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ABSTRACT 

 

THE ENANTIOSELECTIVE SYNTHESIS OF 2-INDOLYL-1-NITRO 

DERIVATIVES AND BODIPY DYES IN THE PRESENCE OF CHIRAL 

BIFUNCTIONAL SQUARAMIDE ORGANOCATALYSTS 

 

 

 

 

Dündar, Esra 

Doctor of Philosophy, Chemistry 

Supervisor: Prof. Dr. Cihangir Tanyeli 

 

 

 

August 2022, 163 pages 

 

In our research group, chiral bifunctional squaramides with different basic units have 

been synthesized and evaluated in various asymmetric reactions. To test the catalytic 

activity of organocatalysts, Friedel-Crafts alkylation of indoles with nitroolefins was 

selected as a model reaction in the first part of the study. 19 different 2-indolyl-1-

nitro derivatives were synthesized with up to >99% ee in the presence of sterically 

encumbered tert-butyl substituted squaramide/quinine. Besides, 2-adamantyl 

squaramide/quinine was evaluated in the addition of BODIPY core to isatin 

derivatives which will be the first example of this kind of enantioselective addition 

in literature. 6 novel chiral BODIPY dyes were synthesized with up to 60% ee, and 

their spectroscopic and chiroptical properties were investigated. In the final chapter, 

a point chiral at boron and carbon BODIPY was synthesized with a two-pot, one-

step synthesis-an interrupted Knoevenagel condensation. ECD spectra of the dye 

showed a strong Cotton effect in the visible region. However, this dye showed weak 

fluorescence emission due to partly vibrational relaxations and bent-shaped 

molecular geometry. 
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ÖZ 

 

2-İNDOLİL-1-NİTRO TÜREVLERİNİN VE BODIPY BOYALARININ 

KİRAL BİFONKSİYONEL SKUARAMİT ORGANOKATALİZÖRLER İLE 

ENANTİYOSEÇİCİ SENTEZİ 

 

 

 

 

Dündar, Esra 

Doktora, Kimya 

Tez Yöneticisi: Prof. Dr. Cihangir Tanyeli 

 

 

 

Ağustos 2022, 163 sayfa 

 

Araştırma grubumuzda, farklı bazik birimlere sahip kiral bifonksiyonel skuaramitler 

sentezlenmiş ve çeşitli asimetrik reaksiyonlarda değerlendirilmiştir. Bu 

organokatalizörlerin katalitik aktivitesini test etmek için, çalışmanın ilk kısmında, 

indollerin nitroolefinlerle Friedel-Crafts alkilasyonu model reaksiyon olarak 

seçilmiştir. 19 farklı 2-indolil-1-nitro türevi, tert-bütil skuaramit/kinin varlığında 

>99% enantiyoseçicilik ile sentezlenmiştir. Ayrıca, 2-adamantil skuaramit/kinin, 

literatürde bu tarz enantiyoseçici katılmanın ilk örneği olacak olan BODIPY 

yapısının isatin türevlerine katılmasında değerlendirilmiştir. 6 özgün kiral BODIPY 

boyası 60% enantiyoseçicilik ile sentezlenmiştir ve bu boyaların spektroskopik ve 

kayroptik özellikleri araştırılmıştır. Son bölümde, bor ve karbonda kiral merkezleri 

olan BODIPY tek step-yarıda kesilmiş Knoevenagel yoğunlaşması ile 

sentezlenmiştir. Boyanın ECD spektrumu görünür bölgede güçlü Cotton etkisi 

göstermiştir. Bununla birlikte, bu boya, kısmen titreşimli gevşemeler ve bükülmüş 

şekilli moleküler geometri nedeniyle zayıf floresan emisyonu göstermiştir. 
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CHAPTER 1  

1 INTRODUCTION  

1.1 The Organocatalysis in Asymmetric Synthesis 

The concept of organocatalysis was first defined as "using small molecules to 

catalyze organic reactions to synthesize optically active or chiral compounds" by 

MacMillan in 2000. Also, MacMillan et al. documented the first enantioselective 

organocatalytic Diels-Alder reaction of cyclohexa-1,3-diene (1) and acrolein (2) 

catalyzed by imidazolidinone 4 as an organocatalyst (Scheme 1).1 

 

Scheme 1. Diels-Alder reaction catalyzed by imidazolidone organocatalyst 4 

 

Another precious work in the organocatalysis field was conducted by List et al. in 

2000. The first intermolecular aldol reaction between acetone (5) and 

isobutyraldehyde (6) was catalyzed by L-proline (8) (Scheme 2). This aldol reaction 

showed the benefits of an organocatalyst as being nontoxic, inexpensive, containing 

no metal, small molecule, and no requirement for inert conditions. Specific to 

proline, it was readily available in both enantiomeric forms and water-soluble, which 

could be easily extracted.2 



 

 

2 

 

Scheme 2. The first organocatalytic intermolecular aldol reaction 

 

As a necessary conclusion from List’s study, L-proline (8) was an organocatalyst 

that fulfills most of the prerequisites indicated with "green and sustainable" 

chemistry.3 The pioneers of asymmetric organocatalysis, Benjamin List and David 

MacMillan, were awarded the Nobel Prize in Chemistry in 2021 for their precious 

contribution to the development of asymmetric organocatalysis.4 

From a mechanistic point of view, the organocatalysts activate the electrophile or 

nucleophile or both electrophile and nucleophile simultaneously. Also, the 

organocatalysts provide an asymmetric environment to get a chiral product due to 

the reaction.5 One type of organocatalysis classification conducted by Berkessel and 

Gröger is based on the interaction with the substrate, and they could be either 

covalent or non-covalent catalysis.6 In covalent catalysis, organocatalytic modes are 

activated through enamine, iminium, dienamine, SOMO, carbene, and Lewis base. 

Conversely, hydrogen-bonding and Brønsted acid activation, Brønsted base, 

bifunctional activation, and phase-transfer are three types of non-covalent 

organocatalytic modes of activation.7 A different kind of classification conducted by 

List depends on the acidity or basicity of the catalytic cycle, including Lewis 

acid/base and Brønsted acid/base catalysis.8 Moreover, the last type of classification 

conducted by MacMillan is considered from a different perspective which is generic 

activation modes of organocatalysts.9 

One of the most commonly used activation modes is enamine catalysis, in which 

enolizable aldehyde and ketones could be functionalized in the alpha position with 

different electrophiles.10 Moreover, iminium activation catalysis is another 
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fundamental mode that a considerable variety of nucleophile-electrophile 

interactions such as cycloadditions, nucleophilic additions, attacks by bases, and 

decarboxylation could be foreseen.11 L-proline12–14 (8) and (S)-phenylalanine15,16 (9) 

are chiral amines used in enamine activation catalysis, and the diarylprolinol silyl 

ethers17,18 10 and aromatic diamines such as BINAM19,20 11 are used for iminium 

activation catalysis (Figure 1). 

 

Figure 1. Representative examples of chiral amines 

 

As an essential sub-class of non-covalent catalysis, hydrogen-bonding catalysis is 

a powerful tool to catalyze a wide range of enantioselective reactions by being 

responsible for activating electrophiles with their unique functional group structure 

of organocatalysts.21,22 Chiral thio(urea)s23 12, diols24 13, and phosphoric acids25,26  

14, 15 are the most widely used hydrogen-bonding catalysts (Figure 2). 

 

Figure 2. Examples of hydrogen-bonding catalysts 
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1.1.1 Bifunctional Organocatalysis 

Bifunctional organocatalysis is the most substantial concept for developing efficient 

chiral catalysts by making bifunctionality one of the most effective sites in 

asymmetric catalysis.27 The pioneering studies in bifunctionality were conducted by 

Wynberg and his co-workers. In their studies, the cinchona alkaloid-derived acid-

base bifunctional organocatalyst bearing an OH unit at the C-9 position often showed 

good catalytic activity in terms of enantioselectivity than those counterparts not 

having an OH unit at the C-9 position. Unfortunately, these early attempts were not 

good enough to accomplish the reactions with high enantioselectivities.28 

In 2003, Takemoto and his co-workers developed the most critical study in the 

bifunctionality area. In their research, the Michael addition of diethyl malonate (17) 

to nitroolefins 16 was catalyzed by the bifunctional thiourea organocatalyst 19 with 

high enantioselectivities (Scheme 3). For the mechanistic view, the thiourea part, 

which is the acidic part of the organocatalyst, activates the electrophile, and the 

tertiary amino group as the basic unit activates the nucleophile simultaneously.29 

 

Scheme 3. The first example of bifunctional organocatalysis 

1.1.2 Squaramides in Bifunctional Organocatalysis 

Bifunctional squaramides, one of the most influential sub-classes of hydrogen-

bonding catalysts, have been emerged to make asymmetric induction for 

synthesizing optically active compounds.30 The pioneering study was conducted by 

Rawal and his co-workers in 2008 with the usage of cinchona-derived squaramide 

22 as a bifunctional organocatalyst in the Michael addition of 2,4-pentanedione (20) 
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to trans-β-nitrostyrene (16a) (Scheme 4). Although it was the first study, the 

cinchona-derived squaramide 22 showed excellent catalytic activity in terms of 

enantioselectivity and chemical yield values.31 

 

Scheme 4. The first example of bifunctional squaramide catalyzed Michael addition 

Compared to their closest analogs, thio(urea)s, the functionality of squaramides has 

a significant difference in terms of duality, rigidity, H-bond spacing, angle, and pKa. 

Firstly, ion- and H-bonding duality is one of the most specific differences between 

squaramides and thio(urea)s. Squaramides have unique properties, ditopic binding 

(Figure 3, left), recognizing anions and cations in which thio(urea)s have limited 

ability.32 The reason for ion duality is explained by the increased aromaticity in the 

complexes in which squaramides form with several anions and cations. This 

bifunctional ditopic binding is used for designing ditopic receptors.33 In addition to 

ditopic binding, squaramides have bifunctional H-bonding property, containing two 

N-H protons as H-bond donors and two carbonyl groups as H-bond acceptors. Also, 

one N-H and one carbonyl group are thought of as another H-bond donor/acceptor 

pattern (Figure 3, right).34 

 

Figure 3. Ditopic binding (left) and H-bonding patterns (right) in squaramides 
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Secondly, squaramides are rigid compounds due to their structural features. The 

squaramides are the vinylogous amides which are nitrogenated derivatives of squaric 

acids, while their thio(urea) counterparts are (thio)amides. The functional parts in 

the structures restrict the rotation of the C-N bond by delocalizing the lone pair of 

nitrogen atoms through the carbon-oxygen double bond in the resonance structures 

in both analogs. Besides, in squaramides, the subscription of the partially aromatic 

cyclic unit enables the further delocalization of the structure. The aromaticity of these 

analogs is supported by the nucleus-independent chemical-shift method, a 

computational technic which specifies that these compounds provide all 

prerequisites for aromaticity (Figure 4).32  

 

Figure 4. Resonance structures of thio(urea) and squaramides 

 

Thirdly, the distance and spacing between two N-H protons is another significant 

difference between the thioureas and squaramides. The distance in thiourea is 

calculated as ~ 2.1 Å by Takemoto35 while in squaramide as ~ 2.7 Å by Rawal31 

(Figure 5, left, respectively). Another unique difference in improving H-bonding 

properties observed in squaramides is the H-bond angle which folded by 6° because 

of the square geometric structure of the cyclobutenedione ring. The angle difference 

causes a convergent orientation of N-H protons, which cannot be observed in 

thiourea analogs (Figure 5, right, respectively).31,32  

 

Figure 5. The distance between N-H (left) & convergent orientation of N-H (right) 
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Finally, the last difference between squaramides and thioureas is pKa values. In 

2010, Cheng et al. first measured the pKa values of the most widely known thiourea 

catalysts based on the correlations of pKa values, activity, and enantioselectivity. 

Their study shows that faster reactions and better enantioselectivities are obtained 

with the more acidic thioureas.36 After that, Schreiner also determined the pKa values 

of the most popular thio(urea)s with Bordwell’s method.37 For the squaramides, a 

similar study was conducted by Cheng et al. in 2014 with 18 different squaramides. 

Also, they compared the acidity of squaramides and their thiourea analogs by 

deducing that squaramides are more acidic due to having lower pKa values than the 

thioureas.38 

Generally, squaramides provide stronger H-bonding in compounds containing nitro, 

carbonyl, imino, and nitrile functionalities, etc. (Figure 6).39 

 

Figure 6. Activation of different functional groups by squaramides 

 

Besides all these properties, the easy preparation of squaramides is another 

advantage. The synthesis procedure starts with the substitution of dimethyl squarate 

followed by a second substitution of a chiral primary amine to get the bifunctional 

squaramide (Scheme 5). In some cases, purification techniques are not needed due 

to the precipitation of catalysts in the solution. Moreover, when the combination of 

squaramide moiety with the chiral scaffold carrying a basic part results in the chiral 

bifunctional H-bonding organocatalyst.40 
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Scheme 5. The synthesis of bifunctional squaramide 

 

Up to now, a wide range of bifunctional squaramide organocatalysts are synthesized 

and evaluated in different types of reactions such as Michael additions, aldol, 

Mannich, Friedel-Crafts alkylation, Morita-Baylis-Hillman, Strecker, aza-Henry, 

cascade, and domino type reactions.30,32,39,40 

1.1.2.1 2-AminoDMAP and Quinine Based Bifunctional Squaramides in 

Tanyeli’s Research Group 

In 2015, Tanyeli et al. reported a new class of organocatalysts named as chiral 

bifunctional 2-AminoDMAP/squaramides with the cooperation of 2-aminoDMAP 

unit as a "superbase" and sterically encumbered squaramide motif as H-bond donor 

(Figure 7).  

 

Figure 7. Chiral bifunctional 2-aminoDMAP/squaramides 
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Moreover, the catalytic activity of these organocatalysts was tested in the Michael 

addition of dibenzoylmethane (26) to various nitroolefins 16 with the usage of only 

1 mol% catalyst loading (Scheme 6). 15 different derivatives were synthesized up to 

98% enantioselectivities and 95% chemical yields in the presence of sterically 

encumbered 1-adamantyl substituted 2-aminoDMAP/squaramide organocatalyst 

23.41 

 

Scheme 6. Conjugate addition of dibenzoylmethane (26) to nitroolefins 16 

After one year, in 2016, Kanberoğlu et al. synthesized another new class of 

bifunctional squaramides which are quinine based as cinchona alkaloid derivatives. 

These new types are named quinine/squaramides, which contain the same sterically 

encumbered units such as 1 & 2-adamantyl and tert-butyl as acidic parts (Figure 8). 

 

Figure 8. Chiral bifunctional quinine/squaramides 28-30 
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After synthesizing organocatalysts, they were subjected to evaluate in the Michael 

addition of 1-nitropropane (31) to different nitroolefins 16. Twelve different 1,3-

dinitro products 32 are obtained up to 95% enantioselectivities and up to 96:4 

diastereomeric ratio in the presence of 2 mol% tert-butyl quinine/squaramide 30 

(Scheme 7).42 

 

Scheme 7. Michael addition of 1-nitropropane (31) to nitroolefins 16 

 

In addition to these reactions, 2-aminoDMAP and quinine based squaramide 

organocatalysts have been evaluated for different types of reactions such as aza-

Henry,43 Friedel-Crafts alkylation,44 Sulfa-Michael addition,45 Mannich 

reactions,46,47 and domino type reactions.48 

1.2 Friedel-Crafts Alkylation Reactions 

Friedel-Crafts reactions, discovered by Charles Friedel and James Mason Crafts in 

1877, have a vast scope and occupy a prominent place in electrophilic reactions. 

Moreover, Friedel-Crafts reactions have two different categories: alkylation and 

acylation. Due to its vast diversity and types, Friedel-Crafts alkylation (FCA) is a 

substantial and significant reaction type to form a C-C bond in both aromatic and 

aliphatic systems in synthetic organic chemistry. In addition to all, the alkylation of 

aromatic compounds with an alkene is one of the most common application of 

Friedel-Crafts alkylation.49 
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One of the early examples of alkylation of aromatic compounds with an alkene was 

come by Kobayashi et al. in 2000. In their study, Friedel-Crafts type conjugate 

addition of indole (28) to electron-deficient nitroolefins 16 was catalyzed by a 

surfactant-type Lewis acid, scandium tris(dodecyl sulfate), Sc(DS)3 in water with 

good chemical yields (Scheme 8).50 

 

Scheme 8. FCA of indoles 33 with nitroolefins 16 

1.2.1 Enantioselective Friedel-Crafts Alkylation of Indole with 

Nitroolefins 

The asymmetric version of Friedel-Crafts alkylation of indole (33a) with trans-β-

nitrostyrene (16a) (Scheme 9) was tested by the mostly combination of ligands, and 

metal complexes,51–56 charged organocatalysts57–59 and inorganic materials.60,61 

 

 

Scheme 9. FCA of indole (33a) with trans-β-nitrostyrene (16a) 

 

Moreover, the first organocatalytic literature example of Friedel-Crafts alkylation of 

indole (33a) with trans-β-nitrostyrene (16a) was accomplished by Ricci62 et al. in 

2005. In the presence of 20 mol% simple thioureas 35, 8 different 3-substituted 
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indole derivatives were synthesized with high enantioselectivities (up to 89% ee) and 

moderate yields (up to 88%) at -24 °C.  

In the same year, Jørgensen63 et al. used only 2 mol% H-bonding bis sulfonamides 

36 as organocatalysts in the Friedel-Crafts alkylation of indole (33a) with trans-β-

nitrostyrene (16a). They reached up to only 63% ee at room temperature. By using 

the recrystallization technique, the enantioselectivity of products was increased up 

to 99% ee.  

After one year, in 2006, Connon64 et al. evaluated their novel axially chiral bis-

arylthioureas 37 with the usage of 10-20 mol% catalyst loading in the FCA of indole 

(33a) with trans-β-nitrostyrene (16a). Although the chemical yield values were up 

to 98%, the enantioselectivity was obtained at only 50% among the 7 derivatives at 

-30 °C with long reaction durations (up to 287 h).  

In 2008, chiral phosphoric acids 38 were evaluated in the FCA of indole (33a) with 

trans-β-nitrostyrene (16a) in harsh reaction conditions in which temperature at -35 

°C and benzene as well as DCE as reaction solvents. Akiyama65 et al. synthesized 14 

different derivatives with up to 94% ee and moderate yields in the usage of 10 mol% 

catalyst loading.  

In 2011, the FCA of indole (33a) with trans-β-nitrostyrene (16a) was catalyzed by 

5 mol% chiral phosphoric acids 39 at 20 °C. Zhang et al. managed to reach up to 

only 47% ee and moderate yields with 23 different derivatives.66 

Another remarkable study came out in 2016 by Chen67 et al. In their research, the 

FCA of indole (33a) with trans-β-nitrostyrene (16a) was catalyzed by novel chiral 

secondary amine-amide organocatalyst 40 with the usage of 10 mol% catalyst 

loading at 35 °C. 12 different derivatives were synthesized with enantioselectivities 

up to 95% and chemical yields (Scheme 10).  
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Scheme 10. A literature comparison of FCA of indole (33a) with trans-β-

nitrostyrene (16a) in organocatalysis 

 

1.2.2 The Importance of 2-Indolyl-1-nitro Derivatives 

The outcome of the enantioselective Friedel-Crafts alkylation of indole (33a) with 

nitroolefins 16 is the chiral 2-indolyl-1-nitro derivatives 41. The importance of these 

derivatives is attributed to two factors which one is the privileged structure of indole 

core in the pharmaceutical environment, fragrances, agrochemicals, pigments, and 

material science.68,69 Moreover, the second factor is the chemical diversity of the 

nitro group in nitroolefins due to their easy availability and transformation into 

different types of functional groups.70 

The chiral 2-indolyl-1-nitro derivatives 41 are fundamental building blocks for 

biologically active compounds such as melatonin analogs 42, 1,2,3,4-tetrahydro-𝛽-

carbolines (THBCs) 43 and tryptamines 44 (Figure 9).71 
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Figure 9. 2-indolyl-1-nitro intermediates 41 

 

Melatonin derivatives 42 are one of the most vital hormones secreted in the darkness, 

and it is responsible for regulating circadian rhythm and controlling associated 

diseases. In addition to the antioxidant property, it is also used to treat cancer and 

psychiatric disorder.72  

1,2,3,4-tetrahydro-𝛽-carbolines (THBCs) 43 have a wide occurrence in nature and 

are synthetic compounds that could be synthesized with an enzymatic Pictet-

Spengler cyclization in the presence of tryptamine or tryptophan and a carbonyl 

compound. Besides, THBCs 43 are key intermediates for alkaloids which are 

ajmalicine, strychnine, reserpine, tadalafil, eudistomin E, and trypargine (Figure 10). 

These alkaloids pharmacologically function as antihypertensive, pesticide, 

antimalarial, antiviral, and antitumor activities.73,74  

Tryptamines 44 are intermediates for triptans and tryptophans. Among these, triptans 

are synthesized as a partial agonist for the treatment and prophylaxis of migraine by 

pharmaceutical companies. The best-known example of triptans is sumatriptan. 

Moreover, tryptophan is a natural amino acid derivative that is essential for the 

human body to produce proteins (Figure 10).75,76 
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Figure 10. Examples of THBCs and Tryptamines 

1.3 Fluorescence Spectroscopy 

Fluorescence spectroscopy, with its indicators, sensors, probes, and imaging 

functions, has become an essential part of various fields of modern science, 

medicine, chemistry, biology, and materials science nowadays. Also, fluorescent 

techniques, which are highly sensitive and specific, offer many advantages such as 

excellent sampling capability, operationally simple, minimum disruptive, and 

versatility. Due to its broad benefits, fluorescence has a vital role in other 

measurement techniques that are microelectrodes, NMR, atomic absorption 

spectroscopy, and spectrophotometry.77 
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1.3.1 BODIPY Dyes as Fluorescent Compounds 

Among the all-fluorescent compounds, 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene78,79 which is known commonly as BODIPY, difluoroboron 

dipyrromethene, is the most popular one. Although the first examples of BODIPY 

structures were reported by Treibs and Kreuzer80 in 1968, the significant applications 

of these structures, such as biological labeling, laser dyes, sensors, and indicators, 

have been discovered entirely since the mid-1990s. The reason for this popularity 

and usage in various applications is the outstanding excellent chemical and physical 

properties of BODIPY dyes.77 

1.3.1.1 The Chemical and Physical Properties of BODIPY Dyes 

The IUPAC numbering for BODIPY 45 and dipyrromethene 46 & dipyrromethane 

47 is different but the same in alpha-, beta- and meso- positions (Figure 11).78 

 

Figure 11. IUPAC numbering for compounds 45, 46 & 47 

 

BODIPY 45 structure is considered as an example of a "rigid" molecule, and this 

rigidity restricts the rotation of the compound by resulting in unusually high 

fluorescence properties. Also, the conjugation of 𝜋-electrons in the dipyrromethene 

boron framework could be extended with the attachment of suitable groups onto both 

periphery or pyrrole parts.80 In addition to high fluorescence quantum yields, 

BODIPY dyes have large molar absorptivity coefficients with their absorption & 

emission spectra located in the visible region, narrow emission bandwidths with high 

peak intensities, fluorescence lifetimes in the nanosecond range, and negligible 



 

 

17 

triplet-state populations. These dye structures have good solubility in all common 

solvents and remarkable redox characteristics. Moreover, BODIPYs are inert for 

chemicals and robust for light as well as resist toward self-aggregation in solution. 

All these spectroscopic and photophysical properties could be fine-tuned with the 

attachment of suitable groups to the core structure.81 From the chemical reactivity 

perspective, these BODIPY structures are functionalized at all positions which are 

1, 2, 3, 5, 6, 7 of C-ring positions at pyrrole ring, meso- or 8-position, and boron 

atom (Figure 12). 

 

Figure 12. Functionalization of BODIPY core 

 

2,6-positions which are free of substituents are susceptible to electrophilic 

substitution reactions in the presence of chlorosulfonic acid. Water-soluble BODIPY 

analogs,82 bromine83,84 and iodine85 bearing BODIPY dyes are synthesized with this 

approach by occurring exclusively at 2,6-positions which is a valuable selective 

substitution.79 

Using the acidity of methyl groups on 3,5-positions of BODIPY dyes, these 

compounds could be subjected to addition-elimination reactions. Methyl groups at 

3,5-positions are deprotonated in basic conditions and then added to an electron-rich 

aldehyde group, forming a styryl group.86–89 As a specific literature example, pH-

dependent BODIPY 50 was synthesized with the Knoevenagel type condensation 

between the corresponding BODIPY 48 and 4-(dimethylamino)benzaldehyde (49) 

(Scheme 11).90 



 

 

18 

 

Scheme 11. Knoevenagel condensation of BODIPY 48 with 4-

(dimethylamino)benzaldehyde (49) 

 

Another mechanistic pathway is metal-catalyzed cross-coupling reactions, 

specifically palladium-catalyzed coupling reactions, to extend the conjugation of 

BODIPY dyes in which a halogenated group is directly attached to the core or aryl 

ring.91 Moreover, Heck, Suzuki, Sonogashira, or Stille type coupling reactions are 

used for the addition of ethyne, ethene, or aryl groups to the BODIPY core structure 

by remaining the B-F bond inert during the reaction.92,93 

With the nucleophilic substitution reactions, BODIPY dyes are derivatized from 8- 

or meso-positions in the presence of a variety of nucleophiles.94,95 Especially, 8-

halogenated BODIPYs are excellent candidates for nucleophilic substitutions due to 

mild reaction conditions.96 In addition to 8-position, fluorine atoms at boron could 

be substituted with aryl, alkyne, alkyl, alkoxide, and carboxylate groups.97–102 

Although BODIPY structures have remarkable physical, chemical, and optical 

properties, only two synthetic methods are available to access these systems. 

BODIPY 53a is obtained via condensation of a 3,5-dimethylpyrrole-2-carbaldehyde 

(52) with a 2,4-dimethylpyrrole (51) in the first method (Scheme 12, a).103,104 In the 

second synthesis procedure, condensation of only 3,5-dimethylpyrrole-2-

carbaldehyde (52) in the presence of POCl3 gives the desired BODIPY 53a (Scheme 

12, b).105 
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Scheme 12. The synthetic pathways of BODIPY 53a 

 

1.3.1.2 The Chiral BODIPY Dyes 

Due to tremendous chiroptical properties, optically active BODIPY dyes have many 

applications in optoelectronic devices, and are used as biological sensors. Mainly, 

optically active BODIPYs are divided into three subunits that differ in structures; (i) 

containing chiral carbon atoms, (ii) linking with optically active molecules, and (iii) 

axially chiral or stereogenic center at tetrahedral boron atom.106 The first examples 

of optically-active BODIPYs 54, which belong to the first subunit, are synthesized 

from the urobilin analogs.107 Moreover, enantiopure aza crown ether-linked 

BODIPYs108 55 and containing chiral 1,2-diphenyl-1,2-ethanodiamine BODIPYs109 

56 are given as another example for the same class (Figure 13). 
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Figure 13. Chiral BODIPYs containing chiral carbon atoms 

 

For the second type of chiral BODIPYs, binaphthyl (BNP) groups are commonly 

used as optically active molecules linked to BODIPY core structures. Daub and co-

workers linked chiral BNP groups at the meso-position of the BODIPYs to get chiral 

BODIPYs 57.110,111 Also, these BNP groups could be substituted from the 4-position, 

which is the boron atom of the core structure with Sonogashira coupling reactions. 

BODIPY 58 & 59 are two examples that having chiral BNP groups attached to boron 

atoms (Figure 14).112,113 

 

Figure 14. Optically active BODIPYs linked with optically active molecules 
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Axial chirality is observed in BODIPY molecules due to structural arrangement, 

although these compounds do not have a stereogenic center. Because of their 

chirality, their enantiomers are not superimposable with each other. BODIPY 60 

shows ‘’propeller-like’’ conformation, which is a requirement for axial chirality with 

the effect of steric hindrance between the large groups.114 As a different example for 

axial chirality, BODIPY 61 was reported by Hall and co-workers. Its separated 

enantiomers were showed mirror-image symmetry in CD spectra.115 Moreover, 

BODIPY dimer 62 and trimer 63 are also axially-chiral dyes with rotationally 

hindered structures reported by the Akkaya group (Figure 15).116 

 

Figure 15. Axially-chiral BODIPYs 

 

Although spectacular studies have been reported for synthesizing chiral BODIPY 

dyes, their asymmetric synthesis in the presence of chiral catalysts is very little 

known. Alemán and co-workers conducted the first studies. By using the EWG effect 

of BODIPY 64 in the activation of double bonds, they synthesized cyclohexyl 

derivatives 66 containing a BODIPY unit via trienamine catalysis with dienals 65 in 

2019 (Scheme 13a)117 and pyrrolidine-based BODIPY dyes 68 by asymmetric 

copper-catalyzed [3+2] cycloaddition reactions with azomethine ylides 67 in 2020 

(Scheme 13b).118 In addition to Alemán’s studies, different type of enantioselective 

work was conducted by Rios and co-workers in 2021. They added the alkyl 

BODIPYs 69 to Morita-Baylis-Hillman (MBH) carbonates 70 in the presence of 

cinchona alkaloids by using the methylene position of BODIPY as a nucleophile 

(Scheme 13c).119 
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Scheme 13. The enantioselective studies of BODIPY dyes 

 

1.3.1.3 The Applications of BODIPY Dyes  

Due to great structural versatility, excellent spectroscopic properties and 

photostability, high solubility in organic solvents, achiral and chiral BODIPY dyes 

have many applications in biological labeling, photodynamic therapy, dye lasers, 

chemosensors, and optoelectronic devices.106  

A typical fluorescent indicator equal to a detector, sensor, chemosensor, or probe 

combines with the binding site of an analyte with a fluorescent moiety. The function 

of this fluorophore is to translate the combination of analyte-fluorophore into a 

fluorescence output signal. In this way, essential and specific molecules could be 

detected, quantified, and imaged to understand the chemical and biological 

systems.77 
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Moreover, positron emission tomography (PET) is one of the most critical molecular 

imaging techniques for diagnosing and treating diseases such as cancers by giving 

information about the biochemistry of the metabolism with the labeled radioisotopes. 

Fluorine-18 is widely used in PET scans due to its long enough half-time, suitable 

imaging characteristics, and decay pattern. On the other hand, fluorescent probes are 

used in optical imaging for tumor detection, image-guided surgery, and in vivo 

imaging studies due to their high spatial resolution and sensitivity and easy 

implementation. In the context of these two techniques, BODIPY dyes have a dual 

functionality such as PET tracers which contains fluorine-18 and optical fluorescent 

imaging probes.120–124 

In addition to these, BODIPY dyes are used for optoelectronic applications such as 

organic light-emitting diodes (OLEDs), nonlinear optics (NLOs), sensing, hole-

transporting materials (HTMs), and electron-transporting materials (ETMs) for 

perovskite solar cells (PSCs) and also, materials for ultrafast charge transfer. The 

advantage of the modification at almost every position and their comprehensive 

optical properties are used for these applications. Specifically, BODIPY structures 

are modified from the periphery position with bulky units for OLEDs to avoid the 

aggregation caused by quenching in the solid-state due to intermolecular - 

stacking.125,126 

1.4 The Aim of the Study 

This thesis's main objective is to evaluate the chiral bifunctional 2-aminoDMAP 23-

25 and quinine-based organocatalysts 28-30 (Figures 7 and 8, respectively) in 

different types of reactions and to synthesize the optically active novel compounds 

in the presence of these organocatalysts.  

For these purposes, in the first chapter of the thesis, the chiral organocatalyst will be 

evaluated in the Friedel-Crafts alkylation of indoles 33 with nitroolefins 16 to 

synthesize 2-indolyl-1-nitro derivatives 34 (Scheme 14). Also, it is expected to find 
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ideal criteria for this reaction: the minimum catalyst loading in a short reaction 

duration with high chemical yield and enantioselectivities. After optimization 

studies, derivatization will be conducted with different indoles 33 and nitroolefins 

16 in the most suitable condition. Besides, it is aimed to reach excellent reaction 

conditions and results better than the literature studies. 

 

Scheme 14. The purpose of the first chapter of the thesis 

 

To test the catalytic activity of quinine-based bifunctional organocatalysts 28-30 in 

particular fields, chiral BODIPY dyes 73 will be synthesized with the 

enantioselective addition of BODIPY core 53 as a nucleophile to the electron-

deficient isatin derivatives 72 as the first in the literature for the second chapter of 

the thesis (Scheme 15). After optimization and derivatization studies, the chiroptical 

properties of these novel BODIPY structures 73 will be analyzed with spectroscopic 

techniques such as UV-vis, CD, and fluorescence. 

 

Scheme 15. The purpose of the second chapter of the thesis 

 

To benefit deep insight from the structural chirality of BODIPY dyes, it is aimed to 

synthesize a helical BODIPY dye 75 with a collaborative study in the third part of 

the thesis. BODIPY 75 will be produced by a cascade which in the first step, 
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nucleophilic substitution at boron atom in meso-phenyl-BODIPY 53b and then, 

Knoevenagel condensation with salicylaldehyde (74) in an intramolecular fashion 

(Scheme 16). After synthesizing the helical BODIPY 75, its spectroscopic, 

chiroptical, and electrochemical properties will be analyzed. 

 

Scheme 16. The purpose of the third chapter of the thesis 
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CHAPTER 2  

2 RESULTS and DISCUSSION 

2.1 The Synthesis of 2-AminoDMAP and Quinine Based Bifunctional 

Squaramide Organocatalysts 

2-AminoDMAP and quinine-based bifunctional squaramide organocatalysts41,42 

have been developed and synthesized in Tanyeli’s research group. The main 

objective is to evaluate these bifunctional organocatalysts in different types of 

reactions with excellent enantioselectivities for the synthesis of optically active 

novel compounds. To construct these bifunctional squaramide organocatalysts, a 

sterically encumbered squaramide motif is chosen as Brønsted acidic part. These 

squaramide moieties, which possess bulky adamantyl and tert-butyl units, have two 

acidic hydrogens as an acidic counterpart for the target bifunctional organocatalysts.  

Squaric acid 76 is used as a starting material to synthesize acidic units. By refluxing 

squaric acid 76 in absolute ethanol, diethyl squarate 77 is prepared. Then, 

commercially available 1-, 2-adamantyl, and tert-butyl amines are subsequently 

added in a 1:1 ratio to a reaction mixture in which dichloromethane (DCM) is a 

solvent at room temperature. The synthetic procedure31 of bulky squaramide 

moieties 78 is shown in Scheme 17. 

 

Scheme 17. Synthesis of squaramides 78 
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Moreover, 2-AminoDMAP and quinine are selected as "superbases" for the synthesis 

of bifunctional organocatalysts. For the 2-aminoDMAP case, C2-symmetric trans-

cyclohexane-1,2-diamine 79 is chosen as the "privileged" chiral backbone. Then, 

chiral 2-aminoDMAP127 81 is constructed by anchoring Lewis base 2-bromoDMAP 

80 motif on to C2-symmetric trans-cyclohexane-1,2-diamine 79 via direct selective 

mono-N-pyrilidization in the presence of CuBr and K3PO4. After synthesis of acidic 

and basic units separately, chiral 2-aminoDMAP 81 and bulky squaramides 78 are 

simply mixed in DCM and methanol solvent combination at room temperature to get 

the chiral bifunctional 2-aminoDMAP/squaramides organocatalysts 23-25  (Scheme 

18). 

 

Scheme 18. Synthesis of 2-aminoDMAP/squaramides 23-25 

 

For the second type, quinine 82 is chosen as a chiral basic unit and it is converted to 

its amine analog which is quinine amine 83 by subsequent Mitsunobu and Staudinger 

reactions with the inversion of configuration at the stereocenter.128 Then, with the 

same procedure as in the 2-aminoDMAP 81, monosquaramides 78 are coupled with 
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quinine amine 83 in DCM and methanol combination at room temperature. Chiral 

bifunctional quinine/squaramides 28-30 are synthesized with high chemical yields 

(Scheme 19). 

 

Scheme 19. Synthesis of quinine/squaramides 28-30 

2.2 Evaluation of Bifunctional Organocatalysts in the Friedel-Crafts 

Alkylation of Indoles 33 with Nitroolefins 16 

2.2.1 Optimization Studies 

Due to the great importance of 2-indolyl-1-nitro derivatives in pharmaceutical 

chemistry, we decided to test the efficiency of bifunctional organocatalysts in the 

Friedel-Crafts alkylation of indoles 33 with nitroolefins 16. We started optimization 

studies by screening all 2-aminoDMAP 23-25 and quinine-based 28-30 squaramide 

organocatalysts. Also, we wanted to check the catalytic performance of the 

literaturally available 3,5-bis(trifluoromethyl)phenyl substituted squaramide129 84 in 

the model reaction.  
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Table 1. Catalyst and Catalyst Loading Screeninga 

 

Entry Cat. 
Cat. Load. 

(mol%) 
Time (h) Yield

b
 (%) ee

c
 (%) 

1 28 2 45 16 77 

2 29 2 47 18 84 

3 30 2 24 45 91 

4 84 2 24 14 8 

5 23 2 44 56 rac 

6 24 2 44 42 12 

7 25 5 48 55 15 

8 28 5 45 20 81 

9 29 5 45 19 88 

10 30 5 24 38 89 

11 30 10 24 54 91 

a Reaction conditions: indole (33a) (0.2 mmol), trans-β-nitrostyrene (16a) (0.2 mmol), DCM (0.5 

mL, 0.4 M). b Isolated yields. c Determined by HPLC. 
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Six squaramides were tested with the usage of 2 mol% catalyst loading and DCM as 

solvent at room temperature in the 1:1 ratio of starting materials. Among the screened 

organocatalysts, quinine-based organocatalysts 28-30 except 84 afforded the product 

34aa with high enantioselectivity values (Table 1, entries 1-3) than the 2-

aminoDMAP based ones 23-24 (2 mol%) and 25 (5 mol%) which gave nearly 

racemic products in the reaction (Table 1, entries 5-7). We continued to further 

optimization studies with quinine-based squaramides 28-30. Due to low chemical 

yield values of 2 mol%, we increased the catalyst loading to 5 mol% (Table 1, entries 

8-10). However, no improvement was observed in terms of chemical yield and 

reaction duration parameters comparing with 2 mol%. While a slight increase was 

beheld in ee values for organocatalyst 28 from 77% to 81% (Table 1, entries 1 & 8) 

and for organocatalyst 29 from 84% to 88% (Table 1, entries 2 & 9). On the other 

hand, organocatalyst 30 afforded the product 34aa with the nearly same results with 

2 mol% and 5 mol% (Table 1, entries 3 & 10) in terms of enantioselectivity, chemical 

yield, and reaction duration parameters. Also, we wanted to make a final check with 

10 mol% catalyst loading for organocatalyst 30 and then, we again got the nearly 

same results (Table 1, entry 11). In the light of these data and due to atom economy, 

organocatalyst 30 with 2 mol% catalyst loading was chosen as the best for Friedel-

Crafts alkylation of indole (33a) with trans--nitrostyrene (16a) in terms of 

enantioselectivity and chemical yield values (Table 1, entry 3). 

After selecting the best organocatalyst and deciding its catalytic amount for the 

model reaction, other solvents which are chloroform, xylene, 1,4-dioxane, and 

toluene were examined to improve the enantioselectivity. Among the screened 

solvents, chloroform, xylene, and toluene brought about the product 34aa with good 

ee values (Table 2, entries 2, 3, and 5, respectively). Unfortunately, 1,4-dioxane did 

not furnish the increment of enantioselectivity by giving the lowest value for the 

results (Table 2, entry 4). Also, no solvents increased the chemical yields of the 

product 34aa. As a result of solvent screening, DCM proved to be the best solvent 

with 91% ee to be used in further trials for this FCA (Table 2, entry 1). 
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Table 2. Solvent Screeninga 

 

Entry Solvent Time (h) Yield
b
 (%) ee

c
 (%) 

1 DCM 24 45 91 

2 Chloroform 51 44 72 

3 Xylene 44 24 78 

4 1,4-Dioxane 92 trace 56 

5 Toluene 51 26 82 

a Reaction conditions: indole (33a) (0.2 mmol), trans-β-nitrostyrene (16a) (0.2 mmol), Solvent (0.5 

mL, 0.4 M). b Isolated yields. c Determined by HPLC. 

 

To enhance both enantioselectivity and the chemical yield, we figured out that 

miscellaneous screenings had to be made, which are the effects of temperature, 

additive, and concentration. Due to low chemical yield values, the temperature was 

not decreased below room temperature. Then, it was examined only at 50 ℃ in the 

presence of toluene as a solvent because of the low boiling point of DCM (Table 3, 

entry 1). Also, the H+ sponge and NaOAc were used as basic additives for the 

activation of the nucleophile, indole (33a) in the model reaction (Table 3, entries 2-

3, respectively). Finally, the concentration was increased to 1 M from 0.4 M was 

applied by decreasing the amount of solvent (Table 3, entry 4). With the all results, 

neither chemical yields nor enantioselectivities increased upon examining the effects 

of temperature, additive, and concentration. 
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Consequently, the optimized condition for this Friedel-Craft alkylation was set as the 

2 mol% organocatalyst 30 in 0.4 M DCM as the reaction solvent at room temperature 

with no additives in the presence of a 1:1 ratio of starting materials which was found 

to be the best as 91% ee and 45% yield as in Table 1, entry 3. 

Table 3. Additional Screeninga 

 

Entry Solvent Conc. Temp. Additive 
Time 

(h) 

Yield
b
 

(%) 

ee
c
 

(%) 

1 Toluene 0.4 M 50℃ - 46 34 78 

2 DCM 0.4 M rt H
+
 spon. 2 32 71 

3 DCM 0.4 M rt NaOAc 46 26 84 

4 DCM 1 M rt - 48 23 88 

a Reaction conditions: indole (33a) (0.2 mmol), trans-β-nitrostyrene (16a) (0.2 mmol), Solvent (0.5 

mL, 0.4 M & 0.2 mL, 1 M). b Isolated yields. c Determined by HPLC. 

 

2.2.2 Scope of Friedel-Crafts Alkylation 

With the optimized condition in hand, the scope of the stereoselective Friedel-Crafts 

alkylation reaction was explored using different nitroolefins 16 and indoles 33 in 

order to observe the effect of electron-donating and electron-withdrawing groups 

(Table 4). 
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Table 4. Derivatization Studya 

 

 

 

 

 



 

 

35 

Table 4. Continued.a 

 

a Reaction conditions: 33 (0.2 mmol), 16 (0.2 mmol), 2 mol% organocatalyst 30, DCM (0.5 mL, 0.4 

M) at rt. 

 

Among the all tested nitroolefin derivatives, the excellent enantiomeric excess were 

obtained with the unsubstituted-, 34aa (91% ee), p-methyl, 34ac (91% ee), o-chloro, 

34ah (90% ee), and m-methoxy, 34ak (92% ee), derivatives regardless of their 

position or electronic nature of the substituent. On the other hand, thienyl substituted 

product, 34ag, resulted in the lowest enantioselectivity value compared to the other 

nitroolefins. The remaining derivatives afforded the 2-indolyl-1-nitro products 34 

with high enantioselectivities ranging between 69% to 89% and moderate chemical 

yields. When the results of the enantioselective FCA reaction were evaluated, it 

could be concluded that the stereoselectivity of this reaction was insensitive to the 

substitution pattern on the aromatic ring (o-, m-, or p-) of nitroolefins, as well as the 

electronic nature (Table 4, 34aa-34an). Moreover, in order to widen the scope of the 

reaction, different indole derivatives 33 were tested in the optimized condition. 

Surprisingly, the 7-bromo substituted indole derivative (33d) attained the product 
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34da with excellent enantioselectivity, >99% ee, which is the highest value obtained 

for the derivatization part of the study. Also, 5-OBn and 7-OBn substituted indole 

derivatives (33b-c) afforded the products 34ba and 34ca with good outcomes in 

terms of enantioselectivity (73% and 67%, respectively) and chemical yields (63% 

and 55%). Unfortunately, N-Me substituted indole (33e) resulted in the lowest ee and 

yield values with the product 34eb. The reason for this situation could be explained 

that the N-position was the coordination site of organocatalyst 30 and the indole 

(33a) as well as due to blocked by a methyl group caused the decrement of 

enantioselectivity and chemical yield values. In addition to these, pyrrole (85) was 

evaluated in the optimized condition as an indole derivative for the model reaction. 

The product 86 was attained with 50% ee and 32% yield (Scheme 20). 

 

Scheme 20. Pyrrole (85) as an indole derivative in the FCA 

 

The absolute configuration of the chiral product 34aa was assigned as S based on a 

literature60,130–133 comparison of HPLC analysis and the rest of those were assigned 

by analogy. A transition state model was proposed to enlighten the source of 

chirality. In the transition state model, the deprotonation of indole (33a) was 

achieved by interaction via the H-bond by the quinuclidine nitrogen of the catalyst 

while the squaramide moiety activated the trans--nitrostyrene (16a), through 

double hydrogen bonding. Then, indole anion attacked the Re face of the activated 

nitroolefin affording the S configurated product (Scheme 21). 
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Scheme 21. Proposed transition state for FCA of indole (33a) with trans-β-

nitrostyrene (16a) 

2.3 Evaluation of Bifunctional Organocatalysts in the Enantioselective 

Addition of BODIPYs to Isatins 

2.3.1 Synthesis of Starting Materials 

BODIPY structures have tremendous physical, chemical, and optical properties; 

unfortunately, their synthesis protocol is limited to a few methods. Here in this thesis, 

to synthesize BODIPY 53a, firstly, 2,4-dimethylpyrrole (51) was transformed into 

its aldehyde analog 52 via Vilsmeier-Haack reaction in the presence of POCl3 and 

DMF. Then, condensation of 3,5-dimethylpyrrole-2-carbaldehyde (52) afforded the 

desired BODIPY 53a derivative by treating with POCl3 and then, the addition of 

Et3N and BF3OEt2 (Scheme 22).105 

 

Scheme 22. Synthesis of BODIPY Dyes 
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Moreover, the condensation of 2,4-dimethylpyrrole (51) with benzoyl chloride (87) 

resulted in the formation of a meso-phenyl derivative of BODIPY 53b with a similar 

synthetic procedure (Scheme 22).134 

In addition to the synthesis of BODIPY dyes, N-alkylation, alkenylation, and 

benzylation of commercially available isatin derivatives 88, were performed using 

corresponding alkyl, alkenyl, and benzyl halide (X= I, Br) in the presence of 

potassium carbonate as a base through N-substitution of amide moiety of isatin.135 

 

Scheme 23. Synthesis of Isatin derivatives 72 

2.3.2 Optimization Studies for Enantioselective Addition of BODIPYs to 

Isatins  

Both the synthesis of optically active BODIPY dyes in the presence of chiral 

catalysts as a newly discovered area and excellent enantioselectivities in the first 

chapter of the thesis with quinine-based squaramides (Figure 8) directed us to 

synthesize the chiral BODIPY dyes in an asymmetric manner. Consequently, for the 

second chapter, it was aimed to get optically active BODIPY dyes with the 

enantioselective addition of BODIPYs 53 to isatin derivatives 72 in the presence of 

chiral bifunctional quinine-based organocatalysts. Isatin derivatives 72 were selected 

as electrophiles because these compounds were also very colorful dye structures. In 

addition to this, we were curious about the combination of these two dyes, 

enantiomerically enriched forms, and the chiroptical properties of the products. In 

order to initiate the optimization studies, quinine/squaramides 28-30, 

quinine/thio(urea)s128 89-90 known in the literature, and commercially available 

quinine 82 and quinidine (91) were examined in the model reaction of addition of 

BODIPY 53a to N-Me substituted isatin 72a. The reaction conditions were set to the 
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usage of 20 mol% catalyst loading in DCM as the reaction solvent with a 1:1 ratio 

of starting materials at room temperature (Table 5). 

Table 5. Catalyst Screeninga 

 

Entry Organocatalyst Time (day) Yieldb (%) eec (%) 

1 28 11 7 17 

2 29 6 6 38 

3 30 6 8 23 

4 89 10 17 30 

5 90 10 40 18 

6 82 6 27 6 

7 91 8 26 4 

8 29 14 10 51 

a Reaction conditions: BODIPY 53a (0.1 mmol), N-Me Isatin 72a (0.1 mmol), DCM (0.25 mL, 0.4 

M). b Isolated yields. c Determined by HPLC. d  N-Me isatin 72a (0.2 mmol) is used. 
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The organocatalyst 29 was chosen as the best organocatalyst for this enantioselective 

addition, affording the desired product 73aa with 38% enantioselectivity and 6% 

chemical yield (Table 5, entry 2). Although 38% ee seemed to be a low value, it 

encouraged us to go further because it was the first enantioselective result for this 

study and chemical yield was also low because of the formation of side products. In 

order to improve both enantioselectivity and chemical yield, we decided to increase 

the ratio of N-Me isatin 72a to 2 equivalency. The change in the isatin ratio resulted 

in an increase in enantioselectivity from 38% to 51% and chemical yield from 6% to 

10% (Table 5, entry 8). Hence, studies were continued with the 1:2 ratio of starting 

materials. 

Table 6. Solvent Screeninga 

 

Entry Solvent Time (day) Yield
b
 (%) ee

c
 

1 DCM 14 10 51 

2 Chloroform 9 10 38 

3 1,2-DCE 7 13 40 

4 Toluene 12 6 31 

5 THF 7 16 25 

6 Acetonitrile 6 9 rac 

7 Dioxane 8 10 25 

a Reaction conditions: BODIPY  53a (0.1 mmol), N-Me Isatin 72a (0.2 mmol) Solvent (0.25 mL, 

0.4 M). b Isolated yields. c Determined by HPLC. 
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After selecting the best organocatalyst and deciding the ratio of starting materials, 

the optimization studies were carried on for investigating the effect of solvent on the 

model reaction. Among the screened solvents, chlorinated ones, DCM, chloroform, 

and 1,2-DCE, gave the product 73aa with higher enantioselectivities as 51%, 38% 

and 40% than the other solvents (Table 6, entries 1, 2, and 3, respectively). However, 

acetonitrile had no effect on the selectivity by affording the product 73aa as a 

racemate (Table 6, entry 6). In addition to this, none of these solvents contributed to 

the increase in chemical yield of the product 73aa. Thus, from the solvent screening, 

DCM was selected as the best solvent for this enantioselective addition (Table 6, 

entry 1). 

The following parameter was the effect of concentration to be examined in the 

addition of BODIPY 53a to N-Me isatin 72a. Changing from 0.4 M to 0.2 M and 0.1 

M caused a decrease in both enantioselectivities from 51% to 30% and 34%, and 

chemical yield values from 10% to 6% and 3% (Table 7, entries 1-3, respectively). 

On the other hand, when the concentration of BODIPY 53a was set to 0.5 M, a slight 

increase was observed in the enantiomeric excess from 51% to 53% (Table 7, entries 

1 and 4, respectively). As a result of concentration screening, 0.5 M was chosen as 

the most suitable concentration for BODIPY 53a in the model reaction. Up to now, 

all screenings were conducted with 20 mol% catalyst loading and as a final 

parameter, the effect of catalyst loading on enantioselectivity was investigated. The 

reaction was carried out with 30 mol% and 10 mol% but unfortunately, the selectivity 

was found to be decreasing in both cases (Table 7, entries 5 and 6, respectively). In 

addition to these, due to low chemical yield values and long reaction durations, the 

5, 2, and 1 mol% catalyst loadings were not tested in this enantioselective addition 

reaction. Besides, the effect of temperature was not surveyed in the optimization 

studies. The reasons could be explained as low chemical yield values and long 

reaction durations for low temperatures and also, the low boiling point of DCM, and 

probable low catalytic activity of organocatalyst 29 for high temperatures.  

 



 

 

42 

Table 7. Concentration Screening and Catalyst Loadinga 

 

Entry 
Catalyst 

Load. 
Conc. Time (day) Yield

b
 (%) ee

c
 

1 20 mol% 0.4 M 14 10 51 

2 20 mol% 0.2 M 8 6 30 

3 20 mol% 0.1 M 11 3 34 

4 20 mol% 0.5 M 7 10 53 

5 30 mol% 0.5 M 6 7 32 

6 10 mol% 0.5 M 11 5 36 

a Reaction conditions: BODIPY 53a (0.1 mmol), N-Me Isatin 72a (0.2 mmol) b Isolated yields. c 

Determined by HPLC. 

 

Consequently, the optimized condition for this enantioselective addition of BODIPY 

53a to N-Me isatin 72a was decided as the 20 mol% organocatalyst 29 in 0.5 M 

DCM as the reaction solvent at room temperature in the presence of a 1:2 ratio of 

starting materials.  

For the characterization of the novel compound 73aa, as an illustrative example; 1H 

NMR of the product 73aa is given in Figure 16. In this NMR spectrum, the most 

indicative signal belongs to the OH group resonating at 3.86 ppm as a broad singlet. 

The disappearance of the broad singlet with the addition of D2O is proved the OH 

group certainly. Also, the methylene protons at the conjunction point are 
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diastereotopic protons which give an AB system at around 3.30-3.60 ppm as doublets 

with J = 15.0 Hz. 

 

Figure 16. 1H NMR Spectrum of compound 73aa 

2.3.3 Scope of Enantioselective Addition of BODIPYs to Isatins 

In the optimized condition, six different chiral novel dyes 73 were synthesized by 

using different BODIPYs 53 and isatins 72. For this part of the study, N-Me derived 

isatin 72a was used in the model reaction in the optimization studies. Then, for the 

derivatization part, N-Et 72b, N-allyl 73c, and N-benzyl 73d substituted isatins were 

tested firstly. Among these, N-benzyl substituted isatin afforded the product 73ad 

with the highest enantioselectivity, 60% ee, and 10% isolated yield. After that, we 

decided to continue with N-benzyl substituted isatin derivatives. To discuss the effect 

of any group on the aromatic core of the isatin, 5-bromo substituted N-benzyl isatin 

73e was employed in the model reaction. However, no improvement was observed 
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in terms of both enantioselectivity and chemical yield. Finally, a meso-phenyl 

derivative BODIPY 53b was used in this enantioselective addition. Unfortunately, 

the product 73be gave the lowest ee value as 45% which was same for the N-Et 

substituted product 73ab.  

 

Table 8. Derivatization Studya 

 
a Reaction conditions: BODIPY 53 (0.1 mmol), Isatin 72 (0.1 mmol), DCM (0.2 mL, 0.5 M). 
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Although both enantioselectivities were moderate (up to 60%) and chemical yield 

values were low (up to 17%), this study will be the first example of this kind of 

enantioselective addition of BODIPYs 53 to isatins 72. Six different novels of 

BODIPY dyes 73 were synthesized in the presence of bifunctional organocatalyst 29 

by using the acidity of proximal 𝛼-methyl groups at the 3,5 position of BODIPY 53 

(Table 8). 

After completing the derivatization, the cyclization studies will be conducted as 

future work to widen the scope of this enantioselective addition. The product 73aa 

will be tested whether to give a cyclization product. This future work will be done 

with BCl3 or AlCl3 (Scheme 24). 

 

Scheme 24. Future studies with 73aa 

 

2.3.4 Spectroscopic and Chiroptical Properties 

To examine the spectroscopic properties, firstly, UV-vis analysis was conducted 

with the 10 µM CHCl3 solutions of BODIPY 53a, N-Me isatin 72a, and the product 

73aa. The analysis showed that the compound 73aa gave an absorption peak at 513 

nm by shifting to red side with a 4 nm difference from BODIPY 53a which absorbs 

at 509 nm (Figure 17). 
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Figure 17. UV-vis absorption spectra of BODIPY 53a, N-Me isatin 72a, and 

BODIPY 73aa  

 

Then, another UV-vis and FL analysis was done to investigate the effect of solvent 

on product 73aa. For that purpose, solutions were prepared at 2 x 10-6 M with 

solvents which were MeCN, CHCl3, DCM, n-hexane, and toluene (Figure 18). In 

both absorption and emission spectra, compound 73aa showed very low solvent-

dependent chromofluorogenicity by yielding small bathochromic shifts (about 10 

nm) compared to BODIPY 53a.  

 

Figure 18. UV-vis absorption and fluorescence emission spectra of 73aa (2𝜇M). 
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In addition to low solvent-dependency, high emissions were observed in 

fluorescence analysis (In the analysis, the excitation and emission slits were set to 

3.5 nm). To be a representative example, the fluorescence quantum yield of BODIPY 

73aa was calculated as 0.78 with the relative method136 by taking the fluorescein as 

the standard (Figure 19).137 

 

Figure 19. Comparison of quantum yields of 73aa and fluorescein 

Moreover, the photophysical properties of all six novel BODIPY dyes 73 were 

studied. Their absorption and emission spectra were measured at 1 x 10-6 M CHCl3 

solution. In all derivatives, the main absorption band centered between 512-513 nm 

was observed in UV spectra. It could be concluded that absorption maxima were red-

shifted on those derivatives with substitution at the isatin core. Only meso-phenyl 

substituted BODIPY product 73be was blue-shifted by giving maximum absorption 

at 506 nm (Figure 20). 
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Figure 20. UV-vis absorption spectra of derivatives 73 
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Moreover, the fluorescence emission spectra were recorded after excitation at 

absorption maxima from 450 to 650 nm with the same red shift effect as in the 

absorption spectra (In the fluorescence analysis, the excitation and emission slits 

were set to 5.0 nm). As in general, all derivatives gave high fluorescence emission 

intensity (Figure 21). However, among all derivatives, the emission intensity of 

meso-phenyl substituted BODIPY product 73be was relatively low compared to 

other derivatives. The reason for the low emission value could be explained by the 

breaking down of the rigidity of the structure caused by the rotation of the phenyl 

group at the meso-position of the structure.  
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Figure 21. Fluorescence emission spectra of derivatives 73  

 

In order to study the chiroptical properties, ECD spectra of enantiomerically enriched 

product 73aa were recorded with varying concentrations in the range of 1x10-5, 2x10-

5, 5x10-5, and 1x10-4 M in CHCl3 solutions. In the ECD spectra, a very low signal 

was observed in the prepared concentrations (Figure 22). The reason for low ECD 

activity could be explained as the asymmetric unit was far from the boron 

dipyrromethene chromophore. Also another reason could be racemization in ECD 

due to the existence of both enantiomers with a 76.5:23.5 ratio. 
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Figure 22. ECD spectra of 73aa in different concentrations 

 

2.4 Synthesis of Novel BODIPY Chiral at Boron and Carbon 

BODIPY dyes are highly symmetrical structures that belong to the C2v point 

group.106 Hence, it is a challenge to induce chirality in those structures. Also, in 

point-chiral BODIPYs138,139 whose asymmetric unit is far from chromophore and 

those carrying a stereogenic boron atom,140,141 ECD activity is hardly observed. For 

these reasons, in the third part of the study, we aimed to synthesize a helically chiral 

BODIPY dye to benefit from structural chirality due to its high ECD and CPL 

activities142 and to investigate its spectroscopic, chiroptical, and electrochemical 

properties. With this purpose, the synthetic methodology was designed with the 

unique reactivities of BODIPY dyes in a cascade of nucleophilic substitution at 

boron followed by Knoevenagel condensation of 𝛼-methyl group with an 

unprecedented intramolecular fashion.143 For that, the synthesis involved two pots in 

which the substitution of fluorine with chlorine144 of BODIPY 53b137 took place in 

one pot, and the cesium salt of salicylaldehyde was prepared in the second pot. Then, 

mixing these two pots should give the expected helically chiral BODIPY 75, but 

instead, we got a BODIPY point-chiral at boron and carbon, BODIPY 96, with 18% 

isolated yield and some trace of its uncyclized precursor 95 (Scheme 25). 
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Scheme 25. The two-pot, one-step synthesis of BODIPY 96 

 

The molecular structure of BODIPY 96 was characterized by NMR (1H, 13C, COSY, 

HMBC, and HSQC), high-resolution mass spectrometry (HRMS), UV-visible (UV-

vis), and X-ray single-crystal diffraction analysis. In the NMR spectra (Figure 23) of 

the BODIPY 96, the characteristic peaks were the aliphatic protons which Hm and 

Ha were at the conjunction point. Hm and Ha were the diastereotopic protons, and 

with the neighboring proton, Hx, an AMX-type spin patterning was observed for 

couplings. Hm gave doublet at 2.95 ppm with a coupling constant JHa-Hm = 18.5 Hz. 

Also, Ha gave doublet of a doublet at 3.51 ppm with coupling constants JHa-Hm = 18.5 

Hz and JHa-Hx = 6.4 Hz. In addition, Hx gave a singlet peak at 5.45 ppm. The 

significant difference in chemical shift values of diastereotopic protons, Ha and Hm, 

could be explained by the generated asymmetric centers, B* and C*, or chiral space. 

Although the geminal homonuclear coupling of diastereotopic protons, JHa-Hm = 18.5 

Hz, and vicinal coupling, JHa-Hx = 6.4 Hz, were traceable from the cross-peaks in the 

1H-1H COSY spectrum (see page 124, Appendices A), no vicinal coupling between 

Hm and Hx was observed most probably because of the 78º dihedral angle. 
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Figure 23. 1H NMR Spectrum of BODIPY 96 in CDCl3 

 

In addition, due to two stereocenters of BODIPY 96, four diastereomers were 

expected to form in the reaction medium. To clarify this, LC-MS analyses were 

conducted with several aliquots of 1 mL from the reaction mixture at times t1: 1min, 

t2: 15 min, t3: 30 min, and t4: 60 min. But, LC-MS analysis showed the exclusive 

formation of one diastereomer. Also, at t1: 1min, the mass of BODIPY 96 was 

observed on the chromatogram, meaning that the reaction was almost instantaneous 

(Figure 24).  
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However, the reaction time was set to 60 min. (1h) since the optimum reaction time 

as it allows a smoother chromatographic separation (Figure 25). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. LC-MS analysis at t1: 1 min 

Figure 25. LC-MS analysis at t1: 60 min 
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The formation of other diastereomer was not observed since the reaction mechanism 

would be energetically disfavored because of the large strain. As a result of this, the 

enantiomers had a relative configuration of either R, R, or S, S. 

In the reaction medium, we could isolate an intermediate 95 which was the 

uncyclized form, and also, characterize it with HRMS and NMR. Due to the 

existence of intermediate, we could propose a reaction mechanism in which the first 

step may be the nucleophilic substitution at boron atom by the salicylaldehyde 

cesium salt giving prochiral intermediate or its Cl-congener. Then, the deprotonation 

of 𝛼-methyl groups of intermediate or its Cl-congener would be conducted by the 

excess aryloxy base generating the carbanion which would attack the formyl unit. 

Then, secondary alkoxide reactive intermediate was formed and as a final step, 

oxyanion would substitute the remaining halogen on the boron center in order to give 

BODIPY 96 in a stereospecific manner (Figure 26). Moreover, the second reaction 

mechanism would be initiated with the trapping of the benzylic oxygen that would 

form upon a reaction between 𝛼-methyl deprotonated and salicylaldehyde 74. 

Unfortunately, this mechanism would require a rigorous quantum chemical 

calculation. 

 

Figure 26. Proposed reactive intermediate 

 

2.4.1 Spectroscopic Properties 

In order to examine the spectroscopic properties of BODIPY 96, we took the dye's 

UV-vis electronic absorption and emission spectra in different solvents with varying 

N
B
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XO

O
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degrees of polarity (Figure 27a and b). Also, among all solvents, for MeCN, CHCl3, 

toluene, and n-hexane, the fluorescence quantum yields, weighed lifetimes, molar 

absorptivities, absorption, and emission maxima of the dye were given (Table 9). 

 

Table 9. Optical characterization of BODIPY 96 in various solvents 

solvent λabs [nm] ε [M−1cm−1] λem [nm] τavg
a [ns] Φfl

b [10−3] 

MeCN 503 62500 522 0.15 0.62 

CHCl3 508 62500 524 0.13 1.93 

toluene 510 66500 524 0.23 0.72 

n-hexane 508 61500 520 0.28 0.38 
a The weighed mean fluorescence lifetime. b Relative fluorescence quantum  

yields were determined using fluorescein as the standard (Φfl = 0.85 in 0.1 M NaOH).137 
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Figure 27. Spectroscopic analyses of BODIPY 96  

 

Absorption and emission maxima of the BODIPY dyes are generally not affected 

significantly by double oxynucleophile substitution at the boron center, but these 
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substitutions improve the quantum yields.78,79,100,102 When compared to 53b, small 

bathochromic shifts (approximately 10 nm) were observed in both absorption and 

emission spectra of BODIPY 96, which carrying one alkoxy and one aryloxy unit on 

the boron center. Also, BODIPY 96 showed very low solvent-dependent 

chromofluorogenicity in UV-vis and fluorescence analyses. More interestingly, the 

quantum yields of the BODIPY 96 were smaller than 1% in all the solvents tested 

(Table 9). This result showed that BODIPY 96 displayed considerably attenuated 

emission contrast to 53b and O-BODIPYs.78,79,100 Recognizably, a seven-fold 

enhancement in the emission intensity of the BODIPY 96 in ethanol-glycerol 

mixtures with different viscosities was observed by an increase in the percentage of 

glycerol (Figure 27c). Though this indicated that the nonradiative deactivation, 

supposedly through intramolecular vibrational relaxations, had a significant 

contribution to the quenching process, it does not account for all of the quenching. 

So, the excited-state lifetimes of the BODIPY 96 were measured (Figure 27d and 

Table 9). Different from the typical BODIPYs,79 BODIPY 96 had very fast decays 

with the possibility of intersystem crossing to a triplet manifold (S1-T1) in the excited 

state. However, no phosphorescence was observed in the MeCN, CHCl3, toluene, 

and n-hexane solutions of BODIPY 96 at room temperature. We could conclude that 

the reason for the weak fluorescence of BODIPY 96 was attributed to the 

nonradiative vibrational relaxations and probably the S1-T1 transition processes 

which contribute more significantly. 

To explain the unusual fluorescence emission and to ensure the complex molecular 

structure, X-ray analysis was conducted with the crystals of BODIPY 96 formed by 

slow evaporation from methanol. In the X-ray crystal structure, the planarity of the 

C9BN2 framework was destroyed by an 18.7º dihedral angle between the two pyrrole 

rings (Figure 28). 
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Figure 28. X-Ray Structure of BODIPY 96 

 

Moreover, the C-C and C-N bond lengths of the C9BN2 framework were 1.365 to 

1.445Å and 1.336 to 1.403Å, respectively.  No distinction between single and double 

bonds was an indication of a strong delocalized π-system. Large molar absorptivity 

constants (Table 9) were also another important evidence for the π-conjugation for 

BODIPY 96 although it had the bending of the core by 18.7º. On the contrary, the 

18.7º dihedral angle could be the reason for the weak fluorescence of BODIPY 96 

as there are BODIPYs for which such quenched fluorescence is closely related to 

distortion from planarity leading to spin-orbit coupling.145 

2.4.2 Resolution of BODIPY 96 

After characterization of the structure of BODIPY 96, this novel compound was 

resolved well into its enantiomers on chiral stationary-phase high performance liquid 

chromatography (HPLC) using an analytical Chiralcel OD-H column under isocratic 

conditions (n-Hexane/Isopropanol; 98:2). The separated two peaks with an equal 

area showed the expected enantiomerism (Figure 29). Also, the kinetic resolution of 

BODIPY 96 at mg quantities was conducted by a semipreparative Kromasil 10-

Cellucoat column. The chromatograms of the separated enantiomers are shown in 

Figures 30 and 31, respectively.  
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Figure 29. The separation of enantiomers of BODIPY 96 on chiral HPLC 

 

 

Figure 30. The HPLC chromatogram of fast-eluting enantiomer 

 

 

Figure 31. The HPLC chromatogram of slow-eluting enantiomer 
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Moreover, optical activities of separated enantiomers were tested. For the fast-

eluting enantiomer, a large counterclockwise specific rotation was observed as – 

567.9º and + 617.3º for the slow-eluting one. Almost equal but opposite directions 

in rotating plane-polarized light was a supporting evidence for enantiomeric 

relationship. For point-chiral small organic molecules, these kind of large specific 

rotations were not usually observed. 

2.4.3 Chiroptical and Electrochemical Properties of BODIPY 96 

In order to investigate the chiroptical properties, ECD spectra (Figure 32) of the 

enantiomers of BODIPY 96 were recorded in 50µM solutions prepared in 

chloroform. The ECD spectra of the enantiomers had a similar shape and appearance 

to UV spectra as well as shared mirror symmetry characteristics across the entire 

region of the electromagnetic radiation. The strongest Cotton effect was observed 

with a monosignate nature in the visible region at 508 nm due to boron 

dipyrromethene chromophore which was responsible for the absorption of light in 

that region. Chirality was induced to the chromophore very efficiently at least in its 

ground state by the central chirality created at boron & carbon, and perhaps more so 

the bent geometry adopted as a result of the imposed stereoelectronic constraints or 

these factors makes it now an ‘‘inherently chiral’’ small organic molecular 

chromophore. Due to their highly symmetrical structure, transferring chirality to 

BODIPY dyes is a substantial concept. As a result, it is worth noting clear Cotton 

absorptions in the visible region with moderate dissymmetry factors (|𝑔𝑎𝑏𝑠| 2.11 ×

10−4 for (+)-BODIPY 96; 1.76 × 10−4 for (−)-BODIPY 96) recorded for the 

enantiomers.145 Since BODIPY 96 had weak emission behavior, CPL analysis was 

not conducted. 

. 
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Figure 32. ECD and UV spectra of enantiomers of BODIPY 96 

 

Moreover, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

analyses were conducted to investigate the electrochemical properties of BODIPY 

96 (Figure 33). The analysis was performed vs. Ag/AgCl in an anhydrous and 

degassed CH3CN solution containing [Bu4N
+][PF6

-] (0.1 M) as a supporting 

electrolyte. It could be concluded that oxidation and reduction processes of BODIPY 

96 were reversible from looping CV and symmetric DPV spectra. 

 

Figure 33. CV (left) and DPV (right) of BODIPY 96 
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In addition to CV and DPV analyses, HOMO, LUMO, and Egap values of BODIPY 

96 were calculated (Table 10). 

Table 10. Electrochemical Properties of BODIPY 96 

 
Eox

onset 

(eV)a 

Ered
onset 

(eV)a 

EHOMO 

(eV)b 

ELUMO 

(eV)c 

Egap 

(eV)d 

BODIPY 96 1.05 -1.06 -5.76 -3.65 2.1 
a Calculated from the DPV b Calculated with EHOMO: - (4.71 + Eox

onset) c Calculated with ELUMO: - (4.71 

+ Ered
onset) d Calculated with Egap : ELUMO - EHOMO 

2.4.4 Stability Tests 

Due to its unique structure, BODIPY 96 was investigated about thermal and 

(photo)chemical stability. BODIPY 96 dye was firstly tested to be thermally 

vulnerable to epimerization because of its tetrahedrally arranged boron center which 

consists of three covalent and one dative bond. For this purpose, 0.1mM xylene 

solutions of the fast-eluting enantiomer of (-)-BODIPY 96 were prepared and heated 

at 50, 75, 100, 125, and 150 ºC for one hour. These first four reactions were 

conducted in closed vessels but the last one in an open-air atmosphere. Any 

epimerization was not observed in all runs with HPLC analysis. The results were 

indicative of high configurational stability (See pages 151-155, Appendices B, for 

HPLC chromatograms).  

Moreover, the racemic form of BODIPY 96 was tested for acid-base stability. 1mM 

DCM solutions of the dye were prepared and these solutions were stirred with equal 

moles of acids (acetic acid and trifluoroacetic acid)/bases (triethylamine and 

piperidine) at room temperature. Even after one week of stirring, the BODIPY 96 

did not show any observable deterioration except in the trifluoroacetic acid case. In 

the trifluoroacetic acid experiment, after 1 h, color change, from brownish-orange to 

maroon, was observed and a new spot was formed on TLC. The removal of the boron 

bridge was proved with LC-MS analysis (Figure 34). 
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Figure 34. LC-MS analysis after TFA addition 

 

As a final stability test, the photochemical stability of BODIPY 96 was examined. 

The dye in methanol was irradiated with a light pulse (λex 490 nm) for 1h at 10 second 

intervals and recorded its fluorescence. Due to almost constant fluorescence (<1% 

decomposition) over that period, it could be concluded that racemic BODIPY 96 was 

considerably photostable (Figure 35). 
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Figure 35. Time-dependent fluorescence intensity profile of BODIPY 96 
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CHAPTER 3  

3 EXPERIMENTAL 

3.1 Materials and Methods 

In this thesis, 1H and 13C NMR spectra of products were recorded in Bruker 

Spectroscopin Avance DPX 400 spectrometer with CDCl3 and DMSO-d6 as 

solvents. Also, an Agilent-Premium Compact (600 MHz, 14.1 Tesla) was used for 

taking high-resolution NMR spectra at Çankırı Karatekin University. Spin 

multiplicities were stated as bs (broad singlet), s (singlet), d (doublet), dd (doublet 

of doublet), t (triplet), and m (multiplet). Chemical shift values were reported in ppm 

with TMS as a reference, and coupling constants of compounds were specified in 

Hertz (Hz). All 1H and 13C NMR spectra of products were given in Appendices part 

A.  

HPLC analyses were conducted both on Thermo-Finnigan and Agilent HPLC 

systems with the usage of Daicel Chiralpak OD-H, AD-H, AS-H, and OJ-H columns 

at room temperatures. For the analyses, different n-Hexane/Isopropanol systems 

were used as mobile phases. HPLC chromatograms of products were given in 

Appendices part B. Also, preparative separations of enantiomers were done on an 

Agilent Technologies Preparative HPLC-1200 Series with a diode array detector 

(DAD) using a Kromasil® 10-Cellucoat column (1.0 cm.Å~25 cm) in Unam, Bilkent 

University. 

The measurement of optical rotations was done by Rudolph Scientific Autopol III 

polarimeter and specific rotations were reported as [α]D
25 (c in g/100 mL, solvent). 

The conversions of products were controlled with Thermo Scientific DSQ II Single 

Quadrupole GC-MS. Moreover, HRMS data were recorded with Agilent 6224 TOF 

LC-MS in Unam, Bilkent University. Also, LC-MS analyses were done on a UPLC: 
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Waters Acquity & MS: Waters SYNAPT G1 MS System equipped with ACQUITY 

UPLC BEH C18 1.7um column (1.0.Å~100 mm) in Central Laboratory at METU. 

For functional group determination, FTIR analyses were conducted on Bruker Alpha 

Platinum ATR, and band positions were reported in cm-1. 

Melting points of solid products were measured on a MEL-TEMP 1002D apparatus. 

For spectroscopic analyses, absorption spectra of compounds were recorded by 

Shimadzu UV-2450 UV-VIS spectrophotometer. Besides, emission spectra of 

compounds were analyzed with a Perkin Elmer fluorescence spectrometer. For all 

absorption and emission analyses, a quartz cell with a 1 cm path length was used. 

Also, in order to conduct the fluorescence decay experiments, Horiba Jobin-Yvon 

Time-Resolved Fluorometer, Fluorolog FL-1057, equipped with HORIBA 

NanoLED-495 light source, was used in Unam, Bilkent University. To analyze the 

chiroptical properties of products, ECD spectra were taken by JASCO J-1500 CD 

Spectrometers, and for the electrochemical properties, Gamry PCI4/300 

Potentiostat/Galvanostat was used in analyses.  

X-ray data were collected on a four-circle Rigaku R-AXIS RAPID-S Diffractometer in 

Erzurum Atatürk University. 

All reactions were monitored by Merck Silica Gel 60 F254 TLC using precoated silica 

gel plates, which were visualized by UV light. Also, flash column chromatography was 

done by silica gel 60 F254 with mesh sizes 200-400 and 60-200. 

Bifunctional organocatalysts 23-2541 & 28-3042 were synthesized according to the 

literature procedure. 

3.2 General Procedure for Friedel-Crafts Alkylation of Indoles 33 with 

Nitroolefins 16 

For racemic synthesis; 

Indole derivative 33 (0.2 mmol), the nitroolefin derivative 16 (0.2 mmol), 

Zn(OAc)2 · 2H2O (0.02 mmol), and cyclohexane (1.3 mL) were mixed at 80 °C for 

12-24 h. The reaction was monitored by TLC and after completion, the solvent was 
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evaporated under a vacuum. Then, the product was extracted with ethyl acetate and 

organic layers were dried over anhydrous Na2SO4. Ethyl acetate was evaporated 

under reduced pressure, and the residue was purified by column chromatography 

with n-hexane/ethyl acetate solvents systems to afford the pure product.146 

 

For asymmetric synthesis; 

Indole derivative 33 (0.2 mmol) and trans--nitrostyrene derivative 16 (0.2 mmol) 

were added to a solution of bifunctional organocatalyst 30 (0.004 mmol, 1.89 mg) in 

DCM (0.5 mL) at room temperature. The reaction was monitored by TLC and then, 

the crude mixture was purified with flash column chromatography, using n-

hexane/ethyl acetate solvent systems (1:5 to 1:8) to afford the products 34. 

3.2.1 Synthesis of 3-(2-nitro-1-phenylethyl)-1H-indole 34aa  

 

With the general procedure, chiral product 34aa was obtained as a white solid with 

45% conversion in 24 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tminor = 24 min and tmajor = 26 min, 91% ee,  [α]D
25 = +23.73 (c 0.8, 

CH2Cl2). 
1H NMR (400 MHz, CDCl3) δ 8.12 (bs, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.42 

– 7.27 (m, 6H), 7.23 (t, J = 7.6 Hz, 1H), 7.11 (t, J = 7.2, 1H), 7.06 (s, 1H), 5.23 (t, J 

= 8.0 Hz, 1H), 5.10 (dd, J = 12.5, 7.6 Hz, 1H), 4.98 (dd, J = 12.4, 8.4 Hz, 1H). 13C 

NMR (101 MHz, CDCl3) δ 139.1, 136.4, 128.8, 127.7, 127.5, 126.0, 122.6, 121.5, 

119.9, 118.8, 114.2, 111.4, 79.4, 41.5 ppm. 
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3.2.2 Synthesis of 3-(1-(4-methoxyphenyl)-2-nitroethyl)-1H-indole 34ab 

 

With the general procedure, chiral product 34ab was obtained as a white solid with 

27% conversion in 44 h. HPLC analysis (OD-H, n-Hexane/Isopropanol, 85:15, 1 

mL/min, 254 nm) tmajor = 70 min and tminor = 84 min, 85% ee, [α]D
25 = +9.80 (c 0.4, 

CH2Cl2). 
1H NMR (400 MHz, DMSO-d6) δ 11.04 (bs, 1H), 7.48 (d, J = 7.9 Hz, 1H), 

7.41 – 7.29 (m, 4H), 7.06 (t, J = 7.5 Hz, 1H), 6.94 (t, J = 7.4 Hz, 1H), 6.84 (d, J = 

8.6 Hz, 2H), 5.37 – 5.16 (m, 2H), 4.99 (t, J = 8.2 Hz, 1H), 3.69 (s, 3H). 13C NMR 

(101 MHz, DMSO) δ 158.1, 136.2, 132.6, 128.9, 126.0, 122.1, 121.3, 118.6, 118.5, 

113.8, 113.8, 111.5, 79.4, 55.0, 40.0 ppm.  

3.2.3 Synthesis of 3-(2-nitro-1-(p-tolyl)ethyl)-1H-indole 34ac 

 

With the general procedure, chiral product 34ac was obtained as a white solid with 

38% conversion in 46 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 95:5, 1 

mL/min, 254 nm) tminor = 49 min and tmajor = 57 min, 91% ee, [α]D
25 = +16.60 (c 0.5, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.08 (bs, 1H), 7.46 (d, J = 8.0 Hz, 

1H), 7.35 (d, J = 8.2 Hz, 1H), 7.27 – 7.06 (m, 6H), 7.01 (s, 1H), 5.16 (t, J = 8.0 Hz, 

1H), 5.06 (dd, J = 12.4, 7.6 Hz, 1H), 4.93 (dd, J = 12.3, 8.4 Hz, 1H), 2.32 (s, 3H). 

13C NMR (101 MHz, CDCl3) δ 137.1, 136.4, 136.1, 129.5, 127.5, 126.0, 122.6, 

121.5, 119.8, 118.9, 114.5, 111.3, 79.5, 41.1, 20.9 ppm. 
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3.2.4 Synthesis of 3-(1-(4-chlorophenyl)-2-nitroethyl)-1H-indole 34ad 

 

With the general procedure, chiral product 34ad was obtained as a white solid with 

32% conversion in 49 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tminor = 23 min and tmajor = 30 min, 87% ee, [α]D
25 = +9.43 (c 0.6, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.16 (bs, 1H), 7.41 (t, J = 9.1 Hz, 

2H), 7.34 – 7.28 (m, 4H), 7.24 (t, J = 7.7 Hz, 1H), 7.11 (t, J = 7.6 Hz, 1H), 7.05 (d, 

J = 2.2 Hz, 1H), 5.20 (t, J = 8.0 Hz, 1H), 5.08 (dd, J = 12.5, 7.4 Hz, 1H), 4.93 (dd, J 

= 12.6, 8.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 137.8, 136.6, 133.5, 129.2, 

129.2, 126.0, 122.9, 121.6, 120.1, 118.8, 114.0, 111.6, 79.3, 41.0 ppm. 

3.2.5 Synthesis of 3-(1-(4-bromophenyl)-2-nitroethyl)-1H-indole 34ae 

 

With the general procedure, chiral product 34ae was obtained as a white solid with 

22% conversion in 51 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tminor = 25 min and tmajor = 33 min, 89% ee, [α]D
25 = +4.43 (c 0.8, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.15 (bs, 1H), 7.47 (dd, J = 8.4, 1.7 

Hz, 2H), 7.41 (dd, J = 16.8, 8.1 Hz, 2H), 7.27 – 7.20 (m, 3H), 7.12 (t, J = 7.5 Hz, 

1H), 7.03 (d, J = 2.4 Hz, 1H), 5.18 (t, J = 8.0 Hz, 1H), 5.07 (dd, J = 12.5, 7.4 Hz, 

1H), 4.93 (dd, J = 12.5, 8.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 138.4, 136.6, 

132.1, 129.6, 125.9, 122.9, 121.6, 121.6, 120.1, 118.8, 113.8, 111.6, 79.3, 41.1 ppm. 
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3.2.6 Synthesis of 3-(1-(furan-2-yl)-2-nitroethyl)-1H-indole 34af 

 

With the general procedure, chiral product 34af was obtained as a light brown solid 

with 74% conversion in 28 h. HPLC analysis (OJ-H, n-Hexane/Isopropanol, 70:30, 

1 mL/min, 254 nm) tminor = 54 min and tmajor = 63 min, 87% ee, [α]D
25 = -5.80 (c 0.2, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.09 (bs, 1H), 7.55 (d, J = 7.9 Hz, 

1H), 7.38 – 7.29 (m, 2H), 7.21 (t, J = 7.5 Hz, 1H), 7.13 (t, J = 7.5 Hz, 1H), 7.07 (d, 

J = 2.5 Hz, 1H), 6.30 (dd, J = 3.3, 1.9 Hz, 1H), 6.15 (d, J = 3.26, 1H), 5.24 (t, J = 

7.8 Hz, 1H), 5.04 (dd, J = 12.5, 8.2 Hz, 1H), 4.90 (dd, J = 12.5, 7.4 Hz, 1H). 13C 

NMR (101 MHz, CDCl3) δ 151.2, 141.2, 135.3, 124.7, 121.7, 121.6, 119.1, 117.7, 

110.6, 110.5, 109.5, 106.4, 76.9, 34.7 ppm. 

3.2.7 Synthesis of 3-(2-nitro-1-(thiophen-2-yl)ethyl)-1H-indole 34ag 

 

With the general procedure, chiral product 34ag was obtained as a yellow solid with 

78% conversion in 30 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tminor = 23 min and tmajor = 27 min, 56% ee, [α]D
25 = +9.44 (c 0.5, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.10 (bs, 1H), 7.54 (d, J = 8.0 Hz, 

1H), 7.36 (d, J = 8.2 Hz, 1H), 7.26 – 7.18 (m, 2H), 7.14 (t, J = 7.5 Hz, 1H), 7.08 (d, 

J = 2.5 Hz, 1H), 7.00 (d, J = 3.5 Hz, 1H), 6.96 (dd, J = 5.1, 3.5 Hz, 1H), 5.48 (t, J = 

7.9 Hz, 1H), 5.05 (dd, J = 12.5, 7.6 Hz, 1H), 4.99 (dd, J = 12.5, 8.2 Hz, 1H). 13C 



 

 

69 

NMR (101 MHz, CDCl3) δ 143.0, 136.5, 127.0, 125.8, 125.3, 124.9, 122.8, 122.0, 

120.1, 118.9, 114.1, 111.6, 80.1, 37.0 ppm. 

3.2.8 Synthesis of 3-(1-(2-chlorophenyl)-2-nitroethyl)-1H-indole 34ah 

 

With the general procedure, chiral product 34ah was obtained as a white solid with 

80% conversion in 47 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tminor = 18 min and tmajor = 20 min, 90% ee, [α]D
25 = +45.60 (c 1.3, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.14 (bs, 1H), 7.44 (d, J = 7.9 Hz, 

2H), 7.37 (d, J = 8.2 Hz, 1H), 7.24 – 7.12 (m, 5H), 7.08 (t, J = 7.5 Hz, 1H), 5.75 (t, 

J = 7.8 Hz, 1H), 5.06 – 4.92 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 136.6, 136.5, 

133.9, 130.2, 129.0, 128.9, 127.3, 126.2, 122.8, 122.0, 120.1, 119.0, 113.3, 111.5, 

77.8, 38.0 ppm. 

3.2.9 Synthesis of 3-(1-(2-methoxyphenyl)-2-nitroethyl)-1H-indole 34ai 

 

With the general procedure, chiral product 34ai was obtained as a white solid with 

78% conversion in 50 h. HPLC analysis (OD-H, n-Hexane/Isopropanol, 80:20, 1 

mL/min, 254 nm) tminor = 20 min and tmajor = 24 min, 80% ee, [α]D
25 = +34.42 (c 1.0, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.14 (bs, 1H), 7.52 (d, J = 8.0 Hz, 

1H), 7.40 (d, J = 8.2 Hz, 1H), 7.31 – 7.21 (m, 2H), 7.19 – 7.08 (m, 3H), 6.97 (d, J = 

8.2 Hz, 1H), 6.88 (t, J = 7.5 Hz, 1H), 5.66 (t, J = 7.9 Hz, 1H), 5.09 (dd, J = 12.5, 6.7 
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Hz, 1H), 5.02 (dd, J = 12.5, 9.1 Hz, 1H), 3.97 (s, 3H). 13C NMR (101 MHz, CDCl3) 

δ 157.0, 136.5, 129.0, 128.7, 127.3, 126.6, 122.5, 122.1, 120.9, 119.8, 119.1, 114.0, 

111.4, 110.9, 78.2, 55.6, 35.6 ppm. 

3.2.10 Synthesis of 3-(1-(3-bromophenyl)-2-nitroethyl)-1H-indole 34aj 

 

With the general procedure, chiral product 34aj was obtained as an oil with 57% 

conversion in 42 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 90:10, 1 mL/min, 

254 nm) tminor = 19 min and tmajor = 21 min, 74% ee, [α]D
25 = +12.68 (c 0.7, CH2Cl2). 

1H NMR (400 MHz, Chloroform-d) δ 8.13 (bs, 1H), 7.49 (t, J = 1.7 Hz, 1H), 7.44 

(d, J = 8.0 Hz, 1H), 7.42 – 7.33 (m, 2H), 7.29 (d, J = 7.8 Hz, 1H), 7.25 – 7.16 (m, 

2H), 7.11 (t, J = 7.5 Hz, 1H), 7.00 (d, J = 2.3 1H), 5.16 (t, J = 7.7 Hz, 1H), 5.04 (dd, 

J = 12.7, 7.5 Hz, 1H), 4.91 (dd, J = 12.6, 8.4 Hz, 1H). 13C NMR (101 MHz, CDCl3) 

δ 140.6, 135.5, 129.8, 129.8, 129.5, 125.4, 124.9, 122.0, 121.9, 120.6, 119.1, 117.7, 

112.6, 110.5, 78.1, 40.1 ppm. 

3.2.11 Synthesis of 3-(1-(3-methoxyphenyl)-2-nitroethyl)-1H-indole 34ak 

 

With the general procedure, chiral product 34ak was obtained as an oil with 37% 

conversion in 47 h. HPLC analysis (OD-H, n-Hexane/Isopropanol, 80:20, 1 mL/min, 
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254 nm) tmajor = 42 min and tminor = 60 min, 92% ee, [α]D
25 = +9.30 (c 1.0, CH2Cl2). 

1H NMR (400 MHz, Chloroform-d) δ 8.08 (bs, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.31 

(d, J = 8.2 Hz, 1H), 7.25 – 7.16 (m, 2H), 7.08 (t, J = 7.5 Hz, 1H), 6.96 (d, J = 2.3 Hz, 

1H), 6.93 (d, J = 7.7, 1H), 6.90 – 6.86 (m, 1H), 6.80 (dd, J = 8.2, 2.3, 1H), 5.16 (t, J 

= 8.0 Hz, 1H), 5.03 (dd, J = 12.5, 7.6 Hz, 1H), 4.92 (dd, J = 12.5, 8.4 Hz, 1H), 3.75 

(s, 3H). 13C NMR (101 MHz, CDCl3) δ 158.9, 139.9, 135.5, 128.9, 125.1, 121.6, 

120.6, 119.0, 118.9, 117.9, 113.2, 113.0, 111.5, 110.4, 78.4, 54.2, 40.5 ppm. 

3.2.12 Synthesis of 3-(1-(2,4-dichlorophenyl)-2-nitroethyl)-1H-indole 34al 

 

With the general procedure, chiral product 34al was obtained as a white solid with 

33% isolated yield in 24 h. HPLC analysis (OD-H, n-Hexane/Isopropanol, 70:30, 1 

mL/min, 254 nm) tminor = 21 min and tmajor = 31 min, 77% ee, [α]D
25 = +31.70 (c 0.8, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.15 (bs, 1H), 7.47 (s, 1H), 7.42 (d, 

J = 8.0 Hz, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.23 (t, J = 7.7 Hz 1H), 7.15 – 7.08 (m, 

3H), 7.07 (d, J = 2.3 Hz, 1H), 5.7 (t, J = 7.9 Hz, 1H), 4.99 (dd, J = 12.9, 8.8 Hz, 1H), 

4.92 (dd, J = 12.9, 7.0 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 136.5, 135.2, 134.5, 

134.1, 130.0, 130.0, 127.7, 126.0, 123.0, 122.0, 120.2, 118.8, 112.8, 111.6, 77.5, 

37.6 ppm. 
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3.2.13 Synthesis of 3-(1-(2,5-dimethoxyphenyl)-2-nitroethyl)-1H-indole 

34am 

 

With the general procedure, chiral product 34am was obtained as a white solid with 

49% isolated yield in 54 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 80:20, 1 

mL/min, 254 nm) tminor = 10 min and tmajor = 13 min, 76% ee, [α]D
25 = +10.72 (c 1.3, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.13 (bs, 1H), 7.52 (d, J = 7.9 Hz, 

1H), 7.31 (d, J = 8.1 Hz, 1H), 7.19 (t, J = 7.7 Hz, 1H), 7.12 – 7.03 (m, 2H), 6.87 (d, 

J = 8.8 Hz, 1H), 6.76 (dd, J = 8.8, 3.1 Hz, 1H), 6.71 (d, J = 3.0 Hz, 1H), 5.60 (dd, J 

= 9.0, 6.8 Hz, 1H), 5.03 (dd, J = 12.5, 6.7 Hz, 1H), 4.96 (dd, J = 12.5, 9.1 Hz, 1H), 

3.88 (s, 3H), 3.66 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 153.6, 151.2, 136.4, 128.6, 

126.5, 122.5, 122.0, 119.8, 119.0, 116.0, 113.6, 112.2, 111.8, 111.4, 78.2, 56.1, 55.6, 

35.6 ppm. 

3.2.14 Synthesis of 3-(1-(2-(benzyloxy)phenyl)-2-nitroethyl)-1H-indole 

34an 

 

With the general procedure, chiral product 34an was obtained as a colorless oil with 

79% isolated yield in 54 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 80:20, 1 

mL/min, 254 nm) tminor = 10 min and tmajor = 20 min, 69% ee, [α]D
25 = +43.10 (c 2.1, 

CH2Cl2). 
1H NMR (400 MHz, Chloroform-d) δ 8.08 (bs, 1H), 7.46 (d, J = 7.6 Hz, 
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3H), 7.43 – 7.30 (m, 4H), 7.25 – 7.15 (m, 3H), 7.07 (t, J = 7.5 Hz, 1H), 7.03 (d, J = 

2.3 Hz, 1H), 7.01 (d, J = 8.2 Hz, 1H), 6.88 (t, J = 7.4 Hz, 1H), 5.70 (t, J = 8.3 Hz, 

1H), 5.18 (s, 2H), 5.10 (dd, J = 12.5, 6.9 Hz, 1H), 4.99 (dd, J = 12.4, 8.9 Hz, 1H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 136.9, 136.4, 129.1, 128.7, 128.1, 127.7, 

127.3, 126.5, 122.5, 122.2, 121.2, 119.8, 119.2, 113.8, 112.3, 111.4, 78.1, 70.3, 35.9 

ppm. IR (neat): 3419, 3059, 3032, 2915, 1598, 1546, 1489, 1452, 1376, 1288, 1239, 

1104, 1010, 850, 739, 697, 594, 498, 424 cm-1. HRMS (ESI-TOF) m/z: [M-H]- Calcd. 

for C23H19N2O3 371.1396; Found 371.2351. 

3.2.15 Synthesis of 5-(benzyloxy)-3-(2-nitro-1-phenylethyl)-1H-indole 34ba 

 

With the general procedure, chiral product 34ba was obtained as a white solid with 

63% isolated yield in 46 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 80:20, 1 

mL/min, 254 nm) tminor = 15 min and tmajor = 19 min, 73% ee, [α]D
25 = -32.82 (c 0.9, 

CH2Cl2). 
1H NMR (400 MHz, CDCl3) δ 8.02 (bs, 1H), 7.47 – 7.37 (m, 4H), 7.36 – 

7.25 (m, 7H), 7.06 – 6.89 (m, 3H), 5.14 (t, J = 7.9 Hz, 1H), 5.08 – 5.00 (m, 3H), 4.94 

(dd, J = 12.4, 8.5 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 153.2, 139.0, 137.3, 131.7, 

128.8, 128.5, 127.8, 127.7, 127.6, 127.5, 126.4, 122.3, 113.9, 113.3, 112.1, 102.4, 

79.3, 70.8, 41.4 ppm. 
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3.2.16 Synthesis of 7-(benzyloxy)-3-(2-nitro-1-phenylethyl)-1H-indole 34ca 

 

With the general procedure, chiral product 34ca was obtained as a white solid with 

55% isolated yield in 46 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 80:20, 1 

mL/min, 254 nm) tminor = 17 min and tmajor = 26 min, 67% ee, [α]D
25 = +9.31 (c 0.4, 

CH2Cl2). 
1H NMR (400 MHz, CDCl3) δ 8.38 (bs, 1H), 7.51 – 7.27 (m, 11H), 7.09 

(d, J = 8.0 Hz, 1H), 7.04 – 7.00 (m, 1H), 6.75 (d, J = 7.6 Hz, 1H), 5.26 – 5.15 (m, 

3H), 5.09 (dd, J = 12.4, 7.5 Hz, 1H), 4.97 (dd, J = 12.4, 8.5 Hz, 1H). 13C NMR (101 

MHz, CDCl3) δ 145.3, 139.1, 136.8, 128.8, 128.5, 128.1, 127.7, 127.6, 127.4, 127.4, 

127.2, 121.1, 120.3, 114.8, 111.7, 103.6, 79.4, 70.2, 41.6 ppm. IR (neat): 3421, 3030, 

2922, 2853, 1713, 1628, 1577, 1547, 1496, 1453, 1375, 1260, 1227, 1178, 1092, 

1060, 1019, 979, 910, 845, 781, 731, 695, 584, 469 cm-1. HRMS (ESI-TOF) m/z: 

[M+H]+ Calcd. for C23H21N2O3 373.1552; Found 373.1556. 

3.2.17 Synthesis of 7-bromo-3-(2-nitro-1-phenylethyl)-1H-indole 34da 

 

With the general procedure, chiral product 34da was obtained as a colorless oil with 

43% isolated yield in 47 h. HPLC analysis (AS-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tmajor = 22 min and tminor = 28 min, >99% ee, [α]D
25 = +40.00 (c 

0.08, CH2Cl2). 
1H NMR (400 MHz, CDCl3) δ 8.32 (bs, 1H), 7.44 – 7.26 (m, 7H), 

7.15 (s, 1H), 6.98 (t, J = 7.8 Hz, 1H), 5.20 (t, J = 7.9 Hz, 1H), 5.08 (dd, J = 12.4, 8.0 
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Hz, 1H), 4.97 (dd, J = 12.4, 8.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 138.7, 

135.1, 128.9, 127.6, 127.2, 125.0, 122.0, 121.1, 118.2, 115.6, 104.8, 79.3, 41.5 ppm. 

IR (neat): 3386, 3062, 3027, 2918, 1713, 1618, 1544, 1488, 1453, 1432, 1406, 1376, 

1335, 1276, 1259, 1193, 1142, 1090, 1048, 1025, 983, 910, 882, 852, 818, 807, 781, 

750, 736, 697, 655, 610, 582, 528, 504, 469 cm-1. HRMS (ESI-TOF) m/z: [M-H]- 

Calcd. for C16H12BrN2O2 343.0082; Found 343.0079. 

3.2.18 Synthesis of 3-(1-(4-methoxyphenyl)-2-nitroethyl)-1-methyl-1H-

indole 34eb 

 

With the general procedure, chiral product 34eb was obtained as a white solid with 

15% isolated yield in 24 h. HPLC analysis (AS-H, n-Hexane/Isopropanol, 90:10, 1 

mL/min, 254 nm) tminor = 18 min and tmajor = 22 min, 18% ee. 1H NMR (400 MHz, 

CDCl3) δ 7.36 (d, J = 8.0 Hz, 1H), 7.23 – 7.11 (m, 4H), 6.99 (t, J =7.5 Hz, 1H), 6.77 

(d, J = 7.1, 3H), 5.04 (t, J = 8.0 Hz, 1H), 4.94 (dd, J = 12.3, 7.4 Hz, 1H), 4.80 (dd, J 

= 12.3, 8.6 Hz, 1H), 3.68 (s, 3H), 3.65 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 158.9, 

137.3, 131.4, 128.8, 126.6, 126.3, 122.2, 119.4, 119.1, 114.3, 113.2, 109.5, 79.8, 

55.3, 40.9, 32.8 ppm. 

3.2.19 Synthesis of 2-(2-nitro-1-phenylethyl)-1H-pyrrole 86 

 

With the general procedure, chiral product 86 was obtained as a light brown solid 

with 32% isolated yield in 46 h. HPLC analysis (AD-H, n-Hexane/Isopropanol, 95:5, 
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1 mL/min, 254 nm) tminor = 14 min and tmajor = 16 min, 50% ee, [α]D
25 = +24.47 (c 

0.3, CH2Cl2). 
1H NMR (400 MHz, CDCl3) δ 7.87 (bs, 1H), 7.41 – 7.33 (m, 3H), 7.29 

– 7.24 (m, 2H), 6.72 (dd, J = 3.9, 2.5 Hz, 1H), 6.20 (dd, J = 5.9, 2.8 Hz, 1H), 6.12 

(s, 1H), 5.02 (dd, J = 12.0, 7.3 Hz, 1H), 4.93 (t, J = 7.4 Hz, 1H), 4.84 (dd, J = 12.0, 

7.6 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 137.9, 129.1, 128.8, 128.0, 127.8, 118.1, 

108.6, 105.7, 79.1, 42.8 ppm. 

3.3 Synthesis of BODIPYs 53 

Synthesis of BODIPY 53a 

For BODIPY 53a, firstly, 3,5-dimethylpyrrole-2-carbaldehyde (52) was synthesized 

from 2,4-dimethylpyrrole (51) via the Vilsmeier-Haack reaction. For that purpose, 

POCl3 (5.9 mL, 63 mmol) was added dropwise to DMF (4.9 mL, 63 mmol) at 0 ºC. 

Then, the reaction mixture was warmed to room temperature and stirred for 15 min. 

After that, 30 mL of 1,2-dichloroethane was added to the reaction mixture at 0 ºC. 

At this temperature, a solution of 2,4-dimethylpyrrole (51) (5.0 g, 52.5 mmol) in 50 

mL of 1,2-dichloroethane was added dropwise over 20 min. When the solution was 

added, the reaction mixture was refluxed for 30 min and then cooled to room 

temperature. After the addition of a solution of NaOAc (23.7 g, 289 mmol) in 100 

mL of water, the reaction mixture was again refluxed for 30 min. For the work-up 

process, the cooled mixture was washed with water (1x100 mL), saturated Na2CO3 

solution (2x50 mL), and brine (1x50 mL). The organic layer was dried over Na2SO4 

and then the solvent was removed under vacuum. The residue was purified by flash 

chromatography using n-hexane/ethyl acetate solvent systems (1:5). 3,5-

dimethylpyrrole-2-carbaldehyde (52) was obtained as a light yellow solid (5.8 g, 

89% isolated yield).  

After purification, 3,5-dimethylpyrrole-2-carbaldehyde (52) (246 mg, 2mmol) was 

dissolved in 10 mL DCM and then POCl3 (0.22 mL, 2.4 mmol) was added dropwise 

over 1 min at 0 ºC. The solution was warmed to room temperature slowly and stirred 
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for 12h. Then, Et3N (1.4 mL, 10 mmol) was added dropwise over 5 min at 0 ºC. After 

stirring for 15 min, BF3OEt2 (2.0 mL, 16 mmol) was added dropwise to the solution 

over 5 min. The reaction was warmed to room temperature and stirred for 12 h. In 

order to remove the polar impurities, the reaction mixture was passed through a short 

pad of silica gel eluting with DCM. The solvent was removed under vacuum and 

then the residue was dissolved in DCM. With the addition of water, the reaction 

mixture was stirred at room temperature overnight to decompose excess BF3OEt2 

and other impurities. For the work-up process, the organic layer was washed with 

water, brine and then dried over Na2SO4. Then, the solvent was removed under 

vacuum and the residue was purified by flash chromatography using n-hexane/ethyl 

acetate solvent systems (1:20). BODIPY 53a was obtained as a red solid (229 mg, 

92% isolated yield). Analytical data matched previously reported value in the 

literature.105 

Synthesis of BODIPY 53b 

2,4-dimethylpyrrole (51) (2 mL,19 mmol), benzoyl chloride (87) (1.15 mL, 9.5 

mmol), and DCM (50 mL) were mixed overnight at room temperature under N2 

atmosphere. Then, NEt3 (10 mL) was added dropwise to the solution in ice bath. 

After stirring for about 30 min, BF3OEt2 (10 mL) was added dropwise and then the 

mixture was stirred overnight again at room temperature under N2 atmosphere. For 

the work-up process, the organic phase was washed with saturated NaHCO3 solution 

(100 mL), and water for three times. Then, solvent was dried over Na2SO4 and 

concentrated under vacuum. The product was purified by flash chromatography 

using n-hexane/ethyl acetate solvent systems (1:20). BODIPY 53b was obtained as 

an orange solid (1.2 g, 38% isolated yield). Analytical data matched previously 

reported value in the literature.134 

Isatin derivatives 72 were synthesized according to literature procedure.135 
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3.4 General Procedure for Addition of BODIPYs 53 to Isatin Derivatives 

72 

For racemic synthesis; 

DBU was added to a solution of BODIPY derivative 53 (0.1 mmol) and isatin 

derivative 72 (0.2 mmol) in DCM (0.2 mL). Then, the reaction was stirred for 5-15 

minutes at room temperature. After evaporation of DCM, the crude mixture was 

directly loaded on flash column chromatography using n-hexane/ethyl acetate 

solvent systems (1:5 to 1:2). 

For asymmetric synthesis; 

BODIPY derivative 53 (0.1 mmol), isatin derivative 72 (0.2 mmol) and bifunctional 

organocatalyst 29 (0.02 mmol) were stirred in DCM (0.2 mL) at room temperature 

for 5-13 days. All reactions were monitored by TLC and then, purified with column 

chromatography using n-hexane/ethyl acetate solvent systems (1:5 to 1:2). 

3.4.1 Synthesis of chiral BODIPY 73aa 

 

With the general procedure, chiral BODIPY 73aa was obtained as an orange solid 

with 10% isolated yield in 7 days. Melting Point: 164-168 °C. HPLC analysis (AD-

H, n-Hexane/Isopropanol, 80:20, 1 mL/min, 254 nm) tmajor =15 min and tminor =23 

min, 53% ee, [α]D
25 = -105.8 (c 0.1, CH2Cl2). 

1H-NMR (400 MHz, Chloroform-d) δ 

7.34 – 7.26 (m, 2H), 7.09 (s, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.83 (d, J = 7.7 Hz, 1H), 

6.25 (s, 1H), 6.07 (s, 1H), 3.86 (bs, 1H), 3.59 (d, J = 15.0 Hz, 1H), 3.31 (d, J = 15.0 

Hz, 1H), 3.21 (s, 3H), 2.51 (s, 3H), 2.29 (s, 3H), 2.26 (s, 3H). 13C-NMR (101 MHz, 

CDCl3) δ 177.1, 158.6, 151.9, 143.1, 142.6, 140.1, 134.0, 132.8, 129.9, 129.6, 124.5, 
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122.7, 120.6, 119.7, 119.5, 108.2, 75.2, 36.6, 26.2, 14.8, 11.3, 11.12 ppm. IR (neat): 

3380, 2917, 1699, 1600, 1507, 1469, 1376, 1351, 1314, 1247, 1193, 1150, 1065, 

1029, 964, 898, 829, 751, 702, 671, 579, 537, 479, 423 cm-1. HRMS (ESI-TOF) m/z: 

[M]+ Calcd. for C22H22BF2N3O2 409.1773; Found 409.1776. 

3.4.2 Synthesis of chiral BODIPY 73ab 

 

With the general procedure, chiral BODIPY 73ab was obtained as an orange solid 

with 17% isolated yield in 7 days. Melting Point: 184-186 °C (decomposed). HPLC 

analysis (AD-H, n-Hexane/Isopropanol, 80/20, 1 mL/min, 510 nm) tmajor =15 min 

and tminor =22 min, 45% ee, [α]D
25 = -99.0 (c 0.1, CH2Cl2). 

1H-NMR (400 MHz, 

Chloroform-d) δ 7.33 – 7.27 (m, 2H), 7.09 (s, 1H), 7.03 (t, J = 7.5 Hz, 1H), 6.85 (d, 

J = 7.7 Hz, 1H), 6.22 (s, 1H), 6.07 (s, 1H), 3.86 – 3.65 (m, 3H), 3.59 (d, J = 15.1, 

1H), 3.32 (d, J = 15.1 Hz, 1H), 2.51 (s, 3H), 2.27 (d, J = 8.8 Hz, 6H), 1.28 (t, J = 7.2 

Hz, 3H). 13C-NMR (101 MHz, CDCl3) δ 176.6, 158.6, 151.8, 142.6, 142.2, 140.1, 

134.0, 132.8, 130.1, 129.5, 124.7, 122.5, 120.6, 119.7, 119.5, 108.4, 75.1, 36.7, 34.7, 

14.8, 12.4, 11.3, 11.2 ppm. IR (neat): 3382, 2919, 1712, 1602, 1512, 1470, 1431, 

1367, 1312, 1241, 1211, 1174, 1152, 1133, 1076, 1032, 966, 898, 878, 819, 753, 

700, 673, 613, 575, 498, 473 cm-1. HRMS (ESI-TOF) m/z: [M-H]- Calcd. for 

C23H23BF2N3O2 422.1851; Found 422.1881. 
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3.4.3 Synthesis of chiral BODIPY 73ac 

 

With the general procedure, chiral BODIPY 73ac was obtained as an orange solid 

with 12% isolated yield in 5 days. Melting Point: 212-214 °C (decomposed). HPLC 

analysis (AD-H, n-Hexane/Isopropanol, 80/20, 1 mL/min, 254 nm) tmajor =15 min 

and tminor =22 min, 55% ee, [α]D
25 = -161.5 (c 0.1, CH2Cl2). 

1H-NMR (400 MHz, 

Chloroform-d) δ 7.34 – 7.27 (m, 2H), 7.09 (s, 1H), 7.03 (t, J = 7.4 Hz, 1H), 6.83 (d, 

J = 7.7 Hz, 1H), 6.22 (s, 1H), 6.08 (s, 1H), 5.91 – 5.79 (m, 1H), 5.24 (t, J = 14.1 Hz, 

2H), 4.44 (d, J = 16.3 Hz, 1H), 4.23 (d, J = 16.2 Hz, 1H), 3.80 (bs, 1H), 3.62 (d, J = 

15.0 Hz, 1H), 3.35 (d, J = 15.0 Hz, 1H), 2.52 (s, 3H), 2.27 (d, J = 8.0 Hz, 6H). 13C-

NMR (101 MHz, CDCl3) δ 176.8, 158.7, 151.7, 142.6, 142.3, 140.1, 134.1, 132.8, 

131.2, 129.9, 129.5, 124.6, 122.7, 120.6, 119.7, 119.5, 117.7, 109.1, 75.1, 42.4, 36.8, 

14.8, 11.3, 11.2 ppm. IR (neat): 3399, 2960, 2918, 2851, 1714, 1601, 1511, 1469, 

1428, 1357, 1250, 1199, 1174, 1150, 1076, 973, 931, 896, 875, 817, 799, 756, 703, 

672, 610, 580, 558, 472 cm-1. HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 

C24H24BF2N3NaO2 458.1827; Found 458.1837. 

3.4.4 Synthesis of chiral BODIPY 73ad 

 

With the general procedure, chiral BODIPY 73ad was obtained as an orange solid 

with 10% isolated yield in 7 days. Melting Point: 211-213 °C (decomposed). HPLC 
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analysis (AS-H, n-Hexane/Isopropanol, 75/25, 1 mL/min, 510 nm) tminor =22 min and 

tmajor =33 min, 60% ee, [α]D
25 = -127.4 (c 0.1, CH2Cl2). 

1H NMR (400 MHz, 

Chloroform-d) δ 7.37 – 7.23 (m, 6H), 7.19 (t, J = 7.8 Hz, 1H), 7.09 (s, 1H), 7.01 (t, 

J = 7.5 Hz, 1H), 6.71 (d, J = 7.8 Hz, 1H), 6.16 (s, 1H), 6.08 (s, 1H), 5.01 (d, J = 15.7 

Hz, 1H), 4.79 (d, J = 15.7 Hz, 1H), 3.90 (bs, 1H), 3.69 (d, J = 15.0 Hz, 1H), 3.41 (d, 

J = 14.9 Hz, 1H), 2.53 (s, 3H), 2.26 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 177.3, 

158.8, 151.5, 142.7, 142.3, 140.1, 135.5, 134.1, 132.8, 129.9, 129.5, 128.7, 127.5, 

127.3, 124.6, 122.8, 120.6, 119.8, 119.4, 109.3, 75.2, 43.8, 36.8, 14.8, 11.3, 11.2 

ppm. IR (neat): 3354, 2960, 2921, 2852, 1691, 1599, 1583, 1529, 1511, 1494, 1469, 

1444, 1408, 1381, 1302, 1254, 1235, 1194, 1169, 1149, 1068, 972, 903, 795, 746, 

727, 707, 691, 672, 622, 582, 546, 479, 456 cm-1. HRMS (ESI-TOF) m/z: [M+Na]+ 

Calcd for C28H26BF2N3NaO2 508.1984; Found 508.1984. 

3.4.5 Synthesis of chiral BODIPY 73ae 

 

With the general procedure, chiral BODIPY 73ae was obtained as an orange solid 

with 9% isolated yield in 10 days. Melting Point: 190-195 °C (decomposed).  HPLC 

analysis (OD-H, n-Hexane/Isopropanol, 90/10, 1 mL/min, 510 nm) tminor =22 min 

and tmajor =46 min, 52% ee, [α]D
25 = -109.2 (c 0.1, CH2Cl2). 

1H NMR (400 MHz, 

Chloroform-d) δ 7.42 (d, J = 1.7 Hz, 1H), 7.36 – 7.27 (m, 6H), 7.12 (s, 1H), 6.57 (d, 

J = 8.3 Hz, 1H), 6.11 (d, J = 2.6 Hz, 2H), 4.98 (d, J = 15.7 Hz, 1H), 4.78 (d, J = 15.7 

Hz, 1H), 4.11 (bs, 1H), 3.68 (d, J = 14.9 Hz, 1H), 3.32 (d, J = 14.9 Hz, 1H), 2.55 (s, 

3H), 2.28 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 176.8, 159.4, 150.3, 143.2, 141.2, 

140.0, 135.0, 134.3, 132.8, 132.3, 131.9, 128.8, 128.1, 127.7, 127.2, 120.8, 120.1, 

119.4, 115.4, 110.8, 75.2, 43.9, 36.7, 14.8, 11.3, 11.3 ppm. IR (neat): 3258, 2920, 
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2851, 1689, 1603, 1531, 1507, 1483, 1450, 1431, 1410, 1370, 1342, 1307, 1293, 

1241, 1216, 1192, 1170, 1153, 1122, 1078, 1016, 973, 920, 897, 871, 806, 758, 699, 

627, 606, 557, 533, 468 cm-1. HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for 

C28H25BBrF2N3NaO2 586.1089; Found 586.1088. 

3.4.6 Synthesis of chiral BODIPY 73be 

 

With the general procedure, chiral BODIPY 73ae was obtained as an orange solid 

with 10% isolated yield in 13 days. Melting Point: 111-114 °C (decomposed). HPLC 

analysis (AD-H, n-Hexane/Isopropanol, 90/10, 1 mL/min, 254 nm) tmajor =23 min 

and tminor =40 min, 45% ee, [α]D
25 = -42 (c 0.1, CH2Cl2). 

1H NMR (400 MHz, 

Chloroform-d) δ 7.55 – 7.48 (m, 3H), 7.43 (d, J = 1.9 Hz, 1H), 7.36 – 7.26 (m, 8H), 

6.57 (d, J = 8.3 Hz, 1H), 6.05 (d, J = 11.6 Hz, 2H), 5.01 (d, J = 15.7 Hz, 1H), 4.78 

(d, J = 15.7 Hz, 1H), 3.73 (d, J = 15.0 Hz, 1H), 3.36 (d, J = 15.0 Hz, 1H), 2.57 (s, 

3H), 1.40 (s, 6H), OH peak could not be observed. 13C NMR (101 MHz, CDCl3) δ 

176.9, 157.9, 149.1, 145.1, 142.5, 142.0, 141.2, 135.0, 134.6, 132.2, 132.0, 129.2, 

129.1, 129.0, 128.9, 128.8, 128.1, 127.7, 127.7, 127.2, 122.1, 121.7, 115.4, 110.8, 

75.2, 43.9, 36.6, 14.8, 14.4, 14.3 ppm. IR (neat): 3506, 3379, 2956, 2925, 2856, 1724, 

1707, 1609, 1541, 1505, 1481, 1454, 1431, 1407, 1364, 1312, 1260, 1184, 1154, 

1077, 1043, 1025, 980, 883, 839, 809, 722, 697, 627, 603, 560, 532, 506, 488, 473 

cm-1. HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C34H29BBrF2N3NaO2 662.1402; 

Found 662.1445. 
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3.5 Procedure for Synthesis of BODIPY 96 

1 eq. BCl3 (154 µL, 1.0 M in n-hexane) was added dropwise to the DCM solution (5 

mL) of BODIPY 53b (50 mg) placed in 10 mL vial while stirring at room 

temperature. In another 25 mL round-bottom flask, 3.6 eq. cesium carbonate (179 

mg, 550 µmol), 3.25 eq. salicylaldehyde (61mg, 500 µmol) and anhydrous DMF (3 

mL) were left to stir at room temperature. After 1 hour mixed separately, the former 

solution was poured over the latter and then, combined solution was stirred an 

additional hour. For the work-up process, 50 mL DCM was added to reaction mixture 

and the mixture was washed with water (3 x 50 mL) and brine (1 x 25 mL). The 

organic phase was dried over anhydrous Na2SO4, filtered and then concentrated 

under vacuum. The residue was purified by FCC with DCM as eluent. 

  

With the procedure, BODIPY 96 was obtained as an orange solid with 18% isolated 

yield in 2 h. Melting Point: 214-217 °C. HPLC analysis (OD-H, n-

Hexane/Isopropanol, 98/2, 1 mL/min, 505 nm) tR1 =8.38 min and tR2=11.42 min, 

[α]D
25 = -567.9 (c 4.05 x 10-3, CHCl3) for fast-eluting enantiomer, 99.5% ee, (-) 

BODIPY 96; [α]D
25 = +617.3 (c 4.05 x 10-3, CHCl3) for slow-eluting enantiomer, 

98.5% ee, (+) BODIPY 96. 1H NMR (600 MHz, CDCl3) δ 7.52 – 7.42 (m, 4H), 7.24 

– 7.19 (m, 1H), 7.11 – 7.06 (m, 1H), 7.02 (dd, J = 7.5, 1.3 Hz, 1H), 6.82 (d, J = 7.9 

Hz, 1H), 6.78 (td, J = 7.4, 0.9 Hz, 1H), 5.98 (s, 1H), 5.88 (s, 1H), 5.45 (bs, 1H), 3.51 

(dd, J = 18.5, 6.3 Hz, 1H), 2.95 (d, J = 18.5 Hz, 1H), 2.53 (s, 3H), 1.44 (s, 3H), 1.37 

(s, 3H). 13C NMR (151 MHz, CDCl3) δ 155.9, 154.2, 151.7, 144.1, 142.8, 142.3, 

134.9, 131.5, 129.8, 129.0, 128.9, 128.8, 128.3, 128.2, 128.1, 128.0, 125.3, 120.9, 

118.3, 118.2, 118.1, 70.3, 35.6, 29.7, 14.9, 13.9 ppm. IR (neat): 3052, 2955, 2922, 
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2885, 1607, 1581, 1548, 1538, 1514, 1500, 1488, 1426, 1406, 1380, 1361, 1348, 

1329, 1308, 1282, 1243, 1217, 1191, 1153, 1051 cm-1. HRMS (ESI-TOF) m/z: [M-

H]- Calcd for C26H22BN2O2 405.1774; Found 405.1786. 

3.5.1 The reaction intermediate 95 

 

The reaction intermediate 95 was isolated as an orange solid with 3% chemical yield. 

Melting Point: 185-189 °C. 1H NMR (600 MHz, CDCl3) δ 10.69 (s, 1H), 7.76 (dd, 

J = 7.7, 1.8 Hz, 1H), 7.56 – 7.47 (m, 3H), 7.34 – 7.20 (m, 3H), 6.83 (dd, J = 13.4, 5.9 

Hz, 1H), 6.32 (d, J = 8.4 Hz, 1H), 5.93 (s, 2H), 2.44 (s, 6H), 1.40 (s, 6H). 13C NMR 

(151 MHz, CDCl3) δ 191.4, 159.9, 159.8, 155.9, 143.7, 141.8, 135.7, 134.7, 131.5, 

129.2, 129.2, 129.1, 128.0, 127.9, 127.8, 121.8, 121.8, 119.5, 117.2, 14.8, 14.8, 14.5 

ppm. HRMS (ESI-TOF) m/z: [M·]- Calcd for C26H24BFN2O2 426.1914; Found 

426.1920. 

3.6 The experimental calculation of fluorescence quantum yield 

The most reliable method for calculating fluorescence quantum yield is the relative 

method136 of Williams et al. which involves the use of characterized reference with 

known Φfl. 

In practice, the experimental measurement of quantum yield is complicated because 

a number of considerations should be taken into such as concentration effects, the 

use of different solvents, and validity of reference and its Φfl value. To overcome 

these considerations, it is important to acquire a set of data in different absorbance 

N
B

N

F O

CHO
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and ensure linearity across the concentration range, include the refractive index and 

cross-calibrating the reference with the sample.  

Also, as experimental considerations, a reference that emits in a similar fashion to 

the sample should be chosen. Also, in this analysis, in order to minimize the re-

absorption effects, absorbances should never exceed 0.1 at and above the excitation 

wavelength. Above this level, non-linear effects could be observed due to inner filter 

effects and resulted in incorrect quantum yield values. Besides, in fluorescence 

analysis, constant slit widths and a single excitation wavelength should be used for 

both sample and reference. 

For the analysis, firstly, UV-vis absorbance spectrum of the solvent for the sample 

should be recorded at the excitation wavelength. Then, its fluorescence emission 

spectra should be taken, and this intensity should be converted to integrated 

fluorescence intensity. There should be six solutions whose absorbances at the 

excitation wavelength of ~ 0/solvent, 0.02, 0.04, 0.06, 0.08, and 0.1. After 

conducting the fluorescence analysis of these solutions, a plot of integrated 

fluorescence intensity vs absorbance should be drawn. In this graph, R2 value should 

be higher 0.99 and intercept should be equal to zero. This procedure should be 

repeated for the reference. After getting two lines for sample and reference, 

following equation was used to calculate Φfl: 

Φ𝑠 = Φ𝑟(
𝑚𝑠

𝑚𝑟
)(

𝑛𝑠

𝑛𝑟
)2 

Where Φ denotes fluorescence quantum yield, 𝑚: gradient of the plot of integrated 

fluorescence intensity against absorbance, 𝑛: refractive index of the solution, and 

subscripts 𝑟 and 𝑠 denotes reference and sample, respectively.  

In this study, the relative fluorescence quantum yields (Φfl) of the dyes were 

calculated by taking aqueous alkaline solutions of fluorescein as the reference (λex 

490 nm in 0.1 N NaOH, Φfl = 0.85 according to the literature). 
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CHAPTER 4  

4 CONCLUSION 

In this study, the enantioselective synthesis of 2-indolyl-1-nitro derivatives 34 and 

BODIPY dyes 73 was conducted in the presence of 2-aminoDMAP 23-25 and 

quinine-based 28-30 bifunctional organocatalysts.  

In the first chapter of the study, asymmetric Friedel-Crafts alkylation of indoles 33 

with nitroolefins 16 was carried out with 2 mol% tert-butyl squaramide/quinine 

organocatalyst 30. 19 different 2-indolyl-1nitro derivatives 34 were synthesized with 

acceptable to excellent enantioselectivities (up to >99% ee) and high yields (up to 

80%).  

In the second chapter, the enantioselective addition of BODIPY 53 to N-substituted 

isatin derivatives 72 was conducted with 20 mol% 2-adamantyl squaramide/quinine 

organocatalyst 29. The six novel chiral BODIPYs 73 were synthesized with 

acceptable enantioselectivities (up to 60% ee). This part of the study is the most 

valuable one because this kind of enantioselective addition will be the first in the 

literature. For the spectroscopic analyses, high emissions were observed in 

fluorescence analyses with all derivatives. As a representative example, the quantum 

yield of 73aa was calculated as 0.78 in CHCl3. However, very low ECD activity was 

observed in the analyses of BODIPY 73aa in different concentrations. 

In the last chapter, a novel BODIPY point chiral at boron and carbon, BODIPY 96, 

was synthesized through a two-pot, one-step procedure. The resolved enantiomers 

showed a strong Cotton effect in the visible region in ECD spectra. Also, chiral dye 

96 was thermally stable to epimerization but showed very weak fluorescence 

emission due to nonradiative decay involving vibrational relaxation, intersystem 

crossing to the triplet manifold and bent-shaped molecular geometry. 
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APPENDICES 

A. NMR SPECTRA 

 

 

 

 

 

 

 

 

 

Figure A. 1. 1H NMR spectrum of 34aa 

 

Figure A. 2. 13C NMR spectrum of 34aa  
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Figure A. 3. 1H NMR spectrum of 34ab 

 

Figure A. 4. 13C NMR spectrum of 34ab  
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Figure A. 5. 1H NMR spectrum of 34ac 

 

Figure A. 6. 13C NMR spectrum of 34ac  
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Figure A. 7. 1H NMR spectrum of 34ad 

 

Figure A. 8. 13C NMR spectrum of 34ad  
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Figure A. 9. 1H NMR spectrum of 34ae 

 

Figure A. 10. 13C NMR spectrum of 34ae  
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Figure A. 11. 1H NMR spectrum of 34af 

 

Figure A. 12. 13C NMR spectrum of 34af  
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Figure A. 13. 1H NMR spectrum of 34ag 

 

Figure A. 14. 13C NMR spectrum of 34ag  
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Figure A. 15. 1H NMR spectrum of 34ah 

 

Figure A. 16. 13C NMR spectrum of 34ah  
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Figure A. 17. 1H NMR spectrum of 34ai 

 

Figure A. 18. 13C NMR spectrum of 34ai  
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Figure A. 19. 1H NMR spectrum of 34aj 

 

Figure A. 20. 13C NMR spectrum of 34aj  
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Figure A. 21. 1H NMR spectrum of 34ak 

 

Figure A. 22. 13C NMR spectrum of 34ak  
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Figure A. 23. 1H NMR spectrum of 34al 

 

Figure A. 24. 13C NMR spectrum of 34al  
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Figure A. 25. 1H NMR spectrum of 34am 

 

Figure A. 26. 13C NMR spectrum of 34am  
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Figure A. 27. 1H NMR spectrum of 34an 

 

Figure A. 28. 13C NMR spectrum of 34an  
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Figure A. 29. 1H NMR spectrum of 34ba 

 

Figure A. 30. 13C NMR spectrum of 34ba  
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Figure A. 31. 1H NMR spectrum of 34ca 

 

Figure A. 32. 13C NMR spectrum of 34ca  
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Figure A. 33. 1H NMR spectrum of 34da 

 

Figure A. 34. 13C NMR spectrum of 34da  
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Figure A. 35. 1H NMR spectrum of 34eb 

 

Figure A. 36. 13C NMR spectrum of 34eb  
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Figure A. 37. 1H NMR spectrum of 86 

 

Figure A. 38. 13C NMR spectrum of 86  
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Figure A. 39. 1H NMR spectrum of 73aa 

 

Figure A. 40. 13C NMR spectrum of 73aa  
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Figure A. 41. 1H NMR spectrum of 73ab 

 

Figure A. 42. 13C NMR spectrum of 73ab  
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Figure A. 43. 1H NMR spectrum of 73ac 

 

Figure A. 44. 13C NMR spectrum of 73ac  
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Figure A. 45. 1H NMR spectrum of 73ad 

 

Figure A. 46. 13C NMR spectrum of 73ad  
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Figure A. 47. 1H NMR spectrum of 73ae 

 

Figure A. 48. 13C NMR spectrum of 73ae  
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Figure A. 49. 1H NMR spectrum of 73be 

 

Figure A. 50. 13C NMR spectrum of 73be  
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Figure A. 51. 1H NMR spectrum of 95 

 

Figure A. 52. 13C NMR spectrum of 95  
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Figure A. 53. 1H NMR spectrum of BODIPY 96 

 

Figure A. 54. 13C NMR spectrum of BODIPY 96  
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Figure A. 55. 1H-1H COSY NMR spectrum of BODIPY 96 

 

Figure A. 56. HMBC NMR spectrum of BODIPY 96  
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Figure A. 57. HSQC NMR spectrum of BODIPY 96 
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B. HPLC CHROMATOGRAMS 

 

 

 

 

 

 

 

 

Figure B. 1. HPLC chromatogram of rac-34aa 

 

 

 

 

 

 

 

 

 

 

Figure B. 2. HPLC chromatogram of enantiomerically enriched 34aa 
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Figure B. 3. HPLC chromatogram of rac-34ab 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 4. HPLC chromatogram of enantiomerically enriched 34ab 
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Figure B. 5. HPLC chromatogram of rac-34ac 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 6. HPLC chromatogram of enantiomerically enriched 34ac 
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Figure B. 7. HPLC chromatogram of rac-34ad 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 8. HPLC chromatogram of enantiomerically enriched 34ad 
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Figure B. 9. HPLC chromatogram of rac-34ae 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 10. HPLC chromatogram of enantiomerically enriched 34ae 
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Figure B. 11. HPLC chromatogram of rac-34af 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 12. HPLC chromatogram of enantiomerically enriched 34af 
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Figure B. 13. HPLC chromatogram of rac-34ag 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 14. HPLC chromatogram of enantiomerically enriched 34ag 
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Figure B. 15. HPLC chromatogram of rac-34ah 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 16. HPLC chromatogram of enantiomerically enriched 34ah 
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Figure B. 17. HPLC chromatogram of rac-34ai 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 18. HPLC chromatogram of enantiomerically enriched 34ai 
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Figure B. 19. HPLC chromatogram of rac-34aj 

 

 

 

 

 

 

 

 

 

 

 

Figure B. 20. HPLC chromatogram of enantiomerically enriched 34aj 
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Figure B. 21. HPLC chromatogram of rac-34ak 

 

 

 

 

 

 

 

 

 

 

Figure B. 22. HPLC chromatogram of enantiomerically enriched 34ak 
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Figure B. 23. HPLC chromatogram of rac-34al 

 

 

 

 

Figure B. 24. HPLC chromatogram of enantiomerically enriched 34al 



 

 

138 

 

 

 

Figure B. 25. HPLC chromatogram of rac-34am 

 

 

 

 

Figure B. 26. HPLC chromatogram of enantiomerically enriched 34am 
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Figure B. 27. HPLC chromatogram of rac-34an 

 

 

 

 

Figure B. 28. HPLC chromatogram of enantiomerically enriched 34an 
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Figure B. 29. HPLC chromatogram of rac-34ba 

 

 

 

 

Figure B. 30. HPLC chromatogram of enantiomerically enriched 34ba 
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Figure B. 31. HPLC chromatogram of rac-34ca 

 

 

 

 

Figure B. 32. HPLC chromatogram of enantiomerically enriched 34ca 
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Figure B. 33. HPLC chromatogram of rac-34da 

 

 

 

 

Figure B. 34. HPLC chromatogram of enantiomerically enriched 34da 
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Figure B. 35. HPLC chromatogram of rac-34eb 

 

 

 

 

 

 

 

 

 

 

Figure B. 36. HPLC chromatogram of enantiomerically enriched 34eb 
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Figure B. 37. HPLC chromatogram of rac-86 

 

 

 

 

 

Figure B. 38. HPLC chromatogram of enantiomerically enriched 86 
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Figure B. 39. HPLC chromatogram of rac-73aa 

 

 

 

 

Figure B. 40. HPLC chromatogram of enantiomerically enriched 73aa 

 

 



 

 

146 

 

 

 

Figure B. 41. HPLC chromatogram of rac-73ab 

 

 

 

 

Figure B. 42. HPLC chromatogram of enantiomerically enriched 73ab 
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Figure B. 43. HPLC chromatogram of rac-73ac 

 

 

 

 

Figure B. 44. HPLC chromatogram of enantiomerically enriched 73ac 
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Figure B. 45. HPLC chromatogram of rac-73ad 

 

 

 

 

Figure B. 46. HPLC chromatogram of enantiomerically enriched 73ad 
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Figure B. 47. HPLC chromatogram of rac-73ae 

 

 

 

 

Figure B. 48. HPLC chromatogram of enantiomerically enriched 73ae 
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Figure B. 49. HPLC chromatogram of rac-73be 

 

 

 

 

Figure B. 50. HPLC chromatogram of enantiomerically enriched 73be 
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Figure B. 51. HPLC Chromatogram of (-)-BODIPY 96 at 50 ºC 
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Figure B. 52. HPLC Chromatogram of (-)-BODIPY 96 at 75 ºC 
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Figure B. 53. HPLC Chromatogram of (-)-BODIPY 96 at 100 ºC 
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Figure B. 54. HPLC Chromatogram of (-)-BODIPY 96 at 125 ºC 
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Figure B. 55. HPLC Chromatogram of (-)-BODIPY 96 at 150 ºC 
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C. HRMS DATA 

 

 

Figure C. 1. Mass Spectrum of 34an 

 

 

Figure C. 2. Mass Spectrum of 34ca 
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Figure C. 3. Mass Spectrum of 34da 

 

 

Figure C. 4. Mass Spectrum of 73aa 

 

 

Figure C. 5. Mass Spectrum of 73ab 
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Figure C. 6. Mass Spectrum of 73ac 

 

 

Figure C. 7. Mass Spectrum of 73ad 

 

 

Figure C. 8. Mass Spectrum of 73ae 
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Figure C. 9. Mass Spectrum of 73be 

 

 

Figure C. 10. Mass Spectrum of 95 

 

 

Figure C. 11. Mass Spectrum of 96 
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D. X-RAY DATA 

X-RAY Data for BODIPY 96 

For the crystal structure determination, single-crystal of the compound BODIPY 96 

was used for data collection on a four-circle Rigaku R-AXIS RAPID-S 

diffractometer (equipped with a two-dimensional area IP detector). Graphite-

monochromated Mo-Kα radiation ( = 0.71073 Å) and oscillation scans technique 

with Dw = 5º for one image were used for data collection. The lattice parameters 

were determined by the least-squares methods on the basis of all reflections with F2 

> 2(F2). Integration of the intensities, correction for Lorentz and polarization 

effects and cell refinement were performed using CrystalClear (Rigaku/MSC 

Inc.,2005) software. The structures were solved by direct methods using SHELXS-

97 which allowed for the location of most of the heaviest atoms, with the remaining 

non-hydrogen atoms being located from different Fourier maps calculated from 

successive full-matrix least squares refinement cycles on F2 using SHELXL-97. All 

non-hydrogen atoms were refined using anisotropic displacement parameters. 

Hydrogens attached to carbons were located at their geometric positions using 

appropriate HFIX instructions in SHELXL. The final difference Fourier maps 

showed no peaks of chemical significance.  

Crystal data for BODIPY 96: C26H23N2O2B, crystal system, space group: 

orthorhombic, Pca21; (no:29); unit cell dimensions: a =9.8114(5), b = 21.6884(8), c 

= 9.7138(6) Å, α= 90, β = 90, γ = 90º; volume; 2067.0(3) Å3, Z=4; calculated density: 

1.306 g/cm3; absorption coefficient: 0.082 mm-1; F(000): 856; θ-range for data 

collection 2.4-26.0º; refinement method: full matrix least-square on F2; 

data/parameters: 4026/285; goodness-of-fit on F2: 1.060; final R-indices [I > 2(I)]: 

R1 = 0.043, wR2 = 0.103; largest diff. peak and hole: 0.177 and -0.164 e Å-3.  

CCDC-2095290 number contains the supplementary crystallographic data for this 

structure. These data are provided free of charge via the joint CCDC/FIZ Karlsruhe 

deposition service www.ccdc.cam.ac.uk/structures 

http://www.ccdc.cam.ac.uk/structures
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Stacking of the molecules with the unit cell viewed down along the (top) c-axis and 

the (bottom) a-axis. Note: The strongest intermolecular interaction is the X-H∙∙∙Cg 

(Pi-Ring) interaction [C26-H∙∙∙C20/C25(ring centroid) 3.585(4) Å]. The π-π stacking 

interactions are relatively weak, for which the ring centroids are found to be in the 

range of 4.90–5.95 Å. 
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