 

 

 
 

General procedure C 

 

To a flask containing hexamethylenetetramine (83) (1 equiv.) dissolved in ethyl acetate and 

methanol, electrophile 80(a-f) was added (1 equiv.). The resulting mixture was stirred at 60oC 

for 12h, and the obtained product was filtered and washed with ethyl acetate. 

 

1-methyl-1, 3, 5, 7- tetraazaadamantanium iodide (68a) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure C from methyl iodide (80a) (1.10 g, 7.60 mmol, 1 equiv.) 

and hexamethylenetetramine (83) (1.10 g, 7.60 mmol, 1 equiv.). The reaction mixture was refluxed 

for 12h in ethyl acetate (60 ml) and methanol (3 ml). The product obtained was filtered and washed 

with ethyl acetate to afford compound 1-methyl-1, 3, 5, 7-tetraazaadamantanium iodide (68a) 

(1.97 g, 6.98 mmol, Yield: 92%) as a white powder.  
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1H NMR (500 MHz, (CD3)2SO) δ 5.10 (s, 6H, H-2), 4.62 (d, 2J = 12.5 Hz, 3H, H-1), 4.42 (d, 2J 

= 12.5 Hz, 3H, H-1), 2.49 (s, 3H, H-3).  

13C NMR (500 MHz, (CD3)2SO) δ 79.7 (CH2, C-2), 70.2 (CH2, C-1), 42.7 (CH3, C-3). 

HRMS (ESI+):  Calcd for C7H15N4 [M+]: 155.1298; found: 155.1297. 

 Melting point: 204.3 - 204.9 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature100. 

 

1-ethyl-1, 3, 5, 7-tetraazaadamantanium Iodide (68b): 

 

 
 

 

Prepared according to general procedure C from ethyl iodide (80b) (2.07 g, 16.8 mmol, 1 equiv.) 

and hexamethylenetetramine (83) (0.47 g, 3.37 mmol, 1 equiv.). The reaction was refluxed for 12 

h in ethyl acetate (30 ml) and methanol (1.4 ml). The crude mixture obtained was filtered and 

washed with ethyl acetate to afford compound 1-ethyl-1, 3, 5, 7-tetraazaadamantanium iodide 

(68b) (0.76 g, 2.56 mmol, Yield: 76%) as a white powder. 

 

1H NMR (500 MHz, D2O) δ 5.02 (s, 6H, H-2), 4.66 (d, 2J = 13.1 Hz, 3H, H-1), 4.50 (d, 2J = 12.5 

Hz, 3H, H-1), 2.95 (q, 3J = 7.5 Hz, 2H, H-3), 1.22 (t, 3J = 7.5 Hz, 3H, H-4). 

13C NMR (126 MHz, D2O) δ 77.9 (CH2, C-2), 70.3 (CH2, C-1), 52.8 (CH2, C-3), 5.01 (CH3, C-4) 

HRMS (ESI+): Calcd for C8H17N4[M+]: 169.1454; found: 169.1453. 

Melting Point: 140.8 - 141.4 2.5 oC/min. 

The 1H and 13C NMR data match those reported in the literature101 
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1-propyl-1, 3, 5, 7-tetraazaadamantanium bromide (68c) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure C from bromopropane (80c) (4.70 g, 38 mmol, 5 equiv.) 

and hexamethylenetetramine (83) (1.06 g, 7.60 mmol, 1 equiv.). The reaction was refluxed for 12h 

in ethyl acetate (60 ml) and methanol (3 ml). The product obtained was filtered and washed with 

ethyl acetate to afford compound 1-propyl-1, 3, 5, 7-tetraazaadamantanium bromide (68c) (1.37 g, 

5.21 mmol, Yield: 70%) as a white powder. 

 

 1H NMR (500 MHz, (CD3)2SO) δ 5.12 (s, 6 H, H-2), 4.60 (d, 2J = 12.5 Hz, 3H, H-1), 4.49 (d, 2J 

= 12.5 Hz, 3H, H-1), 2.75 (m, 2H, H-3), 1.66 (m, 2H, H-4), 0.88 (t, 3J = 7.3 Hz, 3H, H-5). 

 13C NMR (500 MHz, (CD3)2SO) δ 78.2 (CH2, C-2), 70.3 (CH2, C-1), 57.7 (CH2, C-3), 13.4   

(CH2, C-4), 11.5 (CH3, C-5).  

 HRMS (ESI+):  Calcd for C9H19N4 [M+]: 183.1604; found: 183.1610.  

Melting Point: 147.2 - 147.6 2.5 oC/min. 

The 1H and 13C NMR data match those reported in the literature102 

 

1-benzyl-1, 3, 5, 7-tetraazaadamantanium bromide (68d) 

 

 

 

 

 

 

 

Prepared according to general procedure C from benzyl bromide (80d) (1.65 g, 9.64 mmol, 1 

equiv.) and hexamethylenetetramine (83) (1.35 g, 9.64 mmol, 1 equiv.). The reaction was refluxed 
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for 12h in ethanol (60 ml). The product was filtered and washed with ethanol and diethyl ether to 

afford compound 1-benzyl-1, 3, 5, 7-tetraazaadamantanium bromide (68d) (1.93 g, 6.20 mmol, 

Yield: 64%) as a white powder. 

 

 1H NMR (500 MHz, (CD3)2SO) δ 7.52 (m, 5H, H-5, 6, 7), 5.11 (s, 6H, H-2), 4.59 (d, 2J = 12.4 

Hz, 3H, H-1), 4.43 (d, 2J = 12.4 Hz, 3H, H-1), 4.12 (s, 2H, H-3) 

13C NMR (500 MHz, (CD3)2SO) δ 132.9 (CH, C-5), 130.6 (CH, C-7), 129.6 (CH, C-6), 126.1 

(Cq, C-4), 78.1   (CH2, C-2), 70.3 (CH2, C-1), 59.6 (CH2, C-3). 

 HRMS (ESI+): Calc for C13H19N4 [M+]: 231.1608; found: 231.1610.  

Melting point: 173.1 - 173.9 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature.87 

 

1-octyl-1, 3, 5, 7-tetraazaadamantanium bromide (68e) 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure C from bromooctane (80e) (7.34 g, 38 mmol, 5 equiv.) 

and hexamethylenetetramine (83) (1.06 g, 7.60 mmol, 1 equiv.). The reaction was refluxed for 12h 

in ethylacetate (60 ml) and methanol (3 ml). The product was filtered and washed with ethyl acetate 

to afford compound 1-octyl-1, 3, 5, 7-tetraazaadamantanium bromide (68e) (1.18 g, 3.54 mmol, 

Yield: 47%) as a white powder.  

 

1H NMR (500 MHz, D2O) δ 5.10 (s, 6H, H-2), 4.72 (d, 2J = 13 Hz, 3H, H-1), 4.58 (d, 2J = 13 Hz, 

3H, H-1), 2.9 (m, 2H, H-3), 1.7 (m, 2H, H-4), 1.28 (m, 10H, H-5, 6, 7, 8, 9), 0.85 (t, 3J = 7.1 Hz, 

3H, H-10). 

13C NMR (126 MHz, D2O) δ 78.1 (CH2, C-2), 70.1 (CH2, C-1), 57.3 (CH2, C-3), 30.9 (CH2, C-

4), 28.1 (CH2, C-5), 28.0 (CH2, C-6), 25.8 (CH2, C-7), 22.0 (CH2, C-8), 19.2 (CH2, C-9), 13.4 (CH3, 

C-10). 
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 HRMS (ESI+): Calc for C14H29N4 [M+]: 253.2392; found: 253.2392.  

Melting point: 155.1 - 156.9 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature103 

 

1-dodecyl-1, 3, 5, 7-tetraazaadamantanium bromide (68f) 

 

                        

 
 

 

 

 

 

Prepared according to general procedure C from bromododecane (80f) (9.50 g, 38 mmol, 5 equiv.) 

and hexamethylenetetramine (83) (1.06 g, 7.60 mmol, 1 equiv.). The reaction was refluxed for 12h 

in ethyl acetate (60 ml) and methanol (3 ml). The product was filtered and washed with ethyl 

acetate to afford compound 1-dodecyl-1, 3, 5, 7-tetraazaadamantanium bromide (68f) (1.6 g, 4.11 

mmol, Yield: 54%) as a white powder.  

 

1H NMR (500 MHz, (CD3)2SO) δ 5.09 (s, 6H, H-2), 4.6 (d, 2J = 12.4 Hz, 3H, H-1), 4.47 (d, 2J = 

12.4 Hz, 3H, H-1), 2.76 (m, 2H, H-3), 1.62 (m, 2H, H-4), 1.25 (m, 18H, H-5, 6, 7, 8, 9, 10, 11, 12, 

13), 0.86 (t, 3J = 7.2 Hz, 3H, H-12). 

13C NMR (126 MHz, (CD3)2SO) δ 79.7 (CH2, C-2), 70.3 (CH2, C-1), 42.6 (CH2, C-3), 31.7 (CH2, 

C-4, C-5, C-6, C-7), 29.4 (CH2, C-8, C-9, C-10, C-11, C-12), 22.5 (CH2, C-13), 14.6 (CH3, C-14). 

 HRMS (ESI+): Calc for C18H37N4 [M+]: 309.3018; found: 309.3018.  

Melting point: 151.3 - 158.6 2.5 oC/min 

IR (ATR, cm-1) v   3500, 2900, 2750, 1450, 1253, 1000 

 

 

___________________________________ 
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 Ammonium salts containing imidazole unit 

 

 

 

 

General procedure D 

 

To a dry flask containing imidazole 84 (1.2 equiv.) in THF, electrophile 75b/80d/80g (1 equiv.) 

was added. The solution was refluxed for 48h and the obtained product was filtered, washed with 

diethyl ether, and dried under reduced pressure to afford products 69a-d. 

 

1-(2-butynyl)-3-methylimidazolium bromide (69a) 

 

 

 

 

 

 

 

 

 

 

Prepared according to general procedure D from 1-bromo-2-butyne (75b) (0.46 g, 3.43 mmol, 1 

equiv.) and 1-methylimidazole (84a) (0.33 g, 3.98 mmol, 1.2 equiv.). The reaction was refluxed 

for 48h and the obtained organic phase was concentrated under reduced pressure. For purification, 

the crude obtained was dissolved in water and washed with pentane and diethyl ether to afford 1-

(2-butynyl)-3-methylimidazolium bromide (69a) (0.37 g, 1.72 mmol, Yield: 80%). 
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 1H NMR (500 MHz, CDCl3) δ 10.23 (s, 1H, H-4), 7.62 (m, 2H, H-2, H-3), 5.24 (q, 5J = 2.5 Hz, 

2H, H-5), 1.91 (t, 5J = 2.5 Hz, 3H, H-8).  

13C NMR (126 MHz, CDCl3 ) δ 137.0 (CH, C-4), 123.7 (CH, C-2), 121.8 (CH, C-3), 86.4 (Cq, 

C-7), 69.4 (Cq, C-6), 40.5 (CH2, C-5), 37.0 (CH3, C-1), 3.8 (CH3, C-8). 

 HRMS (ESI+): Calc for C8H11N2 [M+]: 135.0922; found: 135.0922. 

 Melting point: 47.1 - 47.4 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature104 

 

1-benzyl-3-methylimidazolium chloride (69b) 

 
 

 

 

 

 

 

 

 

Prepared according to general procedure D from benzyl bromide (80d) (1.35 g, 7.90 mmol, 1 

equiv.) and 1-methylimidazole (84a) (0.75 g, 9.16 mmol, 1.2 equiv.). The reaction was refluxed 

for 48h and the obtained organic phase was concentrated under reduced pressure to afford the 

crude product. For purification, the product obtained was dissolved in water, washed with pentane, 

and further heated under reduced pressure to afford 1-benzyl-3-methylimidazolium chloride (69b) 

(1.95 g, 7.70 mmol, Yield: 78%).  

 

1H NMR (500 MHz, CDCl3) δ 10.37 (s, 1H, H-4), 7.58 (t, 3J = 1.9 Hz, 1 H, H-2), 7.50 (m, 2H, 

H-7), 7.46 (t, 3J = 1.9 Hz, 1H, H-3), 7.36 (m, 3H, H-8, H-9), 5.59 (s, 2H, H-5), 4.10 (s, 3H, H-1).  

13C NMR (126 MHz, CDCl3 ) δ 137.2 (CH, C-4), 133.1 (Cq, C-6), 129.5 (CH, C-9), 129.4 (CH, 

C-7), 128.9 (CH, C-8), 123.8 (CH, C-2), 122.0 (CH, C-3), 53.2 (CH2, C-5), 36.8 (CH3, C-1).  

HRMS (ESI+): Calc for C11H13N2 [M
+]: 173.1081; found: 173.1079 

The 1H and 13C NMR data match those reported in the literature105 
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1-(mesityl)-3-methylimidazolium chloride (69c) 

 

 

 

 

 

 

 

 

Prepared according to general procedure D from 2, 4, 6-trimethylbenzyl chloride (80g) (2.00 g, 

11.86 mmol, 1 equiv.) and 1-methylimidazole (84a) (1.13 g, 13.76 mmol, 1.2 equiv.). The reaction 

was refluxed for 48h and the obtained organic phase was concentrated under reduced pressure to 

afford 1-(mesityl)-3-methylimidazolium chloride (69c) (1.89g, 7.54 mmol, Yield: 64%) with no 

further purification. 

 

 1H NMR (500 MHz, CDCl3) δ 10.73 (s, 1H, H-4), 7.48 (t, 3J = 1.6 Hz, 1H, H-2), 6.94 (s, 2H, H-

9), 6.83 (t, 3J = 1.6 Hz, 1H, H-3), 5.56 (s, 2H, H-5), 4.14 (s, 3H, H-1), 2.30 (s, 3H, H-11), 2.28 (s, 

6H, H-8).  

13C NMR (126 MHz, CDCl3) δ 139.9 (Cq, C-10), 138.1 (Cq, C-7), 137.7 (CH, C-4), 129.9 (CH, 

C-9), 125.2 (Cq, C-6), 123.7 (CH, C-2), 120.5 (CH, C-3), 47.7 (CH2, C-5), 36.8 (CH3, C-1), 21.0 

(CH3, C-11), 19.8 (CH3, C-8).  

HRMS (ESI+): Calc for C14H19N2 [M
+]: 215.1548; found: 215.1548. 

The 1H and 13C NMR data match those reported in the literature89 
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1-(mesityl)-3-butylimidazolium chloride (69d) 

 

 

 

 

 

 

 

 

Prepared according to general procedure D from 2, 4, 6-trimethylbenzyl chloride (80g) (2 g, 11.86 

mmol, 1 equiv.) and 1-butylimidazole (84b) (1.71 g, 13.76 mmol, 1.2 equiv.). The reaction was 

refluxed for 48h and the obtained organic phase was concentrated under reduced pressure. For 

purification, the crude obtained was dissolved in water, washed with pentane, and further heated 

under reduced pressure to afford 1-(mesityl)-3-butylimidazolium chloride (69d) (3.20 g, 10.93 

mmol, Yield: 92%) as an oily product.  

 

1H NMR (500 MHz, D2O) δ 8.46 (s, 1H, H-7), 7.47 (t, 3J = 1.9 Hz, 1H, H-5), 7.32 (t, 3J = 1.9 Hz, 

1H, H-6), 7.04 (s, 2H, H-12), 5.38 (s, 2H, H-8), 4.11 (t, 3J = 7 Hz, 2H, H-4), 2.27 (s, 3H, H-14), 

2.23 (s, 6H, H-11), 1.77 (pent,  3J = 7.7 Hz, 2H, H-3), 1.22 (sextet, 3J = 7.7 Hz, 2H, H-2), 0.85 (t, 

3J = 7.3 Hz, 3H, H-1) 

 13C NMR (126 MHz, D2O ) δ 140.2 (Cq, C-13),  138.7 (Cq, C-10), 134.6 (CH, C-7), 129.4 (CH, 

C-12), 125.9 (Cq, C-9), 122.5 (CH, C-5), 122.1 (CH, C-6), 49.4 (CH2, C-4), 47.2 (CH2, C-8), 31.2 

(CH2, C-3), 20.0 (CH3, C-14), 18.7 (CH2, C-2), 18.5 (CH3, C-11), 12.5 (CH3, C-1). 

 HRMS (ESI+): Calc for C17H25N2 [M
+]: 257.2018; found: 257.2018. 

The 1H and 13C NMR data match those reported in the literature106 
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General procedure E 

 

To a solution of imidazole 85(c-e) (1 equiv.) and K2CO3 (1.2 equiv.) in acetonitrile, MeI (3 equiv.) 

was added. The mixture was stirred for 48 h at 60oC, and the obtained solution was concentrated 

under reduced pressure to give a crude white powder. For purification, the crude product was added 

to an Erlenmeyer flask containing distilled water and stirred for 15 min at 100 oC to ensure the 

total dissolve of K2CO3. The solution was filtered through a Buchner funnel and further washed 

with distilled water until the pH of the water was neutral. 

 

1, 3-dimethyl-2-phenyl-1H-benzo[d]imidazolium Iodide (70a) 

 

 
 

Prepared according to general procedure E from 2-phenyl benzimidazole (85c) (10 g, 50 mmol, 1 

equiv.) and MeI (21.92 g, 154 mmol, 3 equiv.) to afford 1, 3- dimethyl-2-phenyl-1H-benzo 

[d]imidazolium Iodide (70a) (14 g, 39.9 mmol, Yield: 80%). 

 

1H NMR (500 MHz, DMSO) δ 8.14 (dd, 3J = 6.2, 3.1 Hz, 2H, H-2), 7.94 (d, 3J = 7.0 Hz, 2H, H-

3), 7.85–7.75 (m, 5H, H-8, H-9, H-1), 3.90 (s, 6H, H-6).  

13C NMR (126 MHz, DMSO) δ   150.8 (Cq, C-5), 133.4 (CH, C-8 or C-9), 132.2 (Cq, C-4), 131.3 

(CH, C-3), 129.9 (CH, C-8 or C-9), 127.1 (CH, C-1), 121.4 (Cq, C-7), 113.9 (CH, C-2), 33.4 (CH3, 

C-6). 

HRMS (ESI+): Cal for C15H15N
2+[M+]: 223.1232; found: 223.1235 
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Melting point: 278.5 - 281.4 2.5 oC/ min 

The 1H and 13C NMR data match those reported in the literature107 

 

4,5-diphenyl-1,3-dimethylimidazolium Iodide (70b): 

 

 
 

Prepared according to general procedure E from 4,5-diphenylimidazole (85d) (10 g, 45.4 mmol, 1 

equiv.) and MeI (19.30 g, 136 mmol, 3 equiv.) to afford 4,5-diphenyl-1,3-dimethylimidazolium 

Iodide (70b) (10 g, 42.5 mmol, Yield: 94%). 

 

1H NMR (500 MHz, DMSO) δ 9.41 (s, 1H, H-1), 7.50-7.41 (m, 10 H, H-6, 7, 8), 3.75 (s, 6H, H-

3) 

13C NMR (126 MHz, DMSO ) δ 137.2  (CH, C-1), 131.9 (Cq, C-4), 131.1 (CH, C-7), 130.5 (CH, 

C-8), 129.4 (CH, C-6), 125.6 (Cq, C-5), 34.9 (CH3, C-3) 

Melting Point: 204.4 - 204.9 oC/min 

HRMS (ESI+): Cal for C17H17N
2+ [M+]: 249.1393; found: 249.1392 

The 1H and 13C NMR data match those reported in the literature108 
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2, 4, 5 triphenyl-1,3-dimethylimidazolium Iodide (70c) 

 

 

 
 

 

Prepared according to general procedure E from 2, 4, 5-triphenylimidazole (85e) (10 g, 33.7 mmol, 

1 equiv.) and MeI (14.36 g, 101.2 mmol, 3 equiv.) to afford 2, 4, 5 triphenyl-1,3-

dimethylimidazolium Iodide 70c (14.6 g, 30.9 mmol, Yield: 92%). 

 

1H NMR (500 MHz, DMSO) δ 7.96 (dd, 3J = 8 Hz, 1.9 Hz, 2H, H-3), 7.80 (m, 3H, H-2,1), 7.50 

(m, 10H, H-9, 10, 11), 3.54 (s, 6H, H-6) 

13C NMR (126 MHz, DMSO ) δ 144.6 (Cq, C-5), 133.0 (CH, C-2), 131.8 (Cq, C-7), 131.3 (CH, 

C-3), 131.2 (CH, C-9, 10, 11), 130.6 (CH, C-9, 10, 11), 130.0 (CH, C-1), 129.5 (CH, C-9, 10, 11), 

126.1 (Cq, C-8), 122.4 (Cq, C-4), 35.0 (CH3, C-6). 

HRMS (ESI+): Cal for C23H21N
2+[M+]: 325.1702; found: 325.1705 

Melting point: 255.6 - 257.1 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature109 

___________________________________ 
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 Ammonium salts containing aromatic units. 

Preparation of amide 91 following path 1: 

 

 
 

4-Oxoacetyl chloride [2.2] paracyclophane (89) 

 

 

 
 

 

To a stirred solution of anhydrous aluminum chloride (AlCl3) (1.15 g, 8.64 mmol, 1.8 equiv.) in 

dichloromethane (12 ml) at -10 oC, a solution of oxalyl chloride (1.09 g, 8.64 mmol, 1.8 equiv.) in 

dichloromethane (3 ml) was added dropwise within 5-10 min. The whole mixture was stirred for 

10 min at -10 oC, followed by the addition of [2.2] Paracyclophane (86) to this suspension. The 

solution was stirred for an extra 15 min at – 10 oC, poured into ice, and extracted with 

dichloromethane (3 x 25 ml). The combined extracts were dried over MgSO4 and concentrated 

under reduced pressure to afford 4-Oxoacetyl chloride [2.2] paracyclophane (89) (1.4 g, 4.8 mmol, 

Yield: 99%) without any further purification.  

 

 1H NMR (500 MHz, CDCl3) δ 6.93 (d, 4J = 1.76 Hz, 1H), 6.83 (dd, 3J = 7.89, 4J = 1.61 Hz, 1H), 

6.55 (m, 5H), 4.07 (m, 1 H), 3.11 (m, 7H). 

 13C NMR (126 MHz, CDCl3 ) δ 181.9 (Cq, C-18), 166.8 (Cq, C-17), 145.7 (Cq), 140.7 (Cq), 

139.8 (Cq), 139.5 (CH), 139.4 (Cq), 137.3 (CH), 136.8 (CH), 133.1 (CH), 133.0 (CH), 132.4 (CH), 

131.7 (CH), 129.5 (Cq), 35.8 (CH2), 35.1 (CH2), 35.0 (CH2), 34.5 (CH2).  

The 1H and 13C NMR data match those reported in the literature.92 
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4-acetyl chloride [2.2] paracyclophane (90)23 

 

 
 

The prepared compound 4-oxoacetyl chloride [2.2] paracyclophane (89) (0.50 g, 1.67 mmol) was 

dissolved in chlorobenzene (10 ml) and refluxed for 48h . The obtained compound 4-acetyl 

chloride [2.2] paracyclophane (90) was used as it is in the next step (In situ) without distilling 

chlorobenzene.  

 

4-N,N-diethylamido[2.2] paracyclophane (91) 

 

 
 

To a solution containing compound 4-acetyl chloride [2.2] paracyclophane (90) (0.45 g, 1.66 

mmol, 1 equiv.) in dichloromethane (13 ml), diethylamine (2.43 g, 33.00 mmol, 20 equiv.) was 

added. The solution was stirred at room temperature for 48h. The organic phase was concentrated 

under reduced pressure, and the product obtained was purified by flash column chromatography 

(SiO2, petroleum ether / EtOAc 80/20) to afford the titled compound 4-N,N-

diethylamido[2.2]paracyclophane (91) (0.13 g, 0.43 mmol, Yield: 26% yield).  

 

1H NMR (500 MHz, CDCl3) δ 7.19 (dd, 4J = 8,2 Hz, 1H), 6.57-6.36 (6H, m), 3.60 (m, 1H), 3.40 

(m, 1H), 3.25-2.78 (m, 10H), 1.23 (t, 3J = 7.2 Hz, 3H), 0.81 (t, 3J = 7.2 Hz, 3H) .  
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13C NMR (126 MHz, CDCl3 ) δ  170.8 (Cq), 139.8 (Cq), 139.3 (Cq), 139.1 (Cq), 136.9 (Cq), 

134.8 (CH), 133.8 (CH), 133.6 (Cq), 133.0 (CH), 132.3 (CH), 131.7 (CH), 129.9 (CH), 42.4 (CH2), 

39.1 (CH2), 35.3 (CH2), 33.4 (CH2), 13.9 (CH3), 13.1 (CH3) 

The 1H and 13C NMR data match those reported in the literature. 94 

Preparation of amide 109 following path 2 

 

 
 

 

4-(chloroacetone)[2.2] paracyclophane (92) 

 

 

 

[2.2] Paracyclophane (86) (0.73 g, 3.51 mmol, 1 equiv.) was added in one portion to a stirred 

solution of powdered anhydrous aluminum chloride (AlCl3) (0.84 g, 6.32 mmol, 1.8 equiv.) and 

2-chloroacetyl chloride (0.79 g, 7.02 mmol, 2 equiv.) in dichloromethane at -30 oC. The resulting 

mixture was stirred for 20 min at a temperature between -15 oC and 20 oC, followed by the addition 

of HCl to the reaction mixture until the white precipitate was dissolved. The reaction mixture was 

allowed to slowly warm to room temperature and stirred for an extra 17 h. Upon reaction 

completion, the aqueous phase was separated and extracted with dichloromethane (3 x 15 ml). The 

combined organic phases were successively washed with a saturated aqueous solution of NaHCO3 

(30 ml) and with water (30 ml). The resulting mixture was dried over MgSO4, filtered, and 

evaporated in a vacuum. The obtained crude was purified by column chromatography (9-1 pentane 

/ ethyl acetate) and (8-2 pentane / ethyl acetate) to afford the titled product 4-(chloroacetone)[2.2] 

paracyclophane (92) (0.74 g, 2.6 mmol, Yield: 74%). 
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 1H NMR (500 MHz, CDCl3) δ 6.87 (d, 4J = 1.8 Hz, 1H), 6.71 (dd, 3J = 6.3 Hz, 4J = 1.6 Hz, 1H), 

6.57 (m, 2H), 6.51 (m, 2H), 6.36 (dd, 3J = 7.9, 4J = 1.9Hz, 1H), 4.63 (d, 2J = 14.9 Hz, 1H), 4.33 

(d, 2J = 14.9 Hz, 1H), 3.85 (m, 1H), 3.28-2.85 (m, 7H) 

13C NMR (126 MHz, CDCl3 ) δ  192.9 (Cq), 142.5 (Cq), 140.2 (Cq), 140.1 (Cq) 139.2 (Cq), 137.3 

(CH), 136.7 (CH), 134.9 (Cq), 133.1 (CH), 132.9 (CH), 132.8 (CH), 132.3 (CH), 131.3 (CH), 47.3 

(CH2), 35.9 (CH2), 35.2 (CH2), 35.1 (CH2) 35.0 (CH2) 

The 1H and 13C NMR data match those reported in the literature110 

 

4-formic acid [2.2] paracyclophane (88) 

 

 

 

A mixture of 4-(chloroacetone)[2.2] paracyclophane (92) (0.50 g, 1.75 mmol) and pyridine (35 

ml) was stirred for 20 h at 60 oC. The obtained solution was then condensed under reduced 

pressure, and the obtained residue was suspended in 14% NaOH (30 ml). The obtained mixture 

was further stirred for 24 h at 60 oC. The product 4-formic acid [2.2] paracyclophane (88) (0.38 g, 

1.5 mmol, Yield: 86%) was isolated and purified by acid-base workup. 

 

1H NMR (500 MHz, CDCl3) δ 7.30 (d, 4J = 1.8 Hz, 1H), 6.72 (dd, 3J = 7.7 Hz, 4J = 1.9 Hz, 1H), 

6.60 (m, 3H), 6.52 (m, 2H), 4.22 (m, 1H), 3.25-2.87 (m, 7H) 

13C NMR (150 MHz, CDCl3) δ 172.1 (Cq), 143.8 (Cq), 140.1 (Cq), 140 (Cq), 139.5 (Cq), 137.4 

(CH), 136.4 (CH), 136.2 (CH), 133.2 (CH), 132.8 (CH), 132.3 (CH), 131.8 (CH), 129.6 (Cq), 36.3 

(CH2). 35.3 (CH2), 35.1 (CH2), 34.9 (CH2). 

The 1H and 13C NMR data match those reported in the literature.91 
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4-N,N-diethylamido[2.2] paracyclophane (91) 

 

 

 

Oxalyl chloride (0.22 g, 1.75 mmol, 1.1 equiv.) was slowly added to a solution of carboxylic acid 

(88) (0.4 g, 1.59 mmol, 1 equiv.) dissolved in dichloromethane (13.8 ml). The obtained solution 

was stirred at room temperature for 10 min, followed by the addition of DMF (0.18 mL, 2 mmol, 

0.73 equiv.) in a dropwise manner. The resulting mixture was stirred for 5 hours at room 

temperature, followed by the addition of diethylamine (2.33 g, 31.8 mmol, 20 equiv.). The reaction 

mixture was subsequently stirred for extra 16 hours. Upon reaction completion, the organic phase 

was separated and successively washed with a saturated aqueous solution of NaHCO3 (10 mL) and 

with water (10 mL). The resulting organic phase was dried over MgSO4, filtered, and evaporated 

in vacuo to afford a white powder. For purification, column chromatography on silica gel (80/20: 

petroleum ether/ethylacetate) was done to afford the title compound 4-N,N-diethylamido [2.2] 

paracyclophane (91) (0.31 g, 1 mmol, Yield: 65%). 
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4- N, N- diethylamino [2.2] paracyclophane (93) 

 

 

 
 

 

A solution of 4-N,N-diethylamido [2.2] paracyclophane (91) (0.25 g, 0.80 mmol, 1 equiv.) in 

anhydrous THF (5 ml) was added dropwise to a solution of lithium aluminum anhydride (LiAlH4) 

(0.21 g, 5.60 mmol, 7 equiv.) in anhydrous THF (20 ml) at room temperature. After the addition 

was complete, the solution was stirred for 17 hours. The following day, the reaction was quenched 

with a 2M aqueous solution  of HCl (15 ml) at 0 oC. The resulting aqueous layer was separated, 

extracted with dichloromethane (3x10 ml), basified with a 3M aqueous solution of NaOH (15 ml), 

and finally extracted with dichloromethane (5x10 ml). The combined organic layers were dried 

over MgSO4, filtered, and evaporated in vacuum. The crude product was purified by column 

chromatography (Alumina, n-pentane/ethyl acetate  9:1 (v/v) to 7:3 (v/v)) to afford 4-N,N- 

diethylamino [2.2] paracyclophane (93) (142.3 mg, 0.48 mmol, Yield: 61%). 

1H NMR (500 MHz, CDCl3) δ 6.64 (dd, 3J = 6 Hz, 4J = 1.9 Hz, 1H, H-5), 6.53 (dd, 3J = 5.7 Hz, 

4J = 1.8 Hz, 1H, H-6), 6.48-6.45 (m, 2H, H-4, H-12), 6.41 (d, 3J = 7.6 Hz, 1H, H-14), 6.38 (dd, 3J 

= 6.02 Hz, 4J = 1.9 Hz, 1H, H-7), 6.32 (d, 4J = 1.34, 1H, H-13), 3.55 (d, 3J = 13.4 Hz, 1H, H-17), 

3.51 (m, 1H, H-1),  3.17- 2.92 (m, 7H, H-2, 9, 10, 17), 2.83-2.77 (m, 1H, H-1), 2.48-2.35 (m, 4H, 

H-18), 1.02 (t, 3J = 7.01 Hz, 6H, H-19) 

13C NMR (126 MHz, CDCl3 ) δ  139.5 (Cq, C-8), 139.44 (Cq, C-3), 139.41 (Cq, C-11), 138.9 

(Cq, C-16), 138.5 (Cq, C-15),  135.2 (CH, C-13), 134.8 (CH, C-14), 133.3 (CH, C-6), 133.2 (CH, 
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C-4), 131.9 (CH, C-7), 131.1 (CH, C-12), 128.6 (CH, C-5), 56.4 (CH2, C-17), 47.1 (CH2, C-18), 

35.3 (CH2, C-9), 35.0 (CH2, C-10), 34.5 (CH2, C-2), 33.4 (CH2, C-1), 11.6 (CH3, C-19) 

HRMS (ESI+): Cal for C21H28N[M+]: 294.2221; found: 294.2222 

 

4-N,N- diethyl-N-methyl ammonium Triflate [2.2] paracyclophane (71) 

 

 
 

 

To a flask containing 4-N,N- diethylamino [2.2] paracyclophane (93) (0.15 g, 0.5 mmol, 1 equiv.) 

in dichloromethane (5 ml), methyl trifluoromethanesulfonate (CH3OTf) (0.49 g, 2.98 mmol, 6 

equiv.) was added. The solution was stirred  for 72h at room temperature. The resultant solution 

was washed with water and saturated solution of NaHCO3 to afford 4-N,N-diethyl-N-methyl 

ammonium Triflate [2.2] paracyclophane (71) (0.20 g, 0.43 mmol, Yield: 90%).  

 

1H NMR (500 MHz, CDCl3) δ 6.61 (dd, 3J = 7.9, 4J = 1.62 Hz, 1H, H-14), 6.56-6.48 (m, 6H, H-

12, 13, 4, 5, 6, 7), 4.39 (d, 2J = 13.2 Hz, 1H, H-17), 4.27 (d, 2J = 13.2 Hz, 1H, H-17), 3.46-2.95 

(m, 12H, H-1, 2, 9, 10, 18), 2.70 (s, 3H, H-20), 1.34 (t, 3J = 7.2 Hz, 3 H, H-19), 1.31 (t, 3J = 7.2 

Hz, 3H, H-19) 

13C NMR (126 MHz, CDCl3 ) δ 141.9 (Cq, C-15), 141.2 (Cq, C-16), 139.7 (Cq, C-3), 139.5 (CH, 

C-13), 139.1 (Cq, C-8), 136.1 (CH, C-14), 135.7 (CH, C-12), 133.1 (CH, 4/ 5/ 6/ 7), 132.9 (CH, 

4/ 5/ 6/ 7), 132.7 (CH, 4/ 5/ 6/ 7), 131.3 (CH, 4/ 5/ 6/ 7), 125.3 (Cq, C-11), 120.4 (q, OTf, J = 319 

Hz), 63.7 (CH2, C-17), 55.4 (CH2, C-18), 55.1 (CH2, C-1), 45.8 (CH3, C-20), 35.1 (CH2, C-1/ 2/ 

9/ 10 ), 34.8 (CH2, C-1/ 2/ 9/ 10), 34.7 (CH2, C-1/ 2/ 9/ 10), 33.9 (CH2, C-1/ 2/ 9/ 10), 8.03 (CH3, 

C-19), 8.01 (CH3, C-19)   

HRMS (ESI+): Calc for C22H30N+ [M+]: 308.2380; found: 308.2378 

IR (ATR, cm-1) v  2987, 1252, 1028, 637. 
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1-methyl-4-phenylpyridinium Iodide (72) 

 

 

                                      

 

4-phenyl pyridine (95) (0.520 g, 3.37 mmol, 1 equiv.) and methyl iodide (12.4 g, 88 mmol, 26 

equiv.) were added to a sealed Schlenk tube containing anhydrous acetonitrile. The solution was 

stirred at 80 oC for 24h. Upon reaction completion, the solvent and excess MeI were removed 

under reduced pressure to afford the final product 1-methyl-4-phenylpyridinium Iodide (72) (1.1 

g, 3.7 mmol, Yield: 98%). 

 

 1H NMR (500 MHz, CDCl3) δ 9.35 (d, 3J = 6.9 Hz, 2H, H-2), 8.26 (d, 3J = 6.9 Hz, 2H, H-3), 

7.80 (dd, 3J = 6.6 Hz, 4J = 1.7 Hz, 2H, H-6), 7.57 (m, 3H, H-7, H-8), 4.67 (s, 3H, H-1).  

13C NMR (126 MHz, CDCl3 ) δ 156.2 (Cq, C-5), 145.7 (CH, C-2), 133.4 (Cq, C-4), 132.5 (CH, 

C-8), 130.0 (CH, C-7), 128.0 (CH, C-6), 125.0 (CH, C-3), 48.7 (CH3, C-1). 

The 1H and 13C NMR data match those reported in the literature111 
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General procedure F 

To a solution of trialkylamine 57(a-c) (5 equiv.) in THF/Acetonitrile, 2-(chloromethyl)-1,3,5-

trymethylbenzene (80g) (1 equiv.) was added. The resulting solution was stirred at room 

temperature for 48h. The obtained solution was evaporated under reduced pressure to afford the 

titled product 73(a-b). 

 

Mesityl trimethyl ammonium chloride (73a) 

 

 
 

Prepared according to general procedure F from trimethylamine (57a) (0.78 g, 13.20 mmol, 1.5 

equiv.) and 2, 4, 6-trimethylbenzyl chloride (80g) (1.50 g, 8.78 mmol, 1 equiv.) in THF. The 

obtained solution was condensed under reduced pressure, and the obtained crude salt was washed 

with dichloromethane to afford mesityl trimethyl ammonium chloride (73a) (1.90 g, 8.3 mmol, 

Yield: 95%). 

 

 1H NMR (600 MHz, D2O) δ 7.10 (s, 2H, H-3), 4.61 (s, 2H, H-7), 3.08 (s, 9H, H-8), 2.40 (s, 6H, 

H-5), 2.27 (s, 3H, H-1). 

 13C NMR (150 MHz, D2O) δ 140.90 (Cq, C-6),140.86(Cq, C-4), 130.1 (CH, C-3), 122.2 (Cq, C-

2), 63.0 (CH2, C-7), 52.6 (CH3, C-8), 20.4 (CH3, C-5), 20.0 (CH3, C-1)  

The 1H and 13C NMR data match those reported in the literature112 
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Mesityl triethyl ammonium chloride (73b) 

 

 

 
 

Prepared according to general procedure F from triethylamine (57b) (1.87 g, 19 mmol, 5 equiv.) 

and 2, 4, 6-trimethyl benzyl chloride (80g) (0.63 g, 3.70 mmol, 1 equiv.) in THF. For purification, 

the obtained crude salt was heated under reduced pressure to remove the traces of triethylamine 

(57b) and to afford Mesityl triethyl ammonium chloride (73b) (0.96 g, 3.5 mmol, Yield: 96%). 

 

1H NMR: (500 MHz, D2O) δ 7.03 (s, 2H, H-3), 4.52 (s, 2H, H-7), 3.32 (q, 3J = 7.2 Hz, 6H, H-8), 

2.38 (s, 6H, H-5), 2.23 (s, 3H, H-1), 1.20 (t, 3J = 7.2 Hz, 9H, H-9).  

13C NMR (126 MHz, D2O) δ 140.7 (cq, C-6, C-4), 130.2 (CH, C-3), 123.0 (cq, C-2), 58.6 (CH2, 

C-7), 54.2 (CH2, C-8), 20.5 (CH3, C-5), 19.9 (CH3, C-1), 7.70 (CH3, C-9). 

Melting Point: 136.2-136.7 2.5 OC/min 

HRMS (ESI+): Calcd for C16H28N[M+]= 234.2216; found= 234.2222 

IR (ATR, cm-1) v  3391, 2945, 1608, 1455, 1017. 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 

 

 

Mesityl tripropyl ammonium chloride (73c) 

 

 

  
 

 

Prepared according to general procedure F from tripropylamine (57c) (2.30 g, 16 mmol, 5 equiv.) 

and 2, 4, 6-trimethyl benzyl chloride (80g) (0.54 g, 3.2 mmol, 1 equiv.) in acetonitrile. The solvent 

was evaporated under reduced pressure, and the obtained salt was washed several times with 

diethyl ether (Et2O) to afford Mesityl tripropyl ammonium chloride (73c) (1g, 3.2 mmol, nd). 

 

1H NMR (600 MHz, CDCl3) δ 6.95 (s, 2H, H-3), 4.91 (s, 2H, H-7), 3.43 (m, 6H, H-8), 2.49 (s, 

6H, H-5), 2.30 (s, 3H, H-1), 1.69 (m, 6H, H-9), 0.99 (t, 3J = 7.3 Hz, H-10). 

13C NMR (150 MHz, CDCl3) δ 140.4 (Cq, C-6), 140.1 (Cq, C-2), 130.6 (CH, C-3), 123.0 (Cq, C-

4), 61.7 (CH2, C-8), 60.8 (CH2, C-7), 21.7 (CH3, C-5), 20.8 (CH3, C-1), 16.6 (CH2, C-9), 11.03 

(CH3, C-10) 

HRMS (ESI+): Cal for C19H34N
+[M+]: 276.2689; found: 276.2691 

Melting point: 60.2-61.4 2.5 OC/min 

IR (ATR, cm-1) v  3409, 2968, 1644, 1609, 1381. 

___________________________________ 
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 Synthesis of phosphonium salts  

 

 
 

General procedure G 

 

Phosphine 97(a/b) (1 equiv.) and electrophile 80 (4 equiv.) were dissolved with anhydrous 

acetonitrile in a sealed Schlenk tube. The obtained solution was stirred at room temperature or 

heated at 70oC for 48h under an inert atmosphere (Ar). The solvent and sometimes excess of 80 

were removed under reduced pressure to afford the final product 65a-d. 

 

Methyl tricyclohexyl phosphonium Iodide (65a) 

 

 
 

Prepared according to general procedure G, from tricyclohexyl phosphine (97a) (10 g, 35.6 mmol, 

1 equiv.) and methyl iodide (80a) (19.58g, 138 mmol, 3.87 equiv.). The reaction proceeded within 

48h at room temperature and the obtained solution was concentrated under reduced pressure to 

afford the final product methyl tricyclohexyl phosphonium Iodide (65a) (15g, 35.5 mmol, Yield: 

98%). 
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 1H NMR (600 MHz, CDCl3) δ 2.62 (qt, J = 12.1 Hz, J = 2.9 Hz, 3H, H-4), 2.02 (m, 9H, H-2, H-

5), 1.94 (m, 6H, H-3, H-5), 1.80 (m, 3H, H-1), 1.50 (m, 12H, H-3, H-2, H-1), 1.32 (qt, J = 12.9, J 

= 3.4 Hz, 3H, H-1).  

13C NMR (150 MHz, CDCl3 ) δ 30.2 (CH, d, 1J(c-p) = 42.2 Hz, C-4), 26.9 (CH2, d, 3J(c-p) = 3.8 Hz, 

C-2), 26.3 (CH2, d, 2J(c-p) = 12.2 Hz, C-3), 25.3 (CH2, d, 4J(C-p) = 1.4 Hz, C-1), 0.1 ( CH3, d, 1J(c-p) 

= 49.1 Hz, C-5). 

HRMS (ESI+):  Calc for C19H36P [M+]: 295.2555; found: 295.2555. 

31P NMR (243 MHz, CDCl3 ) δ 33.9 ppm 

 Melting point: 186.7 - 187.9 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature113 

 

Ethyl tricyclohexyl phosphonium Iodide (65b) 

 

 
 

Prepared according to general procedure G, from tricyclohexyl phosphine (97a) (0.64 g, 2.29 

mmol, 1 equiv.) and ethyl iodide (80b) (1 g, 8.87 mmol, 3.87 equiv.). The reaction proceeded 

within 48h at room temperature and the obtained solution was concentrated under reduced pressure 

to afford the final product ethyl tricyclohexyl phosphonium Iodide (65b) (0.92 g, 2.09 mmol, 

Yield: 92%). 

 

1H NMR (500 MHz, CDCl3) δ 2.63 (q, J = 12.3 Hz, 3H, H-4), 2.53 (Sext, J = 4.7 Hz, 2H, H-5), 

2.05 (d, J  = 9 Hz, 6H, H-2 ), 1.95 (d, J = 11 Hz, 6H, H-3), 1.8 (d, J = 13 Hz, 3H, H-1 ), 1.53 (Sept, 

J = 11.7 Hz, 12 H, H-2, H-3 ), 1.35 (m, 6H, H-1, H-6). 

13C NMR (126 MHz, CDCl3 ) δ  29.9 (CH, d, 1J(c-p) = 40.3 Hz, C-4), 27.3 (CH2, 
3J(c-p) = 3.9 Hz, 

C-2), 26.5 (CH2, 
2J(c-p) = 11.7 Hz, C-3), 25.4 (CH2, 

4J(c-p) = 1.4 Hz, C-1), 10.1 ( CH2, 
1J(c-p) = 44.6 

Hz, C-5), 7.5 (CH3, 
2J(c-p) = 7.5 Hz, C-6) 
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31P NMR (243 MHz, CDCl3 ) δ 33.3 ppm 

HRMS (ESI+): Calc for C20H38P
+ [M+]: 309.2709; found: 309.2711 

Melting point: 187.7 - 194.6 2.5oC/min 

IR (ATR, cm-1) v  2958, 2926, 1066. 

Propyl tricyclohexyl phosphonium bromide (65c) 

 

 

 
 

Prepared according to general procedure G, from tricyclohexyl phosphine (97a) (2 g, 7.13 mmol, 

1 equiv.) and bromopropane (80c) (4.4 g, 35.65 mmol, 5 equiv.). The reaction proceeded within 

48h at 70 oC, and the obtained solution was concentrated under reduced pressure to afford propyl 

tricyclohexyl phosphonium bromide (65c) (2.5 g, 6.20 mmol, Yield: 89%). Traces of phosphine 

oxide were removed by acetonitrile-pentane workup. 

 

1H NMR (500 MHz, CDCl3) δ 2.39 (qt, J = 12.6 Hz, J = 2.6 Hz, 3H, H-4), 20.8 (m, 2H, H-5), 

1.83 (dd, J = 39.8 Hz, J = 11.50 Hz, 12 H, H-3, H-2), 1.62 (m, 5H, H-1, H-7), 1.48 (tq, J = 12.5 

Hz, J = 3.3 Hz, 6H, H-2), 1.24 (m, 10H, H-3), 0.98 (td, J  = 7.3 Hz, J = 1.9 Hz, 3H, H-6) 

13C NMR (125 MHz, CDCl3 ) δ 29.1 (CH, d, 1J(c-p) = 41.4 Hz, C-4), 26.4 (CH2, d, 3J(c-p)  = 3.8 Hz, 

C-2), 26.1 (CH2, d, 2J(c-p) = 12.9 Hz, C-3), 25.1 (CH2, d, 4J(C-P) = 1 Hz, C-1), 16.7 (CH2, d, 1J(C-P) = 

43.5 Hz, C-5), 15.8 (CH3, d, 3J(C-P) = 4.8 Hz, C-7), 15.10 (CH2, d, 2J(c-p) = 15.5 Hz, C-6) 

31P NMR (243 MHz, CDCl3 ) δ 31.2 ppm 

HRMS (ESI+): Cal for C21H40P
+[M+]: 323.2861; found: 323.2868 

Melting point: 75.3 - 76.3 2.5 oC/min 

IR (ATR, cm-1) v  2928, 2852, 1619, 1447. 
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Benzyl tricyclohexyl phosphonium bromide (65d)114 

 

 
 

 

Prepared according to general procedure G, from tricyclohexyl phosphine (97a) (2g, 7.13 mmol, 

1 equiv.) and benzyl bromide (80d) (6.10 g, 35.6 mmol, 5 equiv.). The reaction proceeded within 

48h at 70 oC, and the obtained solution was concentrated under reduced pressure. For purification, 

pentane was added to precipitate the product. The obtained white salt was further washed with 

pentane to remove traces of benzyl bromide. Moreover, traces of phosphine oxide were removed 

by acetonitrile-pentane workup to afford the final product benzyl tricyclohexyl phosphonium 

bromide (65d) (3.15 g, 6.97 mmol, Yield: 98%). 

 

1H NMR (500 MHz, CDCl3) δ 7.44 (m, 2H, H-7), 7.35 (m, 3H, H-8, H-9), 4.30 (d, 2H, H-5), 2.74 

(qt, J = 13 Hz, J = 2.7 Hz, 3H, H-4), 1.89 (m, 16H, H-3, H-2, H-1), 1.45 (m, 12H, H-3, H-2), 1.25 

(qt, J = 13 Hz, J = 3.7 Hz, 3H, H-1). 

13C NMR (125 MHz, CDCl3 ) δ 130.4 (CH, d, 3J(C-P) = 4.9 Hz, C-7), 129.5 (Cq, C-6), 129.4 (CH, 

d, 4J(c-p ) = 2.5 Hz, C-8), 128.4 (CH, d, 5J(C-P) = 2.9 Hz, C-9), 31.0 (CH, d, 1J(C-P) = 38.8 Hz, C-4), 

27.2 (CH2, d, 3J(C-P) = 4.1 Hz, C-2), 26.6 (CH2, d, 2J(C-p) = 11.7 Hz, C-3), 25.5 (CH2, d, 4J(c-p) = 1.3 

Hz, C-1), 23.3 (CH2, d, 1J(C-P ) = 41.2 Hz, C-5). 

31P NMR (243 MHz, CDCl3 ) δ 29.3 ppm 

HRMS (ESI+): Calc for C25H40P
+[M+]: 371.2867; found: 371.2868 

Melting Point: 242.2 - 242.8 2.5 oC/min 

 

 

 

 

 



117 

 

Methyl triphenyl phosphonium Iodide (65e): 

 

 

 

Prepared according to general procedure G, from triphenyl phosphine (97b) (0.5g, 1.91 mmol, 1 

equiv.) and methyl iodide (80a) (1.1g, 7.6 mmol, 4 equiv.). The reaction proceeded within 48h at 

room temperature and the obtained solution was concentrated under reduced pressure to afford the 

final product methyl triphenyl phosphonium Iodide (65e) (0.73 g, 1.8 mmol, Yield: 95%); no 

further purification was needed. 

 

1H NMR (500 MHz, CDCl3) δ 7.83-7.69 (m, 15 H, H-3, 2, 1), 3.20 (d, 3J  = 13.1 Hz, 3H, H-5). 

13C NMR (126 MHz, CDCl3 ) δ  135.3 (CH, d, 4J(c-p) = 3.0 Hz, C-1), 133.4 (CH, d, 3J(c-p) = 10.7 

Hz, C-2), 130.6 (CH, d, 2J(c-p) = 12.9 Hz, C-3), 118.9 (Cq, d, 1J(c-p) = 88.8 Hz, C-4), 11.7 (CH3, d, 

1J(c-p) = 57.1 Hz, C-5). 

31P NMR (243 MHz, CDCl3 ) δ 21.6 ppm 

Melting point: 169.2 - 169.7 2.5 oC/min 

The 1H and 13C NMR data match those reported in the literature115 
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General procedure H 

 

To a dry Schlenk tube purged with argon containing tricyclohexyl phosphine 97a (3 equiv.), 

acetonitrile and electrophile 101(a-d) (1 equiv.) were added. The solution was refluxed for 48 h, 

and the obtained solution was condensed under reduced pressure. For purification, the salts were 

added separately to distilled water, followed by boiling the milky suspension with continuous 

stirring until it became clear. The clear solution obtained is then left to cool down, followed by 

washing with diethyl ether (Et2O) several times to afford the targeted products 74(a-d).  

 

1,3-di(tricyclohexyl phosphonium) propane dibromide (74a) 

 

 

 
 

Prepared according to general procedure H from tricyclohexyl phosphine (97a) (1.5g, 4.92 mmol, 

2.5 equiv.) and 1,3-dibromo propane (101a) (0.4g, 1.97 mmol, 1 equiv.). The reaction proceeded 

within 48h, and the obtained solution was concentrated under reduced pressure to afford the 

product as a white salt 1,3-di(tricyclohexyl phosphonium) propane dibromide (74a) (1.5g, 19.67 

mmol, Yield: 99%). 

 

1H NMR (500 MHz, CDCl3) δ 2.95 (m, 10 H, H-4, H-5), 2.34 (m, 2 H, H-6), 2.07 (bs, 12 H, H-

3), 1.9 (bs, 12 H, H-3) 1.81 (d, 6H, H-1), 1.57 (m, 24H, H-2, H-3), 1.29 (m, 6 H , H-1). 
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 13CNMR( 125 MHZ, CDCl3) δ CdecP 30.6 (CH, C-4), 27.7 (CH2, C-2), 26.3 (CH2, C-3),  25.6 

(CH2, C-1), 18.1 (CH2, C-6), 17.5 (CH2, C-5) 

31P NMR (243 MHz, CDCl3 ) δ 31.8 ppm 

HRMS (ESI+): Calculated for C39H72P2Br [M]+= 681.4293; Found: 681.4290 

Melting point: 147.8 - 155.3 2.5 oC/min 

IR (ATR, cm-1) v  2927, 2852, 1444. 

 

1,4- di(tricyclohexyl phosphonium) butane dibromide (74b) 

 

 

 
 

 

Prepared according to general procedure H, from tricyclohexyl phosphine (97a) (3.0 g, 10.7 mmol, 

3 equiv.) and 1,4-dibromobutane (101b) (0.77g, 3.56 mmol, 1 equiv.). The reaction proceeded 

within 48h, and the obtained solution was concentrated under reduced pressure to afford the 

product 1,4-di(tricyclohexyl phosphonium) butane dibromide (74b) (2.5g, 3.2 mmol, Yield: 93%) 

as a white salt. 

 

1H NMR (500 MHz, CDCl3) δ 2.80 (m, 4H, H-5), 2.52 (qt, J = 12.6 Hz, J = 2.2 Hz, 6H, H-4), 

2.16- 1.78 (m, 40H, H-6, H-2, H-3, H-1), 1.61 (q, J = 12.7 Hz, 6 H, H-2), 1.48- 1.31 (m, 18H, H-

3, H-1). 

13C NMR( 125 MHZ, CDCl3) δ 30.2 (CH, d, 1J(c-p) = 40.6 Hz, C-4), 27.2 (CH2, d, 3J(c-p) = 3.8 Hz, 

C-2), 26.6 (CH2, d, 2J(c-p) = 11.9 Hz, C-3), 25.4 (CH2, s, C-1), 24.1 (CH2, dd, 2J(c-p) = 16.6 Hz, 3J(c-

p) = 4.6 Hz, C-6), 15.7 (CH2, d, 1J(c-p) = 43.2 Hz, C-5) 

31P NMR (243 MHz, CDCl3 ) δ 32.3 ppm 

HRMS (ESI+): Calculated for C40H74P2Br [M]+= 695.4449; found: 695.4446 

Melting Point: 280.0-284.2 2.5oC/min 
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IR (ATR, cm-1) v  2924, 2851, 1444. 

 

1,5-di (tricyclohexyl phosphonium) pentane dibromide (74c) 

 

 

 
 

 

Prepared according to general procedure H, from Tricyclohexyl phosphine (97a) (10g, 35.6 mmol, 

3 equiv.) and 1,5-dibromopentane (101c) (2.73 g, 11.8 mmol, 1 equiv.). The reaction proceeded 

within 48h, and the obtained solution was concentrated under reduced pressure to afford the 

product 1,5-di (tricyclohexyl phosphonium) pentane dibromide (74c) (29 g, 36.7 mmol, Yield: 

95%) as a white salt. 

 
1H NMR (600 MHz, CDCl3) δ 2.56 (tq, J = 12.6 Hz, J = 2.3 Hz, H-4), 2.55-2.49 (m, 4 H, H-5), 

1.98-1.71(m, 42 H, H-2, H-1, H-3), 1.50 (qt, J = 12.5 Hz, 3.0 Hz, 12H, H-2), 1.41 (q, J = 13 Hz, 

H-3), 1.26 (qt, J = 13.1 Hz, 3.1, H-1) 

13C NMR (150 MHz, CDCl3 ) δ 30.2 (CH2, t, 
3J(C-P) = 14.5 Hz, C-7), 28.0 (CH, d, 1J(C-P) = 40.8 

Hz, C-4), 25.2(CH2, 
3J(C-P) = 3.82 Hz, C-2), 24.5 (CH2, d, 2J(C-P) = 11.8 Hz, C-3), 23.5 (CH2, C-1), 

19.72 (CH2, d, 2J(C-P) = 4.3 Hz, C-6), 13.9 (CH2, d, 1J(C-P) = 43.5 Hz, C-5) 

HRMS (ESI+): Calculated for C41H76P2
2+ [M]+= 315.2711; found: 315.2683 

Melting Point: 74.6-75.32.5 oC/min 

IR (ATR, cm-1) v   2928, 2853, 1620, 1445 
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1,6- di(tricyclohexyl phosphonium) hexane dibromide (74d) 

 

 

 
 

Prepared according to general procedure H from tricyclohexyl phosphine (97a) (2.5 g, 10.6 mmol, 

3 equiv.) and 1,6-dibromohexane (101d) (0.87 g, 3.56 mmol, 1 equiv.). The reaction proceeded 

within 48h and the obtained solution was concentrated under reduced pressure to afford 1,6- 

di(tricyclohexyl phosphonium) hexane dibromide (74d) (2.6 g, 3.2 mmol, Yield: 93%) as a white 

salt. 

 

1H NMR (500 MHz, CDCl3) δ 2.61 (m, 4H, H-5), 2.55 (qt, J = 12.5 Hz, J = 2.6 Hz, 6H, H-4), 

1.98 (m, 24 H, H-2, H-3), 1.81 (m, 6 H, H-1), 1.74 (m, 8 H, H-7, H-6), 1.56 (qt, J = 12.5 Hz, J = 

3.2 Hz, 12 H, H-2), 1.45 (qt, J = 12.9 Hz, J = 2.8 Hz, 12 H, H-3), 1.32 (qt, J = 12.9 Hz, J = 3.6 Hz, 

6H, H-1) 

13CNMR (150 MHZ, CDCl3) δ 30.1 (CH, d, 1J(c-p) = 40.5 Hz, C-4), 29.8 (CH2,d, 2J(c-p) = 14.8 Hz, 

C-6), 27.2 (CH2, d, 3J(c-p) = 3.9 Hz, C-2), 26.5 (CH2, d,2J(c-p) = 11.7 Hz, C-3), 25.5 (CH2, d, 4J(c-p) 

= 0.9 Hz, C-1), 22.4 (CH2, d, 3J(c-p) = 5 Hz, C-7), 15.9 (CH2, d, 1J(c-p) = 42.9 Hz, C-5). 

31P NMR (243 MHz, CDCl3 ) δ 31.8 ppm 

HRMS (ESI+): Calculated for C42H78P2
2+[M]+= 322.2789; found = 322.2773 

Melting Point: 122.4-123.3 2.5 oC/min 

IR (ATR, cm-1) v  2927, 3852, 1447. 
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General procedue I 

 

To a solution of phosphine (97a/97b) (0.2 g, 0.7 mmol, 1 equiv.) in acetonitrile (5 ml), cesium 

chloride (0.65 g, 4.28 mmol, 6 equiv.) and 1-(Trifluoromethyl sulfonyl)-2-(trimethyl silyl) benzene 

(100) (0.53 g, 1.78 mmol, 2.5 equiv.) were successively added. The reaction mixture was stirred 

at room temperature for 15h, and the obtained solution was then concentrated under reduced 

pressure to afford the crude product. For purification, the product was dissolved in DCM, washed 

with water, and then condensed under reduced pressure. Finally, an acetonitrile-pentane workup 

was performed to yield the final product 65.  

 

Phenyl tricyclohexyl phosphonium trifluoromethanesulfonate (65g) 

 

 
 

Prepared according to general procedure I from tricyclohexyl phosphine (97a) (0.2 g, 0.7 mmol, 

1 equiv.) and 1-(Trifluoromethyl sulfonyl)-2-(trimethyl silyl) benzene (100) (0.53 g, 1.78 mmol, 

2.5 equiv.) to afford phenyl tricyclohexyl phosphonium trifluoromethanesulfonate (65g) (0.28 g, 

0.55 mmol, Yield: 80%). 
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1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 7.6 Hz, 2 H, H-7), 7.61 (t, J = 7.5 Hz, 1 H, H-8), 7.53 

(t, J = 7.5 Hz, 2 H, H-6), 2.93 (t, J = 11.1 Hz, 3H, H-4), 1.67-1.44 (m, 16H, H-2,3,1), 1.20 (septet, 

J = 11.4 Hz, 13 H, H-2,3), 1.00 (q, J = 12.8, 4H, H-1) 

13C NMR (125 MHz, CDCl3 ) δ 134.5 (d, 4J(c-p) =3 Hz, CH, C-8), 133.9 (d, 3J(c-p) = 7.2 Hz, CH, 

C-7), 130.4 (d, 2J(c-p) = 10.6 Hz, CH, C-6), 114.2 (d, 1J(c-p) = 72.7 Hz, Cq, C-5), 28.6 (d, 1J(c-p) = 

41.7 Hz, CH, C-4), 26.4 (d, 3J(c-p) = 3.3 Hz, CH2, C-2), 26.2 (d, 2J(c-p) = 12.6 Hz, CH2, C-3), 25.5 

(s, CH2, C-1) 

31P NMR (243 MHz, DMSO ) δ 30.9 ppm 

HRMS (ESI+): Calc for C24H38P
+ [M+]: 357.2708; found: 357.2711 

Melting Point: 274.1 - 275.8 2.5 oC/min 

IR (ATR, cm-1) v  2971, 2937, 1256, 1028, 363 

 

Tetraphenylphosphonium trifluoromethanesulfonate (65h) 

 

 

 
 

Prepared according to general procedure I from triphenyl phosphine (97b) (0.2 g, 0.76 mmol, 1 

equiv.) and 1-(Trifluoromethyl sulfonyl)-2-(trimethyl silyl) benzene (100) (0.56  g, 1.9 mmol, 2.5 

equiv.) to afford Tetraphenylphosphonium trifluoromethanesulfonate (65h) (0.22 g, 0.45 mmol, 

Yield: 60%). 

 

1H NMR (600 MHz, CDCl3) δ 7.52-7.60 (m, 8H), 7.67-7.74 (m, 8H), 7.80-7.86 (m, 4H) 

13C NMR (150 MHz, CDCl3 ) δ 135.8 (d, 4J(C-P)  = 1.23 Hz, CH), 134.4 (d, 3J(C-P) = 10.4 Hz, CH), 

130.8 (d, 2J(C-P) = 13 Hz, CH ), 117.5 (d, 1J(C-P) = 89.8 Hz, Cq) 

The 1H and 13C NMR data match those reported in the literatureError! Bookmark not defined. 

 

___________________________________
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1. General introduction about the characterization technique used for zeolite 

structure determination (PXRD)116 

Powder X-Ray Diffraction (PXRD) is a technique that is used to analyze the crystal structures of 

solid materials. It uses a beam of X-rays that is directed at a powdered sample of the material. For 

example, in the case of zeolites, which are mostly crystalline aluminosilicate materials that are 

widely used for adsorption and catalytic purposes, PXRD can provide important information about 

their crystalline structure, including their size, shape, and dimension. By analyzing the diffraction 

pattern created by the X-rays, scientists and researchers can determine the specific crystal structure 

of the zeolite, its properties and potential uses. 

The PXRD process begins by preparing a powdered sample of the zeolite, which is then placed 

onto a flat sample holder, typically a glass or silicon slide. The sample is then bombarded with a 

beam of X-rays, which causes the atoms in the sample to scatter the X-rays in different directions. 

As the X-rays scatter, they interfere with each other, creating a unique pattern of peaks that is 

collected by a detector. 

To perform the analysis, the diffraction pattern produced by the X-rays is compared to known 

patterns for different crystal structures using a software program. This allows researchers to 

identify the specific zeolite crystal structure and determine its properties, such as its porosity or 

catalytic activity. 

In general, PXRD is an important tool for the analysis of zeolites and other solid materials, 

enabling scientists and researchers to gain a better understanding of their properties and potential 

uses. 
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2. Attempts to synthesize zeolites using ammonium salts 

 

2.1. Attempts to synthesize zeolites using ammonium salts with terminal and non-

terminal alkyne unit(s) 

All the PXRD measurements were conducted by my colleague in the LCS laboratory. Ludox 

HS-40 was used as a silica source, sodium aluminate was used as alumina source (Al), and 

hydrogen fluoride (40 %) was used as a fluoride source. 

 

 Attempts to synthesize zeolites using SDA’s with one alkyne group: 

The ammonium salts 66(a, b) were used as SDA’s in  fluoride or hydroxide media with different 

silica-to-alumina ratios (Si:Al) at two temperatures (Table 6). All of the reaction mixtures contain 

a constant silica-to-SDA ratio of Si:SDA = 10 and a silica-to-water ratio of Si:H2O = 20. The 

ammonium salts 66(a, b) were added separately to two different mixtures containing Si:Al = 20 

and OH:Si = 0.185 each. The gel mixtures were heated at 140 oC for 10 days (Table 6, Entries 1 

and 7). The PXRD analysis of the two reaction mixtures showed the presence of a single peak 

around 2θ = 5.7 and the absence of any other peaks up to 2θ = 25, indicating the presence of only 

layered material (2d material). The isolated solutions from the two reaction mixtures were 

subjected to 1H NMR analyses. The results showed that some of the ammonium salts lost some of 

their alkyl groups. To avoid the decomposition of the SDA’s used, the reactions using 66(a, b) 

were repeated again, this time at 100 oC. (Table 4, Entries 2 and 8). The PXRD analysis of the two 

mixtures again showed layered materials. The synthesis procedures using ammonium salts 66(a,b) 

were also repeated with a higher silica to alumina ratio of Si:Al = 40. The reactions were run at 

two different temperatures: 140 oC (Entries 3 and 9) and 100 oC (Entries 4 and 10) for 10 days 

each. The PXRD analysis showed that the high silica amount didn’t help in forming zeolites, and 

only layered materials were obtained. Another approach was followed by replacing hydroxide ions 

with fluoride ions in the reaction mixtures. The ammonium salts 66(a, b) were mixed separately 

in two different media with Si:Al = 40 and F:Si = 0.5, and then the two media were heated at 140 

oC for 10 days. The use of both ammonium salts 66(a, b) as SDA’s in media with fluoride ions 

was repeated again at 100 oC (Table 6: Entries 6 and 12). The PXRD analysis showed that the 
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fluoride medium didn’t help in forming a zeolite under the used conditions. 

 

 
Table 6. Attempts to synthesize zeolites using 66a and 66b. Ludox HS-40 was used as a silica source, 

sodium aluminate was used as an alumina source (Al), and hydrogen fluoride (40 %) was used as a 

fluoride source. 

 

Due to the unstable character of the synthesized ammonium salts with terminal alkyne group, a new 

set of ammonium salts with non-terminal alkyne groups was synthesized and used in zeolite 

synthesis 66c-f (Table 7). In this part, Si:H2O = 20, F:Si = 0.5, T = 140 oC, and time = 21 days were 

kept constant in all experimental trials. The SDA’s 66c, 66d, 66e, and 66f were mixed separately in 

different solutions having Si:Al = 40 and Si:SDA = 2 (Table 7: Entries 1, 3, 5, and 7). The ammonium 

salts 66c, 66d, and 66f were also mixed separately in solutions containing Si:Al= 20 and Si:SDA= 

2 (Entries 2, 4, and 8). The ammonium salt 66e was also mixed in a solution containing a mixture of 

Si:Al = 40 and Si:SDA = 10 (Table 7, Entry 6). After 21 days, the PXRD analysis showed the 

formation of MFI zeolite in all trials when using 66d and 66e as SDA’s. The characteristic peaks of 

MFI zeolite are shown mainly in the region between 10 (2θ) and 30 (2θ) when compared to the 

spectra found on zeolite data base (Figure 7). The other experiments using 66c and 66f as templates 

only gave dense phases (2D material). The pores of MFI zeolite are not considered extra-large. 

However, these SDAs (66d and 66e) demonstrated their ability to favor the formation of MFI zeolite. 

Thus, further investigation should be done to use this approach in inserting metal atoms in zeolite 

pores. 

 

SDA Entry Si:Al OH:Si F:Si Temperature 

 

1 20 0.185 - 140 

2 20 0.185 - 100 

3 40 0.185 - 140 

4 40 0.185 - 100 

5 40 - 0.5 140 

6 40 - 0.5 100 

 

7 20 0.185 - 140 

8 20 0.185 - 100 

9 40 0.185 - 140 

10 40 0.185 - 100 

11 40 - 0.5 140 

12 40 - 0.5 100 
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Table 7. Attempts so synthesize zeolites using 66(c-f). Ludox HS-40 was used as a silica source, sodium 

aluminate was used as an alumina source (Al), and hydrogen fluoride (40 %) was used as a fluoride 

source. 

 Attempts to synthesize zeolites using SDA’s with two alkyne substituents: 

The synthesized compound 67d was used as SDA in two trials: the first trial contained Si:Al = 40, 

Si:SDA = 2, OH:Si = 0.5, and Si:H2O = 20. Second trial containing Si:Al = 20, Si:SDA = 2, OH:Si 

= 0.5 and Si:H2O = 20. Both mixtures were heated at 140 oC for 21 days. The PXRD analysis 

showed the presence of a broad peak around the region (2θ) = 20, indicating the presence of 

amorphous material only (Figure 8). 

 

 

 

 

 

 

 

 

 

SDA Entry Si:Al Si:SDA 

 

 

1 

 

40 

 

2 

2 20 2 

 

 

3 

 

40 

 

2 

4 20 2 

 

 

5 

 

40 

 

2 

6 40 10 

 

7 

 

 

8 

40 

 

 

20 

2 

 

 

2 

67d 

2θ 

Intensity 

                    Figure 7: PXRD analysis of an MFI zeolite 

 

2θ 
Figure 8. The PXRD analysis showing an amorphous phase 

when using 67d. 

67d 
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2.2. Attempts to synthesize zeolite using ammonium salts with hexamethylenetetramine 

unit. 

 

So far, 68(a, c, and d) hexamethylenetetramine-based ammonium salts have been used as SDA’s 

in zeolite synthesis. The media used in all experiments in Table 8 were done at constant ratio of 

Si:H2O = 20 and were heated for 10 days. At first, 68a was used as SDA in two different trials, 

each containing Si:SDA = 10 and NaOH:Si =  0.185. In entry 1,  the Si:Al  was 20 and the mixture 

was heated at 140 oC (Table 8). In entry 2, the Si:Al ratio was increased to 40, and the mixture was 

also heated to 140 oC. Secondly, 68a was used as SDA in two different mediums, each containing 

Si:SDA = 10 and F:Si = 0.5 (Entries 3 and 4). In entry 3, the Si:Al = 40, and in entry 4 the  Si:Al 

= 7. Both procedures were heated to 140 oC. The PXRD analysis of the experiments done using 

68a as SDA showed the presence of amorphous material only. 

Table 8. Attempts to synthesize zeolites using 68(a-d). Ludox HS-40 was used as a silica source, sodium 

aluminate was used as an alumina source (Al), and hydrogen fluoride (40 %) was used as a fluoride 

source. 

SDA Entry Si:Al Si:SDA NaOH:Si F:Si LiOH:Si 
Temperature 

(oC) 

 

1 20 10 0.185 - - 140 

2 40 10 0.185 - - 140 

3 40 10 - 0.5 - 140 

4 7 10 - 0.5 - 140 

 

5 40 5 0.5 - - 140 

6 40 5 0.5 - - 160 

7 excess 5 0.5 - - 140 

8 excess 5 0.5 - - 160 

9 40 5 - 0.5 - 140 

10 40 5 - 0.5 - 160 

11 20 10 0.185 - - 140 

12 40 10 0.185 - - 140 

13 20 5 0.5 - - 140 

14 40 5 0.5 - - 140 

15 40 5 - - 0.5 140 

 

16 20 10 0.185 - - 140 

17 40 10 0.185 - - 140 
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The hexamethylenetetramine-based ammonium salt 68c was used as SDA in 11 different trials 

(Table  8, Entries 5-15). In the first four trials, entries 5, 6, 7, and 8, the Si:SDA and NaOH:Si 

ratios were kept the same (Si:SDA = 10 and NaOH:Si = 0.5). In entries 5 and 6, the Si:Al = 40 and 

the two trials were heated at 140 oC and 160 oC, respectively. In entries 7 and 8, we used an excess 

amount of silica, and the two trials were heated at 140 oC and 160 oC, respectively. In entries 9 

and 10, the Si:SDA = 5 but this time the reactions were run in fluoride media (F:Si = 0.5) and not 

in hydroxide media. The two trials were run in a medium containing Si:Al = 40 at 140 oC and 160 

oC, respectively. In entries 11 and 12, the 68c was added to a media containing  constant Si:SDA 

and NaOH:Si ratios (Si:SDA = 10 and NaOH:Si = 0.185). The two trials were run using a ratio of 

Si:Al = 20 and Si:Al = 40, respectively. The conditions in entries 11 and 12 are repeated again 

using a ratio of 0.5 instead of 0.185 NaOH:Si entries 13 and 14. In entry 15, the 68c SDA was 

added to a medium containing Si:Al = 40, Si:SDA = 5, and LiOH:Si = 0.5. We used LiOH instead 

of NaOH to see if the counteranion would affect the synthesis used. The PXRD analysis of the 11 

trials showed the presence of amorphous materials only.  

The hexamethylenetetramine-based ammonium salt 68d was used as SDA in 2 trials (Table 8, 

Entries 16 and 17). The Si:SDA, NaOH:Si, and temperature were kept the same in both trials 

(Si:SDA = 10, NaOH:Si = 0.185 and T = 140 oC). The difference between the two trials is that the 

ratio of Si:Al in entry 16 was half of the ratio used in entry 17. After 10 days, the PXRD analysis 

of the two trials using 68d as SDA showed the presence of amorphous materials only. 
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2.3. Attempts to synthesize zeolites using ammonium salts with imidazole unit 

 

The ammonium salt 69a was used as SDA in 4 experimental procedures, each containing a constant 

ratio of silica to SDA of Si:SDA = 10, fluoride to silica F:Si = 0.5, and silica to water of Si:H2O = 

20. Two of the experiments were run in a medium containing Si:Al = 40 at two different 

temperatures: 140 oC and 100 oC. The other two reactions were run in a medium containing Si:Al 

= 7 at two different temperatures, 140 oC and 100 oC. The PXRD analysis for the four procedures 

showed only an amorphous layer. Secondly, the imidazole-based ammonium salt 69b was used as 

SDA in 2 experimental procedures, each containing a constant ratio of Silica to SDA of Si:SDA = 

10, hydroxide to silica of OH:Si = 0.185, and Si to H2O of Si:H2O = 20 at 140 oC. In the first 

procedure, Si:Al = 20, and in the second Si:Al = 40. The PXRD analysis also showed the presence 

of an amorphous layer. The last ammonium salt in this series, 69d was used in three different trials, 

all having a constant ratio of Si:SDA, Fi:Si, and H2O:Si (Si:SDA = 2, Si:SDA = 0.0335, and 

H2O:Si = 10-15). In trial one, the Si: Al = 25, In trial 2 the Si:Al = 50, and in trial 3, the Si:Al = 

infinity, These trials were run at 190 oC for 30 days. The PXRD pattern of 69a-d  shows the 

absence of any peak in the fingerprint of zeolitic material between 2θ = 3-10°, and the presence of 

a broad peak between 2θ = 16-25° which confirms that the material is amorphous (Figure 9). 

 

 

 

Figure 9. The PXRD analysis showing an amorphous phase when using 69(a, b and d). 
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2.4. Attempts to synthesize zeolite using ammonium salts with aromatic units. 

 

In the series of ammonium salts with aromatic units, only 1-methyl-4-phenylpyridinium salt (72) 

was used in zeolite synthesis. Three separate trials were run using ammonium salt 72 with 

consistent ratios of Si:SDA, Fi:Si, and H2O:Si (Si:SDA = 2, Fi:Si = 0.0335, and H2O:Si = 10-15). 

In trial 1, the Si:Al ratio was 25. In trial 2, the Si:Al ratio was 50, and in trial 3, the Si:Al ratio was 

approaching infinity. All trials were run in oven at a temperature of 190 oC for a duration of 30 

days. Analysis using powder X-ray diffraction (PXRD) revealed the presence of amorphous 

material only. It should be noted that the ammonium salt 72 had low solubility in water until the 

iodide (I-) counter anions was exchanged with hydroxide anions (OH-). 

 

 

 

Figure 10. The PXRD analysis showing an amorphous phase when using 72. 

 

The other prepared ammonium salt series 73(a-c), showed low solubility in water even after 

exchanging chlorine (Cl-) with hydroxide (OH-) and only a milky heterogeneous solution was 

obtained. The low solubility of these SDAs limits their use in zeolite synthesis. 

 

 
Figure 11. The low solubility of 73(a-c) in water. 
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3. Attempts to synthesize zeolites using phosphonium salts 
 

3.1. Attempts to resynthesize ZEO-1 zeolite using tricyclohexyl(methyl)phosphonium 

hydroxide with results 

 

3.1.1. Stability of tricyclohexyl(methyl)phosphonium hydroxide under the used 

conditions 

 

The counter anion (I-) of the prepared tricyclohexyl(methyl)phosphonium Iodide was exchanged 

with hydroxide (OH-) using Dowex Monosphere 550 A UPW OH in distilled water to afford SDA 

65a. The exchange goes well, and the product is stable as long as the amount of water is not totally 

removed. Otherwise, if distilled water is removed, the product decomposes to give tricyclohexyl 

phosphine oxide (102) and the ylide 103. 

 

 

 

Scheme 37. The total decomposition of the ion exchanged SDA 65a to 102 and 103 after the total removal 

of water 

 

Moreover, to confirm that the prepared SDA methyl tricyclohexyl phosphonium hydroxide (65a) 

directed the crystallization of ZEO-1 zeolite and no side product was generated insitu, to play the 

role of SDA, a stability test was done. The synthesized SDA 65a was checked by 31P NMR before 

its use in zeolite synthesis, as shown by the blue Spectra (Figure 12). The spectra shows only one 

peak at 33.8 ppm (δP = 33.8 ppm), which refers to the prepared SDA 65a. Then, the prepared SDA 

was used in zeolite synthesis at T = 190 oC. After 7 days, a sample of the solution mixture 

containing SDA 65a was taken, and 31P NMR was measured. The results confirm the stability of 

SDA after 7 days, as shown by the red spectra in figure 12; there is a characteristic peak at 32.8 

ppm referring to SDA 65a. However, in addition to this characteristic peak, two extra peaks 

appeared between 60 and 65 ppm with ratios of 0.3 and 0.07 compared with the original peak at 

32.8 ppm of SDA 65a. These two peaks indicate the presence of other phosphorus containing 

products, which could result from the decomposition of SDA 65a to the corresponding ylide 103 
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and/or decomposition to other phosphorus-containing compounds. Moreover, there is a possibility 

that the phosphorus impurities could also be found in the water used for synthesis. Furthermore, 

the stability test was repeated after 14 days as shown by green spectra. The results also confirmed 

the SDAs stability. Additionally, the peaks found in the region between 60 and 65 ppm were also 

found in this sample with the same ratios found in the first sample with no changes. The 

tricyclohexyl phosphine oxide spectra, which appears in purple at 51.0 ppm (δP = 51.0 ppm), is 

only used for comparing. The absence of this peak at 51.0 ppm in all other spectra  (Green, Red 

and Blue) is an indication of the stability of the SDA. 

 

 

Figure 12. The 31PNMR analysis showing the stability of SDA 79a at different days during zeolite 

synthesis.  

 

 

 

 

 

 

 

 

δP = 51.0 ppm 

δP = 33.8 ppm 

Number of Scans:128 

δP = 32.8 ppm 

Number of Scans: 128 

δP = 33.8 ppm  

Number of Scans: 64 
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3.1.2. Conditions used for the synthesis of ZEO-1 with the time needed 

 

ZEO-1 zeolite was obtained when using Si:SDA = 0.5, Si:F = 0.5, Si:Al = 0.04, and H2O:Si = 5 

within 15 days at 190 oC, using Al(i-PrO)3 as alumina source and Si(OEt)4 as silica source.113 In 

our case the ZEO-1 zeolite couldn’t be obtained when repeating the same conditions. Thus, 

different variables and chemical sources where used to resynthesize ZEO-1 as shown in the 

following tables. 

In the first two tables 9 and 10, aluminium isopropoxide and Ludox HS-40 were used as an 

aluminium and silica source, respectively. In table 9, the ratios Si:Al = 25 and H2O:Si = 7 were 

held constant.  The ratio of Si:SDA and Si:F were used as variables. When using a ratio of Si:F = 

20, the ZEO-1 zeolite was obtained within 16 days regardless the ratio of Si:SDA used (Si:SDA = 

2, 3, 4) (Figure 13A). The PXRD simulated pattern in figure 13B is used as  reference to compare 

the Zeo-1 finger print with the PXRD obtained in figure 13A in our group. The characteristic peaks 

according to figure 13 are shown in the area below 10 (2θ), specifically at 4 (2θ) and 7 (2θ). 

Increasing the ratio of Si:F to 30 or decreasing it to 10 didn’t improve the synthesis time. Moreover, 

the use of Si:SDA = 3 and Si:F = 30 only gave amorphous phase. 

 

 

 

 

 

 

Figure 13. The PXRD analysis of ZEO-1 zeolite. A. The 

PXRD analysis of ZEO-1 obtained in our group. B. The 

PXRD analysis of ZEO-1 in the published paper. 
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Constant: Si:Al = 25 / H2O:Si = 7 / 190 oC 

                                                             Ratio of  Si:SDA 

                                                       2                             3                              4 

 10 n.a. 29 days n.a. 

Ratio of Si:F 20 16 days 16 days 16 days 

 30 50 days Amorphous n.a. 

Table 9: The duration in days needed to synthesize ZEO-1 using aluminium isopropoxide as an aluminium 

source and Ludox HS-40 as a silica source when having constant ratios of Si:Al and H2O:Si. n.a. = not 

available and * Modernite impurity. 

 

In table 10,  the Si:F = 20 and Si:SDA = 3 ratios were kept constant, and the Si:Al and H2O:Si 

were changed.  The ZEO-1 was obtained within 16 days at the shortest time upon using Si:Al = 25 

and H2O:Si = 7. 

 

Table 10: The duration in days needed to synthesize ZEO-1 using aluminium isopropoxide as an aluminium 

source and Ludox HS-40 as a silica source when having constant ratios of Si:F and Si:SDA. n.a. = not 

available and * Modernite impurity. 

 

In the following two tables 11 and 12, sodium aluminate was used as aluminium source and ludox 

HS-40 as a silica source. In table 11, The best duration for ZEO-1 formation (8 days) was obtained 

upon using Si:F = 20, regardless the amount of Si:Al used (15, 20, or 25). 

 

 

 

 

Constant: Si:F = 20 / Si:SDA = 3 / 190 oC 

  Ratio of Si:Al 

 15 20 25 

Ratio of H2O:Si 
7 31 days* 23 days 16 days 

15 n. a. n. a. 31 days 
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Si:SDA = 3 / H2O:Si = 7 / 190 oC 

   Ratio of Si:Al  

  15 20 25 

Ratio of Si:F 
0 n.a. n.a. 12 days* 

20 8 days* 8 days* 8 days* 

Table 11: The duration in days needed to synthesize ZEO-1 using sodium aluminate as an aluminium 

source and Ludox HS-40 as a silica source when having constant ratios of Si:SDA and H2O:Si. n.a. = not 

available and * Modernite impurity. 

 

Moreover, in table 12, the Si:Al, Si:SDA and Si:F were kept constant. However, H2O:Si and 

temperature were changed. The ZEO-1 was obtained within 8 days upon using H2O:Si = 7 at 190 

oC 

 

Table 12: The duration in days needed to synthesize ZEO-1 using sodium aluminate as an aluminium 

source and Ludox HS-40 as a silica source when having constant ratios of Si:Al, Si:SDA and Si:F. n.a. = 

not available and * Modernite impurity. 

 

  

Si:Al = 25 / Si:SDA = 3 / Si:F = 20 

                                      Temperature oC 

  150 170 190 

 Ratio of 

H2O/Si 

7 38* 21* 8* 

15 n.a. n.a. 21 
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3.2. Attempts to synthesize zeolites using mono and bis phosphonium salts 

 

Phosphonium salts 65c, 65d, and 74d were utilized in the synthesis of zeolites, as indicated in table 

13. These structure-directing agents (SDAs) were individually employed in solutions with Si:Al = 

25, Si:SDA = 4, Si:F = 2, and H2O:Si  = 15. Subsequently, the three samples were subjected to a 

40-day heating period at 190°C in an oven. The X-ray powder diffraction (PXRD) analysis 

revealed the presence of only an amorphous phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13. Attempts to synthesize zeolites using SDAs 65c, 65d and 74d. Ludox HS-40 was used as a 

silica source, sodium aluminate was used as an alumina source (Al), and hydrogen fluoride (40 %) was 

used as a fluoride source. 

 

  

SDAs Si/Al Si/SDA Si/F H2O/Si Temperature 

 

25 4 2 15 190 oC 

 

 

 

 

25 

 

 

 

 

4 2 15 190 oC 

 

25 4 2 15 190 oC 
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4. Conclusion 

In conclusion, the use of ammonium salts with terminal alkynes (66a and 66b) in media containing 

Si:Al = 20 and 40 in hydroxide medium (OH:Si = 0.185) or fluoride medium (F:Si = 0.5) gave only 

a dense phase, indicating their low stability under the harsh conditions used (high temperature and 

pH). Two of the prepared ammonium salts with non-terminal alkyne unit (66d and 66e) 

demonstrated the ability to direct the synthesis of MFI zeolite at 140 oC within 21 days. The SDA 

66d  favored MFI formation when used in media containing Si:Al = 20 and 40 and Si:SDA = 2.  

Also, SDA 66e favored MFI formation when used in media containing Si:Al = 40 and Si:SDA = 2 

and 10. Other ammonium salts (73a-c) that were tested displayed low solubility in water, especially 

those that were based on aromatic compounds, even after the substitution of the halogen anion with 

the hydroxide anion. Furthermore, the resynthesis of ZEO-1 zeolite was challenging, and using the 

same experimental procedure did not favor the crystallization of ZEO-1. Thus, a new investigation 

was done to find other suitable conditions. The results showed that the synthesis of ZEO-1 was 

mostly favored when using aluminium isopropoxide and Ludox-40 as aluminium and silica sources, 

respectively. More precisely, upon using ratios of Si:Al = 25, H2O:Si = 7, Si:F = 20, and Si:SDA = 

2, 3, and 4. Also, when using Si:F = 20, Si:SDA = 3, Si:Al = 25 and H2O:Si = 7. These conditions 

favored ZEO-1 crystallization within 16 days at 190 oC. Other ammonium and phosphonium salts 

were found to have an amorphous phase, which requires further adjusting of the synthesis conditions 

to achieve a zeolitic product.
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1. Indole Synthesis 

 

1.1. General Introduction 

 

Nitrogen-containing heterocyclic compounds such as indoles are widely present in nature. Indoles 

play an essential role as bioactive substances in treating a wide range of diseases. For example, 

indoles are used in the development of anti-tumor agents.117 Moreover, indoles are also present in 

many commercial products like agrochemicals, dyes, cosmetics, essential oils, and fragrances.118 

Indole synthesis has been studied for over a century resulting in numerous classical methods for 

their formation named after their discoverers, such as Fischer,119 Bischler,120 Reissert,121 

Madelung,122 Sundberg,123 Hemetsberger,124 Gassman,125 Leimgruber-Batcho,126 Julia,127 

Bartoli,128 Larock,129 and Fukuyama.129  

 

1.2. Use of ynamides in the preparation of indoles 

Ynamides, a class of organic compounds having an N-triple bond, are considered versatile reagents 

for many reactions. The use of ynamides in the formation of indoles is a relatively new approach 

compared to other traditional approaches. This approach has many advantages over other methods, 

since it allows the modification of both the substituents present on the aromatic ring and the 

ynamide. Therefore, allowing access to a wide set of indole derivatives. Additionally, such 

reactions don’t require harsh conditions, making it suitable to the synthesis of sensitive 

compounds. The synthesis of indoles starting from ynamides can proceed through 5 different 

retrosynthetic paths: a, ad, edc, d, and ac (Scheme 40). In most of these reactions, the 

transformation occurs in the presence of gold catalysis through the formation of carbenes. Path ad: 

Skrydstrup (2009, reaction 6),130 Liu (2019, reaction 7),131 Ballesteros (2019, reaction 8),132 

Hashmi (2020, reaction 9),133 Cai (2023, reaction 11).134 Following path ac: Long-Wu (2015, 

reaction 3),135 and Hasmhi (2019, reaction 4),136 Ye (2022, reaction 14). Following path a, Cai 

(2018, reaction 13)137Error! Bookmark not defined. 
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Scheme 38. Previously reported approaches for the synthesis of indoles starting from ynamides 

 

Other than the use of gold catalysis, two  different methods were reported following path ad. The 

first example was in 2009 by Skrydstrup’s group (Scheme 39),137 in which a palladium-catalyzed 

one-pot procedure is reported starting from an ynamide and an o-iodoanilines. The interesting 

feature of this method is that after the Sonogashira reaction, the intramolecular cyclization to form 

the indole occurs spontaneously without activation of the alkyne (Reaction 5).   

 

 

Scheme 39. Skrydstrups’s approach for the preparation of the indole 106. 

 

The second example was reported by Chang’s group in 2021 (reaction 10), a novel metal-free 

[3+2] annulation of ynamides with anthranils (Scheme 40). 138 The procedure provides a facile, 
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environmentally friendly, and atom-economical route to 2-aminoindoles. This synthetic process 

proceeds with excellent regio selectivity and has a wide functional group tolerance under mild 

reaction conditions. 

 

 

Scheme 40. Chang’s approach for the preparation of the indole 109 

Following path a, a method for indole synthesis was reported by Evano’s group in 2013 (Scheme 

40),  it is based on an intramolecular 5-endo-dig carbocupration to afford indoles in moderate to 

good yields (Reaction 12 ). 139 

 

 

Scheme 41. Evano’s approach for the preparation of indole 111 

 

Following path d, in 2022, the Ye group reported a method that allows access to axially chiral N-

heterocycles, which is achieved by chiral Brønsted acid-catalyzed 5-endo-dig cyclization of 

ynamides (reaction 14). This approach represents the first metal-free protocol for the construction 

of axially chiral compounds starting from ynamides (Scheme 42). 140 This method allows the 

practical and atom-economical synthesis of valuable N-arylindoles in excellent yields with 

generally excellent enantio selectivities. Moreover, organocatalysts and ligands based on such 

axially chiral N-aryl indole skeletons are demonstrated to be usable in asymmetric catalysis. 
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Scheme 42. Ye’s approach for the preparation of indole 113 

 

Following path edc by Zhao group (2008),141 a metal-catalyzed C-N bond formation with ortho-

haloaryl acetylinic bromide was followed by 5-endo-dig cyclization to form the targeted indole(s) 

(Reaction 15) (Scheme 43). 

 

 

Scheme 43. Zhao’s approach for the preparation of the indole 116. 

 

The first report on the preparation of  indole starting from ynamide was discovered by the Witulski 

group in 2003 following path ac (Reaction 1),142 a straight-forward approach for the preparation 

of 2-aminoindoles based on palladium-catalyzed heteroanulation reaction (Scheme 44).  

 

 

Scheme 44. Witulski’s approach for the preparation of the indole 118. 
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Using the same path a,c, another example was reported by Knochel group (2013).143 They reported 

the preparation of indoles using an ynamide similar to the one used by Wituslki’s group but 

contains bromide substituent instead of iodine and using electrophile instead of a nucleophile 

(Reaction 2) (Scheme 45). The reaction proceeded in a one-pot endo-dig approach, in which copper 

metal is used to form an intramolecular catalytic carbo-cupration reaction, and the obtained 

intermediate was later quenched with various electrophiles to afford the targeted indoles. 

 

 

Scheme 45. Knochel’s approach for the preparation of indole 120. 

 

The formation of indoles, following Witulski’s approach, is more clarified by the mechanism 

shown in Scheme 46A. The key step in this mechanism is the formation of σ,π-chelated palladium 

bond, followed by the addition of a secondary amine as a nucleophile on the α-position (Scheme 

46A, Step 2). In step 3, the base used will extract the acidic proton, and the final step involves 

reductive elimination to afford the targeted indole (Scheme 46A, Step 4). On the other hand, 

following the Knochel approach (Scheme 46B),  a Grignard-like ynamide is formed in step 1’. 

This is followed by 5-endo-dig copper-mediated intramolecular carbometelation of the Grignard 

derivative to afford a cuprated heterocyclic intermediate in step 2’. The final step involves 

quenching the obtained intermediates with different electrophiles (E) (Scheme 46 B, step 3’) . 

 

Scheme 46. Difference between witulski’s and knochel’s approach for the preparation of indoles. 
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2. Palladium-Catalyzed C-P cross coupling  

 
The synthesis of organophosphorus compounds, such as triaryl phosphine oxides, is an essential 

area of chemical research. These compounds are widely present in bioactive pharmaceutical 

products,144 coordination complexes,145 organic synthesis,146 and functional materials.147 The 

synthetic community has shown great interest in the preparation of triaryl phosphines or triaryl 

phosphine oxides due to their significance for instance as ligands. Various methods involving 

palladium-catalyzed coupling of secondary phosphine (or oxides) with different SP2 aryl partners 

have been developed in recent decades. An approach for cross-coupling H-phosphinate esters 121 

with chloroarenes or chloroheteroarenes was reported by Montchamp’s group in 2011 (Scheme 

47). The reaction proceeded in the presence of palladium catalyst (2 mol%) and i-Pr2NEt base 

(DIPEA, 1.3 equiv.) in toluene/Ethylene glycol (EG) (9:1) at 110 oC to afford a set of phosphinate 

122 in good yields (50-86 %).148  

 

 
Scheme 47. Montchamp’s approach for the preparation of phoshinate 122 

 

 

One year later, in 2012, Herzon group reported the use of phosphine oxide 123 and aryl iodide 124 

for the preparation of product 125 in the presence of 1 mol% of a catalyst formed in situ from 

tris(dibenzylideneacetone)dipalladium and Xantphos (Scheme 48). The reaction proceeded within 

2 h in the presence of triethylamine (TEA) in 1,4-dioxane at 24 oC to afford a wide set of aryl 

phosphine oxides 125 with high yields (64-97%). 149 

 

 
Scheme 48. Herzon’s approach for the preparation of 125  
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Four years later, in 2016, Cai’s group reported an enantioselective C–P cross-coupling reaction of 

diarylphosphine oxides 126 with ortho-substituted aryl iodides 127 . The reaction proceeded at 70 

oC within 20h via kinetic resolution strategy in the presence of 5 mol% Pd(CF3CO2)2 , ligand 129 

and NMM base (3 equiv.) in acetonitrile. The resulting chiral triarylphosphine oxides were 

obtained in high yields up to 96 % and with moderate to high enantioselectivity.150 

 

 
 

 
 

Scheme 49. Cai’s approach for the preparation of phosphine oxide 128 

 

 

Three years later, in 2019, Zhou’s group reported an oxidative C /P decarbonylative cross-coupling 

between P(O)H compounds 131 and aroylhydrazides 130 via Pd(OAc)2 (10-30%) in the presence 

of Na2S2O8 (2 equiv.) and PhSO2OH (2 equiv.) (Scheme 50). The reaction medium, which involves 

the use of Brønsted acid and bidentate phosphine ligand, enables the activation of the unreactive 

CC bond while preventing the undesired oxidation and coordination of P(O)H compounds, leading 

to a general oxidative synthesis of aryl phosphorus compounds from available substrates.151 

 
Scheme 50.  Zhou’s approach for the preparation of phosphine oxide 132 
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The last reported example, to the best of our knowledge, was described in 2023 by Yu-Chang’s 

research group.152 In the presence of a Pd(II) catalyst and Cs2CO3 (2 equiv.), a Hirao cross-

coupling reaction occurred between phenyl bromide 133 and di-p-tolylphosphine oxide 134 within 

one hour at 90°C in ethanol (Scheme 51). The used catalyst 136, demonstrated successful 

conversion of aryl bromides containing both electron-donating and electron-withdrawing groups. 

Additionally, nucleophile-sensitive compounds such as 2-bromopyridine, 2-bromothiophene, and 

4-bromobenzonitrile were tolerated when the reaction was performed in a toluene/ethylene glycol 

(EG) solvent mixture at a ratio of 9:1. 

 

 
 

Scheme 51. Yu-Chang’s approach for the preparation of phosphine oxides 135 

 

 

 

3. Synthesis of Indoles and aryl phosphine oxides starting from N-aryl 

ynamides (results and discussion) 

 

3.1  Project description 

The aim of this project is to extend the work presented by the Witulski group in 2003 (Reaction 1 

scheme 44) by using phosphorus compounds as nucleophiles instead of amines. Specifically, the 

reaction involves the use of  H-diethylphosphonate along with N-aryl ynamide as starting 

materials, tetrakis (triphenylphosphine) palladium (Pd(PPh3)4) as a catalyst, and potassium 

carbonate (K2CO3) as the base in THF. The reaction proceeds to afford the targeted indole with an 

excellent yield. Furthermore, this research highlighted the significance of substituents on 

ynamides, where by changing the substituents can influence the reactions outcome and promote 

the formation of distinct products through cross-coupling of N-tosylated ynamides with H-

phosphonates instead of indole formation. 
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3.2  Results and Discussion: Palladium-catalyzed synthesis of indoles using N-aryl 

ynamide, H-phosphonate, and a base  

 

3.2.1  Starting Materials: Synthesis of N-aryl ynamide 

 

 Preperation of Iodonium salts 139 and 140 

Iodonium salts 139 and 140 were synthesized and used in ynamide synthesis having two different 

substituents on the beta position. These alkynyl- iodonium salts which act as electrophilic 

acetylenes were first reported in 1995 by P. Stang. 153 A gram-scale preparation of iodosylbenzene 

(138) was obtained with a quantitative yield of 87% by mixing diacetoxyiodobenzene (137) with 

water under basic conditions. The resulting iodosylbenzene (138) was then reacted with either Ph-

TMS (1 equiv.) or TMSCCTMS (1 equiv.) in the presence of TMSOTF, resulting in the formation 

of iodonium salts 139 and 140 with 74% and 89% yields, respectively.  

 

Scheme 52. Synthesis of iodonium salts 139 and 140 

 Synthesis of N-aryl ynamide 154 

 

Two different methods were used for the synthesis of ynamides 142(a-c). In the first method, 

cesium carbonate (Cs2CO3) was used in a mixture of N,N-dimethylformamide (DMF) and 

dichloromethane (DCM) (Scheme 42, A). The reaction between an iodonium salt with a phenyl 

group 139 and a N-tosylated iodo aniline 141 resulted in the formation of ynamide 142a with a 

46% yield. However, when iodonium salt with a trimethylsilyl (TMS) group 140 was used, the 

reaction produced a terminal alkyne side product 142b due to the loss of the TMS group under 

these reaction conditions. The products were purified using column chromatography (SiO2, n-

pentane/Ethyl acetate 9:1 (v/v) to 8:2 (v/v)). Further purification of the samples was achieved by 
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trituration with a 9:1 mixture of pentane and ethyl acetate (v/v), resulting in the precipitation of 

the product as a white solid.  

In the second method, potassium bis(trimethylsilyl)amide (KHMDS) was used as the base in 

toluene. The reaction between iodonium salts 139 or 140 and tosylated iodoaniline 141 proceeded 

within 24 hours at room temperature. The purification of the products was carried out using column 

chromatography (silica gel, 9:1 to 8:2 (v/v)  n-pentane-ethyl acetate). The reactions resulted in the 

formation of 142a and 142c with 70% and 73% yields, respectively (Scheme 53, A). The synthesis 

of N-aryl ynamides starting from N-tosylated iodoaniline, proceeds via the formation of a carbene 

intermediate. In the presence of a base, the deprotonated tosylated aniline will attack the iodonium 

salt from the same side of the R group, eliminating the phenyl iodine and forming the carbene 

intermediate. Lastly, the migration of the R group leads to the formation of the targeted ynamide 

(Scheme 53 b). 

 

 

 

Scheme 53. A Synthesis of N-aryl ynamides using two different approaches. B. Reaction mechanism 
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3.2.2. Optimizing reaction conditions of indole synthesis 

 

The reaction between Ynamide 142a and diethyl phosphite was studied using different catalysts, 

solvents, and bases (Scheme 54). The results of the optimization studied involving different 

conditions are summarized in the table (Table 14). 

In entries 1-3,  ynamide 142a (1 equiv.), diethyl phosphite (5 equiv.), Pd(PPh3)4 (10 mol%), and 

K2CO3 (2 equiv.) were added to three different solvents (DMF, THF, and Acetonitrile). The 

reaction proceeded to afford the highest yield (95%) upon using THF as a solvent (Entry 2). 

However, the reaction was less favored in acetonitrile and DMF, as the yields were 50% (Entry 3) 

and 35% (Entry 1), respectively. As the reaction was mostly favored when using the conditions of 

entry 2, a similar reaction was followed in entry 4 but using Pd(Cl)2(PPh3)2 (10 mol%) instead of 

Pd(PPh3)4 (10 mol%). The reaction did not proceed well, and indole 143 was obtained with a 46% 

yield only, accompanied by the presence of impurities. 

In entry 5, the conditions of entry 2 were applied in the absence of phosphorous compounds. The 

reaction proceeded to afford the indole product with a 13% yield. The use of triphenyl phosphine 

instead of diethyl phosphite in the presence of Pd(PPh3)4 (10 mol%) and K2CO3 (2 equiv.) in THF 

afforded the indole with 27% yield. The presence of a base is critical in this type of chemistry, in 

which the reaction does not proceed in the absence of a base and only the starting material is 

retrieved (Entry 7). Moreover, the reaction did not proceed when using triethyl phosphine (Entry 

9), NiBr2dppe (Entry 10), Pd (OAC)2 (Entry 11), and diphenyl phosphine oxide (Entry 12). As a 

result, only the starting material was retrieved in all of the previous cases. Moreover, using DIPEA 

instead of potassium carbonate did not improve the yield, and only 36% of the product was 

obtained (Entry 13). 
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Scheme 54. Reaction followed for the preparation of indole 

 

Entry 

Phosphorus 

Compound ( 

5 Equiv.) 

Catalyst 

(10 mol%) 
Solvent 

Base 

(2 equiv.) 
Yield 

1 
 

Pd(PPh3)4 DMF K2CO3 35% 

2 
 

Pd(PPh3)4 THF K2CO3 95% 

3 
 

Pd(PPh3)4 Acetonitrile K2CO3 50 % 

4 
 

Pd(Cl)2(PPh3)2 THF K2CO3  46 %  

5 - Pd(PPh3)4 THF K2CO3 

 

13 % 

 

6 
 

Pd(PPh3)4 THF K2CO3 
 

27 % 

7 
 

Pd(PPh3)4 THF - 
Starting 

material 

9 
 

Pd(PPh3)4 THF K2CO3 
Starting 

material 

10 
 

NiBr2dppe THF K2CO3 
Starting 

material 

11 
 

Pd (OAC)2 THF K2CO3 
Starting 

material  

12 

 

Pd(PPh3)4 THF K2CO3 
Starting 

material 

13 
 

Pd(PPh3)4 THF 

 

DIPEA 

 

36 % 

Table 14. Optimizing reaction conditions 
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3.2.3  Isotope labelling experiment 

 

In order to confirm that the source of hydrogen on the indole molecule is primarily originating 

from diethyl phosphite, a deuteration experiment was performed using a previously described 

method.155 The deuterated diethyl phosphite (144) was prepared by refluxing triethyl phosphite 

and D2O (1.5 equiv.) in acetonitrile for 2 hours. The resulting product was obtained with a 70% 

yield after distillation (Scheme 55).  

 

 
Scheme 55. Synthesis of deuterated diethyl phosphonate 

 

The 31P NMR analysis showed the presence of a triplet around 7 ppm referring to the deuterated 

product 144.  The intensity of the middle peak is higher than the other two due to the presence of 

non-deuterated diethyl phosphite (Figure 14). 

 

Figure 14. 31P NMR of 144 

 

The prepared deuterated diethyl phosphite 144 was used in the synthesis of indole 145 (Scheme 

56). The reaction proceeded to afford indole 145 with 52% yield. The 1H NMR of the obtained 

deuterated indole showed a peak at 7.62 ppm; the integration of the peak is 0.2<1 which means 
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that the deuterium is found at this position. Therefore, this result validates that the proton is coming 

from phosphorous compound (Figure 15). The presence of a small peak referring to H and not to 

deuterium is due to the presence of traces of diethyl phosphite in the previously prepared 

deuterated diethyl phosphite (Fig 14). Also, H can be generated from traces of water found in THF. 

According to the ratio obtained, 80% of the deuterated product is obtained and the remaining 20% 

refers to the formation of indole with proton instead of deuterium. 

 

 

Scheme 56. Synthesis of indole using deuterated diethyl phosphite 

 

 

 

 

          

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 15. 1H NMR analysis of non-deuterated and deuterated indole 
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3.2.4  Proposed Mechanism: 

 

A proposed mechanism for indole formation is shown in Scheme 57. In step 1, the Pd (0) center 

inserts into the aryl-halogen bond of 142a via the oxidative addition step to afford a palladium s,p-

chelated intermediate. Followed by 5-Endo-dig cyclizations and σ-vinylpalladium intermediate 

formation as shown in step 2. And finally the obtained intermediate will extract the acidic H from 

the phosphorus compound to afford the targeted product. 

 

                                                                                                 
                                                  Scheme 57. Proposed mechanism of Indole formation 
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3.3. Palladium-Catalyzed cross coupling of tosylated 2-Iodo-trimethylsilylynamide with H-

phosphonate in the presence of a base. 

The previously reported examples in section 2 page 149 reveal certain limitations in the 

preparation of aromatic compounds containing phosphorus, as they possess minimal or nonexistent 

reactive functional groups on their aromatic rings apart from halogens. Furthermore, this could 

limit their efficacy as building blocks for the formation of  molecules and their role in the synthesis 

of pharmaceutical or material compounds. In this study, we present a new methodology for the 

synthesis of phosphonates and phosphine oxide compounds having a ynamide group, with 

excellent yields. The presence of the ynamide group can favor the synthesis of more complex 

compounds. The results of this investigation are detailed below. 

 

3.3.1  Optimizing reaction conditions. 

 

N-(2-iodophenyl)-4-methyl-N-((trimethylsilyl)ethynyl)benzenesulfonamide (142c), H-diethylph- 

osphonate and diphenylphosphine oxide were taken as model substrates. The optimization of the 

reaction conditions was done using different bases, palladium catalysts, and reaction temperatures. 

The results are summarized in Table 15. 

When using ynamide 142c instead of ynamide 142a, a different reaction occurred, and product 

146 was obtained instead of the indole (Scheme 58). The reason behind obtaining the new product 

could be due to the stabilized intermediate (Scheme 58, A), which favors the coupling and prevents 

cyclization, leading to the formation of the indole product. The obtained product is new, and so 

far, a cross-coupling reaction in the presence of an ynamide has not been yet reported. In this 

section, different conditions were tested for the preparation of 146 using variable reaction 

conditions. In Table 15, entry 1, when using diethyl phosphite (5 equiv.), Pd(PPh3)4 (10 mol%), 

and K2CO3 (2 equiv.) as a base, the reaction proceeded to afford product 146 with 76% yield. 

However, when using Pd(Cl)2(PPh3)2 instead of Pd(PPh3)4, the reaction didn’t proceed, and  the 

starting material was recovered (Entry 2). Moreover, the reaction didn’t proceed in the absence of 

a base, and the starting material was retrieved, too (Entry 3). When using DIPEA (2 equiv.) instead 

of K2CO3 (2 equiv.), the reaction proceeded with 99% yield (entry 4). Following the conditions of 

entry 4, and using diphenyl phosphite instead of diethyl phosphite, the reaction resulted in an 88% 

yield to afford the corresponding phosphine oxide. 
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                                      Scheme 58. Reaction followed for the preparation of 146 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 15. Optimizing reaction conditions 

 

One example was performed on ynamide 142b, which has terminal alkyne group, in the presence 

of diethyl phosphite (5 equiv.), Pd(PPh3)4 (10 mol%), and K2CO3 (2 equiv.) as a base in THF. The 

reaction proceeded and the C-P coupling was observed. However, the cleavage of ynamide 

occurred, which afforded the tosylated aniline (Figure 16). 

 

Entry 

(Ref) 

Phosphorous 

Compound 

(Equiv) 

Catalyst 

(10 mol%) 
Base Yield of 146 

1 
 

(5 equiv) 

Pd(PPh3)4 K2CO3 76 % 

2 
 

(5 equiv) 

Pd(Cl)2(PPh3)2 K2CO3 
Starting 

material 

3 
 

( 5 equiv) 

Pd(PPh3)4 - 
Starting 

material 

4 
 

(5 equiv) 

Pd(PPh3)4 DIPEA 99% 

5 
 

(3 equiv) 

Pd(PPh3)4 DIPEA 
88 % 
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Figure 16. Tosylated aniline 

 

 

3.3.2.  Proposed Mechanism 

 

A proposed mechanism for SP2 C-P coupling is shown in scheme 53. In step 1, the Pd (0) center 

inserts into the aryl-halogen bond of 142c via oxidative addition. In step 2, a ligand substitution 

occurs, replacing the halogen (I) with H-phophonate or phophine oxide (H-phophonate is shown 

in this case). Followed by the last step 3, the reductive elimination of product 146, and the 

regeneration of palladium catalyst. 

 

 

 

Scheme 59. Proposed mechanism 
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4. General Conclusion 

The optimization of reaction conditions for the preparation of indoles resulted in the following 

findings: The use of diethylphosphonate  was found to favor the reaction. Moreover, the use of 

triethyl phosphite and phosphine oxide did not lead to indole formation but instead resulted in 

retrieving starting material. Moreover, the reaction was more favored in the presence of the 

palladium catalyst Pd(PPh3)4 and also proceeded with a lower yield upon using Pd(Cl)2(PPh3)2 as 

a catalyst. However, the use of catalysts such as NiBr2dppe or Pd(OAC)2 did not promote the 

reaction and only resulted in the retrieval of starting material. It is worth noting that indole 

formation did not occur in the absence of a base. Furthermore, the use of potassium carbonate 

(K2CO3) demonstrated greater enhancement of the reaction compared to the use of 

diisopropylethylamine (DIPEA) as the base. 

 

While the optimization of reaction conditions for the C-P coupling reaction resulted in the 

following findings: The reaction is favored when using H-diethyl phosphonate or diphenyl oxide 

with N-(2-iodophenyl)-4-methyl-N-((trimethylsilyl)ethynyl)benzenesulfonamide 142c. In the 

absence of a base, the reaction didn’t proceed. Moreover, the use of potassium carbonate (K2CO3) 

or diisopropylethylamine (DIPEA) both favors the proceed of the reaction. However, the yield was 

higher when using diisopropylethyl amine (DIPEA). The use of Pd(Cl)2(PPh3)2 instead of 

Pd(PPh3)4 didn’t favor the reaction, and only starting material was retrieved. Finally, the use of 

terminal ynamide 142b favored the C-P coupling, however, the cleavage of ynamide was observed. 

 

In conclusion, a new approach for indole synthesis or C-P coupling is reported based on the 

ynamide substituent. The use of ynamide with a phenyl group (142a), diethyl phosphite, Pd(PPh3)4 

(10 mol%), and K2CO3 as a base in THF favored the synthesis of indoles with quantitative yields 

as the presence of an electron rich substrate like benzene will favor the cyclization. However, when 

using ynamide with a TMS group (142c) instead of ynamide with a  phenyl group (142a), the C-P 

coupling reaction was favored, especially, when using DIPEA base instead of K2CO3. In this case 

the cyclization is not favored due to the presence of poor electron substituent (TMS). 
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Experimental Part 
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5. Experimental part 

 

General Procedure J 

 

To a dried schlenk tube purged with argon, ynamide 142a-c (1 equiv.), base (2 equiv.) and catalyst 

(10 mol %) were added. Argon gas was flushed several times to the medium, and removed  using 

vacuum pump to ensure that the reaction proceeds under inert atmosphere. THF was added then 

to the medium followed by the addition of  phosphorous compound. The tube was closed well and 

placed in a preheated oil bath at 80 oC for 20 h. 

Purification: 

The obtained solution was passed over celite, condensed and purified by column  

chromatography (SiO2, EtOAc/n-pentane 1:9 (v/v) to 2:8 (v/v)) 

 

3-phenyl-1-tosyl-1H-indole (143) 

 

 
 

Prepared according to general procedure J from N-(2-Iodophenyl)-4-methyl-N-(2-pheny-

lethynyl)benzene sulfonamide (142a) (0.1 g, 0.2 mmol, 1 equiv.) and H-diethyl phosphite (0.15 g, 

1.1 mmol, 5 equiv.) to afford 3-phenyl-1-tosyl-1H-indole (143) (0.07g, 0.2 mmol, Yield: 95%) 

 

 
1H NMR: (500 MHz, CDCl3) δ 8.06 (d, J = 8.4 Hz, 1H, H-16), 7.80 (d, J = 8.5 Hz, 2H, H-4), 

7.77 (d, J = 7.9 Hz, 1H, H-13), 7.69 (s, 1H, H-6), 7.59 (d, J = 7.0 Hz, 2H, H-9), 7.46 (t, J = 7.7 

Hz, 2 H, H-10), 7.36 (t, J = 7.9 Hz, 2 H, H-14, H-15), 7.27 (t, J = 7.7 Hz, 1 H, H-11), 7.21 (d, J = 

8.2 Hz, 2H, H-3), 2.32 (s, 3H, H-1) 
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13C NMR (126 MHz, CDCl3) δ 145.0 (Cq, C-2), 135.6 (Cq, C-17), 135.3 (Cq, C-5), 133.1 (Cq, 

C-7), 129.9 (CH, C-3), 129.4 (Cq, C-12), 128.9 (CH, C-10), 127.9 (CH, C-9), 127.6 (CH, C-15), 

126.9 (CH, C-4), 124.9 (CH, C-14), 124.0 (Cq, C-8), 123.6 (CH, C-11), 123.0 (CH, C-6), 120.5 

(CH, C-13), 113.9 (CH, C-16), 21.6 (CH3, C-1) 

The 1H and 13C NMR data match those reported in the literature156 

 

Di Ethyl 2-(4-methyl-N-(trimethylsilyl)ethynylbenzenesulfonamido)phenylphosphonate 

(146a) 

 

 
 

Prepared according to general procedure from N-(2-Iodophenyl)-4-methyl-N-[2-(trimethyl 

silyl)ethynyl]benzene sulfonamide (142c) (0.05 g, 0.1 mmol, 1 equiv.) and H-diethyl phosphonate 

(0.073 g, 0.53 mmol, 5 equiv.) to afford di ethyl 2-(4-methyl-N-(trimethylsilyl)ethynyl benzene su 

lfonamido)phenylphosphonate (146a) (0.05 g, 0.1 mmol, Yield: 99 %) 

 

 
1H NMR (600 MHz, CDCl3) δ 8.03 (m, 1H, H-13), 7.72 (d, J = 8.4 Hz, 2H, H-4), 7.38 (m, 2H, 

H-11, H-12), 7.27 (d, J = 8 Hz, 2H, H-3), 6.80 (m, 1H, H-10), 4.11 (d, J = 59.2 Hz, 4H, H-15), 

2.39 (s, 3H, H-1), 1.28 (dt, J = 25 Hz, 6.8 Hz, 6 H, H-16), 0.0 (S, 9H, H-8)   

13C NMR (150 MHz, CDCl3 ) δ 145.2 (Cq, C-2), 140.6 (Cq, d, 2J(C-P) = 2.4 Hz, C-9), 136.2 (CH, 

d, 2J(C-P) = 8.1 Hz, C-13), 133.9 (Cq, C-5), 133.6 (CH, d, 4J(C-P) = 2.3 Hz, C-11), 129.7 (Cq, d, 1J(c-

p) = 186.1 Hz, C-14), 129.42 (CH, 3J(C-P) = 14.2 Hz, C-12), 129.41 (CH, C-3), 129.2 (CH, s, C-4), 

128.0 (CH, d, 3J(C-P) = 9.7 Hz, C-10), 96.2 (Cq, C-6), 72.5 (Cq, C-7), 62.7 (CH2, dd, 2J(C-P) = 29.5, 

5.2 Hz, C-15), 21.8 (CH3, C-1), 16.3 (CH3, d, 3J(C-P) = 18.5, 6.7 Hz, C-16), 0.0 (CH3, C-8) 
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HRMS (ESI+): Calculated for C19H23NO5PS [M+]: 408.1035; found: 408.1035 

IR (ATR, cm-1) v  3675, 2976, 2158, 1372, 1020 

31P NMR (243 MHz, CDCl3 ) δ 13.98 ppm 

 

N-(diphenylphosphoryl)-4-methyl-N-(trimethylsilyl)benzenesulfonamide (146b) 

 
 

Prepared according to procedure J from N-(2-Iodophenyl)-4-methyl-N-[2-(trimethylsilyl) 

ethynyl] benzene sulfonamide (142c) (0.05 g, 0.1 mmol, 1 equiv.) and diphenylphosphine oxide 

(0.06 g, 0.3 mmol, 3 equiv.) to afford N-(diphenylphosphoryl)-4-methyl-N-(trimethylsilyl) ben- 

zene sulfonamide (146b) (0.05g, 0.09 mmol, Yield: 88%). 

 
1H NMR (600 MHz, CDCl3) δ 7.75-7.70 (m, 6H, H-13, H-16, H-4), 7.50-7.42 (m, 8H, H-11, H-

12, H-17, H-18), 7.29 (d, J = 8.2 Hz, 2H, H-3), 6.97 (qd, J = 3.1 Hz, 1.3 Hz, 1H, H-10), 2.44 (s, 

3H, H-1), 0.0 (s, 9H, H-8). 

13C NMR (150 MHz, CDCl3 ) δ 145.2 (Cq, C-2), 141.3 (Cq, 2J(c-p) = 3.5 Hz, C-9), 135.8 (CH, d, 

3J(c-p) = 8.7 Hz, C-13), 133.9 (Cq, 1J(c-p) = 98.6 Hz, C-15), 133.3 (CH, d, 4J(c-p) = 1.84 Hz, C-11), 

133.2 (Cq, C-5), 132.5 (Cq, 1J(c-p) = 29 Hz, C-16), 132.4 (Cq, d, 1J(c-p) = 108.2 Hz, C-14), 131.91 

(CH, 4J(c-p) = 2.5 Hz, C-18), 129.8 (CH, C-3), 129.5 (CH, d, 2J(c-p) = 11.1 Hz, C-12), 129.3 (CH, 

C-4), 129.0 (CH, d, 4J(c-p)= 6.9 Hz, C-10), 128.4 (Bs, CH, C-17), 95.8 (Cq, C-6), 72.8 (Cq, C-7), 

21.9 (CH3. C-1), 0.0 (CH3, C-8) 

IR (ATR, cm-1) v  3675, 2969, 2162, 535. 

HRMS (ESI+): Calcd for C30H31NO3SSiP[M+] = 544.1539; found = 544.1532. 

31P NMR (243 MHz, CDCl3 ) δ 26.6 ppm. 
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 Tripropyl(2-propynyl) ammonium bromide (66b) 
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13C NMR (126 MHz, CDCl3) of 66b 
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Trimethyl(2-butynyl)ammonium bromide (66c) 
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Triethyl(2-butynyl)ammonium bromide (66d)  
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Tributyl (2-butynyl)ammonium bromide (66f) 

 

 

 

 

 
1H NMR (500 MHz, D2O) of 66f 

 
13C NMR (126 MHz, D2O) of 66f 
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Tripropyl (2-pentynyl) ammonium bromide (66g) 

 

 
1H NMR (500 MHz, D2O) of 66g 

 
13C NMR (126 MHz, D2O) of 66g 
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Di (2-butynyl) dipropylammonium bromide (67d) 
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13C NMR (126 MHz, D2O) of 67d 
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 Di (2-butynyl) pyrrolidinium bromide (67c) 

 

 

 

 

 

 
1H NMR (500 MHz, D2O) of 67c 

 

13C NMR (126 MHz, D2O) of 67c 
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Tripropyl (2- butynyl) ammonium bromide (66e) 

 

 

 

 

 
1H NMR (500 MHz, D2O) of 66e 

 
13C NMR (126 MHz, D2O) of 66e 
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Di (propyl) pyrrolidinium Bromide (82) 

 

 
1H NMR (500 MHz, D2O) of 82 

 
13C NMR (126 MHz, D2O) of 82 
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4- N, N- diethylamino [2.2] paracyclophane (93) 

 

 
1H NMR (500 MHz, CDCl3) of 93 

 
13C NMR (126 MHz, CDCl3) of 93 
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Mesityl triethyl ammonium chloride (73b) 

 

 
1H NMR (500 MHz, D2O) of 73b 

 
13C NMR (126 MHz, D2O) of 73b 
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tricyclohexyl(propyl)phosphonium (65c) 
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31P NMR (243 MHz, CDCl3 ) of 65c 
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1,4- di(tricyclohexyl phosphonium) butane dibromide (74b) 

 

 
1H NMR (500 MHz, CDCl3) of 74b 

 
13CNMR( 125 MHZ, CDCl3) of 74b 
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31P NMR (243 MHz, CDCl3) of 74b 
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1,3-di(tricyclohexyl phosphonium) propane dibromide (74a) 
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13CNMR(125 MHZ, CDCl3) of 74a 
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31P NMR (243 MHz, CDCl3) of 74a 
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1,6- di(tricyclohexyl phosphonium) hexane dibromide (74d) 

 

 
1H NMR (500 MHz, CDCl3) of 74d 
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31P NMR (243 MHz, CDCl3 ) of 74d 
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4-N,N- diethyl-N-methyl ammonium Triflate [2.2] paracyclophane (71) 

 

 
1H NMR (500 MHz, CDCl3) of 71 

 

 

  13C NMR (126 MHz, CDCl3) of 71 
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Tricyclohexyl(phenyl)phosphonium trifluoromethanesulfonate (65g) 
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31P NMR (243 MHz, DMSO) of 65g 
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tricyclohexyl(ethyl)phosphonium Iodide (65b): 
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31P NMR (243 MHz, CDCl3) of 65b 
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Diethyl (2-((4-methyl-N-((trimethylsilyl)ethynyl)phenyl)sulfonamido)phenyl)phosphonate 

(146a) 

 

 
1H NMR (600 MHz, CDCl3) of 146a 

 
13C NMR (150 MHz, CDCl3) of 146a 
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N-(diphenylphosphoryl)-4-methyl-N-(trimethylsilyl)benzenesulfonamide (146b) 

 

 
1H NMR (600 MHz, CDCl3) of 146b 
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13C NMR (150 MHz, CDCl3) of 146b 

 

 

 

 
31P NMR (243 MHz, CDCl3) of 146b 
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                                       Abstract 

Zeolites are uniformly crystalline porous materials formed of a vertex sharing TO4 units (T= Si, 

Al, Ge, etc.). They are prepared under hydrothermal conditions, by mixing a suitable structure 

directing agent (SDA) with a gel containing inorganic components such as silica, alumina or 

germanium. At specific pH and temperature, the SDA induces nucleation, seed formation and 

crystal growth to obtain zeolites with specific size, shape and dimension. Extra-large pore size 

zeolites with pore aperture larger than 0.75 nm aroused increasing interest from researchers due 

to their promising activity in processing bulkier molecules, improving diffusion rate, prolonging 

the catalyst lifetime and changing product selectivity. Our goal is to prepare SDA’s having 

different alkyl substituents following size expansion approach, by synthesizing ammonium salts 

containing either one or two alkyne moieties. Furthermore, ammonium salts based on imidazole, 

hexamethyl-enetetramine and 4-phenylpyridine compounds – as well as synthetic paths for the 

preparation of [2.2] paracyclophane based ammonium salts using King’s reaction were explored. 

Additionally, organic salts based on phosphorous were synthesized. Preparation, purification and 

preliminary results of their use as SDAs in zeolite synthesis will be shown in this thesis. 

 

Keywords: Zeolites; Extra Large pore; ZEO-1; Synthesis; Ammonium salts; Phosphonium salts; 

SDA’s 

                                                 Résumé 

Les zéolites sont des matériaux poreux cristallins uniformesformés d'unités TO4 partageant un 

sommet (T = Si, Al, Ge, etc.). Ils sont préparés sous des conditions hydrothermales, en mélangeant 

un agent directeur de structure (SDA) approprié avec un gel contenant des composants 

inorganiques tels que la silice, l'alumine ou le germanium. À un pH et une température spécifiques, 

le SDA induit la nucléation et la croissance cristalline pour obtenir des zéolites de taille, de forme 

et de dimension spécifiques. Les zéolites à pores de taille extra-large avec une ouverture de pore 

supérieure à 0,75 nm suscitent un intérêt croissant de la part des chercheurs en raison de leur 

activité prometteuse dans le traitement de molécules plus volumineuses, de l'amélioration de la 

vitesse de diffusion, de la prolongation de la durée de vie du catalyseur et du changement de la 

sélectivité du produit. 

Notre objectif est de préparer des SDA avec des substitutions alkyliques différentes en suivant une 

approche d'expansion de taille, en synthétisant des sels d'ammonium contenant une ou deux entités 

alcyne. De plus, des sels d'ammonium à base d'imidazole, d'hexaméthylénétanétramine et de 

composés de 4-phénylpyrridine - ainsi que des voies de synthèse pour la préparation de sels 

d'ammonium à base de [2.2] paracyclophane en utilisant la réaction de King ont été explorées. En 

outre, des sels organiques à base de phosphore ont été synthétisés. La préparation, la purification 

et les premiers résultats de leur utilisation comme SDA dans la synthèse des zéolites seront 

présentés dans cette thèse. 

Mots-clés : Zéolites; Pore extra-large; ZEO-1; Synthèse; Sels d'ammonium, Sels de phosphonium; 

SDA. 


