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Chapter 1  

Introduction 

1.1. Organocatalysis 

Catalyst, the term used to describe a compound that speeds up chemical 

reactions without being consumed: a world full of questions lies behind this 

simple term. Nearly all reactions that occur in living cells require catalysts and 

without them, life would be impossible, but what is the mechanism by which 

they work? What kind of catalysts are suitable to produce the desired products 

with high efficiency under mild conditions? How do they direct the reaction to 

a pathway which requires less activation energy? 

Many research groups attempt to discover the unknown aspects of the catalyst 

world. As a result of all this work many different types of catalyst have been 

developed with abilities to catalyze a large diversity of reactions. Despite the 

remarkable achievements on the experimental side for many important 

catalytic reactions in synthetic chemistry, polymer science and pharmaceutical 

industry, the mechanisms of many catalytic processes still pose questions that 

need to be answered.1–11     

Catalysts are classified generally according to their physical state, their 

chemical nature, or the nature of the reactions that they catalyze. In this thesis 

the focus is on organocatalysts. They are defined as small organic molecules, 

where an inorganic element is not part of the active principle in the catalytic 

process. Organocatalysts are a class of catalysts with rich structural diversity. 

They are often chiral, so that they have the potential for enantioselectivity, 

and can be classified according to their working mechanism:4,8,12,13 

- Activation of the reaction partners based on the 

nucleophilic/electrophilic properties of the catalyst. 

- Covalent formation of reactive intermediates.  

- Phase-transfer reactions. The chiral catalyst forms a host-guest 

complex. 
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- Activation of the reagents by hydrogen bonding of the catalyst to the 

reagents. 

Considering the nature of the organocatalysts, they are grouped in one of the 

following classes:4,8,12,13  

- Biomolecules such as proline, phenylalanine, secondary amines in 

general, the cinchona alkaloids, certain oligopeptides.14–18  

- Synthetic catalysts derived from biomolecules.18–20 

- Hydrogen bonding catalysts, including TADDOLS, derivatives of BINOL 

such as NOBIN, and organocatalysts based on thioureas.21–25 

- Ionic liquids such as triazolium salts .26,27 

In the review published by List and his group in 2005, it is mentioned that most 

but not all organocatalysts can be broadly classified as Lewis bases, Lewis 

acids, Brønsted bases, and Brønsted acids. According to their description, 

Lewis base catalysts (B:) initiate the catalytic cycle via nucleophilic addition to 

the substrate (S). The resulting complex undergoes a reaction and then 

releases the product (P) and the catalyst for further turnover. Lewis acid 

catalysts (A) activate nucleophilic substrates (S:) in a similar manner. Brønsted 

base and acid catalytic cycles are initiated via a (partial) deprotonation or 

protonation, respectively.28 

 
Scheme1. Simplified catalytic cycles of Lewis base, Lewis acid, Brønsted base, and 

Brønsted acid catalysis.28 

 

Interests in metal-free asymmetric catalysis for the production of the chiral 

building blocks which are used as pharmaceutical intermediates or other 

chemicals has led researchers to focus on asymmetric or enantioselective 

organocatalysis. By now modern asymmetric catalysis is built on three rather 

than two pillars, namely biocatalysis, metal catalysis, and organocatalysis. 

Thiourea based and cinchona alkaloid based catalysts are two types of 

organocatalyst which have been successfully used to catalyze a diverse set of 

reactions.8,16,17,29,30  
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1.1.1. Cinchona alkaloid based organocatalysts 

An important class of organocatalysts are the cinchona alkaloids and their 

derivatives. The ability of different types of catalysts based on the cinchona 

alkaloid skeleton in catalyzing diverse reactions has been amply 

demonstrated.17,29,31–35 They derive their usefulness from the presence of a 

chiral backbone, equipped with multiple functional groups that can be readily 

modified to perform a variety of catalytic tricks. Another factor is that the 

natural precursors are available as pairs of pseudo-enantiomers, allowing the 

selective synthesis of complementary enantiomers.36,37  

The first asymmetric reaction carried out using a cinchona base was published 

by Bredig and Fiske in 1912. They reported that the addition of HCN to 

benzaldehyde is accelerated by quinine and quinidine, and the resulting 

cyanohydrins are optically active. However, the optical yields achieved were in 

the range of <10% enantiomeric excess (ee).31 About four decades later, 

Pracejus used O-acetylquinine as a catalyst (1 mol%) in the addition of 

methanol to phenylmethylketene and obtained the product with 74% ee.38 In 

1975 Wynberg and Helder reported that they had found that for 11 Michael 

reactions, using optically inactive donors and acceptors in the presence of 

catalytic amounts of optically active quinine, optically active products were 

obtained. In one case the enantiomeric excess was determined and amounted 

to 68%.31 The reaction in scheme 2 exemplifies their studies. 

  

 

 

 

 

 

Scheme 2. Addition of nitrosulfone to methyl vinyl ketone in the presence of quinine31 

 

Hiemstra and Wynberg reported detailed mechanistic studies of cinchona 

alkaloid catalysts in 1981.39  Scheme 3 shows an example of the reactions that 

they studied. They showed that the presence of the hydroxyl group in this 

catalyst accelerates the reaction. According to their findings the ee of the 

reaction depends on the nature of the solvent. The reaction at high 

temperatures proceeded faster with slow racemization during the reaction. 
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They also studied the influence of the structure of the substrates on the yield 

and ee of the reaction.39  

 

 

 

 

 

 

Scheme 3. An example of the aromatic thiol addition to cyclohexanone catalyzed by 

cinchona alkaloid.39 

 

In general the suggested roles of the functional groups on these catalysts are 

presented in scheme 4.16 

 
Scheme 4. The role of functional groups in cinchona alkaloid derivatives16 

 

In 2016 Houk and Grayson published the result of their DFT calculation studies 

on the asymmetric addition of aromatic thiols to cycloalkenones catalyzed by 

cinchona alkaloid derivatives (Scheme 5 and 6)33,40. They suggest that the 

amine deprotonates the thiol and the resulting protonated amine activates the 

electrophile by Brønsted acid catalysis and the urea group binds the 

nucleophilic thiolate by hydrogen bonding. According to their findings the 

Brønsted acid−hydrogen bonding transition state (TS) model for cinchona 

alkaloid catalysis is favored over Wynberg’s widely accepted ion pair−hydrogen 

bonding model.33,40 
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Scheme 5. Organocatalytic addition of aromatic thiols to cyclohexenone and the 

suggested transition state model for this reaction in the presence of cinchona 

alkaloid40 

 

 
Scheme 6. (a) Organocatalytic addition of aromatic thiols to cyclohexenone and (b) 

suggested transition state model for this reaction in the presence of cinchona derived 

urea organocatalyst. 33 

 

In recent decades considerable progress has been made in developing this 

class of catalysts. For example, in order to achieve high yields and 

enantioselectivities, Siva’s group synthesized pentaerythritol tetrabromide-

based chiral quaternary ammonium salts as phase transfer catalysts for 

enantioselective Michael addition reactions between various nitroolefins and 

Michael donors (malonates) under mild reaction conditions with very good 

chemical yields (up to 97%) and ee (up to 99%).41 These catalysts have better 

efficiency in combination with bases such as DIEA and triethylamine. The yields 

and ee’s of the reactions were higher in polar solvents such as methanol than 

in nonpolar solvents such as toluene. 
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Scheme 7. The structure of synthesized phase transfer organocatalysts41 

 

1.1.2. Thiourea based organocatalysts 

The pioneering research on thiourea derivative organocatalysts can be 

attributed to the work of Jacobsen’s group in 1998.42 They developed this type 

of catalysts for the Strecker reaction (Scheme 8). 

 

 
 

Scheme 8. Organocatalytic hydrogen cyanide addition to using thiourea derivative as 

the catalyst42 

 

The authors did not discuss the mechanism of catalysis in this reaction. 

Takemoto’s group reported highly enantioselective Michael addition of 

malonates to nitroolefins using metal-free chiral bifunctional organocatalysts 

(Scheme 9).43 Attempts to optimize the structure of the catalysts resulted in 

synthesis of the bifunctional organocatalyst which is shown in the following 

reaction. They did not mention the mechanism of the catalytic process. 
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Scheme 9. Michael addition of malonate to nitroolefin in the presence of thiourea 

derivative catalyst43 

 

Besides the extensive research to develop new generations of bifunctional 

organocatalysts with high reactivity and selectivity, revealing the mechanism of 

the action of the catalysts is also in progress, and an interesting research area. 

Pápai and coworkers reported the result of their studies on 

tetrahydropyranylation of alcohol with Schreiner’s catalyst using a 

combination of computational and experimental methods in 2016.44 They 

propose that despite the common view that double hydrogen bonding 

stablizes the interaction between thiourea and alcohol (HB mechanism), an 

alternative mechanism in which thiourea acts as a Brønsted acid is more likely. 

According to their suggested mechanism, thiourea protonates dihydropyran to 

form an oxacarbenium ion, which reacts with the alcohol (Brønsted acid (BA) 

mechanism). They have experimentally confirmed the predictions. Reactions 

with deuterated alcohols yield both syn and anti products, providing further 

support for the Brønsted acid mechanism.19 

 

 

 

 

 

 

 

Scheme 10. Brønsted acid mechanism versus hydrogen bonding mechanism in 

tetrahydro pyranylation of alcohol44  

 

1.2. Fluorescence spectroscopy  

Despite the remarkable achievements on the experimental side for many 

important organocatalytic reactions, the knowledge about the mechanistic 

details still remains limited. For instance, the role of the active sites of the 
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catalysts in the catalytic process as well as the origins of high (or low) 

enantioselectivity are not yet clearly established in most cases.  

The aim of this research project is to explore the use of fluorescence 

spectroscopy to gain information about the interaction between the substrates 

and the catalysts.  This section gives some general background on fluorescence 

and its applications. 

Goppelsröder used fluorometric analysis for the first time in history in 1867 to 

determine Al (III) by the fluorescence of its morin chelate.45 Since 1911, when 

Heimstaedt and Lehmann developed the first fluorescence microscopes to 

investigate the autofluorescence of bacteria, protozoa, plant and animal 

tissues, and bioorganic substances such as albumin, elastin, and keratin, many 

important applications based on photoluminescence have been developed, 

such as fluorescence microscopy, fluorescent tubes and lamps,46,47 optical 

brighteners, plasma screens, forensics, tracers in hydrogeology, fluorescent 

and phosphorescent paints, phosphorescent labels, safety signs, and 

counterfeit detection (security documents, bank notes, art works).48–51  

At room temperature most molecules occupy the lowest vibrational level of 

the ground electronic state, and on absorption of light they are elevated to 

produce electronically excited states. Having absorbed energy and reached 

one of the higher vibrational levels of an excited state, the molecule rapidly 

loses its excess of vibrational energy by collision and falls back to the lowest 

vibrational level of the excited state (Scheme11). From this state emission of 

light in the form of fluorescence can occur, in competition with other 

processes.  

 
Scheme 11. Jablonski diagram showing the primary excited state processes 
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The fluorescence quantum yield ϕf and the fluorescence decay time τf are 

primary quantitative measures: 

ϕf = kf / (kf + knr)   (1) 

τf = 1 / (kf + knr)   (2) 

In equations 1 and 2 kf is the rate constant for fluorescence emission. 

The non-radiative rate constant knr combines the rate constants of inter 

system crossing, internal conversion to the ground state, and any other 

competing fluorescence quenching process that might occur. In Scheme 11 this 

is exemplified by photochemical reaction, but one may also think of energy 

transfer processes, in which the excited state energy is transferred to another 

chromophore which may emit at longer wavelength (FRET).52,53  

All fluorescence instruments contain three basic items: a source of light, a 

sample holder and a detector. The most common detector, also used in the 

present work, is a photomultiplier tube. Research grade spectrofluorometers 

use single or double diffraction grating monochromators to select the 

wavelength of the incident light and to spectrally analyse the emitted 

fluorescence. The fluorescence is most often measured at a 90° angle relative 

to the excitation light. For turbid or opaque samples the fluorescence can be 

measured from the front.45 When detecting the emission at a particular 

wavelength and scanning the wavelength of excitation, a so-called 

fluorescence excitation spectrum is obtained. In most cases, this is identical to 

the absorption spectrum of the molecule, because molecules emit from the 

relaxed singlet excited state regardless of the excitation wavelength. The 

excess of energy that is deposited in the molecule by excitation at shorter 

wavelengths is rapidly dissipated by internal conversion (Kasha’s rule). 

Among the many different fluorimetric methods54–56 we focused mostly on the 

use of fluorescence spectroscopy to record the spectra of emitted light.  

Time-resolved fluorescence was measured using the technique of time-

correlated single photon counting. The sample is excited with a series of short 

laser pulses and the arrival times of detected photons are determined relative 

to the time of the laser pulse. By accumulating many thousands of photons, a 

histogram of arrival times can be constructed, from which the decay time can 

be obtained.52,53 

The interests in exploring the individual behavior of molecules in complex 

environments has led to the development of a wide variety of microscopic 

techniques.57 
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Scheme 11. Jablonski diagram showing the primary excited state processes 
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The fluorescence quantum yield ϕf and the fluorescence decay time τf are 

primary quantitative measures: 

ϕf = kf / (kf + knr)   (1) 

τf = 1 / (kf + knr)   (2) 
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- Scanning methods such as near-field scanning optical microscopy (NSOM) and 

confocal microscopy 

- Wide field methods such as total internal reflection and epifluorescence 

microscopy.  

In this work we used a total internal reflection fluorescence (TIRF) microscope 

for imaging fluorescence at a microscopic level. In this case a dichroic mirror 

selects the range of wavelengths of emitted light that can reach the detector. 

A schematic representation of the components of a conventional fluorimeter 

and a total internal reflection (TIRF) microscope are shown in scheme 12. 

TIRFM allows for selective excitation of fluorophores near the surface, while 

molecules further away from the surface (typically >200 nm) are not excited 

and therefore do not fluoresce. In the liquid layer above the surface non-

bound molecules give rise to a background fluorescence. Because these 

molecules are mobile, this background is mostly diffuse, while molecules that 

bind to the surface long enough give rise to a distinct intensity peak. In this 

way, single molecule detection becomes possible.58 

(a)                                                                          (b) 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 12. The components of (a) fluorescence spectrometer (from Fluorolog-3 

Manual); PMT = photomultiplier tube (b) TIRF microscope59 

 

1.3. Fluorogenic reactions 

The research described in this thesis is aimed at the quantitative detection of 

chemical changes by means of fluorescence spectroscopy. This requires that 

reactants, products and intermediates have different properties that allow 
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them to be distinguished via their absorption or emission spectra or other 

luminescence properties. For any process that leads to the generation of 

fluorescence the term fluorogenesis can be used. A high contrast can be 

achieved when non-fluorescent reagents react to form fluorescent molecules 

in a fluorogenic reaction.60 In the literature, the term is used more broadly. For 

example, adding a fluorescent tag or label to a non-fluorescent reagent is also 

described as a fluorogenic process,60,61 and other forms of fluorescence 

enhancement due to binding62 or aggregation63 are also considered 

fluorogenic.  

Different research groups have used fluorescence labelling for determination 

of biomedically important substances with high selectivity and sensitivity.60,64,65 

Beside the progress in fluorescence tagging application, fluorescence 

generating studies play an important role in visualizing the processes in the 

medical area. For example Liu’s group reported their success to visualize drug 

release using a fluorogenic Michael reaction (Scheme 13).66 

 

 
Scheme 13. Fluorogenic reaction to visualize the drug delivery process66 

 

Fluorescence imaging techniques have also been used to study the kinetics of 

enzyme catalyzed chemical reactions. In 2005, Velonia and coworkers used the 

scanning confocal microscope (CFM) to investigate the hydrolysis of a non-

fluorescent ester to form a highly fluorescent product in the presence of lipase 

B from Candida Antarctica (CALB) as the catalyst. They were able to observe 

the real-time catalysis and substrate kinetics of this single-enzyme-catalyzed 

reaction.67 Also reactions in organic chemistry have been studied using 
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fluorescence imaging methods. In 2011 Herten and coworkers reported the 

result of their single-molecule studies on epoxidation of a boron 

dipyrromethene (BODIPY) probe by meta-chloroperoxybenzoic acid (mCPBA) 

(Scheme 14). As a result of the epoxidation process the yellow fluorescent 

BODIPY converts to the green fluorescent product. Making use of this 

property, they used dual-color detection using a TIRF microscope to visualize 

the irreversible conversion of the substrate to the product.68 

 

 
 

Scheme 14. Epoxidation of the double bond shortens the conjugated -system. As the 

result the product emits at shorter wavelength than the reactant68 

  

The opportunities of single molecule techniques to obtain a unique insight into 

the mechanism of chemical reactions were reviewed in 2013 by Cordes and 

Blum.69 Several examples of imaging of catalytic chemical reactions are 

discussed in this paper and show the potential of this method on the one hand 

and the problems and challenges on the other hand.  

 

1.4. BODIPYs as the suitable candidates for fluorogenic reactions 

In order to use fluorescence spectroscopy to follow organocatalytic reactions, 

the first requirement was labeling the studied substrates with a suitable 

chromophore. We chose BODIPYs (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) 

to label the substrates.70 

 

 
Scheme 15. The BODIPY core 
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These chromophores have relatively high absorption coefficient, high quantum 

yield, life time in the nanosecond range, narrow absorption and emission 

bands and good solubility and (photo)stability in most organic solvents. Many 

BODIPY derivatives have proven suitable for single molecule spectroscopy.71–74 

An enormous variety of BODIPYs has already been synthesized, which provides 

a class of compounds containing different functional groups with known 

photophysical and spectroscopic properties which can be useful in choosing 

the desired substrate for the synthetic purpose.70,75 When the dyes are 

engaged in complexation or reaction any change in the position of the peak of 

the emitted light or in the intensity of the emitted light will be helpful to follow 

the process. The best situation will be turning on or off the emission due to the 

interaction between the reagents. For studying organocatalytic reactions, the 

BODIPY dyes must be linked to the required functional groups that undergo 

the reactions that we want to study.  

 

1.5. Outline of the research 

In the first part of this project, a number of organocatalytic reactions such as 

Michael addition,76 Biginelli reaction,77 Henry reaction,78 aldol addition,79 were 

studied using fluorescence spectroscopy. Then, we focused on the Michael 

reaction and continued our studies on this reaction using TIRF microscopy. 

For the Michael addition reaction the substrate must contain an unsaturated 

bond (double bond) next to an electron withdrawing group. We chose BODIPYs 

containing a maleimide group (compound 15)80,81 or a nitro alkene group 

(compound 17)82–84 as the substrates. The reason is that compounds 15 and 17 

are weakly fluorescent but the addition products, in which the double bond is 

removed, are highly fluorescent. So, the progress of the reaction can be easily 

followed by the use of the fluorescence spectroscopy. These two compounds 

were synthesized following the literature methods. In some cases the method 

was modified to improve the yields of the reactions. We chose the BODIPYs 

containing aldehyde groups in different parts of the core (compounds 6 and 

9),82–84 as the substrates for chromene synthesis (Chapter 4) and also as the 

substrate for the Biginelli reaction (compound 6, chapter 5). These compounds 

were also synthesized following literature methods. These BODIPYs are 

fluorescent themselves but the intensity of the emitted light changes during 

the reaction which provides the possibility to follow the interactions. The 

structures of the substrates used are shown in scheme 16. 
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Scheme 16. The BODIPYs used for Michael addition reactions and Biginelli reaction 

 

Proline derivatives, thiourea derivatives and cinchona alkaloids and the 

immobilized version of two of them (scheme 17) were used as the 

organocatalysts. The results of the studied reactions are presented in five 

chapters. Chapter 2 contains a description of the experimental techniques, and 

the synthetic processes to prepare the starting materials, the catalysts and the 

products. The results of the spectroscopic characterization of the compounds 

are also presented in this chapter. Chapter 3 is about Michael addition 

reactions of nucleophiles to the BODIPYs bearing maleimide (15) and nitro 

alkene groups (17). We studied the reaction between these chromophores and 

benzyl mercaptan and diethylmalonate in the presence of different catalysts 

under different conditions. In continuation we chose some of the catalysts and 

followed these reactions using fluorescence spectroscopy. This method 

enabled us to get more information about the interaction between the 

chromophore and the catalyst. We immobilized two catalysts on the surface of 

the glass and followed the reactions in the case of using benzyl mercaptan as 

the nucleophile. In this chapter, we also present the result of the Michael 

reaction between benzyl mercaptan and maleimide-BODIPY 15 in the presence 

of a fluorescent catalyst. Chapter 4 presents the synthesis of fluorescent 

chromenes. Here, monitoring the reaction with fluorescence showed the 

presence of an intermediate. In chapter 5 we discuss the results of the 

organocatalytic synthesis of fluorescent derivatives of dihydropyrimidinone 

using the Biginelli reaction. 

Preliminary results of the single molecule studies of the Michael reaction using 

TIRF microscopy are reported in chapter 6.  
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Scheme 17. Organocatalysts used in this Thesis 
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Chapter 2 

Experimental methods and characterization 

In this chapter the general information about the applied apparatus, solvents 

and chemicals is presented. The synthetic methods of the compounds are 

explained with details when the synthesized compound or the synthetic 

procedure is new. Otherwise, a schematic representation of the synthetic 

procedure is shown.    

 

2.1. General information 

Compounds 6,1–3 9,4 15,5,6 and 17,2,3 were synthesized following the literature 

methods. In some cases we modified the literature procedures.  

 

 
Scheme 1. BODIPY dyes synthesized. 

 

Catalysts 25,7,8 26,9 27,10 2911, 3212 and 35,10 were synthesized following the 

methods of the literature, in some cases with small modifications. Catalysts 33 

and 37 were obtained from Sigma-Aldrich. Catalyst 34 and 36 were synthesized 

in the synthetic organic chemistry group of the van ‘t Hoff Institute for 

Molecular Sciences, University of Amsterdam. 

2,4-Dimethylpyrrole was purified using distillation freshly before use. Other 

commercially available reagents were used as purchased.  

DCM and DMF were dried by standing over 4 Å activated molecular sieves. THF 

was dried over sodium wire in the presence of benzophenone. The mixture 

was refluxed and THF was distilled under inert gas atmosphere and collected 
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on 4 Å activated molecular sieves. Pyridine and ethyl acetoacetate were dried 

by adding KOH and distilling the mixture after 24 h.13 

 

Scheme 2. Catalysts used 

 

Flash column chromatography was carried out using silica gel 60A, 0.040-0.063 

mm. Commercially available pre-coated TLC plastic sheets (Silica gel 60 F254) 

were used for thin layer chromatography (TLC). Preparative TLC was carried 

out using commercially available pre-coated TLC glass plates (PLC Silica gel 60 

F254, 1 mm). A UV lamp (254 or 366 nm) was used for visualization. Chiral 

HPLC was performed using a Shimadzu LC-20AD liquid chromatograph 

equipped with SPD-M20A diode array detector and chiral OD-H or AD columns. 

Isopropanol in heptane was used as the eluent.  1H and 13C NMR spectra were 
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recorded on a Bruker Avance 400 spectrometer and analyzed using the 

MestReNova v 7.1.2 (Mestrelab Research S.L.) software. Signal positions are 

reported in δ (ppm) with the abbreviations s, d, br and m denoting singlet, 

doublet, broad and multiplet, respectively. All 1H NMR chemical shifts are 

referenced to SiMe4 as an external standard (0.00 ppm). All 13C NMR chemical 

shifts in CDCl3 were referenced to the residual solvent peak at 77.00 ppm but 

are reported vs. tetramethylsilane. All coupling constants, J, are quoted in Hz. 

Infra-red spectra were recorded on a Bruker IR spectrometer model α-

Platinum ATR using neat solid samples. Optical rotation was measured using 

Perkin-Elmer 241 polarimeter. Mass spectra were collected on an AccuTOF LC, 

JMS-T100LP Mass spectrometer (JEOL, Japan). The measurement conditions 

were as follows: Positive-ion mode; Needle voltage 2000 V, Orifice 1 voltage 90 

V, Orifice 2 voltage 9 V, Ring Lens voltage 22 V. Ion source temperature 30 0C, 

spray temperature -20 0C. Flow injection with a flow rate of 0.01 ml/min. High 

precision microscope cover glasses (22 × 22 mm) from Marienfeld were used 

to immobilize the catalysts. A Gilden Photonics Fluorosense-M series 

spectrometer equipped with two double monochromators was used to follow 

the Michael reactions. A Bischoff HPLC pump was used to circulate the solution 

through a 3 mm path length quartz flow cuvette. UV-vis absorption spectra 

were recorded on a double beam Shimadzu UV-2700 spectrophotometer. A 

SPEX fluorolog 3-22 fluorimeter equipped with double grating 

monochromators in excitation and emission channels was used to record 

fluorescence excitation and emission spectra. The spectra were collected in the 

right angle geometry. A 450 W Xe-lamp was the light source. The detector was 

a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The fluorescence 

lifetime of the compounds was measured using a home built time-correlated 

single photon counting setup. The setup consists of a Ti:sapphire laser 

(Chameleon Ultra, Coherent), optical parametric oscillator (Mira OPO PP-

Automatic, Coherent), pulse picker (PulseSelect, APE), dichroic mirror, 

photodiode, multichannel plate photomultiplier tube (PMT, R3809U-50 or 

R3809U-51, Hamamatsu), and monochromator (ORIEL Cornerstone 260). A 

dilute scattering solution (Ludox) was used to measure the instrument 

response function (IRF) at the excitation wavelength.  

A home built total internal reflection fluorescence microscope was used to 

collect the data from reaction mixtures described in chapter 6. The microscope 

was equipped with a Stabilite 2017 argon ion laser, and a Hamamatsu ORCA-
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Flash4.0 sCMOS camera. The emission light was filtered with notch 488/20 and 

496 nm long pass filters.  

 

2.2. Synthesis of the substrate BODIPYs 

There are different methods to prepare the BODIPYs.  

Method A. From pyrroles and acid chlorides or anhydrides14 

These chromophores can be synthesized via condensation of acyl chlorides 

with pyrrole. Other activated carboxylic acid derivatives can also be used in 

place of acid chlorides.  

 

 
Scheme 3. Synthesis of BODIPY dyes via condensation of acid chloride and pyrrole 

 

Method B. From pyrroles and aromatic aldehydes15 

This method requires an oxidation step. The oxidant is normally p-chloranil or 

DDQ. 

 

 
Scheme 4. Synthesis of the BODIPY via condensation of aldehyde and pyrrole 

 

Method C. From ketopyrroles16 

This method is suitable to synthesize unsymmetrical BODIPYs. 

 

 

 

 

 

 

Scheme 5. Synthesis of the unsymmetrical BODIPY  
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We used method A to prepare compound 8 (Scheme 3; R1 = R3 = CH3, R4 = Ph) 

which does not contain any substitution on the phenyl ring. Other BODIPYs 

were prepared following method B.  

 

2.2.1. Synthesis of compound 61–3 

 

We reduced terephthalaldehyde following the method of reference 2. In this 

step slow addition of the reducing agent and the low temperature are 

determining factors to reduce the by-product resulting from reduction of two 

aldehyde groups. Compounds 2-5 were synthesized following the methods of 

reference 3. Compound 5 was oxidized following the method of reference 1. In 

this reaction, the purity of dimethyl pyrrole is important to decrease the 

amounts of the by-products. We used freshly distilled dimethyl pyrrole and 

kept it under inert gas atmosphere before use. Trifluoroacetic acid (TFA) 

catalyzes the reaction between aldehyde and dimethyl pyrrole. On the other 

hand, it increases the possibility of producing by-products by facilitating the 

polymerization of dimethyl pyrrole. We noticed that 10 µL of TFA per 1 g of 

dimethyl pyrrole is the optimum amount of TFA which can be used. Light 

shielding improves the yield of this reaction by decreasing the possibility of 

producing the polymerization product. Protecting the hydroxyl group of 1 

helped us to produce alcohol 5 in high yield. We followed the method of 

reference 1 to oxidize alcohol 5 to aldehyde 6. The conditions of the reaction 
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Scheme 3. Synthesis of BODIPY dyes via condensation of acid chloride and pyrrole 

 

Method B. From pyrroles and aromatic aldehydes15 

This method requires an oxidation step. The oxidant is normally p-chloranil or 

DDQ. 

 

 
Scheme 4. Synthesis of the BODIPY via condensation of aldehyde and pyrrole 

 

Method C. From ketopyrroles16 

This method is suitable to synthesize unsymmetrical BODIPYs. 

 

 

 

 

 

 

Scheme 5. Synthesis of the unsymmetrical BODIPY  
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We used method A to prepare compound 8 (Scheme 3; R1 = R3 = CH3, R4 = Ph) 

which does not contain any substitution on the phenyl ring. Other BODIPYs 

were prepared following method B.  

 

2.2.1. Synthesis of compound 61–3 

 

We reduced terephthalaldehyde following the method of reference 2. In this 

step slow addition of the reducing agent and the low temperature are 

determining factors to reduce the by-product resulting from reduction of two 

aldehyde groups. Compounds 2-5 were synthesized following the methods of 

reference 3. Compound 5 was oxidized following the method of reference 1. In 

this reaction, the purity of dimethyl pyrrole is important to decrease the 

amounts of the by-products. We used freshly distilled dimethyl pyrrole and 

kept it under inert gas atmosphere before use. Trifluoroacetic acid (TFA) 

catalyzes the reaction between aldehyde and dimethyl pyrrole. On the other 

hand, it increases the possibility of producing by-products by facilitating the 

polymerization of dimethyl pyrrole. We noticed that 10 µL of TFA per 1 g of 

dimethyl pyrrole is the optimum amount of TFA which can be used. Light 

shielding improves the yield of this reaction by decreasing the possibility of 

producing the polymerization product. Protecting the hydroxyl group of 1 

helped us to produce alcohol 5 in high yield. We followed the method of 

reference 1 to oxidize alcohol 5 to aldehyde 6. The conditions of the reaction 
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are milder than the one presented in reference 3 and the yield of the reaction 

is higher (88% compared to 68%).  

 

2.2.2. Synthesis of compound 717 

 
In this reaction the amount of acetic acid is decisive for producing the by-

product and consequently the yield of the reaction. The best results were 

achieved using 2 mmol piperidine and 3 mmol of acetic acid per 1 mmol of 

compound 6. 

 

2.2.3. Synthesis of compound 818 

 
Because of the use of acid chloride instead of aldehyde to produce the BODIPY, 

this method does not need the oxidation step. Similar to the case of using 

aldehyde, the amount of TFA must be controlled.  The product can be purified 

by column chromatography (DCM/ Petroleum ether: 10-90%) or it can be 

crystallized from a mixture of acetone and water. 
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2.2.4. Synthesis of compound 94 

 

 

  

 

 

 

Compound 9 was synthesized following the method of reference 4.  

 

2.2.5. Synthesis of compound 1017 

 
Compound 10 was synthesized following the method of reference 17.  

 

2.2.6. Synthesis of compound 155,6 

We followed the method of reference 5 to synthesize compound 11. We 

improved the reduction step with respect to reference 6 to increase the yield 

of this step from 14% to 60%. We used tin chloride to reduce the nitro group 

to the amine group. It must be noticed that if the complexation step is done 

before the reduction process, the fluorides will be replaced with ethoxy groups 

during the reflux.19 Then we continued the procedures in reference 5 to 

synthesize compounds 13-15. Purification of the products in every step is 

helpful to increase the yield of the reaction by removing the competing by-

products. 
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2.2.6.1. Synthesis of compound 126 

Compound 11 (0.33 g, 1.02 mmol) was dissolved in 20 ml of EtOH, SnCl2 (0.95 

g, 5 mmol) was added and the solution was refluxed for 8 h. Then the solution 

was poured into ice and was made basic by addition of 5% sodium bicarbonate 

(pH 7-8). 

 
 

The compound was extracted with ethyl acetate, the organic phase was 

washed with brine and dried over sodium sulphate. The solvent was 

evaporated and the residue purified by flash column chromatography 

(EtOAc/petroleum ether: 30-100%) to afford compound 12 (0.17 g, 60%). 
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2.2.7. Synthesis of compound 173 

 
 

We synthesized compound 17 following the method of reference 3.  

 

2.3. Synthesis of the catalysts 

2.3.1. Synthesis of 2-dimethyl amino cyclohexyl amine7 

 

 

 
 

Compound 22 was synthesized following the literature method. 
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2.2.7. Synthesis of compound 173 

 
 

We synthesized compound 17 following the method of reference 3.  
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2.3.1. Synthesis of 2-dimethyl amino cyclohexyl amine7 

 

 

 
 

Compound 22 was synthesized following the literature method. 
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2.3.2. Synthesis of catalyst 258  

 

 

Compound 25 was synthesized following the literature method. 

 

2.3.3. Synthesis of catalyst 269 

 
In this reaction slow addition of thiophosgene and also the temperature are 

important factors to control the yield of the reaction. 

 

2.3.4. Synthesis of catalysts 2710 

Catalyst 27 was synthesized by Hans Sanders following the literature method. 
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2.3.5. Synthesis of catalyst 28 

 
Boc-L-Proline (0.5 g, 2.32 mmol) was dissolved in DMF (5 ml). HOBt (0.395 g, 

2.55 mmol) and EDCI-HCl (0.39 g, 2.55 mmol) were added and the mixture was 

stirred at room temperature under nitrogen atmosphere for 0.5 h. Then ethyl 

3,4-diaminobenzoate (0.458 g, 2.54 mmol) was added, followed by DIPEA 

(0.848 ml, 4.87 mmol). The mixture was stirred in this condition for 60 h. 

Water was added and the product extracted with EtOAc. The organic phase 

was separated, dried with sodium sulphate and the solvent was evaporated. 

The product was purified by column chromatography on silica gel (EtOAc/ 

Petroleum ether: 50-100% then MeOH/ DCM: 10-50%). [𝛼]589
22  = -18.4, 1H NMR 

(400 MHz, DMSO):  δ (ppm) = 10.03 (br, 1H, NH), 8.65 (br, 1H, NH),  7.90 (d, 2H, 

J = 8 Hz, ArH), 7.56 (d, 1H, J = 8 Hz, ArH), 7.42 (br, 2H, NH2), 6.76 (d, 1H, ArH), 

4.54 (m, 1H, proline), 4.22 (q, 2H, CH2), 3.26 (m, 2H, proline), 2.44 (m, 1H, 

proline), 2.06 (m, 1H, proline), 1.96 (m, 2H, proline),  1.27 (t, 3H, CH3). 13C NMR 

(100 MHz, DMSO): 167.84, 165.88, 146.89, 128.60, 127.53, 121.29, 116.99, 

115.06, 60.14, 59.66, 46.03, 30.05, 24.00, 14.72. IR: ν (cm-1): 3419, 3336, 3219, 

3131, 2979, 2906, 1679, 1633, 1599, 1366, 1285, 1249, 1194, 1020, 940. High 

resolution mass calculated for (C14H19N3O3): 277.14232, Found: 277.1433. 

 

2.3.6. Synthesis of catalyst 2911 

 
Catalyst 29 was prepared following the procedure of reference 11. 
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2.3.7. General procedure for immobilization of the catalysts on the surface of 

glass cover slips 

2.3.7.1. Cover slips cleaning 

Ten cover slips were washed in 3% Hellmanex III solution in water by sonication 

for 1 h at 40 °C. Then, the cover slips were sonicated in deionized water for 30 

min and in EtOH for 1 h, respectively. Then, they were dried in the oven at 110 

°C for 1 h. After cooling to room temperature, the cover slips were put in the 

ozone photoreactor for 2 h.  

 

2.3.7.2. Cover slips modification20 

3µl 3-(mercaptopropyl)trimethoxysilane was pipeted on both sides of every 

slide. Then, the slides were heated for 30 min under vacuum at 100 °C. After 

cooling under inert gas atmosphere, they were transferred to the coplin jar 

containing toluene and sonicated for 30 min. The silylated slides were rinsed 

with methanol and were stored in methanol at 4 °C prior to reaction with 

catalysts. 

 

2.3.7.3. Catalysts immobilization21 

 
The holder containing ten slides was transferred to a flask equipped with a 

cooler, and 60 ml chloroform was added. After adding catalyst (3 mg) and AIBN 

(24 mg), the mixture was refluxed at 70 °C for 30 h under argon. Then, the 

slides were rinsed with chloroform and were left in the fume hood for 3 days to 

oxidize the unreacted thiols on the surface of the slides. 

We measured the water contact angle after each step. After washing the cover 

slides the measured contact angle was 10°. After silanization the contact angle 

increased to 32°. The measured contact angle after connecting the catalyst to 

the surface of the glass was 57° for catalyst 30 and 52° for catalyst 31. The 
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increasing contact angle is in agreement with the increased hydrophobicity of 

the surface that resulted from the successive changes of the functional groups. 

 

2.3.8. Synthesis of catalyst 3212 
 

 
 

Catalyst 32 was synthesized by Hans Sanders. The key step shown here used 

the procedure of ref. 12. 

 

2.4. Synthesis of the product BODIPYs 

2.4.1. General procedure for the synthesis of compound 38 

 
In a flask shielded from light, compound 15 (20 mg, 0.047 mmol) and catalyst 

(0.0047 mmol) were dissolved in 10 ml solvent. Then, benzylmercaptan (50 μL, 

0.47 mmol) was added. The mixture was stirred at room temperature until the 

reaction was completed (TLC). The solvent was evaporated and the residue was 

purified by column chromatography (EtOAc/ Petroleum ether), (Chapter 3, 

Tables 1 and 2). 1H NMR (400 MHz, CDCl3): δ = 7.25-7.68 (m, 9H, ArH), 5.99 (s, 

1H, pyrrole), 5.96 (s, 1H, pyrrole), 3.62 (s, 2H, CH2S), 3.42-3.52 (m, 2H, CH2), 

2.93-3.02 (m, 1H, CH), 2.45 (s, 3H, CH3), 2.37 (s, 3H, CH3), 1.58 (s, 6H, CH3) ppm. 
13C NMR (100 MHz, CDCl3): δ = 137.19, 130.14, 130.10, 129.24, 129.23, 128.31, 

128.30, 128.20, 127.26, 127.25, 121.48, 43.12, 43.10, 37.61, 35.15, 34.14, 
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reaction was completed (TLC). The solvent was evaporated and the residue was 

purified by column chromatography (EtOAc/ Petroleum ether), (Chapter 3, 

Tables 1 and 2). 1H NMR (400 MHz, CDCl3): δ = 7.25-7.68 (m, 9H, ArH), 5.99 (s, 

1H, pyrrole), 5.96 (s, 1H, pyrrole), 3.62 (s, 2H, CH2S), 3.42-3.52 (m, 2H, CH2), 
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29.55, 14.62 ppm. IR (neat)  = 2956, 1752, 1718, 1538, 1503, 1372, 1303, 

1190, 1153, 970 cm-1. HR Mass calculated for (C30H28BF2N3O2S): 543.19633, 

Found: 543.19950. 

 

2.4.2. General procedure for the synthesis of compound 39 

 
In a flask shielded from light, compound 17 (18.5 mg, 0.047 mmol) and catalyst 

(0.0047 mmol) were dissolved in 10 ml solvent. Then, benzylmercaptan (50 μL, 

0.47 mmol) was added. The mixture was stirred at room temperature until the 

reaction was completed. The solvent was evaporated and the residue was 

purified by column chromatography (EtOAc/ Petroleum ether), (Chapter 3, 

Tables 3 and 4). 1H NMR (400 MHz, CDCl3, 25°C): 7.45 - 7.43 (d, 2H, J = 8 Hz, Ar-

H), 7.39 - 7.26 (m, 7H), 6.01 (s, 2H, CH dimethyl pyrole), 4.72 (d, 2H, J = 8 Hz, 

CH2S), 4.47 (t, 1H, CH), 3.76-3.61(AB pattern, 2H, ΔδAB = 0.11 ppm, J = 12 Hz, 

CH2), 2.58 (s, 6H, CH3), 1.39 (s, 6H, CH3). 13C NMR (100 MHz, CDCl3): δ = 155.64, 

142.74, 137.97, 136.33, 135.29, 128.54, 121.28, 99.87, 79.08, 45.61, 43.13, 

35.93, 14.39, 14.16.  

IR:  (cm-1): 3027, 2918, 2850, 1539, 1506, 1452, 1407, 1371, 1262, 1152, 1122, 

1082, 1051, 967 cm-1. High resolution mass calculated for (C28H28BF2N3O2S): 

519.19633, Found: 519.19669. 

 

2.4.3. General procedure for the synthesis of compound 40 

In a flask shielded from light, under nitrogen atmosphere, compound 15 (20 

mg, 0.047 mmol) and catalyst (0.0047 mmol) were dissolved in 10 ml of 

solvent. Then, dimethyl malonate (54 μl, 0.47 mmol) was added. The resulting 

mixture was stirred at room temperature. After the reaction had completed, 

the solvent was evaporated and the residue was purified by column 

chromatography. (EtOAc/Petroleum ether), (Chapter 3, Table 5). 
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1H NMR (400 MHz, CDCl3): δ = 7.67-7.63 (m, 2H, ArH), 7.51-7.49 (m, 2H, ArH), 

5.98 (s, 2H, pyrrole), 4.13 (s, 1H, malonate), 3.77 (s, 6H, CH3), 3.18 (m, 1H, CH), 

2.80 (m, 2H, CH2), 2.54 (s, 6H, OCH3), 1.58 (s, 6H, CH3) ppm. 13C NMR (100 MHz, 

CDCl3): δ = 190.1, 167.69, 142.09, 133.87, 130.21, 129.49, 121.37, 52.87, 

52.84, 50.20, 38.65, 31.87, 14.58, 14.34, 14.08 ppm. IR (neat)  = 2923, 1716, 

1539, 1504, 1468, 1369, 1303, 1277, 1153, 1047, 970 cm-1. High resolution 

mass calculated for (C28H28BF2N3O6): 551.2039, Found: 551.2044. 

 

2.4.4. General procedure for the synthesis of compound 41 

 

 
In a flask shielded from light, under nitrogen atmosphere, compound 17 (18.5 

mg, 0.047 mmol) and catalyst (0.0047 mmol) were dissolved in 10 ml of 

solvent. Then, dimethyl malonate (54 μL, 0.47 mmol) was added. The resulting 

mixture was stirred at room temperature. After completing the reaction, the 

solvent was evaporated and the residue was purified by column 

chromatography. (EtOAc/Petroleum ether), (Chapter 3, Table 6). 1H NMR (400 

MHz, CDCl3): δ = 7.41-7.39 (m, 2H, ArH), 7.30-7.28 (m, 2H, ArH), 5.99 (s, 2H, 

pyrrole), 5.03-4.99 (AB pattern, 2H, ΔδAB = 0.03 ppm, J = 8 Hz, CH2), 4.32 (m, 

1H, CH), 3.94 (d, J = 12 Hz, 1H, CH), 3.82 (s, 3H, CH3), 3.58 (s, 3H, CH3),2.56 (s, 

6H, OCH3), 1.32 (s, 6H, CH3) ppm. 13C NMR (100 MHz, CDCl3): δ = 167.34, 
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29.55, 14.62 ppm. IR (neat)  = 2956, 1752, 1718, 1538, 1503, 1372, 1303, 

1190, 1153, 970 cm-1. HR Mass calculated for (C30H28BF2N3O2S): 543.19633, 

Found: 543.19950. 

 

2.4.2. General procedure for the synthesis of compound 39 

 
In a flask shielded from light, compound 17 (18.5 mg, 0.047 mmol) and catalyst 

(0.0047 mmol) were dissolved in 10 ml solvent. Then, benzylmercaptan (50 μL, 

0.47 mmol) was added. The mixture was stirred at room temperature until the 

reaction was completed. The solvent was evaporated and the residue was 

purified by column chromatography (EtOAc/ Petroleum ether), (Chapter 3, 

Tables 3 and 4). 1H NMR (400 MHz, CDCl3, 25°C): 7.45 - 7.43 (d, 2H, J = 8 Hz, Ar-

H), 7.39 - 7.26 (m, 7H), 6.01 (s, 2H, CH dimethyl pyrole), 4.72 (d, 2H, J = 8 Hz, 

CH2S), 4.47 (t, 1H, CH), 3.76-3.61(AB pattern, 2H, ΔδAB = 0.11 ppm, J = 12 Hz, 

CH2), 2.58 (s, 6H, CH3), 1.39 (s, 6H, CH3). 13C NMR (100 MHz, CDCl3): δ = 155.64, 

142.74, 137.97, 136.33, 135.29, 128.54, 121.28, 99.87, 79.08, 45.61, 43.13, 

35.93, 14.39, 14.16.  

IR:  (cm-1): 3027, 2918, 2850, 1539, 1506, 1452, 1407, 1371, 1262, 1152, 1122, 

1082, 1051, 967 cm-1. High resolution mass calculated for (C28H28BF2N3O2S): 

519.19633, Found: 519.19669. 

 

2.4.3. General procedure for the synthesis of compound 40 

In a flask shielded from light, under nitrogen atmosphere, compound 15 (20 

mg, 0.047 mmol) and catalyst (0.0047 mmol) were dissolved in 10 ml of 

solvent. Then, dimethyl malonate (54 μl, 0.47 mmol) was added. The resulting 

mixture was stirred at room temperature. After the reaction had completed, 

the solvent was evaporated and the residue was purified by column 

chromatography. (EtOAc/Petroleum ether), (Chapter 3, Table 5). 
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1H NMR (400 MHz, CDCl3): δ = 7.67-7.63 (m, 2H, ArH), 7.51-7.49 (m, 2H, ArH), 

5.98 (s, 2H, pyrrole), 4.13 (s, 1H, malonate), 3.77 (s, 6H, CH3), 3.18 (m, 1H, CH), 

2.80 (m, 2H, CH2), 2.54 (s, 6H, OCH3), 1.58 (s, 6H, CH3) ppm. 13C NMR (100 MHz, 

CDCl3): δ = 190.1, 167.69, 142.09, 133.87, 130.21, 129.49, 121.37, 52.87, 

52.84, 50.20, 38.65, 31.87, 14.58, 14.34, 14.08 ppm. IR (neat)  = 2923, 1716, 

1539, 1504, 1468, 1369, 1303, 1277, 1153, 1047, 970 cm-1. High resolution 

mass calculated for (C28H28BF2N3O6): 551.2039, Found: 551.2044. 

 

2.4.4. General procedure for the synthesis of compound 41 

 

 
In a flask shielded from light, under nitrogen atmosphere, compound 17 (18.5 

mg, 0.047 mmol) and catalyst (0.0047 mmol) were dissolved in 10 ml of 

solvent. Then, dimethyl malonate (54 μL, 0.47 mmol) was added. The resulting 

mixture was stirred at room temperature. After completing the reaction, the 

solvent was evaporated and the residue was purified by column 

chromatography. (EtOAc/Petroleum ether), (Chapter 3, Table 6). 1H NMR (400 

MHz, CDCl3): δ = 7.41-7.39 (m, 2H, ArH), 7.30-7.28 (m, 2H, ArH), 5.99 (s, 2H, 

pyrrole), 5.03-4.99 (AB pattern, 2H, ΔδAB = 0.03 ppm, J = 8 Hz, CH2), 4.32 (m, 

1H, CH), 3.94 (d, J = 12 Hz, 1H, CH), 3.82 (s, 3H, CH3), 3.58 (s, 3H, CH3),2.56 (s, 

6H, OCH3), 1.32 (s, 6H, CH3) ppm. 13C NMR (100 MHz, CDCl3): δ = 167.34, 
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166.67, 155.60, 142.72, 140.29, 137.00, 136.98, 135.21, 133.91, 131.06, 

128.68, 121.22, 54.35, 54.33, 52.97, 52.57, 42.87, 14.41, 14.38, 14.01 ppm. IR 

(neat)  = 2955, 1756, 1738, 1544, 1507, 1347, 1181, 1153, 1048, 971 cm-1. 

High resolution mass calculated for (C26H28BF2N3O6): 527.2039, Found: 

527.2152. 

 

2.4.5. General procedure for the synthesis of compound 42 

 
To a solution of compound 7 (8 mg, 0.02 mmol) in 4 ml of the solvent, 

dimedone (4.2 mg, 0.03 mmol) and catalyst (0.002 mmol) were added and the 

solution was stirred at room temperature. After consumption of starting 

materials, the reaction mixture was concentrated under reduced pressure and 

purified by flash column chromatography (EtOAc/Petroleum ether), to obtain 

the product. 1H NMR (400 MHz, CDCl3):  δ (ppm) = 7.43 (d, 2H, J = 8 Hz, ArH), 

7.23 (d, 2H, J = 8 Hz, ArH), 5.98 (s, 2H, CH-pyrrole), 4.61 (s, 2H, NH2), 4.52 (s, 

1H, CH), 2.56 (s, 6H, CH3), 2.48 (AB pattern, 2H, ΔδAB= 0.09 ppm, J = 20 Hz, 

CH2), 2.23 (AB pattern, 2H, ΔδAB = 0.16 ppm, J = 16 Hz, CH2), 1.35 (s, 6H, CH3), 

1.14 (s, 3H, CH3), 0.98 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3): 195.24, 161.11, 

157.46, 154.18, 144.04, 143.09, 133.59, 128.52, 127.87, 121.02, 117.99, 

113.85, 99.81, 62.89, 50.45, 40.48, 35.35, 31.92, 28.97, 26.72, 14.39, 14.09. IR: 

ν (cm-1): 3450, 3338, 3220, 2954, 2192, 1676, 1597, 1541, 1507, 1467, 1360, 

1305, 1213, 1190, 1038, 971. High resolution mass calculated for 

(C31H31BF2N4O2): 540.25081, Found: 540.24910. 

 

2.4.6. General procedure for the synthesis of compound 43 

To a solution of compound 10 (8 mg, 0.02 mmol) in 4 ml of the solvent, 

dimedone (4.2 mg, 0.03 mmol) and catalyst (0.002 mmol) were added and the 

solution was stirred at room temperature. 
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After consumption of starting materials, the reaction mixture was 

concentrated under reduced pressure and purified by flash column 

chromatography (EtOAc/Petroleum ether), to obtain the product. 1H NMR (400 

MHz, CDCl3):  δ (ppm) = 7.49 (m, 3H, ArH), 7.33 (m, 2H, ArH), 5.98 (s, 1H, CH-

pyrrole), 4.51 (s, 2H, NH2), 4.43 (s, 1H, CH), 2.56 (s, 6H, CH3), 2.40 (AB pattern, 

2H, ΔδAB = 0.06 ppm,       J = 16 Hz, CH2), 2.23 (AB pattern, 2H, ΔδAB = 0.03 ppm, 

J = 16 Hz, CH2), 1.58 (s, 6H, CH3), 1.11 (s, 3H, CH3), 1.08 (s, 3H, CH3). 13C NMR 

(100 MHz, CDCl3): 195.75, 161.08, 157.14, 155.14, 143.04, 135.07, 131.48, 

129.89, 128.94, 128.08, 121.09, 118.23, 112.19, 61.20, 50.54, 47.04, 40.41, 

31.99, 28.40, 28.00, 25.61, 14.47, 12.48, 11.39, 8.62. IR: ν (cm-1): 3338, 3175, 

2957, 2925, 2191, 1680, 1664, 1598, 1537, 1512, 1465, 1358, 1309, 1191, 

1158, 976. Mass calculated for (C31H31BF2N4O2)+CH3CN+Na: 604.26713, Found: 

604.26829 and Mass calculated for (C31H31BF2N4O2)+Na: 563.2406, Found: 

563.2344. 

 

2.4.7. General procedure for the synthesis of compound 44 

 

 
To the solution of compound 6 (50 mg, 0.14mmol) in 10 ml solvent 20 mol% of 

the catalyst (0.018 mmol), 10 mol% TFA, urea (5 mg, 0.08 mmol) and ethyl 
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166.67, 155.60, 142.72, 140.29, 137.00, 136.98, 135.21, 133.91, 131.06, 

128.68, 121.22, 54.35, 54.33, 52.97, 52.57, 42.87, 14.41, 14.38, 14.01 ppm. IR 

(neat)  = 2955, 1756, 1738, 1544, 1507, 1347, 1181, 1153, 1048, 971 cm-1. 

High resolution mass calculated for (C26H28BF2N3O6): 527.2039, Found: 

527.2152. 

 

2.4.5. General procedure for the synthesis of compound 42 

 
To a solution of compound 7 (8 mg, 0.02 mmol) in 4 ml of the solvent, 

dimedone (4.2 mg, 0.03 mmol) and catalyst (0.002 mmol) were added and the 

solution was stirred at room temperature. After consumption of starting 

materials, the reaction mixture was concentrated under reduced pressure and 

purified by flash column chromatography (EtOAc/Petroleum ether), to obtain 

the product. 1H NMR (400 MHz, CDCl3):  δ (ppm) = 7.43 (d, 2H, J = 8 Hz, ArH), 

7.23 (d, 2H, J = 8 Hz, ArH), 5.98 (s, 2H, CH-pyrrole), 4.61 (s, 2H, NH2), 4.52 (s, 

1H, CH), 2.56 (s, 6H, CH3), 2.48 (AB pattern, 2H, ΔδAB= 0.09 ppm, J = 20 Hz, 

CH2), 2.23 (AB pattern, 2H, ΔδAB = 0.16 ppm, J = 16 Hz, CH2), 1.35 (s, 6H, CH3), 

1.14 (s, 3H, CH3), 0.98 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3): 195.24, 161.11, 

157.46, 154.18, 144.04, 143.09, 133.59, 128.52, 127.87, 121.02, 117.99, 

113.85, 99.81, 62.89, 50.45, 40.48, 35.35, 31.92, 28.97, 26.72, 14.39, 14.09. IR: 

ν (cm-1): 3450, 3338, 3220, 2954, 2192, 1676, 1597, 1541, 1507, 1467, 1360, 

1305, 1213, 1190, 1038, 971. High resolution mass calculated for 

(C31H31BF2N4O2): 540.25081, Found: 540.24910. 

 

2.4.6. General procedure for the synthesis of compound 43 

To a solution of compound 10 (8 mg, 0.02 mmol) in 4 ml of the solvent, 

dimedone (4.2 mg, 0.03 mmol) and catalyst (0.002 mmol) were added and the 

solution was stirred at room temperature. 
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After consumption of starting materials, the reaction mixture was 

concentrated under reduced pressure and purified by flash column 

chromatography (EtOAc/Petroleum ether), to obtain the product. 1H NMR (400 

MHz, CDCl3):  δ (ppm) = 7.49 (m, 3H, ArH), 7.33 (m, 2H, ArH), 5.98 (s, 1H, CH-

pyrrole), 4.51 (s, 2H, NH2), 4.43 (s, 1H, CH), 2.56 (s, 6H, CH3), 2.40 (AB pattern, 

2H, ΔδAB = 0.06 ppm,       J = 16 Hz, CH2), 2.23 (AB pattern, 2H, ΔδAB = 0.03 ppm, 

J = 16 Hz, CH2), 1.58 (s, 6H, CH3), 1.11 (s, 3H, CH3), 1.08 (s, 3H, CH3). 13C NMR 

(100 MHz, CDCl3): 195.75, 161.08, 157.14, 155.14, 143.04, 135.07, 131.48, 

129.89, 128.94, 128.08, 121.09, 118.23, 112.19, 61.20, 50.54, 47.04, 40.41, 

31.99, 28.40, 28.00, 25.61, 14.47, 12.48, 11.39, 8.62. IR: ν (cm-1): 3338, 3175, 

2957, 2925, 2191, 1680, 1664, 1598, 1537, 1512, 1465, 1358, 1309, 1191, 

1158, 976. Mass calculated for (C31H31BF2N4O2)+CH3CN+Na: 604.26713, Found: 

604.26829 and Mass calculated for (C31H31BF2N4O2)+Na: 563.2406, Found: 

563.2344. 

 

2.4.7. General procedure for the synthesis of compound 44 

 

 
To the solution of compound 6 (50 mg, 0.14mmol) in 10 ml solvent 20 mol% of 

the catalyst (0.018 mmol), 10 mol% TFA, urea (5 mg, 0.08 mmol) and ethyl 
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acetoacetate (30 µL, 0.23 mmol) were added. The reaction was stirred at room 

temperature. After evaporation of the solvent the product was purified using 

column chromatography (ethyl acetate/ petroleum ether: 15% to 100%), then 

ethyl acetate/methanol: 9/1). 1H NMR (400 MHz, CDCl3):  δ (ppm) = 7.48 (d, 

2H, J = 8 Hz, ArH), 7.26 (d, 2H, J = 8 Hz, ArH), 5.99 (s, 2H, CH-pyrrole), 5.64 (s, 

1H, NH), 5.49 (s, 1H, NH), 4.06 (m, 2H, CH2), 2.57 (s, 6H, CH3), 2.43 (s, 3H, CH3), 

1.34 (s, 6H, CH3), 1.15 (t, 3H, CH3). 13C NMR (100 MHz, CDCl3): 165.19, 155.51, 

152.27, 146.16, 144.74, 142.78, 140.92, 134.72, 131.21, 128.34, 127.48, 

121.17, 100.93, 59.93, 55.85, 18.65, 14.47, 14.25, 14.07. IR: ν (cm-1): 3225, 

2977, 2929, 1697, 1648, 1545, 1510, 1306, 1228, 1195, 1089, 982. High 

resolution mass calculated for (C27H29BF2N4O3): 506.23008, Found: 506.23010. 
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acetoacetate (30 µL, 0.23 mmol) were added. The reaction was stirred at room 

temperature. After evaporation of the solvent the product was purified using 

column chromatography (ethyl acetate/ petroleum ether: 15% to 100%), then 

ethyl acetate/methanol: 9/1). 1H NMR (400 MHz, CDCl3):  δ (ppm) = 7.48 (d, 

2H, J = 8 Hz, ArH), 7.26 (d, 2H, J = 8 Hz, ArH), 5.99 (s, 2H, CH-pyrrole), 5.64 (s, 

1H, NH), 5.49 (s, 1H, NH), 4.06 (m, 2H, CH2), 2.57 (s, 6H, CH3), 2.43 (s, 3H, CH3), 

1.34 (s, 6H, CH3), 1.15 (t, 3H, CH3). 13C NMR (100 MHz, CDCl3): 165.19, 155.51, 

152.27, 146.16, 144.74, 142.78, 140.92, 134.72, 131.21, 128.34, 127.48, 

121.17, 100.93, 59.93, 55.85, 18.65, 14.47, 14.25, 14.07. IR: ν (cm-1): 3225, 

2977, 2929, 1697, 1648, 1545, 1510, 1306, 1228, 1195, 1089, 982. High 

resolution mass calculated for (C27H29BF2N4O3): 506.23008, Found: 506.23010. 
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Chapter 3 

Fluorescence turn-on in organocatalytic Michael reactions  

 

3.1.  Introduction 

The Michael reaction is the addition of nucleophiles such as carbon, sulfur, 

nitrogen and oxygen anions to the β position of an ,β-unsaturated carbonyl 

compound or an alkene with a cyano, nitro or sulfonyl substituent.1,2 It has 

been widely used as one of the steps to introduce new functional groups into 

molecules for the construction of complex structures. Carbon nucleophiles are 

mostly alkyl metal halides found in organometallic reagents, enolates and also 

enols.3 Oxygen nucleophiles are water, hydroxide, alkoxide and carboxylate 

anions.4 Hydrogen sulfide and its salts, thiols, thiolates, thiocarboxylic anions 

are the mostly used sulfur nucleophiles.5 Examples of nitrogen nucleophiles 

are ammonia, azide, amines and nitrites.6 Due to the advantages of 

organocatalytic synthesis considerable attention has been paid to this method 

in organic chemistry.7 For instance, progress in organocatalytic asymmetric 

Michael reactions has led to new compounds which are the building blocks of 

natural products and drugs. Despite the considerable progress in the synthesis 

of new compounds, selecting the catalyst and the condition of the reaction are 

still challenging. Having knowledge about the interaction between catalyst and 

substrates will help to better understand the mechanism of the reactions and 

consequently improve the selection or design of the catalyst for a particular 

reaction. Different methods such as NMR, ESI-MS, and quantum mechanical 

calculations have been used to figure out the mechanism of organocatalytic 

reactions.8–12 Still there is room to study this area more deeply. In this chapter 

we explore fluorescence spectroscopy as a tool to follow the interaction 

between substrate and catalyst and to monitor product formation in the 

organocatalytic Michael addition of benzyl mercaptan and dimethyl malonate 

to non-fluorescent compounds 15 and 17 to produce the strongly fluorescent 

products 38 – 41 (Schemes 4, 7-9). 
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In compounds 15 and 17, the maleimide and nitro alkene groups quench the 

fluorescence of a neighboring BODIPY chromophore due to the photo induced 

electron transfer (PET) process (Scheme 1).13,14 When they react to form a 

succinimide or a substituted nitroalkane product, the quenching is no longer 

possible and an intense green fluorescence is turned on.  

 

 

 

 

 

 

 

 

 

Scheme 1. Schematic representation of the fluorescence quenching by photoinduced 

electron transfer. (a) Switch off model; (b) LUMOacceptor > LUMOfluorophore no quenching; 

(c) LUMOacceptor  < LUMOfluorophore allows PET. 

 

3.2. Michael reaction of compound 15 with benzyl mercaptan in the presence 

of different organocatalysts 

Asymmetric organocatalytic functionalization of maleimides is an easy method 

to synthesize chiral substituted succinimide derivatives.15,16 Chiral succinimides 

are the core structure of some natural products and drug candidates which 

possess antibacterial, antiviral, antimicrobial, antigenic and antidepressant 

activities (Scheme 2).16  
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Scheme 2. Some natural products or drugs containing the succinimide core. 

 

Considering the bioactivity of these compounds and the fact that in many 

cases single enantiomer formulations can provide greater selectivity for the 

biological target and better therapeutic effects, most efforts have been 

directed to the enantioselective synthesis of these compounds.15 The Michael 

addition of nucleophiles to maleimide is one of the effective methods to 

achieve this goal.16  

In 2007 Nagano and co-workers reported the synthesis of ortho-, meta- and 

para-substituted maleimide derivatives of 10-phenyl-BODIPY. According to 

their research, the ortho-substituted maleimide derivative (compound 15) 

shows almost no fluorescence. Compound 15 was introduced as a thiol-

reactive fluorescence probe based on the BODIPY fluorophore.17 In 2011 the 

same group published a patent about the synthesis of maleimide derivatives of 

BODIPY and thiol addition and ketone addition to these BODIPY Michael 

acceptors in the presence of proline.13 Considering these results we decided to 

use compound 15 as the substrate to use fluorescence spectroscopy to 

investigate the addition of thiols to maleimide-BODIPY in the presence of 

different organocatalysts. We screened different compounds to find effective 

catalysts to promote the addition of nucleophiles to the maleimide-BODIPY. 

The natural cinchona alkaloids, quinine and quinidine and their derivatives, 2-

aminobenzimidazole,  ,-diarylprolinol, chiral bicyclic guanidine, thiourea-

tertiary amine, thiourea-primary amine organocatalysts, phase transfer 

catalysts, metal free bisoxazoline derivatives and chiral phosphine 

organocatalysts are examples of efficient catalysts for Michael addition 
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reactions.18–22 Among these catalysts, we selected a set of compounds that 

have been reported as effective in promoting the Michael addition reaction in 

high yield and enantioselectivity (Scheme 3). 

 
Scheme 3. Structures of catalysts used. 

 

The reaction between compound 15 and benzyl mercaptan was carried out in 

the presence of different catalysts and solvents at room temperature.  

 

 

 

 

 

 

 

Scheme 4. Michael addition reaction between compound 15 and benzyl mercaptan. 

 

The results of these experiments are summarized in Table 1. 
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Table 1. Reaction between compound 15 and benzyl mercaptan in the presence of 

different catalysts (10 mol%) in different solvents.  

entry catalyst solvent Yield 

(%) 

ee 

(%) 

1 25 Toluene 40 0 

2 25 DCM 80 0 

3 25 DMF 90 0 

4 25 THF 45 0 

5 26 Toluene 20 - 

6 26 DCM 57 - 

7 26 DMF 90 - 

8 26 THF 85 - 

9 27 Toluene 80 0 

10 27 DCM 75 0 

11 27 DMF 90 0 

12 27 THF 75 0 

13 28 DMF 85 0 

14 28 DMSO 70 0 

15 28 Toluene 45 13 

16 29 DMF 95 0 

17 29 DMSO 60 4 

18 29 Toluene 15 0 

19 33 CH3CN 75 0 

20 33 Toluene 18 43 

21 33 DCM 80 14 

22 33 DMF 90 0 

23 33 THF 85 0 

24 34 CH3CN 65 0 

25 34 DCM 85 12 

26 34 THF 80 0 

27 36 DCM 70 4 

28 36 Toluene 25 12 

29 37 DCM 85 0 

30 37 DMSO 90 0 

 

In most cases the product was produced in good to high yield. In some cases 

low enantioselectivity was observed (entries 15, 17, 20, 21, 25, 27, 28), but in 

other cases the reaction was not enantioselective at all. In the case of DMF as 

solvent the fluorescence turned on immediately in the presence of all 

catalysts. Slow and low yield reactions were found with toluene as the solvent. 

Then we examined the effect of temperature on the enantioselectivity of the 
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Scheme 4. Michael addition reaction between compound 15 and benzyl mercaptan. 
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reaction. It has been reported that in some cases the enantioselectivity of the 

reaction increases at low temperatures.23 We chose one hydrogen bond 

donating catalyst 33 and one covalent bond forming catalyst 37 to check the 

effect of the temperature on enantioselectivity. The results show that 

decreasing the temperature did not have the desired effect of increasing the 

enantioselectivity in this case (Table 2). 

 

 

 

 

 

 

Table 2. Reaction between compound 15 and benzyl mercaptan in the presence of 10 

mol% of catalysts 33 and 37 at different temperatures. 

entry catalyst solvent Temperature 

(°C) 

Time (h)a ee (%) 

1 33 DCM 22 6 14 

2 33 DCM 0 24 8 

3 33 DCM -20 24 0 

4 37 DMF 22 8 0 

5 37 DMF 0 24 0 

6 37 DMF -20 24 0 
a time needed for complete conversion of 15 

 

3.3. Following the Michael reaction of compound 15 with benzyl mercaptan 

in the presence of hydrogen bond donating organocatalysts using 

fluorescence spectroscopy 

The ultimate aim of these studies is figuring out the mechanism of the catalytic 

process including the interaction between starting material and the catalyst. 

The difference between the fluorescence property of the starting materials 

and the product enabled us to follow the reaction using fluorescence 

spectroscopy. Considering the fluorescence properties of compound 15, any 

change in the double bond property of the C=C is likely to change the 

fluorescence of the compound.13 In this step we focused on hydrogen bond 

donating catalysts 25, 26, 27 and 33. We followed the interaction between 

catalyst 33 and compound 15 in DCM (polar solvent) and toluene (non-polar) 

for 130 minutes using fluorescence spectroscopy. In both cases, fluorescence 
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increased slightly after adding the catalyst (4% increase in DCM and 20% 

increase in toluene) (Figure 1). 

 (a)                                                                                 (b) 

 

 

 

 

 

 

 

 

Figure 1. The emission spectra of compound 15 (0 min) and mixture of compound 15 

and catalyst 33; (a) in DCM, (b) in toluene. (3.1 mM compound 15, 0.3 mM catalyst 33) 

 

According to the suggested mechanism for this type of reactions, the 

interaction will be hydrogen bonding of the catalyst via NH groups to the 

carbonyl group of compound 15 (Scheme 5).24 

 
 

Scheme 5. (a) Proposed hydrogen bonding interaction between maleimide and 

thiourea.24 (b) Our proposed interaction: nucleophilic addition of tertiary amine. 

 

The hydrogen bonding effect is expected to increase the electron accepting 

character of the maleimide group and therefore a decrease of the fluorescence 

should occur. For comparison, we studied the effect of catalyst 26 on the 

fluorescence of 15. The only capability of this catalyst will be hydrogen bonding 

of the NH groups to the carbonyl group of the maleimide. Considering the 

structure of the catalyst, the presence of the trifluoromethyl groups on the 

phenyl rings provides a strong hydrogen bond donating property.25 Following 
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the interaction between 15 and 26 for 110 minutes did not show any change in 

the intensity of the emitted light (Figure 2). 

 

 

 

 

 

 

 

 

 

Figure 2. The emission spectrum of compound 15 (0 min) and mixture of compound 15 

and catalyst 26 (110 min after adding the catalyst) in DCM. (1 mM compound 15, 0.1 

mM catalyst 26). 

This means that hydrogen bonding of the thiourea to the carbonyl group of the 

maleimide is not responsible for the increase in fluorescence intensity 

observed due to the interaction between 15 and 33. We suggest that the 

nucleophilic addition of the amine group of the catalyst 33 to the double bond 

of the maleimide is responsible for turning on the fluorescence (Scheme 5b). In 

this adduct, the low-energy * orbital is no longer present and electron 

transfer cannot occur. The small increase of the fluorescence intensity, 

however, suggests that this binding is only weak. 

In the next step of our study, we followed the progress of the addition of 

benzyl mercaptan to compound 15 in the presence of catalysts 25, 26, 27 and 

33 at room temperature in dichloroethane by monitoring the emission spectra 

of the reaction mixtures (Figure 3). In every case we mixed compound 15 and 

the catalyst and followed the interaction between them every 5 minutes. The 

fluorescence turns on a bit due to the interaction between compound 15 and 

the catalyst when using catalysts 25, 27 and 33. Then we added benzyl 

mercaptan after about one hour to start the Michael addition reaction and 

followed the reaction by recording emission spectra for several hours. The 

concentrations used in these experiments were: maleimide-BODIPY 15: 1.2 

mM, catalyst 0.12 mM, benzyl mercaptan: 12 mM. A practical limitation of 

these experiments is that the absolute fluorescence intensities measured 

depended on the precise placement of the sample cell. When this had to be 
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removed for cleaning, we found that the absolute intensities could differ up to 

a factor of 2. We determined the integrated intensities (areas) of the emission 

bands and plotted these as a function of time. In most cases, the time profile 

could be fitted with an exponential function, corresponding to a first order 

reaction:                          

A(t) = A - (A - A0) e-k(t – t0)  (1) 

 

In eq. 1 A refers to the integrated emission band. A0 is the value before 

addition of the thiol, A is the fitted value at complete conversion (infinite 

time). 

Because the reactions were rather slow, they could not be monitored until 

completion of the reaction. Because of this, A could not be determined 

reliably. Given these uncertainties, we use the increase in A after 1000 minutes 

(A1000 = A(t=1000) – A0) as a semi-quantitative measure of the catalytic 

activity. 

In all cases the intensity of the emitted light of the mixture increases as the 

product is formed. The time profiles of the fluorescence intensity indicate that 

the rate of the reaction is not the same in all cases.  Takemoto’s catalyst 33 

(Figure 7d) is clearly the most effective. With the modified Takemoto catalyst 

25 (Figure 7a) a fast rise of the product luminescence is followed by a slower 

growth. This could be due to loss of activity of the catalyst, e.g. by product 

inhibition. The cinchona alkaloid derived catalyst 27 gives rise to a smooth 

exponential increase of the product fluorescence, but the reaction is slow and 

the conversion appears small. According to the suggested mechanism for the 

role of the functional groups on the catalyst, the amine group deprotonates the 

thiol, to provide the nucleophilic anion of the benzyl mercaptan. In the 

presence of catalyst 26, which lacks the basic tertiary amine group, however, 

the reaction still proceeds. We attribute this to the fact that hydrogen bonding 

(Scheme 5a) increases the electrophilicity of the maleimide, allowing it to react 

with the neutral benzyl mercaptan.  
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the catalyst when using catalysts 25, 27 and 33. Then we added benzyl 

mercaptan after about one hour to start the Michael addition reaction and 

followed the reaction by recording emission spectra for several hours. The 

concentrations used in these experiments were: maleimide-BODIPY 15: 1.2 

mM, catalyst 0.12 mM, benzyl mercaptan: 12 mM. A practical limitation of 

these experiments is that the absolute fluorescence intensities measured 
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Figure 3. The emission spectra (λex = 478 nm) and time evolution of the integrated 

intensities of the mixture of compound 15, benzyl mercaptan and the catalysts: (a) 

catalyst 25, (b) catalyst 26, (c) catalyst 27, (d) catalyst 33.  
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For comparison, we monitored the emission spectra of the reaction mixture in 

the absence of catalyst (Figure 4). It is clear that the background reaction in 

this case is negligible. 

 

 

                                                              

 

 

 

 

 

 

 

Figure 4. The emission spectra (λex = 478 nm) of a mixture of compound 15 and benzyl 

mercaptan after mixing, and up to 1155 min, then 5 min after adding catalyst 33 and 

35 min after adding the catalyst in dichloroethane at room temperature. 

 

The emission, excitation and absorption spectra of the pure product 38 are 

shown in Figure 5a. The fluorescence decay of the compound is well described 

by the monoexponential model (Figure 5b). 
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Figure 5. (a) Absorption, fluorescence excitation (λem = 605 nm) and fluorescence 

emission (λex = 478 nm) spectra of compound 38 in dichloromethane. (b) Time resolved 

fluorescence of compound 38 in DCM. 
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emission (λex = 478 nm) spectra of compound 38 in dichloromethane. (b) Time resolved 

fluorescence of compound 38 in DCM. 
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3.4.  Following the Michael reaction of compound 15 with benzyl mercaptan 

in the presence of immobilized organocatalysts using fluorescence 

spectroscopy 

Catalyst immobilization on solid supports has been used as a method to recycle 

the catalyst.26,27 In some cases immobilization increases the activity and 

stereoselectivity of the catalyst.28 Solid supports can be polypropylene,29 

polyethylene,30 nylon,31 poly(methyl methylacrylate),32 glass,33 silicon,34,35 etc. 

Among the available solid supports, glass is one of the preferred ones because 

of the ease of modification by silane chemistry, low cost, relatively 

homogeneous surface, and resistance to heat and also its favorable optical 

properties for highly sensitive fluorescence imaging.36 Keeping this in mind we 

immobilized two catalysts (catalysts 25 and 27) on the surface of glass. The 

glass surface was cleaned using the method described in chapter 2. The glass 

surface was modified with (3-mercaptopropyl)trimethoxysilane to generate 

reactive thiol groups. After the modification step, the catalysts were fixed on 

the glass surface using the thiol-ene reaction.37,38  

 

 
Scheme 6. Immobilized catalysts 30 (derived from catalyst 25) and 31 (derived from 

catalyst 27) on the glass surface. 

 

We followed the interaction between compound 15 and immobilized catalyst 

30 in dichloroethane for 1 h using fluorescence spectroscopy. Then, benzyl 

mercaptan was added and the Michael addition reaction was followed for 24 h. 

The results show the efficiency of the immobilized catalyst to catalyze the 

reaction (Figure 6a). The intensity of the emitted light increased due the 

formation of the Michael adduct product (Figure 6) following simple first-order 

kinetics.  
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(a)                                                                      (b) 

 

 

 

 

 

 

 

Figure 6. (a) The emission spectra of the mixture of compound 15 and benzyl 

mercaptan in DCE in the presence of the immobilized catalyst 30. (b) The intensity 

versus time trace of the reaction mixture with a single exponential fit. 

 

The rate of the conversion is about 3.5 times smaller than that obtained with 

the molecularly dissolved catalyst 33. This rate depends on the catalytic activity 

and the concentration of the catalyst. In the case of 33, the concentration is 

0.117 mM in the reaction volume V = 3 mL. Thus, the amount of catalyst in the 

reaction mixture is 3.5 × 10-7 mol. The conversion in the case of immobilized 

catalyst 30 is 3.5 times slower than in the case of 33. If we make the simple 

assumption that the activities of the two catalysts are the same, there must 

have been 1.0 × 10-7 mol of 30 in the sample. With the total surface area of the 

two cover slips of 16 cm2 we find that the density of catalyst molecules on the 

surface was ~38 molecules/nm2. Considering the size of the molecules this is 

obviously an unreasonably high density for a monolayer: only a few molecules 

fit on an area of 1 nm2.39,40 We cannot exclude that the immobilized catalyst 

molecules are more active than the ones in solution: in some reactions, 

“dimers” of cinchona alkaloids were found to be more effective than the 

monomeric catalyst,41 and if the density of catalysts on the surface is high, the 

same effect may occur. Another possibility is that the silanization procedure 

leads to multilayers,42 which may carry a higher number of reactive groups per 

unit area.   

In order to assess the possibility of recycling the catalytically active cover slips, 

the used cover slips were washed with chloroform, and the Michael reaction 

was set again using the same conditions. The result shown in Figure 7a and 7b 

indicates that the efficiency of the catalyst is substantially reduced after the 

first use. We supposed that protonation of the strongly basic amine group of 

the catalyst can be the reason for lowering of the activity. So, we stirred the 
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Scheme 6. Immobilized catalysts 30 (derived from catalyst 25) and 31 (derived from 

catalyst 27) on the glass surface. 

 

We followed the interaction between compound 15 and immobilized catalyst 

30 in dichloroethane for 1 h using fluorescence spectroscopy. Then, benzyl 

mercaptan was added and the Michael addition reaction was followed for 24 h. 

The results show the efficiency of the immobilized catalyst to catalyze the 

reaction (Figure 6a). The intensity of the emitted light increased due the 

formation of the Michael adduct product (Figure 6) following simple first-order 

kinetics.  
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Figure 6. (a) The emission spectra of the mixture of compound 15 and benzyl 

mercaptan in DCE in the presence of the immobilized catalyst 30. (b) The intensity 

versus time trace of the reaction mixture with a single exponential fit. 

 

The rate of the conversion is about 3.5 times smaller than that obtained with 

the molecularly dissolved catalyst 33. This rate depends on the catalytic activity 

and the concentration of the catalyst. In the case of 33, the concentration is 

0.117 mM in the reaction volume V = 3 mL. Thus, the amount of catalyst in the 

reaction mixture is 3.5 × 10-7 mol. The conversion in the case of immobilized 

catalyst 30 is 3.5 times slower than in the case of 33. If we make the simple 

assumption that the activities of the two catalysts are the same, there must 

have been 1.0 × 10-7 mol of 30 in the sample. With the total surface area of the 

two cover slips of 16 cm2 we find that the density of catalyst molecules on the 

surface was ~38 molecules/nm2. Considering the size of the molecules this is 

obviously an unreasonably high density for a monolayer: only a few molecules 

fit on an area of 1 nm2.39,40 We cannot exclude that the immobilized catalyst 

molecules are more active than the ones in solution: in some reactions, 

“dimers” of cinchona alkaloids were found to be more effective than the 

monomeric catalyst,41 and if the density of catalysts on the surface is high, the 

same effect may occur. Another possibility is that the silanization procedure 

leads to multilayers,42 which may carry a higher number of reactive groups per 

unit area.   

In order to assess the possibility of recycling the catalytically active cover slips, 

the used cover slips were washed with chloroform, and the Michael reaction 

was set again using the same conditions. The result shown in Figure 7a and 7b 

indicates that the efficiency of the catalyst is substantially reduced after the 

first use. We supposed that protonation of the strongly basic amine group of 

the catalyst can be the reason for lowering of the activity. So, we stirred the 
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reused cover slips in sodium bicarbonate solution for 30 min. After washing the 

cover slips with water and with chloroform, the Michael reaction was started 

again and the progress of the reaction was followed using fluorescence 

spectroscopy. The results show that the efficiency of the catalyst is improved 

by treating with sodium bicarbonate, which supports our proposed reason for 

catalyst deactivation (Figure 7c and 7d). These cover slips can be used at least 

three times without losing the catalytic efficiency. 

 (a)                                                                      (b)  

 

 

 

 

 

 

 

(c)                                                                          (d) 

 

                  

 

 

 

 

 

 

 

Figure 7. The emission spectra of the Michael reaction between compound 15 and 

benzyl mercaptan (a) In the presence of the reused immobilized catalyst 30 (b) 

Intensity versus time trace of the reaction mixture in the presence of reused catalyst 

30. (c) In the presence of the reused immobilized catalyst 30 after treatment with 

sodium bicarbonate in DCE at room temperature. (d)  Intensity versus time trace of the 

reaction mixture in the presence of reused catalyst 30 after treatment with the base. 

 

The reaction between compound 15 and benzyl mercaptan in the presence of 

immobilized catalyst 31 in DCE was followed using fluorescence spectroscopy. 

The intensity of the emitted light increased slightly during the reaction. At the 

beginning for 1 h the spectra were recorded every 5 min, then the time 

interval was increased to 30 min and after about 5 h, the spectra were 

recorded every 1 h. 
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Figure 8. The emission spectra of the Michael reaction between compound 15 and 

benzyl mercaptan in the presence of the immobilized catalyst 31 on the surface of the 

glass in DCE at room temperature. 

 

It is surprising that the immobilized cinchona alkaloid derived catalyst 31 

performs similarly to the immobilized Takemoto catalyst 30, while in solution 

catalyst 27 was not as effective as catalyst 25. Perhaps cooperativity between 

neighboring catalyst molecules plays a role here as well. 

 

 

 

 

 

 

 

 

 

 

Figure 9. The intensity vs. time traces for the fluorescence observed (Figure 8) during 

the Michael reaction of compound 15 in the presence of immobilized catalyst 31. 

 

3.5. Following the Michael reaction of compound 15 with benzyl mercaptan 

in the presence of a fluorescent organocatalyst  

The need for sensitive, and sometimes selective recognition of certain 

chemical species in solution has been the driving force to develop many 

different luminescent probe molecules.43 Different derivatives of perylene 

fused to BODIPYS have been developed to optimize the performance of the 
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spectroscopy. The results show that the efficiency of the catalyst is improved 

by treating with sodium bicarbonate, which supports our proposed reason for 
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Figure 7. The emission spectra of the Michael reaction between compound 15 and 

benzyl mercaptan (a) In the presence of the reused immobilized catalyst 30 (b) 

Intensity versus time trace of the reaction mixture in the presence of reused catalyst 

30. (c) In the presence of the reused immobilized catalyst 30 after treatment with 

sodium bicarbonate in DCE at room temperature. (d)  Intensity versus time trace of the 

reaction mixture in the presence of reused catalyst 30 after treatment with the base. 

 

The reaction between compound 15 and benzyl mercaptan in the presence of 

immobilized catalyst 31 in DCE was followed using fluorescence spectroscopy. 

The intensity of the emitted light increased slightly during the reaction. At the 

beginning for 1 h the spectra were recorded every 5 min, then the time 

interval was increased to 30 min and after about 5 h, the spectra were 

recorded every 1 h. 
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Figure 9. The intensity vs. time traces for the fluorescence observed (Figure 8) during 

the Michael reaction of compound 15 in the presence of immobilized catalyst 31. 

 

3.5. Following the Michael reaction of compound 15 with benzyl mercaptan 
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The need for sensitive, and sometimes selective recognition of certain 

chemical species in solution has been the driving force to develop many 

different luminescent probe molecules.43 Different derivatives of perylene 

fused to BODIPYS have been developed to optimize the performance of the 
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dye and overcome the present limitations.43–46 Perylene monoimide and 

bisimide dyes have been found to be suitable candidate fluorophores for single 

molecule spectroscopy47 due to their properties such as high electron 

affinities, large electron mobility, excellent thermal and oxidative stabilities, 

high molar absorptivities, and high quantum yields of fluorescence.48  

Trying to find a suitable condition for tracking the Michael addition reactions at 

the single molecule level encouraged us to label one of the catalysts with a 

perylene imide fluorophore and to investigate the ability of this derivative to 

promote the desired reaction. Catalyst 27 had already been labelled with 

perylene imide by Hans Sanders in our group.49,50 We chose this catalyst 

(catalyst 32) and followed the reaction between compound 15 and benzyl 

mercaptan using fluorescence spectroscopy. The emission spectrum of the 

mixture shows the efficient catalytic effect of the catalyst. The spectrum at 0 

minutes belongs to compound 15 and the spectrum at 5 minutes was 

measured after adding the catalyst. The catalyst is fluorescent itself and 

emission spectrum of the catalyst (λem = 539 nm) partly covers the emission of 

compound 15 (λem = 528 nm), (Figure 10a). So, the effect of interaction 

between compound 15 and the catalyst on the emission spectrum of the 

compound cannot be followed. On the other hand, there is no change in the 

emission spectrum of the catalyst during one hour. After one hour benzyl 

mercaptan is added and production of adduct 38 starts. The emission 

spectrum of the mixture changes and the intensity increases as the amount of 

the product in the mixture increases. The ascending pattern of the emission 

spectra is shown in Figure 10b. These results show the catalytic effect of 

catalyst 32 in the reaction between benzyl mercaptan and compound 15. 
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Figure 10. (a) Emission spectra of compound 15 (0 min), mixture of compound 15 and 
catalyst 32 (5 min), 5 min after adding benzyl mercaptan (65 min), the emission 
spectrum of the reaction mixture after about 80 h (5045 min) (1.1 mM compound 15, 
11.7 mM benzyl mercaptan and 0.1 mM catalyst 32 were used). (b) The emission 
spectra of the reaction mixture during the reaction. 

 

3.6. Michael addition reaction between compound 17 and benzyl mercaptan  

β-Nitroalkenes have versatile application in pharmacological industry and also 

in synthetic chemistry.51–55 Different derivatives of β-nitroalkenes are used as 

antibacterial and antifungal agents. The ease of functional transformation in 

nitroalkenes have made them valuable precursors to synthesize a wide variety 

of target molecules such as nitroalkanes,56 N-substituted hydroxylamines,57 

amines,58 ketones,59 oximes,60 and heterocyclic compounds.61,62 

We studied compound 1714 as another candidate for fluorogenic Michael 

addition reactions. The reaction between compound 17 and benzyl mercaptan 

was set in the presence of different catalysts at room temperature (Scheme 7). 

The results are summarized in Table 3. The reaction without catalyst did not 

proceed even after 12 h. 

 

 

 

 

 

 

 

Scheme 7. The Michael addition reaction between compound 17 and benzyl 

mercaptan.  
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dye and overcome the present limitations.43–46 Perylene monoimide and 

bisimide dyes have been found to be suitable candidate fluorophores for single 

molecule spectroscopy47 due to their properties such as high electron 

affinities, large electron mobility, excellent thermal and oxidative stabilities, 

high molar absorptivities, and high quantum yields of fluorescence.48  

Trying to find a suitable condition for tracking the Michael addition reactions at 

the single molecule level encouraged us to label one of the catalysts with a 

perylene imide fluorophore and to investigate the ability of this derivative to 

promote the desired reaction. Catalyst 27 had already been labelled with 

perylene imide by Hans Sanders in our group.49,50 We chose this catalyst 

(catalyst 32) and followed the reaction between compound 15 and benzyl 

mercaptan using fluorescence spectroscopy. The emission spectrum of the 

mixture shows the efficient catalytic effect of the catalyst. The spectrum at 0 

minutes belongs to compound 15 and the spectrum at 5 minutes was 

measured after adding the catalyst. The catalyst is fluorescent itself and 

emission spectrum of the catalyst (λem = 539 nm) partly covers the emission of 

compound 15 (λem = 528 nm), (Figure 10a). So, the effect of interaction 

between compound 15 and the catalyst on the emission spectrum of the 

compound cannot be followed. On the other hand, there is no change in the 

emission spectrum of the catalyst during one hour. After one hour benzyl 

mercaptan is added and production of adduct 38 starts. The emission 

spectrum of the mixture changes and the intensity increases as the amount of 

the product in the mixture increases. The ascending pattern of the emission 

spectra is shown in Figure 10b. These results show the catalytic effect of 

catalyst 32 in the reaction between benzyl mercaptan and compound 15. 
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Table 3. Reaction between compound 17 and benzyl mercaptan in the presence of 

different catalysts at room temperature for 24 h. 

Entry Catalyst (10 mol%) Solvent yield (%) ee (%) 

1 25 Toluene >99 12 

2 25 DCM >99 21 

3 25 DMF >99 0 

4 25 DCE >99 0 

5 25 THF >99 25 

6 26 Toluene 65 - 

7 26 DCM 56 - 

8 26 DMF >99 - 

9 26 DCE 85 - 

10 26 THF 45 - 

11 27 Toluene >99 50 

12 27 DCM >99 26 

13 27 DMF >99 0 

14 27 DCE >99 43 

15 27 THF >99 50 

16 33 Toluene >99 0 

17 33 DCM >99 10 

18 33 DMF >99 0 

19 33 DCE >99 0 

20 33 THF >99 0 

 

The reactions in the presence of catalyst 26 have moderate yields (except 

using DCE and DMF as the solvents), while the reactions in the presence of the 

other catalysts in all solvents are quantitative. These results show the role of 

the basic group of the catalyst to facilitate the addition of the nucleophile by 

generating the thiolate anion. 

The product of the reactions in DMF in the presence of all four catalysts is 

racemic. There is moderate enantioselectivity using catalyst 27 in other 

solvents. The reactions in DCM, THF and toluene in the presence of catalyst 25 

produce the product with low enantioselectivity. The reaction using catalyst 33 

Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

Chapter 3                                                                                                                        61 
 

 
 

has low enantioselectivity in DCM but in other solvents only racemic mixtures 

were obtained.  

The reaction between compound 17 and benzyl mercaptan in the presence of 

catalyst 33 in the mixture of DCM and toluene was carried out at room 

temperature and at -20oC to test the effect of temperature on 

enantioselectivity (Table 4). Toluene is a suitable solvent for the Michael 

reaction of nitrostyrenes,28 but compound 17 dissolves only slightly in toluene, 

especially at lower temperatures. Therefore, 2% DCM was added to toluene to 

increase the solubility of the compound. The ee of the reaction at low 

temperature is similar to that at room temperature. The yield of the reaction is 

>70% in both cases. The reaction needed more time to complete at -20 oC than 

at room temperature: the fluorescent spot belonging to product was observed 

on the TLC plate only after 20 h.  

 

Table 4. Reaction between compound 17 and benzyl mercaptan in the presence of 10 

mol% catalyst 33. 

entry solvent Temperature (°C) Time (h) ee (%) Yield (%) 

1 Toluene /DCM (2%) RT 6 14 75 

2 Toluene/DCM (2%) -20 48 15 72 

 

 

The fluorescence in 17 is quenched by electron transfer, but removal of the 

double bond, like in the case of 15, effectively removes the electron accepting 

unit. Thus, 17 acts as a fluorogenic species in addition reactions to the double 

bond.14 First, we monitored the fluorescence of a mixture of compound 17 and 

catalyst 25 in DCE for 15 h. The intensity of the emitted light decreased slightly 

during the time (Figures 11a and 11b). By adding benzyl mercaptan and 

producing the adduct 39, product fluorescence turns on and the intensity of 

the emitted light increases as the reaction progresses (Figures 11c, 11d). 
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bond.14 First, we monitored the fluorescence of a mixture of compound 17 and 

catalyst 25 in DCE for 15 h. The intensity of the emitted light decreased slightly 
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Figure 11. (a) The emission spectra of the solution of compound 17 in DCE in the 

presence of catalyst 25. (b) Intensity versus time trace of mixture of compound 17 and 

catalyst 25. (c) The emission spectra of the solution of compound 17 and benzyl 

mercaptan in DCE in the presence of catalyst 25. (d) Fluorescence intensity versus time 

trace of mixture of compound 17, catalyst 25 and benzyl mercaptan. 

 

The absorption, fluorescence emission and excitation spectra and time 

resolved fluorescence of compound 39 are presented in Figure 12. 
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Figure 12. (a) Absorption, fluorescence excitation (λem = 595 nm) and fluorescence 

emission (λex = 478 nm) spectra of Michael addition product 39 in DCM. (b) Time 

resolved fluorescence of compound 39 in DCM.  
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3.7.  Michael addition of reaction compound 15 and dimethyl malonate  

The Michael reaction is a favorable method for C-C bond formation in synthetic 

chemistry.63,64 We used dimethyl malonate as the nucleophile precursor to 

react with compound 15 (Scheme 8) and compound 17 (Scheme 9) under 

catalytic conditions.  

 

 

 

 

 

 

 

 

Scheme 8. The Michael addition of dimethyl malonate to compound 15. 

 

The Michael addition of dimethyl malonate to compound 15 produced the 

Michael adduct 40 in good yield (70%) and high enantioselectivity (93%) in the 

presence of catalyst 33. The results are summarized in table 5.   

Addition of dimethyl malonate to compound 15 is slower than the addition of 

benzyl mercaptan to this compound. Following the reaction by TLC shows 

fluorescence turn on which is the sign of changing the double bond character 

of the maleimide moiety due to formation of the product. The reaction at 

different temperatures provided the product in high enantiomeric excess. All 

of the reactions were stopped after 72 h. The reaction in the presence of 

triethylamine as the base was used as a control experiment to obtain a racemic 

mixture, which could be used to determine the position of the peaks of the 

enantiomers in HPLC analysis.  

   

Table 5. The result of the reaction between compound 15 and dimethyl malonate in 

toluene with 10 mol% of catalyst after 72 h. 

entry catalyst Temperature 

(°C) 

Yield 

(%) 

ee 

(%) 

1 Et3N 22 75 0 

2 33 22 70 93 

3 33 50 72 90 

4 33 -20 25 92 
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Figure 11. (a) The emission spectra of the solution of compound 17 in DCE in the 

presence of catalyst 25. (b) Intensity versus time trace of mixture of compound 17 and 

catalyst 25. (c) The emission spectra of the solution of compound 17 and benzyl 

mercaptan in DCE in the presence of catalyst 25. (d) Fluorescence intensity versus time 

trace of mixture of compound 17, catalyst 25 and benzyl mercaptan. 

 

The absorption, fluorescence emission and excitation spectra and time 

resolved fluorescence of compound 39 are presented in Figure 12. 
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Figure 12. (a) Absorption, fluorescence excitation (λem = 595 nm) and fluorescence 

emission (λex = 478 nm) spectra of Michael addition product 39 in DCM. (b) Time 

resolved fluorescence of compound 39 in DCM.  
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triethylamine as the base was used as a control experiment to obtain a racemic 
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The absorption, fluorescence emission and excitation spectra, and 

fluorescence decay curve of compound 40 are presented in Figure 13. 

 

(a)                                                                         (b) 

 

 

 

 

 

 

 

Figure 13. (a) Absorption, fluorescence excitation (λem = 605 nm) and fluorescence 

emission (λex = 475 nm) spectra of compound 40 in DCM. (b) Time resolved 

fluorescence of compound 40 in DCM.  

 

3.8. Reaction of the BODIPY-Maleimide and BODIPY-Nitroalkene with carbon 

nucleophiles 

Addition of dimethyl malonate to compound 17 provides the Michael adduct 

41 with ~ 90% ee in the mixture of toluene and DCM at different temperatures 

(Scheme 9). The results are presented in Table 6. 

 

 

 

 

 

 

 

 

Scheme 9. The Michael reaction between compound 17 and dimethyl malonate. 

 

Changing the temperature does not have a considerable effect on 

enantioselectivity. Following the reaction with TLC shows that the fluorescence 

turns on about 24 h after starting the reaction. The reactions were stopped 

after 72 h.  
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Table 6. HPLC results of the reaction between compound 17 and dimethyl malonate in 

the presence of 10 mol% catalyst in toluene/DCM(2%) after 72 h. 

entry catalyst Temperature (°C) Yield (%) ee (%) 

1 Et3N 22 60 0 

2 42 22 70 90 

3 42 50 72 90 

4 42 -20 50 92 

 

The absorption, fluorescence emission, excitation spectra and time resolved 

fluorescence of compound 41 are presented in Figure 14. 

 

(a)                                                                                     (b) 

 

 

 

 

 

 

 

 

Figure 14. (a) Absorption, fluorescence excitation (λem = 600 nm) and fluorescence 

emission (λex = 475 nm) spectra of Michael adduct 41 in DCM. (b) Time resolved 

fluorescence of compound 41 in dichloromethane. 

 

The photophysical and kinetic parameters of the pure products are summarized 

in Table 7.65–68 The products have fluorescence quantum yields between 0.56 

and 0.95. The highest quantum yield is found for compound 38. The quantum 

yields for the Michael addition products reported by Nagano’s group are in the 

range between 0.60-0.83.13 The lifetimes and quantum yields of the products 

resulting from compound 15 are higher than the ones resulted from compound 

17. Possibly, the nitro groups in 39 and 41 exert a small quenching effect. The 

radiative rate constants for the four compounds are similar, as expected for the 

BODIPY fluorophore. 
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Changing the temperature does not have a considerable effect on 

enantioselectivity. Following the reaction with TLC shows that the fluorescence 

turns on about 24 h after starting the reaction. The reactions were stopped 

after 72 h.  
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Table 7. Photophysical and kinetic parameters of the products in dichloromethane 

Compound λmax,abs
a

 

(nm) 
εb 

(L mol-1 
cm-1) 

*ϕf
c τd 

(ns) 
kf

e 
(s-1) 

knr
f 

(s-1) 
λmax,em

g
 

(nm) 

38 509 50000 0.95 9.7 9.7 × 107 5.1 × 106 528 

39 502 80000 0.56 5.2 8.4 × 107 1.1 × 108 513 

40 508 95000 0.81 9.3 8.7 × 107 2.1 × 107 531 

41 502 80000 0.62 5.9 1.0 × 108 6.4 × 107 518 

a Absorbance maximum, b Molar absorption coefficient, c Fluorescence 

quantum yield, d Fluorescence decay time, e Fluorescence rate constant  

kf = ϕf /τ, f Non-radiative rate constant knr = τ-1 - kf, g Emission maximum. *4-

(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM dye) was 

used as the reference.69  

 

3.9.  Conclusion 

In this chapter we introduce fluorescence spectroscopy as a useful and facile 

method to monitor the Michael addition reaction of two different nucleophiles 

to two fluorogenic BODIPY derivatives. While more acidic thiols react 

spontaneously with Michael acceptors, benzyl mercaptan requires a catalyst to 

do so under the reaction conditions chosen. Enantioselectivity, however, is low. 

With dimethyl malonate the reaction is slower, and more enantioselective. 

Dimethyl malonate is less acidic than benzyl mercaptan, and probably the 

anion is more tightly bound to the catalysts in the transition state of the 

carbon-carbon bond forming reactions, so that the chirality of the catalyst can 

be transferred more successfully than in the case of the mercaptan. 

Modified cupreidine and Takemoto catalysts were immobilized on glass cover 

slips, and shown to successfully catalyze the addition of benzyl mercaptan to 

the fluorogenic maleimide BODIPY 15. Another cupreidine derivative 32, itself 

labeled with a fluorescent perylene imide unit, was also shown to act as a 

catalyst for this reaction. These two achievements are important for the 

monitoring of the Michael reaction with single molecule fluorescence 

techniques and will be used in Chapter 6. 

This study expands the possibility of using different techniques to investigate 

the mechanism of organocatalytic reactions.  
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Table 7. Photophysical and kinetic parameters of the products in dichloromethane 

Compound λmax,abs
a

 

(nm) 
εb 

(L mol-1 
cm-1) 

*ϕf
c τd 

(ns) 
kf

e 
(s-1) 

knr
f 

(s-1) 
λmax,em

g
 

(nm) 

38 509 50000 0.95 9.7 9.7 × 107 5.1 × 106 528 

39 502 80000 0.56 5.2 8.4 × 107 1.1 × 108 513 

40 508 95000 0.81 9.3 8.7 × 107 2.1 × 107 531 

41 502 80000 0.62 5.9 1.0 × 108 6.4 × 107 518 

a Absorbance maximum, b Molar absorption coefficient, c Fluorescence 

quantum yield, d Fluorescence decay time, e Fluorescence rate constant  

kf = ϕf /τ, f Non-radiative rate constant knr = τ-1 - kf, g Emission maximum. *4-

(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM dye) was 

used as the reference.69  

 

3.9.  Conclusion 

In this chapter we introduce fluorescence spectroscopy as a useful and facile 

method to monitor the Michael addition reaction of two different nucleophiles 

to two fluorogenic BODIPY derivatives. While more acidic thiols react 

spontaneously with Michael acceptors, benzyl mercaptan requires a catalyst to 

do so under the reaction conditions chosen. Enantioselectivity, however, is low. 

With dimethyl malonate the reaction is slower, and more enantioselective. 

Dimethyl malonate is less acidic than benzyl mercaptan, and probably the 

anion is more tightly bound to the catalysts in the transition state of the 

carbon-carbon bond forming reactions, so that the chirality of the catalyst can 

be transferred more successfully than in the case of the mercaptan. 

Modified cupreidine and Takemoto catalysts were immobilized on glass cover 

slips, and shown to successfully catalyze the addition of benzyl mercaptan to 

the fluorogenic maleimide BODIPY 15. Another cupreidine derivative 32, itself 

labeled with a fluorescent perylene imide unit, was also shown to act as a 

catalyst for this reaction. These two achievements are important for the 

monitoring of the Michael reaction with single molecule fluorescence 

techniques and will be used in Chapter 6. 

This study expands the possibility of using different techniques to investigate 

the mechanism of organocatalytic reactions.  
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Chapter 4 

Organocatalytic synthesis of fluorescent chromenes 

 

4.1. Chromenes and fluorogenic reactions  

Chromene is a structural component in biologically active and natural 

compounds such as alkaloids, tocopherols, flavonoids, and anthocyanins.1–4 

Functionalized chromenes have attracted a lot of attention in the field of 

synthetic and medicinal chemistry (Scheme 1).5–11 There are two isomers of 

chromenes, 2-H-chromene and 4-H-chromene. 

 

 
Among the diverse chromene derivatives, 2-amino-4H-chromenes are reported 

as potential drugs in the treatment of human inflammatory TNFa-mediated 

diseases.12 Cytotoxicity of 2-amino-3-carbonitrile-4H-chromene in human acute 

myeloid leukemia (AML) cell lines has been demonstrated. These compounds 

bind to the surface pocket of the cancer-implicated Bcl-2 protein and induce 

apoptosis or programmed cell death in follicular lymphoma B cells and 

leukemia HL-60 cells.13–15  

Luminescent labeling of cells is used for flow cytometry or microscopy.16–18 The 

function of the cells can, however, be affected by the dye. Furthermore, some 

dyes cannot be used in combination with other dyes.19 Having a broader 

spectrum of dyes provides more possibilities for researchers to overcome the 

limitations of the available ones. Especially, if the labeling agent is the drug 

itself, it will be possible to detect the components of the biological assemblies 

and to perform imaging and flow cytometry at the same time. In this case, 

there is hope to find the mechanism of the interaction between the drug and 

the tumor cell to design more effective drugs. Fluorescent chromophores have 

been widely used for labeling different molecular or nano-objects, but they 
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also offer novel opportunities for monitoring chemical reactions with the 

ultimate sensitivity level of single molecule detection.20  

 

 
 

Scheme 1. Drugs with a chromene-like structure.11 

 

Apart from their biological relevance, fluorescent chromenes have applications 

in other fields, e.g. organic light emitting diodes. Kim and coworkers 

synthesized 2-(2-(4(diphenylamino)styryl)-4H-chromen-4-ylidene) malononit-

rile (DCCPA) derivatives.  They could improve the color purity of the OLEDs and 

physical properties of the emitting materials by changing the spacer between 

diphenylamine and (chromen-4-ylidene)malononitrile moieties.27 
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An example of the reactions they studied is shown in Scheme 2.  

 

 
Scheme 2. Synthesis of DCCPA derivative with application in organic light emitting 

diodes.27 

 

Zhao and coworkers synthesized the rhodamine chromene-based probe to 

monitor the intracellular Cu2+ level in living HeLa cells (Scheme 3).28 

 

 

 
Scheme 3. Synthesis of fluorescence turn on probe to monitor the level of Cu2+ and the 

mechanism of action.28 

 

Yin and coworkers reported the application of a chromene derivative for the 

selective detection of cysteine as fluorescent probe based on click chemistry. 

The nucleophilic attack of cysteine to the ,β-unsaturated ketone in probe I 

resulted in the turn-on fluorescent emission due to ring opening. (Scheme 4).29 

 

 

 

 

 

 

 

Scheme 4.  Synthesis of probe I and the detection mechanism.29 
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BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes are often the 

preferred choice for labelling applications. They are relatively nonpolar and the 

chromophore is electrically neutral. These properties tend to minimize dye-

induced perturbation of the functionality of the labelled species.21–24 Several 

fluorogenic BODIPY derivatives are known, including compounds 7 and 10. 

These compounds have been used, respectively, as fluorescent turn-on and 

turn-off probes for the detection of cyanide in solution.25,26 To the best of our 

knowledge there is no report about the application of compounds 7 and 10 in 

organocatalytic synthetic reactions. This chapter involves the main results of 

the first usage of these compounds in organocatalytic Michael addition 

reactions. 

  

4.2. Fluorescent Chromenes 

In our work we coupled two dicyano alkene derivatives of BODIPY (compounds 

725,30,31 and 1026,32) with dimedone to produce the corresponding fluorescent 

chromenes (Scheme 5). These products have the capacity to be used as 

labeling agents and potentially also as drugs to treat tumors. These properties 

can enable detecting the tumor cells and target oriented treatment by using 

the same compound. 

In compounds 7 and 10 the BODIPY skeleton is responsible for the 

fluorescence. In compound 7 the fluorescence is strongly quenched by a photo 

induced electron transfer mechanism.25 The BODIPY part of the molecule acts 

as an electron donor,33,34 the dicyanoalkene as the electron acceptor. In this 

compound the two units are not effectively conjugated because the 8-phenyl 

substituent is almost orthogonal to the BODIPY.34  

In compound 10, on the other hand, the fluorescence is not quenched. In this 

case, the dicyanoalkene group is directly conjugated with the BODIPY unit, and 

the excited state has mostly a delocalized π-π* character.32 

The Michael addition to the double bond of the dicyano alkene in 7 turns on 

the fluorescence because this effectively removes the electron acceptor unit. 

This phenomenon allows us to follow the addition of the nucleophile to form 

compound 42 using fluorescence spectroscopy.  
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Scheme 5. Synthesis of 2-amino-3-carbonitrile-4H-chromenes 42 and 43. 

 

The ability of hydrogen bond forming catalysts to speed up and control the 

enantioselectivity of the Michael addition reactions has been amply 

demonstrated. Among the many available catalysts, we selected catalysts 33-

36 which have been reported to promote the Michael addition reaction in high 

yield and enantioselectivity (Scheme 6).35,36 

 

 

 

 

 

 

 

 

Scheme 6. Catalysts used to synthesize the fluorescent chromenes. 

 

In these catalysts, the amine group provides the required basicity to produce 

the nucleophilic dimedone anion and the hydrogen bond donating groups can 

activate the Michael acceptor by hydrogen bonding to the cyano groups. The 

reaction between dicyanoalkene-BODIPY 7 and dimedone was performed 

using different catalysts in DCM at room temperature (Table 1). 

 



Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

76                                           Organocatalytic synthesis of fluorescent chromenes 
 

 
 

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes are often the 

preferred choice for labelling applications. They are relatively nonpolar and the 

chromophore is electrically neutral. These properties tend to minimize dye-

induced perturbation of the functionality of the labelled species.21–24 Several 

fluorogenic BODIPY derivatives are known, including compounds 7 and 10. 

These compounds have been used, respectively, as fluorescent turn-on and 

turn-off probes for the detection of cyanide in solution.25,26 To the best of our 

knowledge there is no report about the application of compounds 7 and 10 in 

organocatalytic synthetic reactions. This chapter involves the main results of 

the first usage of these compounds in organocatalytic Michael addition 

reactions. 

  

4.2. Fluorescent Chromenes 

In our work we coupled two dicyano alkene derivatives of BODIPY (compounds 

725,30,31 and 1026,32) with dimedone to produce the corresponding fluorescent 

chromenes (Scheme 5). These products have the capacity to be used as 

labeling agents and potentially also as drugs to treat tumors. These properties 

can enable detecting the tumor cells and target oriented treatment by using 

the same compound. 

In compounds 7 and 10 the BODIPY skeleton is responsible for the 

fluorescence. In compound 7 the fluorescence is strongly quenched by a photo 

induced electron transfer mechanism.25 The BODIPY part of the molecule acts 

as an electron donor,33,34 the dicyanoalkene as the electron acceptor. In this 

compound the two units are not effectively conjugated because the 8-phenyl 

substituent is almost orthogonal to the BODIPY.34  

In compound 10, on the other hand, the fluorescence is not quenched. In this 

case, the dicyanoalkene group is directly conjugated with the BODIPY unit, and 

the excited state has mostly a delocalized π-π* character.32 

The Michael addition to the double bond of the dicyano alkene in 7 turns on 

the fluorescence because this effectively removes the electron acceptor unit. 

This phenomenon allows us to follow the addition of the nucleophile to form 

compound 42 using fluorescence spectroscopy.  

 

 

 

 

Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

Chapter 4                                                                                                                      77 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5. Synthesis of 2-amino-3-carbonitrile-4H-chromenes 42 and 43. 

 

The ability of hydrogen bond forming catalysts to speed up and control the 

enantioselectivity of the Michael addition reactions has been amply 

demonstrated. Among the many available catalysts, we selected catalysts 33-

36 which have been reported to promote the Michael addition reaction in high 

yield and enantioselectivity (Scheme 6).35,36 

 

 

 

 

 

 

 

 

Scheme 6. Catalysts used to synthesize the fluorescent chromenes. 

 

In these catalysts, the amine group provides the required basicity to produce 

the nucleophilic dimedone anion and the hydrogen bond donating groups can 

activate the Michael acceptor by hydrogen bonding to the cyano groups. The 

reaction between dicyanoalkene-BODIPY 7 and dimedone was performed 

using different catalysts in DCM at room temperature (Table 1). 
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Table 1. Reaction between dimedone and compound 7 in the presence of different 

catalysts in DCM at room temperature. 

 

 

 

 

The result of the reactions between dicyanoalkene-BODIPY 7 and dimedone in 

the presence of catalyst 33 showed catalysis of the reaction in both polar and 

non-polar solvents at room temperature (Table 2). Reaction in 

dichloromethane (DCM) and toluene at room temperature provided the 

product with 42-44% ee. The reaction in THF was not enantioselective. The 

progress of the reaction was followed in DCM at different temperatures (Table 

2). 

 

Table 2. Reaction between dimedone and compound 7 in the presence of catalyst 33 

(10 mol%). 

Solvent Toluene DCM DCM DCM THF 

Temperature (°C) 25 25 0 -20 25 

ee (%) 42 44 44 51 0 

 

The enantioselectivity does not change considerably at different temperatures. 

Decreasing the temperature slows down the reaction, but the enantiomeric 

excess is a bit higher. 

We applied similar conditions for the reactions between compound 10 and 

dimedone in the presence of the different catalysts (Table 3). 

 

Table 3. Reaction between dimedone and compound 10 in the presence of different 

catalysts at room temperature. 

Catalyst (10 mol%) 33 33 34 35 36 

Solvent Toluene DCM DCM DCM DCM 

ee (%) 27 34 41 34 12 

Yield (%) 65 68 72 65 68 

 

In compound 10 conjugation of the double bond of the dicyano alkene group 

with the pyrrole moiety of the BODIPY decreases the nucleophilicity of this 

Catalyst (10 mol%) 33 34 35 36 

ee (%) 44 42 10 20 

Yield (%) 80 85 70 73 
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group. As a result, the reaction with dimedone is slower for compound 10 than 

for compound 7.  

We determined photophysical properties of the pure reactants and products 

by means of absorption and fluorescence spectroscopy, and time-resolved 

fluorescence.37–39 The results are summarized in Table 4.  

 

Table 4. Photophysical parameters of compounds 7, 10, 42 and 43 in DCM. 

Compound λmax, abs
a

 

(nm) 

εb (103 L 

mol-1 cm-1) 

λem
c
 

(nm) 

*ϕf
d τe 

(ns) 

kf
f 

(s-1) 

knr
g 

(s-1) 

 

7 

 

505 

 

75 

 

517 

 

0.025 

0.01(0.57); 

1.4 (0.30); 

3.1 (0.13) 

  

10h 516 

(514) 

77 

(55) 

532 

(543) 

0.54 

(0.45) 

 

3.08 

 

1.7 × 108 

 

1.5 × 108 

42 500 74 511 0.45 3.50 1.3 × 108 1.6 × 108 

43 512 78 523 0.61 3.94 1.6 × 108 1.0 × 108 
a Absorbance maximum, b Molar absorption coefficient, c Emission maximum, d Quantum 

yield, e Decay time; for 1 the three time constants are given with amplitudes in 

parentheses, f Fluorescence rate constant kf = ϕf /τ, g Non-radiative rate constant knr = τ-1 

- kf, h Literature values from ref. 32 are given in parentheses. *4-(Dicyanomethylene)-2-

methyl-6-(4-dimethylamino styryl)-4H-pyran (DCM dye) was used as the reference.40 

 

The absorption spectra are all similar, as expected, with small red shifts for 10 

and 43, in which the BODIPY core is substituted. The absorption coefficients 

and radiative rate constants are similar, and characteristic for the BODIPY 

chromophore. The fluorescence decays of compounds 10, 42, and 43 are 

described very well by a mono-exponential model (Figure 1).  

In the case of compound 7, however, we observed a tri-exponentially decaying 

intensity with a time constant of ~10 ps for the major fraction, corresponding 

to the strongly quenched fluorescence (Figure 2). 

The time resolution of our set-up is insufficient to resolve this properly, so the 

real time constant may be smaller than 10 ps. A slow decay component is 

present with a time constant similar to that of the other BODIPY derivatives 

and may be due to a minor impurity in the sample. A third component with an 

intermediate decay time is clearly present, however. Future research will be 

needed to ascertain its origin. 
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Figure 1. Time resolved fluorescence of compounds 10, 42, and 43 in 

dichloromethane.  

 

 

 

 

 

 

 

 

 

Figure 2. Time resolved fluorescence of compound 7 in DCM. 

 

We applied fluorescence spectroscopy to follow the progress of the Michael 

reaction. In order to be able to measure the fluorescence of the reaction 

mixture directly, an HPLC pump was used to circulate the solution through a 

microcuvette in the sample compartment of the fluorescence spectrometer. 

The emission spectrum of the mixture was measured every 30 minutes for 32 

h. In order to decrease the error due to evaporation of the solvent and 

changing the concentration of the mixture, we used the less volatile 

dichloroethane (DCE) as the solvent instead of DCM. The emission of the 
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solution of compound 7 in DCE was measured. Then, catalyst 33 and dimedone 

were added to the solution. The increase of the intensity of fluorescence, 

already clearly visible after 5 minutes, shows formation of the product. This 

increase slows down after 25 h (Figure 3). 

(a)                                                                         (b) 

 

 

 

 

 

 

 

 

 

Figure 3. Emission spectra (λex = 478 nm) of the mixture of the reaction between 

dimedone and compound 7 in the presence of catalyst 33 in DCE at room temperature. 

(a) during the first two hours, (b) during the later stages of the reaction. 

 

It is evident that the shape of the spectrum changes during the course of the 

reaction. Initially, the product spectrum is broad and peaks at ~540 nm (Fig. 

3(a)), later it shows a pronounced peak at 532 nm (Fig. 3(b)). We tentatively 

attribute this change to the presence of a distinct intermediate, which initially 

builds up, and then decays as the final product is formed in a cyclization 

reaction (Scheme 7). 

 

 

 

 

 

 

 

 

 

Scheme 7. Mechanism of formation of compound 42. 
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Figure 2. Time resolved fluorescence of compound 7 in DCM. 

 

We applied fluorescence spectroscopy to follow the progress of the Michael 

reaction. In order to be able to measure the fluorescence of the reaction 

mixture directly, an HPLC pump was used to circulate the solution through a 

microcuvette in the sample compartment of the fluorescence spectrometer. 

The emission spectrum of the mixture was measured every 30 minutes for 32 

h. In order to decrease the error due to evaporation of the solvent and 

changing the concentration of the mixture, we used the less volatile 

dichloroethane (DCE) as the solvent instead of DCM. The emission of the 

Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

Chapter 4                                                                                                                      81 
 

 
 

solution of compound 7 in DCE was measured. Then, catalyst 33 and dimedone 

were added to the solution. The increase of the intensity of fluorescence, 

already clearly visible after 5 minutes, shows formation of the product. This 

increase slows down after 25 h (Figure 3). 

(a)                                                                         (b) 

 

 

 

 

 

 

 

 

 

Figure 3. Emission spectra (λex = 478 nm) of the mixture of the reaction between 

dimedone and compound 7 in the presence of catalyst 33 in DCE at room temperature. 

(a) during the first two hours, (b) during the later stages of the reaction. 

 

It is evident that the shape of the spectrum changes during the course of the 

reaction. Initially, the product spectrum is broad and peaks at ~540 nm (Fig. 

3(a)), later it shows a pronounced peak at 532 nm (Fig. 3(b)). We tentatively 

attribute this change to the presence of a distinct intermediate, which initially 

builds up, and then decays as the final product is formed in a cyclization 

reaction (Scheme 7). 

 

 

 

 

 

 

 

 

 

Scheme 7. Mechanism of formation of compound 42. 
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In contrast to compound 7,25,30,31 its isomer 1026,32 is strongly fluorescent. The 

direct interaction of the dicyano alkene group with the pyrrole moiety 

increases the length of the conjugated system, which leads to red shifted 

absorption and emission spectra, but also to lower reactivity because the 

electron rich BODIPY donates some electron density to the Michael acceptor 

group. As a result, the reaction of compound 10 with dimedone is clearly 

slower (Figure 4) than that of 7. 

 

 

 

 

 

 

 

 

 

 

Figure 4. Emission spectra of the mixture of the reaction between dimedone and 

compound 10 in the presence of catalyst 33 in DCE at room temperature (λex = 478 

nm). 

 

We note that the shape and the position of the emission spectrum of 

compound 10 and its reaction product in this experiment are notably different 

from the spectra at low concentrations that were used to determine the 

photophysical properties. The red-shifted and broadened spectra are due to 

the higher concentrations used in the reaction mixture. 

At higher concentrations the second shoulder appears at longer wavelengths. 

The intensity of this new shoulder increases by increasing the concentration. 

This change can arise from aggregation of the compound (Figure 5). During the 

reaction leading to product 43, we observe only a small change in the intensity 

of the emitted light. 

This work provides a simple method to synthesize labeled chromenes, and 

introduces fluorescence spectroscopy as a powerful tool to follow the reaction 

of the fluorogenic substrate 7. An intermediate of the two-step reaction could 

be detected by its fluorescence spectrum that is different from that of the 

product. The fluorescence of products 42 and 43 allows these compounds to 
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be screened using imaging methods and opens a new avenue for the study of 

the efficiency of these compounds in the treatment of diseases. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Emission spectra of compound 10 in dichloromethane at different 

concentrations (λex = 478 nm). 
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Chapter 5 

Organocatalytic Biginelli reaction 

 

5.1.  Introduction 

The formation of 3,4-dihydropyrimidin-2(1H)-ones (DHPMs) by the 
condensation of ethyl acetoacetate, urea, and an aryl aldehyde was first 
discovered by Pietro Biginelli and is hence called the Biginelli reaction 
(Scheme1 ).1–3  

 
Scheme 1. The Biginelli reaction. 

 
The products of this reaction are often pharmacologically active molecules, 
and depending on the substitutions they may have applications including anti-
tumor activity, anti-hypertensive agents, potassium channel antagonists, anti-
HIV-agents, anti-epileptics, anti-tubercular activity, anti-malarials, anti-
microbials, anti-inflammatories, anti-bacterial activity, and various others 
(Scheme 2).4–9 

 
Scheme 2. Important drug molecules containing the DHPM structure. 

 
The mechanism of the reaction was first discussed by Folkers and Johnson10 
some 40 years after the discovery of the reaction by Biginelli, but it is still a 
subject of debate.11 The proposed mechanisms are based on the possible 
combinations of the three reacting components as will be discussed more 
extensively in section 5.3.  
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The mechanism of the reaction was first discussed by Folkers and Johnson10 
some 40 years after the discovery of the reaction by Biginelli, but it is still a 
subject of debate.11 The proposed mechanisms are based on the possible 
combinations of the three reacting components as will be discussed more 
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Considering the usually different biological activity of the enantiomers, 
enantioselective synthesis of DHPM derivatives is an important target.3,12–14 In 
2005 Zhu and coworkers reported the synthesis of dihydropyrimidine 
derivatives in high yield and high enantioselectivity using an ytterbium (III) salt 
with a hexadentate ligand as a chiral Lewis acid.15 After that several reports 
were released based on using different organocatalysts in order to achieve 
enantioselective synthesis.14,16,17 Proline derivatives18 such as proline esters 
and calixarene-combined proline, thiourea-combined primary amines,14,19 
pyrazolidine derivatives, pyrrolidinyl tetrazoles, diazabicyclo derivatives, ionic 
liquids, and phosphoric acid derivatives20 have been used as organocatalysts 
for the Biginelli reaction.14–17,21–23 Although considerable progress has been 
achieved, it is still a challenging area and improvements are needed.24 Several 
research groups have tried to overcome the limitation of the enantioselective 
synthesis such as substrate specificity of the available catalysts by changing the 
structure of the catalyst for example by optimizing the distance between 
hydrogen bond donating groups or introducing auxiliary functional groups in 
bifunctional organocatalysts.25–27 Despite this work, there is a need to increase 
the knowledge about the optimal structure of the catalysts and the required 
functional groups on them in order to achieve enantioselective synthesis of 
any pyrimidone of choice. More fundamentally, the mechanism of 
enantioselective catalysis of the reaction needs to be determined. A 
complicating factor is that not only the structure of the catalyst and substrates 
but also the solvent, temperature, concentration of the compounds and 
external parameters such as pressure can affect the interaction between the 
substrates or configuration or stability of the transition state(s) and 
intermediates and change the pathway of the reaction.   
In our research we explore the possibilities for fluorescence techniques to 
provide insight into reaction mechanisms of organocatalysis. On the other 
hand we noticed that imaging approaches are essential tools in tracking the in 
vivo models of drugs.23 Overcoming the limits imposed by the brightness of the 
fluorescent object or adaptability of the compound in living cell is a challenging 
subject in imaging processes.28 These problems make the synthesis of 
fluorogenic and fluorescently labelled compounds more important. Keeping 
this in mind we synthesized a fluorescent derivative of DHPMs using a 
fluorescent BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) label. The 
relatively small dye-induced perturbation of conjugate functional properties 
makes the BODIPYs as a good choice for in vivo fluorescence imaging studies.29  
 
5.2. Fluorescent derivative of DHPM 
We used BODIPY compound 6 as the aldehyde source30 in combination with 
ethyl acetoacetate and urea to prepare the fluorescent dihydropyrimidone 
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(DHPM) derivative 44 in the presence of organocatalysts (Scheme 3). The 
catalysts used are shown in Scheme 4.  

 
Scheme 3. Reaction between compound 6, urea and ethyl acetoacetate. 

 
Scheme 4. Catalysts used. 

 
Compounds 3331 and 2732 are a known thiourea derivative and a cinchona 
alkaloid catalyst, respectively, which typically catalyse reactions via hydrogen 
bonding interactions and deprotonation by the strongly basic tertiary amino 
group. Compound 29, an amino acid derivative, can accelerate and control the 
reaction by covalent bond formation.33 Proline derivatives have shown 
promising results in enantioselective synthesis of DHPMs. We therefore 
synthesized compound 28, a derivative of proline with the potential of 
covalent bonding and hydrogen bond donating properties.17 We synthesized 
compounds 27 and 29 following the literature.32,34 Compound 28 was 
synthesized by peptide coupling of N-Boc-L-proline to ethyl-3,4-
diaminobenzoate (Scheme 5) and is a novel organocatalyst. 

 
Scheme 5. Synthesis of catalyst 28. 
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5.2. Fluorescent derivative of DHPM 
We used BODIPY compound 6 as the aldehyde source30 in combination with 
ethyl acetoacetate and urea to prepare the fluorescent dihydropyrimidone 
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(DHPM) derivative 44 in the presence of organocatalysts (Scheme 3). The 
catalysts used are shown in Scheme 4.  

 
Scheme 3. Reaction between compound 6, urea and ethyl acetoacetate. 

 
Scheme 4. Catalysts used. 

 
Compounds 3331 and 2732 are a known thiourea derivative and a cinchona 
alkaloid catalyst, respectively, which typically catalyse reactions via hydrogen 
bonding interactions and deprotonation by the strongly basic tertiary amino 
group. Compound 29, an amino acid derivative, can accelerate and control the 
reaction by covalent bond formation.33 Proline derivatives have shown 
promising results in enantioselective synthesis of DHPMs. We therefore 
synthesized compound 28, a derivative of proline with the potential of 
covalent bonding and hydrogen bond donating properties.17 We synthesized 
compounds 27 and 29 following the literature.32,34 Compound 28 was 
synthesized by peptide coupling of N-Boc-L-proline to ethyl-3,4-
diaminobenzoate (Scheme 5) and is a novel organocatalyst. 

 
Scheme 5. Synthesis of catalyst 28. 
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To evaluate the performance of these catalysts, the reaction between 
compound 6 (0.014 mmol), ethyl acetoacetate (0.023 mmol) and urea (0.008 
mmol) was set in the presence of catalysts 27, 28, 29 and 33 (20 mol% with 
respect to urea) in different solvents (1 ml) at room temperature. TLC tracking 
of the reaction mixtures did not show any sign of product formation even after 
one week. We repeated the reaction in the presence of the same catalysts in 
combination with trifluoroacetic acid. Addition of 10 mol% of the acid 
drastically improved the condition of the reaction (Table 1). The reaction 
mixture was stirred at room temperature for 120 h. Then the solvents were 
evaporated and the product of the reactions was purified using preparative 
TLC. 
 
Table 1. Results of the synthesis of compound 44 in the presence of 20 mol% catalyst 
and 10 mol% TFA at room temperature for 120 h. 

Catalyst Solvent Yield (%) ee (%) 

27 DCM 30 14 

27 DMSO 65 99 

27 THF 42 53 

28 DCM 20 8 

28 DMSO 68 100 

28 THF 35 23 

29 DCM 25 7 

29 DMSO 65 100 

29 THF 45 39 

33 DCM 25 30 

33 DMSO 60 99 

33 THF 30 86 

 
TLC tracking of the reaction mixture reveals that in the presence of catalysts 28 
and 29 the spots due to intermediates appear at least 6 h earlier than with 
catalysts 27 and 33. Using DMSO as a solvent all catalysts provided the product 
in moderately good yield in enantiopure form. The effect of DMSO in 
increasing enantioselectivity has already been reported for various other 
reactions.35–39 This phenomenon is related to the role of DMSO in stabilizing 
the special configuration of the transition state. All catalysts show similar 
efficiency in other solvents.  
A recent paper that claimed a catalytic effect of urea in the Biginelli reaction,40 
encouraged us to try the effect of extra urea also in our case. According to our 
observation, the reaction in the presence of a small excess of urea in THF was 
faster than the reaction with extra urea in DMSO. Also the yield of the reaction 
increased in this case. By using the extra urea in DMSO, however, both 
enantioselectivity and yield decreased. The reaction in the presence of the 
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extra amount of urea and in the absence of TFA was the slowest reaction. Only 
after 10 days some product could be detected in the absence of acid (Table 2). 
 
  Table 2. The result of the Biginelli reaction in the presence of an excess of urea.a 

Solvent TFA Yield (%) ee (%) 

DMSO 0 5 7 

DMSO 10 mol% 50 13 

THF 10 mol% 65 0 
a Compound 6 (5 mg, 0.014 mmol), catalyst 28 (20 mol%), urea (1 mg, 0.016 mmol), 
ethyl acetoacetate (3 µl, 0.023 mmol) in 1 ml solvent 

 
TLC tracking of the reaction mixture shows that several fractions are produced 
and are consumed. All of these intermediates are fluorescent, which means 
the BODIPY core is present in their structure.   
 

 
 
 
 
 
 

 
 
 
Figure 1. Left; Photograph under UV illumination (365 nm) of a TLC-plate of the 
reaction mixture of (a) compound 6 and ethyl acetoacetate, (b) compound 6, ethyl 
acetoacetate and trifluoroacetic acid (TFA), (c) compound 6, ethyl acetoacetate, TFA 
and catalyst 28, (d) compound 6 and urea, (e) compound 6, urea and TFA (f)  
compound 6, urea, TFA and catalyst 28. Right; TLC of the reaction mixture of 
compound 6, urea, ethyl acetoacetate, TFA and catalyst 28 after 72 h reaction in (g) 
THF, (h) DMSO at room temperature. 

 
We set several reactions with different mixtures of compound 6, ethyl 
acetoacetate, urea, trifluoroacetic acid and catalyst 28 to get information 
about the possible intermediates of the reaction. According to our findings two 
important intermediates are produced from  the reaction between aldehyde 
and urea (compounds 45 and 46). 
We could isolate small quantities of these two intermediates from the reaction 
mixtures. Considering the mass spectra (m/z 394.1698 and 454.2000), these 
compounds are most likely the condensation products of the aldehyde with 
one and two molecules of urea, respectively. The emission and excitation 
spectra of these intermediates are shown in Figure 2.  
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(a)                                                  (b) 
 
 

 
 
 
 
 
 
 
Figure 2. Proposed structure of the intermediates. (b) Fluorescence (λex = 473 nm) and 
fluorescence excitation (λem = 575 nm) spectra of the intermediates. 
 

Because the structural changes occur in a part of the molecule that barely 
interacts with the BODIPY chromophore the spectra are very similar to that of 
the starting aldehyde 6. 
 
           (a)                                                                                   (b) 

  
 
 
 
 
 
 
 
 
 
Figure 3. (a) Absorption, fluorescence (λex = 471 nm) and fluorescence excitation (λem = 
590 nm) spectra of compound 44. (b) Time resolved fluorescence of compound 44 in 
dichloromethane. 
 

We determined the photophysical properties of compounds 6 and 44.29,41 The 
results are presented in Figure 3, Figure 4 and Table 3. Although compound 6 is 
known in the literature,30 its photophysical properties are reported here for 
the first time. 
The absorption spectrum of compound 44 is characteristic for the BODIPY 

core. The emission maximum of compound 44 (λem = 513 nm) is blue shifted in 

compared to that of compound 6 (λem = 521 nm), (Figure 4a). The lifetime of 

compound 44 (3.30 ns) is longer than that of compound 6 (2.27 ns), (Figures 3b 

and 4c), and the fluorescence quantum yield is clearly higher. 
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Figure 4. (a) Emission spectra of compound 6 and compound 44 in DCM. (b) 
Absorption, fluorescence (λex = 475 nm) and fluorescence excitation spectra (λem = 600 
nm) of compound 6 in dichloromethane (DCM). (c) Time resolved fluorescence of 
compound 6 in dichloromethane.  

 
Table 3. Photophysical parameters of compounds 6 and 44 in dichloromethane. 

Compound λmax,abs
a 

(nm) 
λex

b 
(nm) 

λem
c 

(nm) 
ɸf*d τe 

(ns) 
kf

f
 

(s-1) 
knr

g
 

(s-1) 

6 503 503 521 0.17 2.27 7.5 × 
107 

3.7 × 
108 

44 501 500 513 0.37 3.30 1.1 × 
108 

1.9 × 
108 

a Absorbance maximum, b Excitation maximum, c Emission maximum d Fluorescence 
quantum yield, e Fluorescence decay time, f Fluorescence rate constant kf = ϕf /τ,           
g Non-radiative decay rate constant knr = τ-1 – kf. *4-(Dicyanomethylene)-2-methyl-6-(4-
dimethylamino styryl)-4H-pyran (DCM dye) was used as the reference.42 
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5.3 Discussion 
Despite the considerable progress in the synthesis of DHPMs using the Biginelli 
reaction, the mechanism of the reaction is still a subject of debate. For 
example, there are different opinions about the intermediates produced 
during the reaction process. The reaction can proceed by condensation of the 
aldehyde with the 1,3-carbonyl compound via aldol or Knoevenagel 
condensation followed by the nucleophilic addition of urea. Another possibility 
is the condensation of the aldehyde with one or two urea molecules via N-
benzylidene-urea or N,N-benzylidene-bisurea, respectively, and then 
nucleophilic addition of the 1,3-carbonyl compound. Nucleophilic 
condensation of urea with the 1,3-carbonyl compound via 3-ureido-crotonates 
and nucleophilic attack of the produced component to the aldehyde can also 
be taken into account. Since 1933, when Folkers and Johnson suggested the 
reaction pathway for the first time,10 several groups have attempted to figure 
out the correct pathway.20,24 The attempts to understand the mechanism of 
the reaction21,22,24 resulted in proposed mechanisms by Sweet and Fissekis 
(1973)43, Atwal and O’Reilly (1987)44, Kappe (1997)45, Cepanec (2007)46, Zhou 
(2008)47, De Souza (2009)48, Ji (2010)49 and Litvic (2010)50.  
Scheme 6 shows the structures of proposed intermediates by different 
research groups, which are produced in the presence of acid.24  

 
Scheme 6.  Proposed intermediates by various researchers.24 

 
A recent mechanistic investigation based upon computation was published by 
Morukoma and coworkers in 2015.40 Three possible pathways were considered 
in their studies: (a) Iminium pathway (Scheme 6: Kappe), which starts with the 
reaction between urea and aldehyde; ethyl acetoacetate is condensed with the 
resulting intermediate. (b) Enamine pathway (Scheme 6: Cepanec), in which 
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the intermediate is produced from the reaction between urea and ethyl 
acetoacetate. Then, aldehyde reacts with the resulting intermediate. (c) 
Knoevenagel pathway, which proceeds by reaction between aldehyde and 
ethyl acetoacetate (Scheme 6: Atwal modification), then addition of urea to 
the produced intermediate. Puripat et al.40 found that the first pathway which 
starts with reaction of urea and aldehyde is the most favorable one. According 
to their findings, all steps of all possible routes are catalysed by an extra urea. 
The role of the extra urea is to accept and to release protons as needed during 
the process.40 Our observation that adding a small excess of urea can have a 
detrimental influence on the outcome of the reaction, however, does not 
support this finding of Morokuma and coworkers.  
In the presence of organocatalysts the mechanism must be more complicated. 
Extra activation of the reagents will occur by interactions with the catalyst. 
Depending on the catalyst this may involve hydrogen bonding or covalent 
bonding. 
In our case, we could observe similar intermediates in the reaction between 
compound 6 and urea with and without acid and catalyst (Figure 1, d-f). The 
resulting products 45 and 46 are consistent with the mechanisms suggested by 
Folkers and Johnson10 and also Kappe45 and Alvim et al.11 The latter group 
observed analogous intermediates using mass spectrometry. 
We thus propose mechanisms for the organocatalyzed Biginelli reaction that 
start with addition of urea to aldehyde (Scheme 7). 
 

 
Scheme 7. Reaction between aldehyde and urea 

 
Covalent bonding of the proline-derived catalyst 28 to ethyl acetoacetate 
provides the enamine 47 (Scheme 8) which can undergo nucleophilic addition 
to compound 45 (Scheme 9). 
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Scheme 8. Reaction between catalyst 28 and ethyl acetoacetate. 

 
In the presence of hydrogen bond donating catalysts such as Takemoto’s 
catalyst 33, we suggest a transition state resulting from hydrogen bonding of 
the catalyst to the carbonyl group of compound 45 by NH groups and 
deprotonation of the ethyl acetoacetate by the tertiary amine (Scheme 10). 

 

 
Scheme 9. Suggested mechanism for the enantioselective addition of aldehyde, urea 
and ethyl acetoacetate to produce the Biginelli adducts in the presence of catalyst 28. 
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Scheme 10. Suggested mechanism for the enantioselective addition of aldehyde, urea 
and ethyl acetoacetate to produce the Biginelli adducts in the presence of catalyst 33. 

 
In DMSO, which is a solvent with strong hydrogen bond accepting ability, extra 
hydrogen bonding of the NH group to the S=O bond of the solvent can favor 
one of the possible transition states. Probably because of the special hindrance 
of the aromatic group of the aldehyde, one of compounds I and II in the 
presence of bifunctional catalyst with covalent bonding ability or compounds 
III and VI in the presence of bifunctional hydrogen bond donating catalysts is 
locked (Scheme 11). The H-bonding to DMSO strengthens the H-bonds to the 
catalyst.51,52 Moreover, the complex with two or three DMSO molecules is 
more bulky, maybe increases the energy difference between the 
diastereomeric transition states. So, the probability of enantioselective 
addition is increased.  
 
 
 
 
 
 
 



Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

96                                                                          Organocatalytic Biginelli reaction 

 
 

 
Scheme 8. Reaction between catalyst 28 and ethyl acetoacetate. 

 
In the presence of hydrogen bond donating catalysts such as Takemoto’s 
catalyst 33, we suggest a transition state resulting from hydrogen bonding of 
the catalyst to the carbonyl group of compound 45 by NH groups and 
deprotonation of the ethyl acetoacetate by the tertiary amine (Scheme 10). 

 

 
Scheme 9. Suggested mechanism for the enantioselective addition of aldehyde, urea 
and ethyl acetoacetate to produce the Biginelli adducts in the presence of catalyst 28. 

Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

Chapter 5                                                                                                                      97 
 

 
 

 

 
Scheme 10. Suggested mechanism for the enantioselective addition of aldehyde, urea 
and ethyl acetoacetate to produce the Biginelli adducts in the presence of catalyst 33. 

 
In DMSO, which is a solvent with strong hydrogen bond accepting ability, extra 
hydrogen bonding of the NH group to the S=O bond of the solvent can favor 
one of the possible transition states. Probably because of the special hindrance 
of the aromatic group of the aldehyde, one of compounds I and II in the 
presence of bifunctional catalyst with covalent bonding ability or compounds 
III and VI in the presence of bifunctional hydrogen bond donating catalysts is 
locked (Scheme 11). The H-bonding to DMSO strengthens the H-bonds to the 
catalyst.51,52 Moreover, the complex with two or three DMSO molecules is 
more bulky, maybe increases the energy difference between the 
diastereomeric transition states. So, the probability of enantioselective 
addition is increased.  
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Scheme 11. Suggested role of DMSO in the mechanism of the reaction between 
aldehyde, urea and (a) catalyst 28, (b) catalyst 33. 

 
5.4 Conclusion 
This work demonstrates the ability of several organocatalysts in combination 
with acid in the synthesis of DHPM derivatives in good yield and high 
enantioselectivity. In addition to the potential pharmaceutical effects of this 
compound it can be used as a candidate for fluorescence imaging processes in 
in vivo studies.  
We could not follow the reaction using fluorescence spectroscopy because 
several fluorescent fractions are produced during the reaction which makes 
the conditions complicated. Moreover, the spectra of starting material, 
intermediates and products are spectrally very similar. In this situation, it is 
difficult to correlate change of the fluorescence intensity to a defined 
phenomenon. The two fluorescent intermediates isolated support the 
possibility of Folker, Kappe and Alvim mechanisms.  
While the complex reaction mixture that arises during the Biginelli reaction did 
not encourage us to try to monitor the reaction using regular fluorescence 
spectroscopy, there is ample potential for the use of advanced single molecule 
approaches along the lines demonstrated in Chapter 6 for the Michael 
addition. The problem that reactant (aldehyde), intermediate(s) and product 
have very similar spectra could be overcome for example by attaching a 
fluorescent group different from the BODIPY in 6 to the acetoacetate. Then, 
energy transfer will change the emission spectrum, or colocalization of the two 
fluorophores in single molecule images could be used to demonstrate the 
coupling of the two reactants.  
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approaches along the lines demonstrated in Chapter 6 for the Michael 
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energy transfer will change the emission spectrum, or colocalization of the two 
fluorophores in single molecule images could be used to demonstrate the 
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Chapter 6 

Towards Single Molecule detection of organocatalytic reactions 

6.1. Introduction 

Although the theoretical description of chemical reactions is typically based on 

single molecules, practical experimental data are almost always obtained from 

large ensembles of molecules.1–3 Any property thus obtained is an average 

over the whole ensemble. Developments in optical techniques over the past 

decades have provided new powerful tools to explore reactions at the single 

molecular level. The pioneering work in this area was limited to studies at low 

temperature for example at liquid helium temperature, but nowadays single 

molecule spectroscopy is applied at room temperature and even in living 

cells.1,2,4 Optical single molecule spectroscopy allows observing the dynamical 

state changes in one molecule in a condensed phase sample.1,5–9  

In the context of the present work our ultimate goal is to monitor reactions of 

individual molecules in the field of organocatalysis. In chapter 3 we described 

our studies of the Michael addition reactions of fluorogenic acceptors 

(compounds 15 and 17) with benzyl mercaptan and with dimethyl malonate in 

the presence of organocatalysts.  

 
Scheme 1. The fluorogenic acceptors used. 

 

The binding interactions between the catalysts and the Michael acceptors 

were shown to give a small fluorescence response, but a strong enhancement 

of the fluorescence was observed as result of the addition of the nucleophile 
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to the Michael acceptor. We also demonstrated in Chapter 3 that two 

immobilized catalysts are effective for this reaction, and that the reaction in 

solution could be catalyzed by a catalyst bearing a perylene imide fluorescent 

label. 

These results set the stage for the single molecule studies described in this 

chapter. We decided to use total internal reflection fluorescence microscopy 

to image the change in fluorescence by adding the solution of compound 15 to 

the immobilized catalysts 30 and 31. The catalysts are not fluorescent 

themselves. We expect, however, that due to binding of compound 15 to the 

catalysts fluorescent spots will appear.  

 
Scheme 2. Immobilized catalysts 30 and 31 on the glass surface. 

 

The single molecules of interest must be detected in the presence of solvent 

molecules and other molecules which are present in the photoexcited volume. 

The fluorescent photons emitted by the molecule of interest provide the 

signal. The main challenge in these measurements is to increase the signal-to-

background and signal-to-noise ratios. The noise arises from fluctuation effects 

and the background is produced by photons from any source other than the 

target single molecule.10 Use of a small emission volume, high absorption cross 

section at the laser wavelength, high fluorescence quantum yield, high 

photostability, and operation below saturation of molecular absorption all 

contribute to improving the signal to noise and background ratios.10 

Total internal reflection fluorescence microscopy (TIRFM) is a technique which 

is ideal for imaging events that occur at a surface.11  This technique can be 

applied in two forms, which are called through-objective TIRFM and prism-

based TIRFM (Scheme 3).10,11 In the case of prism-based TIRF, the excitation 

light path and the emission channel are separated. In prism-based TIRF 
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microscopy, a prism is attached to the coverslip’s surface which directs a 

focused light beam or laser towards the coverslip/medium interface. With the 

help of the prism the angle of the penetrating light is adjusted to the critical 

angle. In the case of objective-type TIRFM, the excitation light path and the 

emission channel share the objective and other optical elements of the 

microscope. The light, usually laser light, is directed to the specimen through 

the objective, which also collects the emitted fluorescence light.10,12 Modern 

TIRF microscopy systems are usually objective-based. 

  (a)                                                                                       (b) 

 

 

 

 

 

 

 

 

Scheme 3. Schematic representation of (a) prism-based TIRFM, (b) through-objective 

TIRFM.10 

 

6.2. Imaging with TIRFM 

In general, total internal reflection illumination can be applied in imaging of 

small particles or single molecules on the surface of samples such as a cell 

membrane on top of a cover slip.11 Using this method, selective visualization 

and spectroscopy of contact regions of cell and substrate is possible. Also the 

kinetic rates of binding of extracellular and intracellular proteins to cell 

surfaces can be measured.13 In these measurements Raman scattering from 

water molecules, incident light breaking through filters, luminescence arising 

from the objective lens, oil and dust are all sources of background that should 

be suppressed.14 Beside the application of TIRFM in biology, this method has 

also been applied to track various catalytic processes.15–20 In 2010 Blum and co-

workers used TIRFM to study the spatial distribution of chemical reactivity of a 

triethoxysilane modified surface at the solution/surface interface. Binding of a 

BODIPY bearing platinum complex to thiourea containing coverslips was 

investigated (Scheme 4). They found that the chemical reaction of one 

platinum complex does not have an effect on the location of the other 

chemical reactions.15  
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Scheme 4. The reaction of platinum complex-BODIPY with surface thiourea groups 

rapidly immobilizes the complex through platinum-sulfur covalent bond formation.15 

 

Herten and co-workers used TIRFM with simultaneous laser excitation at 532 

nm and 488 nm to study oxidation reaction pathways of an oxyallyl styryl-

BODIPY with meta-chloroperoxybenzoic acid (Scheme 5). Dual-color detection 

in the wavelength ranges of 570 – 615 nm for the yellow fluorescence 

(reactant) and 500 – 525 nm for the green emission (product) was realized by 

using an emCCD camera. According to their observations most of the individual 

transformations occur in a direct manner but a few of them include a dark 

intermediate state. 16 

 
Scheme 5. Epoxidation reaction of an immobilized substrate on a cover slip.16 

 

The fluorogenic reduction reaction between nonfluorescent resazurin and 

hydroxylamine catalyzed by Au nanocatalysts has been studied by different 

research groups.17,21,22 Chen and co-workers could determine the location of 

catalytic events in the reductive N-deoxygenation of resazurin to resorufin by 

NH2OH. Gold nanorods were used as the catalyst and super-resolution 

fluorescence microscopy and scanning electron microscopy (SEM) were 

applied for imaging of the single catalyst and to quantify its activity.17   
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Scheme 6. Reduction of resazurin to resorufin by NH2OH in the presence of Au 

nanorods encapsulated in a mesoporous silica shell (Au@mSiO2).17 

 

In 2016, Xu and co-workers22 studied the kinetics of a similar reaction in the 

presence of Au nanocatalysts to monitor the effect of temperature on the 

catalyst activity. They considered a catalytic sequence for this reaction 

(product formation and dissociation) and could determine the activation 

energy required for these steps. In this study they used TIRF and widefield 

microscopy to monitor the events on the surface and in the solution. 

Considering the potential of TIRFM imaging methods in following the 

interaction between the compounds, we decided to use TIRFM to follow the 

interaction of the organocatalyst and maleimide-BODIPY (compound 15) in the 

Michael reaction of this compound with benzyl mercaptan. The aim of these 

studies is to obtain more detailed information about the dynamic interaction 

between the maleimide reactants and the catalysts, and the kinetics of the 

reactions. 

 

6.3. Experiment design 

A characteristic of enantioselective organocatalytic bond forming reactions 

such as the Michael addition, aldol condensation, Henry reaction and many 

others, is that the catalyst brings two reagents together in a favorable 

orientation, and activates at least one of the reagents for the reaction to occur. 

Direct observation of the transition state of the reaction is currently beyond 

the power of experiment. Computational methods have made great progress 

in the description of transition states, but the quantitative accuracy that is 

required to make a decisive statement about mechanisms is not easily 

achieved. Another approach to get insight into a reaction mechanism is the 

study of reaction kinetics: by monitoring the rate of the reaction as a function 

of concentration of the catalyst and the reagents, much can be learned. In 

many cases, the overall organocatalytic reaction is first-order in all three 
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components.23 This is compatible with a simple reaction mechanism as shown 

in Scheme 7. 

 

 
Scheme 7. Bond formation between two reactants using a bifunctional catalyst. 

 

One of the reagents (reversibly) forms a complex with the catalyst, activating 

the reagent by deprotonation (turning it into a nucleophile) or by covalent 

activation e.g. as an enamine or iminium ion (we use the term “complex” here 

for generality). The other reagent reacts with this complex, possible via an 

intermediate ternary complex. In many cases the concentration of the 

complexes in solution is fairly low. Single molecule fluorescence may be able to 

make them detectable by adding a constraint on the experiment, namely the 

spatial position of one of the reaction partners. We immobilize this on a glass 

cover slip, and use fluorescence microscopy to detect binding events in which 

a transient local fluorescence is observed. There are several possible 

implementations. In the present work, we immobilize the catalysts (Takemoto 

catalyst 30 and cinchona alkaloid derivative 31, see Chapter 3), and add the 

maleimide-BODIPY dye 15 as one of the reagents. We detect the dye during its 

binding to the catalyst due to the fluorescent spots on the cover slips. When 

benzyl mercaptan is added, it may react with the complex of catalyst and 15, 

leading to release of the product and a shorter duration of the binding. In a 

complementary experiment in this project, Dongdong Zheng in our laboratory 

immobilized a maleimide unit on the glass surface, and studied the binding of 

the fluorescent catalyst 32 of which we demonstrated in chapter 3 that it is an 

active catalyst for the Michael addition (Scheme 8). 
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Scheme 8. Observation of the interaction between catalyst 32 and reactants. In this 

case, one of the reagents (the Michael acceptor) is immobilized on the cover slip, the 

catalyst is fluorescent. When the catalyst binds to the immobilized reagent, a 

fluorescent spot is detected in the TIRF image. When the catalyst is free in solution it 

diffuses fast on the timescale of the image acquisition, and it just gives a broad 

background.24 

 

6.4. TIRFM of organocatalytic Michael addition of benzyl mercaptan to 

compound 15  

We used immobilized catalyst 30 on the surface of cover slips for TIRF 

measurements. The coverslip with immobilized catalyst was attached to a glass 

standard Joint Socket using 5 min epoxy glue from Devcon (Figure 1).  

 

 
Figure 1. Photograph of the reaction chamber used in TIRF measurements. 

 

In the experiments, the argon ion laser (see Chapter 2) was set to 496 nm as 

the excitation wavelength, and the power was 85 mW. The emission was 

selected using a 496 nm long pass filter combined with a notch filter 488 ± 10 

nm to block the unwanted scattered light from the excitation beam. The 



Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

110                  Towards Single Molecule detection of organocatalytic reactions 

 
 

components.23 This is compatible with a simple reaction mechanism as shown 

in Scheme 7. 

 

 
Scheme 7. Bond formation between two reactants using a bifunctional catalyst. 

 

One of the reagents (reversibly) forms a complex with the catalyst, activating 

the reagent by deprotonation (turning it into a nucleophile) or by covalent 

activation e.g. as an enamine or iminium ion (we use the term “complex” here 

for generality). The other reagent reacts with this complex, possible via an 

intermediate ternary complex. In many cases the concentration of the 

complexes in solution is fairly low. Single molecule fluorescence may be able to 

make them detectable by adding a constraint on the experiment, namely the 

spatial position of one of the reaction partners. We immobilize this on a glass 

cover slip, and use fluorescence microscopy to detect binding events in which 

a transient local fluorescence is observed. There are several possible 

implementations. In the present work, we immobilize the catalysts (Takemoto 

catalyst 30 and cinchona alkaloid derivative 31, see Chapter 3), and add the 

maleimide-BODIPY dye 15 as one of the reagents. We detect the dye during its 

binding to the catalyst due to the fluorescent spots on the cover slips. When 

benzyl mercaptan is added, it may react with the complex of catalyst and 15, 

leading to release of the product and a shorter duration of the binding. In a 

complementary experiment in this project, Dongdong Zheng in our laboratory 

immobilized a maleimide unit on the glass surface, and studied the binding of 

the fluorescent catalyst 32 of which we demonstrated in chapter 3 that it is an 

active catalyst for the Michael addition (Scheme 8). 

 

 

 

 

 

 

Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

Chapter 6                                                                                                                111 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 8. Observation of the interaction between catalyst 32 and reactants. In this 

case, one of the reagents (the Michael acceptor) is immobilized on the cover slip, the 

catalyst is fluorescent. When the catalyst binds to the immobilized reagent, a 

fluorescent spot is detected in the TIRF image. When the catalyst is free in solution it 

diffuses fast on the timescale of the image acquisition, and it just gives a broad 

background.24 

 

6.4. TIRFM of organocatalytic Michael addition of benzyl mercaptan to 

compound 15  

We used immobilized catalyst 30 on the surface of cover slips for TIRF 

measurements. The coverslip with immobilized catalyst was attached to a glass 

standard Joint Socket using 5 min epoxy glue from Devcon (Figure 1).  

 

 
Figure 1. Photograph of the reaction chamber used in TIRF measurements. 
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nm to block the unwanted scattered light from the excitation beam. The 
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exposure time for each image and the interval time were chosen to be 20 ms 

and 1 ms, respectively. First, the images of the cover slip (500 images in series) 

were taken by the use of the TIRF microscope with the sCMOS imaging camera. 

The catalyst is not fluorescent. So, in this movie we do not expect any 

fluorescent spot on the surface of the catalyst. In some cases, however, 

because of contamination from the environment some fluorescent spots 

appeared on the surface of the cover slip. These spots can be distinguished 

from the fluorescent species that resulted from binding to the surface because 

these contaminants give stable bright spots, while the spots that result from 

the interaction between catalyst and the substrate appear and disappear 

during the recording process. After recording the movie of the cover slip with 

immobilized catalyst, a solution of compound 15 in acetonitrile (10-8 M) was 

prepared. After adding 100 µL of the solution to the cuvette attached to the 

cover slip, a second series of images (movie) was recorded. It is expected that 

by adding compound 15 fluorescent single molecules appear as a result of 

attaching the compound to one of the catalyst molecules on the surface. 

Because this attachment is a reversible process, the compound can bind and 

dissociate again from the catalyst. This process is seen as blinking points which 

appear and disappear in different positions in the recorded movie. In the next 

step, 100 µL of 10-7 M benzyl mercaptan solution in acetonitrile was added to 

the solution and the movie was recorded again under otherwise identical 

conditions. Benzyl mercaptan is known to react with compound 15 to produce 

the fluorescent compound 38. So, compound 15 will be detached from the 

catalyst. While the background fluorescence is expected to increases due to 

producing fluorescent product in solution, the fluorescent single molecules on 

the surface of the coverslip disappear. A schematic representation of the 

expected events is shown in Scheme 9. 
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Scheme 9. Graphical representation of the experiment. The non-fluorescent catalyst 

(exemplified by 30) is immobilized on the cover slip. When the catalyst binds to the 

fluorogenic reagent 15, a fluorescent spot will be detected in the TIRF image. When 

the second reagent is added and the Michael addition takes place, the spots should 

disappear because the fluorescent product diffuses in solution and gives a broad 

background. 

 

We analyzed the recorded movies by the use of a custom-made MATLAB 

program to obtain information about the lifetimes of the fluorescent spots that 

resulted from interaction between compound 15 and catalyst 30. In the 

program the background fluorescence is removed and noise is suppressed by 

applying a Gaussian blur filter and a boxcar filter to each image, and taking the 

difference of the two filtered images. Next, the program identifies the 

positions of fluorescent spots (called “particles”, because this type of analysis 

is typically used for tracking of fluorescent particles in series of images). In the 

next step time traces are constructed by assuming that particles in the same 

position in subsequent images are the same species. A certain tolerance on the 

difference of the positions is applied here (2 pixels). In this way for each 

particle a certain residence time is determined, given by the number of 



Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

112                  Towards Single Molecule detection of organocatalytic reactions 

 
 

exposure time for each image and the interval time were chosen to be 20 ms 

and 1 ms, respectively. First, the images of the cover slip (500 images in series) 

were taken by the use of the TIRF microscope with the sCMOS imaging camera. 

The catalyst is not fluorescent. So, in this movie we do not expect any 

fluorescent spot on the surface of the catalyst. In some cases, however, 

because of contamination from the environment some fluorescent spots 

appeared on the surface of the cover slip. These spots can be distinguished 

from the fluorescent species that resulted from binding to the surface because 

these contaminants give stable bright spots, while the spots that result from 

the interaction between catalyst and the substrate appear and disappear 

during the recording process. After recording the movie of the cover slip with 

immobilized catalyst, a solution of compound 15 in acetonitrile (10-8 M) was 

prepared. After adding 100 µL of the solution to the cuvette attached to the 
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conditions. Benzyl mercaptan is known to react with compound 15 to produce 

the fluorescent compound 38. So, compound 15 will be detached from the 

catalyst. While the background fluorescence is expected to increases due to 

producing fluorescent product in solution, the fluorescent single molecules on 

the surface of the coverslip disappear. A schematic representation of the 

expected events is shown in Scheme 9. 
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difference of the two filtered images. Next, the program identifies the 

positions of fluorescent spots (called “particles”, because this type of analysis 

is typically used for tracking of fluorescent particles in series of images). In the 

next step time traces are constructed by assuming that particles in the same 

position in subsequent images are the same species. A certain tolerance on the 

difference of the positions is applied here (2 pixels). In this way for each 

particle a certain residence time is determined, given by the number of 
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subsequent frames in which it appears times the time per frame. For 

acceptance of a spot as a particle, two threshold parameters are defined. One 

of them is the maximum size of a particle in pixels. Each pixel equals to 63 nm. 

Another one is the minimum fluorescence intensity of the particle. For the 

experiments summarized in Table 1 the total numbers of fluorescent particles 

range from 12000 to 72000 particles depending on the selected size and 

intensity thresholds for the particles. 

 

Table 1. Time constants resulted from analyzing the collected data from TIRFM. 
 

 

 

Entry 

CATa SOLb Size, 

Intensity 

(pixel) 

τ1 

(ms) 

A1
c 

(%) 

τ2 

(ms) 

A2 

(%) 

τ3 

(ms) 

A3 

(%) 

τav
d 

(ms) 

Ne 

1f 30 ACNg 6, 10 6.5 98.5 23 1.5 - - 7 130 

2 30 ACN 8, 10 10 95 30 4.5 110 0.5 17 140 

3 30 ACN 6, 10 9 88.5 20 11 54 0.5 12 138 

4 30 ACN 8, 10 10 93 24 6.7 61 0.3 13 143 

5 30 ACN 6, 10 7 94.5 17 5 47 0.5 9 130 

6 30 ACN 8, 10 7 96 17 4 - - 8 135 

7 30 BZh 6, 8 14 92.5 41 7 124 0.5 23 35 

8 30 BZ 8, 10 11 89.2 34 10 106 0.8 22 40 

9 31 ACN 6, 8 11 95.5 43 4.5 - - 16 52 

10 31 ACN 8, 8 12 96 40 3.5 102 0.5 18 61 

11 31 ACN 6, 10 12 97 38 2.7 108 0.3 16 60 

12 31 BZ 6, 10 11 94 33 5.5 101 0.5 18 52 

13 31 BZ 8, 10 10 94.5 31 5.4 99 0.1 13 58 

14 31 BZ 6, 8 14.5 96 4.6 4 - - 14 50 

a Catalyst; b Solvent; c Amplitude; d average binding time τav = (Aiτi
2)/ (Aiτi), e average 

number of particles per frame in the first 200 frames; f entries 1-6 are the results of 

three different coverslips with catalyst 30. In every case analysis was done by choosing 

two different sizes for the particles. g Acetonitrile; h Benzene;  

After fitting the resulting fluorescence decay curve as a sum of three 

exponential components, three time constants, τ1 ≈ 10 ms, τ2 ≈ 30 ms and τ2 ≈ 

110 ms were obtained (entry 2, Table 1). We also analyzed the data choosing 

smaller size limits of the particles, and found two time constants, τ1 ≈ 6.5 ms 

and τ2 ≈ 23 ms (entry 1, Table 1). The rare cases of long binding times give rise 

to the third component but can be ignored when the number of binding events 

is smaller. The time constants, however, do not change significantly (Figure 2). 
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Figure 2. Histogram of binding times of the fluorescent particles resulting from 

addition of compound 15 in acetonitrile to the cover slip with catalyst 30. The different 

curves resulted by choosing 6 pixels or 8 pixels for the size of the particle. 

 

Then we repeated the measurement with two other cover slips with 

immobilized catalyst 30 under very similar conditions. The results are in fair 

agreement with each other (entries 3-6, Table 1), (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Histogram of binding times of the fluorescent particles resulting from 

addition of compound 15 in acetonitrile to three different cover slips with catalyst 30 

(entries 2-7 in Table 1).  

 

Under the present experimental conditions, the time constant of the fast 

process is less than the exposure time of one frame (20 ms). The particles that 
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After fitting the resulting fluorescence decay curve as a sum of three 

exponential components, three time constants, τ1 ≈ 10 ms, τ2 ≈ 30 ms and τ2 ≈ 

110 ms were obtained (entry 2, Table 1). We also analyzed the data choosing 

smaller size limits of the particles, and found two time constants, τ1 ≈ 6.5 ms 

and τ2 ≈ 23 ms (entry 1, Table 1). The rare cases of long binding times give rise 

to the third component but can be ignored when the number of binding events 

is smaller. The time constants, however, do not change significantly (Figure 2). 
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Figure 2. Histogram of binding times of the fluorescent particles resulting from 

addition of compound 15 in acetonitrile to the cover slip with catalyst 30. The different 

curves resulted by choosing 6 pixels or 8 pixels for the size of the particle. 
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immobilized catalyst 30 under very similar conditions. The results are in fair 

agreement with each other (entries 3-6, Table 1), (Figure 3). 
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addition of compound 15 in acetonitrile to three different cover slips with catalyst 30 

(entries 2-7 in Table 1).  

 

Under the present experimental conditions, the time constant of the fast 

process is less than the exposure time of one frame (20 ms). The particles that 
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occur in one frame only may be due to non-specific binding, or result from 

noise. Therefore, the first frame was excluded from the fit. The presence of 

three components in the distribution of binding times probably reflects a 

heterogeneity in the strengths of the binding at different sites. For comparison 

we also calculated the average lifetime τav. 

In each experiment we recorded the number of particles observed in each 

frame. As can be seen in Figure 4 the number of particles decreases quite 

clearly during the experiment in the case of catalyst 30, which suggests that 

photobleaching occurs, or the catalyst is deactivated. This issue should be 

addressed in future research. 

(a)                                                                     (b) 

 

 

 

 

 

 

 

 

 

 

Figure 4. Number of fluorescent particles per frame; (a) with catalyst 30, (b)  with 

catalyst 31. 

 

We used different concentrations of compound 15 in acetonitrile, expecting a 

smaller number of events at lower concentrations. The result is summarized in 

Table 2. The solution of compound 15 with concentration about ~10-9 M was 

too dilute to observe the fluorescent particles and the solution with 

concentration ~10-7 M was too concentrated to allow the molecules to be 

detected individually.  

The solution with ~10-8 M was found to be the most suitable for the single 

molecule detection. By increasing the concentration of the solution of 

compound 15 the binding time does not change a lot. The lifetime decay curve 

is fitted as bi-exponential at low concentration. By increasing the 

concentration the fitting pattern had to be changed to tri-exponential to fit the 

data properly. 
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Table 2. Time constants resulting from analyzing the collected data from TIRFM for 

different concentrations of compound 15 in acetonitrile after adding to immobilized 

catalyst 30. The selected size and the intensity for threshold were 6 and 8 respectively. 

Concentration 

(M) 

τ1 

(ms) 

A1 

(%) 

τ2 

(ms) 

A2 

(%) 

τ3 

(ms) 

A3 

(%) 

τav
a 

(ms) 

Nb 

0.79 × 10-8 8.5 97 27 3 - - 10 141 

1.5 × 10-8 9 95 23 5 - - 11 148 

4 × 10-8 11 98.5 30 1.4 120 0.1 13 160 

a average binding time τav = (Aiτi
2)/ (Aiτi),  b average number of particles per frame in 

the first 200 frames. 

 

We used different laser powers to record the movies to distinguish the 

hydrogen bonding disassociation from photobleaching. 100 µL of the solution 

of compound 15 (2.38 × 10-8 M) was added to the glass cell attached to the 

coverslip with immobilized catalyst 30. 

 

Table 3. Time constants from analyzing the collected data from TIRFM with different 

power of laser using 2.38 × 10-8 M of compound 15 in acetonitrile after addition to 

immobilized catalyst 30. The selected size and the intensity for threshold were 6 and 8, 

respectively. 

Power of laser 

(mW) 

τ1 

(ms) 

A1 

(%) 

τ2 

(ms) 

A2 

(%) 

τ3 

(ms) 

A3 

(%) 

τav
a 

(ms) 

Nb 

15 7 100 - - - - 7 107 

31 9 100 - - - - 9 110 

120 5 97.2 30 2.5 110 0.3 14 270 

a average binding time τav = (Aiτi
2)/ (Aiτi). b average number of particles per frame in 

the first 200 frames.  

 

The movie of the event was recorded under the same condition as previous 

experiments. The results are summarized in Table 3. Applying low power of the 

laser, one time constant was obtained while increasing the power of laser 

resulted in three time constants probably because the number of long-lasting 

particles is not noticeable at lower laser power, where fewer particles are 

detected. 

We used immobilized catalyst 31 on the surface of glass and recorded the 

interaction between this catalyst and compound 15 with the same excitation 

wavelength and emission filter (entries 10-15, Table 1). Smaller size and lower 

intensity than in the case of catalyst 30 should be chosen to pick up the desired 

particles. 
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clearly during the experiment in the case of catalyst 30, which suggests that 

photobleaching occurs, or the catalyst is deactivated. This issue should be 
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catalyst 31. 

 

We used different concentrations of compound 15 in acetonitrile, expecting a 

smaller number of events at lower concentrations. The result is summarized in 

Table 2. The solution of compound 15 with concentration about ~10-9 M was 

too dilute to observe the fluorescent particles and the solution with 

concentration ~10-7 M was too concentrated to allow the molecules to be 

detected individually.  

The solution with ~10-8 M was found to be the most suitable for the single 

molecule detection. By increasing the concentration of the solution of 

compound 15 the binding time does not change a lot. The lifetime decay curve 

is fitted as bi-exponential at low concentration. By increasing the 

concentration the fitting pattern had to be changed to tri-exponential to fit the 

data properly. 
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Table 2. Time constants resulting from analyzing the collected data from TIRFM for 
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catalyst 30. The selected size and the intensity for threshold were 6 and 8 respectively. 

Concentration 

(M) 

τ1 

(ms) 

A1 

(%) 

τ2 

(ms) 

A2 

(%) 

τ3 

(ms) 

A3 

(%) 

τav
a 

(ms) 

Nb 

0.79 × 10-8 8.5 97 27 3 - - 10 141 

1.5 × 10-8 9 95 23 5 - - 11 148 

4 × 10-8 11 98.5 30 1.4 120 0.1 13 160 

a average binding time τav = (Aiτi
2)/ (Aiτi),  b average number of particles per frame in 

the first 200 frames. 

 

We used different laser powers to record the movies to distinguish the 

hydrogen bonding disassociation from photobleaching. 100 µL of the solution 

of compound 15 (2.38 × 10-8 M) was added to the glass cell attached to the 

coverslip with immobilized catalyst 30. 

 

Table 3. Time constants from analyzing the collected data from TIRFM with different 

power of laser using 2.38 × 10-8 M of compound 15 in acetonitrile after addition to 

immobilized catalyst 30. The selected size and the intensity for threshold were 6 and 8, 

respectively. 

Power of laser 

(mW) 

τ1 

(ms) 

A1 

(%) 

τ2 

(ms) 

A2 

(%) 

τ3 

(ms) 

A3 

(%) 

τav
a 

(ms) 

Nb 

15 7 100 - - - - 7 107 

31 9 100 - - - - 9 110 

120 5 97.2 30 2.5 110 0.3 14 270 

a average binding time τav = (Aiτi
2)/ (Aiτi). b average number of particles per frame in 

the first 200 frames.  

 

The movie of the event was recorded under the same condition as previous 

experiments. The results are summarized in Table 3. Applying low power of the 

laser, one time constant was obtained while increasing the power of laser 

resulted in three time constants probably because the number of long-lasting 

particles is not noticeable at lower laser power, where fewer particles are 

detected. 

We used immobilized catalyst 31 on the surface of glass and recorded the 

interaction between this catalyst and compound 15 with the same excitation 

wavelength and emission filter (entries 10-15, Table 1). Smaller size and lower 

intensity than in the case of catalyst 30 should be chosen to pick up the desired 

particles. 
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In the next step we used benzene (non-polar) instead of acetonitrile (polar) as 

the solvent to examine the effect of solvent on the lifetime of the particles. By 

changing the solvent from acetonitrile to benzene the lifetime increased a bit 

in the presence of catalyst 30 (entries 3 and 9, Table 1)(Figure 3a). The 

difference was less in the presence of catalyst 31 (entries 10 and 15, Table 

1)(Figure 5b). 

(a)                                                                               (b) 

 

 

 

 

 

 

 

 

Figure 5. Fluorescence decay curve of the particles resulted from addition of 

compound 15 solution to the cover slips with (a) catalyst 30 (b) catalyst 31.  

 

The final step in the experiment is the addition of the thiol. After adding 100 µl 

of 2.38 × 10-7 M benzyl mercaptan we collected the movie under the standard 

conditions. Unfortunately, a highly fluorescent background quickly came up 

due to formation of the fluorescent adduct of compound 15 and benzyl 

mercaptan. This made it impossible to detect the single molecule binding 

events. 

Currently, Dongdong Zheng is working on interaction between fluorescent 

catalyst 32 and an immobilized maleimide derivative on the surface of the 

cover slip.24 In his preliminary experiments, two time constants 35 ms (90%), 

120 ms (10%) were found by fitting the binding times with a bi-exponential 

pattern. The average binding time is longer in that case than in the present 

experiment. It is conceivable that the maleimide in the BODIPY 15 is sterically 

hindered when binding to the catalyst, which is not the case in the system that 

Zheng is investigating (Scheme 6).   

 

6.5. Conclusion 

In this chapter we presented the results of preliminary measurements on the 

interaction between compound 15 and immobilized catalysts 30 and 31 by use 
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of Single Molecule Microscopy. More work is required to achieve the desired 

results. Some instrumental improvement is required to increase the quality of 

the movies, removing the fluctuating background light which arises from the 

sources other than the fluorescent particles from the reaction. The time 

resolution of the present experiment is insufficient to accurately determine the 

short residence times. Further reduction of the exposure time is necessary. In 

principle, the integrated intensity of a spot due to a single molecule in a single 

frame should be proportional to the time it is actually bound. Thus, the 

intensity in the first and last frames of a binding trace should be lower than in 

the intermediate ones in which the binding lasts during the whole integration 

period. Such a refined analysis is beyond the scope of the present preliminary 

work. 

The program to analyze the data needs to be improved to choose the desired 

particles with more certainty. Beside these, the process of preparing the 

sample must be improved to avoid fluorescence contaminants from glassware, 

solvent and the environment. Up to this point, the results show that TIRFM is a 

promising method to achieve more information about the catalytic processes 

and figuring out the dynamics of the interactions that play a role during the 

process. This work is part of the current research program in our group. We 

hope that the combination of our preliminary experiments with the 

complementary studies which are ongoing can help to achieve a quantitative 

insight and better understanding of the mechanisms of organocatalytic 

reactions. 
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Publication from this Thesis 
 
Chapter 4 was published in slightly modified form: 

Raeisolsadati Oskouei, M.; Brouwer, A. M. Organocatalytic Fluorogenic 

Synthesis of Chromenes. J. Fluoresc. 2017, DOI: 10.1007/s10895-017-2049-7.  
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Summary 

 
 
 
Fluorogenic organocatalytic reactions 
 
Organocatalysis is an emerging approach to chemical synthesis with important 
applications in the drug industry and biotechnology. The potential of 
enantioselective synthesis is the most important advantage of organocatalytic 
synthesis, in particular for the production of drugs. Despite its widespread use, 
the mechanistic understanding of organocatalysis is limited. In this thesis, we 
introduce fluorescence spectroscopy as a new tool to gain insight into the 
interactions between the substrates and catalyst during organocatalytic 
reactions. The ultimate goal is to resolve the kinetics of the binding and 
reaction steps and obtain detailed understanding of the reaction mechanism. 
As discussed in the introductory chapter 1, we use mainly boron 
dipyrromethene (BODIPY) dyes as the fluorescent unit. For our purpose, it is 
particularly interesting to use dyes that change their fluorescence properties as 
a result of interaction or reaction. In compounds 7, 15 and 17, the BODIPY 
fluorophore is combined with an electron deficient group that reacts as a 
Michael acceptor in organocatalytic reactions. The compounds are fluorogenic, 
because the electron deficient group quenches the fluorescence of the BODIPY 
by electron transfer, but after reaction the double bond is removed, the 
electron accepting group no longer exists, and the quenching process is no 
longer effective. The products of the reactions described in chapter 2, 4, and 5 
are potentially biologically active and equipped with a BODIPY fluorescent 
label. They could be studied as potential drugs in medicinal chemistry and can 
be used in fluorescence imaging methods.  

 
Scheme 1. Fluorogenic compounds used 

 

In chapter 2 the experimental methods are presented. This comprises the 
experimental tools, and details of the synthesis of the starting materials, the 
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In chapter 2 the experimental methods are presented. This comprises the 
experimental tools, and details of the synthesis of the starting materials, the 
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catalysts, and the general procedures for the preparation of the products. We 
synthesized four BODIPYs and use them in Michael and Biginelli reactions to 
prepare chromenes, succinimides, β-nitrothioethers and pyrimidone products. 
The characterization of the reaction products is also described in this chapter. 
In chapter 3 we present the results of the Michael addition reactions of benzyl 
mercaptan and dimethyl malonate to compounds 15 and 17 that yield 
succinimides and substituted β–nitro alkanes in good yields in the presence of 
different organocatalysts in different solvents and at different temperatures. 
The reaction between the BODIPYs and dimethyl malonate had good 
enantioselectivity (90% - 93%), but in the case of benzyl mercaptan only low 
enantioselectivity was observed.  
We chose the reaction between BODIPYs and benzyl mercaptan to proceed 
with fluorescence monitoring of the reactions.  
 

 
 

Scheme 2. Reactions used for fluorescence monitoring 

 
According to our observations the catalyst can interact with the maleimide 
group of compound 15 and slightly increase the fluorescence. Following the 
reaction by monitoring the increase of the fluorescence intensity with time 
showed that the Takemoto catalyst 33 gave the fastest conversion.  
We immobilized two hydrogen bond donating catalyst on the surface of glass 
and used them to catalyze the reaction between compound 15 and benzyl 
mercaptan. The progress of the reaction was followed by fluorescence 
spectroscopy, which showed that the immobilized catalysts were efficient and 
could be used several times to catalyze a new reaction batch after washing 
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with bicarbonate to ensure that the catalysts are not protonated by traces of 
acid. Another noteworthy finding is that a cupreidine derivative labelled with a 
perylene imide fluorophore is an effective catalyst for the reaction.  
In chapter 4 we discuss the results of the synthesis of two fluorescent 
chromene derivatives. The products were obtained in moderate to good yield, 
65% - 85%, and with moderate enantiomeric excess. These compounds have 
the potential to be studied in medicinal chemistry and also can be used in 
fluorescence imaging. We followed the formation of these compounds with 
fluorescence spectroscopy. Interestingly, the spectral evolution showed the 
presence of an intermediate, which is probably the reaction product of the 
Michael addition, which undergoes subsequent ring closure to the final 
chromene. 
In chapter 5, the results of the Biginelli synthesis of a fluorescent pyrimidone 
derivative of BODIPY is presented. The yield of the reaction was in the range of 
25% - 65% depending on the conditions. By the use of different catalysts in 
different solvents the product was produced with 7-100% enantiomeric excess. 
The reaction was most enantioselective in DMSO as the solvent. The product 
has the potential to be studied in medicinal chemistry. Two condensation 
products of urea with the starting compound, BODIPY aldehyde 6, could be 
isolated as intermediates in the reaction. We did not find evidence for the 
catalytic effect of excess urea which had been proposed in the literature. 
In chapter 6, we applied total internal reflection fluorescence microscopy to 
study the interaction between two immobilized catalysts (Chapter 3) and 
compound 15. We could observe transient fluorescent spots on the cover slip 
after adding the solution of compound 15 to both immobilized catalysts. This is 
attributed to the binding of the maleimide unit to the catalysts. The lifetimes 
of the thus produced single fluorescent molecules were found to be 
heterogeneous, but mostly too short to be accurately determined using the 
currently available experimental time window of 20 ms per image. Also, the 
number of fluorescent species per image slowly decreases over time, 
indicating a source of instability in the system. Despite these problems, this 
preliminary work shows the potential of the method to get more information 
about the catalytic processes using single molecule detection. Still, more work 
needs to be done to improve the experiments and to refine the data analysis in 
order to arrive at a better understanding of the mechanisms of the reactions. 
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Samenvatting 
 
  
 
Fluorogene organokatalytische reacties 
 
Organokatalyse is een opkomende aanpak van chemische synthese met 

belangrijke toepassingen in de farmacochemie en biotechnologie. Het 

potentieel voor asymmetrische synthese is het belangrijkste voordeel van 

organokatalytische synthese, in het bijzonder voor de productie van 

geneesmiddelen. Ondanks de wijdverbreide toepassing is het mechanistisch 

begrip van organokatalyse beperkt. In dit proefschrift introduceren we 

fluorescentiespectroscopie als een nieuw hulpmiddel om inzicht te krijgen in 

de interacties tussen de substraten en de katalysator tijdens de 

organokatalytische reactie. Het uiteindelijke doel is de kinetiek van de binding 

tussen de reactanten en de reactiestappen te onderzoeken en gedetailleerd 

inzicht in het reactiemechanisme te krijgen.  

Zoals besproken in het inleidende hoofdstuk 1, gebruiken we vooral 

boordipyrrometheene (BODIPY) kleurstoffen als fluorescerende eenheid. Voor 

ons doel is het bijzonder interessant om kleurstoffen te gebruiken waarvan de 

fluorescentie eigenschappen als gevolg van interactie of reactie veranderen. In 

verbindingen 7, 15 en 17 wordt het BODIPY fluorofoor gecombineerd met een 

elektron-deficiënte groep die reageert als een Michael acceptor in 

organokatalytische reacties. Verbindingen 7, 15 en 17 zijn fluorogeen, omdat 

de elektrondeficiënte groep de fluorescentie van het BODIPY dooft door 

elektronoverdracht.  
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Na reactie, echter, is de dubbele binding verwijderd en is het dovingsproces 

niet langer effectief. De producten van de reacties in beschreven hoofdstuk 2, 

4, en 5 zijn potentieel biologisch actief en ze zijn uitgerust met een BODIPY 

fluorescerend label. Ze kunnen als potentiële geneesmiddelen in de medicinale 

chemie worden bestudeerd en ze kunnen in fluorescentiebeeldvorming 

worden gebruikt. 

In hoofdstuk 2 worden de experimentele methoden gepresenteerd. Dit omvat 

de experimentele gereedschappen en de details van de synthese van de 

uitgangsmaterialen, de katalysatoren en de algemene procedures voor de 

bereiding van de producten. We hebben vier BODIPYs gesynthetiseerd en 

gebruiken deze in Michael en Biginelli-reacties om chromenen, succinimides, 

β-nitrothioethers en pyrimidon producten te bereiden. De karakterisering van 

de reactieproducten wordt ook in dit hoofdstuk beschreven. 

In hoofdstuk 3 worden de resultaten van de Michael additiereacties van 

benzylmercaptaan en dimethyl malonaat op verbindingen 15 en 17 

gepresenteerd.  

 

 
 
In deze reacties worden succinimides en gesubstitueerde β-nitroalkanen in 

goede opbrengsten verkregen in de aanwezigheid van verschillende 

organokatalysatoren in verschillende oplosmiddelen en bij verschillende 

temperaturen. De reactie tussen de BODIPYs en dimethylmalonaat had goede 

enantioselectiviteit (90% - 93%), maar in het geval van benzylmercaptaan werd 
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slechts lage enantioselectiviteit waargenomen. We kozen voor de reactie 

tussen BODIPYs en benzylmercaptaan om de reacties te volgen met behulp van 

fluorescentie. Volgens onze waarnemingen kan de katalysator interactie 

aangaan met de maleïmide groep van verbinding 15 waarbij de fluorescentie 

iets sterker wordt. Volgen van de toename van de fluorescentie intensiteit in 

de reactie in de tijd toonde dat de Takemoto katalysator 33 de snelste 

conversie gaf. We immobiliseerden twee waterstofbinding-donerende 

katalysatoren op het oppervlak van glas en gebruikten ze om de reactie tussen 

verbinding 15 en benzylmercaptaan te katalyseren. De voortgang van de 

reactie werd gevolgd met behulp van fluorescentiespectroscopie, waaruit 

bleek dat de geïmmobiliseerde katalysatoren efficiënt waren en meerdere 

malen konden worden gebruikt om een nieuwe batch reactie te katalyseren na 

wassen met bicarbonaat zodat de katalysatoren niet zijn geprotoneerd door 

sporen zuur. Een andere opmerkelijke bevinding is dat een cupreïdine derivaat 

gelabeld met een peryleen imide fluorofoor een effectieve katalysator is voor 

de reactie. 

In hoofdstuk 4 bespreken we de resultaten van de synthese van twee 

fluorescente chromeenderivaten. De producten werden verkregen in matige 

tot goede opbrengst, 65% - 85%, en met matige enantiomere overmaat. Deze 

verbindingen hebben het potentieel om te worden onderzocht in de 

farmacochemie en kunnen ook worden gebruikt in fluorescentiebeeldvorming. 

We  volgden de vorming van deze verbindingen met 

fluorescentiespectroscopie. Interessant is dat de spectrale evolutie de 

aanwezigheid van een intermediair aantoonde, waarschijnlijk het 

reactieproduct van de Michael-additie, dat ringsluiting ondergaat tot het 

uiteindelijke chromeen. 

In hoofdstuk 5 wordt het onderzoek van de Biginelli reactie van een 

fluorescent pyrimidonderivaat van BODIPY besproken. De opbrengst van de 

reactie was 25% - 65%, afhankelijk van de experimentele condities. Door het 

gebruik van verschillende katalysatoren en verschillende oplosmiddelen werd 

het product geproduceerd met 7 - 100% enantiomere overmaat. De reactie 

was zeer enantioselectief in DMSO als oplosmiddel. Het product heeft de 

potentie om in de farmacochemie te worden onderzocht. Twee 

condensatieproducten van ureum met de uitgangsverbinding, BODIPY 

aldehyde 6, konden als tussenprodukten bij de reactie worden geïsoleerd. We 
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vonden geen bewijs voor het katalytische effect van overmaat ureum dat in de 

literatuur is voorgesteld.   

In hoofdstuk 6, hebben we totale interne reflectie fluorescentiemicroscopie 

(TIRFM) gebruikt om de interactie tussen twee geïmmobiliseerde katalysatoren 

(hoofdstuk 3) en verbinding 15 te bestuderen. We konden kortdurende 

fluorescerende spots op de cover slip waarnemen na toevoeging van de 

oplossing van verbinding 15 aan beide geïmmobiliseerde katalysatoren. Dit 

wordt toegeschreven aan de binding van de maleïmide-eenheid aan de 

katalysatoren. De levensduren van de aldus geproduceerde enkele 

fluorescerende moleculen bleken heterogeen te zijn, maar meestal te kort om 

nauwkeurig worden te bepaald met het beschikbare experimentele 

tijdsinterval van 20 ms per beeld. Ook het aantal van de fluorescerende 

deeltjes per beeld neemt langzaam af in de tijd, wijzend op een bron van 

instabiliteit in het systeem. Ondanks deze problemen, toont dit 

voorbereidende werk het potentieel van de methode om meer informatie over 

de katalytische processen met behulp van single molecule detectie te krijgen. 

Toch moet meer werk worden verricht om de experimenten te verbeteren en 

om de gegevensanalyse te verfijnen teneinde te komen tot een beter begrip 

van de mechanismen van organokatalytische reacties.  

Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

 

 
 

Acknowledgements  
 

I am using this opportunity to express my deepest gratitude for the help and 

support of persons who have contributed in making this study possible. 

I would like to thank my supervisor Prof. Fred Brouwer for his endless support, 

help, motivation, patience and constructive criticism during last four years. I 

really appreciated the opportunity he gave me to work and learn in a positive 

environment of the molecular photonics group of the University of 

Amsterdam. I would like to thank my co-supervisor Prof. Henk Hiemstra for his 

valuable guidance during the project. I would like to express my gratitude to 

Prof. Wybren Jan Buma, Prof. Sander Woutersen, Dr. Hong Zhang, Dr René 

Williams, Dr. Bert Bakker and Prof. Jan van Maarseveen, for their help and 

useful comments. I would like to express my special thanks to Michiel Hilbers, 

Hans Sanders, Paul Reinders, Tatu Kumpulainen, Tom Albers, Martin J. 

Wanner, Fatna Ait El Maate, Jan Meine Enrsting, Els Engelen-Goris and Ed 

Zuiding for helping me with TCSPC, HPLC, NMR and Mass spectroscopy. Special 

thanks to Truc Ngo and Marijke Duyvendak for their help and support. I would 

like to thank Eeke van der Burg for her help to translate the summary. I would 

like to thank Dina for her help in TIRF measurements and special thanks to 

Dongdong and Shan Zhu for their help in writing the program in MATLAB to 

analyze the data. I would like to thank all my colleagues Hong-Cheng, Yadan, 

Tomislav, Yu, Bruno, Jarich, Elena, Steven, Roberto, Benjamin, Tibert, Eric, 

Adriana, Heleen, Sérgio, Saeed, Chris, Fei, Nazila, Aram, Cami, Floor, Felix, 

Brendan, Consuela, Jelmer, Jean Pierre, Martijn, Yaëla, Jorien, Janneke, Roel, 

Dieuwertje, Luuk, Réne, Wim, Langping, Mark, Si, Yansong, Jing, Luting, Lotte, 

Loreta, Angela, Olivier, Yanni, Robert, Paul, Rebecca and Sonia for the good 

work atmosphere.   

I would like to thank my family, my lovely mother, Monir, Naier, Mohammad, 

Solmaz, Milan for their continued support during last years. I acknowledge 

Mernaz and Saeed for their mentally supports. Special thanks to my brother, 

Karim, and my sister in law, Juliette, for their unwavering supports. I would like 

to thank my husband, Reza, for his patience and support in all moments of this 

period.  



Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017Processed on: 7-3-2017

508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei508735-L-bw-Oskouei

132                                                                                                                                     

 
 

vonden geen bewijs voor het katalytische effect van overmaat ureum dat in de 

literatuur is voorgesteld.   

In hoofdstuk 6, hebben we totale interne reflectie fluorescentiemicroscopie 

(TIRFM) gebruikt om de interactie tussen twee geïmmobiliseerde katalysatoren 

(hoofdstuk 3) en verbinding 15 te bestuderen. We konden kortdurende 

fluorescerende spots op de cover slip waarnemen na toevoeging van de 

oplossing van verbinding 15 aan beide geïmmobiliseerde katalysatoren. Dit 

wordt toegeschreven aan de binding van de maleïmide-eenheid aan de 

katalysatoren. De levensduren van de aldus geproduceerde enkele 

fluorescerende moleculen bleken heterogeen te zijn, maar meestal te kort om 

nauwkeurig worden te bepaald met het beschikbare experimentele 

tijdsinterval van 20 ms per beeld. Ook het aantal van de fluorescerende 

deeltjes per beeld neemt langzaam af in de tijd, wijzend op een bron van 

instabiliteit in het systeem. Ondanks deze problemen, toont dit 

voorbereidende werk het potentieel van de methode om meer informatie over 

de katalytische processen met behulp van single molecule detectie te krijgen. 

Toch moet meer werk worden verricht om de experimenten te verbeteren en 

om de gegevensanalyse te verfijnen teneinde te komen tot een beter begrip 

van de mechanismen van organokatalytische reacties.  
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