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4. Introduction 

One of the most important challenges in modern chemical research is how to prepare new, 

highly valuable molecules in a way that remains efficient, sustainable, and industrially relevant. 

In the fields of drug research, materials science, and molecular biology, there is a growing need 

for well-defined, functional small molecules that have specific biological activities and can be 

prepared using modern and sustainable technological solutions. 

Heterocyclic compounds play an important role in these perspectives, as their structural 

diversity and favourable pharmacological properties make them one of the most important basic 

building blocks in modern medicinal chemistry. Within this group, nitrogen (N)-containing 

heterocyclic compounds are also particularly significant, as in many cases they form the basic 

skeletons of various natural products, active pharmaceutical ingredients (APIs) or industrially 

important compounds. The introduction of phosphonate or phosphine oxide functionalities into 

these structures offers further possibilities for modifying their molecular properties, increasing their 

stability, structural diversity, and biological relevance. Accordingly, the synthesis of such new 

compounds and the development of efficient synthetic routes remain a focus of organic chemistry. 

Moreover, these efforts are increasingly supported by innovative, environmentally friendly 

technologies, such as microwave (MW)-assisted reactions or continuous flow chemistry, which not 

only enable more efficient reaction control, but also better scalability. 

My doctoral research was carried out at the Budapest University of Technology and Economics 

(BME) in the Innovative Pharmaceutical and Chirotechnological Research Group led by Dr. Erika 

B§lint, as well as in an industrial environment at CycloLab Cyclodextrin Research and Development 

Ltd., under the supervision of Dr. Levente SzŖcs, and later Dr. Istv§n Pusk§s. I joined to the research 

group of Dr. Erika B§lint during the spring of 2018 and started to work on the multicomponent, MW-

assisted synthesis of various N-heterocycles. After starting my PhD studies in 2022 and winning the 

Cooperative Doctoral Programme for Doctoral Scholarships in 2023, I joined CycloLab Ltd. and 

began my industrial, carbohydrate-based research project there. 

Working at the boundary of academic and industrial chemical research has strongly 

shaped the direction of my research projects as well, leading me to develop solutions that may 

extend beyond scientific curiosity to address industrial relevance and technological feasibility. 

My research at BME focused on the multicomponent synthesis of new N-heterocycles, 

including pharmaceutically relevant compounds, such as isoindolinone and 

benz[de]isoquinolinone phosphonates and phosphine oxides, as well as spirooxindole 

dihydropyridine bisphosphonates. 
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In addition to batch synthesis, flow chemistry also played a central role in my doctoral 

work, through the development of an efficient and scalable process for the synthesis of capsaicin 

and related capsaicinoids. 

Since small molecules such as capsaicinoids often have limited aqueous solubility, another 

important goal of my doctoral work was to improve this feature. Accordingly, the study of 

cyclodextrin (CD)-based supramolecular systems was also incorporated into my research plan. CDs 

are cyclic oligosaccharides that can encapsulate and form inclusion complexes with numerous guest 

molecules and therefore improve the solubility, stability, and bioavailability of otherwise poorly 

soluble compounds. Vast majority of CD-related research is associated with the three most common 

CDs: a-, b- and g-CDs, which differ in their number of constituent glucose units. My work aimed 

to explore the features of all the three major CDs, but from different perspectives. Specifically, 

inclusion complex formation of a- and b-CDs with different capsaicinoids and relating to g-CD it 

involved the synthesis of a novel oxidized impurity (mono-(6-sulfinic acid)-sugammadex) 

connected to the synthesis of a clinically used g-CD derivative, drug called sugammadex. 

The dissertation consists of 13 main, numbered chapters. Following the ñAcknowledgmentsò, 

ñTable of contentsò and ñList of abbreviationsò, ñIntroductionò introduces the background and 

different topics of my research fields, together with my personal motivation. This is followed by the 

ñObjectivesò which summarize and highlight the main objectives of my doctoral work. Then the 

ñLiterature reviewò summarizes the background of the research. To conclude this chapter, I also 

present the results of my BSc thesis and diploma work. Subsequently, the ñResults and discussionò 

section describes the work in detail, highlighting the most important results, divided into five 

subchapters corresponding to five separate articles. Each subchapter begins with a brief introduction 

and concludes with a short summary. The ñExperimental sectionò provides a short description of the 

main instruments and analytical methods used. Moreover, all experimental details are also available 

in the attached Supplementary Material of my doctoral dissertation. Finally, a comprehensive 

summary and conclusions of my research are presented in ñSummary and outlookò. This is followed 

by the ñThesis pointsò, ñList of publicationsò, ñReferencesò and finally ñAppendixò. 

To improve clarity, I did not number the simple starting materials in the chapters of ñLiterature 

reviewò and ñResults and discussionò. Furthermore, for easier readability, I restarted the numbering 

of the compounds in the ñResults and discussionò section. References to my own publications that 

form the basis of the thesis points are marked with red reference numbers.
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5. Objectives 

The primary aim of my doctoral work was to develop efficient, sustainable, and 

industrially relevant synthetic strategies for the preparation and application of structurally 

diverse and biologically relevant small molecules. The research was designed both in academia 

and industry, with a strong emphasis on connecting synthetic organic chemistry with CD-based 

supramolecular approaches, both to address challenges related to poorly water-soluble small 

molecules and to explore new CD-based impurity profiling strategies. 

First of all, one of the main objectives was the design and optimization of MW-assisted 

multicomponent reactions (MCRs) for the synthesis of novel N-heterocycles incorporating 

phosphonate or phosphine oxide functionalities such as isoindolinone and 

benz[de]isoquinolinone phosphonates and phosphine oxides, as well as spirooxindole 

dihydropyridine bisphosphonates (Figure 1). These structures were selected due to the 

pharmacological importance of N-heterocyclic scaffolds and their high relevance in medicinal 

chemistry, together with the potential of the beneficial physicochemical and biological effects 

of organophosphorus substituents. The goal was to establish different reaction pathways that 

may go through under environmentally friendly conditions, preferably without solvents, 

catalysts, or additives, thereby aligning with green chemistry principles. Additional objectives 

included systematic reaction optimizations, extensions toward structurally diverse molecular 

libraries, and mechanistic investigations to better understand the transformations. However, the 

broader significance of these works lies not only in advancing sustainable heterocyclic 

synthesis. The prepared molecular structures also allowed us to gain initial insight into their 

possible biological behaviour and to observe potential structure-effect trends, which may serve 

as useful starting points for future studies. 

A further major objective was the development of a scalable flow synthetic process for 

capsaicin and structurally related capsaicinoids (Figure 1). The aim was to transfer a laboratory-

scale batch transformation into an integrated, multi-step flow process. By establishing a three-

step flow technology, the work could demonstrate the feasibility of applying modern flow 

chemistry to the production of value-added small molecules. 

Recognizing that many biologically active small molecules suffer from poor aqueous 

solubility, another objective was to enhance the physicochemical properties of the prepared 

capsaicinoids using CD-based supramolecular systems. Our aim was to investigate inclusion 

complex formation with Ŭ- and ɓ-CDs and their derivatives, to improve the aqueous solubility 
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and stability of capsaicinoids and to further evaluate their potential further application in 

agriculture or food industry (Figure 1). 

In an industrial context, a further objective was the synthesis and comprehensive 

characterization of a novel oxidized impurity, mono-(6-sulfinic acid)-sugammadex, related to 

the production of sugammadex (Figure 1). The aim was to establish a reproducible synthetic 

route to a new impurity, provide full analytical characterization and support pharmaceutical 

quality control and regulatory compliance. 

 

Figure 1дЮThe key objectives of my doctoral research work.
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6. Literature review 

6.1. Multicomponent reactions in general 

In the early 1990s, with increasing economic pressure on the pharmaceutical industry and 

the introduction of high-throughput screening in the drug discovery, synthetic chemists faced a 

major challenge: how to produce large molecular libraries of new chemical entities (NCEs) that 

are as diverse and structurally different as possible, while keeping the process time- and cost-

efficient as well. This goal became the central idea behind modern chemical syntheses. 

After a short time, it was recognized that the Ugi condensation could be an excellent synthetic 

method for overcoming this industrial challenge. Over the past twenty to thirty years, the Ugi four-

component reaction (4-CR) has remained one of the most widely used MCRs in both academic 

research and industrial applications.1 This reaction incorporates four components (amine, carbonyl 

compound, isocyanide, and carboxylic acid) together in a single reaction step and produces a highly 

diverse range of peptide-like products. The reaction can not only create a large, diverse molecular 

library, but is also compatible with multiple functional groups and parallel synthesis.2 

Typically, MCR is a one-pot strategy, where three or more, even six or seven substrates 

react with each other in a single reaction vessel, while most of the atoms of the starting 

substrates are incorporated into the final product (Figure 2).3 Compared to classical methods, 

MCRs are highly atom and energy efficient, and provide faster reactions with high chemo-, 

regio-, and stereoselectivity. They can be applied in several syntheses including the design of 

analogues of natural products, peptidomimetics, and most importantly, the preparation of 

heterocycles with a variety of functional scaffolds.4 

Besides the Ugi reactions, further MCRs are also useful and efficient tools for the 

synthesis of versatile synthetic compounds, such as Biginelli,5 Hantzsch,6 Mannich,7 Passerini,8 

Strecker,9 Reissert,10 Bucherer-Bergs,11,12 Gewald,13 Kindler,14 and domino reactions.15  

In recent years, researchers have improved MCRs to make them more efficient and to produce 

more valuable molecular scaffolds through e.g. coupling reactions, C-H activations, asymmetric 

synthesis, radical-mediated reactions or cycloadditions.4 Moreover, the efficiency of MCRs can be 

further enhanced by such technologies, as MW technique16 or in combination with flow 

chemistry,17,18 along with green chemical and sustainable considerations.19,20 
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Figure 2. Schematic illustration of MCRs 

(3-CR = three-component reaction; 4-CR = four-component reaction). 

 

In many cases, one of the best tools to improve selectivity, chemical yield and purity is to 

use MW-assisted MCRs, which are very simple and fast methods for producing a wide variety 

of heterocyclic structures.21 

MWs are located between the infrared and radio frequency ranges of the electromagnetic 

spectrum (between 300 MHz and 300 GHz). In chemical reactions, MWs do not have enough 

energy to break chemical bonds, but instead interact with polar molecules and ions, collide and 

create molecular friction, which leads to heat generation.22ï24 Therefore, the direct, energy-

efficient MW heating is not only able to increase selectivity, yield and purity, however, it can 

shorten the reaction times from hours to minutes besides reducing side reactions.25,26  

The first laboratory application of MW-assisted chemistry has been disclosed in the mid-1980s, 

however, the reactions were carried out in household MW ovens without any temperature and pressure 

control.27ï29 By the early 2000s, professional, precisely controlled MW reactors have become available 

on the market for both academic and industrial applications, and today they are used in MCRs as a 

cutting edge technology for rapid optimization and extensions of organic syntheses (Figure 3).16,30,31 

 

Figure 3. Commercially available MW reactors. 
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The only limitation and challenge of this technology is the scale-up due to the limited 

geometry of the magnetron coil and the material of the reaction vessel. To overcome this 

limitation, continuous flow MW reactors can provide an adequate solution.32ï35 

Continuous flow processes play an important role in various areas of the oil, plastics, and 

fine chemicals industries, and in recent years they have also received significant attention in the 

pharmaceutical industry.36ï38 In contrast to the traditional batch methods, where the most 

important parameters are temperature, reaction time, and reagent concentration, in flow 

chemistry, the experiments can be influenced by the flow rate of the starting materials and the 

residence time in the reactor. In a flow process, solutions of the starting materials are continuously 

passed through a system of narrow tubes by a pump, thus, the conversion of the substrates to the 

desired product occurs during continuous flow (Figure 4). Steady states can be achieved, and 

generally small amounts of material react at the same time, resulting in more efficient mixing, 

selectivity and higher yields, as well as safer reaction control. The limitations of this technology 

are that it can only be used with homogeneous reaction mixtures, its scalability is limited and the 

equipment is generally expensive. 

 

Figure 4. A general continuous flow system (BPR: back pressure regulator). 

 

6.2. Importance of nitrogen heterocycles 

Since the most biologically active compounds contain heterocycles, and nitrogen is the 

most common heteroatom in these rings in modern drug design, N-based heterocyclic chemistry 

is one of the most important and studied field in the terms of organic chemistry.39 Their role in 

life is also fundamental, as they are essential building blocks of nucleic acids, DNA, RNA, and 

are also found in vitamins, coenzymes and hormones.40,41  

Statistics also show that a significant amount of research has been dedicated to the 

development of novel N-heterocycles in medicinal chemistry over the past decade.42ï44 

According to a recent study,45 82% of small-molecule drugs newly approved between 2013ï

2023 contain N-heterocycles, and several novel N-heterocyclic small molecules have been 

approved by FDA (U.S. Food and Drug Administration) in 2024 (Figure 5).46 
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N-heterocycles are unique because the electron-rich nitrogen can not only accept or donate 

protons, however, it can also engage in various weak interactions (e.g. hydrogen bonds, dipole-

dipole forces, hydrophobic or van der Waals interactions).39 Thanks to these features and their 

improved solubility, they bind with high affinity to various enzymes and receptors of biological 

targets. A large number of their representatives are known to exhibit diverse biological and 

pharmacological effects, including anticancer,47 anti-HIV48, antimalarial,49 anti-tubercular,50 

antiarrhythmic,51 antimicrobial,52 and antidiabetic effects.53 Their application extends beyond the 

pharmaceutical industry. These compounds may also play an important role as agrochemicals 

(herbicides, fungicides, and pesticides),54 leading polymers,55 dyes56 or active components in 

modern technologies such as in organic light-emitting diodes (OLEDs).57 

 

Figure 5. FDA approved new N-heterocyclic small molecules in 2024. 

 

6.2.1. Compounds with isoindoline scaffold 

Among the numerous N-heterocycles, one of the most significant substructures is indoline 

and its isomer isoindoline, which are fused ring systems build from a benzene ring and a five-

membered pyrrolidine ring (Figure 6)58. Although unsubstituted isoindoline is rarely studied, its 

modified derivatives, especially isoindolin-1-one have attracted a significant scientific interest 

due to their role in naturally occurring alkaloids59, as well as in synthetic drugs (Figure 6).58,60 
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Figure 6. Chemical structures of indoline, isoindoline and isoindolin-1-one. 
 

Several authorized APIs also have an isoindolinone core structure. Currently, there are 

ten approved drugs on the market which contain an isoindolinone heterocyclic scaffold in their 

chemical structure.60 

The best known and probably most controversial member of this group is the well-known 

thalidomide (Figure 7).61 The resulting skeleton is an isoindoline-1,3-dione scaffold, and the drug 

was primarily recommended for panic disorder and migraine, as a sedative and sleeping pill, as well 

as against morning sickness and nausea for pregnant women. It was marketed in the late 1950ôs by 

a German pharmaceutical company, called Chemie-Gr¿nenthal. Thalidomide became one of the 

worldôs best-selling drugs until it was banned in 1961, when it was discovered that the drug itself 

was teratogenic and large number of serious birth defects appeared in children. Further studies 

have shown that regarding the stereoisomers of racemic thalidomide, only the (+)-R-enantiomer is 

active against morning sickness, while the (ï)-S-enantiomer is responsible for its teratogenic effect. 

However, since the two enantiomers are converted in vivo, the identification of enantiomerically 

pure (+)-R-thalidomide does not eliminate the teratogenic risk in humans. Today, under very strict 

regulations, it can be used safely to treat multiple myeloma and skin leprosy dermatitis. 

Other examples of the oxoisoindole family include indoprofen, a nonsteroidal anti-

inflammatory drug (NSAID) that has been used as an anti-inflammatory and painkiller in 

rheumatoid arthritis (Figure 7).62 However, it has been withdrawn from the market due to 

gastrointestinal toxicity and safety issues. 

Apremilast, containing another oxidized isoindoline heterocyclic core, is applied in the 

treatment of psoriasis, an inflammatory autoimmune disease affecting the skin (Figure 7).63 

Lenalidomide and phosmet are two further fundamental representatives, the former being a 

currently leading drug for the treatment of multiple myeloma, and the latter serving as a pesticide 

against codling moths (Figure 7).65 
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Figure 7дЮAuthorized biologically active compounds bearing an isoindolinone scaffold. 

In the literature, some oxoisoindoline derivatives containing carboxylic acid or carboxylic 

acid amide function have also been reported and have shown various biological activities. For 

example, McCluskey and his co-workers synthesized promising candidates against colon, breast, 

ovarian, lung, skin, and prostate carcinoma.66 Another research group developed a series of 3-

oxoisoindoline-1-carboxamides as effective antiarrhythmic agents (Kv1.5 blockers),67 while 

Macsari and his colleagues synthesized analgesic derivatives (Nav1.7 inhibitors).68 It is also known 

that in the case of biologically active organic compounds, Ŭ- aminophosphonates as phosphorus 

analogues of Ŭ-amino acids may also exhibit activity69. They are studied as enzyme inhibitorsЯШ

particularly of aminopeptidases and phosphatases,70 antibiotics (against Staphylococcus aureus, E. 

coli),71 or anticancer agents (e.g., against breast, colon, and melanoma cancers)72 (Figure 8). Two 

publications report on the biological activity of isoindolin-1-one phosphonates, as the P-analogues 

of the above-mentioned compound, one mentioning their antimicrobial, antiparasitic and 

anticancer activity,73 while in a patent the inventor described the compounds as potent plant 

growth regulators.74 
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Figure 8. Structure of Ŭ-amino acid and Ŭ-aminophosphonates and their related isoindolinone 

analogues. 

 

6.2.1.1. Multicomponent synthetic approaches to isoindoline-1-one-3-phosphonates 

One of the most important and well-known MCRs in the field of organophosphorus 

chemistry for the preparation of Ŭ-aminophosphonates (1) is the KabachnikïFields or phospha-

Mannich reaction, which was discovered in 1952 by a Russian (Martin I. Kabachnik)75 and an 

American (Ellis K. Fields)76 chemist independently from each other (Scheme 1). It is a 

condensation reaction of a carbonyl compound (aldehyde or ketone), a primary or secondary 

amine, and a >P(O)H reagent. 

 

Scheme 1. The KabachnikïFields reaction. 
 

The condensation reaction mechanism can proceed in two ways (Scheme 2).77 According 

to pathway A, in the first step, the oxo compound reacts with the phosphorus reagent, resulting 

in the formation of an Ŭ-hydroxyphosphonate derivative. Subsequently, the final product (1) 

can be obtained by adding an amine in a substitution reaction. In pathway B, the first step of 

the reaction takes place between the oxo compound and the amine, resulting an imine 

intermediate, followed by the addition of dialkyl phosphite or secondary phosphine oxide. 
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Scheme 2. Reaction mechanism of the KabachnikïFields reaction. 
 

In the literature, there are numerous publications mentioning the importance of the 

KabachnikïFields reaction. However, in most of the publications, the reactions were carried 

out in the presence of a solvent and/or a catalyst, including expensive, environmentally harmful 

catalysts78ï80 and halogenated solvents81,82 as well. In addition, there are examples about the use 

of ionic liquids83,84 or phase transfer catalysts.85 In the last three years, recent works have 

highlighted the KabachnikïFields reaction as an enantioselective synthesis of biologically 

active Ŭ-aminophosphonates,86 functional polymers87 and flame retardants.88 

During my research work, the isoindolin-1-one-3-phosphonates (2) and isoindolin-1-one-

3-phosphine oxides (4) were prepared by the KabachnikīFields reaction followed by 

cyclization of 2-formylbenzoic acid, primary amines, and dialkyl phosphites or secondary 

phosphine oxides, for which there are a few examples in the literature. The summary of these 

possible reaction pathways can be found in Tables 1ï2. 

In the first example, Ord·¶ez and his co-workers carried out the condensation of 2-

formylbenzoic acid with aromatic amines and 1.1-fold excess of dimethyl phosphite (Table 1, 

entry 1).89 The desired oxoisoindolinyl phosphonate derivatives (2) were prepared without the 

use of any solvents or catalysts in a CEMÈ Discover MW reactor at 70ï90 ÁC for 10 minutes, 

with yields between 22% and 82%. They further investigated the condensation of 2-

formylbenzoic acid, 4-methoxybenzylamine or aminoacetaldehyde dimethyl acetate and 

dimethyl phosphite (Table 1/entry 2).90 The reactions were carried out in a MW reactor without 

any solvent and catalyst at 55 ÁC for 10 minutes, and the desired isoindolin-1-one-3-

phosphonates (2) were only obtained in yields of 19% and 30%, respectively, probably due to 

the short reaction time. The yields improved to moderate values (50% and 78%) when the 

experiments were repeated in methanol as a solvent. Finally, the reactions were also carried out 

by conventional heating at 50 ÁC in neat conditions, but good yields were only achieved after a 

reaction time of 5 hours. In another procedure, the same condensation reaction was studied with 
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optically active amines, too (Table 1/entry 3).91 The reactions were performed at 80 ÁC with 

long reaction times (1ï3 hours), and the products (2) were isolated after column 

chromatography purification with moderate to good yields (40ï80%) and varying 

diastereomeric excess (de: 2ï98%). 

Ord·¶ez and his group extended the reaction of 2-formylbenzoic acid and dimethyl phosphite 

to special primary amines and amino alcohols (Table 1/entry 4).92 The experiments were carried 

out at 55 ÁC for 10 minutes in methanol as a solvent. During the reactions, the desired 

oxoisoindolinyl phosphonates (2) were isolated in good yields (73ï93%). A Hungarian research 

group, Milen and his co-workers carried out the condensation of 2-formylbenzoic acid, 3-

chloroaniline, and diethyl phosphite in the presence of 1.5 equiv. of propylphosphonic anhydride 

(T3P
È) as a dehydrating agent (Table 1/entry 5).93 The reaction mixture was refluxed in ethyl acetate 

for three hours, yielding 82% of the expected products (2). Italian researchers prepared 

isoindolinone phosphonates (2) in the presence of a catalyst and solvent (Table 1/entry 6).94 During 

their work, 1.7 equiv. of 2-formylbenzoic acid and cyclohexylamine were reacted with one equiv. 

of dimethyl phosphite at room temperature in the presence of NaH and methanol, where the amount 

of catalyst was not specified. After purification, the yield of the product (2) was only 18%. In a 

recent study, Hamdi and his group reported a very similar synthetic strategy to our work (Table 

1/entry 7).73 Under solvent- and catalyst-free conditions, six isoindolin-1-one-3-phosphonates (2) 

were synthesized in the reaction of 2-formylbenzoic acid with aliphatic or aromatic amines (1.1 

equiv.) and diethyl phosphite (1.2 equiv.) at 80 ÁC for one hour. After column chromatography, the 

desired compounds (2) were isolated with yields of 70ï88%. 
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Table 1. KabachnikīFields reaction followed by cyclization of 2-formylbenzoic acid, primary 

amines, and dialkyl phosphites. 

 

Entry  R1 R2 

Molar 

ratio 

[A:B:C]  

Heating 

mode 
T, t 

Catalyst/ 

Additive  
Solvent 

Yield 

[%]  

1[89] 

Ph, 

4-MeOC6H4, 

3,4-diMeOC6H3, 

3-F3CC6H4, 2-Py 

Me 1:1.1:1.1 MW 
70 °C, 

10 min 
ï ï 22ï82 

2[90] 4-MeOC6H4CH2, 

(MeO)2CHCH2 
Me 1:1.2:1.2 

MW 
55 °C, 

10 min 
ï 

ï 19 or 30 

MeOH 50 or 78 

D 
50 °C, 

5 h 
ï 87ï91 

3[91] 

(S)/(R)-PhCHCH3,  

4-MeO-(S)-

PhCHCH3, 

(R)-

CH(CH2OH)C6H5, 

(S)-CH(CH3)C10H7, 

(S)-tBuCHCH3 

Me 1:1.1:1.2 D 
80 °C, 

1-3 h 
ï ï 40ï80 

4[92] (CH2)nOH 

(n=2ï5) 
Me 1:1:1.2 MW 

55 °C, 

10 min 
ï MeOH 73ï93 

5[93] 3-ClC6H4 Et 1:1:1 ï 
77 °C, 

3 h 

1.5 equiv. 

T3P® EtOAc 82 

6[94] cHex Me 1.7:1.7:1 ï 
 25 °C, 

3 h 
NaH MeOH 18 

7[73] 

Bu, Pent, cHex, Bn, 

(MeO)2CHCH2, 

4-MeOC6H4CH2 

Et 1:1.1:1.2 ï 
80 °C, 

1 h 
ï ï 70ï88 

 

In some cases, the KabachnikīFields reaction followed by cyclization of 2-formylbenzoic 

acid was also studied using trialkyl phosphites as phosphorous reagents (Table 2).93,95,96  

Similarly to the previous one, Milen and his colleagues carried out the reaction with 

dimethyl, diethyl, and diisopropyl phosphites in the presence of 1.5 equiv. of T3P
È in ethyl 

acetate solvent (Table 2/entry 1).93 The corresponding isoindolinone phosphonate derivatives 

(3) were obtained in yields of 40ï92% after three hours of reflux. The highest yields were 

achieved with electron-donating substituents and less sterically hindered amines. 
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In another example, an American research group carried out the reaction of 2-formylbenzoic 

acid, primary amines, and triethyl phosphite in the presence of an acidic, mesoporous hexagonal 

silica gel (OSU-6) as a catalyst, refluxing in ethanol (Table 2/entry 2).95 The oxoisoindolinyl 

phosphonate derivatives (3) were isolated after a reaction time of 2ï4.5 hours with a yield of 82ï96%. 

Last but not least, Iranian researchers also reported a further example with trimethyl and 

triethyl phosphites (Table 2/entry 3).96 During their experiments, the mixture of 2-

formylbenzoic acid or their substituted derivatives, primary amines, and trialkyl phosphites was 

stirred at ambient temperature for 40 minutes under solvent- and catalyst free conditions. The 

desired products (3) were obtained with high (89ï98%) yields. 

 

Table 2. KabachnikīFields reaction followed by cyclization of 2-formylbenzoic acid, primary 

amines, and trialkyl phosphites. 

 

Entry  R1 R2 R3 T, t 
Catalyst/ 

Additive  
Solvent 

Yield 

[%]  

1[93] H 

Ph, 2-ClC6H4, 3-ClC6H4, 

4-ClC6H4, 4-FC6H4, 2-iPrC6H4, 

2-NO2C6H4, 4-NO2C6H4, 

2-MeSC6H4, 4-NCC6H4, 

2,6-diClC6H3, 3,4-diMeOC6H3, 

1-naftyl, CH2C6H4, C7H15, tBu 

Me, Et, iPr 
reflux, 

3 h 

1.5 

equiv. 

T3P® 

EtOAc 40ï92 

2[95] H 

Ph, 3-MeOC6H4, 4-ClC6H4, 

CH2C6H5, 4-MeC6H4CH2, 

4-CF3C6H4CH2, 

3-MeOC6H4CH2, allyl, nHex 

Et 
reflux, 

2-4.5 h 

5 mol% 

OSU-6 
EtOH 82ï96 

3[96] OMe 

Ph, CH2C6H4, 2-ClCH2C6H3,  

4-MeC6H3, (S)/(R)-PhCHCH3, 

allyl 

Me, Et 
25 °C, 

40 min 
ï ï 89ï98 
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6.2.1.2. Synthetic approaches to isoindolin-1-one-3-phosphine oxides 

There are no known examples in the literature regarding the preparation of isoindolinone 

phosphine oxides (4) that mention the KabachnikïFields reaction followed by cyclization of 2-

formylbenzoic acid, primary amines and secondary phosphine oxides. There are only a few 

alternative methods for their preparation, but these synthetic procedures are quite complex and 

involve several reaction steps. The examples are described below. 

Deniau and his co-workers prepared oxoisoindolinyl phosphine oxides (7) using a two-

step asymmetric synthesis (Scheme 3).97 In the first step, phthalhydrazide derivatives (5) were 

reduced with NaBH4 at 0 ÁC in methanol as a solvent to provide the hemiaminal intermediates 

(6). The resulting 3-hydroxy isoindolinones (6) were then reacted with aryl secondary 

phosphine oxides in the presence of 10 mol% of p-toluenesulfonic acid (TsOH) and refluxed in 

toluene. The desired products (7) were isolated in yields of 74ï86% and with good 

diastereomeric excess (de: 80ï90%). 

 

Scheme 3. A two-step asymmetric synthesis of isoindoline-1-one-3-phosphine oxides (7). 
 

In several publications, Couture and his fellow researchers prepared isoindoline-1-one-3-

phosphine oxides (9) in a special ring-closing step (Scheme 4).91,98ï103 In the first reaction, Ŭ-amido 

phosphine oxides (8) were prepared by a multi-step synthesis. Subsequently, the ring closure of 

these compounds (8) was carried out under special conditions. A toluene solution of potassium 

bis(trimethylsilyl)amide (KHMDS) was added to the tetrahydrofuran solution of the benzamide 

derivative (8) under inert atmosphere at -78 ÁC, and then the reaction mixture was stirred for further 

2 hours at room temperature in the presence of an 18-crown-6 phase transfer catalyst. The 

isoindolinone phosphine oxides (9) were isolated after purification with yields of 51ï94%. 
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Scheme 4. A special ring closure reaction of Ŭ-amido phosphine oxides (8). 
 

6.2.2.  Compounds with benzo[de]isoquinoline scaffold 

After describing the structural and pharmacological significance of compounds 

containing the isoindolinone scaffold, it is worth mentioning their related, multiply condensed 

N-containing heterocyclic derivatives. 

Such compounds containing a benzo[de]isochromenone or a benzo[de]isoquinolinone core 

are also particularly important in many areas of industry, where the basic skeleton is a multiply 

condensed, aromatic ring (Figure 9).104,105 This structural extension modifies the electron 

distribution and reactivity, which is often associated with specific biological activities. 

Benzo[de]isochromenone-type derivatives (lactone-type structure) ï in particular 1,8-

naphthalic anhydride ï can be applied e.g. as dyes,106 photoinitiators,105,107 or as key components 

in the modification of polymers and surfaces,108 as well as fine-chemical intermediates (Figure 

9).109 Moreover, benzo[de]isoquinolinone-type compounds (lactam-type structure) ï specially 

1,8-naphthalimide ï have also gained significant scientific interest in recent years due to their 

wide range of applications as anticancer drugs,110,111 chemosensors,112,113 polymeric 

materials,105,114 solar cells115 or light-emitting devices in OLEDs (Figure 9).116 

 

Figure 9. ЮStructure of 1,8-naphthalic anhydride, 1,8-naphthalimide, and its phosphorous 

derivative. 
 

Interestingly, 1,8-naphthalimides have been widely investigated as DNA-intercalating 

and topoisomerase II-targeting anticancer agents.117 Several derivatives showed potent activity 
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in in vitro and preclinical studies, but their clinical application was limited by dose-dependent 

toxicity. For example, amonafide118 and mitonafide119, entered the clinical trials, however, did 

not receive approval due to toxicity issues (Figure 10). 

 

Figure 10. Structures of amonafide and mitonafide. 

 

Since the incorporation of an Ŭ-aminophosphonate or phosphine oxide moiety at the C-1 

position may result in additional structural features and unique biological properties, we considered 

important to investigate the synthesis of benzo[de]isoquinolinone phosphonates and phosphine oxides 

(Figure 9). Moreover, this family of compounds has not been described in the literature to date. 

 

6.2.2.1. Synthetic approaches to benzo[de]isoquinolinone derivatives 

In the literature there is no existing method for the preparation of 

benzo[de]isoquinolinone phosphonates or phosphine oxides, and there are only a few 

publications mentioning some synthetic methods for the synthesis of parent 

benzo[de]isoquinoline derivatives. 

Two research groups have investigated Ugi-type MCR as a possible synthetic route for 

the preparation of the benzo[de]isoquinolinone core system (Scheme 5,6).120,121 

Zhang and his co-workers carried out a three-component reaction of 1,8-

naphthalaldehydic acid, various primary amines and isocyanides in methanol as a solvent 

(Scheme 5).120 The reagents in equal proportions were stirred at room temperature overnight, 

resulting in the desired benzo[de]isoquinolinone derivatives (10) in yields of 38ï84%. 

 

Scheme 5. The Ugi-type reaction of 1,8-naphthalaldehydic acid, primary amines and 

isocyanides. 
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Hulme and his group studied the intramolecular Ugi condensation of 1,8-naphthalaldehydic 

acid, cyclopropylamine and Boc (tert-butyloxycarbonyl)-protected, (2-isocyanophenyl)-

carbamate (Scheme 6).121 The reaction was carried out at a 1:1 ratio of reagents in trifluoroethanol 

solvent at room temperature for 3 hours. Subsequently, a 10% trifluoroacetic acid-dichloroethane 

solution was added to the reaction under nitrogen atmosphere, and the mixture was reacted for 

further 15 minutes at 120 ÁC in a MW reactor. After purification by column chromatography, the 

desired derivative (11) was isolated with a yield of 51%. 

 

Scheme 6. Formation of a benzo[de]isoquinolinone derivative (11) by the reaction of 1,8-

naphthalaldehydic acid, cyclopropylamine, and tert-butyl (2-isocyanophenyl)carbamate. 
 

The same research group also carried out the reaction starting from 1,8-naphthalaldehydic 

acid, tert-butyl (2-amino-4,5-dimethylphenyl)carbamate and 1-isocyanopentane under the same 

reaction conditions (Scheme 7).121 The final product (12) was isolated with a moderate yield (58%). 

 

Scheme 7. The MCR of 1,8-naphthalaldehydic acid, tert-butyl (2-amino-4,5-

dimethylphenyl)carbamate, and 1-isocyanopentane. 
 

Klumpp and his co-workers studied the Brßnsted superacid-promoted intramolecular 

cyclization of  an N-acyliminium ion (13) (Scheme 8).122 The desired 2,3-diphenyl-2,3-

dihydrobenzo[de]isoquinolin-1-one (14) was successfully prepared from the corresponding N-

acyliminium ion (13) at ambient temperature within two hours, in the presence of 40 equiv. of 

trifluoromethanesulfonic acid (CF3SO3H). 
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Scheme 8. CF3SO3H-Promoted cyclization of an N-acyliminium ion (13). 
 

Researchers from Israel reported the amidation of a benzo[de]isochromenone derivative 

(15) using NH3/MeOH, followed by the treatment HCl/MeOH, which resulted the desired 

benzo[de]isoquinolinone compound (16) (Scheme 9).123 The exact temperature, reaction time, 

molar ratio of the reagents, and the yield are not described herein. 

 

Scheme 9. Amidation of a benzo[de]isochromenone derivative (15). 
 

Bojinov and his group reported on the results of synthesizing fluorescent dyes that emit 

yellow-green light and contain a benzo[de]isoquinoline-1,3-dione scaffold (Scheme 10).124,125 

In the first step, the condensation reactions between the 4-nitro-1,8-naphthalic anhydride (17) 

and the appropriate benzotriazole derivatives were carried out at 110 ÁC for 8 hours in glacial 

acetic acid as a solvent. The two intermediates (18,19) were isolated in moderate yields (62% 

and 69%). The second step was a nucleophilic aromatic substitution reaction, in which the nitro 

groups on the intermediates were replaced by an allylamino group through the treatment with 

allylamine at room temperature for 36 hours in DMF, yielding the corresponding 6-allylamino-

benzo[de]isoquinoline-1,3-dione derivatives (20,21) in a yield of 68% and 72%, respectively. 
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Scheme 10. Two-step synthesis of fluorescent benzo[de]isoquinoline-1,3-diones (20,21). 
 

Oshchepkov and his co-workers developed a continuous-flow synthesis for the preparation of 

1,8-naphthalimide derivatives (22) (Scheme 11).104 The synthesis is based on the condensation of 

4-chloro- or 4-morpholinyl-1,8-naphthalic anhydride with various primary amines (allylamine and 

diamines) to form the corresponding 1,8-naphthalimide derivatives (22). The reactions were 

performed using a continuous flow microreactor (Qmix manufactured by CETONI) under the 

following conditions: flow rate of 0.5 ml/min, 5-10 mol equiv. of amine in ethanol solution, and 

temperature of 78 ÁC. The corresponding products (22) were obtained in yields of 62ï93%. 

 

Scheme 11. Continuous-flow synthesis of 1,8-naphthalimides (22). 
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6.2.3.  Spirooxindole-dihydropyridines 

While isoindolinones and benz[de]isoquinolinones have different electronic properties 

due to their extended aromatic ring structure (thereby increasing the size of the conjugated -́

electron system and modifying the electronic properties of the molecule), spirocyclic oxindoles 

provide new structural and conformational possibilities by introduction of a second, spiro-

linked ring system. In this part of my research work, our focus turned to studying the synthesis 

of various spirooxindole-dihydropyridine frameworks. This is particularly because all of the 

systems mentioned are linked by a common structural motif, the nitrogen-bonded carbonyl 

group (NïC=O unit), which is not only a chemically reactive centre, but also a fundamental 

building block of many biologically active compounds. 

Among N-heterocycles, indoline126 (2,3-dihydro-1H-indole) as a partially saturated 

heterocyclic system and its fully aromatic analogue, indole127 (benzo[b]pyrrole) represent 

highly versatile pharmacophores with a wide range of pharmacological activities in the field of 

medicinal chemistry (Figure 11). The indole scaffold is found in several natural alkaloids and 

hormones such as serotonin, melatonin, and tryptophan-tryptamine derivatives.128 It is also 

known as an API in anti-cancer, anti-HIV and anti-hepatitis drugs, in anti-inflammatory and 

analgesic compounds, or as antioxidant, antibacterial and antiviral agents.127 

Important oxidized analogues of indole are oxindole (1,3-dihydro-2H-indol-2-one) and 

isatin (1H-indole-2,3-dione), which contain oxo groups at the C-2 and C-3 positions (Figure 11). 

 

Figure 11. Chemical structures of indoline, indole, oxindole, and isatin. 

 

The oxindole structural unit can be found in a number of approved drugs, such as 

ropinirole, which is used to treat Parkinson's disease, restless legs syndrome, and fibromyalgia 

(Figure 12).129 Sunitinib130 and nintedanib131 are applied in the treatment of various types of 

cancer, such as breast, lung, liver, and skin cancer, while ziprasidone132 is used in the treatment 

of bipolar disorder (Figure 12). 
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Figure 12. Authorized drugs containing an oxindole skeleton. 
 

Under natural conditions, isatin is mainly produced from indole during microbial 

oxidation processes, and can also be detected in small quantities in human and animal 

organisms.133 The characteristic reactivity primarily attributes to its highly electrophilic C-3 

carbonyl group, which enables various nucleophilic addition and spiroannulation reactions, 

thereby allowing the preparation of numerous oxindole and spirooxindole derivatives.134,135  

The synthetically produced spirooxindoles also have a wide range of biological effects 

including derivatives with potential antitumor, anti-inflammatory, antimicrobial, or central 

nervous system effects. Their versatile structures and favorable synthetic properties enable the 

efficient preparation of diverse molecular libraries (Figure 13).136,137 

 

Figure 13. Biologically active spirooxindoles. 
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The biological significance of oxindoles and spirooxindoles is also indicated by the fact 

that they are found in the structure of several natural alkaloids, such as horsfiline, elacomine, 

rhyncophylline, gelsemine, and other alkaloids.136 

Over the past few years, another family of compounds, 1,4-dihydropyridines (1,4-DHPs) have 

also attracted significant attention. This core structure is also found in many clinically used drugs, 

including amlodipine, clevidipine, felodipine, nifedipine and nimodipine, which are marketed as 

calcium channel blockers for the treatment of cardiovascular disorders (Figure 14).138,139 

 

Figure 14. 1,4-DHPs as marketed calcium channel blockers. 
 

The combination of the two versatile scaffolds ï the isatin-derived spirooxindole and the 

dihydropyridine pharmacophore ï through a shared spiro carbon atom, can lead to the formation 

of spirooxindole-1,4-dihydropyridines. These structures provide new synthetic challenges and 

lead to compounds with enhanced or more diverse biological applications, such as anticancer 

agents140,141, cholinesterase inhibitors142 or antimicrobial compounds143 (Figure 15). 

By following the earlier analogy, the biological activity of spirooxindole dihydropyridine 

dicarboxylates as C-analogues of Ŭ-aminophosphonates has been studied in only one example. 

Sharma and his group reported these compound as potent antifungal agents against 

dermatophytic infections (Figure 15).144 However, to the best of our knowledge, the 

Ŭ- aminophosphonate-derived spirooxindole dihydropyridine bisphosphonates have not yet 

been described in the literature, and they are therefore promising candidates for exploration of 

numerous novel synthetic routes and finding unrevealed pharmacological effects. 
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Figure 15. Biologically active spirooxindole-dihydropyridines. 
 

6.2.3.1. Multicomponent synthetic approaches to spirooxindole dicarboxylates and 

their related derivatives 

In the following section, I provide an overview of various MCRs used for the preparation 

of spirooxindole dihydropyridine dicarboxylates and their structurally related derivatives, with 

particular reference to the literature data closely related to my research work. 

There are only two literature examples of the preparation of spirooxindole-

dihydropyridine-di- or tetracarboxylates, in which the reaction of various isatin derivatives, 

substituted anilines, with ɓ-ketoester or acetylenedicarboxylate are mentioned.144,145 

Sharma and his co-workers studied the reaction of various isatins, 4-substituted anilines and 

two equiv. of ethyl acetoacetate under MW conditions (Scheme 12).144 It should be noted that the 

experiments were performed in a conventional MW oven, where temperature, pressure, and power 

could not be accurately measured or controlled, making the reproducibility of these experiments 

questionable. During their work, the effect of various heterogeneous solid catalysts and clay 

minerals was also investigated. Among these, Montmorillonite KSF, an acidic clay mineral, yielded 

88ï94% of the products (23) at 138 ÁC with short reaction times (6ï7 minutes) in methanol solution. 

 

Scheme 12. An MCR carried out in the presence of an acidic clay mineral in a conventional 

MW oven. 
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A Chinese research group synthesized further spirooxindole-dihydropyridine 

tetracarboxylates (24) in the reaction of various isatin derivatives with substituted anilines and 

two equiv. of dimethyl acetylenedicarboxylate (Scheme 13).145 The reaction mixtures were 

refluxed in dichloromethane for a long reaction time (24 hours) in the presence of a Lewis acid, 

50 mol% of boron trifluoride etherate (BF3OEt2) as a catalyst, leading to moderate yields of 45ï55%. 

 

Scheme 13. The synthetic preparation of spirooxindole-dihydropyridine tetracarboxylates (24). 
 

Another related example includes an even more complex reaction. Researchers from Iran 

reported a 4-CR of isatin, primary amines, 1,3-dicarbonyl compounds and 1-phenyl-2-(1,1,1-

triphenyl-ɚ5-phosphanylidene)-1-ethanone (Scheme 14).146 The reactions were carried out 

under reflux in dry methanol, and after 2ï6 hours of reaction time, a series of spirooxindole 

derivatives (25) were prepared with yields of 74ï85%. 

 

Scheme 14. Preparation of versatile spirooxindoles (25) through a complex 4-CR. 
 

Yan and his co-workers investigated another 4-CR, in which isatins, benzohydrazides, 

acetylenedicarboxylate, and malononitrile or ethyl cyanoacetate were applied in equivalent amounts 

to produce 1-benzamidospiro[indoline-3,4'-pyridines] (26) (Scheme 15).147 The reaction mixtures 

were stirred at room temperature in the presence of Et3N for 24 hours in EtOH. During their work, 

the dynamic equilibrium of the cis-trans conformation of the products (26) was also studied. 
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Scheme 15.ЮThe reaction of isatins, benzohydrazides, acetylenedicarboxylate, and 

malononitrile or ethyl cyanoacetate. 
 

Further related spirooxindole dihydropyridines (28,29) with good yields were prepared by 

Bazgir and his group by reacting various isatins, enamines and malonitrile (Scheme 16).148 In their 

work, two different strategies were investigated. In one case, the reaction of substituted isatins, 

malonitrile, and enamines was carried out, while in the other case, the reaction of isatins and two 

equiv. of aminocrotonitrile was studied. In both cases, they worked at the reflux temperature of 

propanol in the presence of 20 mol% of L-proline, with a long reaction time (6ï10 hours). 

 

Scheme 16. Synthetic preparation of further spirooxindole dihydropyridines (28,29) in the 

reaction of isatins, enamines, and malonitrile using two different strategies. 
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6.3. Cyclodextrins 

CDs are cyclic, non-reducing oligosaccharides composed of D-glucopyranose units 

linked by Ŭ-(1,4)-glycosidic bonds. They are formerly known as Schardinger dextrins (the term 

refers to Franz Schardinger,149 an Austrian microbiologist who first isolated and described these 

cyclic oligosaccharides in the early 1900s) or cycloamyloses (based on their structure, as they 

are cyclic forms of amylose analogue oligomers). Among the natural, so-called native CDs, 

consisting of 6, 7, and 8 glucose units ï Ŭ-, ɓ-, and ɔ-CDs ï are the most common, while the 

hydrolytic stability of larger cyclic oligomers with a higher number of glucose units is 

significantly lower (Figure 16).150,151 

 

Figure 16. The structure of native CDs. 
 

CDs have a unique ring-shaped (truncated cone-shaped) structure, where their outer 

surface is hydrophilic due to the hydroxyl groups located at the rims, while they enclose a 

hollow inner cavity. This cavity is apolar due to the inner orientation of the hydrogen atoms and 

glycosidic oxygen bridges, while the hydroxyl groups provide the outer surface of the molecule 

polar properties. As a result, CDs have a hydrophilic exterior and a hydrophobic interior, which 

allows them to include apolar guest molecules or parts thereof in an aqueous medium, forming 

a reversible inclusion complex.152,153 

The narrower rim is bounded by primary hydroxyl groups, while the wider rim is bordered 

by secondary hydroxyl groups. The free rotation of the hydroxyl groups on the primary side 

slightly narrows the rim, while the intramolecular hydrogen bonds between the secondary groups 

stabilize it, making the structure more rigid. The hydrogen bond network between the 

neighbouring glucose units is particularly strong in the ɓ-CD molecules, which reduces water 

solubility.154 The cavity size increases with the number of glucose units allowing the inclusion 

complexation of larger molecules or bulkier molecular subunits. Stable complexes are usually 

formed with guest molecules having molecular weight of 300ï800 Da, however, partial 

complexation of larger molecules has also been reported, where the key factors are shape/size 
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fitting and the presence of a hydrophobic surface.153 Due to this property, CDs are widely used 

in the pharmaceutical and food industries, cosmetics, cosmetics, agriculture, and environmental 

protection.155ï157 The schematic structure of CDs is shown in Figure 17, while the general 

physical properties of native CDs are summarized in Table 3. 

 

Figure 17. The unique ring-shaped structure of CDs represented along with a glucose unit  

(n = number of glucose units). 

Table 3. Some characteristic physicochemical parameters of native CDs. 

Characteristics Ŭ-CD ɓ-CD ɔ-CD 

Number of glucose units 6 7 8 

Molecular weight [g/mol] 973 1135 1297 

a: Cavity diameter [nm] 0.47ï0.60 0.65ï0.80 0.83ï1.00 

b: Rim diameter [nm] 1.46 1.54 1.75 

c: Cavity height [nm] 0.79 0.79 0.79 

Cavity volume [nm3] 0.18 0.33 0.52 

Number of water molecules 

encapsulated by the cavity 
6 11 17 

Crystal water content [%] 10.2 13.2ï14.5 8.1ï17.7 

Solubility in water [g/100 cm³, 25 °C] 14.5 1.85 23.2 

pKa 12.33 12.20 12.08 

 

The industrial-scale production of CDs is carried out enzymatically from starch, where 

cyclodextrin glucosyltransferase (CGTase) partially closes the hydrolyzed dextrins into rings by 

intramolecular transglycosylation.158 The typical enzyme sources are Bacillus species, and the 

spectrum of starch raw materials can be very wide (mainly corn, but rice, potatoes, peas or tapioca 

can also be used). The Ŭ-, ɓ- and ɔ-CD fractions can be obtained from the mixture produced during 

the reaction by selective complexation, crystallization, separation, and subsequent steam distillation 
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of the complexing agents. It is important to note that native CDs account for the majority of the 

global volume, while their special derivatives are produced for specific applications. 

CDs are also excellent candidates for chemical modifications, as each glucose unit has 

one primary and two secondary hydroxyl groups (a total of 18, 21, or 24 hydroxyl groups in the 

case of Ŭ-, ɓ-, and ɔ-CD, respectively).159,160 The degree of modification is characterized by the 

degree of substitution (DS), which refers to the average number of hydroxyl groups substituted 

per a CD molecule. Their basic classification is based on the number of substituents (mono- or 

persubstituted), their position (random or isomerically pure) and their ionizability (neutral or 

ionizable). By introducing ionizable substituents, CDs can be given a constant or pH-dependent 

charge. Neutral substituents include, for example, various alkyl, hydroxyalkyl, acyl, aryl, halide 

or azido groups, while ionizable substituents include, for example, carboxyalkyl, sulfoalkyl, 

amino, or (hydroxy)alkylamino groups. These modifications enable the preparation of 

numerous neutral, hydrophobic, hydrophilic, or ionizable substituted derivatives, known as 

second generation CDs. Today, there are more than 1500 derivatives, whose application 

depends on the desired physicochemical properties, such as solubility, stability or complexing 

ability.161ï163 Interestingly, the global value of the CD market was estimated at approximately 

$8.78 billion in 2024 and is expected to grow to nearly $16.05 billion by 2034, representing an 

almost twofold increase.251 

 

6.3.1.  An overview of the history of cyclodextrins 

The discovery of CDs dates back to the end of the 19th century. In 1891, a French chemist 

Antoine Villiers observed a new crystalline substance during the bacterial fermentation of potato 

starch, which he named ñcellulosinò.164 Although its exact structure was not yet known, it later 

turned out that this substance was a form of CD. 

In the early 1900s, an Austrian microbiologist Franz Schardinger isolated a thermophilic 

bacterium (later known as Bacillus macerans) that was capable of breaking down starch and 

forming crystalline dextrins .165 Schardinger showed that the resulting substance was actually 

a mixture of two components, Ŭ- and ɓ-dextrin, and also recognized their complexing properties. 

Karl Freudenberg and his colleagues at Heidelberg University were the first to isolate the 

three native CDs in pure form, and experimentally prove their ring structure in 1938.149 

Although they initially incorrectly assumed that Ŭ- and ɓ-CD contained five and six glucose 

units, respectively, the structure was later clarified by French and Rundle, who determined the 

actual number of glucose units and explored the spatial structure of the molecules in detail.166 

Freudenberg also correctly described the mechanism of enzymatic formation of CDs.149,167 



 

39 | Literature review 

 

In the 1950s, the investigation of practical CD applications began. French at the 

University of Iowa and Cramer in Heidelberg developed methods for the enzymatic production 

and purification of CDs and also explored their physical and chemical properties.168 In 1953, 

they were the first to point out that CDs could also play an important role in drug formulation 

by improving their solubility and stability. 

Interest in CDs grew worldwide in the 1960s and 1970s, when increasingly wide range 

of industries recognized their versatility. In Hungary, Chinoin Pharmaceutical and Chemical 

Company, led by J·zsef Szejtli, also included CDs in the research program of the company, and 

industrial-scale production began shortly thereafter.169,170 J·zsef Szejtli enthusiastically 

collected all publicly available information on CDs andШorganized the first international 

conference on CDs.ШHe questioned Dexter Frenchôs claim that CDs were toxic and proved their 

lack of any adverse effect associated with their exposure, thereby initiating research into their 

application in the pharmaceutical and food industries. 

 

6.3.2.  The general application of cyclodextrins  

The use of CDs, partly due to the wide variety of available derivatives, is very diverse 

today as they can improve the solubility and stability of active ingredients and mask unpleasant 

tastes or odours. They are water-soluble, biocompatible, biodegradable, mostly tasteless, 

colourless, and odourless. Their production is economical, and the preparation of their 

chemically modified derivatives is relatively simple. Their structure is also easy to modify. 

They are applied in the pharmaceutical and food industry, cosmetics, textile, and packaging 

industries, as well as in the chemical industry and environmental protection technologies (Figure 

18).171 There are also less conventional, niche and lesser-known areas of application, such as 

medical technology (coating of medical implants to improve biocompatibility),172 

nanotechnology (preparation of nano- and microcapsules that enable the controlled release of 

drugs),173material science (smart textiles and functional coatings for odour-emitting or stain-

repellent surfaces),174 the energy sector and electronics (as components of electrochemical 

sensors)175 or in 3D printing technologies (powder extrusion in 3D printed drugs ).176 

In 2024ï2025, the greatest portion of CD use is associated with food industry, cosmetics, 

and household chemicals, while in terms of value the pharmaceutical industry accounts for the 

largest share.251ï253 
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Figure 18. The versatile industrial applications of CDs. 
 

The most important role of CDs in the food industry is to stabilize volatile and degradable 

components, such as flavours, colorants, vitamins, saturated, and unsaturated fatty acids.177 This 

results their ability to form inclusion complexes and contributes to the preservation of more 

favourable sensory properties of products and extend their shelf life.178 Complexation also 

reduces evaporation losses, decomposition caused by light, heat, oxygen, or enzymes, and 

allows for the targeted, controlled release of flavour compounds. Their main areas of application 

include the use of packaging materials containing CDs or coated with CD complexes; binding 

and removing cholesterol from dairy products and egg-based ingredients; slowing down the 

autoxidation of fats and oils; delivering active ingredients (such as vitamins) in functional foods 

or stabilizing antimicrobial ingredients to reduce the microbial risk.179 

In cosmetics and household products, CDs act as ñmicrocapsulesò for fragrances and 

sensitive active ingredients, providing long-lasting, gradual release, protection against 

oxidation and light, and the binding of unpleasant odours.180 Therefore, they are widely used in 

e.g. perfumes, deodorants, fabric softeners, air fresheners, and cleaning products. In addition, 

in skin and oral hygiene products (serums, creams, sunscreens, toothpastes) CDs improve the 

stability of the active ingredients and reduce irritation and photosensitivity. 

CDs are also applied in the textile industry as dyes and coatings, carriers, and surface 

modifiers.181 They improve dye uptake, color uniformity, and durability, while reducing 

unpleasant odours and minimizing environmental impact. In addition, chemically bonded, 

durable functional surfaces can be created that allow for the controlled release of fragrances or 
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active ingredients. CDs can be used with both synthetic and natural fibers, including polyester, 

polyacrylic, polyamide, cellulose acetate, nylon, wool, and cotton. 

CD derivatives are used preferentially in analytical chemistry for chiral recognition as 

well. They are used as chiral stationary phases in gas chromatography (GC), as eluent or 

stationary phase additives in high-performance liquid chromatography (HPLC) and 

supercritical fluid chromatography (SFC), and as chiral selectors in capillary electrophoresis 

(CE) to improve the separation of enantiomers, geometric isomers, and homologues.182ï184 

6.3.3.  The significance of cyclodextrins as excipients and APIs in the pharmaceutical 

industry 

CD derivatives are primarily used in the pharmaceutical industry as excipients for the 

molecular encapsulation of APIs with unfavourable pharmacokinetic properties and/or poor 

chemical stability. The formation of inclusion complexes can significantly improve the 

solubility, stability, and bioavailability of APIs, while reducing irritation and side effects and 

masking unpleasant tastes and odours.171,180,185 In addition, CDs are capable of inhibiting the 

aggregation of peptides and proteins, which is particularly important in the case of insulin, ɓ-

amyloid, or certain multimeric enzymes.186,187 

Today, the CD derivatives accepted as excipients by the European Medicines Agency 

(EMA) are 2-hydroxypropyl-ɓ-CD (HP-ɓ-CD), sulfobutylether-ɓ-CD (SBE-ɓ-CD), randomly 

methylated-ɓ-CD (RAME-ɓ) and 2-hydroxypropyl-ɔ-CD (HP-ɔ-CD). There are more than 250 

CD-formulated APIs or API combinations on the market in both human and veterinary products 

with multiple routes of administration (oral, nasal, rectal, dermal, ocular, or parenteral). They 

are used in a wide range of dosage forms, including solutions, infusions, eye drops, nasal sprays, 

creams, tablets, and suppositories, as well as intravenous and intramuscular administration.163 

Some of the most important formulations with CDs are shown in Figure 19. 
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Figure 19. The most important CD-based drug formulations available on the market. 
 

Beyond their traditional role as excipients, certain CDs are also applied as APIs in the 

treatment of various disorders. It was a milestone in this paradigm shift when HP-ɓ-CD received 

an orphan drug status, becoming the first CD-based API on the market. HP-ɓ-CD is currently used 

to treat Niemann-Pick type C disease, a rare neurological and lipid storage disorder, where the exact 

mechanism of how CD ameliorates the symptoms is not yet fully revealed, but it is thought that its 

complexing and mobilizing property is a major feature in the experimented pharmacological 

effect.188 Although its clinical application has already been approved, the deeper understanding of 

the molecular mechanism of action is still lacking, highlighting the need for further research. 

Another example is SBE-ɓ-CD, which has also been granted an orphan drug status for 

the treatment of Stargardt disease, a rare genetic disorder of macular degeneration.189 The use 

of SBE-ɓ-CD promotes the complexation and removal of lipids and toxic retinoid derivatives 

accumulated in the retina, thereby slowing down the progression of degeneration and protecting 

photoreceptors. Although clinical development is still in its early stages, the drug appears to be 

a very promising candidate. 

The first CD derivative developed as an API with a well-defined mechanism of action is 

sugammadex (Figure 20).190 This compound was selected by rational drug design and is used in 

surgical anesthesia to reverse neuromuscular blockade induced by neuromuscular blocking agents 
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(NMBAs), particularly rocuronium and vecuronium. Sugammadex functions by encapsulating 

and inactivating these NMBAs through the formation of a highly stable inclusion complex, 

mostly with rocuronium, thereby enabling rapid and complete reversal of muscle paralysis during 

surgical procedures.191 One of its major advantages over traditional reversal agents is the absence 

of significant systemic side effects, which makes it a safer and more predictable alternative in 

clinical practice. Sugammadex produced by the originator company Merck & Co., Inc. is 

marketed under the brand name BridionÈ. As patent protection has already expired in Europe, 

China, and Japan, various generic sugammadex products are already available in these markets. 

Interestingly, in the United States, patent term extension was valid until 27 January 2026. 

 

Figure 20. Sugammadex, BridionÈ. 
 

6.3.4. The synthetic preparation of sugammadex 

Sugammadex is a ɔ-CD derivative wherein all primary hydroxyl groups are modified 

exclusively with 3-mercaptopropionic acid (MPA). As a result, a single isomer is formed, unlike 

the HP-ɓ-CD and SBE-ɓ-CD derivatives, which are mixtures of isomers. Its synthetic 

preparation consists of two main reaction steps, followed by chromatographic purifications and 

crystallization processes. 

In the first step, all primary hydroxyl groups of ɔ-CD are halogenated (with chlorine, bromine, 

or iodine) in the presence of triphenylphosphine (PPh3) in DMF, yielding a per-6-halogenated 

derivative (Scheme 17). This intermediate is then reacted with MPA under basic conditions, e.g. in 

the presence of NaH or NaOMe, to give the final compound. 
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Scheme 17. The synthetic preparation of sugammadex (32). 
 

Its synthesis is quite straightforward, however, due to the symmetrical nature of the molecule 

the procedure presents distinct challenges. All of the eight primary hydroxyl groups are chemically 

identical and symmetrically positioned, consequently their reactivities to substitution are similar. 

This unique feature is the root cause of the formation of several possible impurities if the reaction 

is not conducted to completeness or if the reaction conditions are not properly controlled.192,193 

BridionÈ itself contains more than twenty CD-based impurities. Therefore, the accurate 

analysis and characterization of the impurity profile is essential for patient safety and drug efficacy, 

especially with the advent of new generic versions. Changes in manufacturing processes are 

expected to increase the number and structural diversity of impurities, making it even more 

necessary to use thoroughly validated, accurate and sensitive analytical methods for sugammadex. 

Figure 21 shows the HPLC chromatogram recorded at a wavelength of 210 nm using a diode 

array detector (DAD), unveiling the most likely impurities along with their chemical structures. 
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Figure 21. Typical impurities during sugammadex synthesis. 
 

In the following part, I briefly describe some potential methods for preparing oxidation 

products that are closely connected to the production of sugammadex, whose MPA side chains 

are sensitive to chemical modifications such as oxidation. 

In particular, during the oxidation of thiols (RSH), depending on the degree of oxidation and 

the reaction conditions, various derivatives can be formed, such as disulfides (RSSR), sulfenic acids 

(RSOH), sulfines (RSO2H), sulfonic acids (RSO3H), or various polysulfides. While oxidation of 

thioethers (RSRô) can result in sulfoxides [RS(O)Rô] and sulfones [RS(O)2Rô].
194 

In general, sulfoxides are usually synthesized from thioethers (RSRô) by controlled, mild 

oxidations. H2O2, sodium periodate (NaIO4) or m-chloroperbenzoic acid (m-CPBA) are the 

most commonly used reagents for such selective oxidation, as they are capable of converting 

sulfides to sulfoxides without further oxidizing them to sulfones.195,196 

Further oxidation of sulfoxides with such oxidizing agents such as KMnO4, peroxides, H2O2 

or OxoneÈ (2KHSO5ẗKHSO4ẗK2SO4) with or without catalysts, can also lead to the formation of a 

sulfones.197,198 Under controlled reaction conditions, partial oxidation of thiols (RïSH) can lead to 
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the formation of sulfinic acids (RSO2H), typically using mild oxidizing agents such as catalytic 

amounts of H2O2, sodium perborate (NaBO3), or NaIO4.
199,200 

 

6.3.5.  The formation of inclusion complexes by cyclodextrins 

In aqueous solution, the cavity of CDs is filled with water molecules, where apolar-polar 

interactions developed, resulting in an energetically unfavourable state. Replacing these water 

molecules with non-polar guest molecules is the key step in complex formations (Figure 22).153,180 

 

Figure 22. Formation of a CD inclusion complex. 
 

Complex formations are usually stabilized by non-covalent interactions, such as 

hydrophobic, van der Waals, dipole-dipole, or hydrogen bonds. The process is reversible, 

resulting in a dynamic equilibrium, where stability is determined by the size, shape, and polarity 

of the guest molecule, as well as the characteristics of the solvent. 

Complexes usually form in a 1:1 molar ratio, but stoichiometric ratios of 1:2, 2:1, or more 

complex ratios may also occur.201 The geometrical fit of the CD and the guest molecule is also 

crucial: a guest molecule that is too small to fill the CD cavity will bind weakly, while one that 

is too large to be accommodated by the specific CD will bind only partially. Ŭ-CD is mainly 

capable of encapsulating small, aliphatic compounds, ɓ-CD preferentially binds aromatic and 

heterocyclic molecules, while ɔ-CD may encapsulate larger molecules, such as steroids.202 

Complex formation is thermodynamically favourable, as the release of water molecules and the 

elimination of hydrophobic guest-solvent interactions lowers Gibbôs free energy (DG).203 The 

formation of the complex can increase the water solubility, stability, bioavailability, or reduce the 

sensitivity of the guest molecule for the effects of light, oxygen, or microorganisms, while reducing 

its volatility and reactivity. Its spectroscopic properties e.g. UVïVis, NMR,"circular dichroism spectra 

often change as well.204ï206 On the other hand, there are also examples where CDs in complex form 

actually catalyze the degradation of the guest molecule due to their altered conformation.207 

Phase solubility analysis is the most common and simple method for assessing the complex 

stability constant (the measure of association strength) of the CD-guest interaction, which was 

developed by T. Higuchi and K. A. Connors in 1965. This approach is based on the quantitative 

determination of the extent how CDs can improve the solubility of poorly soluble organic 
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compounds.208 By a suitable analytical method the total solubility of a drug is determined and 

plotted against the corresponding applied CD concentration (Figure 23). If the drug-CD complex is 

soluble in the aqueous medium, A-type phase-solubility diagrams are obtained. The three main 

types of A-diagrams are: AL type ï linear increase in solubility, AP type ï positive deviation from 

linearity, and AN type ï negative deviation from linearity. If the complex has limited solubility in 

the medium, B-type diagrams can be formed. These are often associated with native CDs, which 

generally have poor water solubility. B-type diagrams can be further divided into two subtypes: BS 

type ï the complex has limited solubility, and Bi type ï the complex is insoluble. 

 

Figure 23. Types of phase-solubility diagrams. 
 

The formation of inclusion complexes can be studied and confirmed through various analytical 

techniques, including UVïVis spectroscopy, Fourier transform infrared spectroscopy (FT-IR), 

differential scanning calorimetry (DSC), X-ray diffraction (XRD), and NMR spectroscopy. These 

investigations can corroborate the existence of the inclusion type of interactions besides providing 

insight of the structure of the complex formed by the studied drug and CD, and detect changes in the 

physical or chemical properties of the compounds (e. g. different changes in absorption peaks, 

chemical shifts, or thermal behaviour). 

6.3.6.  Water-insoluble molecules: capsaicin and its related derivatives 

Capsaicin is a unique alkaloid and the main ingredient of chili peppers found in the 

Capsicum genus, giving them their unique spicy flavour.209 Other related capsaicinoids, such 

as dihydrocapsaicin, nordihydrocapsaicin, homodihydrocapsaicin, homocapsaicin, and 

nonivamide, also contribute to the strong pungency of chili peppers (Figure 24).210 
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Figure 24. Three common capsaicinoids. 
 

The most attractive application of capsaicinoids is found in the food industry, however, not 

just for their spicy flavour, but also for their other beneficial properties (Figure 25). They have 

strong antimicrobial and antioxidant effects, making them promising natural preservatives that help 

slow down spoilage and extend the shelf life of food.211 Moreover, some studies have investigated 

their potential health benefits, such as boosting metabolism or supporting appetite control, making 

them interesting ingredients for functional foods and dietary supplements (Figure 25).212 

In the pharmaceutical industry, capsaicin is best known for its use in treating arthritis and 

muscle or joint pain, for which it has FDA-approved indications (Figure 25).213 Studies have shown 

that it can trigger apoptosis in certain cancer cells, such those in the prostate and colon.214 Moreover, 

there is a growing evidence that it might help regulate blood sugar and insulin levels, making it 

potentially useful in the treatment of diabetes.215 In cosmetics and personal care products, creams 

and balms can also contain capsaicin for anti-cellulite, circulation-enhancing, and skin-stimulating 

purposes (Figure 25). Capsaicinoids also have practical applications in agriculture, where they act 

as natural deterrents against pests and herbivores due to their strong irritant effect (Figure 25).216 

They are also used in environmentally friendly repellent formulations for crop protection and have 

shown insecticidal, antibacterial, and antifungal activity against various species.217,218 
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Figure 25. The most popular capsaicin-containing commercial products. 
 

In terms of their physical and chemical properties, it is known that capsaicin and its 

derivatives are lipophilic, and they dissolve well in fats, oils, and alcohols, rather than in water. 

Therefore, poor water solubility limits their use in food, pharmaceutical, and agricultural 

formulations, and its irritating nature can also cause handling issues. To overcome these 

challenges, organic solvents219 and surfactants,220 are widely used, however, inclusion complex 

formulations221 e.g. with CDs can provide a multiple benefit option. 

Some studies have shown that forming complexes with CDs, particularly with HP-ɓ-CD, can 

greatly improve the solubility, thermal stability and bioavailability, or even the fluorescence properties 

of capsaicinoids.221ï224 It has also been proved that the inclusion complexation of capsaicin and Ŭ-CD 

can significantly improve the antibiofilm activity against different bacterial strains.225 
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6.4. Background of my doctoral research 

6.4.1. Synthesis of isoindolinone phosphonates 

Our research group had previously studied the efficient, MW-assisted, catalyst- and 

solvent-free synthesis of isoindolinone phosphonates (33), in which I also participated during 

both my BSc thesis and diploma work. The KabachnikïFields reaction followed by cyclization 

of 2-formylbenzoic acid, different primary amines, and dialkyl phosphites along with ethyl-

phenyl-H-phosphinate was investigated (Scheme 18). Our work involved a detailed 

optimization of a model reaction, a broad substrate scope extension, and the study of the 

reaction mechanism using in situ FT-IR spectroscopy. In addition, the reaction scale-up in a 

continuous flow MW reactor was also carried out. Altogether 16 derivatives were isolated in 

yields of 70ï94% and characterized. Among them, 14 are new compounds. 

 

Scheme 18дЮThe preparation of isoindolinone phosphonates and phosphinate (33) by 

KabachnikïFields reaction followed by cyclization. 

 

During the in situ FT-IR studies, the reaction between 2-formylbenzoic acid, butylamine, 

and diethyl phosphite was followed in ñreal timeò (Figure 26) and the time-dependent 

concentration profile of the reaction components was determined (Figure 27). No intermediate 

species (e.g. imine) were detected in the reaction mixture which can be attributed to the 

instantaneous nature of the individual reaction steps. Consequently, the concentration of any 

residual intermediates remained below the detection limit of the applied FT-IR method. 
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Figure 26д Time-dependent IR spectra of 2-formylbenzoic acid, butylamine, diethyl phosphite, 

and the target product in ethanol. 

 

Figure 27дЮConcentration-time diagram of reaction components. 

 

Next, a continuous flow MW process for the condensation of 2-formylbenzoic acid, 

primary amines and diethyl phosphite was also developed in a batch CEMÈ MW reactor, which 

was supplemented with a commercially available flow cell (Scheme 19). The starting materials 

were injected into the reactor using a dual HPLC pump. The reaction temperature was 

continuously monitored by a built-in IR sensor and the temperature of the exiting reaction 

mixture was reduced by water cooling. 
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During the flow approaches, the productivity calculated for the three products were 2.3 

g/hour, 1.4 g/hour, and 1.8 g/hour, respectively. In all three cases, we achieved a 1.5-2-fold 

increase in productivity compared to the reactions carried out in the batch MW reactor (1.8 

g/hour, 0.6 g/hour, and 1.0 g/hour). However, it is important to note that in the batch 

experiments, productivity was calculated based on the net reaction time of several consecutive 

reactions. 

 

Scheme 19дЮContinuous flow MW process for the reaction of 2-formylbenzoic acid, primary 

amines and diethyl phosphite. 

 

6.4.2. Synthesis of isoindolinone phosphine oxides 

Continuing our work, we have also developed a new, practical, catalyst-free method for 

the preparation of isoindolinone phosphine oxides (34) via the KabachnikïFields reaction 

followed by cyclization of 2-formyl benzoic acid, primary amines, and various achiral 

secondary phosphine oxides (Scheme 20). In our new procedure, we used mild and easily 

operational conditions (no special reagents, catalysts or additives are required, no heating is 

necessary, only a small amount of acetonitrile is needed for ensuring homogeneity). Altogether 

18 new 3-oxoisoindolin-1-ylphosphine oxides (34) were synthesized in excellent yields (94ï

99%) and were fully characterized. 

 

Scheme 20д The special KabachnikïFields reaction followed by cyclization for the 

preparation of isoindolinone phosphine oxides (34). 

 

Moreover, the practical application of the N-heterocycles obtained was also studied. One 

of the isoindolinone phosphine oxides was utilized as a P-ligand for the synthesis of a 
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monodentate trans-platinum complex (37) and its crystal structure was also examined by single-

crystal XRD analysis (Scheme 21). 

 

Scheme 21д Multistep synthesis of trans-Pt(II) complex (37). 
 

The biological activity of the compounds obtained was also tested in vitro using cytotoxicity 

and antibacterial assays. Several 3-oxoisoindolin-1-ylphosphine oxides, mainly those containing 

substituted phenyl groups or naphthyl rings showed moderate activity against HL-60 (human 

promyelocytic leukemia) cell line (IC50 = 12.26Ñ1.02 ÕM, where the reference molecule was 

Bortezomib with an IC50 = 7.42Ĭ10
-3Ñ 2.60Ĭ10-3 ÕM). They were also active against a Gram-

positive bacterium, Bacillus subtilis (IC50 = 3.61Ñ1.25 ÕM, where the reference molecule was 

Doxycycline with an IC50 = 0.126Ñ0.029 ÕM). 
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7. Result and discussion 

7.1. A new and efficient, catalyst-free synthesis of P-chiral isoindolinone 

phosphine oxides via KabachnikïFields reaction followed by 

cyclization[1] 

7.1.1. Introduction and objectives 

During my doctoral research, building on our previous studies on achiral secondary 

phosphine oxides, we further investigated the catalyst-free KabachnikïFields reaction followed 

by cyclization of 2-formylbenzoic acid and butylamine using P-chiral secondary phosphine oxides. 

The incorporation of P-chiral phosphine oxides can significantly expand the molecular 

diversity and enable the introduction of an additional stereogenic centre into the target compounds. 

Furthermore, the presence of a stereogenic phosphorus atom allows us to study how the nature of 

different P-substituents affects both reaction efficiency and diastereoselectivity. 

Accordingly, the aim of this study was to investigate the effect of secondary phosphine oxides 

bearing different substituents on the phosphorus atom on reaction yields and diastereomeric ratios. 

All newly synthesized compounds were fully characterized by 31P, 13C and 1H NMR spectroscopy, 

as well as by HRMS measurement. 

 

7.1.2. Substrate scope for the synthesis of various P-chiral isoindolinone phosphine oxides 

The special KabachnikïFields reaction followed by cyclization of 2-formyl benzoic acid and 

butylamine was extended using P-chiral phosphine oxides, such as tert-butyl(phenyl)phosphine 

oxide, 2-methylphenyl(phenyl)phosphine oxide, 2-methoxyphenyl(phenyl)phosphine oxide, 2-, 3- 

or 4-trifluoromethylphenyl(phenyl)phosphine oxide, as well as biphenyl(phenyl)phosphine oxide 

or 1-naphthyl(phenyl)phosphine oxide (Scheme 22). 

In our experiments, the reaction conditions found to be optimal in the preparation of achiral 

isoindolinone phosphine oxides containing identical substituents on the phosphorus atom, were 

applied as described in the previous chapter. The reactions were therefore carried out at room 

temperature for 10 or 20 minutes without any catalyst in a small amount of acetonitrile. 

Due to the P-stereogenic centre located in the P-functionality, all synthesized products 

(1aï1h) were formed as mixtures of two diastereomers, and both diastereomers were racemic, 

resulting to signal duplication in the 31P, 13C, and 1H spectra. 

The diastereomeric ratio (dr) based on the 31P NMR spectra proved to be quite different. Most 

of the isoindolinone phosphine oxides (1aï1c, 1e, 1g, 1h) were formed as mixtures of diastereomers 

in a ratio of 40:60 or 45:55, while compound 1f containing a 4-trifluormethyl group on the phosphorus 
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atom was formed as a mixture of diastereomers in an equal (50:50) ratio. The condensation was more 

diastereoselective, when 2-trifluormethylphenyl(phenyl)phosphine oxide was used as a P-reagent 

(1d), in which case the diastereomeric ratio was 35:65. Due to the larger difference in the functional 

groups on the phosphorus atom of 1-naphthyl(phenyl) (2-butyl-3-oxo-2,3-dihydro-2H-isoindol-1-yl) 

phosphine oxide (1h), the diastereomers could be successfully separated by column chromatography. 

Altogether eight 3-oxoisoindolin-1-ylphosphine oxides (1aï1h) bearing different substituents on the 

phosphorus atom were synthesized in excellent yields (94ï98%). 

 

Scheme 22д Three-component reaction of 2-formylbenzoic acid, butylamine and P-chiral 

phosphine oxides. 
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7.1.3. Conclusion 

All in all, the simple procedure for the preparation of 3-oxoisoindolin-1-ylphosphine 

oxides was further extended by the intramolecular ring closure of 2-formylbenzoic acid, 

primary amines, and P-chiral secondary phosphine oxides following the KabachnikīFields 

reaction. Without the use of any catalyst, at room temperature in short reaction times (10ï20 

min), a total of eight derivatives (1aï1h) previously unknown in the literature were synthesized 

with excellent yields (94ï98%) and varying diastereomeric ratios. 
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7.2. Synthesis and mechanistic insights of phosphoryl- and phosphinoyl-

substituted benzo[de]isoquinolinones[2] [3] 

7.2.1. Introduction and objectives 

During my doctoral research, our focus also turned to the development of a 3-CR 

involving 1,8-naphthalaldehydic acid, primary amines, and dialkyl phosphites or secondary 

phosphine oxides, with the aim of preparing a new family of benzo[de]isoquinolin-1-one-3-

phosphonates and corresponding phosphine oxides. This synthetic strategy allows for the 

efficient preparation of structurally complex phosphorus-containing heterocycles from easily 

accessible starting materials. 

Our work began with the optimization of the reaction conditions using a design of 

experiments approach, which allowed us to identify the key parameters that most influence the 

process. After establishing the optimal conditions, the substrate scope was also expanded to 

assess the versatility and limitations of the synthesis. 

At the same time, our goal was to gain deeper insight into the reaction mechanism. For 

this purpose, a series of mechanistic experiments were carried out and supplemented by in situ 

FT-IR spectroscopy, which enabled real-time monitoring of the reaction and provided insights 

into the formation of possible intermediates. 

 

7.2.2. Optimization process for the synthesis of benzo[de]isoquinolin-1-one-3-

phosphonates using experimental design[2] 

First, the 3-CR of 1,8-naphthalaldehydic acid, butylamine and diethyl phosphite was 

studied under MW conditions in the presence of different catalysts and an additive. The results 

obtained are summarized in Table 4. 

Considering the fact that in our previous studies, an efficient catalyst- and solvent-free 

MW-assisted method was developed for the synthesis of isoindolin-1-one-3-phosphonates (33), 

first the reactions at 60 ÁC for 1 h were started to be investigated.226 Carrying out the 

condensation with equimolar amounts of the reagents, in the absence of any catalyst for 1 h, 

only traces of the desired diethyl (2-butyl-3-oxo-2,3-dihydro-1H-benzo[de]isoquinolin-1-yl)-

phosphonate was formed (2a) (Table 4, entry 1). Therefore, in order to improve the efficiency 

of the reaction, some organic basic and acidic catalysts or additive were tested, such as Et3N 

and pentamethyldiethylenetriamine (PMDTA), as well as [TsOH, zinc 

trifluoromethanesulfonate (Zn(OTf)2) or T3P
È] (Table 4, entries 2ï6). Among these, in the 

presence of T3P
È in ethyl acetate solution (50% w/w), the conversion of benzo[de]isoquinolin-
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1-one-3-phosphonate (2a) changed significantly (Table 4, entries 6ï8). In the presence of 0.25 

equiv. of T3P
È, a 50% conversion was obtained (Table 4, entry 6), while in the presence 0.5 

equiv. the desired product (2a) was formed in an even higher proportion, 71% (Table 4, entry 

7). By the further increase in the amount of T3P
È, the conversion did not change significantly 

(Table 4, entry 8). 

Based on these experiments, 0.5 equiv. of T3P
È solution proved to be the most efficient 

additive in the reaction. Further experiments were performed applying 0.5 equiv. of T3P
È solution 

in the presence of added solvents, such as ethyl acetate, toluene or acetonitrile (Table 4, entries 

9ï11). However, since these experiments yielded similar results to those achieved without 

additional solvent, the addition of an extra solvent was not required. 

Table 4дЮMW-assisted three-component reaction of 1,8-naphthalaldehydic acid, butylamine 

and diethyl phosphite in the presence of different catalysts and an additive. 

 

Entry Catalyst/Additive 
Added 

solvent 
Conversiona 

[%] 

1 ï ï 3 

2 10 mol% Et3N ï 16 

3 10 mol% PMDTA ï 14 

4 10 mol% TsOH ï 5 

5 10 mol% Zn(OTf)2 ï 25 

6 0.25 equiv. T3P
È ï 50 

7 0.5 equiv. T3P
È ï 71 

8 1 equiv. T3P
È ï 70 

9 0.5 equiv. T3P
È EtOAc 71 

10 0.5 equiv. T3P
È Toluene 65 

11 0.5 equiv. T3P
È MeCN 68 

              aBased on 31P NMR. 

 

Subsequently, the synthesis of diethyl (2-butyl-3-oxo-2,3-dihydro-1H-

benzo[de]isoquinolin-1-yl)-phosphonate (2a) was further optimized using an experimental 

design strategy. Potential factors influencing the reaction were first identified using an Ishikawa 

(fishbone) diagram and then classified into six main categories (substrates, equipment, MW 



 

59 | Results and discussion 

 

reactor, reaction parameters, human, environment). The diagram developed for the optimization 

process is shown in Figure 28. 

 

Figure 28. Ishikawa diagram for the synthesis of diethyl (2-butyl-3-oxo-2,3-dihydro-1H-

benzo[de]isoquinolin-1-yl)phosphonate (2a). 
 

After analyzing the entire process, three variables ï temperature, reaction time and 

butylamine quantity ï were identified as the most influential variables and selected for further 

detailed investigation.ШTherefore, a two-level, full factorial 23 design was applied, consisting of eight 

experiments in which each factor was tested at high and low levels (+/ï), as specified in Table 5. 

Table 5дЮExperimental variables at different levels. 

Experimental variables 
Coded level 

-1 0 +1 

Temperature [°C] 50 60 70 

Reaction time [min] 30 60 90 

Amount of butylamine [equiv.] 1 1.5 2 

 

In addition, three repeated experiments were also performed at the central point of the 

model on three separate days. The conversion served as the dependent variable. The resulting 

23 design and the data obtained from the 11 experiments are summarized in Table 6. 
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Table 6д 23 factorial design. 

23 linear model 

Run 
T 

[°C] 

t 

[min] 

BuNH2 

[equiv.] 

Conversiona 

[%] 

1 50 30 1 72 

2 50 30 2 82 

3 50 90 1 68 

4 50 90 2 77 

5 70 30 1 80 

6 70 30 2 90 

7 70 90 1 75 

8 70 90 2 84 

9b 60 60 1.5 95 

10b 60 60 1.5 91 

11b 60 60 1.5 93 
        aBased on 31P NMR. 

     bCentral point (Standard deviation of central points: ů = 1.633) 

 

The evaluation of the dataset revealed that the linear model was not suitable for describing 

the relationship between the factors and the conversion, therefore, the initial 2į design was 

completed with further experiments to create a central composite design (Table 7). 

Table 7дЮCentral composite design. 

Run 
T 

[°C] 

t 

[min] 

BuNH2 

[equiv.] 

Conversiona 

[%] 

1 60 60 1.5 91 

2 76.8 60 1.5 87 

3 60 9.55 1.5 90 

4 60 60 2.34 86 

5 43.2 60 1.5 71 

6 60 110.45 1.5 84 

7 60 60 0.66 58 

8 60 60 1.5 93 
       aBased on 31P NMR. 
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After analyzing the central composite design, a Pareto chart and a response surface plot 

were also created (Figure 27, 28). According to the Pareto chart, temperature and the amount of 

butylamine are the most significant factors (Figure 29). This conclusion is similarly illustrated by 

the 3D response surface plot, which is a function of the two most important factors, while the 

third factor (reaction time) remained at its centre level (Figure 30). Finally, the optimal conditions 

were also verified experimentally, confirming the validity of the model (Table 8). 

 

Figure 29. Pareto chart. 

 

 

 

 

 

 

 

 

 

 

Figure 30д 3D response surface plot. 
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Table 8дЮOptimal reaction conditions determined by experimental design. 

Experimental variables Optimum 
Expected 

conversion  

[%] 

Measured  

conversiona 

[%] 

T [ÁC] 65 

95.4 94.7 t [min] 40 

BuNH2 [equiv.] 1.7 
   aBased on 31P NMR. 

7.2.3. Substrate scope for the synthesis of various benzo[de]isoquinolin-1-one-3-

phosphonates 

Based on the design of experiments, the reaction conditions optimized (0.5 equiv. T3P
È, 

1.7 equiv. primary amine, 65 ÁC, 40 min), were applied for the substrate scope of the 3-CR of 

1,8-naphthalaldehydic acid, primary amines, and dialkyl phosphites (Scheme 23). 

First, diethyl (2-butyl-3-oxo-2,3-dihydro-1H-benzo[de]isoquinolin-1-yl) phosphonate 

(2a) was isolated from the optimized model reaction in a yield of 83%. 

The analogous reaction with cyclohexylamine yielded the corresponding product (2b) in 

a slightly lower yield of 62%, while the reaction with benzylamine resulted compound 2c in a 

similar yield of 81%. 

When dimethyl, dibutyl, or dibenzyl phosphite was applied instead of diethyl phosphite, the 

corresponding phosphonate derivatives (2dï2f) were obtained in yields of 72ï93% after column 

chromatography. Overall, six new benzo[de]isoquinolin-1-one-3-phosphonates (2aï2f) were 

prepared and characterized by 31P, 1H, and 13C NMR spectroscopy, as well as by HRMS measurement. 
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Scheme 23дЮSubstrates tested for the synthesis of benzo[de]isoquinolin-1-one-3-phosphonates (2aï2f). 

 

7.2.4. Reaction mechanism studies 

The formation of diethyl (2-butyl-3-oxo-2,3-dihydro-1H-benzo[de]isoquinolin-1-

yl)phosphonate (2a) was also studied through two mechanistic routes, which are shown in Scheme 24. 

In the first approach, 1,8-naphthalaldehydic acid was reacted with diethyl phosphite in 

the presence of 0.5 equiv. of T3P
È at 65 ÁC for 40 min under MW irradiation, however, the 

expected formation of benzo[de]isoquinolinone hydroxyphosphonate (3) was not detected 

(Scheme 24, Route A). 

In contrast, under the same conditions, when 1,8-naphthalaldehydic acid was reacted with 

butylamine, ring closure occurred, and HPLC-MS analysis revealed the formation of the 

intermediate 4, 2-butyl-3-hydroxy-2,3-dihydro-1H-benzo[de]isoquinolin-1-one (Scheme 24, 

Route  B). Subsequently, this intermediate underwent nucleophilic addition with diethyl phosphite, 

affording the desired diethyl (2-butyl-3-oxo-2,3-dihydro-1H-benzo[de]isoquinolin-1-yl)phosphonate 

(2a). The reaction was monitored by HPLC-MS analysis and 31P NMR spectroscopy. 
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Scheme 24д Two reaction pathways (A and B) for the formation of the target 

benzo[de]isoquinolin-1-one-3-phosphonate (2a). 

 

A more detailed explanation of the formation of benzo[de]isoquinolin-1-one-3-

phosphonates mediated by T3P
È is also shown in a proposed reaction route in Scheme 25. First, 

the reaction of 1,8-naphthalaldehydic acid and a primary amine results in adduct I. In the next 

step, T3P
È stabilize this adduct and facilitate its cyclization via adduct II to amide intermediate 

III through the removal of water elimination. Finally, the nucleophilic addition of the dialkyl 

phosphite affords the targeted benzo[de]isoquinolin-1-one-3-phosphonate (IV), along with 

tripropyl triphosphonic acid (QOH) formed as a by-product. 

 

Scheme 25д Proposed reaction route for the T3P
È-mediated formation of 

benzo[de]isoquinolin-1-one-3-phosphonates. 
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7.2.5. The optimization process for the synthesis of benzo[de]isoquinolin-1-one-3-

phosphine oxides[3] 

The next step in our study was to investigate the formation of benzo[de]isoquinolin-1-

one-3-phosphine-oxides. The model reaction of 1,8-naphthalaldehydic acid, butylamine and 

diphenylphosphine oxide was first optimized in terms of the molar ratio of butylamine, the 

amount of T3P
È and the reaction time (Table 9). 

Following the strategy used in our previous study for the preparation of isoindolin-1-one-

3-phosphine oxides (34), the reactions were first studied at room temperature with a small amount 

of ethyl acetate to improve the homogeneity of the reaction mixture.227 With a reagent ratio of 

1:1:1, at room temperature for 30 min, full conversion was obtained, however, the 31P NMR and 

HPLC-MS analyses showed that the benzo[de]isochromen-1-one-3-phosphine oxide (5) was 

formed as the major product, rather than the desired target compound 6a (Table 9, entry 1). 

Increasing the reaction time to 60 or 90 min had little effect on the conversion (Table 9, 

entries 2 and 3). In order to improve the proportion of the desired benzo[de]isoquinolin-1-one-

3-phosphine oxide (6a), the amount of butylamine was increased to 1.5, 1.7, and 2 equiv., 

respectively (Table 9, entries 4ï6). Notably, in the presence of 2 equiv. of butylamine, the ratio 

of compounds 5 and 6a was inverted to 32:68 (Table 9, entry 6). Moreover, when the reaction 

was repeated with 0.5 equiv. of T3P
È, the formation of compound 6a became almost selective 

(4:96) (Table 9, entry 7). Further modifications, such as longer reaction times, higher T3P
È 

loading, or performing the reaction in toluene or acetonitrile did not improve the reaction 

composition significantly (Table 9, entries 8ï10). 
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Table 9д Optimization process for the reaction of 8-formyl-1-naphthoic acid, butylamine and 

diphenylphosphine oxide. 

 

Entry  
BuNH2 

[equiv.] 

T3P® 

[equiv.] 

Added 

solvent 

t 

[min]  

Compositiona [%]  

5 6a 

1 1 ï EtOAc 30 58 42 

2 1 ï EtOAc 60 63 37 

3 1 ï EtOAc 90 59 41 

4 1.5 ï EtOAc 30 37 63 

5 1.7 ï EtOAc 30 36 64 

6 2 ï EtOAc 30 32 68 

7 2 0.5 EtOAc 30 4 96b 

8 2 1 EtOAc 30 9 91 

9 2 0.5 Toluene 30 11 89 

10 2 0.5 MeCN 30 8 92 
       aBased on 31P NMR; bThere was no change after longer reaction time. 

 

7.2.6. Substrate scope for the synthesis of various benzo[de]isoquinolin-1-one-3-

phosphine oxides 

In order to further expand the reaction scope, a series of structurally related derivatives 

(6aï6n) were also synthesized. The 3-CR of 1,8-naphthalaldehydic acid with various primary 

amines and secondary phosphine oxides were performed under the optimized conditions (2 

equiv. of primary amines, 0.5 equiv. T3P
È, 25 ÁC, 30 min) (Scheme 26). After purification by 

column chromatography, diphenyl (2-butyl-3-oxo-2,3-dihydro-1H-benzo[de]isoquinolin-1-

yl)phosphine oxide (6a) was isolated in a yield of 80%. 

In the reaction of 1,8-naphthalaldehydic acid and butylamine with bis(p-tolyl)-, bis(3,5-

dimethylphenyl)-, or bis(2-naphthyl)phosphine oxide resulted compounds 6bï6d in yields of 

80ï92%. When cyclohexyl- or benzylamine replaced butylamine in the reaction of 1,8-

naphthalaldehydic acid and diphenyl- or bis(3,5-dimethylphenyl)phosphine oxide, the 

corresponding products (6eï6h) were obtained in yields of 70ï85%. 

N,N-Dimethylethane-1,2-diamine was also tested as the amine reagent. In these reactions, 

an elevated temperature of 60 ÁC was required under MW irradiation to produce the desired 

phosphine oxides (6iï6k) in good yields (80ï85%). 
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The reaction scope was also extended to include the use of a chiral amine, DL-1-

phenylethylamine, which afforded compounds 6lï6n in yields of 81ï90%. Based on 31P NMR analysis, 

all of these compounds (6aï6n) were formed as mixtures of two diastereomers, due to the presence of 

a stereogenic centre. The dr varied depending on the substituents on the phosphorus moiety. 

 

Scheme 26д 3-CR of 8-formyl-1-naphthoic acid, primary amines and secondary phosphine oxides. 
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7.2.7. Reaction mechanism studies 

7.2.7.1. Identification of possible reaction pathways 

Similar to the previously proposed reaction mechanism, possible reaction pathways were 

also investigated in the synthesis of the benzo[de]isoquinolin-1-one-3-phosphine oxides. 

The dosing order of the reagents suggested two plausible reaction routes leading to the 

formation of diphenyl (2-butyl-3-oxo-2,3-dihydro-1H-benzo[de]isoquinolin-1-yl)phosphine oxide 

(6a) (Scheme 27). In the first pathway, when 1,8-naphthalaldehydic acid and diphenylphosphine 

oxide were reacted at room temperature for 30 min in the presence of 0.5 equiv. of T3P
È in ethyl 

acetate, the formation of a ring-closed intermediate, 3-(diphenylphosphoryl)-1H,3H-

benzo[de]isochromen-1-one (5) was identified by HPLCïMS analysis and 31P NMR spectroscopy 

(Scheme 27/Route A). This intermediate (5) was then reacted with butylamine in an amidation step 

to form the target benzo[de]isoquinolinone phosphine oxide (6a). 

In the second pathway, the reaction of 1,8-naphthalaldehydic acid with 2 equiv. of 

butylamine generated the 3-hydroxy-benzo[de]isoquinolinone derivative (4), which 

subsequently underwent in a nucleophilic attack by diphenylphosphine oxide to yield the 

corresponding product (6a) (Scheme 27/Route B). 

 

Scheme 27дЮTwo reaction pathways (A and B) for the formation of the target 

benzo[de]isoquinolin-1-one-3-phosphine oxide (6a). 
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7.2.7.2. In situ FT-IR spectroscopy studies 

In order to gain insights into the reaction kinetic profile and the in-detail mechanism of 

the synthetic procedure, the reaction of 1,8-naphthalaldehydic acid, butylamine and 

diphenylphosphine oxide was also investigated by in situ FT-IR spectroscopy. The experiments 

were performed at room temperature in the presence of 0.5 equiv. of T3P
È in ethyl acetate. 

Based on the order of reagent addition, the formation of diphenyl (2-butyl-3-oxo-2,3-

dihydro-1H-benz[de]isoquinolin-1-yl)phosphine oxide (6a) can proceed in two different ways, 

either via the intermediate 3-hydroxy-benzo[de]isoquinolinone (4) or the 3-

(diphenylphosphoryl)-1H,3H-benzo[de]isochromen-1-one (5) (Schemes 28 and 29). 

In the first reaction pathway, the starting materials were mixed at room temperature at 

approximately 30ï60 min intervals in the following order: (1) 1,8-naphthalaldehydic acid, (2) 

butylamine, (3) T3P
È, (4) diphenylphosphine oxide (Scheme 28). Then the reaction was allowed 

to proceed to completion. The corresponding 3D time-dependent IR spectra is shown in Figure 31. 

 

Scheme 28д Reaction pathway through the 3-hydroxy-benzo[de]isoquinolinone intermediate (4). 

 

Figure 31д Time-dependent IR spectra. 
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Molecular changes were identified through the characteristic absorption bands of the 

reaction components and by applying multivariate curve resolutionïalternating least squares 

(MCR-ALS) calculations. This analysis provided the relative spectral concentration profiles of 

the intermediate (4) and the product (6a) as a function of time. The resulting concentration 

profile is shown in Figure 32. 

 

Figure 32д Concentration profile of the reaction components. 
 

According to the MCR-ALS calculations and the characteristic IR absorptions, T3P
È has a 

significant effect on the formation of the ring-closed tertiary amide (4). The increasing intensity of 

the ɜNïC=O band at 1656 cm ĭ shows that the ring-closure step between 1,8-naphthalaldehydic acid 

and butylamine occurs only in the presence of T3P
È. With the addition of the diphenylphosphine 

oxide, three new characteristic absorption bands appeared immediately: a ɜPïC vibration at 696 and 

748 cm-1 along with a weaker band at 1446 cm-1. In addition, the ɜNïC=O absorption corresponding 

to the target product (6a) continued to increase toward the end of the reaction. 

In the second reaction pathway, the starting materials were also mixed at 30-min intervals 

at room temperature in the following order: (1) 1,8-naphthalaldehydic acid, (2) 

diphenylphosphine oxide, (3) T3P
È, (4) butylamine (Scheme 29). Then the reaction was allowed 

to proceed to completion. The corresponding 3D time-dependent IR spectra and the 

concentration profile are shown in Figure 31 and 32. 

 

Scheme 29д Reaction pathway through 3-(diphenylphosphoryl)-1H,3H-benzo[de]isochromen-

1-one (5). 
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Figure 33д Time-dependent IR spectra. 

 

 

Figure 34дЮConcentration profile of the reaction components. 
 

Based on the MCR-ALS calculations obtained and the observed IR absorptions, the 

addition of T3P
È was found as the key step in promoting the ring-closure that leads to the 

formation of ŭ-lactone intermediate (5). The ɜCïO band at 1004 cm ĭ was immediately enhanced 

after the addition of T3P
È to the reaction mixture of 1,8-naphthalaldehydic acid and 

diphenylphosphine oxide. After the addition of butylamine, four new absorption bands 

appeared, accompanied by a decrease in the signal of intermediate 5. The increasing ɜNïC=O 

absorption at 782 cm ĭ, typical for ŭ-lactam structures, indicates the formation of the desired 

product (6a). The strong absorptions at 853 cm ĭ and between 920ï930 cm ĭ can also be related 

to the unique vibrational bands of product 6a. 
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7.2.8. Conclusion 

In this chapter, I have illustrated with experimental data that a novel, simple, T3P
È-mediated 

one-pot, three-component approach was systematically developed for the synthesis of a new family 

of compounds, phosphoryl- or phosphinoyl-functionalized benzo[de]isoquinolinones (2aï2f and 

6aï6n). In our study, first a model reaction was optimized in the presence of catalysts and an 

additive, and then by a statistical experimental design model as well as a response surface 

methodology. In order to understand the reaction mechanism and the role of T3P
È, the reaction of 

1,8-naphthalaldehydic acid, butylamine and diphenylphosphine oxide was investigated by in situ 

FT-IR spectroscopy, where the formation of two important intermediates (4 and 5) was observed. 

Altogether, 20 new benzo[de]isoquinoline-1-one-3-phosphonates or -phosphine oxides (2aï2f and 

6aï6n) were synthesized in high or excellent yields and fully characterized. In the framework of a 

cooperation, the in vitro cytotoxicity of some selected benzo[de]isoquinolin-1-one-3-phosphine 

oxides was also tested in different cancer cell lines, such as Hs587T, MCF-7 and MV-411. Hs587T 

is a triple negative (TNBC) p53 mutant human female breast cancer carcinoma cell line. MCF-7 is 

a human breast cancer cell line expressing estrogen receptor (ERŬ), glucocorticoid and progesterone 

receptors. MV-411 is a biphenotypic B-myelomonocytic leukaemia cell line carrying an FLT3-ITD 

mutation associated with poor prognosis and disease progression of leukaemia. Overall, compound 

6d as the most promising candidate bearing naphthyl substituents on the phosphorous atom showed 

enhanced activity across all three cancer cell lines, with an IC50 value of 1.05Ñ0.78 ÕM on the 

Hs578T cell line, and exhibited the lowest cytotoxicity toward healthy cells. The reference molecule 

for the Hs578T cell line was foretinib (IC50 = 1.89 Ñ 0.67 ɛM). 
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7.3. A catalyst- and solvent-free MW-assisted multicomponent method 

for the synthesis of spirooxindole-based dihydropyridine 

bisphosphonates[4] 

7.3.1. Introduction and objectives 

Our research also focused on the synthesis of spirooxindole dihydropyridine 

bisphosphonates as another new family of compounds. These derivatives were obtained through 

a MCR involving various isatins, primary amines and ɓ-ketophosphonates, providing an 

efficient synthetic route to structurally complex spirocyclic compounds bearing multiple 

phosphorus functionalities. 

Using a model reaction, first we aimed to identify the optimal reaction conditions by 

systematically evaluating the effect of key reaction parameters on conversion. After 

determining the optimal reaction parameters, the scope of the synthesis was also extended by 

varying the isatin, primary amine, and phosphorus-containing components, enabling the 

synthesis of a diverse series of previously unknown derivatives. Moreover, a plausible reaction 

mechanism was proposed and subsequently supported by detailed density functional theory 

(DFT) calculations, thus providing theoretical validation for the experimentally observed reactions. 

 

7.3.2. The optimization process for the synthesis of spirooxindole dihydropyridine 

bisphosphonates 

Our study began with the optimization process of the MCR of isatin, diethyl (2-

oxopropyl)phosphonate and butylamine. Several reaction parameters were systematically 

varied, including the stoichiometry of the starting materials, the heating mode, the temperature, 

the reaction time, and the choice of different catalysts (Table 10). Since both phosphonate units 

derived from diethyl (2-oxopropyl)phosphonate are incorporated into the DHP structure, two 

equiv. of the ɓ-ketophosphonate were applied in the study. The progression of the reactions was 

monitored by 31P NMR spectroscopy. 

In our model reaction, isatin, diethyl (2-oxopropyl)phosphonate, and butylamine were 

reacted in a 1:2:1 molar ratio in ethanol under reflux for 4 h, which resulted only trace amounts 

of product 7a (Table 10, entry 1). By increasing the temperature to 100 ÁC, a conversion of only 

22% was achieved (Table 10, entry 2). In the case of the first two experiments, it is important 

to highlight that the temperature was measured with an external thermometer using an oil bath. 

In the further experiments, a 300 W CEMÈ Discover MW reactor equipped with an internal IR 

sensor was applied, allowing more precise and reproducible reaction conditions. 
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In contrast, performing the reaction in a MW reactor significantly enhanced the proportion 

of the product (7a), resulting in a 45% conversion after 2 h (Table 10, entry 3). By extending the 

reaction time, a further increase in the conversion (56%) was observed (Table 10, entry 4). Based 

on these results, MW irradiation was used in the subsequent optimization process. 

To further increase the reaction efficiency, various acidic catalysts, including TsOH, silver 

triflate (AgOTf), and T3P
È as a dehydrating agent were also studied (Table 10, entries 5ï7). While 

Brßnsted and Lewis acids resulted in only moderate conversions, T3P
È did not promote the 

formation of the target product (7a). Additionally, the use of the organic bases, such as Et3N and 

PMDTA also resulted in very low conversions (Table 10, entries 8 and 9). Since none of these 

catalysts increased significantly the formation of the desired 3,4ǋ-spirooxindole dihydropyridine 

bisphosphonate (7a), subsequent reactions were carried out under catalyst-free conditions. 

At a higher temperature of 120 ÁC, a reaction time of 4 h resulted in a 42% conversion, 

however, partial decomposition occurred (Table 10, entry 10). Shortening the reaction time to 

2 h, resulted in a slightly higher conversion for product 7a (Table 10, entry 11). Further 

increasing the temperature to 150 ÁC led to more extensive decomposition (Table 10, entry 12). 

Next, the effect of applying different molar ratios of isatin and butylamine was studied. 

Using 1.2 equiv. of both components, the conversion increased to 70% (Table 10, entry 13). 

Changing their excess to 1.5 equiv. resulted in an even higher conversion of 84% (Table 10, 

entry 14). However, further increasing the excess to 1.8 equiv. caused significant decomposition 

and reduced the amount of the desired product (7a) (Table 10, entry 15). 

Based on these results, the optimal reaction conditions for 

the synthesis of tetraethyl (1'-butyl-2',6'-dimethyl-2-oxo-1'Hspiro[indoline-3,4'-pyridine]-3',5'-

diyl)bis(phosphonate) (7a) are as follows: 1.5 equiv. of isatin, 2 equiv. of diethyl (2- 

oxopropyl)phosphonate and 1.5 equiv. of butylamine reacted under MW irradiation at 120 ÁC for 

2 h without solvent- and catalyst (Table 10, entry 14). The desired product (7a) was isolated in 

a 70% yield after column chromatography. 

During the optimization process, the reaction was repeated under the previously 

established optimal reaction conditions using 6-chloroisatin, however, the formation of the 

desired product (7e) was significantly lower (30%) (Table 10, entry 16). Consequently, further 

shorter optimization was carried out for the substituted isatin. Applying a reduced 

stoichiometric ratio of the halogenated isatin and butylamine, the product formation increased 

to 63%, and the target compound (7e) was isolated in a 48% yield (Table 10, entry 17). 
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Table 10д Optimization process for the reaction of isatin or 6-chloroisatin, diethyl (2-

oxopropyl)phosphonate and butylamine. 

 

Entry R 
Molar 

ratio 

Heating 

method 

T 

[ÁC] 

t 

[h] 
Catalyst 

Conversiona
 

[%] 

1 H 1:2:1 D reflux
b
 4 ï 0 

2 H 1:2:1 D 100 4 ï 22 

3 H 1:2:1 MW 100 2 ï 45 

4 H 1:2:1 MW 100 4 ï 56 

5 H 1:2:1 MW 100 4 10 mol% TsOH 56 

6 H 1:2:1 MW 100 4 10 mol% AgOTf 50 

7 H 1:2:1 MW 100 4 1 equiv. T3PÈ traces 

8 H 1:2:1 MW 100 4 10 mol% Et3N 38 

9 H 1:2:1 MW 100 4 10 mol% PMDTA traces 

10 H 1:2:1 MW 120 4 ï 42c 

11 H 1:2:1 MW 120 2 ï 54 

12 H 1:2:1 MW 150 2 ï 20c 

13 H 1.2:2:1.2 MW 120 2 ï 70 

14 H 1.5:2:1.5 MW 120 2 ï 84d (7a) 

15 H 1.8:2:1.8 MW 120 2 ï 78c 

16 Cl 1.5:2:1.5 MW 120 2 ï 30 

17 Cl 1:2:1 MW 120 2 ï 63e (7e) 
aBased on 31P NMR. bIn EtOH solvent. cDecomposition was observed. dIsolated yield: 70%. eIsolated yield: 48%. 
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7.3.3. Substrate scope for the synthesis of various spirooxindole dihydropyridine 

bisphosphonates 

After determining the optimal reaction conditions, the substrate scope was also studied to 

prepare a broader set of spirooxindole dihydropyridine bisphosphonate derivatives. A series of 

isatin analogues such as 5-fluoroisatin, 5-chloroisatin, 4-chloroisatin, 6-chloroisatin, 

5- bromoisatin, 5-iodoisatin, 5-nitroisatin, 7-(trifluoromethyl)isatin, 5-methylisatin, 

5- methoxyisatin, and 1-methylisatin along with aliphatic and aromatic primary amines and 

dialkyl (2-oxopropyl)phosphonates e.g. diethyl (2-oxopropyl)phosphonate, dimethyl 

(2- oxopropyl)phosphonate have also been investigated (Scheme 30). 

It is worth mentioning that, as indicated in Table 10, isatins bearing substituents on the 

aromatic ring show higher reactivity than the unsubstituted analogues. Accordingly, for these 

substituted isatins, the use of a stoichiometric ratio of the isatin and the primary amine provided 

efficient product formation. In contrast, both unsubstituted isatin and N-methylisatin showed 

reduced reactivity, so 1.5 equiv. of isatin and primary amine were applied in those reactions. 

First, the MCR of isatin derivatives containing various electron-withdrawing substituents 

was studied using diethyl (2-oxopropyl)phosphonate and butylamine. According to these 

results, the halogenated spiro derivatives (7bï7g) could be synthesized in relatively higher 

yields (46ï52%) than those containing nitro (7h) or trifluoromethyl groups (7i) (35ï38% 

yields). In the case of the electron-donating 5-methyl- and 5-methoxyisatin derivatives (7j and 

7k), moderate to good yields (60% and 47%, respectively) were obtained. Furthermore, 

substitution of the nitrogen atom of the isatin appeared to facilitate product formation (7l), butШ

this reaction required the use of 1.5 equiv. of both isatin and butylamine. 

The scope of the amine component was then studied. When butylamine was replaced with 

isopropyl- or cyclohexylamine, no product formation was observed, presumably due to steric 

hindrance. In the case of the aromatic amines such as aniline, p-anisidine, or 4-chloroaniline 

together with isatin and diethyl (2-oxopropyl)phosphonate resulted in the corresponding spiro 

derivatives (7mï7o) in slightly lower yields (23ï32%). The reaction was also extended to an 

amino alcohol, ethanolamine (7p), which provided the product in a yield of 20%. 

Finally, the ɓ-ketophosphonate component was varied by applying dimethyl (2-

oxopropyl)phosphonate, resulting in the corresponding spirooxindole dihydropyridine 

bisphosphonates (7qï7s) in 28ï40% yield, depending on the isatin derivative. Overall, dimethyl 

(2-oxopropyl)phosphonate proved to be somewhat less reactive under the studied conditions 

than its diethyl analogue. 
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Scheme 30д Investigation of the substrate scope for the synthesis of spirooxindole 

dihydropyridine bisphosphonates (7aï7s). 
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7.3.4. Reaction mechanism studies 

7.3.4.1. Identification of possible reaction pathways 

In order to gain a deeper insight into the possible reaction mechanism, we also 

investigated the early stages of the reaction between isatin, diethyl (2-oxopropyl)phosphonate, 

and butylamine (Scheme 31). 

First, the MW-assisted condensation of isatin with butylamine was performed under the 

optimized conditions, applying 1.5 equiv. of each reagent at 120 ÁC for 2 h in a small amount of 

ethanol to obtain a homogeneous reaction mixture (Scheme 31, Route A). However, since isatin exists 

in ketoïenol equilibrium,228 the reaction proceeded without selectivity, and according to HPLC 

analysis, resulted in a mixture of monoimine (8) (47%), diimine (38%), and unreacted isatin (15%). 

Next, 1.5 equiv. of isatin were reacted with 2 equiv. of diethyl (2-oxopropyl)phosphonate at 

120 ÁC for 2 h in ethanol, however, the formation of the desired adduct (9) was not detected (Scheme 

31, Route B).ШThe addition of 20 mol% butylamine as an organic base did not promote the reaction 

either. According to the literature, the Knoevenagel condensation of isatin and ketoesters can proceed 

easily,229 but if ketophosphonate is added instead of a ketoester, no adduct is formed. This is probably 

due to the higher pKa value of diethyl (2-oxopropyl)phosphonate (15.51) compared to ethyl 

acetoacetate (10.7), as predicted by MarvinSketchÈ software, indicating that a more acidic reaction 

partner is required for the reaction to succeed. 

Finally, the reaction of 1.5 equiv. of butylamine with 2 equiv. of diethyl (2-

oxopropyl)phosphonate was studied (Scheme 31, Route C). In this case, a mixture of (E)- (10a) and 

(Z)-iminophosphonate (10b) intermediates was obtained in a ratio of 55:45, with a complete 

conversion of the starting materials. 
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Scheme 31д Possible initial reaction steps (AïC) for the formation of the target compound (7a). 
 

After studying the possible initial steps in the formation of the target spirooxindole 

dihydropyridine bisphosphonate (7a), the complete synthetic process was also investigated 

(Scheme 32). 

As a first step, a mixture of (E)- (10a) and (Z)-diethyl-(2-(butylimino)propyl)phosphonate 

(10b) intermediates was prepared with quantitative yield at 120 ÁC for 2 h under MW irradiation, 

using the appropriate amounts of diethyl (2-oxopropyl)phosphonate and butylamine. 

Subsequently, 1.5 equiv. of isatin were added to the mixture of iminophosphonate intermediates 

(10a and 10b), and the reaction mixture was heated for a further 2 hours at 120 ÁC in a MW 

reactor. Under these conditions, the desired spirooxindole dihydropyridine bisphosphonate (7a) 

was formed with a moderate conversion of 53%, as determined by 31P NMR spectroscopy. 

These results confirm that the reaction proceeds via the formation of the 

iminophosphonate intermediates (10a and 10b). However, it can also be concluded that the one-

pot MCR is significantly more efficient, affording an 84% conversion, compared to the lower 

conversion observed in the stepwise approach. 
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Scheme 32д Complete, two-step synthesis of the target spirooxindole dihydropyridine 

bisphosphonate (7a). 

7.3.4.2. DFT calculations 

In order to understand the reaction mechanism, DFT calculations were performed at the 

ɤB97XD/def2SVP level of theory (Figure 35). For computational efficiency, model structures 

bearing methyl groups instead of larger alkyl substituents were used. The overall transformation 

was found to be thermodynamically unfavourable, with a calculated reaction Gibbs free energy 

of +4.5 kcal/mol, however, the equilibrium is expected to shift toward product formation due 

to the continuous removal waterat the applied reaction temperature. 

The mechanism begins with formation of the experimentally verified iminophosphonate 

(I), followed by proton migration to generate the enamine (Iǋ), which despite having a 6.3 

kcal/mol higher in energy, is able to attack isatin (TS-1, 23.9 kcal/mol). 

Two possible mechanistic pathways have been investigated from intermediate II. In the 

first one, the amine moiety attacks the ɓ-ketophosphonate carbonyl group (TS-2), followed by 

proton migration affording III. The subsequent dehydration (TS-3) and the final ring closure 

with loss of water (TS-4) both require very high activation Gibbs free energies, making this 

pathway unlikely, even under MW heating. 

In the alternative mechanism, the enol form of the ɓ-ketophosphonate engages as the 

nucleophile. Protonation of II promotes water elimination and furnishes a cationic intermediate 

that can attack the isatin core without a significant barrier. Although, the transition state could 

not be localized, a relaxed potential-energy surface scan indicatesa barrier of ~30 kcal/mol. 

After formation of V, ring closure (TS-5), proton transfer (VIŸVII), and a final dehydration 

step (TS-6) lead to the product. It is worth noting that the computed activation barrier  of TS-3 

exceeds 60 kcal/mol, which is still too high for the reaction to proceed under the applied 

conditions. However, hydrogen-bonded systems or solvent-assisted hydrogen migration could 
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substantially reduce this barrierOn the other hand this route has significantly lower Gibbs free 

energy barriers and makes it more favourable compared to the first mechanism. 

 

Figure 35д Computed reaction mechanism at ɤB97X-D/def2SVP. 
 

7.3.5. Conclusion 

In summary, we have developed a MW-assisted, catalyst- and solvent-free method for the 

preparation of spirooxindole dihydropyridine bisphosphonates (7aï7s), as a new family of 

compounds. In our novel approach, the target compounds (7aï7s) were synthesized at 120 ÁC 

applying a reaction time of 2 h with moderate to good yields (20ï70%). Altogether, a molecular 

library of 19 new spirooxindole dihydropyridine bisphosphonates (7aï7s) were synthesized and 

characterized. In additiona a proposed mechanism for the reaction was also provided, along 

with DFT calculations. 
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7.4. Pilot-scale, semi-continuous flow synthesis of capsaicinoids and 

their inclusion complexation with cyclodextrins[5] [6] 

7.4.1. Introduction and objectives 

Small organic molecules with lipophilic properties and low water solubility often have 

limited practical applications, or require adequate formulation strategies, such as the use of 

organic solvents, surfactants, or molecular encapsulations to improve their solubility, stability, 

and bioavailability in aqueous systems. Capsaicinoids, which play a central role in 

pharmaceuticals, food additives, and agricultural applications, are primary examples of such 

compounds. Moreover, their fine powdered form can generate irritant airborne particles, posing 

safety concerns for workers during handling and processing. 

Consequently, enhancing the water solubility and reducing the irritative effects of the 

main capsaicinoids have become a key objective in my doctoral research. During our research, 

an inclusion complexation study with a series of Ŭ- and ɓ-CD derivatives were completed 

through phase-solubility studies and the formation of intermolecular interactions were 

confirmed by NMR spectroscopy measurements. 

Furthermore, to enable larger-scale production of capsaicinoids, we have developed a 

pilot-scale, semi-continuous flow synthesis that enables more efficient, scalable, and controlled 

production compared to traditional batch methods. 

7.4.2. Preliminary results in the continuous flow synthesis of capsaicinoids 

In our previous work, we have established the first continuous-flow synthesis of capsaicin 

and its analogues, through three optimized reaction steps: (1) oxime formation from 

benzaldehydes, (2) reduction of the oximes to benzylamines, and (3) N-acylation with activated 

carboxylic acids.230 After individual optimization of each step (Table 11), the process was 

integrated into a semi-continuous flow synthetic procedure that include solvent exchange 

between the steps. This approach enhanced atom economy, reduced waste (lower E-factors), 

eliminated hazardous reagents such as thionyl chloride and hydrogen cylinders, and relied on 

safer solvents such as isopropyl alcohol (IPA), and 2-methyltetrahydrofuran (2-MeTHF), as 

well as in situ hydrogen production via an H-Cube ProÈ reactor. The process consistent with 

seven of the twelve principles of green chemistry,231 including waste prevention, catalysis, safer 

solvents, renewable raw materials, and safer technology. To further improve accessibility, our 

research group also developed low-cost 3D-printed polypropylene reactors to replace the 

expensive commercial systems. Altogether, the flow process offers a safer, more efficient, and 

more environmentally friendly route to produce capsaicinoids than traditional batch methods. 
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Table 11дЮOptimization summary for our previously developed flow synthesis of capsaicinoids. 

 

Reaction step Reagents/catalysts Optimal conditions Comments 

Oxime 

formation 

Benzaldehydes, 

hydroxylamine 

hydrochloride, 

NaOH 

25 ÁC, 3 min, 

0.67 mL/min, 

1.2 equiv. of 

reagent/base, MeOH 

Nearly full conversion, 

no need for heating 

Hydrogenation 
Oximes, Raney-Ni 

catalyst, MeOH/NH3 

120 ÁC, 31 s, 

100 kPa H2, 

1.56 mL/min, 

1 M MeOH/NH3 

High selectivity, 

in situ formation of H2 

N-acylation 

Primary amines, 

CDI-activateda 

carboxylic acids, 

2-MeTHF/IPA 

70 ÁC, 8 min, 

700 kPa, 

0.25 mL/min, 0.1 M 

solution of amines, 

1 equiv. activated 

acid 

Homogeneous 

mixtures, green 

solvent, good to high 

final yield 

              aCDI: 1,1'-Carbonyldiimidazole. 

 

7.4.3. Pilot-scale, semi-continuous flow synthesis of capsaicinoids[5] 

Based on these previous results, our present study focused on scaling up and improving 

the productivity of the continuous-flow synthesis of three key capsaicinoids: capsaicin (17a), 

dihydrocapsaicin (17b), and nonivamide (17c). Our goal was to prepare these compounds in 

quantities suitable for their subsequent inclusion complexation with Ŭ- and ɓ-CD derivatives. 

To achieve this, the first step was to increase the substrate concentration in the flow 

process. During the oxime formation step (Scheme 33), the concentration of vanillin (11) was 

raised tenfold. Since the larger amount of hydroxylamine hydrochloride (12) did not dissolve 

completely in MeOH, water was added as a co-solvent. Using a MeOH/H2O 1:1 mixture, the 

formation of oxime (13) remained nearly quantitative in the Syrris AsiaÈ flow tube reactor, 

providing a yield of 98% and a productivity of 13.1 g/h. 

 



 

84 | Results and discussion 

 

 

Scheme 33д Scaled-up oxime formation in a continuous flow tube reactor. 

 

In the next step, the scaled-up continuous-flow synthesis of vanillylamine (14), a key 

intermediate, was investigated using the H-Cube ProÈ continuous hydrogenation reactor with 

Raney nickel as a catalyst (Table 12). Since the reduction step tends to generate significant 

amounts of by-product (15), ammonia was added in the form of 25% NH3/H2O to increase 

selectivity. Initially, we attempted to directly hydrogenate the crude oxime mixture from the 

previous step (Scheme 33). However, the inorganic salts present caused clogging, which 

prevented continuous operation. Therefore, the oxime (13) was first isolated, dissolved in a 

H2O/MeOH mixture, and supplemented with 25% NH3/H2O to obtain 10 equiv. of ammonia. 

The resulting solution was pumped at a rate of 1 mL/min. Temperature optimization revealed 

no conversion below 50 ÁC (Table 12/Entries 1,2), while full conversion was achieved above 

75 ÁC onward (Table 12/Entries 3ï7). Since higher temperatures negatively affected the 

selectivity (Table 12/Entries 3 and 7), different hydrogen pressure were tested at 75 ÁC. 

Increased pressure consistently improved the selectivity (Table 12/Entries 4ï6), and the best 

conditions (60% GC yield) were obtained at 4100 kPa H2. 
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Table 12д Optimization of the reduction step in H-Cube ProÈ continuous hydrogenation reactor. 

 

Entry  T (°C) 
H2 pressure 

(kPa) 

Conversion of 13 

(%) a 

Ratio of 14 

(%) a 

Ratio of 15 

(%) a 

1 25 200 0 0 0 

2 50 200 0 0 0 

3 75 200 100 51 49 

4 75 2100 100 52 48 

5 75 4100 100 60 40 

6 75 6100 100 58 42 

7 100 200 100 41 59 

aBased on GC. 

 

The last step of the synthesis involved the scale-up of the N-acylation, which ultimately 

afforded the target capsaicinoids 17aï17c (Scheme 34). However, direct coupling with the 

previous reduction step proved to be unfeasible, as the MeOH/H2O medium rapidly degraded 

the 16aï16c acylating agents. Therefore, vanillylamine (14) had to be isolated first, and after 

purified, its N-acylation could also be increased tenfold under previously optimized conditions 

(70 ÁC, 8 min) (Scheme 34). After isolation and purification, capsaicin (17a), dihydrocapsaicin 

(17b), and nonivamide (17c) were obtained in good to excellent yields, with an improved 

productivity to 3.3ï4 g/h. 
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Scheme 34д Scaled-up N-acylation step affording the target capsaicinoids (17aï17c). 

 

7.4.4. Phase solubility studies[6] 

Phase-solubility analysis is the most widely used method to determine both the 

stoichiometry of inclusion complexes and the effect of CD complexation on the water solubility 

of guest molecules. The stoichiometry of drugïCD complexes is typically 1:1, which means 

that one drug molecule associates with one CD molecule to form a complex. In our study, based 

on the scaled-up synthesis of the capsaicinoids, which yielded the quantities necessary for 

detailed complexation studies, phase-solubility experiments were performed for the three 

primary capsaicinoids (17aï17c) with a broad range of CD derivatives. This included native 

unsubstituted Ŭ- and b-CD, HP-Ŭ-CD (2-hydroxypropyl)-alpha-CD, average DS = 4.5), 

RAME-Ŭ-CD (random methyl-alpha-CD, average DS = 11.0), HP-ɓ-CD (average DS = 4.5 and 

7.0), RAME-ɓ-CD (average DS = 12.0), and SBE-ɓ-CD (average DS = 6.5), where the DS 

represents the average number of substituents per CD molecule of each derivative. In this 

chapter, the peculiar solubilizing property of b-CD is discussed separately from the other 

members of the studied CD panel. 

The primary reason to test both Ŭ- and ɓ-CDs and their substituted derivatives for 

capsaicinoid complexation is to explore the relevance of the compatibility between the CD 
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cavity size and the guest molecules. These CDs provide cavity diameters that are well-suited 

for at least the partial  inclusion of capsaicinoids: Ŭ-CD (~0.47ï0.53 nm) and ɓ-CD (~0.60ï

0.65 nm). These sizes correspond closely to the molecular dimensions of the aliphatic and 

aromatic moieties of capsaicin and its analogues, respectively, enabling efficient hostïguest 

interactions and well-defined complex formation.232,233 In contrast, ɔ-CD has a substantially 

larger cavity (0.75ï0.83 nm), which is less optimal for stabilizing relatively small, linear 

molecules, often resulting in weaker and less specific inclusion complexes. ɔ-CD is rather better 

suited for encapsulating bulkier or sterically complex compounds , otherwise, alike the smaller 

sized analogues, it is also used in food-related applications. However, also due to the high 

commercial cost of ɔ-CD and the current worldwide difficulties in sourcing this specific CD in 

the large quantities as required by the food industry, we have excluded ɔ-CD as a potential 

additive for the formulation of capsaicin and its analogues. At present, the use of ɔ-CD is more 

favourably positioned in the pharmaceutical sector where it serves as a starting material for the 

production of 2-hydroxypropyl-ɔ-CD as a solubilizing excipient, as well as for the synthesis of 

the API sugammadex (see Section 6.5.). 

Analysis of the phase-solubility diagrams (Figures 35ï38) revealed that most curves 

obtained are linear (AL-type), with the exception of a single nonlinear curve recorded for 

nonivamide (17c) in the presence of Ŭ-CD, which shows a negative deviation from linearity 

(AN-type) (Figure 38). AL-type diagrams are characterized by a proportional increase in the 

equilibrium concentration of the dissolved guest as the CD concentration is elevated. In 

contrast, AN-type diagrams display negative deviations from linearity, which can indicate the 

formation of higher-order complexes, self-association, or changes in stoichiometry, often 

resulting in a less effective solubility enhancement at higher CD concentrations.208 The phase-

solubility profiles of capsaicin (17a), dihydrocapsaicin (17b), and nonivamide (17c) with the 

tested CDs are presented in Figures 35ï38, while the calculated apparent stability constants 

(Ks) and complexation efficiency (CE) values are summarized in Tables 15ï18. 

The following equations (Equations 1ï2) were used to determine the complex apparent 

stability constant (Ks) and the complexation efficacy (CE): 

Ks =    (Equation 1) 

CE =   (Equation 2) 

where S0 is the intrinsic solubility of a poorly soluble drug. 
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The binding strength between CD and the guest molecule is described by the apparent 

stability constant of the complex, but several different types of complexes can coexist in the 

solution (e.g. inclusion complexes, non-inclusion complexes, aggregates of CDs or CD-guest 

molecule aggregates). Because of the different forms in the solution, the determination of CE 

can be very useful in the comparison of the solubilising effect of CDs. 

 

 

Figure 36д Phase solubility diagrams of capsaicin (17a) and different CD derivatives. 

 

Table 13д Ks, CE and Smax/S0 data for complexes of capsaicin (17a) with the tested CDs in 

water at 25 ÁC, after 24 h equilibration time (number of measurements = 3; SE = standard 

error of the mean). 

 Ŭ-CD 
HP-Ŭ-CD 

(DS = 4.5) 

RAME -Ŭ-CD 

(DS = 11) 

HP-ɓ-CD 

(DS = 4.5) 

HP-ɓ-CD 

(DS = 7.0) 

RAME -ɓ-CD 

(DS = 12) 

SBE-ɓ-CD 

(DS = 4.5) 

S0 

(average) 
0.00004 0.00004 0.00004 0.00004 0.00004 0.00004 0.00004 

Slope 

(average) 
0.1485 0.0770 0.1724 0.1733 0.1430 0.3343 0.3067 

K s [M -1] 
4360± 

110 
2090±30 5200±80 5240±170 4170±40 12550±240 11060±220 

CE [%]  
0.174± 

0.005 

0.083± 

0.01 

0.208± 

0.003 

0.2096± 

0.0003 

0.167± 

0.001 

0.502± 

0.003 

0.442± 

0.005 

Smax/S0 142±8 81±3 174±5 169±9 145±5 332±15 309±9 
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Figure 37д Phase solubility diagrams of dihydrocapsaicin (17b) and different CD derivatives. 

 

Table 14д Ks, CE and Smax/S0 data for complexes of dihydrocapsaicin (17b) with the tested CDs in 

water at 25 ÁC, after 24 h equilibration time (number of measurements = 3; SE = standard error 

of the mean). 

 Ŭ-CD 
HP-Ŭ-CD 

(DS = 4.5) 

RAME -Ŭ-CD 

(DS = 11) 

HP-ɓ-CD 

(DS = 4.5) 

HP-ɓ-CD 

(DS = 7.0) 

RAME -ɓ-CD 

(DS = 12) 

SBE-ɓ-CD 

(DS = 4.5) 

S0 

(average) 
0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 0.00001 

Slope 

(average) 
0.1871 0.0994 0.2382 0.2092 0.1776 0.3903 0.3318 

K s [M -1] 16750±250 7750±80 22100±130 18570±320 15660±190 45130±310 34650±290 

CE [%]  
0.237± 

0.004 

0.110± 

0.001 
0.315±0.002 

0.265± 

0.005 

0.223± 

0.003 
0.643±0.002 

0.494± 

0.003 

Smax/S0 541±8 273±3 662±4 586±10 512±6 1083±15 924±8 

 



 

90 | Results and discussion 

 

 

Figure 38д Phase solubility diagrams of nonivamide (17c) and different CD derivatives. 

 

Table 15д Ks, CE and Smax/S0 data for complexes of nonivamide (17c) with the tested CDs in 

water at 25 ÁC, after 24 h equilibration time (number of measurements = 3; SE = standard 

error of the mean). 

 Ŭ-CD 
HP-Ŭ-CD 

(DS = 4.5) 

RAME -Ŭ-CD 

(DS = 11) 

HP-ɓ-CD 

(DS = 4.5) 

HP-ɓ-CD 

(DS = 7.0) 

RAME -ɓ-CD 

(DS = 12) 

SBE-ɓ-CD 

(DS = 4.5) 

S0 

(average) 
0.00007 0.00007 0.00007 0.00007 0.00007 0.00007 0.00007 

Slope 

(average) 
0.3644 0.2920 0.5253 0.1509 0.1129 0.2591 0.2158 

K s [M -1] 7740±80 5570±80 14950±250 2400±20 1780±20 4720±110 3720±100 

CE [%]  
0.573± 

0.004 

0.412± 

0.007 
1.106±0.01 

0.178± 

0.001 

0.127± 

0.002 
0.349±0.005 

0.275± 

0.009 

Smax/S0 ï 156±5 285±11 83±3 62±4 140±9 118±10 

 

The calculated Ks and CE values are not only well-established thermodynamic descriptors 

of association strength in supramolecular science, but are also highly relevant indicators in 

applied studies, since this single parameter can provide a useful basis for ranking CDs according 

to their ability to increase the water solubility of guest molecules without the need to list actual 

solubility values. Among the tested CD derivatives, the randomly hydroxypropylated CDs (HP-

Ŭ-CD and HP-ɓ-CD) provided the smallest solubility enhancement for capsaicin (17a), 

dihydrocapsaicin (17b), and nonivamide (17c). In the case of HPɓCD with higher DS, 

consistently lower stability constants were also observed, as increased substitution leads to 

steric hindrance by the substituent groups, thereby reducing the accessibility of the CD cavity. 

The presented results clearly reflect this effect. 

In contrast, the greatest improvements in solubility were observed with the randomly 

methylated CDs. Specifically, RAME-ɓ-CD showed the highest solubility increase for 
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capsaicin (17a) and dihydrocapsaicin (17b), while RAME-Ŭ-CD was most effective for 

nonivamide (17c). Following RAME-ɓ-CD, SBE-ɓ-CD was the next most effective for 

enhancing the solubility of capsaicin (17a) and dihydrocapsaicin (17b). For nonivamide (17c), 

Ŭ-CD provided the second-highest solubility increase after RAME-Ŭ-CD. 

Among the studied complexes, an AN-type curve was uniquely observed for the 

nonivamide (17c)ïŬ-CD system. In this case, rapid precipitation occurred in the filtered sample, 

requiring a second filtration before HPLC measurement. The linear section of the curve was 

applied for the calculation of the stability constant. 

In conclusion, the ɓ-CD derivatives were the most effective in enhancing the aqueous 

solubility of capsaicin (17a) and dihydrocapsaicin (17b), while the Ŭ-CD and its derivatives 

provided the greatest solubility improvement for nonivamide (17c). This behaviour is 

influenced by the structural characteristics of the guest molecules: cavity of Ŭ-CD is more 

suitable for linear carbon chains, while the larger ɓ-CD cavity allows for the inclusion of bulkier 

fragments, such as benzene rings. Although, all three capsaicinoids (17aï17c) have a nine-

membered aliphatic chain, the terminal branch in capsaicin and dihydrocapsaicin likely 

prevents effective complexation with Ŭ-CD. In contrast, nonivamide, which lacks terminal 

branching, preferentially forms inclusion complexes with Ŭ-CD. 

It is worth emphasizing that the intrinsic solubility of the guest molecules strongly 

influences the calculated stability constants. Among the three capsaicinoids studied (17aï17c), 

dihydrocapsaicin (17b) exhibits the lowest intrinsic water solubility, resulting in the highest 

apparent stability constants for this compound. In such cases, the CE value is more reliable, as 

it is independent of the intrinsic solubility of the guest molecule. The CE values generally in 

agreement with the Ks values, although the highest CE was observed for the nonivamide (17c)ï

RAME-Ŭ-CD complex, suggesting particularly strong complex stability. 

Additionally, phase-solubility studies were carried out with native ɓ-CD in a narrower 

concentration range of 0ï15 mM, constrained by its limited aqueous solubility. The resulting curves 

for capsaicin (17a), dihydrocapsaicin (17b), and nonivamide (17c) are presented in Figure 39. 
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Figure 39д Phase solubility diagrams of capsaicin (17a), dihydrocapsaicin (17b) and 

nonivamid (17c) with ɓ-CD. 

 

Table 16д Ks, CE and Smax/S0 data for complexes of tested capsaicinoids (17aï17c) with ɓ-CD in 

water at 25 ÁC, after 24 h equilibration time (number of measurements = 3; SE = standard error 

of the mean). 

  Capsaicin (17a)  Dihydrocapsaicin (17b) Nonivamide (17c) 

S0 (average) 0.00004 0.00001 0.00007 

Slope (average) 0.2477 0.1883 0.2909 

K s 8230 ± 10 23200 ± 950 5860 ± 160 

CE 0.3293 ± 0.0004 0.2320 ± 0.009 0.4100 ± 0.012 

Smax/S0 30.7 ± 0.7 67.3 ± 2.3 20.8 ± 1.7 

 

For ɓ-CD, the phase-solubility curves exhibit a BS-type profile, and the solubility-

enhancing effect of ɓ-CD is modest. B-type diagrams (namely BS-type) are characterized by an 

initial increase in guest concentration with CD addition, followed by a plateau or even a 

decrease, indicating limited aqueous solubility of the complex and potential precipitation of 

insoluble complexes at higher CD concentrations.208 Consequently, no further investigations 

were performed with this CD, although the Ks, CE, and Smax/S0 values were calculated from the 

linear portions of the curves (0ï0.005 M ɓ-CD) and are shown in Table 16. Among the results, 

ɓ-CD forms the most stable complex with dihydrocapsaicin (17b), however the CE values 

provide further insight. Since CE calculations do not include the intrinsic solubility of the 

capsaicinoids, they better reflect the solubilizing effect of the CDs. According to the CE results, 

nonivamide (17c) reaches the highest solubilized amount of the three capsaicinoids (17aï17c) 

at 0.005 M ɓ-CD concentration, which is consistent with the observed phase-solubility curves. 
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In summary, capsaicinoids are known to be poorly water-soluble, typically in the range 

of 10-5ï10-4 M. For example, capsaicin (17a) is generally reported as ñinsolubleò or having 

<0.02 mg/mL in water, dihydrocapsaicin (17b) has an even lower aqueous solubility of ~0.003 

mg/mL, whereas that of nonivamide (17c) is also below 0.02 mg/mL.234ï236 

However, our study demonstrates that inclusion complexation with a wide range of CD 

derivatives may enhance their aqueous solubility by two to three orders of magnitude. Capsaicin 

(17a) concentration reached ~4.0 mg/mL applying appropriate amount of RAME-ɓ-CD (~332-

fold increase), it was found feasible to reach dihydrocapsaicin (17b) concentration of ~3.2 

mg/mL with RAME-ɓ-CD (~1083-fold increase), and nonivamide (17c) was successfully 

solubilized even at ~6.0 mg/mL guest content with RAME-Ŭ-CD (~285-fold increase). Thus, 

while the use of unformulated capsaicinoids was limited to low Õg/mL concentrations in water, 

applying their CD inclusion complexes it is possible to reach the mg/mL range, a level that 

enables pharmaceutical and technological applications. Their complexation may also reduce 

the irritant nature of the free compounds, resulting in denser solid formulations that are less 

prone to dispersion by fine, airborne powder particulates. 

 

7.4.5. Nuclear magnetic resonance studies 

To establish the stoichiometry of the complexes, we analyzed the samples by NMR 

spectroscopy, which provides molecular-level evidence of CDïguest interactions. In our study, 

we applied Jobôs method, a classical technique in supramolecular chemistry, in which the total 

concentration of host and guest is kept constant while their mole fractions are varied. The 

formation of the complex is monitored (e.g., by NMR chemical shifts), and the stoichiometric 

ratio can be inferred from the mole fraction at which the measured signal reaches its maximum: 

for example, a maximum at X_host å 0.5 indicates a 1:1 complex, while X_host å 0.33 or 0.67 

would suggest 1:2 or 2:1 hostïguest ratios, respectively. Although Jobôs method has known 

limitations in complex equilibrium systems, it remains a reliable and informative approach for 

simple 1:1 hostïguest complexes.237ï239  

Jobôs plots were generated using well-resolved NMR resonances of the capsaicinoids (17aï

17c), specifically the terminal methyl protons on the aliphatic side chain. In the case of the 

capsaicin (17a)ïŬ-CD system, the complexation-induced chemical shift variations were minimal: 

neither the aromatic nor the aliphatic protons exhibited deviations beyond the experimental 

uncertainty (~2 ppb). Only the methyl resonances displayed small changes. As shown in Figure 

40/A, the resulting Jobôs plot is nearly flat, indicating that native Ŭ-CD interacts only weakly with 

capsaicin (17a) under the conditions applied to yield a reliable stoichiometric assessment. 
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For this reason, RAME-Ŭ-CD was investigated next, since methyl substitution on the 

hydroxyl groups of Ŭ-CD decreases the polarity of the cavity and creates a more hydrophobic 

environment. This is more consistent with the lipophilic nature of capsaicin (17a), whose long 

alkyl chain promotes hydrophobic and van der Waals contacts. Even in this complex, only the 

methyl resonances exhibited measurable complexation-induced shifts. The corresponding Jobôs 

plot (Figure 40/B) showed a clear maximum at a mole fraction of 0.5, consistent with exclusive 

1:1 complex formation. Similar maxima were also obtained for dihydrocapsaicin (17b) and 

nonivamide (17c) (Figures 39/C and 39/D), confirming that all three capsaicinoids form 1:1 

inclusion complexes with the CDs used. 

 

Figure 40д Jobôs plots of capsaicinoidïCD complexes, based on NMR chemical shift changes 

of the terminal methyl group of the capsaicinoid sidechain. 

(A) Capsaicin (17a)ïŬ-CD, (B) Capsaicin (17a)ïRAME-Ŭ-CD, (C) Dihydrocapsaicin (17b)ï

RAME-Ŭ-CD, (D) Nonivamide (17c)ïRAME-Ŭ-CD 

 

After confirming the 1:1 complexation stoichiometries verified by Jobôs method, we then 

used 2D Rotating Frame Overhauser Effect Spectroscopy (ROESY) to gain structural insight 

into how individual capsaicinoids (17aï17c) fit into the Ŭ-CD host systems. Particular attention 

was directed toward how small structural differences in the side chains of capsaicin (17a), 

dihydrocapsaicin (17b), and nonivamide (17c) affect their inclusion behaviour in Ŭ-CD, HP-Ŭ-

CD, and RAME-Ŭ-CD. Interestingly, and in contrast to several earlier studies, our ROESY 

measurements revealed no cross-peaks that would support the inclusion of the aromatic region 

of the capsaicinoids into the CD cavity. The absence of aromatic interactions in all studied 
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complexes is consistent with the well-documented preference of Ŭ-CD for encapsulating 

flexible linear aliphatic chains rather than bulky, rigid aromatic groups. 

We therefore started to study the complexes formed with native Ŭ-CD, which has a single, 

well-defined chemical structure that allows the clearest interpretation. Among the three guest 

molecules, capsaicin (17a) showed the weakest interaction, with only a single diagnostic ROESY 

cross-peak observed between the terminal methyl group of its alkyl chain and the H3 proton of 

Ŭ- CD (Figure 41). This interaction suggests a limited, shallow inclusion from the secondary (wider) 

rim, likely limited by steric hindrance due to the branched terminal side chain of the capsaicin (17a). 

In comparison, dihydrocapsaicin (17b) with a fully saturated side chain, showed 

considerably stronger evidence of inclusion. ROESY spectra provided pronounced cross-peaks 

between its terminal methyl groups and the H3 protons of Ŭ-CD, as well as additional, though 

weaker correlations from nearby methylene units (Figure 42). These interactions indicate a 

deeper and more dynamic passage of the alkyl chain through the cavity, which is facilitated by 

the enhanced rotational freedom of the fully saturated side chain. 

In the case of nonivamide (17c), which does not contain the sterically hindering terminal branch 

found in capsaicin (17a) and dihydrocapsaicin (17b), the ROESY spectra showed the most extensive 

interaction network. Strong cross-peaks were detected not only at the terminal methyl group, but also 

at several methylene units located along the chain, including those adjacent to the amide group 

(Figure 43). These findings indicate that the full aliphatic chain of nonivamide is accommodated 

within the Ŭ-CD cavity, in agreement with the affinity trends observed in the phase-solubility results. 

The NMR results clearly demonstrate that the inclusion of capsaicinoids (17aï17c) into 

Ŭ- CD is strongly influenced by the fine structural features of their aliphatic side chains. 

Branching and unsaturation towards the end of the chain limit the depth and stability of 

encapsulation, while linear, flexible chains facilitate deeper and more robust inclusion. These 

findings help to explain the variations in binding affinity and the extent of solubility improvement. 
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Figure 41д The detected cross-peaks in the capsaicin (17a)ïŬ-CD complex. 

 

Figure 42д The detected cross-peaks in the dihydrocapsaicin (17b)ïŬ-CD complex. 
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Figure 43д The detected cross-peaks in the nonivamide (17c)ïŬ-CD complex. 

 

In order to study the role of methyl substituents on the CD ring, the interactions with 

RAME-Ŭ-CD were also studied. Random methylation introduces substitutions at both rims of 

the CD, effectively extending and slightly enlarging the cavity. However, since methylation 

occurs non-selectively, a mixture of isomeric CDs is formed, resulting in structural 

microheterogeneity. This heterogeneity complicates high-resolution atomic-level 

characterization by liquid-phase NMR, as overlapping signals from multiple isomers broaden 

the peaks and diminishes the clarity of cross-peaks in 2D spectra. 

However, at higher capsaicinoid concentrations, the solubilizing potency of RAME-Ŭ-CD 

enabled experiments due to improved solubility of the guest molecules. Despite the increased 

spectral complexity, ROESY measurements revealed consistent trends. For capsaicin (17a), 

only very weak cross-peaks were observed between the terminal methyl group of the side chain 

and the CD cavity protons, confirming notably less effective inclusion complex formation 

compared to the other derivatives (Figure 44). In the case of dihydrocapsaicin (17b), weak 

cross-peaks were observed corresponding to the interaction between the terminal methyl and 

nearby methylene protons, however, these signals were close to the noise level (Figure 45). This 

does not indicate weak bindings, but rather reflects signal broadening and dynamic averaging 

due to the microheterogeneity of the randomly methylated CD. 
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In contrast, nonivamide (17c) again showed the strongest interaction with RAME-Ŭ-CD. 

The ROESY spectra revealed intense and well-defined cross-peaks not only at the terminal 

methyl group, but also at multiple methylene units, indicating that the full length of the aliphatic 

chain is encapsulated within the modified cavity (Figure 46). These findings are in close 

agreement with the results observed for native Ŭ-CD, highlighting the consistently high affinity 

of nonivamide for Ŭ-CD derivatives, regardless of methyl substitution. 

 

Figure 44д The detected cross-peaks in the capsaicin (17a)ïRAME-Ŭ-CD complex. 
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Figure 45д The detected cross-peaks in the dihydrocapsaicin (17b)ïRAME-Ŭ-CD complex. 

 

Figure 46д The detected cross-peaks in the nonivamide (17c)ïRAME-Ŭ-CD complex. 

 

Overall, the ROESY investigations demonstrate that both the structural features of the 

capsaicinoid side chains and the physicochemical properties of the CD cavity play key roles in 

complexations. While native Ŭ-CD allows for clearer spectral interpretation, RAME-Ŭ-CD 












































































