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ABSTRACT 

 

HETEROCYCLE-BASED PUSH-PULL NLOPHORES: INVESTIGATION 
OF LINEAR AND NON-LINEAR OPTICAL PROPERTIES 

 
 
 

Karagöllü, Başak 
Master of Science, Chemistry 

Supervisor : Assoc. Prof. Dr. Çağatay Dengiz 
 
 
 

December 2022, 118 pages 

 

 

Organic nonlinear optical materials are substantial in the technology era we live in, 

due to their applications in telecommunications, data storage, real-time target 

recognition, optoelectronics, and optical signal processing. The distinct 

intramolecular charge transfer (ICT) properties of conjugated push-pull 

chromophores provide high polarization and thus a strong NLO response can be 

obtained. NLOphores are designed to obtain more efficient and rapid NLO responses 

and [2+2] cycloaddition-retroelectrocyclization reaction is one of the efficient 

strategies to synthesize them. In this thesis, target NLOphores were synthesized via 

the reactions of heterocycle-substituted alkynes with TCNE and TCNQ, their linear 

and nonlinear optical properties were investigated using both experimental and 

theoretical studies. 

 

Keywords: [2+2] cycloaddition-retroelectrocyclization, push-pull NLOphores, 

heterocycles, optoelectronics 
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ÖZ 

 

HETEROHALKA BAZLI İT-ÇEK TİPİ NLOFORLAR: LİNEER VE 
LİNEER OLMAYAN OPTİK ÖZELLİKLERİNİN ARAŞTIRILMASI 

 
 
 

Karagöllü, Başak 
Yüksek Lisans, Kimya 

Tez Yöneticisi: Doç. Dr. Çağatay Dengiz 
 

 

Aralık 2022, 118 sayfa 

 

Organik, lineer olmayan optik (NLO) özelliklere sahip bileşikler telekomünikasyon, 

veri depolama, gerçek zamanlı hedef tanıma, optoelektronik ve optik sinyal işleme 

alanlarındaki uygulamaları sebebiyle yaşadığımız teknoloji çağında oldukça 

değerlidir. Konjüge it-çek tipi kromoforların belirgin molekül içi yük transfer 

özelliklerine sahip olmaları molekülün yüksek değerde polarize olmasını 

sağlamaktadır ve bu sayede bu moleküllerden güçlü NLO yanıtı alınabilmektedir. 

NLOforlar, daha verimli ve hızlı NLO yanıtları elde edebilmek için tasarlanırlar ve 

[2+2] siklokatılma-retroelektrosiklizasyon tepkimeleri bu yapıları sentezlemek için 

en etkili yöntemlerden biridir. Bu tezde, çeşitli heterosiklik moleküller ile 

türevlendirilmiş alkinlerin TCNE ve TCNQ ile reaksiyonları sonucu elde edilen 

NLOforların lineer ve lineer olmayan optik özellikleri teorik ve deneysel 

çalışmalarla incelenmiştir. 

 

Anahtar Kelimeler: [2+2] siklokatılma-retroelektrosiklizasyon, it-çek tipi 

NLOforlar, heterosiklik, optoelektronik 
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CHAPTER 1  

1 INTRODUCTION  

The invention of the laser in the 1960s created a new research field, non-linear optics 

(NLO), that increased its significance and became more interesting over the years.1 

One of the sub-branches of modern physics, non-linear optics simply describes the 

light-matter interaction in nonlinear media. The applied light induces the polarization 

in matter, producing a nonlinear response depending on the power of the electric 

field of an optical wave.2 Since nonlinearity can only be observed with intense light, 

the use of lasers is essential for nonlinear optics as they can have extremely high 

intensities.3 

NLO plays a critical role in the development of modern technology as it has a wide 

range of applications such as telecommunications,4 data storage,5 real-time target 

recognition,6 optoelectronics,7 and optical signal processing8. NLO materials are 

classified into three groups according to the composition of these materials, namely 

inorganic, organic, and organometallic. In the early stages of the development, 

commercially produced NLO materials contained inorganic compounds. However, 

those materials had drawbacks such as higher dielectric constant and half-wave 

voltage and lower electro-optics coefficients.9 Due to the aforementioned 

disadvantages, the research direction was changed to developing organic nonlinear 

optical materials that can be used for the same objective.  

Organic NLO materials have gained great importance in the area of nonlinear optics 

thanks to their advantages.10 For example, they possess smaller refractive indices, 

dielectric constants, and ultrafast response time due to the purely electronic origin of 

polarizability. Furthermore, the convenience of manufacturing and lower processing 

costs are some of the main advantages.11 Many push–pull materials containing 
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electron donor and electron acceptor parts which are connected through a π-

conjugated spacer are known for having nonlinear optical properties. Also, these 

types of materials are called push–pull NLOphores.12 Several push–pull NLO 

materials have been synthesized, and their applications have been studied recently.  

Examples of push–pull NLOphores, (E)-2-(3-(4-(4,5-diphenyl-1H-imidazol-2-

yl)styryl)-5,5-dimethylcyclohex-2-en-1-ylidene)malononitrile (1)13, (E)-2-(3-(7-

(diethylamino)-2-oxo-2H-chromen-3-yl)-1-phenylallylidene)malononitrile (2)14, 

(E)-4-(4-((2,6-diphenyl-4H-pyran-4-ylidene)methyl)styryl)pyrimidine (3)15, 2-((5'-

(1-methyl-1H-pyrrol-2-yl)-[2,2'-bithiophen]-5-yl)methylene)malononitrile (4)16, 

and 4-((7-((4,6-dimethylpyrimidin-2-yl)ethynyl)-9,9-dihexyl-9H-fluoren-2-

yl)ethynyl)-N,N-dimethylaniline (5)17, were reported in the literature (Figure 1). 

Push–pull NLOphores can tolerate many functional groups such as alkenes, alkynes, 

ketones, amines, and heterocyclic groups (Figure 1).18   

 

Figure 1. Examples of push–pull NLOphores reported in the literature. 
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Heterocycles are formed by combining atoms to form a ring structure, and the 

resulting cyclic molecules contain at least one non-carbon atom such as nitrogen (N), 

oxygen (O), and/or sulfur (S).19 The presence of heteroatom characteristically 

changes the physical and chemical properties of the molecule with respect to those 

of their all-carbon-ring analogs.20 Due to distinctive properties, natural and synthetic 

heterocyclic compounds play an important role in chemistry. In addition to 

heterocyclic compounds found in natural products such as vitamins and natural 

antibiotics.20,21 There are heterocyclic molecules in biochemical materials necessary 

for life such as nucleic acids.22 Synthetic heterocycles have wide range of application 

areas that enable the development of modern society. For example, pharmaceuticals, 

agrochemicals and veterinary products22-24, sentizers, antioxidants, copolymers, and 

dyes.16,22  

Heterocyclic compounds are of great importance in designing push–pull nonlinear 

optical materials. They have different electronic structures (electron rich or electron 

deficient) that can be used to tune optoelectronic properties of NLOphores.25-28 

Figure 2 represents both electron–rich heterocycles, such as thiophene (6)26, pyrrole 

(7)26 and furan (8)25 and electron–deficient heterocycles such as azole and azine 

derivatives 25,27, i.e., pyridine (10), thiazole (11) and triazole (12). In fact, 

heterocycles can be used as a π-bridge such as 2,5-dimethylthieno[3,2-b]thiophene 

(11).28  

 

Figure 2. Examples of e--rich, π-bridge, and e--deficient heterocycles. 
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Many synthetic methods are available in the literature to design the desired 

heterocycle-based push–pull NLOphores. Synthetic methods involving cross-

coupling reactions such as Stille29, Suzuki30, and Heck31 are generally used to 

synthesize these conjugated structures. However, these reactions require the usage 

of toxic metals and a large volume of solvent. The high cost makes these reactions 

disadvantageous, in addition to the long reaction time, instability of organometallic 

reagents, and low atom-economy.32 All these negative aspects have led researchers 

to develop green, environmentally-friendly methods. At this point, click chemistry 

is a good candidate for being an alternative approach to cross-coupling reactions 

because click–type reactions are known as eco-friendly, with relatively short reaction 

times.33  

1.1 Click Chemistry 

Click chemistry has significant impact on modern day organic chemistry. Kolb, Finn 

and Sharpless, who have mentioned the term “click chemistry” for the first time in 

2001 called it ‘‘the reinvigoration of an old style of organic synthesis’’, because this 

described new synthetic strategy is atom economic, regiospecific, and stereospecific 

with insensitivity to oxygen and water.33,34 Also, no by-product is formed or can be 

removed easily. Click-type reactions are performed under mild reaction conditions 

at room temperature, non-toxic solvent usage and using no catalyst. Reactions cover 

these criteria can be grouped under the term Click Chemistry.35,36 For example, 

Huisgen 1,3-dipolar cycloadditions and Diels-Alder cycloadditions are commonly 

known reactions, because these cycloadditions show most of the characteristics of 

click-type reactions. 

1.1.1 Huisgen 1,3-dipolar Cycloaddition Reaction 

In 1960, Rolf Huisgen introduced the conceptual framework for 1,3-dipolar 

cycloadditions of azides 13 and alkynes 14 providing five-membered heterocycles 
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(15a, 15b).37 The classical Huisgen Azide–Alkyne Cycloaddition (AAC) reactions, 

with the final product 1,2,3-triazole ring take place at high temperatures and with 

long reaction times without copper catalyst. The absence of copper catalyst affected 

the selectivity and the products formed as a mixture of 1,4 (15a) and 1,5-triazole 

(15b) regioisomers when using asymmetric alkynes (Scheme 1).38  

 

Scheme 1. Classical method of Huisgen 1,3-dipolar cycloaddition reactions. 

However, among the “click” criteria, selectivity of a reaction is one of the key 

elements. To improve regioselectivity, azide–alkyne cycloaddition (AAC) required 

modifications. In 2002, regioselective route for the synthesis of 1,2,3-triazoles was 

published by Meldal and his co-workers.39 They reported that copper-catalyzed 

azide–alkyne cycloaddition (CuAAC) reactions proceed exclusively into the 

corresponding 1,4-disubstituted 1,2,3-triazoles under mild conditions (Scheme 2). 

Although catalyst-free reactions are desired in click chemistry, CuAAC reaction has 

taken its place among the most well-known click-type reactions because the copper 

catalyst is cheaper and less harmful compared to the other catalysts.38 

 

Scheme 2. General representation of CuAAC reaction reported by Meldal et al. 

The selective and effective nature of CuAAC under mild reaction conditions has 

made it a practical method for the synthesis of heterocycle based NLO materials. For 

example, pyrene (16), 1,3-triazole ring-based small molecules 17 and 18 were 

synthesized by using CuAAC reaction and nonlinear optical properties of the 
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products were published by Liang et al. in 2015.40 Two different pyrene derivatives 

were reported to be obtained in high yield by using CuSO4
.5H2O as a catalyst 

(Scheme 3). On the top of that, these two electron-delocalized organic systems have 

third-order nonlinear optical response including the nonlinear absorption and 

nonlinear refraction which are investigated by Z-scan technique.   

 

 

Scheme 3. Pyrene-based NLOphores reported by Liang et al. 

1.1.2  Diels – Alder Reactions 

In 1928, Professor Otto Diels and his student Kurt Alder made the discovery of [4+2] 

type cycloaddition reactions, known today as the Diels–Alder reaction. They 

obtained mono- 23 and diadduct 24 products as a result of the reaction between 

cyclopentadiene (21) and quinone (22) (Scheme 4).41 Over the years, the advantages 

of the Diels–Alder reaction such as being stereoselective, atom economic, and highly 

efficient has made it a powerful method in the synthesis of unsaturated 6-membered 

rings in organic chemistry.42 Therefore, the Diels–Alder reaction is one of the most 

widely used click-type reaction, especially in the total synthesis of natural products, 

as it fulfills the requirements of click chemistry.42,43  
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Scheme 4. Discovery of the Diels-Alder Reaction. 

Additionally, Diels–Alder reaction had huge impact in dendrimer and polymer 

synthesis in later years. The use of Diels–Alder reaction in dendrimer and polymer 

synthesis has led to the expansion of nonlinear optical applications. For example, in 

2012, Bae et al.44 published an article about synthesis and investigations of NLO 

properties of maleimide- 25 and anthryl- 26 containing dendrimers by using Diels–

Alder reaction (Scheme 5). They reported that the crosslinkable NLOphore 27 was 

generated successfully at elevated temperature. Besides, they obtained the highest 

second harmonic generation coefficient of the heterocycle based NLOphore 

dendrimers which was specified by a Maker Fringe experiment.  

Scheme 5. Crosslinkable NLOphore dendrimers reported by Bae et al. 
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1.2 Other Potential Pericyclic Reactions for the Synthesis of NLOphores 

Although there are several applications of NLO materials synthesized by the above-

mentioned click-type reactions, new synthetic methods have been sought due to 

some deficiencies of CuAAC and Diels–Alder reactions. For instance, the explosive 

nature of low molecular weight azides makes CuAAC reactions difficult to handle45 

and generation of the products that requires high temperature makes some cases of 

Diels–Alder cycloadditions undesirable.46 [2+2] cycloaddition and [2+2] 

cycloaddition-retroelectrocyclization reactions can be good alternatives for the 

synthesis of NLOphores because of the attractive features of these transformations 

such as having high regio and stereoselectivity under mild conditions.47 

1.2.1 Photochemical [2+2] Cycloaddition Reactions 

In the early 1960s, there was an obscurity for concerted reaction mechanisms among 

organic chemists. In fact, William von Eggers Doering, one of the well-known 

physical organic chemists at that time, gave the name “no-mechanism” to these 

reactions.48 The term “no-mechanism” can be explained simply as a reaction that has 

no reactive intermediates.49 In 1965, R.B. Woodward and R. Hoffmann published  a 

series of papers, and their descriptions of the concept of orbital symmetry and the 

selection rules of concerted cycloadditions completely ended the "no-mechanism" 

understanding in the organic chemistry community in a very short time.48,50 

Woodward and Hoffman explained the link between the mechanism of cycloaddition 

reactions and orbital symmetry in these papers. There was a selection rule for 

cycloaddition reactions. The occurrence of concerted cycloadditions depended on a 

"selection rule".48-51 It was explained why some reactions can proceed in thermal 

conditions such as [4+2] cycloaddition (CA) and some in photochemical conditions 

such as [2+2] CA according to Woodward-Hoffmann rules. The overlapping of 

HOMO and LUMO was the key point for the result of the cycloaddition reactions 

(Figure 3).51  
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Figure 3. Thermally allowed (a) and forbidden (b) CA reactions. 

 

In Figure 3a, it can be seen clearly HOMO of dienophile and LUMO of diene are 

overlapping with each other. Therefore, σ bond can be easily formed for [4+2] CA 

under thermal conditions. However, HOMO and LUMO do not overlap in the [2+2] 

cycloaddition (Figure 3b), and to achieve this overlapping, one electron in π orbital 

must be transferred to the σ*. The reaction is considered thermally forbidden because 

the energy required for this transfer cannot be supplied under thermal conditions. 

The Woodward-Hoffmann rules say that [2+2] cycloaddition occurs only under 

photochemical conditions, thanks to the excitation of an electron and overlapping of 

HOMO and LUMO.50,51 
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In the literature, there are many examples of [2+2] photocycloaddition reactions that 

occur in accordance with the Woodward Hoffmann rules.48,52,53 The general 

representation of these reactions, which take place between two alkenes with 28 and 

29 with different R groups result in cycloadduct 30 or between alkene 28 and alkyne 

31 result in cycloalkene 32, are given in Scheme 6. In addition to alkene-alkene and 

alkene-alkyne reactions, photochemical reactions between alkene 28 enone 33 are 

also used to obtain cyclobutane derivatives 34, 35. In 1962, an article published by 

P. E. Eaton54 about alkene-enone [2+2] photocycloaddition reactions, and he 

reported that addition may result in a formation of head-to-head (HH) and/or head-

to-tail (HT) products. In other words, mixture of cyclobutane adducts are formed 

when unsymmetrical alkene and enone derivatives were used for intermolecular 

photochemical [2+2] CA.  

 

 

Scheme 6. General representation of [2+2] photocycloadditions.  
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Although the formation of two isomers creates a disadvantage for such reactions, 

studies have been carried out to ensure stereoselectivity in the literature. 

Investigations of Cantrell et al.55,56 can be given as an example (Scheme 7). Their 

report shows that stereoselectivity depends on electronic structure of alkene. If 

electron donating group substituted alkene 37 reacts with the 3-substituted cyclic 

enone (e.g. 3-cyanocyclohexanone (36)), the HT isomer 38 predominates regardless 

of the group attached at the 3-position of the cyclic enone.55 In the case of electron 

withdrawing group attached alkene 40 and 3-methylcyclohexanone 39, HH isomer 

41 predominates.56 

 

 

Scheme 7. Investigations to control streoselectivity by Cantrell et al. 

 

The importance of [2+2] photocycloadditions have augmented over the years 

because strained cyclobutane ring is very useful as an intermediate for ring expansion 

in the synthesis of multicyclic and complex organic molecules.57 Therefore, for the 

synthesis of natural products, photochemical [2+2] CA reactions are useful 
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strategies.58 Moreover, photoresponsive non-linear optical materials can be obtained 

by using [2+2] photocycloaddition reactions.  

In 2012, Essaïdi and co-workers59 published an article about NLO properties of 

photocross-linkable coumarin based polymers. In this paper, 4-methyl coumarin 

based copolymers 42 were synthesized and irradiated using two different 

wavelengths to obtain the reversible photocross-linked dimerization of coumarin 

adducts 43 (Scheme 8). They reported remarkable effect on the NLO response of the 

corresponding NLOphore based copolymer. Also, large second harmonic generation 

(SHG) response of this material is shown in the paper.  

 

 

Scheme 8. Coumarin based NLO material reported by Essaïdi et al. 

 

1.2.2 Thermal [2+2] Cycloaddition Reactions 

Regardless of the Woodward Hoffmann rules, the statement of [2+2] cycloaddition 

reactions cannot proceed under thermal conditions was disproved by Reinhoudt in 

1974. According to his study, [2+2] cycloaddition reactions are thermally allowed 

depending on reactants that are strongly polarized and have difference in electron 

densities.60 A related reaction, given in Scheme 9, is thermal cycloaddition between 

alkene-alkyne or alkene-alkene to give cyclobutene and cyclobutane substrates 

respectively. Many studies have been carried out to understand whether the σ bond 

formation in thermally allowed [2+2] cycloadditions take place via concerted or 
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stepwise mechanism.61,62 Epiotis’s theory of mechanism satisfied most of the 

reported [2+2] thermal cycloaddition reactions. He claimed that the activation energy 

must be lowered for the reaction to take place in a concerted manner under mild 

conditions, and that this can only happen when one of the reactants has electron 

donor group and other has an electron acceptor group.  

 

 

Scheme 9. Thermal [2+2] CA reaction scheme reported by Reinhoudt. 

 

Over the years, thermally allowed [2+2] CA reactions have been reported in the 

literature using wide range of substrates. An interesting example is the discovery of 

the utilization of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) 44 as a [2+2] 

CA reagent. It is an interesting example because until Trofimov’s discovery in 2010, 

DDQ was known as a powerful oxidizing agent for dehydrogenation reactions and 

also was mainly used for aromatization reactions.63 Trofimov reported that when 

tetrahydro-indole substituted alkyne derivative 45 treated with DDQ, 

homoconjugated [2+2] cycloadduct 46 was formed unexpectedly (Scheme 10a).64 

Almost at the same time, Diederich group’s study reported that reaction between 

DDQ and electron-rich alkynes 47 provided cycloadduct 48 as well (Scheme 10b).65 

Diederich's work is important not only because he brought a new D-π-A systems to 

the literature by using DDQ, but also because the homoconjugated push–pull 

molecules have promising third-order nonlinear optical properties. Nevertheless, 

there are not enough studies focusing on substrate scopes or application areas in the 

literature for synthesizing NLOphores via [2+2] Cycloadditions. The main reason 
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behind this is that electron-rich alkyne substrates generally cannot be stored for long 

period of time due to stability problems. 

 

 

Scheme 10. First examples of [2+2] cycloaddition reaction by using DDQ reported 

by a) Trofimov and b) Diederich. 

 

1.2.3 [2+2] Cycloaddition – Retroelectrocyclization (CA-RE) Reactions 

[2+2] Cycloaddition-retroelectrocyclization (CA-RE) reaction is another click-type 

reaction used to obtain NLOphores. Synthesizing molecules with strong, low energy 

intramolecular charge transfer (ICT) bands is an important strategy because this type 

of reaction has many advantages as mentioned earlier. General representation of 

[2+2] CA-RE reaction is given in Scheme 11. Reaction starts with electron-rich 

alkyne and electron-deficient alkene such as tetracyanoethylene (TCNE) 50 and 

7,7,8,8-tetracyanoquinodimethane (TCNQ) 53 forms an unstable cycloadduct 51 and 

54, then results in a 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) derivative 52 and 

TCNQ adduct 55 by the retroelectrocyclization reaction (Scheme 11).  
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Scheme 11. General representation of [2+2] CA-RE reaction. 

 

The existence of [2+2] CA-RE reactions in the literature has a history of more than 

40 years. In 1981, the initial reports of this reaction were published by Bruce and co-

workers.66 Their study indicated that the reaction between Ru acetylide 56 and TCNE 

50 was terminated with the formation of an orange colored TCBD derivative 57 

(Scheme 12).  

 

 

Scheme 12. The first example of [2+2] CA-RE reaction reported by Bruce et al. 

 

 



 
 

16 

Despite the fact that final TCBD product was confirmed by X-Ray crystal-structure 

analysis the reaction mechanism was not fully understood. Fortunately, in 

subsequent reports using tungsten, iron and nickel, the cyclobutene intermediate was 

isolated and characterized.67,68 Then, these intermediates transformed into the 

corresponding TCBD derivatives 58, 59 and 60 under mild conditions (Figure 4). 

 

 

Figure 4. Investigated other transition metal (W, Fe and Ni) TCBD derivatives. 

 

One of the important studies in this area was published by Takashi et al. in 1999.69 

Pt (II) acetylide derivatives were treated with TCNE and the resulting TCBD 

moieties were s-cis 61 or s-trans 62 conformers (Figure 5). Structures were 

confirmed using X-ray diffraction data and spectral analysis, but the mechanism 

remained unclear. However, it was explained by Takashi that the reason behind 

structural distinction is due to the bulkiness of the substituents attached to the Pt 

atom.69  

 

 

Figure 5. TCBD derivatives reported by Takashi et al. in 1990. 
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In the same year as Takashi’s work, the first purely organic TCBD derivatives were 

reported independently by Jen and Sutter groups.70,71 Not only highly efficient, 

thermally, and chemically stable TCBD chromophores 63 and 64 were synthesized 

(Figure 6), but also nonlinear optical properties of these structures were investigated. 

Therefore, the work of Jen and Sutter has a significant place in the history of [2+2] 

CA-RE reactions. Until 2005, each of these early reports were of some interest, but 

none of them provided adequate explanations about how alkyne structure affects 

reactivity and overall yields. 

 

 

Figure 6. Examples of first purely organic NLOphores. 

 

In 2005, Diederich’s group published a paper that focused on the reactions of p-

methoxyphenyl (65) and p-N,N-dimethylanilino (DMA) (66) substituted alkynes 

with TCNE in conjunction with the efficiencies of synthesized TCBD derivatives 67 

and 68 to examine the effect of alkyne groups.72,73 Although this p-methoxyphenyl 

group is classified as a strong donor in organic chemistry, it failed to activate the 

alkyne group under mild conditions. For this reason, the reaction between p-

methoxyphenyl attached alkyne and TCNE was carried out at high temperature, but 

the desired TCBD product was obtained in 42% yield (Scheme 16). In contrast, the 

reaction with DMA substituted alkyne and TCNE turned into the corresponding 

TCBD product quickly without by-product formation and was isolated in 100% yield 

(Scheme 13). 
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Scheme 13. Effect of the alkyne in [2+2] CA-RE reactions reported by Diederich. 

 

In addition to investigating the effect of alkyne groups, Diederich et al. proposed the 

mechanism for [2+2] CA-RE transformations in 2007.74 They stated that the reaction 

starts with nucleophilic addition of the terminal alkyne 69 to electrophile 50 to 

produce zwitterionic high-energy intermediate 70, before cyclobutene formation 71 

(Scheme 14).  

 

 

Scheme 14. Proposed mechanism for [2+2] CA-RE reaction by Diederich et al. 
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Furthermore, starting from 2005, Diederich reported push pull systems synthesized 

by using [2+2] CA-RE with strong NLO properties.75,76 Associated with the presence 

of potential application areas, this “click-type” transformations are very 

advantageous because reactions are usually conducted at ambient temperature, no 

catalyst is required, using nontoxic solvents or without solvents and ended up with 

high yields without the formation of by-products. Over the years, due to 

aforementioned facts, the importance of this type of chromophores synthesized using 

[2+2] cycloaddition-retroelectrocyclization reactions have been realized in the 

chemistry community and has led to the improvement of substrate scope of push-

pull chromophores. Thus, researchers are conducting studies to synthesize the most 

efficient chromophores and to expand their application areas by finding suitable 

substrates with donor groups and/or synthesizing new substrates with electron 

acceptor groups.   

From the first papers until now, the substrate scope of appropriate donor structures 

has been expanded. For example, azulene derivatives 7377, indole derivatives 7478, 

ferrocene derivatives 7579, BODIPY derivatives 7680 and triazene derivatives 7781 

are some of the reported examples (Figure 7). 

 

Figure 7. Various alkyne structures used in [2+2] CA-RE reactions. 
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Interestingly, even if a strong donor group is used, the substitution position of alkyne 

affects the reactivity. In case of carbazole derivative (Figure 8), when the alkyne is 

at the 1- and 3- position 78 and 79, reaction proceeds under mild conditions. On the 

contrary, when it is attached at the 2- position 80, high temperature is required to 

obtain TCBD derivatives. Thus, it shows that 1- and 3- substituted carbazole 

derivatives are more reactive.82 

 

Figure 8. Examples of carbazole derivatives that have different reactivities. 

 

The reported donor groups were treated with acceptor groups for the formation of 

new TCBD derivatives.83 The most common and commercially available electron-

deficient olefins are TCNE 50, TCNQ 53, and 2,3,5,6-tetrafloro-TCNQ (F4TCNQ) 

81 (Figure 9).81,84  

 

 

Figure 9. Commercially available acceptors used in [2+2] CA-RE transformations. 
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In addition to the commonly used acceptors, designing and synthesizing electron-

poor structures has gained an interest for the development of [2+2] CA-RE reactions. 

Due to the strong electron-withdrawing properties of the cyanide, alkenes containing 

cyanide group come to the fore considering the reported structures.83,84 To illustrate, 

2-(4-(dimethylamino)phenyl)ethene-1,1,2-tricarbonitrile (82)74, ((3,6-

bis(dicyanomethylene)cyclohexa-1,4-diene-1,4-diyl)bis(oxy))bis(ethane-2,1-diyl) 

dioctanoate (83)85 and (Z)-2-(5-(4-(diethylamino)benzylidene)-4-phenylthiazol-

2(5H)-ylidene)malononitrile (84)86  are some of the examples of cyanide-based 

synthesized alkenes (Figure 10). 

 

  

Figure 10. Cyanide-based electron deficient alkene examples. 

 

1.3 Aim of Study 

NLOphores with high intramolecular charge transfer (ICT) transitions are one of the 

most important building blocks for obtaining organic optoelectronic materials. To 

increase the NLO response rate and efficiency, the design of the molecules and the 

reaction conditions are very important. In order to produce these molecules in large 

scales for aforementioned application areas, the reaction should be carried out in high 

yields under mild conditions and, if possible, using of non-toxic solvents. At this 

point, “click chemistry” stands out as it meets all the requirements. Examples of 

click-type reactions that can be used are covered in this chapter. The second chapter 

of this thesis, concentrated on the synthesis of 14 different heterocycle-based push-



 
 

22 

pull NLOphores using [2+2] cycloaddition-retroelectrocyclization reaction. ICT 

properties of synthesized TCBD derivatives were compared with UV/Vis data both 

experimentally and theoretically. In addition, the NLO responses of these 

heterocycle-based push-pull NLOphores were analyzed with a home-made Z-scan 

device. 
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CHAPTER 2  

2 RESULTS AND DISCUSSION 

2.1 Design and Synthesis of Heterocycle-Based Push-Pull NLOphores 

using [2+2] Cycloaddition-Retroelectrocyclization Reactions 

2.1.1 Synthetic Attempts Towards N-methylbenzimidazole-Substituted 

Push-Pull NLOphores 

One of the key points in the design of puh-pull type NLOphores is to find a group 

with high donor strength to be utilized in [2+2] CA-RE transformations. Although 

[2+2] CA-RE reactions have been studied for years, relevant donor groups are 

extremely limited. Recently, our group reported that indole, a heterocyclic 

compound, is a suitable donor group for above mentioned reactions.78 The results 

were a noteworthy because indole has never been tested in [2+2] CA-RE chemistry 

before. In the first phase of this thesis, our aim was to investigate whether the 

benzimidazole molecule could be used as an alternative donor group in CA-RE. The 

structural similarity between indole and benzimidazole was the sole motivation 

behind these investigations.  

Synthesis of benzimidazole containing disubstituted alkyne proceeds in three steps 

(Scheme 15). Starting with commercially available benzimidazole 85, N-

methylbenzimidazole 86 was synthesized to protect the nitrogen by using KOH and 

MeI in 69% yield.87 N-protection in benzimidazole was carried out considering the 

possibility of binding of acidic proton to the nitrogen lone pairs in the following 

steps.  
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In second stage, N-methylbenzimidazole was treated with n-BuLi and I2 to obtain 2-

iodo-N-methylbenzimidazole 87.88 The target iodine attached benzimidazole was 

isolated in moderate yield (62%). In the final step, to access benzimidazole 

containing disubstituted alkyne 88, Sonogashira cross-coupling was performed 

successfully. 

 

 

Scheme 15. Synthesis of 88. 

 

Compound 88 was obtained in 63% yield. NMR data was consistent with the data 

reported in the literature.89,90 Since the coupling product 88 has never been used as 

an electron-rich substrate for [2+2] CA-RE reactions before, we treated 88 with 

electron acceptor reagents TCNE 50 and TCNQ 53 to synthesize benzimidazole-

containing push-pull NLOphores (Scheme 16). As shown in Scheme 16, reactions 

were carried out both at room temperature and elevated temperatures in 

dichloroethane (DCE). Nevertheless, the formation of target products 89 and 90 has 

not been observed. 
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Scheme 16. Unsuccessful attempts towards to the synthesis of benzimidazole-

containing push-pull NLOphores. 

Failure of the target reaction with TCNE and TCNQ indicates that the benzimidazole 

scaffold does not have sufficient donor ability to activate the substrates for reaction. 

The fact that other benzimidazole-containing molecules reported in the literature do 

not have sufficient donor activity also confirms these results.91,92 Despite the high 

efficiency of the indole group78 in similar reactions, the failure of benzimidazole 

made us think about the effect of heterocyclic groups on linear and nonlinear 

responses when designing push-pull NLOphores. To make this comparison, the 

alkyne group containing N,N-diethylaniline (92), a well-known strong electron 

donor, was chosen. In this way, the [2+2] CA-RE reaction will be activated smoothly 

and the effects of the heterocyclic groups used can also be discussed. 

2.1.2 Synthesis of Heterocycle-Substituted Alkynes 

2.1.2.1 Synthesis of N,N-diethyl-4-ethynylaniline 

The diethylaniline (DEA) group, which is known as having high electron donor 

activity in the literature, was chosen for the reasons mentioned above.93 Synthetic 

route for N,N-diethyl-4-ethynylaniline (94) is given in Scheme 17. First, 4-iodo-

diethylaniline (92) was obtained starting from N,N-diethylaniline (91) by using KI 

and H5IO6.94 Next, Sonogashira cross-coupling reaction was performed to attain 
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compound 93. K2CO3 in MeOH was utilized at the last stage for TMS deprotection 

and compound 94 was isolated in 90% yield.95 

 

 

Scheme 17. Synthesis of N,N-diethyl-4-ethynylaniline (94). 

 

2.1.2.2 Synthesis of Halogenated Heterocycle Groups 

To carry out Sonogashira cross-coupling reaction between heterocyclic aryl halides 

and alkyne 94, halogenation reactions were applied according to the literature 

procedures for the synthesis of four different substrates. In Scheme 15, iodination of 

N-methylbenzimidazole was demonstrated. 3-iodo-N-methylindole (97) was 

obtained in two steps (Scheme 18a). Starting with methylation reaction by using 

KOH and MeI in the first step, the target iodo-compound 97 was obtained with the 

help of KOH and I2 in high yield.78 Benzofuran (98) was treated with n-BuLi, I2, and 

2-iodo-benzofuran (99) was obtained in 79% yield (Scheme 18b).96 Lastly, the 

reaction between 2-amino-benzothiazole (100), NBS and NaNO2 results in 2-bromo-

benzothiazole (101) in 60% yield (Scheme 18c).97   
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Scheme 18. Synthesis of halogenated heterocycles. 

 

Besides halogenated benzimidazole, indole, benzofuran and benzothiazole 

derivatives, commercially available 2-iodothiophene (102), 2-bromoquinoline (103), 

and 2-iodopyridine (104) were used for Sonogashira cross-coupling step (Figure 11). 

To conclude, seven different types of halogenated heterocyclic molecules were used 

in Sonogashira cross-coupling reactions with DEA-substituted acetylene. 

 

 

Figure 11. Commercially available halogenated heterocyclic compounds. 
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2.1.3 Coupling Reactions Between Heterocyclic Aryl Halides and DEA-

Substituted Alkyne 

Sonogashira cross-coupling reactions were carried out between halogen attached 

heterocyclic groups 87, 97, 99, 101-104 and alkyne 94 at room temperature in the 

presence of Pd and Cu catalysts. The coupling products 105-111 were isolated in 34-

92% yields (Scheme 19). Stability of these compounds were quite high under 

ambient conditions. This observation was contrary to the common knowledge that 

electron-rich alkynes decompose easily. 

 

 

Scheme 19. Synthesis of heterocycle-substituted alkynes. 
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2.1.4 Synthesis of Heterocycle-Based CA-RE Products by Using TCNE 

and TCNQ 

After synthesizing coupling products 105-111 successfully, we directed our attention 

to the reactions of alkynes with TCNE at room temperature. As expected, DEA group 

successfully activated the substrates, and target push-pull NLOphores 112-118 was 

isolated in moderate to high yields (50-94%). Scheme 20 depicts the reaction 

between diverse alkyne substrates and TCNE. Linear, nonlinear investigations and 

theoretical calculations related to compounds 112-118 will be discussed in latter 

sections.  

 

 

Scheme 20. CA-RE transformations of heterocycle-based alkynes with TCNE. 
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After target compounds 112-118 were effectively obtained using TCNE, we turned 

our attention to obtain seven additional NLOphores using another well-known 

electron acceptor TCNQ. Heterocycle containing electron-rich alkynes 105-111 

reacted smoothly with TCNQ 53, CA-RE products 119-125 were isolated high yields 

except for one example (Scheme 21). Although the reaction proceeded in high yield 

for compounds 119-124, the pyridine containing NLOphore 125 was formed only in 

30% yield. The reason is the isolation issues that we faced during the purification of 

compound 125, therefore it is purified by precipitation method by using n-hexane. 

Due to the nature of the precipitation technique, the large amount of material may be 

lost, which explains why the isolated yield is low for compound 125. 

 

Scheme 21. CA-RE reactions of heterocycle-based alkynes with TCNQ. 



 
 

31 

When unsymmetrical alkynes treated with TCNQ, theoretically there two different 

regioisomers (120 and 120’) can be observed. Two possible regioisomers for indole 

derivative are shown in Figure 12. However, it was observed that only one isomer 

120 was formed during the course of the reaction. This confirms that quinone ring 

stays closer to stronger donor group to increase the efficiency of intramolecular 

charge transfer. 

 

Figure 12. Possible regioisomers of indole containing scaffolds. 

X-ray analysis was required to clarify precisely which isomer the resulting structure 

belongs to. According to the results obtained from X-ray studies, the formation of 

compound 120 was confirmed (Figure 13). 

 

Figure 13. X-ray analysis of compound 120. 
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2.2 UV-Vis Spectroscopy 

As mentioned earlier in Chapter 1, intramolecular charge transfer (ICT) properties 

of push-pull NLOphores are distinct.11,12 To prove that the compounds 112-125 have 

intense ICT properties, UV-Vis spectroscopy is the most common and valid 

technique. UV-Vis spectra of TCNE products 112-118 are described in Figure 14. 

Each NLOphore have different color, and range of molar extinction values changed 

from 28054 M-1cm-1 to 41963 M-1cm-1. The strongest absorption wavelengths of 

TCNE compounds 112-118 are as follows; λmax = 424 nm (32680 M–1 cm–1, for 112), 

475 nm (41963 M–1 cm–1 for 113), 463 nm (30261 M–1 cm–1 for 114), 466 nm (28677 

M-1 cm–1 for 115), 474 nm (33486 M–1 cm–1 for 116), 460 nm (28200 M–1 cm–1 for 

117), and 470 nm (28054 M–1 cm–1 for 118).   

According to the spectral data, compounds 115, 117 and 118 show weaker CT bands 

compare to other NLOphores (ε = 28677 M–1 cm–1, 28200 M–1 cm–1 and 28054 M–1 

cm–1 respectively). Indole and thiophene groups are well-known as a donor group in 

the literature. Therefore, strong CT bands are actually expected from compound 113 

(41963 M–1 cm–1) and 116 (33486 M–1 cm–1) due to enhanced D-A interactions. 

Moreover, molar extinction coefficient results of benzimidazole and benzofuran 

containing products 112 (32680 M–1 cm–1) and 114 (30261 M–1 cm–1) pointed the 

promising conjugation between donor and acceptor parts of the corresponding 

NLOphores. On the other hand, the hypsochromic shift was observed only for 

compound 112. The reason behind this observation is the weak electron donating 

capability of benzimidazole unit which was explained in detail in section 2.1.1. 

Moreover, compounds 113 and 116, which contain strong donor groups, shifted 

bathochromically as expected. 
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Figure 14. UV/Vis spectra of heterocycle-based push-pull NLOphores 112 (red 

line), 113 (purple line), 114 (yellow line), 115 (blue line), 116 (pink line), 117 (green 

line), and 118 (black line) in CH2Cl2 at 298 K. 

 

 

Furthermore, quinoline containing TCNE product 117 was chosen for further 

solvatochromic study. Compound 117 significantly shifted (approx. 40 nm) from 

less polar solvent (n-Hexane) to more polar solvent (DCM) bathochromically 

(Figure 15). Corresponding bathochromic shift of compound 117 exhibits positive 

solvatochromism. This phenomena is another proof of ICT behavior of NLOphore 

117. The solvatochromic behavior of compound 117 was also studied in different 

solvents and positive solvatochromism was observed, similar to the previous case 

(Figure 16). In more polar solvents (EtOH and MeCN), bathochromic shift was 

observed compared to less polar solvents (Toluene and EtOAc).  
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Figure 15. Solvatochromic study of compound 117 in the mixture of n-

hexane/CH2Cl2. 

 

 

 

 

 

 

 

 

 

Figure 16. Solvatochromic study of compound 117 in toluene (yellow line), ethanol 

(green line), acetonitrile (red line) and ethyl acetate (purple line). 
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UV-Vis spectra of TCNQ products, push-pull NLOphores 119-125, are shown in 

Figure 17. Each NLOphore have different color in the spectrum, and range of molar 

extinction values changed from 31907 M-1cm-1 to 51100 M-1cm-1. The strongest 

absorption wavelengths of TCNE compounds 119-125 are as follows; λmax = 758 nm 

(23833 M–1 cm–1 for 119), 683 nm (51100 M–1 cm–1 for 120), 694 nm (24308 M–1 

cm–1 for 121), 706 nm (27634 M-1 cm–1 for 122), 683 nm (31907 M–1 cm–1 for 123), 

696 nm (26057 M–1 cm–1 for 124), and 564 nm (9937 M–1 cm–1 for 125).   

The spectral data indicates that compound 125 show weakest CT bands among all 

TCNQ products (ε = 9398 M–1 cm–1). Similar to TCNE products, indole and 

thiophene attached compounds 120 (51100 M–1 cm–1) and 123 (31907 M–1 cm–1) 

exhibit strong CT bands. The significant bathochromic shift was observed for 

compound 119 (λmax = 758 nm).  

 

Figure 17. UV/Vis spectra of heterocycle-based push-pull NLOphores 119 (red 

line), 120 (purple line), 121 (yellow line), 122 (blue line), 123 (pink line), 124 (green 

line), and 125 (black line) in CH2Cl2 at 298 K. 
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Quinoline containing TCNQ product 124 was selected for solvatochromic study. 

Compound 124 significantly shifted (approx. 100 nm) from less polar solvent (n-

Hexane) to more polar solvent (DCM) bathochromically (Figure 18). Compound 124 

also exhibits positive solvatochromism similar to its TCNE counterparts. All these 

results additionally confirm ICT properties of obtained NLOphores. Positive 

solvatochromism was also observed when the absorption spectrum of 124 was 

measured in solvents with different polarities (Figure 19). In more polar solvents 

(EtOH and MeCN), bathochromic shift was observed compared to less polar solvents 

(Toluene and EtOAc).  

 

 

 

Figure 18. Solvatochromic study of compound 124 in the mixture of n-hexane/ 

CH2Cl2.  
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Figure 19. Solvatochromic study of compound 124 in toluene (yellow line), ethanol 

(green line), acetonitrile (red line) and ethyl acetate (purple line). 

2.3 Theoretical Calculations 

Computational study is another method to prove ICT properties of push-pull 

NLOphores. Since distribution of HOMO and LUMO orbitals can be calculated by 

theoretical approach, the charge transfer efficiency in a molecule can be explained. 

This efficiency can be interpreted by the overlap between the HOMO and LUMO 

depictions. Small overlap between these orbitals is another proof of highly efficient 

ICT behaviour. Geometry optimizations of all TCNE and TCNQ products were done 

by using B3LYP/6-31G(d) level of theory with the CPCM solvation model in CH2Cl2 

at Gaussian09 software.98 HOMO and LUMO depictions of TCNE and TCNQ 

NLOphores 112-125 are shown in Table 1 and Table 2. These depictions are proof 

of displaying the ICT properties of corresponding NLOphores. Moreover, 

electrostatic potential map (ESP) supports donor-acceptor characteristics of 

compounds 112-125.99 The regions with high electron density, shown in red color, 

are clustered around -cyano rich electron-acceptor groups. Similarly, the heterocycle 
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and diethylaniline units, which have low electron density since their electrons are 

withdrawn, are shown in blue color.  

Table 1. HOMO-LUMO representations and electrostatic potential map (ESP) of 

TCNE compounds 112-118. 

 

Table 2. HOMO-LUMO representations and electrostatic potential map (ESP) of 

TCNQ compounds 119-125. 

 



 
 

39 

Furthermore, energy level diagrams of HOMO-LUMO bands of all compounds 112-

125 are displayed in Figure 20. The range of ΔE (EHOMO – ELUMO) values of 

compounds changes from 3.79 eV to 5.05 eV. Accordingly, TCNQ products 119-

125 have smaller band gap compared to TCNE products 112-118. These results 

confirm the enhanced efficiency of CT in the case of TCNQ products.   

 

Figure 20. Energy level diagrams of compouns 112-125. 

 

Additionally, vertical optical transitions of synthesized push-pull NLOphores were 

calculated by using TD-DFT (Time-Dependent Density Functional Theory) at the 

CAM-B3LYP/6-31G(d) basis set with the CPCM solvation model in CH2Cl2. 

Theoretical and experimental UV-Vis spectra of benzofuran attached CA-RE 

products 114 and 121 were compared in Figure 21. To match the theoretical and 

experimental spectra wavelengths were shifted to the red region of 0.50 eV and 0.27 

eV for compounds 114 (Figure 21a) and 121 (Figure 21b), respectively. At the same 
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time, compound 114 was scaled to 3.1 and the compound 121 to 3.2 for the same 

reason. 

 

 

Figure 21. a) Calculated (red-shifted by 0.50 eV, scaled by 3.1, blue line) TD-

DFT:CAM-B3LYP/6–31G(d) level of theory in CH2Cl2 and experimental UV/Vis 

spectrum of 114 in CH2Cl2 (red line). b) Calculated (red-shifted by 0.27 eV, scaled 

by 3.2, blue line) TD-DFT:CAM-B3LYP/6–31G(d) level of theory in CH2Cl2 and 

experimental UV/Vis spectrum of 121 in CH2Cl2 (red line) 
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Besides geometry optimization and vertical optical transitions measurements, 

theoretical studies were proceeded in detail by calculating some paremeters. In these 

calculations, dipole moment (µ (D)), band gap ΔE(EHOMO – ELUMO), electronegativity 

(χ), global chemical hardness (η) and softness (σ), average polarizability (α(tot)), first 

hyperpolarizability (β(tot)) were investigated by using CAM-B3LYP/6-31G(d,p)  

level of theory in CH2Cl2. Six different equations were used to calculate the 

parameters. Electric dipole moment calculations were utilized by using Equation 1. 

It can be clearly seen in the Tables 3&4, TCNE products 112-118 had lower value 

compared to TCNQ products 119-125. To investigate the ionization potential and 

electron affinity, Koopmans’ theorem was used (Equation 2) with the help of band 

gap energies. The global chemical hardness (η) was calculated by using Equation 3. 

Increase in the global chemical hardness means that difference in band gaps between 

HOMO and LUMO is large. Accordingly, global hardness values of TCNE products 

112-118 are higher than TCNQ products 119-125 as expected. On the other hand, 

the softness of the NLOphores, which is calculated by Equation 4, increases when 

HOMO-LUMO gap decreases. Our results support this trend because softness values 

of the compounds 112-118 are higher compared to compounds 119-125 results. In 

general, the electronegativity, global chemical hardness and softness (Equation 2-4) 

was used to understand the chemical stability of the molecular structures.  

μ = [(μx)2 + (μy)2 + (μz)2]1/2 (Eq. 1) 

χ = –1/2 (EHOMO+ELUMO)    (Eq. 2) 

 η = –1/2 (EHOMO–ELUMO)   (Eq. 3)  

        σ = 1/ η                (Eq. 4)  

β = [(βxxx + βxyy + βxzz)2 + (βyyy + βxxy + βyzz)2 + (βzzz + βxxz + βyyz)2]1/2 (Eq. 5)  

α = 1/3 (αxx+ αyy + αzz) (Eq. 6) 

In addition to these parameters, equations 5 and 6 was utilized to interpret the 

average polarizability and first hyperpolarizability to study NLO properties. 

According to the results, there was a significant difference between TCNE 112-118 

and TCNQ 119-125 products. TCNQ attached molecules show higher average 
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polarizabilities and first hyperpolarizabilities than TCNE attached molecules as 

expected because of enhanced charge transfer capabilities.  

Table 3. The electric dipole moment μ (D), EHOMO, ELUMO, ∆E (EHOMO–ELUMO), 

electronegativity (χ), global chemical hardness (η), global softness (σ), average 

polarizability [α(tot)], first hyperpolarizability [β(tot)] at the CAM-B3LYP/6-31G(d,p)  

level of theory in CH2Cl2 for compounds 112-118. 

 112 113 114 115 116 117 118 

μ (D) 18.2590 16.2174 18.2476 16.6520 15.7565 17.1794 16.4419 

EHOMO (eV) -6.94 -6.86 -6.95 -6.90 -6.91 -6.90 -6.92 

ELUMO (eV) -2.17 -1.81 -2.08 -2.35 -1.95 -1.97 -2.01 

∆E (eV) 4.77 5.05 4.87 4.55 4.96 4.93 4.91 

χ (eV) 4.56 4.34 4.52 4.63 4.43 4.44 4.47 

η (eV) 2.39 2.53 2.44 2.28 2.48 2.47 2.46 

σ (eV–) 0.42 0.40 0.41 0.44 0.40 0.41 0.41 

α(tot) (x10–24 esu) 68.903 71.985 70.696 71.854 62.758 72.815 61.568 

β(tot) (x10–30 esu) 158.622 135.202 157.484 156.349 143.077 144.028 145.648 

 

Table 4. The electric dipole moment μ (D), EHOMO, ELUMO, ∆E (EHOMO–ELUMO), 

electronegativity (χ), global chemical hardness (η), global softness (σ), average 

polarizability [α(tot)], first hyperpolarizability [β(tot)] at the CAM-B3LYP/6-31G(d,p)  

level of theory in CH2Cl2 for compounds 119-125. 

 119 120 121 122 123 124 125 

μ (D) 22.8565 19.0793 23.2759 23.2712 20.3335 18.3283 20.0032 

EHOMO (eV) -6.54 -6.46 -6.48 -6.52 -6.47 -6.43 -6.46 

ELUMO (eV) -2.75 -2.47 -2.45 -2.65 -2.41 -2.52 -2.54 

∆E (eV) 3.79 3.99 4.03 3.87 4.06 3.91 3.92 

χ (eV) 4.65 4.47 4.47 4.59 4.44 4.48 4.50 

η (eV) 1.90 2.00 2.02 1.94 2.03 1.96 1.96 

σ (eV–) 0.53 0.50 0.50 0.52 0.49 0.51 0.51 

α(tot) (x10–24 esu) 114.176 112.766 109.933 112.885 103.081 112.422 104.300 

β(tot) (x10–30 esu) 522.408 416.282 458.620 499.710 402.640 406.339 421.338 
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2.4 Nonlinear Optical Applications 

There are various methods to explore NLO behavior of compounds. Z-scan is one of 

the reliable techniques applied to investigate the nonlinear optical properties of 

organic molecules.100 Basically, it can be explained as the recording information of 

changes in intensity during the interaction between a moving sample in the z-position 

and the Gaussian laser beam. Thanks to these recorded interactions, nonlinear 

absorption coefficient (β) and nonlinear refractive index (n2) values of corresponding 

molecule can be measured. In this thesis, NLO properties of push-pull compounds 

112-125 were measured by using home-made Z-scan setup. This setup was 

constructed by MSc. Student Tolga Orçun Şengöz from Prof. Dr. Okan Esentürk 

Research Group. In order to validate this home-made device, firstly, studies were 

carried out on compounds (tungsten disulfide and methylene blue) with known NLO 

properties in the literature, and similar data were obtained. Then, the target products 

112-125 were measured. Two different laser sources were used (λ= 632 nm and 800 

nm) for the measurements. S120C - Standard Photodiode Power Sensor was used as 

a detector. PM100D digital handheld optical power and energy meter was utilized. 

PM100D was connected to a computer software which displayed changing 

interaction between laser source and matter. Thanks to this software, measurements 

were collected as called as raw data for open aperture (nonlinear absorption) and 

close aperture measurements (nonlinear refractive index). The difference between 

open and close aperture measurement was that removing the aperture in front of the 

detector to capture of all transmitting light. Finally, raw data was normalized and 

compared to fitting the theoretical data. Calculations were explained in detail in the 

thesis written by Tolga Orçun Şengöz. 

Initially, the TCNE products 112-118 were tested. Indole 113, benzofuran 114, and 

quinoline 117 containing products did not show any nonlinearity in both absorption 

coefficient and refractive index results with 632 nm and 800 nm lasers. Moreover, 

only nonlinear refractive index output was collected for pyridine containing TCNE 

product 118, but nonlinear absorbtion was not observed similar to other TCNE 
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products. The possible explanation behind these negative results is the wavelength 

or power of the lasers may be insufficient for these molecules. On the other hand, 

nonlinear absorption and refractive index was measured when 632nm laser was used 

for benzimidazole 112 (β =1.43727x10-4 cm W-1, n2 =1.5913x10-7 cm2 W-1), 

benzothiazole 115 (β =7.35392x10-4 cm W-1, n2 =3.54673x10-7 cm2 W-1), and 

thiophene 116 (β =2.36172x10-4 cm W-1, n2 =1.65000x10-8 cm2 W-1) containing 

NLOphores (Table 5). In this table, well-fitting of theoretical curve (red line) and 

experimental curve (black line) can be seen clearly.        

Table 5. Results of theoretical (red line) and experimental (black line) Z-scan curves, 

nonlinear absorbance (left) and nonlinear refractive index (right), with 632 nm laser 

of compounds 112, 115, and 116. 

 

Next, TCNQ products 119-125 were measured. Benzimidazole 119, indole 120, 

thiophene 123 containing products showed only nonlinear refractive index, but 
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nonlinear absorbance results could not be collected because of the probability of 

insufficient laser usage. Unfortunately, we can not see any nonlinear property for 

benzofuran containing TCNQ product 121. On the other hand, nonlinear absorption 

and refractive index was measured successfully when 632nm laser was used for 

benzothiazole 122 (β = 8.1200x10-4 cm W-1, n2 = 1.93693x10-7 cm2 W-1), quinoline 

124 (β = 7.03028x10-4 cm W-1, n2 = 2.26349x10-6 cm2 W-1), and pyridine 125 (β = 

9.9000x10-4 cm W-1, n2 = 7.54168x10-7 cm2 W-1) containing NLOphores (Table 6). 

As can be seen, theoretical curve (red line) fits experimental curve (black line) 

sufficiently.  

Table 6. Results of theoretical (red line) and experimental (black line) Z-scan curves, 

nonlinear absorbance (left) and nonlinear refractive index (right), with 632 nm laser 

of compounds 122, 124, and 125. 
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In conclusion, better NLO responses were collected with TCNQ products 119-125 

compard to TCNE 112-118 products according to the experimental nonlinear 

absorption and nonlinear refractive index results. In addition, theoretical studies 

support our experimental measurements. 
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CHAPTER 3  

3 CONCLUSION 

In this thesis, benzimidazole, indole, benzofuran, benzothiazole, thiophene, 

quinoline and pyridine attached push-pull NLOphores were synthesized via click-

type [2+2] CA-RE reactions. Heterocycle-based alkynes were treated with TCNE 

and TCNQ which are chosen as an electron acceptor groups. Hence, 14 different 

intense colored NLOphores were obtained in high efficiency. Moreover, 1H and 13C 

NMR analysis and HR-MS were used as a spectroscopic technique to characterize 

heterocycle-based dyes. 

The linear and nonlinear optical properties of heterocycle-based push-pull 

NLOphores were studied both experimentally and theoretically. The ICT properties 

of push-pull molecules were investigated by using UV/Vis spectroscopy and 

solvatochromism study. In addition, Home-made Z-scan device was utilized to 

measure NLO response of each product. Furthermore, theoretical calculations were 

studied to supported the dyes’ ICT behaviors which were obtained by 

experimentally.  

 

 

 

 

 

 





 
 

49 

CHAPTER 4  

4 EXPERIMENTAL 

4.1 Materials and Methods 

Reagents were purchased as reagent grade and used without further purification. 

Commercially available chemicals were purchased by Merck, Fluka, Across, Abcr 

and Sigma Aldrich. 

Solvents for extraction or Flash column chromatography were distilled. 

Reactions on exclusion of air and moisture were performed in oven-dried glassware 

and under N2 atmosphere. 

Analytical thin layer chromatography (TLC) was performed on aluminum sheets 

coated with 0.2 mm silica gel 60 F254 (Merck) and visualized with a UV lamp (254 

or 366 nm). 

Evaporation in vacuo was performed at 25–60 °C and 900–10 mbar. Reported 

yields refer to spectroscopically and chromatographically pure compounds that were 

dried under high vacuum (0.1–0.05 mbar) before analytical characterization. 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Avance III 

Ultrashield 400 Hz NMR spectrometer in CDCl3. Chemical shifts  are reported in 

ppm downfield from tetramethylsilane (TMS) using the residual solvent signals as 

an internal reference (CDCl3: H = 7.26 ppm, C = 77.16 ppm. For 1H NMR, coupling 

constants J are reported in Hz and the resonance multiplicity is defined as s (singlet), 

d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextet), sept (septet), m 

(multiplet), and br. (broad). All spectra were recorded at 298 K. NMR spectra were 

processed by using MestReNova program. 
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High-resolution mass spectrometry (HR-MS) was performed by the MS-service 

of METU Central Laboratory. Spectra were processed in electro spray ionization 

with positive mode using Time of Flight mass analyzer. Masses are reported in m/z 

units.  

4.2 Synthetic Procedures 

4.2.1 Synthetic Procedures for Benzimidazole Containing Disubstituted 

Alkyne 

Compound 86 

 

Target synthesis was carried out by following the literature procedure.85 

Benzimidazole (200 mg, 1.69 mmol, 1 equiv.) and KOH (190 mg, 3.39 mmol, 2 

equiv.) was dissolved in 5 mL DMF. After the mixture was stirred for 15 min at 20 
oC, iodomethane (240 mg, 1.69 mmol, 1 equiv.) was added dropwise while stirring. 

The reaction was terminated by diluting with 50 mL of water after 3 h. The mixture 

was extracted with DCM (3 x 25 mL). Combined organic phase washed with brine 

and dried over MgSO4. The solvent was evaporated under vacuum. After column 

chromatography (SiO2; EtOAc), the desired product 86 was obtained as a pale-brown 

liquid. [(155 mg, 1,17 mmol, 69%; Rf = 0.21 (SiO2; EtOAc)] 1H NMR (400 MHz, 

CDCl3, 298 K) δ = 3.75 (s, 3H), 7.26–7.35 (m, 3H), 7.77–7.81 ppm (m, 2H). Spectral 

data was consistent with literature.85 

Compound 87 
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Target synthesis was carried out by following the literature.86 Compound 86 (150 

mg, 1.13 mmol, 1 equiv.) was dissolved in dry THF (5 mL) under N2 and cooled to 

-78 oC. 1.6 M n-BuLi (1.42 mL 2.27 mmol, 2 equiv.) was added dropwise to this 

mixture during a period of 20 minutes. The solution was stirred for 1 h before iodine 

(375 mg, 1.48 mmol, 1.3 equiv.) was added in small portions. The mixture was 

stirred for an additional hour while warming up to room temperature. Reaction was 

quenched with saturated aqueous Na2SO3 (20 mL) and saturated aqueous NH4Cl 

solutions (20 mL). The mixture was extracted with DCM (3 x 25 mL). Combined 

organic phase was dried over MgSO4 and the solvent was evaporated under vacuum. 

After column chromatography (SiO2; 2:1 n-Hexane:EtOAc), the desired product 87 

was obtained as a white solid. [(182 mg, 0.71 mmol, 62%; Rf = 0.44 (SiO2; 2:1 n-

Hexane:EtOAc)]. 1H NMR (400 MHz, CDCl3, 298 K) δ = 3.78 (s, 3H), 7.20–7.27 

(m, 2H), 7.34 (dd, J = 5.4, 1.7 Hz, 1H), 7.71 ppm (dd, J = 6.7, 1.7 Hz, 1H). Spectral 

data was consistent with the literature.86 

 

Compound 88 

 

Compound 87 (150 mg, 0.58 mmol, 1 equiv.) was dissolved in 6 mL toluene in a 50 

mL round-bottom flask. [Pd(PPh3)2Cl2] (37 mg, 0.05 mmol, 0.09 equiv.) and CuI (10 

mg, 0.05 mmol, 0.09 equiv.) was added to the solution and flushed with nitrogen for 

15 minutes. Diisopropylamine (3 mL) was added, and the mixture was degassed with 

nitrogen for additional 15 minutes. After addition of phenylacetylene (59 mg, 0.58 

mmol, 1 equiv.), reaction was stirred overnight at room temperature. The mixture 

was extracted with DCM (3 x 25 mL). Combined organic phase was dried over 

MgSO4 and the solvent was evaporated under vacuum. After column 

chromatography (SiO2; 2:1 n-Hexane:EtOAc), the desired product 88 was obtained 

as a yellow solid. [(85 mg, 0.37 mmol, 63%; Rf = 0.19 (SiO2; 2:1 n-Hexane:EtOAc)]. 
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1H NMR (400 MHz, CDCl3, 298 K) δ = 3.94 (s, 3H), 7.29–7.42 (m, 6H), 7.59–7.65 

(m, 2H), 7.73–7.79 ppm (m, 1H). Spectral data was consistent with the literature.87,88 

4.2.2 Synthetic Procedures for N,N-diethyl-4-ethynylaniline 

Compound 92 

 

N,N-diethylaniline (1g, 6.70 mmol, 1 equiv.) was dissolved in DCM. Then, KI (1.33 

g, 8.04 mmol, 1.2 equiv.) and a solution of H5IO6 (1.83 g, 8.04 mmol, 1.2 equiv.) in 

5 mL H2O was added into the reaction mixture. After stirring vigorously for 25 min 

at room temperature, the mixture was quenched with 10% aq. Na2SO3 solution (25 

mL). The mixture was extracted with DCM (3 x 25 mL). Combined organic phase 

was dried over MgSO4 and the solvent was evaporated under vacuum. After column 

chromatography (SiO2; n-Hexane), the desired product 92 was obtained as a yellow 

oil. [(1.55 g, 84%; Rf = 0.72 (SiO2; hexanes)]. 1H NMR (400 MHz, CDCl3, 298 K) 

δ = 1.14 (t, J = 7.1 Hz, 6H), 3.32 (q, J = 7.1 Hz, 4H), 6.45 (quasi d, J = 9.0 Hz, 2H), 

7.43 ppm (quasi d, J = 9.0 Hz, 2H). Spectral data was consistent with literature.99  

Compound 93 

 

Compound 92 (1.5 g, 5.45 mmol, 1 equiv.) was dissolved in 8 mL triethylamine in a 

50 mL round bottom flask. [Pd(PPh3)2Cl2] (114 mg, 0.16 mmol, 0.03 equiv.) and CuI 

(30 mg, 0.16 mmol, 0.03 equiv) was added to a solution and the solution was flushed 

with nitrogen for 30 minutes. After addition of trimethylsilyacetylene (590 mg, 6.00 
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mmol, 1.2 equiv.), reaction was stirred overnight at room temperature. The mixture 

was extracted with DCM (3 x 25 mL). Combined organic phase was dried over 

MgSO4 and the solvent was evaporated under vacuum. After column 

chromatography (SiO2; 9:1 n-Hexane:EtOAc), the desired product 93 was obtained 

as a yellow solid. [(1.19 g, 86%; Rf = 0.4 (SiO2; 9:1 n-Hexane:EtOAc)]. 1H NMR 

(400 MHz, CDCl3, 298 K): δ = 0.23 (s, 9H), 1.16 (t, J = 7.1 Hz, 6H), 3.35 (q, J = 7.1 

Hz, 4H), 6.55 (quasi d, J = 9.0 Hz, 2H), 7.31 ppm (quasi d, J = 9.0 Hz, 2H). Spectral 

data was consistent with the literature.99 

Compound 94 

 

To a solution Compound 93 (1g, 4.7 mmol, 1 equiv.) in methanol (15 mL), K2CO3 

(1.86 g, 13.45 mmol, 3.30 equiv.) was added. Reaction was stirred for 3 hours under 

inert atmosphere. After filtration, the solvent was evaporated under vacuum. Column 

chromatography (SiO2; 9:1 n-Hexane:EtOAc) was performed, and the desired 

product 94 was obtained as a yellowish oil (Yield; 640 mg, 90%). 1H NMR (400 

MHz, CDCl3, 298 K): δ = 1.17 (t, J = 7.1 Hz, 6H), 2.97 (s, 1H), 3.35 (q, J = 7.1 Hz, 

4H), 6.58 (quasi d, J = 9.0 Hz, 2H), 7.34 ppm (quasi d, J = 9.0 Hz, 2H). Spectral data 

was consistent with literature.99   

4.2.3 Synthetic Procedures for Halogenated Heterocycles 

Compound 96 
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Indole (1.0 g, 8.54 mmol, 1 equiv.) and KOH (2.39 g, 42.68 mmol, 5 equiv.) was 

dissolved in 10 mL DMF. Then, iodomethane (2.42 g, 17 mmol, 2 equiv.) was added 

into reaction mixture, and the reaction mixture was stirred for 20 min at room 

temperature. After filtration by using SiO2 column, H2O was added to the mixture. 

Aqueous phase was extracted with DCM (2 x 50 mL). Combined organic phase was 

dried over MgSO4 and the solvent was evaporated under vacuum. Compound 96 was 

obtained as a yellow liquid. [(692 mg, 62%; Rf = 0.73 (SiO2; 1:1 n-Hexane:DCM)]. 
1H NMR (400 MHz, CDCl3, 298 K) δ = 3.63 (s, 3H), 6.44–6.46 (m, 1H), 6.93–6.96 

(m, 1H), 7.07–7.12 (m, 1H) 7.17–7.22 (m, 1H), 7.24–7.27 (m, 1H), 7.60–7.63 ppm 

(m, 1H). Spectral data was consistent with literature.76 

Compound 97 

 

To a solution of compound 96 (200 mg, 1.52 mmol, 1 equiv.) in DMF, KOH (171 

mg, 3.05 mmol, 2 equiv.) was added. After excess iodine was added into solution, 

the reaction mixture was stirred for 10 min at room temperature. The reaction 

mixture is then poured into ice and water containing 10% Na2S2O3. The white 

precipitate was collected, washed with cold water, and dried. The desired product 97 

was obtained in 90% yield (355 mg) without further purification.76 This compound 

could not be characterized because of the stability issues and used for the next step 

without any further purication.  

Compound 99 

 

Under inert atmosphere, benzofuran (200 mg, 1.69 mmol, 1 equiv.) was dissolved in 

dry THF (10 mL). After the mixture was cooled to -40 oC, n-BuLi (163 mg, 2.54 

mmol, 1.5 equiv.) was added into the reaction mixture. Reaction was stirred for 1 
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hour, and iodine (645 mg, 2.54 mmol, 1.5 equiv.) solution in 10 mL THF was added 

into the mixture. The solution was warmed up to room temperature and stirred for 

additional 2.5 h. Then, the reaction was quenched with saturated Na2S2O3 solution 

(50 mL). The mixture was extracted with EtOAc (3 x 25 mL). Combined organic 

phase was dried over MgSO4 and the solvent was evaporated under vacuum. The 

desired product 99 was obtained as a dark-red liquid. [(308 mg, 75%; Rf = 0.80 (SiO2; 

9:1 n-Hexane:DCM)]. 1H NMR (400 MHz, CDCl3, 298 K): δ = 6.95 (s, 1 H), 7.19–

7.24 (m, 2H), 7.44–7.53 ppm (m,2H). Spectral data was consistent with literature.94 

 Compound 101 

 

2-aminobenzothiazole (200 mg, 1.33 mmol, 1 equiv.) was dissolved in 6 mL DMF. 

After NaNO2 (138 mg, 2.00 mmol, 1.5 equiv.) and NBS (237 mg, 1.33 mmol, 1 

equiv.) were added to the mixture, the solution was stirred for 4 h at room 

temperature. Then, the reaction was quenched with %10 Na2SO3 solution (10 mL). 

The mixture was extracted with EtOAc (3 x 25 mL). Combined organic phase was 

dried over MgSO4 and the solvent was evaporated under vacuum. After column 

chromatography (SiO2; 4:1 n-Hexane:EtOAc), the desired product 101 was obtained 

as a orange oil. [(173 mg, 61%; Rf = 0.82 (SiO2; 9:1 n-Hexane:EtOAc)]. 1H NMR 

(400 MHz, CDCl3, 298 K): δ = 7.39–7.43 (td, J = 7.7, 1.2 Hz, 1H), 7.45–7.49 (td, J 

= 8.0, 1.3 Hz, 1H), 7.80 (dd, J = 8.0, 0.7 Hz, 1H), 7.98 ppm (d, J = 7.7 Hz, 1H). 

Spectral data was consistent with literature.95 

4.2.4 General Synthetic Procedures for Coupling Products   

Halogenated heterocycles 87, 97, 99 or 101-104 (150 mg, 1 equiv.) was dissolved in 

6 mL toluene in a 50 mL round bottom flask. Pd(PPh3)2Cl2 (0.09 equiv.) and CuI 

(0.09 equiv.) was added to this solution and the reaction mixture was degassed with 

nitrogen for 15 minutes. Then, diisopropylamine (3 mL) was added and the mixture 
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was degassed again with nitrogen for an additional 15 minutes. After addition of 

alkyne 94 (3 equiv.), reaction was stirred overnight at room temperature. The mixture 

was extracted with DCM (3 x 25 mL). Combined organic phase was dried over 

MgSO4 and the solvent was evaporated under vacuum. Then, column 

chromatography was performed to obtain desired products 105-111. 

 

Compound 105 

 

Yield: 106 mg; an orange solid; 60%; CC: (SiO2; 2:1 n-Hexane : EtOAc); Rf = 0.41 

(SiO2; 2:1 n-Hexane : EtOAc); m.p. 104–106 oC; 1H NMR (400 MHz, CDCl3, 

298 K): δ = 1.18 (t, J = 7.0 Hz, 6H), 3.39 (q, J = 7.0 Hz, 4H), 3.90 (s, 3H), 6.62 

(quasi d, AA’part of AA’XX’-system, J = 9.0 Hz, 2H), 7.27–7.31 (m, 3H), 7.47 

(quasi d, XX’part of AA’XX’-system, J = 9.0 Hz, 2H) 7.73–7.54 ppm (m, 1H); 13C 

NMR (100 MHz, CDCl3, 298 K): δ = 148.5, 143.3, 138.9, 134.9, 133.9, 133.7, 

123.3, 122.6, 119.9, 111.2, 109.3, 106.4, 97.5, 44.5, 30.7, 12.6 ppm; HRMS (ESI): 

m/z calcd for C20H22N3
+: 304.1814; found: 304.1815 [M + H]+. 

 

Compound 106 

 

Yield: 106 mg; a yellow solid; 60%. CC: (SiO2; 9:1 n-Hexane:EtOAc); Rf = 0.7 

(SiO2; 9:1 n-Hexane:EtOAc); m.p.= 79–83 oC decompose; 1H NMR (400 MHz, 

CDCl3, 298K): δ = 1.18 (t, J = 7.1 Hz, 6H), 3.38 (q, J = 7.1 Hz, 4H), 3.79 (s, 3H), 

6.64 (quasi d, AA’part of AA’XX’-system, J = 8.8 Hz, 2H), 7.20 (t, J = 7.3 Hz, 1H), 
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7.25–7.35 (m, 3H), 7.42 (quasi d, XX’part of AA’XX’-system, J = 8.8 Hz, 2H), 7.82 

ppm (d, J = 7.8 Hz, 1H); 13C NMR (100 MHz, CDCl3, 298K); δ =  146.9, 136.1, 

132.5, 131.3, 129.1, 122.3, 120.1, 119.8, 111.1, 109.9, 109.2, 97.7, 91.6, 79.8, 44.2, 

32.8, 12.4 ppm. HRMS (ESI): m/z calcd for C21H23N2
+: 303.1861; found: 303.1861 

[M + H]+.  

 

Compound 107 

 

Yield: 62 mg; an orange solid; 35%; CC: (SiO2; 9:1 n-Hexane : EtOAc) Rf = 0.50 

(SiO2; 9:1 n-Hexane : EtOAc); m.p. 114–116 oC; 1H NMR (400 MHz, CDCl3, 

298 K): δ = 1.18 (t, J = 7.1 Hz, 6H), 3.39 (q, J = 7.1 Hz, 4H), 6.62 (quasi d, AA’part 

of AA’XX’-system, J = 9.0 Hz, 2H), 6.90 (d, J = 0.8 Hz, 1H), 7.20–7.25 (m, 1H), 

7.28–7.32 (m, 1H), 7.42 (quasi d, XX’part of AA’XX’-system, J = 9.0 Hz, 2H), 7.45 

(dd, J = 7.5, 0.6 Hz, 1H), 7.54 ppm (d, J = 7.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 

298 K): δ = 154.8, 148.3, 140.0, 133.4, 128.3, 125.1, 123.2, 121.0, 111.3, 111.2, 

110.1, 107.2, 97.0, 76.7, 44.5, 12.7 ppm; HRMS (ESI): m/z calcd for C20H20NO+: 

290.1545; found: 290.1536 [M + H]+. 

 

Compound 108 

 

Yield: 172 mg; a yellow solid; 80%; CC: (SiO2; 9:1 n-Hexane:EtOAc) Rf = 0.45 

(SiO2; 9:1 n-Hexane:EtOAc); m.p. 118–120 oC; 1H NMR (400 MHz, CDCl3, 

298 K): δ = 1.19 (t, J = 7.1 Hz, 6H), 3.40 (q, J = 7.1 Hz, 4H), 6.62 (quasi d, AA’part 
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of AA’XX’-system, J = 8.9 Hz, 2H), 7.34–7.42 (m, 2H), 7.48 (quasi d, XX’part of 

AA’XX’-system, J = 8.9 Hz, 2H) 7.84 (d, J = 7.9, 1H), 8.02 ppm (d, J = 7.9, 1H); 13C 

NMR (100 MHz, CDCl3, 298 K): δ = 153.2, 149.9, 148.8, 135.4, 134.1, 126.6, 

125.7, 123.3, 121.3, 111.2, 106.2, 99.2, 81.9, 44.6, 12.7 ppm; HRMS (ESI): 

m/z calcd for C19H19N2S+: 307.1269; found: 307.1269 [M + H]+. 

 

Compound 109 

 

Yield: 161 mg; a pale yellow solid; 88%; CC: (SiO2; 7:3 n-Hexane:DCM) Rf = 0.28 

(SiO2; 7:3 n-Hexane:DCM); m.p. 103–105 oC; 1H NMR (400 MHz, CDCl3, 

298 K): δ = 1.17 (t, J = 7.0 Hz, 6H), 3.37 (q, J = 7.0 Hz, 4H), 6.60 (quasi d, AA’part 

of AA’XX’-system, J = 8.8 Hz, 2H), 6.98 (dd, J = 5.1, 3.7 Hz, 1H), 7.20–7.22 (m, 

2H), 7.36 ppm (quasi d, XX’part of AA’XX’-system, J = 8.8 Hz, 2H); 13C NMR 

(100 MHz, CDCl3, 298 K): δ = 147.8, 133.0, 130.8, 127.1, 126.2, 124.7, 111.3, 

108.6, 94.6, 80.3, 44.5, 12.7 ppm; HRMS (ESI): m/z calcd for C16H18NS+: 256.1160; 

found: 256.1160 [M + H]+.  

 

Compound 110 

 

Yield: 191 mg; a yellow oil; 88%; CC: (SiO2; DCM) Rf = 0.33 (SiO2; DCM); 1H 

NMR (400 MHz, CDCl3, 298 K): δ = 1.19 (t, J = 7.1 Hz, 6H), 3.39 (q, J = 7.1 Hz, 

4H), 6.62 (quasi d, J = 9.0 Hz, 2H), 7.48–7.53 (m, 3H), 7.56 (d, J = 8.5 Hz, 1H), 

7.68–7.72 (m, 1H), 7.77 (d, J = 8.1 Hz, 1H), 8.09  ppm (m, 2H); 13C NMR (100 MHz, 
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CDCl3, 298 K): δ = 148.4, 136.0, 134.0, 130.0, 129.3, 127.6, 126.9, 126.6, 124.5, 

111.2, 107.6, 95.7, 88.2, 44.5, 12.7 ppm (15 out of 17 signals expected); HRMS 

(ESI): m/z calcd for C21H21N2
+: 301.1705; found: 301.1717 [M + H]+.  

 

 

Compound 111 

 

Yield: 170 mg; a bright brown solid; 92%; CC: (SiO2; 2:1 n-Hexane:EtOAc) 

Rf = 0.43 (SiO2; 2:1 n-Hexane:EtOAc); m.p. 127–129  oC; 1H NMR (400 MHz, 

CDCl3, 298 K): δ = 1.17 (t, J = 7.0 Hz, 6 H), 3.37 (q, J = 7.0 Hz, 4H), 6.60 (quasi d, 

J = 8.9 Hz, 2H), 7.14–7.17 (m, 1H), 7.43–7.46 (m, 3H), 7.60–7.64 (m, 1H), 8.56 

ppm (s, 1H); 13C NMR (100 MHz, CDCl3, 298 K): δ = 150.0, 148.2, 144.5, 136.1, 

133.7, 126.7, 121.9, 111.2, 107.8, 91.6, 87.1, 44.5, 12.7 ppm; HRMS (ESI): 

m/z calcd for C17H19N2
+: 251.1548; found: 251.1548 [M + H]+.  

4.2.5 General Synthetic Procedures for CA-RE Products 112-118 

To a solution of coupling products 119-125 (50 mg, 1 equiv.) in DCM (5 mL), TCNE 

50 (1 equiv.) was added and stirred for 24 hours at room temperature. The solvent 

was removed under reduced pressure. Then, column chromatography was performed 

to obtain target compounds. 

Compound 112 
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Yield: 36 mg; dark-red solid; 51%; CC: (SiO2; DCM); Rf = 0.27 (SiO2; DCM); m.p. 

165–167 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.25 (t, J = 7.0 Hz, 6 H), 3.49 

(q, J = 7.0 Hz, 4H), 3.97 (s, 3H), 6.68 (quasi d, AA’part of AA’XX’-system, 

J = 9.4 Hz, 2H), 7.39–7.43 (m, 1H), 7.45–7.52 (m, 2H), 7.85 (quasi d, XX’part of 

AA’XX’-system, J = 9.4 Hz, 2H), 7.88 ppm (d, J = 8.2 Hz, 1H); 13C NMR 

(100 MHz, CDCl3, 298 K): δ = 161.5, 158.0, 153.1, 145.0, 143.8, 137.4, 133.6, 

127.1, 124.9, 122.1, 118.7, 114.5, 114.3, 112.2, 111.9, 111.1, 110.8, 92.2, 74.1, 45.3, 

33.6, 12.7 ppm; λmax (ε) = 253 (16174), 424 nm (32680 M−1 cm−1);  HRMS (ESI): 

m/z calcd for C26H22N7
+: 432.1937; found: 432.1937 [M + H]+. 

 

Compound 113 

 

Yield: 67 mg; dark orange-red solid; 94%; CC: (SiO2; DCM); Rf = 0.41 (SiO2; 

DCM); m.p. = 247–251 °C (decompose); 1H NMR (400 MHz, CDCl3, 298K); δ = 

1.24 (t, J = 7.1 Hz, 6H), 3.46 (q, J = 7.1 Hz, 4H), 3.97 (s, 3H), 6.67 (quasi d, AA’part 

of AA’XX’-system, J = 9.4 Hz, 2H), 7.21–7.24 (m, 1H), 7.34–7.39 (m, 2H), 7.43 (d, 

J = 8.7 Hz, 1H), 7.86 (quasi d, XX’part of AA’XX’-system, J = 9.1 Hz, 2H), 8.66 

ppm (s, 1H); 13C NMR (100 MHz, CDCl3, 298K); δ = 164.2, 162.1, 152.8, 137.9, 

137.1, 133.2, 125.5, 124.8, 124.4, 121.0, 117.8, 115.6, 115.1, 113.7, 113.2, 112.0, 

111.3, 110.1, 73.8, 73.2, 45.2, 34.7, 12.7 ppm. λmax (ε) = 277 (17761), 475 (41963 

M−1 cm−1); HRMS (ESI): m/z calcd for C27H24N6
+: 431.1984; found: 431.1984 [M + 

H]+. Spectral data was consistent with literature.100 
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Compound 114 

 

Yield: 57 mg; dark green solid; 79%; CC: (SiO2; DCM); Rf = 0.6 (SiO2; DCM); m.p. 

147–149 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.24 (t, J = 7.1 Hz, 6H), 3.48 

(q, J = 7.1, Hz, 4H), 6.68 (quasi d, AA’part of AA’XX’-system, J = 9.4 Hz, 2H), 

7.37 (t, J = 7.1 Hz, 1H), 7.51 (s, 1H), 7.56–7.70 (m, 3H), 7.79 ppm (quasi d, XX’part 

of AA’XX’-system,  J = 9.4 Hz, 2H); 13C NMR (100 MHz, CDCl3, 298 K): δ = 

159.4, 157.3, 153.4, 152.9, 148.1, 132.9, 131.0, 127.5, 125.3, 123.7, 120.2, 117.7, 

114.7, 113.7, 112.9, 112.2, 112.1, 111.8, 82.0, 74.1, 45.3, 12.7 ppm; λmax (ε) = 394 

(26965), 463 nm (30261 M−1 cm−1); HRMS (ESI): m/z calcd for C26H20N5O+: 

418.1666; found: 418.1668 [M + H]+.   

Compound 115 

 

Yield: 61 mg; brown–orange solid; 86%; CC: (SiO2; DCM); Rf = 0.38 (SiO2; 

DCM); m.p. 195–197 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.23 

(t, J = 7.1 Hz, 6H), 3.47 (q, J = 7.1 Hz, 4H), 6.68 (quasi d, AA’part of AA’XX’-

system, J = 9.4 Hz, 2H), 7.54–7.72 (m, 2H), 7.77 (quasi d, XX’part of AA’XX’-

system, J = 9.4 Hz, 2H) 7.96 (d, J = 8.6 Hz, 1H), 8.27 ppm (d, J = 7.8 Hz, 1H); 13C 

NMR (100 MHz, CDCl3, 298 K): δ = 165.9, 161.4, 152.8, 150.6, 149.2, 137.8, 

133.0, 127.7, 125.4, 117.7, 114.7, 114.6, 113.8, 112.1, 111.9, 111.7, 100.1, 89.8, 

73.6, 45.3, 12.7 ppm; λmax (ε) =  386 (13074), 466 nm (28677 M−1 cm−1);  HRMS 

(ESI): m/z calcd for C25H19N6S+: 435.1386; found: 435.1392 [M + H]+.  
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Compound 116 

 

Yield: 66 mg; reddish-orange solid; 88%; CC: (SiO2; DCM); Rf = 0.45 (SiO2; 

DCM); m.p. 211–213 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.24 

(t, J = 7.1 Hz, 6H), 3.48 (q, J = 7.1 Hz, 4H), 6.68 (quasi d, AA’part of AA’XX’-

system, J = 8.8 Hz, 2H), 7.26–7.28 (m, 1H), 7.78 (quasi d, XX’part of AA’XX’-

system, J = 8.8 Hz, 2H) 7.89 (d, J = 3.9 Hz, 1H), 7.92 ppm (d, J = 4.9 Hz, 1H); 13C 

NMR (100 MHz, CDCl3, 298 K): δ = 162.0, 160.1, 152.9, 138.0, 137.3, 135.6, 

133.0, 129.9, 117.2, 114.6, 113.6, 113.0, 112.1, 111.8, 80.3, 73.4, 45.3, 12.7 ppm; 

λmax (ε) =  366 (17278), 474 nm (33486 M−1 cm−1); HRMS (ESI): m/z calcd for 

C22H18N5S+: 384.1283; found: 384.1282 [M + H]+.  

Compound 117 

 

Yield: 58 mg; dark–orange solid; 81%; CC: (SiO2; DCM); Rf = 0.30 (SiO2; 

DCM); m.p. 93–95 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.22 (t, J = 7.1 Hz, 

6H), 3.46 (q, J = 7.1 Hz, 4H), 6.66 (quasi d, AA’part of AA’XX’-system, J = 9.4 Hz, 

2H), 7.57 (d, J = 8.5 Hz, 1H), 7.69–7.73 (m, 1H), 7.81 (quasi d, XX’part of AA’XX’-

system, J = 9.4 Hz, 2H) 7.85–7.88  (m, 2H), 8.20–8.35 ppm (m, 2H); 13C NMR 

(100 MHz, CDCl3, 298 K): δ = 165.8, 161.5, 152.8, 148.3, 148.0, 138.3, 133.1, 

131.5, 130.6, 130.2, 129.3, 127.7, 120.5, 117.8, 114.7, 113.9, 112.1, 90.2, 73.9, 45.3, 

12.7 ppm (21 out of 23 signals expected); λmax (ε) =  274 (20868), 348 (12521), 460 

nm (28200 M−1 cm−1);  HRMS (ESI): m/z calcd for C27H21N6
+: 429.1842; found: 

429.1842 [M + H]+.  
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Compound 118 

 

Yield: 69 mg; A dark-red solid; 91%; CC: (SiO2; DCM); Rf = 0.64 (SiO2; 

DCM); m.p. 183–185 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.26 

(t, J = 7.1 Hz, 6 H), 3.49 (q, J = 7.1 Hz, 4H), 6.69 (quasi d, AA’part of AA’XX’-

system, J = 9.3 Hz, 2H), 7.53–7.62 (m, 2H), 7.78 (quasi d, XX’part of AA’XX’-

system, J = 9.3 Hz, 2H), 7.86–7.90 (m, 1H)  8.86 ppm (d, J = 5.1 Hz, 1H); 13C NMR 

(100 MHz, CDCl3, 298 K): δ = 165.9, 161.4, 152.8, 150.6, 149.2, 137.9, 133.0, 

127.7, 125.4, 117.7, 114.7, 113.8, 112.1, 111.9, 111.7, 89.8, 73.6, 45.3, 12.7 ppm; 

λmax (ε) =  317 (12801), 470 nm (28054 M−1 cm−1); HRMS (ESI): m/z calcd for 

C23H19N6
+: 379.1671; found: 379.1668 [M + H]+. 

4.2.6 General Synthetic Procedures for CA-RE Products 119-125 

To a solution of coupling products 119-125 (50 mg, 1 equiv.) in DCM (5 mL), TCNQ 

53 (1 equiv.) was added and stirred for 24 hours at room temperature. The solvent 

was removed under reduced pressure. Then, column chromatography was performed 

to obtain target products. 

Compound 119 
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Yield: 80 mg; dark blue solid; 96%; CC: (SiO2; DCM) Rf = 0.11 (SiO2; DCM); m.p. 

157–159 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.23 (t, J = 7.0 Hz, 6H), 3.46 

(q, J = 7.0 Hz, 4H), 3.60 (s, 3H), 6.72 (quasi d, J = 9.0 Hz, 2H), 7.07 (dd, J = 8.2, 

1.1 Hz, 1H), 7.16 (dd, J = 8.2, 1.1 Hz, 1H) 7.29–7.32 (m, 4H), 7.38–7.47 (m, 3H), 

7.91 ppm (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, CDCl3, 298 K): δ = 158.7, 153.6, 

151.7, 147.8, 146.6, 143.0, 137.3, 136.1, 135.5, 133.8, 126.6, 126.0, 125.8, 124.7, 

123.3, 122.1, 114.9, 113.1, 112.7, 112.3, 110.4, 100.1, 93.0, 72.7, 45.2, 31.7, 12.8 

ppm; λmax (ε) = 359 (17956), 479 (18321), 758 (23833 M−1 cm−1);  HRMS (ESI): 

m/z calcd for C32H26N7
+: 508.2250; found: 508.2250 [M + H]+.  

 

Compound 120 

 

Yield: 83 mg; dark-green solid; 99%; CC: (SiO2; DCM); Rf  = 0.15 (SiO2;DCM). m.p 

=252–254 oC decompose; 1H NMR (400 MHz, CDCl3, 298K); δ = 1.24 (t, J = 7.1 

Hz, 6H), 3.46 (q, J = 7.1 Hz, 4H), 3.96 (s, 3H), 6.69 (d, J = 9.1 Hz, 2H), 6.98–7.09 

(m, 2H), 7.12 (t, J = 7.5 Hz, 1H), 7.26–7.34 (m, 3H), 7.40 (t, J = 8.2 Hz, 3H), 7.65 

(dd, J = 9.5, 1.6 Hz, 1H), 8.55 ppm (s, 1H); 13C NMR (100 MHz, CDCl3, 298K); δ 

= 165.8, 154.6, 153.5, 151.4, 137.8, 135.9, 135.5, 134.7, 129.8, 125.9, 125.0, 124.6, 

124.2, 123.9, 122.9, 121.2, 116.0, 115.5, 115.4, 113.9, 112.5, 112.4, 111.1, 75.8, 

69.3, 45.1, 34.6, 12.8 ppm (28 out of 29 signals expected);  λmax (ε) = 277 (20640), 

335 (18887), 394 (27855), 463 (19388), 683 nm (51100 M−1 cm−1); HRMS: m/z 

calcd for C33H27N6
+: 507.2297; found: 507.2297 [M + H]+. Spectral data was 

consistent with literature.100 
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Compound 121 

 

Yield: 67 mg; dark blue solid; 79%; CC: (SiO2; DCM); Rf  = 0.2 (SiO2; DCM); m.p. 

250–252 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.26 (t, J = 7.1 Hz, 6H), 3.49 

(q, J = 7.1 Hz, 4H), 6.73 (quasi d, J = 9.2 Hz, 2H), 6.99 (dd, J = 9.5, 1.9 Hz, 1H), 

7.13 (dd, J = 9.5, 1.9 Hz, 1H),  7.18 (s, 1H), 7.27–7.32 (m, 1H), 7.33–7.40 (m, 3H), 

7.51–7.71 ppm (m, 4H); 13C NMR (100 MHz, CDCl3, 298 K): δ = 156.9, 156.5, 

154.4, 151.4, 150.1, 148.3, 135.6, 134.8, 134.3, 130.73, 130.68, 127.5, 125.2, 125.1, 

124.6, 123.5, 123.2, 120.6, 115.1, 115.0, 112.72, 112.70, 112.63, 112.55,  82.9, 70.7, 

45.1, 12.8 ppm; λmax (ε) = 336 (17891), 694 nm (24302 M−1 cm−1);  HRMS (ESI): 

m/z calcd for C32H24N5O+: 494.1981; found: 494.1976 [M + H]+. 

 

Compound 122 

 

Yield: 73 mg; dark blue solid; 88%; CC: (SiO2; DCM); Rf = 0.28 (SiO2; DCM); m.p. 

146–148 oC decompose; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.25 

(t, J = 7.0 Hz, 6H), 3.48 (q, J = 7.0 Hz, 4H), 6.73 (quasi d, AA’part of AA’XX’-

system, J = 9.1 Hz, 2H), 7.00 (dd, J = 7.5, 1.8 Hz, 1H), 7.15 (dd, J = 7.5, 1.8 Hz, 
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1H), 7.34 (quasi d, XX’part of AA’XX’-system, J = 9.1 Hz, 2H), 7.51–7.65 (m, 4H), 

7.86 (d, J = 8.1 Hz, 1H), 8.28 ppm (d, J = 8.2 Hz, 1H); 13C NMR (100 MHz, CDCl3, 

298 K): δ = 160.8, 160.0, 154.2, 153.6, 151.5, 148.4, 138.4, 136.2, 135.5, 135.0, 

134.1, 131.5, 128.6, 128.3, 125.9, 125.7, 125.1, 122.8, 122.0, 115.0, 114.8, 112.7, 

112.3, 112.23, 112.20, 111.6, 88.8, 72.0, 45.2, 12.8 ppm; λmax (ε) = 338 (21433), 586 

(23800), 706 nm (27634 M−1 cm−1); HRMS (ESI): m/z calcd for C31H23N6S+: 

511.1705; found: 511.1717 [M + H]+. 

 

 

Compound 123 

 

Yield: 86%; dark blue solid; 86%; CC: (SiO2; DCM); Rf = 0.43 (SiO2; DCM); m.p. 

238–240 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.25 (t, J = 7.1 Hz, 6H), 3.48 

(q, J = 7.1 Hz, 4H), 6.72 (quasi d, AA’part of AA’XX’-system, J = 9.0 Hz, 2H), 6.94 

(dd, J = 7.7, 1.8 Hz, 1H), 7.13 (dd, J = 7.7, 1.8 Hz, 1H), 7.23 (t, J = 4.1 Hz, 1H), 7.28 

(m, 1H), 7.32 (quasi d, XX’part of AA’XX’-system, J = 9.0 Hz, 2H), 7.56 (dd, J = 

7.8, 1.7 Hz, 1H),  7.85 (d, J = 5.0 Hz, 1H), 7.95 ppm (d, J = 4.0 Hz, 1H); 13C NMR 

(100 MHz, CDCl3, 298 K): δ = 163.3, 154.4, 151.2, 138.3, 137.7, 136.5, 135.6, 

134.8, 134.3, 130.0, 129.9, 125.2, 124.6, 122.8, 115.2, 115.1, 113.6, 112.60, 112.55, 

81.0, 70.6, 45.2, 12.8 ppm; λmax (ε) = 338 (21272), 683 nm (31907 M−1 cm−1);  

HRMS (ESI): m/z calcd for C28H22N5S+: 460.1596; found: 460.1596 [M + H]+. 
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Compound 124 

 

Yield: 70 mg; a purple-blue solid; 83%; CC: (SiO2; DCM); Rf  = 0.13 (SiO2; 

DCM); m.p. 130–132 oC; 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.23 

(t, J = 7.1 Hz, 6H), 3.46 (q, J = 7.1 Hz, 4H), 6.70 (quasi d, AA’part of AA’XX’-

system, J = 9.2 Hz, 2H), 7.05 (dd, J = 7.5, 1.9 Hz, 1H), 7.11 (dd, J = 7.5, 2.0 Hz, 1H) 

7.26-7.31 (m, 2H), 7.36 (quasi d, XX’part of AA’XX’-system, J = 9.2 Hz, 2H), 7.60 

(dd, J = 7.5, 2.0 Hz, 1H),  7.67–7.71  (m, 1H), 7.82–7.87 (m, 2H), 8.16 (d, J = 8.5 

Hz, 1H),  8.29 ppm (d, J = 8.4 Hz, 1H); 13C NMR (100 MHz, CDCl3, 

298 K): δ = 169.0, 154.3, 151.4, 150.8, 150.1, 147.7, 138.0, 135.7, 134.4, 134.0, 

131.6, 131.5, 130.3, 129.9, 129.0, 127.7, 125.4, 124.9, 123.1, 121.3,  115.2, 115.0, 

112.9, 112.8, 112.6, 90.8, 71.0, 45.2, 12.8 ppm; λmax (ε) = 342 (22308), 696 nm 

(26057 M−1 cm−1);  HRMS (ESI): m/z calcd for C33H24N6
+: 505.2141; found: 

505.2137 [M + H]+.  

 

Compound 125 
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Yield: 28 mg; a dark blue solid; 31%; Precipitation: (n-Hexane/DCM); Rf  = 0.08 

(SiO2; 1:1 n-Hexane:EtOAc ); m.p. 171-173 oC decompose; 1H NMR (400 MHz, 

CDCl3, 298 K): δ = 1.24 (t, J = 7.1 Hz, 6H), 3.47 (q, J = 7.1 Hz, 4H), 6.70 (quasi 

d, J = 9.1 Hz, 2H), 6.92 (dd, J = 7.7, 1.7 Hz, 1H), 7.12 (dd, J = 7.7, 1.7 Hz, 1H), 7.30 

(m, 4H), 7.44 (dd, J = 7.6, 4.8 Hz, 1H), 7.56 (dd, J = 7.8, 1.6 Hz, 1H), 7.74 (td, J = 

6.2, 1.5 Hz, 1H), 7.83 ppm (d, J = 4.3 Hz, 1H); 13C NMR (100 MHz, CDCl3, 

298 K): δ = 169.1, 154.3, 151.6, 151.4, 150.3, 150.1, 137.7, 135.7, 135.0, 134.4, 

131.3, 127.3, 126.0, 125.3, 124.9, 123,0, 115.1, 115.0, 112.7, 112.6, 112.5, 90.3, 

71.0, 45.2, 12.8 ppm; λmax (ε) = 564 (9937), 732 nm (9398 M−1 cm−1).   
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APPENDICES 

A. 1H and 13C NMR Spectra 

 

 

 

 

 

 

 

 

Figure 22. 1H NMR spectrum of 86 in CDCl3 solution (400 MHz). 

      

 

 

 

 

 

 

 

 

Figure 23. 1H NMR spectrum of 87 in CDCl3 solution (400 MHz). 
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Figure 24. 1H NMR spectrum of 88 in CDCl3 solution (400 MHz). 
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Figure 25. 1H NMR spectrum of 92 in CDCl3 solution (400 MHz). 
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Figure 26. 1H NMR spectrum of 93 in CDCl3 solution (400 MHz). 

 

 

  

 

 

 

 

 

 

Figure 27. 1H NMR spectrum of 94 in CDCl3 solution (400 MHz). 
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Figure 28. 1H NMR spectrum of 96 in CDCl3 solution (400 MHz). 

 

   

         

 

  

 

 

 

 

 

Figure 29. 1H NMR spectrum of 99 in CDCl3 solution (400 MHz). 
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Figure 30. 1H NMR spectrum of 101 in CDCl3 solution (400 MHz). 
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Figure 31. 1H NMR spectrum of 105 in CDCl3 solution (400 MHz). 

 

 

 

        

 

 

 

 

 

Figure 32. 13C NMR spectrum of 105 in CDCl3 solution (100 MHz). 
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Figure 33. 1H NMR spectrum of 106 in CDCl3 solution (400 MHz). 

 

 

      

       

 

 

  

 

 

Figure 34. 13C NMR spectrum of 106 in CDCl3 solution (100 MHz). 
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Figure 35. 1H NMR spectrum of 107 in CDCl3 solution (400 MHz). 

 

      

             

           

 

 

 

 

  

 

Figure 36. 13C NMR spectrum of 107 in CDCl3 solution (100 MHz). 
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Figure 37. 1H NMR spectrum of 108 in CDCl3 solution (400 MHz). 

 

 

     

 

 

 

 

 

 

Figure 38. 13C NMR spectrum of 108 in CDCl3 solution (100 MHz). 
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Figure 39. 1H NMR spectrum of 109 in CDCl3 solution (400 MHz). 

 

 

      

      

 

 

 

 

 

 

Figure 40. 13C NMR spectrum of 109 in CDCl3 solution (100 MHz). 
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Figure 41. 1H NMR spectrum of 110 in CDCl3 solution (400 MHz). 

 

 

 

 

  

 

 

 

  

 

Figure 42. 13C NMR spectrum of 110 in CDCl3 solution (100 MHz). 
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Figure 43. 1H NMR spectrum of 111 in CDCl3 solution (400 MHz). 

 

 

  

        

 

 

 

 

 

Figure 44. 13C NMR spectrum of 111 in CDCl3 solution (100 MHz). 
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Figure 45. 1H NMR spectrum of 112 in CDCl3 solution (400 MHz) 

 

 

      

 

 

 

 

 

Figure 46. 13C NMR spectrum of 112 in CDCl3 solution (100 MHz). 
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Figure 47. 1H NMR spectrum of 113 in CDCl3 solution (400 MHz). 

 

  

       

N
NC

CN

CN
NC

N
 

 

 

 

 

 

Figure 48. 13C NMR spectrum of 113 in CDCl3 solution (100 MHz). 
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Figure 49. 1H NMR spectrum of 114 in CDCl3 solution (400 MHz). 

 

 

  

     

 

 

 

 

Figure 50. 13C NMR spectrum of 114 in CDCl3 solution (100 MHz). 
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Figure 51. 1H NMR spectrum of 115 in CDCl3 solution (400 MHz). 

 

 

  

      

 

 

 

 

Figure 52. 13C NMR spectrum of 115 in CDCl3 solution (100 MHz). 
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Figure 53. 1H NMR spectrum of 116 in CDCl3 solution (400 MHz). 

 

 

 

              

 

 

 

 

Figure 54. 13C NMR spectrum of 116 in CDCl3 solution (100 MHz). 
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Figure 55. 1H NMR spectrum of 117 in CDCl3 solution (400 MHz). 

 

 

 

      

 

 

 

 

Figure 56. 13C NMR spectrum of 117 in CDCl3 solution (100 MHz). 
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Figure 57. 1H NMR spectrum of 118 in CDCl3 solution (400 MHz). 

 

 

 

        

 

 

 

 

Figure 58. 13C NMR spectrum of 118 in CDCl3 solution (100 MHz). 
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Figure 59. 1H NMR spectrum of 119 in CDCl3 solution (400 MHz). 

 

    

          

 

 

 

 Figure 60. 13C NMR spectrum of 119 in CDCl3 solution (100 MHz). 



 
 

103 

 

 

        

 

 

 

 

Figure 61. 1H NMR spectrum of 120 in CDCl3 solution (400 MHz). 

 

        

 

 

 

 

Figure 62. 13C NMR spectrum of 120 in CDCl3 solution (100 MHz). 
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 Figure 63. 1H NMR spectrum of 121 in CDCl3 solution (400 MHz). 

 

 

           

 

 

 

 

Figure 64. 13C NMR spectrum of 121 in CDCl3 solution (100 MHz). 
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Figure 65. 1H NMR spectrum of 122 in CDCl3 solution (400 MHz). 

 

 

        

 

 

 

 

Figure 66. 13C NMR spectrum of 122 in CDCl3 solution (100 MHz). 
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 Figure 67. 1H NMR spectrum of 123 in CDCl3 solution (400 MHz). 

 

     

 

 

 

 

 Figure 68. 13C NMR spectrum of 123 in CDCl3 solution (100 MHz). 
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Figure 69. 1H NMR spectrum of 124 in CDCl3 solution (400 MHz). 

 

       

 

 

 

 

Figure 70. 13C NMR spectrum of 124 in CDCl3 solution (100 MHz). 
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Figure 71. 1H NMR spectrum of 124 in CDCl3 solution (400 MHz). 

 

 

         

 

 

 

 

Figure 72. 13C NMR spectrum of 124 in CDCl3 solution (100 MHz). 
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B. HR-MS 
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