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ABSTRACT

DESIGN AND SYNTHESIS OF TRIAZENE AND INDOLE-SUBSTITUTED
PUSH-PULL CHROMOPHORES VIA CLICK-TYPE
TRANSFORMATIONS: EFFECTS OF DONOR GROUPS ON THE
OPTOELECTRONIC PROPERTIES

Erden, Kiibra
Master of Science, Chemistry
Supervisor : Assist. Prof. Dr. Cagatay Dengiz

July 2021, 181 pages

Conjugated materials play an indispensable role in daily life due to their
extraordinary properties and applications. Of particular interest are the donor—
acceptor-type push—pull chromophores since they have already been utilized in many
advanced applications such as organic light emitting diodes (OLEDs), organic field
effect transistors (OFETS), dye-synthesized solar cells (DSSCs), and non-linear
optical (NLO) devices. The thermal [2+2] cycloaddition reactions are chemical
transformations that we will study in detail in this thesis to access triazene-
substituted homoconjugated push—pull chromophores. Moreover, the formal [2+2]
cycloaddition-retroelectrocyclization transformations were utilized for the
preparation of the indole-substituted push—pull systems. The optoelectronic
properties of the chromophores will be explored by UV/Vis spectroscopy and

computational analysis.
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TRIAZEN VE INDOL GRUPLARI iCEREN iT-CEK-TIPI
KROMOFORLARIN KLIiK-TiPi DONUSUMLER ILE TASARIMI VE
SENTEZIi: DONOR GRUPLARININ OPTOELEKTRONIK OZELLIiKLER
UZERINE ETKILERI

Erden, Kiibra
Yiiksek Lisans, Kimya
Tez Yoneticisi: Assist. Prof. Dr. Cagatay Dengiz

Temmuz 2021, 181 sayfa

Konjuge malzemeler olaganiistii 6zellikleri ve uygulamalart nedeniyle giinliik
hayatta vazgegilmez bir rol oynamaktadir. Ozellikle ilgi ¢ekici olan dondr—akseptor-
tipi it—¢ek kromoforlari organik 151k yayan diyotlar (OLEDlIer), organik alan etkili
transistorler (OFETIer), boyaya duyarli giines pilleri (DSSCler) ve dogrusal olmayan
optik (NLO) cihazlar gibi bir¢ok gelismis uygulamada kullanilmaktadir. Termal
[2+2] siklokatilma tepkimeleri, bu tezde triazen gruplari igeren homokonjiige it—cek
kromoforlara erismek icin detayli olarak inceleyecegimiz kimyasal dontisiimlerdir.
Ayrica, [2+2] siklokatilma-retroelektrosiklizasyon doniisiimleri, indol igeren it—¢ek
sistemlerinin hazirlanmasinda kullanildi. Kromoforlarin optoelektronik 6zellikleri

UV/Vis spektroskopisi ve hesaplamali kimya kullanilarak arastirilacaktir.

Anahtar Kelimeler: [2+2] CA-RE, it-Cek Kromofor, Triazen, indol
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CHAPTER 1

INTRODUCTION

Organic electronics, which can be defined as the field dealing with the design,
synthesis, characterization, and application of electroactive materials based on
conjugated organic compounds, have received considerable attention for the last 50
years.[“? Interest in organic electronics stems from conjugated materials’ remarkable
properties such as high flexibility, easy processing, low fabrication cost, and large-
area fabrication.l® Moreover, organic electronics is highly promising for future
resource management. For example, materials used in the organic electronics field
can fulfill many commercial product design requirements such as low-energy
consumption, replacement of toxic materials, utilization of sustainable resources,
and recycling potential.l With these all desired features, conjugated organic
materials find applications in organic solar cells (OSCs), organic light-emitting
diodes (OLEDs), organic photodetectors, and organic sensors.l Interest in
conjugated molecules have gradually increased in recent years because of their usage
in optoelectronic devices.!

Organic chemistry plays a crucial role in the design of easily modified
conjugated molecules with tailor-made properties. Especially with the developments
in recent years, target conjugated structures with desired properties can be
synthesized by inexpensive methods. One of the most prominent groups among all
conjugated systems are named as m-conjugated donor—acceptor (D-A)-type
chromophores. (D—-A)-type chromophoric structures also possess high potential in
electronic and optoelectronic areas such as fabrications of solar cells and nonlinear
optical (NLO) devices.[®! The utilization of conjugated systems in such important
areas requires the development of new synthetic methods. Most synthetic methods
used to synthesize conjugated molecules and polymers include cross-coupling

reactions (Stille, Suzuki, and Heck) that necessitates transition metal catalysts.["]



Although there are many studies in the literature using these chemical
transformations, several drawbacks such as synthetically demanding multi-step
syntheses of monomers, instability of organometallic reagents, and low atom-
economy have been reported. Moreover, these reactions require large quantities of
toxic solvents, relatively long reaction times, and high-cost methods during the
purification of the products from by-products and metals. All these negative aspects
make such coupling reactions used to synthesize conjugated materials synthetically
insufficient.l®! Therefore, it is very important to develop environmentally friendly,
atom/cost effective, and short methods that can eliminate or minimize previously
mentioned problems in the syntheses of (D—A)-type n-conjugated chromophores to
overcome these deficiencies in the literature. At this point, click-type synthetic
protocols are coming back to the fore as an alternative method to cross-coupling
reactions. The fact that click-type reactions can meet the green chemistry
requirements also increase the interest in this field. Even though concepts in green
chemistry are not new, such transformations have recently become a hot topic in
chemistry with increasing concerns related to environment. Such reactions can take
place in environmentally friendly and temperate conditions.[®] All these positive
aspects lead to the frequent use of click chemistry in organic chemistry, material
science, and drug discovery.! The concept of click chemistry was first introduced
by K. Barry Sharpless in 2001. [l Sharpless and his group developed a new set of
powerful and selective reactions called click chemistry to create new molecular
architectures that can be utilized reliably in different application areas.[**!  Click-
type reactions are known as chemical transformations with a high thermodynamic
driving force (>20 kcal.mol™), producing a single product with high efficiency from
easily accessible starting materials, and reagents. In such reactions, product isolation
is generally performed by simple non-chromatographic methods like crystallization
since by-products can easily be removed. Click type reactions can be carried out
under mild conditions, they are insensitive to oxygen and water and are also
compatible with different kinds of benign solvents.*!l All these features gradually

increase the importance of click-type reactions in organic syntheses.



1.1  Click type reaction

Increasing demand for the synthesis of new materials that can be used in the

field of organic electronics leads scientists to develop easy and effective synthetic

strategies. Therefore, several types of click type reactions have emerged.!?!

According to the Sharpless and co-workers’ classification, some of the click type

reactions are:

Cycloaddition  reactions,  especially ~ Huisgen  1,3-dipolar
cycloaddition and Diels-Alder reaction.*!]

Nucleophilic substitution reactions like ring-opening reactions of
heterocyclic  electrophiles  (epoxides, aziridines, and aziridinium
ions) (14

Addition to carbon-carbon multiple bonds such as thiol-ene reaction,
dihydroxylation, Michael additions. (I

Non-aldol type carbonyl chemistry such as oxime/hydrazone

formations [

Among all, the most commonly utilized click-type reactions are Huisgen 1,3-dipolar

cycloadditions (3 from 1 and 2), Diels-Alder cycloadditions (6 from 4 and 5), and

thiol-ene reactions (9 from 7 and 8) since these reactions have high selectivity, fast

reaction kinetics, high-yielding transformation, and wide application areas (Scheme

1)1
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Scheme 1. General representations of click-type reactions.

111 Azide-Alkyne Huisgen Cycloadditions

Presumably the most well-known click-type reaction is the Huisgen 1.3-
dipolar cycloaddition reactions which occur between azides and terminal alkynes to
form 1,2,3-triazoles in the presence of copper catalysts. Huisgen introduced the 1,3-
dipolar cycloaddition method in 1960 to synthesize a variety of structurally
interesting 5-membered heterocyclic compounds.!*®! Classical Huisgen 1,3-dipolar
cycloadditions can also occur between alkyne 10 and azide 11 at high temperatures
without a copper catalyst (Scheme 2).[**l However, these types of Huisgen reactions
usually produce mixtures of 1,4 and 1,5-triazole regioisomers 12 and 13 when using

asymmetric alkynes.
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Scheme 2. General representation of Classical Huisgen 1,3-dipolar cycloaddition

reactions.

Although the Sharpless’ review mentions the 1,3-dipolar cycloadditions as a
good candidate for click-type reactions, these reactions cannot fullfill the required
conditions for click-type reactions in terms of selectivity.! To overcome this issue,
Sharpless and co-workers published their first report on copper-catalyzed azide-
alkyne cycloadditions (CUAACS) in 2002.151 This report showed that copper-
catalyzed 1,3-dipolar cycloaddition allowed for the formation of only 1,4-
disubstituted regioisomer 12 with high efficiency under mild reaction medium
(Scheme 3). Accordingly, copper-catalyzed azide-alkyne cycloadditions are
accepted as the first catalyzed click-type reaction.[*? The reason behind this is that
the copper catalyst is quite benign and inexpensive compared to most other

organometallic compounds.[*¢!

CUSO4.5H20 R2 N
Ry Sodium ascorbate N~ N
Ri—— N=N-N_ - ‘§<
® © H,O/'BuOH, 25 °C
R1
10 11 12

Scheme 3. General representation CUAAC reaction.

In 2005, Sharpless and his group synthesized 1,5-disubstituted 1,2,3-triazole
by the same method using ruthenium catalyst instead of copper catalyst. By this way,
they showed that ruthenium catalyst is also an effective catalyst to be used in Huisgen
reactions.!*”I Subsequently, less effective Ni*, Pd?*, Pt**, and Au* catalysts were also

utilized in Huisgen-type reactions. It is worth noting that the CUAAC's popularity



among other click-type reactions are solvent tolerance and high selectivity.[*®]
Additionally, these reactions are compatible with several functional groups and can
be carried out with different catalysts.[*8] After the value of copper-catalyzed Huisgen
reactions’ recognition in click chemistry field, studies have been directed to
understand the mechanism of this transformation. In 2005, mechanistical studies
including kinetic studies and density functional theory (DFT) calculations have been
reported by Fokin and Finn. Accordingly, a bimetallic reaction mechanism was
proposed. While alkynyl group coordinated to the center of a copper(l), azide is
attacking to another copper center.'®l Later, in another study of Finn and Fokin,
which was reported in 2007, unlike the previous mechanism, a new mechanism was
proposed in which the azide group and the alkynyl group are attached to the center
of the same copper(l) center (Scheme 4). Experimental and theoretical studies are

still ongoing to fully understand the mechanism.!1820
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Scheme 4. Mechanism of the Copper-catalyzed azide-alkyne cycloaddition
(CuAAC).



1.1.2 Diels-Alder Reactions

Diels-Alder reaction is another family that can be a good fit for click-type
transformations according to Sharpless' description of click chemistry in 2001.11
Unlike recently discovered Huisgen reactions, Diels-Alder reactions were invented
by Otto Diels and Kurt Alder in 1928. Diels and Alder characterized the products 24
and 25 formed by the reaction of cyclopentadiene 22 and quinone 23 (Scheme 5).[24
This successful study earned Otto and Kurt the Nobel Prize in 1950.[2]
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Scheme 5. Discovery of the Diels-Alder reaction

Diels-Alder reactions is now one of the most commonly used synthetic
transformations in organic chemistry. These valuable reactions are straightforward
[4+2] cycloadditions that occur between an electron-rich diene 26 (4r) and electron-

poor dienophiles 27 (2x) to form stable cyclohexenes 28 (Scheme 6).[22]
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Scheme 6. General representation of Diels-Alder reactions.

In recent years, Diels-Alder reactions received the title of “click-type
reaction” with its high efficiency under mild reaction conditions, high-selectivity,
stability, and versatility. Similar to Huisgen 1,3-dipolar cycloaddition reactions,

Diels-Alder reactions are now evaluated under the category of cycloaddition



reactions in click chemistry world. Diels-Alder reactions take precedence over
copper-catalyzed Huisgen 1,3-dipolar cycloaddition reaction due to some of their
positive features. The most important advantage of Diels-Alder cycloadditions in
comparison to CuAACs is that no catalyst is required to facilitate these
transformations.!?? High yields, exceptional selectivities, and short reaction time in
water compared to other non-polar solvents make Diels-Alder cycloadditions more
favorable compared to other click-type reactions. Another distinctive property of
Diels-Alder reactions is thermoreversibility unlike other click reactions.?® The other
features such as biorthogonality, biocompatibility paves the way for use of these

reactions in biology-related fields.[?*

1.1.3 Thiol-Ene Reactions

After initiation of click-chemistry concept with the triazole synthesis in 2002,
researchers began to more closely investigate other reactions having potential click-
type properties.”® One of such reactions, thiol-ene reaction (also alkene
hydrothiolation), was first reported in 1905.126l However, thiol-ene chemistry started
to gain popularity in the early 2000s after the advent of “click chemistry” concept.?°]
Thiol-ene reactions are well-associated with click chemistry because they meet many
requirements. Firstly, thiol-ene reactions are significantly rapid in environmentally
benign solvents even at room temperature and atmospheric pressure. Secondly, thiol-
ene reactions produce a single regioselective product in high yields under relatively
mild conditions, making them suitable for applications in chemical, biological,
physical, and engineering fields. The only negative aspect is requirement of a small
amount of catalyst although it is a relatively benign one.[?>27 Thiol-ene reactions can
be divided into two sub-groups: thiol-ene radical and thiol-Michael addition

reactions.



R' a. Free radical R4S H

R;S—H ( —(
1 ’ b. Catalyst

R’

29 30 31

Scheme 7. General representation of thiol-ene reaction.

The first radical-mediated thiol-ene reaction was reported as a click reaction
in 2007.[281 These types of thiol-ene reactions occur between electron-rich alkenes
(enes) 30 and thiol groups 29 to yield 31 (Scheme 7). The mechanism of thiol-ene
radical reactions consists of addition and chain transfer steps (Scheme 8a). Such
radical reactions are initiated by heat, light, or radical initiators. After the initiation
step, thiyl radical 32 attacks to the carbon-carbon double bond from the least
substituted side to form carbon-centered radical. Then, the radical carbon 34
abstracts hydrogen from thiol group to form an anti-Markovnikov product and
completes the cycle by regenerating thiyl radical by chain transfer step.[?>?° Radical-
mediated thiol-ene reactions are mainly used for post-polymerization modifications.
251 There are several examples showing the utilization of thiol-ene chemistry in the

optical and biological applications.%

As we mentioned before, thiol-ene click-type reactions are not just restricted
to radical reactions, thiol-Michael additions are another group that will be discussed.
211 This efficient synthetic transformation occurs between electron-deficient alkenes
and thiol groups. In thiol-Michael addition reactions, a variety of strong bases,
metals, and organometallic reagents are required to initiate reactions. Another
responsibility of these reagents is the activation of carbon-carbon double bond as
catalyst. The mechanism of thiol-Michael reactions is based on nucleophilic addition
reaction (Scheme 8b). In the first step, the proton of the thiol group is abstracted by
a base (B), to form nucleophilic thiolate anion 37, RS™. Then, the thiolate anion

attacks to the carbon-carbon double bond. Upon generation of a carbon-centered



anion 40, a proton is abstracted from conjugated acid formed in the first step to give
a highly efficient thiol-Michael addition product 41.[*%]
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Scheme 8. a) Thiol-ene reaction mechanism, b) Thiol-Michael addition mechanism.

Similar to the earlier examples, high-yielding nature, high reaction rates
under ambient conditions, and the presence of mild catalyst make thiol-Michael
additions suitable click-type reactions. All these key properties led thiol-Michael
additions to find application in several areas, such as organic synthesis, material

chemistry, surface modification, biologically relevant polymer synthesis. ¥ 32

1.2 Click-Type Reactions in Polymer and Dendrimer Synthesis

With the recent advances in the field of click chemistry, several studies have
been reported in dendrimer and polymer synthesis. 31 Polymers have intermolecular
or interchain m—m interactions like conjugated small organic molecules. These
interactions cause a change in the charge carrier mobility which affects the
performance in fabricated devices.**l Thus, structure of polymers has an important
effect on determining charge carrying properties.®¥ Accordingly, design and
synthesis of desired polymer structures has gained great importance in the field of
polymer chemistry. However, complex mechanism of polymerization techniques

and limited number of substrates are some of the drawbacks of polymerization
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techniques. Although post-polymerizations have been introduced to the literature to
solve these issues, highly efficient coupling reactions are required for successful
post-polymerization transformations. Another issue related to post polymerizations
is the limited solubility of polymers. Reactants and polymers to be used in post-
functionalizations cannot always be treated in homogenous reaction media. To
overcome these issues, click chemistry is a very good alternative in polymer
synthesis and maodifications due to its high efficiency regardless of the ligand
structure in non-homogeneous reaction systems. In recent years, the use of click
reactions has increased significantly in material chemistry especially in polymer
synthesis because of the above-mentioned advantages.*® The most commonly used
click reactions in polymer syntheses are CUAAC, the Diels—Alder cycloadditions,
and the thiol-ene (or -yne) additions.8 Stable azides and alkynes utilized in the
CUAAC can easily be prepared by various simple techniques.* Therefore, CUAAC
was the first reaction to be adapted widely and effectively in polymer synthesis. !
Fokin, Finn, and co-workers reported the first example of linear polymer synthesis
in 2004.58 Diazide 42 and dialkyne 43 give polymerization reaction via copper-
catalyzed Huisgen 1,3-dipolar cycloaddition (Scheme 9). [
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+
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H,O/'BUOH (1:1), r.t, 10 h
70%
7 - n
42 43 44

Scheme 9. Solution-phase polymerization by copper-catalyzed azide-alkyne

cycloaddition.

As an alternative to CUAAC reactions, Diels-Alder in polymer synthesis also
widely used in the literature.% Diels-Alder cycloadditions possess more advantages
than copper-catalyzed Huisgen 1,3-dipolar cycloadditions in the polymer syntheses

11



since these reactions are catalyst-free and relatively fast.*1 Moreover, Diels-Alder
reactions do not require complex reaction conditions and generally provide desired
products without formation of by-products.’?*! Thanks to all these features, Diels-
Alder reactions have become one of the preferable click reactions in polymer
syntheses. Therefore, synthesizing complex macromolecular structures became more
convenient by using the Diels-Alder reaction. Recently, Kimura and co-workers
synthesized anthracene—maleimide type copolymers 47 by a simple heating method
(Scheme 10).5%

A ., }f
‘O C@w A °N
g n O’\ .

45 46

Scheme 10. Synthesis of copolymers via anthracene—maleimide type D-A click

reaction.

Click reactions are widely used in dendrimer syntheses as well as in polymer
syntheses. Dendrimers are mono disperse 3-dimensional molecules that consist of
highly and regularly branched repeating units (Figure 1). Dendrimers generally have
a spherical shape of nanometer sizes consisting of branching around the nucleus.%
Besides common advantages of click-type reactions such as high efficiency and high
tolerance to most functional groups, these transformations are very important in
dendrimer synthesis because they also function well in sterically hindered
environments.[**! Moreover, few reactions are known in dendrimer syntheses

providing very high yields and good orthogonality.[*¢!
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Figure 1. Anatomy of a dendrimer.

Dendrimer was initially discovered in 1978 by Fritz VVogtle using the method
called cascade synthesis. In the 1980s, Tomalia's PAMAM dendrimers [“+42 and
Newkome's "arborol" systems*3 have attracted great attention. In the 1990s, Frechet
firstly reported convergent strategy and revealed its applicability in the
nanochemistry field. #4431 Thus, it has been shown that dendrimers can be utilized in
many different fields such as nanotechnology, catalysis, biomedicine, and material
science. All these application areas of dendrimers have encouraged scientists to find
efficient, atom-economic, and simple synthetic pathways in dendrimer syntheses. At
this point, click reactions have become an important concept in dendrimer syntheses
as they can provide the desired properties. CUAACSs, one of the click-type reactions,
have recently been a preferred synthetic strategy in dendrimer synthesis due to short
reaction time, versatility, water compatibility, and simple work-up properties.’** The
CUuAAC click reaction was first utilized by Hawker and Fokin in the synthesis of
triazole dendrimer in 2004 (Scheme 11).71 Firstly, bistriazole 50 was synthesized in
the presence of CuSO4 and sodium carbonate in 1:1 mixture of water and tert-butyl
alcohol at 25 °C. Then, primary alkyl chloride 49 was converted to an azide using

NaNs in acetone/water mixture. Then, bistriazole azide 50 reacts with alkyne again
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and the same conversion processes are applied to generate triazole dendrimer (G-2)

with chain end groups (R) and internal repeating units (X) (Scheme 11).[46!
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Scheme 11. Synthesis of triazole dendrimer 52.

Another example, where the Cu-catalyzed Huisgen cycloaddition is used, is
reaction between the polyalkynyl molecule 53 and azido sugar 54 in presence of
copper catalyst in a homogeneous THF/water mixture (Scheme 12). Three

generations of glycodendrimers were synthesized using click chemistry strategy.
[45,47]

THF/ Water OAc
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n=27, 81, 243
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Scheme 12. Synthesis of different generations of glycodendrimer 55.

Another preferred click reaction in dendrimer syntheses is the thiol-ene
reaction. With its insensitivity to water and oxygen and no by-product formation, it
has been found application in the dendrimer synthesis.[*S! In 2008, Hawker reported
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the synthesis of poly(thioether) dendrimers 59 by the reaction between tris-alkene
triazine 56 and 1-thioglycerol in the presence of 2,2-dimethoxy-2-
phenylacetophenone 57 as a photoinitiator. This reaction occurs in a solvent-free
environment without requiring a metal catalyst (Scheme 13).14¢
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Scheme 13. Synthesis of poly(thioether) dendrimers 59.

Diels-Alder cycloadditions are another important click-type reaction that has
been used in the dendrimer synthesis.[*s! In 1997, Diels-Alder reaction was first used
in polyphenylene dendrimer synthesis by Miillen and co-workers. In this study,
tetraphenylcyclopentadienone 60 and polyphenylacetylene 61 react in diphenyl
ether/a-methylnaphthalene (I:1) at 180-200 °C to create 3D rigid dendrimer structure
(Scheme 14).14]

60 61 62

Scheme 14. Synthesis of polyphenylene dendrimer 62.
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In another study, Sanyal and his group successfully synthesized the structure
65 using dendrons 63 and 64 containing furan and maleimide groups respectively
(Scheme 15).55
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Scheme 15. Synthesis of structure 65 via Dials-Alder cycloadditions

1.3 Other Potential Click-type Transformations

131 [2+2] Cycloadditions

Studies on the development and the use of organic electronic devices are
rapidly increasing worldwide. This increasing situation turns this area into a market
that makes millions of profits annually. 51 Since conjugated organic molecules are
used in organic electronic devices, the synthesis of conjugated structure