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ABSTRACT
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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.

Keywords: [2+2] CA-RE, Push—Pull Chromophores, Triazene, Indole
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TRIAZEN VE INDOL GRUPLARI iCEREN IT-CEK-TIPI
KROMOFORLARIN KLIiK-TiPi DONUSUMLER ILE TASARIMI VE
SENTEZIi: DONOR GRUPLARININ OPTOELEKTRONIK OZELLIKLER
UZERINE ETKILERI

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

Temmuz 2021, 181 sayfa

Konjuge malzemeler olaganiistii ozellikleri ve uygulamalari nedeniyle giinlikk
hayatta vazgegilmez bir rol oynamaktadir. Ozellikle ilgi ¢ekici olan dondr—akseptor-
tipi it-¢ek kromoforlar1 organik 151k yayan diyotlar (OLEDler), organik alan etkili
transistorler (OFETIer), boyaya duyarl: giines pilleri (DSSCler) ve dogrusal olmayan
optik (NLO) cihazlar gibi bircok gelismis uygulamada kullanilmaktadir. Termal
[2+2] siklokatilma tepkimeleri, bu tezde triazen gruplari igeren homokonjiige it—cek
kromoforlara erismek icin detayli olarak inceleyecegimiz kimyasal doniigiimlerdir.
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.® 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. [*Yl 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. [*1

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.[*?l 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
(CuAACQC).



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.”®1 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.
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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.
[25] 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.®4l Thus, structure of polymers has an important
effect on determining charge carrying properties.®4 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
techniques. Although post-polymerizations have been introduced to the literature to

solve these issues, highly efficient coupling reactions are required for successful

10



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 modifications 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 2004.581 Diazide 42 and dialkyne 43 give polymerization reaction via copper-

catalyzed Huisgen 1,3-dipolar cycloaddition (Scheme 9). (3
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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.*®1 Diels-Alder cycloadditions possess more advantages
than copper-catalyzed Huisgen 1,3-dipolar cycloadditions in the polymer syntheses
since these reactions are catalyst-free and relatively fast.*°1 Moreover, Diels-Alder

reactions do not require complex reaction conditions and generally provide desired
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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).1%
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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 %2 and
Newkome's "arborol" systems 3l 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).B7 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
NaNzs 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]

CuSO, AcO
\OA 4 d =N
j):j;o © Sodium ascorbate /CCL I\'i\l P
( ’—F‘: H} N3 AcO” N0
no 07 NoAe THF/ Water :

n=27, 81, 243

53 54 55

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.[*5! 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¢

|
N__N S O._N_O
\f 57,h OH N\fN DMAP H\/ N s
0. lvent-fr o Pyridine 0._0 P
IS I8 }f !
=
57 (o] sj\/ E
Ph
Ph HO OH ]\/O
MeO OMe o \[M
M I

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 structures gains
importance.5? However, there are few high-efficiency, low-step, environmentally
friendly reactions in the synthesis of these complex m-conjugated structures in the
literature. Although click-type reactions as mentioned above are some of the most
preferred reactions in the organic electronics with their several advantages, some
deficiencies of these reactions also draw attention. Forming non-m-conjugated
products in thiol-ene reaction, explosive nature of the azide groups in 1,3-dipolar
cycloaddition reactions and requirement of high temperatures in Diels-Alder
reactions are some of the major concerns.>3 In addition, the substrate diversity of
azide-alkyne 1,3-dipolar cycloaddition click-type reactions, which are constantly
used in this field, has almost reached its limits.[>3 Accordingly, two new click-type
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reactions, [2+2] cycloadditions and [2+2] cycloaddition-retroelectrocyclizations,
have attracted our attention to overcome aforementioned limitations.’l These
reactions have not found the sufficient value they deserve in the literature. [2+2]
cycloaddition-retroelectrocyclizations and [2+2] cycloadditions are important click
type reaction candidates that can be alternatives to the current synthetic
methodologies in the syntheses of conjugated molecules. It should also be noted
that there are several limitations that need to be resolved before seeing these two
click-type transformations as common strategies for the synthesis of conjugated
molecules. Our discussion will begin with [2+2] cycloadditions then will be
expanded to [2+2] cycloaddition-retroelectrocyclizations since both transformations
are closely related to each other. Unlike Diels-Alder [4+2] cycloadditions, [2+2]
cycloaddition reactions do not occur under thermal conditions. Starting materials that
will be used in these reactions should be stimulated in ultraviolet or visible light.[]
When these transformations were first discovered, it was not fully understood how
the cycloaddition step took place. However, in 1969, Woodward and Hoffmann's
study suggested that preservation of orbital symmetry is an important factor
determining the outcome of the pericyclic processes.”! According to Woodward-
Hoffmann rules, [4+2] cycloaddition reactions are thermally allowed whereas [2+2]
cycloaddition reactions are thermally forbidden reactions.’”! The study that revealed
the Woodward-Hoffmann rules explains why some reactions occur under thermal
conditions and others prefer photochemical conditions via the HOMO and LUMO
orbitals (Figure 2).
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Figure 2. a) [4+2] and b) [2+2] cycloaddition reactions.

In Figure 2a, the phases of diene and dienophile frontier orbitals are
overlapping with each other in [4+2] cycloadditions and they can easily form o-
bonds under thermal conditions. However, the same case is not valid for [2+2]
cycloadditions (Figure 2b). It is clearly seen that the phase of HOMO does not
overlap with the phase of LUMO in the [2+2] cycloadditions and this case is not
suitable for bonding. To facilitate this transformation, one of the reactants should be
excited photochemically to match the phases in [2+2] cycloaddition reactions. 8!
Accordingly, [2+2] cycloadditions are known in the literature as [2+2]
photochemical cycloadditions.®® [2+2] photocycloaddition reactions are widely
used cycloaddition reactions in organic chemistry to form cyclobutane-type
compounds 68 from olefins 66 and 67 by UV light or visible light (Scheme 16).[5%
Since cyclobutane ring can be used in fragmentation and ring expansion reactions in
the syntheses of complex structures, [2+2] photocycloadditions play an important
role in the synthesis of bioactive products.[51-62]

Moreover, [2+2] photocycloaddition reactions may take place between
alkenes-alkynes and/or between alkenes-enones to form cyclobutene-type
compounds 70 and/or cyclobutanes 73 and 74 respectively (Scheme 16).56% The
formation of head-to-tail isomer and head-to-head isomer depend on the R group in
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the alkene molecule. When the electron-donating-substituents attached to the alkene,
a head-to-tail 74 isomer is generated. Head-to-head isomer 73 is preferred with

electron-withdrawing substituents. [
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Scheme 16. General representation of [2+2] photochemical cycloadditions.

The first example of photoinitiated [2+2] enone cycloaddition reaction was
reported by Ciamician and co-workers in 1908.141 Ciamician and co-workers
observed that the carvon molecule 75 transformed into the carvone camphor 76 under
sunlight (Scheme 17). This reaction is also known as the intramolecular enone-olefin
[2+2] photocycloaddition. ]

75 76

Scheme 17. Formation of carvone camphor 76 when exposing carvone to sunlight.
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Later, Eaton discovered the photocyclodimerization of 2-cyclopentenone 77
and the intermolecular photocycloaddition between cyclopentenone and
cyclopentene in 1962 (Scheme 18). Photocyclodimerization of 2-cyclopentenone
generates a mixture of cyclobutene products 78 and 79.¢1 Subsequently, Corey
reported the synthesis of the caryophyllene molecule 86 using a photocycloaddition
strategy. 2-cyclohexenone 83 and an excess amount of isobutylene 82 react to form
bicyclo[4.2.0]oct-anone derivative 84 as the major product (Scheme 19). In the next
step, the five-membered ring fused into the six-membered ring to yield 85, and then

the 9-membered ring structure was formed by cleavage of the C-C bond.[6%

All these pioneering studies, once again, highlighted the importance of the
[2+2] photocycloaddition reaction in the field of organic chemistry and they have
also paved the way for many studies in recent years. This photochemical reaction is
now widely used to synthesize complex molecules in synthetic organic

chemistry.[6066]
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Scheme 18. Photodimerization of cyclopentenone and [2+2] photocycloaddition of

cyclopentene to cyclopentenone.
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Scheme 19. Synthesis of Caryophyllene 86.
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1.3.2 Thermal [2+2] Cycloadditions

Although [2+2] cycloaddition reaction was considered thermally prohibited
according to Woodward Hoffman rules,®" Reinhoudt's study in 1974 revealed that
these reactions could also occur under thermal conditions.”1 Reinhoudt stated in his
study that alkyne and alkenes with opposite electron densities undergo thermal [2+2]
cycloaddition under mild reaction conditions. Thiophene attached pyrrolidine at the
3-position 87 and electron-poor alkyne 88 formed cyclobutene 89, a product of
thermal [2+2] cycloaddition obtained at very low temperature (-30 °C). This
intermediate 89 could be observed by IR and NMR studies (Scheme 20). However,
this product rearranges into thiepine 90 spontaneously.®’]

O COCH;, O COCH; O COCH;
N N 25°C N fOCHs N COCH;
f COCH;
\
s

-30°C
Eg ’ i i — COCH; ~~——>
N
\ COCH
S 3

\
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87 88 89 90 91

Scheme 20. Thermal [2+2] cycloaddition between electron-rich thiophene and

electron-poor alkyne.

However, studies in this area did not receive sufficient attention at that time
due to the limited variety of substrates, low vyields, and the instability of the
products.®® In 2010, Trofimov and his group serendipitously discovered the [2+2]
cycloaddition reaction instead of the anticipated aromatization reaction while using
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).[®®!  Although DDQ is a powerful
oxidizing agent for dehydrogenation reactions and an effective reagent for
aromatization, Trofimov's work surprisingly reveals that DDQ reacts with the triple

bond to form cycloadducts.%®1 When compound 4,5,6,7-tetrahydroindole alkyne 93
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was treated with DDQ 94 at room temperature, compound 95 was synthesized in a
very short time in 93% yield instead of aromatized indole derivative 96 (Scheme 21).
This shows that the cyclobutene derivative is stable under ambient conditions. When
Trofimov and co-workers repeated the reaction using different heterocycle-

substituted alkynes, cycloaddition products were similarly obtained in high yields.[!

96 93 95

Scheme 21. Reactions of DDQ with electron-rich alkynes [2+2] cycloactive

reactions.

At about the same time, Diederich and his group published a study on the
reactions of DDQ with dialkylaniline-substituted alkynes.[’™™ The reaction of the
terminal alkyne attached to dimethylaniline 97 with DDQ 94 at room temperature
yielded highly stable cyclobutene derivative 98 (Scheme 22). As a contribution of
this study, cyclobutene derivatives formed as highly colored chromophoric
structures as a result of the reaction between donor-activated electron-rich alkynes
and the electron-deficient C=C double bond in DDQ . It has also been reported that
the synthesized cyclobutene structures possess properties that can be utilized in
nonlinear optical applications. Another interesting point is to obtain m-conjugated

spirocyclic D-A type systems by heating the synthesized cycloadducts to 80 °C.["%
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Scheme 22. Thermal [2 + 2] cycloaddition reaction of DDQ and dimethylanilino
acetylene.
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In addition to these pioneering studies, Shoji '* and Diederich[” published
several studies on reactions between various alkyne derivatives and DDQ that can
be used in thermal [2+2] cycloaddition reactions in the following years. Shoji and
his group worked with the new alkyne derivative 2H-cyclohepta[b]furan-2-one, also
known as heteroazulene, which can be used in thermal [2+2] cycloaddition
reactions.’! On the other hand, Diederich and his co-workers synthesized new
homoconjugated  push-pull ~ chromophores ~ with  various  N-substituted
anilinoacetylenes.[’?l Thus, new alkyne donor groups that can be used in thermal
[2+2] cyclocation reactions were introduced to the literature. Common electron-rich

alkynes used in thermal [2+2] cycloaddition reactions are shown in Figure 3.

93 97 100 101

Figure 3. Electron-rich alkyne derivatives used in thermal [2+2] cycloadditions.

Despite all these important studies, the variety of alkynes used for thermal
[2+2] cycloadditions is rather limited. Moreover, these alkynes could not be stored
in ambient conditions for a long time due to stability issues. For all these reasons,
thermal [2+2] cycloaddition reactions have not received enough attention. Another
important problem is that post-modification reactions on cycloaddition products
cannot be performed.

1.3.3 [2+2] Cycloaddition-Retroelectrocyclizations

Another important click-type reaction is [2+2] cycloaddition-
retroelectrocyclization (CA-RE) reactions. These reactions occur between electron
rich alkynes 102 and electron deficient olefin such as tetracyanoethene 103 (TCNE),
7,7,8,8-tetracyanoquinodimethane 106 (TCNQ) (Scheme 23).15% The reaction starts
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with cycloaddition to form unstable cyclobutene derivatives 104, 107 and then
spontaneous retroelectrocyclization of cyclobutene produces target donor-acceptor-
type chromophores 105, 108 under mild conditions. [2+2] CA-RE reactions are
effective and robust methods used in the synthesis of nonplanar donor-acceptor (D-
A) push-pull chromophores having low-energy and strong intramolecular charge-
transfer (ICT) bands.[”® They also display second-order nonlinear optical properties
as well as enhanced third-order nonlinear optical responses.[’¥l D-A-type push-pull
chromophores have some advantages in terms of high thermal stability, solubility in
organic solvents, less aggregation and easy sublimation for the formation high-
optical-quality amorphous thin films because of nonplanar structures.” Nonplanar
D-A push-pull chromophores are potential candidates for use in electronic and
optoelectronic devices since these compounds possess features that are essential for
device fabrications.l” Successful utilization of these molecules in optoelectronic
applications led to increasing demand for the discovery of effective atom-economic
and simple methods. Accordingly, [2+2] CA-RE reactions have attracted significant
attention in recent years as these transformations fulfill the aforementioned

expectations.[’®]

NC NC_ _CN
R NC.__CN NG R |
| —_— —_— R
f NC EDG
NC” “CN NG EDG \
EDG NC” “CN
102 103 104 105
NC_ _CN R NC i EDG
| NC /‘
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EDG: Electron donor group
R: Alkyl, Aryl, H

Scheme 23. General mechanism of [2+2] cycloaddition-retroelectrocyclization (CA-

RE) reactions.
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The first [2+2] CA-RE reaction was reported by Bruce and coworkers in
1981.11 In this study, the first organometallic 1,1,4,4-tetracyanobuta-1,3-diene
(TCBD) derivative 111 was synthesized using metal-substituted acetylide 109 and
electron-deficient olefin TCNE 103 (Scheme 24). The chemical structures of these
TCBD derivatives were confirmed by X-ray crystal structure analysis.’’! Later,
TCBD derivatives 112, 113, 114 including different metals such as tungsten, nickel,

and iron were synthesized.["8]
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Scheme 24. Mechanism for the reaction between metal-substituted acetylides and
TCNE and metal-substituted TCBD products.

In 1990, Takashi and coworkers reported the synthesis of s-cis or s-trans
TCBD structures 115a, 115b using reaction of TCNE with Pt-acetylide (Figure 4).1]
Surprisingly, these studies have not received enough attention at that time due to the
limited substrate scope.[’8! There were only a few studies on [2+2] cycloaddition-
retroelectrocyclization reactions in the literature between 1990-2005. One of them
was the synthesis of pure organic tetracyanobutadiene structures 116a, 116b having
nonlinear optical properties reported by the Jen and Suter groups.®% Another study
is by Yamashita and co-workers on the synthesis of D-A compounds 117a, 117b
using 1,3-dithiol-2-ylidene and TCNE in 2004.811 However, none of these studies

investigated structure-reactivity relationship until 2005.L761
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Figure 4. Some donor-substituted TCBD derivatives reported before 2005.

In 2005, Diederich and co-workers focused on controlling the reactivity of
alkynes, accordingly dialkylaniline-substituted alkynes were proved to be efficient
substrates in [2+2] CA-RE reactions.!®? Thus, this reaction came to the fore with
great interest. In this study, alkyne derivatives 118 and TCNE 103 reacted in a very
short time and yielded non-planar chromophores 119 in high yields (Scheme 25).
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Scheme 25. The first study of dialkylaniline-substituted alkynes in [2+2] CA-RE.
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In the following years, new alkyne substrates 120 having strong donor
substituents such as thiophene and p-methoxy groups were used in [2+2]
cycloaddition-retroelectrocyclization reactions (Scheme 26).18%1 As a result of this
study, it was revealed that these two groups did not perform well in [2+2] CA-RE
reactions as dialkylaniline derivatives. While dialkylaniline-substituted alkynes
reached full conversion within 1 hour at room temperature, thiophene and p-
methoxy-substituted alkynes required higher temperatures and longer times. Despite
these difficult conditions, target products could be synthesized successfully in 80%
and 42% yields respectively. These reactions are considered as click-type reactions

since there are no by-product formations.[”®!

NC

Ar CN
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Scheme 26. Effect of donor groups in [2 + 2] CA-RE with TCNE.

Another aspect that makes this transformation important is reaction
conditions. According to Woodward and Hoffmann rules, [2+2] cycloadditions was
considered as thermally forbidden reactions.>”] This kind of reaction normally occur
under photochemical conditions. As we mentioned earlier, Reinhoudt reported that
when olefins and alkynes with highly polarized and opposing electron density are
used, [2+2] cycloaddition reactions take place under mild thermal conditions.®7]
Therefore, [2+2] cycloaddition-retroelectrocyclization reactions selectively produce
target products in high yields even at room temperature in the dark if the proper

substrates are chosen.
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Mechanistic studies for [2+2] CA-RE are rather limited and the generally
accepted mechanism for [2+2] CA-RE has not been presented so far. In a recent
study, it was proposed via theoretical calculations that these reactions proceed
through zwitterionic intermediates (Scheme 27).41 However, this claim could not

be proven since zwitterionic intermediates could not be isolated up to now.

CN
\ / NCJ\ CN o \ p
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Scheme 27. The proposed zwitterionic mechanism for [2+2] CA-RE.

Upon realizing the significance of [2+2] CA-RE reactions in the synthesis of
D-A type chromophores, donor alkyne groups were investigated in detail. In addition
to alkynes reported in previous studies, triphenylamine derivatives 125, [
BODIPY derivatives 126,01 ynamide derivatives 127,18¢ phenothiazine
derivatives 128,185 ferrocene derivatives 129,11 azulene derivatives 130,57
cyclopenta[b]furan-2-one derivatives 131,51 tetrathiafulvalene derivatives 132,
carbazole derivatives 1331% are synthesized under different reaction conditions
(Figure 5).

<

125 126 127 128 129

130 131 132 133
R: H, Alkyl, Aryl

Figure 5. Alkynes used in [2+2] cycloaddition-retroelectrocyclization reactions.
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At the same time, studies have been carried out on electron deficient alkenes
to increase substrate diversity. For this purpose, commercially available acceptor
groups are used as well as new electron deficient groups that have been synthesized
in recent years.[% Commercially available electron deficient alkenes used in [2+2]
CA-RE reactions are tetracyanoethylene 103 (TCNE)[ 7,7.88-
tetracyanoquinodimethane 106 (TCNQ),[7d 2 3 5 6-tetrafloro-TCNQ 13418™! (F,-

TCNQ) (Figure 6).
NC CN NC CN
NCICN | F | F
l
NC CN | F | F
NC CN NC CN
103 106 134

Figure 6. Commercially available electron deficient alkenes used in [2+2] CA-RE
reactions.

The new synthesized electron deficient alkene derivatives used in [2+2] CA-
RE reactions are N,N-dimethylanilino-substituted tricyanovinyl 135,18l 2.
(dicyanomethylene)indan-1,3-dione 136,11 & N"-dicyanoquinone diimide 137,

6,6-dicyanopentafulvene 138,88 adamantanylidene malononitrile 139[8 (Figure

NC.
NC.__CN Ncl CN |N NC.__CN CN
| ° o | Ne—(
NG Ph Ph
|
NMe, N PH Ph
CN
135 136 137

138 139

Figure 7. Synthesized electron deficient alkenes used in [2+2] CA-RE reactions.

Despite all these successful synthetic studies to expand substrate diversity,
the most important problem in the literature is that electron-rich donor alkyne groups
are still quite limited. Another issue is the difficulties of long-term storage of these
donor alkyne groups under ambient conditions and isolation problems in the
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purification step because of their instability. These limitations also reduce the
diversity of m-conjugated systems that can be obtained by [2+2] CA-RE. It should
also be noted that it is not possible to perform post-modification reactions on CA-

RE products with the current substrate systems.

1.4  Aim of study

[2+2] cycloaddition and [2+2] cycloaddition-retroelectrocyclization
reactions have attracted great attention in recent years due to their several crucial
properties. However, there are still major drawbacks to be resolved. The alkyne
donor groups used in these reactions are limited and they cannot be isolated under
ambient conditions due to their instability. The second Chapter of this thesis focused
on synthesizing new electron-rich alkyne substrates that are stable under ambient
conditions in order to overcome all these synthetic limitations and to offer
alternatives to donor alkyne groups for thermal [2+2] cycloaddition reactions in the
literature. In addition, donor activities of these synthesized alkyne groups toward
cycloadditions with electron deficient DDQ were discussed. Optoelectronic
properties of synthesized chromophore structures were examined by experimental

and theoretical studies.

In Chapter 3, to provide solutions to aforementioned problems related to
donor alkynes, heterocycle (methyl indole)-substituted new donor alkynes were
synthesized. Methyl indole-substituted alkynes have never been used in CA-RE
transformations. Moreover, electron density on the nitrogen lone pair of the indole
ring is relatively free to move mesomerically compared to other heterocycles like
benzofuran and benzothiophene. Lastly, methyl indole can easily be modified to
expand substrate scope. Besides synthesis of methyl-indole-substituted alkyne
derivatives, their donor activities were tested toward [2+2] CA-RE by using TCNE
and TCNQ. At the final step, the optoelectronic properties of the synthesized push-
pull chromophores were studied both experimentally and theoretically.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1  Design and Synthesis of New Homoconjugated Push-Pull Chromophores

211 Synthesis of Triazene-Substituted Alkynes

Until now, the triazene group has been used to mask aryl iodide substrates
for branched dendrimer synthesis in dendrimer chemistry.!® Triazenes also find
application areas in medicinal chemistry.[®® However, there are no studies about the
donor-acceptor properties of triazenes in the literature. Therefore, our efforts mainly
focused on synthesizing triazene-substituted alkyne derivatives in order to test their

donor abilities.

Target alkyne substrates were designed regarding crucial properties like
donor strength, reactivity, and solubility. The target triazene-functionalized
substrates were synthesized in three steps according to the literature procedures
(Scheme 28).1U Firstly, starting with commercially available 4-iodoaniline 140,
iodo-triazene 141a-f were prepared by trapping in situ formed diazonium salt with
corresponding dialkylamines. Sonogashira cross-coupling of 141a-f with an excess
amount of ethynyl trimethylsilane afforded 142a-f at room temperature. According
to our strategy, the final step was deprotection to yield triazene-substituted alkyne
derivatives 143a-f. The alkyne products 143a-f were obtained in 30—77% yields. To
confirm synthesized structures, *H and **C NMR techniques were utilized. The NMR
studies indicated that alkyl signals are relatively broad compared to the rest of the
peaks due to restricted free rotation around the N-N bond. This result is consistent

with earlier literature studies.[®?!
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Scheme 28. Three-step synthesis of electron-rich alkynes 143a-f.

2.1.2 Synthesis of Homoconjugated Push-Pull Chromophores

In this part, donor reactivities of triazene-substituted alkyne substrates 143a-
f were tested towards formal [2+2] cycloadditions by using DDQ 94 as an acceptor
group. Therefore, the targeted push—pull homoconjugated chromophores (+)-144a-f
were synthesized from electron-rich triazene alkynes in dichloromethane at room
temperature by a one-step procedure (Scheme 29). All homoconjugated
chromophore structures (+)-144a-f possess dark-orange color due to donor-acceptor
interactions. Additionally, these chromophores are very stable under ambient

conditions compared to earlier reported cyclobutene systems.
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Scheme 29. Formal [2+2] cycloadditions of triazene-substituted electron-rich
alkynes with DDQ.

The yield of homoconjugated dyes (+)-144a-f is changing from 19% to 73%
(Table 1). In pyrrolidine substrate, yield is lower than the other substrates because of
competing oxidation reactions as reported earlier for DDQ cycloadditions.[°!
Moreover, we have not observed any correlation between the electron-donor strength
of triazene-substituted alkyne and the yields of the homoconjugated chromophores
(+)-144a-f.

Table 1. [2+2] Cycloaddition of electron-rich alkynes with DDQ.

R
Substrate R_N\§ Yield [%]
(+)-144a N 60%
(+)-144b \ 54%
et
(+)-144c G‘u y 19%
()-144d G\,\ s 53%
(@]

(£)-144e R 48%
(+)-144f \(N\ s 73%




2.2 UV/Vis Spectroscopy

UV/Vis spectroscopy display evidence for the intramolecular charge transfer
(ICT) behavior of homoconjugated chromophores at room temperature in
dichloromethane. The cycloadducts indicate intramolecular CT bands of moderate
intensity with Amax-values between 428 and 448 nm; 2.77-2.90 eV and e-values
between 3100-3800 Mt cm™ (Figure 8). When electron-donor strength increased,
the CT bands are bathochromically shifted, commonly called red shift.[’?]
Compounds (+)-144a-f appear intramolecular charge-transfer bands of moderate
intensity (e values between 3100 and 3800 M*cm™): Amax=440nm (2.82¢V,
3700 Mt cm™, (+)-144a), 442 (2.81 eV, 3800 M 1cm™L, (+)-144b), 438 (2.83 ¢V,
3100 M tem™, (£)-144c), 428 (2.90eV, 3600 M tcm™, (+)-144d), 430 (2.88 eV,
3800 Mt cm™?, (£)-144e), and 448 (2.77 eV, 3500 M cm™L, (£)-144f).
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Figure 8. UV/Vis spectra of homoconjugate chromophores (+)-144a (black line),
(+)-144b (yellow line), (+)-144c (purple line), (+)-144d (blue line), (£)-144e (red
line), and (£)-144f (green line) in CH2Cl; at 298 K.
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Homoconjugated push—pull chromophores (+)-144a-f shows positive
solvatochromism which also supports intramolecular CT interactions (Figure 9).
Less polar (e.g. toluene) solutions of chromophores (+)-144a-f are yellow and more
polar solutions (e.g. dichloromethane) are dark orange; with corresponding

bathochromic shifts for low energy bands approximately 25 nm.
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Figure 9. UV/Vis absorption spectra of chromophore (£)-144a in different solvents
at 298 K.

2.3  Computational Studies

After analyzing charge-transfer bands of the non-planar chromophores using
experimental UV/Vis studies, computational techniques were also used to
investigate optoelectronic properties of these molecules (Figure 10). As we
mentioned earlier, triazene groups were claimed to be electron-donor groups.
According to the theoretical studies, it displays that the areas covered by the HOMO
and LUMO orbitals are separated almost fully from each other. HOMO and LUMO
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frontier orbital depictions support ICT process involving transfer of electron density
from electron-rich triazene groups to the CN groups. The HOMO is localized on the
triazene unit while the LUMO is concentrated on the CN groups and electron-
deficient  dichloro-dicyano-substituted  cyclohexenedione  structure.  The
representations of these orbitals support that the structures obtained in the structures

show donor-acceptor characteristics.
a) b)
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Figure 10. HOMO-LUMO orbital depiction of a) (+)-144a and b) (+)-144d. The
upper plots represent the HOMOs, and the lower plots represent the LUMOs.

Target triazene-substituted molecules (+)-144a-f were optimized at the
B3LYP/6-31G(d)®¥ level of theory with the CPCM solvation model in CH,Cl,. The
vertical optical transitions were calculated by time-dependent density functional
theory (TD-DFT) at the CAM-B3LYP/6-31G(d) level of theory, again with the
CPCM solvation model in CH2Cl, using the software package Gaussian 09.04
Accordingly, the lowest-energy bands are mostly composed of HOMO to LUMO
excitations at around 500 nm. The computed transition energies and experimental

values are in really good agreement (Figure 11). Figure 11 shows the calculated and
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experimental UV/Vis spectra for the selected dye (+)-144a. Although the
computational results are slightly off for the high energy absorption bands, the results

for the low energy ICT band are fitting well with only 3 nm difference.
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Figure 11. Calculated (not shifted, scaled by 0.6, red line) TD-DFT.CAM-

B3LYP/6-31G* level of theory in CH2Cl> and experimental (blue line) UV/Vis
absorption spectrum of (+)-144a.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1  Design and Synthesis of New Heterocyclic Donor Group for [2+2]

Cycloaddition-Retroelectrocyclization Transformation

3.11 Synthesis of Methyl-Indole-Substituted Alkynes

Since electron-rich alkynes are highly reactive molecules, they are difficult
to store at ambient conditions. Therefore, studies with electron-rich donor alkynes
are quite limited in the literature. Our investigations on new donor alkyne derivatives
were initiated for the purpose of solving this problem in the literature. Considering
several alkyne examples known in the literature, we realized that conjugated alkyne
systems containing lone pair electrons are required to participate in the [2+2] CA-
RE transformations. With this information, the indole molecule, a heterocyclic
compound, was chosen as a donor group in this study. One of the crucial points in
choosing this compound is that the indole-substituted alkynes has not been tested for
[2+2] CA-RE chemistry. Moreover, compared to other heterocyclic structures such
as benzofuran and benzothiophene, the lone pair on heteroatom is loosely bounded
and activate alkyne group mesomerically. Additionally, the methyl indole group can

easily be coupled with different alkynes to increase substrate scope.

In the first stage of the study, starting with indole 145, the iodo indole
compound 146 was synthesized to be used in the coupling reaction in next step
(Scheme 30). Even if the Sonogashira cross-coupling reaction was tested at both
room temperature and at high temperatures by using the iodo-indole compound 146,
the desired TMS-protected alkyne 147 could not be obtained.
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Scheme 30. Effect of acidic proton on coupling reactions.

Next, we decided to use the methyl group because of the possibility that the
acidic proton attached to the indole nitrogen atom can prevent the coupling reaction.
Accordingly, 1-methyl-1H-indole was selected as the target structure. First, indole
146 was treated with KOH and Mel to yield 1-metyl-1H-indole 148 in 98% yield
(Scheme 31). [*°1 After the successful synthesis of compound 148, we attempted to
synthesize aryl halides as substrates for Sonogashira cross-coupling reactions. The
target iodo compound 149°¢! was obtained in high yield. With aryl halide 149 in
hand, TMS protected alkyne 150 was obtained via Sonogashira cross-coupling
reaction. Unfortunately, we experienced a severe instability issue during the
purification of compound 150. After a detailed literature search, we realized that a
very similar problem has also been reported before by Anderson group from Oxford
University.® Although different purification techniques (SiO2, Al,Os acidic/basic
column chromatography) were tried, the desired compound 150 could not be
obtained in acceptable amounts. In anyway, we tested the following reaction with a
small amount of isolated 150. Compound 151 was successfully synthesized in 76%
yield by the treatment of compound 150 with potassium carbonate in methanol.
These results confirm that the protecting group is crucial to reach indole-substituted

alkynes.
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Scheme 31. Synthesis of metyl-indole-substituted alkyne 151.

Since we could obtain 151 in extremely small amounts, target CA-RE

reactions could not be studied as planned (Scheme 32).

NC\

153 151 152

Scheme 32. Effect of methyl-indole-substituted alkyne reactivity in CA-RE
reactions.

Later, [2+2] CA-RE was tested with TMS protected alkyne 150 to find a
solution for stability problem. When compound 150 was treated with TCNE 103,
color of solution changed from light yellow to dark yellow-red color (Scheme 33).
This observation was consistent with the literature results and supports the formation
of a product between 150 and 103. Moreover, TLC analysis supported the formation

of dark colored product 154.
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Scheme 33. Effect of TMS protecting alkyne reactivity with TCNE.

Interestingly, the dark colored product unexpectedly decomposed in the
column chromatography stage and turned into a dark orange product during
purification process. NMR and X-ray analysis revealed the structure of this
compound as 155 (Figure 12 and Figure 13). On the other side, starting from 148,
compound 155 was synthesized by another method known in the literature. The
results obtained by both methods are compatible with each other. With this
information, we suggest that the target [2+2] CA-RE product 154 is formed but this
product turned into compound 155 with the effect of the slightly acidic silica gel

used in column packing material.

Figure 12. X-ray analysis of compound 155.
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Figure 13. *H-NMR spectrum of compound 155.

After these results, we proposed a mechanism for the formation of compound
155 (Scheme 34). According to the proposed mechanism, the reaction starts with the
elimination of CN- from compound number 154 catalyzed with the acidic
environment provided by silica gel. Unstable allene compound 154a is formed as an
intermediate and alkyne derivative 154b having TMS and CN groups. In this step,
this alkyne derivative 154b could not be isolated. In the last step, CN" anions attacks
the reactive center allene carbon, making the structure neutral and forming

compound number 155.
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Scheme 34. The formation mechanism of compound number 155.

Due to the instability problem of the indole-substituted alkynes 150 and 151
and the unsuccessful attempts towards the synthesis of desired push-pull type
chromophores, we turned our attention on how indole-substituted alkynes can be
stabilized by modifying the structures with relatively bulky electron deficient/rich
groups.

3.1.2 Synthesis of Triazene-Substituted Metyl-Indole Alkynes

Due to encountered stability issues, we have changed our research
perspective to increase the stability and activity of alkynes with possible structural
changes. Hence, the first coupling reaction was carried out with the triazene-
substituted alkyne. A new alkyne 156 was synthesized via coupling of aryl iodide
149 with diethyl triazene substrate 143a in the presence of copper and palladium

catalyst at room temperature (Scheme 34).
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Scheme 35. Synthesis of compound 156.

As expected, 156 was stable and can be stored at room conditions for months.
We presume that increase in molecular weight and possible alkyne protection by side
groups increase the stability of the compounds. After these encouraging results, we

planned to synthesize several heterocyclic donor-substituted alkynes.

3.1.3 Synthesis of Alkyne Derivatives

After the successful triazene coupling, we focused on synthesizing several
heterocyclic donor-substituted alkynes. For this purpose, we studied the synthesis of
new alkyne derivatives to couple with methyl-indole. Synthesis of selected diethyl-
aniline, Polycyclic aromatic hydrocarbon (PAH)-substituted alkynes was started.
Commercially available phenylacetylene was also selected. TMS-protected alkynes
158181 161 1991 164[°°1 and 167[°°1 were successfully synthesized starting with the
aryl halides 157, %1 160, [*°1 1631 and 166! via the Sonogashira cross-coupling
in the presence of copper and palladium. Then, aryl-substituted alkynes 159[%¢ 162,
[991 165[%91 and 16811 were accessed by deprotection using K2CO3 in a MeOH/THF
mixture in 81%, 95%, 73%, and 86% vyields, respectively (Scheme 35).
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Scheme 36. Synthesis of alkyne derivatives.
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After synthesizing alkyne derivatives, final coupling reaction of alkynes with

iodo methyl indole was carried out. All these synthesized coupling products 156,

169-173 by using Sonagashira cross coupling reaction were quite stable at room

conditions compared to methyl-indole alkyne 151 (Scheme 36).
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Scheme 37. Synthesis of disubstituted alkynes.

3.15 CA-RE of Methyl Indole-Substituted Alkynes with TCNE and
TCNQ

After solving the stability issue of the alkynes, we directed our efforts to test the
donor properties of methyl indole. For this purpose, we first investigated compound
169 as a substrate in CA-RE with TCNE even if the diethyl aniline group is well-
known electron-donating group in the literature.[21 The CA-RE of the synthesized
compound 169 and TCNE 103 was performed in 1,2-dichloroethane and the

chromophore structure 175 was successfully synthesized in 94% yield (Scheme 37).

NC
%CN
> SN 103
_ N
)=
N

) (CH,Cl),, 25 °C

94%

169 175

Scheme 38. Synthesis of 175.

47



Following this initial result, we also treated compound 169 with another
important electron-deficient alkene TCNQ 106 to yield target chromophore 176 in
99% yield (Scheme 38).

CN

ZcN
NC. _~
> CN 106
=) :
/N ) (CH,CI),, 25 °C
99%
169 176

Scheme 39. Synthesis of chromophore 176.

Initial reactions of 169 with TCNE and TCNQ clearly indicated that the
alkynes are stable and successfully forms the target push-pull chromophores.
However, it is still not clear which donor group diethyl aniline or methyl indole
activates the alkyne for the subsequent CA-RE transformation. Since diethylaniline
group is well-known donor group in CA-RE transformations, it is very important to
confirm that methyl indole itself can also activate alkyne without the help of
diethylaniline donor. Accordingly, we tested substrate 170 in CA-RE to support the
alkyne activation capabilities of methyl indole. The phenyl group in 170 behaves as
electron withdrawing group. If 170 undergoes a CA-RE with TCNE and/or TCNQ,
we can claim that alkyne group can be activated with donor methyl-indole.
Therefore, alkyne 170 was treated with TCNE and TCNQ and, as expected, this
alkyne reacted with these acceptors smoothly. As a result of the reaction, targeted
colorful chromophore structures 177 and 178 were successfully synthesized (Scheme
39).
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Scheme 40. CA-RE reactions of 170 with TCNE and TCNQ.

After confirming the donor behavior of methyl-protected indole, the [2+2]
CA-RE reaction was tried with other alkyne substrates. The CA-RE transformations
of substrates with TCNE occur under room temperature and yield is changing from
76% to 95% (Table 2). On the other hand, some of the TCNQ reactions, proceed
under relatively higher temperatures and obtained yields were changing between
80% and 99% (Table 3). The requirement of high temperature is probably due to
steric hindrance in the case of 1-napthaline, 2-napthaline and phenanthrene-
substituted substrates.

In theory, there are two expected regioisomers 178 and 178b that can be
obtained during the reaction of TCNQ and alkyne 170 (Scheme 40). However, the
reaction was fully regioselective and only provided regioisomer 178. The reason
behind this well-studied regioselectivity can be explained by resonance structures of
178a and 178c. Intramolecular charge transfer breaks the aromaticity of the indole
ring (1) while forming a better one (1), as in the case of 178a. Same resonance
stabilization is not possible for resonance structure 178¢.[54
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178b 178c
Scheme 41. Regioselective CA-RE reaction between TCNQ and alkyne 170.

For the reactions of substrates 156 and 169 with TCNQ, situation was more
complicated. Since both substrates possess two different donor substituents, aromatic
stabilization is valid for both theoretical regioisomers 176/176> and 180/180°
(Scheme 41).

180 180°

Scheme 42. Theoretical regioisomers in CA-RE reactions between TCNQ and
alkynes 169 and 156.
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Interestingly, *H and *3C NMR studies confirmed the formation of only one
regioisomer in both cases. The question was “which one?”. Our initial attempt was
2D NMR studies for structural elucidation. Unfortunately, complexity of 2D NMR
results (COSY, HSQC and HMBC) prevented us to provide conclusive evidence.
Several crystallization attempts to get X-ray proof was also failed. Luckily, chemical
shifts of indole hydrogen at the 2-position provided clear evidence for the

identification of the regioisomers.

180 178 176
5H“g1~een“ =7.41 ppm 8. _.=7.41ppm 6H“me“.. =8.55 ppm

Scheme 43. Regioisomer structure confirmation by *H NMR analysis.

As can be seen in scheme 42, protons at the 2-position (highlighted in green)
of indole ring in TCNE series 175, 177 and 179 resonate at 8.66-8.67 ppm as singlets.
When the deviation from the planarity in these molecules considered, these chemical
shifts should be the outcome of (dicyanovinyl)indole (highlighted in red)
substructures. Since the rest of structures is not in close proximity to the
corresponding hydrogens, chemical shifts have not been affected much with different

substituents such as, triazene, phenyl, and diethylaniline. In the series of TCNQ
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products, protons at the 2-positions resonate at 7.41 for 178/180 and 8.55 ppm for
176. This substantial difference in chemical shifts can be explained by the formation
of different regioisomers. It is known in literature that dialkylaniline substituents are
the best donor groups that can be utilized in the CA-RE reactions.®* Similar
structures and chemical shifts (8.66/8.67 ppm vs 8.55 ppm) for the protons at the 2
positions in compounds 175, 177, 179 and 176 confirmed that the dialkynaniline
groups are stronger donor than indole. Accordingly, regioisomer 176 has been
formed as only regioisomer. Slight difference in chemical shift should be originated
from the quinoidal ring. On the other hand, chemical shift of 7.41 ppm was observed
for compounds 178 and 180. This substantial difference in chemical shifts can only
be explained by the formation different regioisomers 178 and 180. Since there is only
one donor group (indole) in compound 178, there is no doubt at the position of
quinoidal ring (highlighted blue). With a simple comparison, it can be seen that the
chemical shift of proton at the two position of indole is same in both 178 and 180.
This concludes that quinoidal ring should also be on the side of indole ring in 180.
In conclusion, the trend in donor strength follows the order diethylaniline > indole >

diethyltriazene in corresponding series.
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CN
156,169-173 175-185

Table 2. [2+2] CA-RE of indole-substituted alkynes with TCNE.

Substrate R Yield [%]

175 M ; 94%

177 H@; 81%
179 ~\N,,¢N4®7§ 76%
_/
3
181 S 95%
183 95%
5

185 92%
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Table 3. [2+2] CA-RE of indol-substituted alkynes with TCNQ.

Substrate R Temperature Yield [%]

176 n( ) 25°C 9%

178 e 25°C 83%

N-N % 25°C 91%

180
182 QCQ 60 °C 94%

184 60 °C 80%
186 ' 60 °C 95%
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In summary, we successfully came up with a solution to the stability problem
of methyl-substituted alkynes and also synthesized new heterocyclic alkyne donor

groups that have not been used in [2+2] CA-RE reactions in the literature.

3.2  UV-Vis Spectroscopy

The efficiency of the intramolecular charge transfer (ICT) interactions in the
push-pull chromophores were measured by UV/Vis spectroscopy. Compounds 175-
185 display intramolecular CT bands of various intensity with imax-values between
359 and 442 nm; 3.46-4.48 eV and e-values between 9500 and 42000 Mt cm in
CHCI; (Figure 14). Especially, 175 and 179 display stronger CT band compared to
other TCNE products (¢ = 41963 Mt cm™ 175, ¢ =37185 Mt cm 179) Also, some
of the chromophores 183, 185 show two different moderate-intensity CT band at
different wavelengths. (367, 432, ¢ = 11786, 10370 Mt cm™ 183; 359, 395 ¢ =
18033, 16928 Mt cm™ 185). The phenyl-substituted chromophore 177 is lowest
bathochromically shifted at 332 nm. (3.74 eV, £ =18268 Mt cm™). These ICT bands
are formed as a result of conjugation between the donor and acceptor parts of the
chromophores. In products obtained by TCNE, there is correlation between electron-
donor strength and Amax-values. We observe that the ICT bands of 175 is
bathochromically shifted and more intense with increasing electron-donor strength
compared to others (imax = 475 nm, & = 41963 Mt cm™)."4 The CT bands in the
TCNE product series appear in the following sequence: imax = 332 nm (3.74 eV,
177), 359, 395 nm (3.46 eV, 3.14 eV, 185), 367, 432 nm (3.38 eV, 2.87 eV, 183),
434 nm (2.86 eV, 181), 442 nm (2.81 eV, 179), 475 nm (2.61 eV, 175).
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Figure 14. UV/Vis spectra of compounds 175 (yellow line), 177 (black line), 179
(red line), 181 (green line), 183 (dark-blue line) and 185 (purple line) in CH,CI; at
298 K.

Among all TCNE products, we selected compound 185 for solvatochromism
studies (Figure 15). Less polar solutions of 185 exhibit light-yellow color, and polar
solutions orange; with corresponding bathochromic shifts of approximately 11 nm
(0.11 eV) from pure n-hexane (Amax = 347 nm, 3.58 eV) to pure CH2Cl2 (Amax = 358
nm, 3.47 eV).
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Figure 15. UV/Vis absorption spectra of chromophore 185 in CH,Cl./n-hexane

mixtures.

The absorption maxima of the m-conjugated chromophores, obtained by
TCNQ reactions, exhibit intense CT bands (& values between 13000 and 52000 M
cm! and Amax values in the range of 402—682 nm (3.09-1.82 eV)) in CH.Cl, with
end-absorptions reaching to the NIR region (Figure 16). Similar to TCNE-based
chromophores, there is a samilar correlation between donor strength and Amax-values.
The UV/Vis absorption spectrum of phenyl-substituted derivative 178 show the low-
energy intramolecular CT band at 615 nm (2.02 eV; ¢ = 18842 Mt cm™). However,
other TCNQ-based structures feature CT transition at low energy and they are
bathochromically shifted compared to the 175-185. Diethylaniline-subtituted
chromophore 176 is the most bathochromically shifted and shows strong
intramolecular CT band at 682 nm (1.82 eV & = 51101 M cm™). Triazene-
substituted chromophore is also bathochromically shifted and feature two close CT
transitions of moderate intensity (180: A1max = 613 nm, 2.02 eV, e = 28416 Mt cm™
Land Agmax = 402 nm, 3.09 eV, £ = 29167 M~ cm™). The spectra of the napthaline-
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substituted 190 and 192 display CT bands at Amax = 654 (1.90 eV, £ = 18770 Mt cm~
1184) and 618 nm (2.00 eV, £ = 19526 Mt cm™ 186) (Figure 16). Lastly, the
phenantrene derivative 182 show the lowest-energy intramolecular CT band at 660
nm (1.88 eV; e = 13968 M~ cm™) compared to the other TCNQ products.
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Figure 16. UV/Vis spectra of compounds 176 (yellow line), 178 (black line), 180
(red line), 182 (green line), 184 (dark-blue line) and 186 (purple line) in CH,CI; at
298 K.

All TCNQ products show bathochromic shift (positive solvatochromism) that
further supports intramolecular CT interactions (Figure 17). Selected example 186
displays light purple in less polar solvent (n-hexane), and dark turquoise in more
polar solvent (DCM); corresponding bathochromic shifts of approximately 70 nm
(0.26 eV) are observed from pure n-hexane (Amax = 546 nm, 2.27 eV) to pure CH.Cl
(Amax = 616 nm, 2.01 eV).
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Figure 17. UV/Vis absorption spectra of chromophore 186 in CH,Cl./n-hexane
mixtures.

3.3  Computational Studies

After completing experimental studies and analyzing charge-transfer bands of
reported compounds using UV/Vis spectroscopy, computational studies were
utilized to examine optoelectronic properties of these molecules (Figure 18). All
calculations (DFT and TD-DFT) were performed using Gaussian 09 program
package.[*® For the computational studies, two chromophores 177 and 178 were
selected. Firstly, the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) analyses has been done. Accordingly, we
tried to explain ICT behavior in push-pull systems 177 and 178. As can be seen in
Figure 18, there is a substantial separation with distinct ovelap in frontier orbitals
supporting ICT behaviour. The HOMO is mainly localized on methyl-indole part of

the molecules and the LUMO covers cyano (CN)-rich side in selected chromophores.
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a)

Figure 18. HOMO-LUMO orbital depiction of a) 177 and b) 178. The upper plots
represent the HOMOs, and the lower plots represent the LUMOs.

The selected molecules 177 and 178 were optimized at the CAM-B3LYP/6-
31G(d)*®! level of theory with the CPCM solvation model in CH2Cl.. The vertical
optical transitions were calculated by time-dependent density functional theory (TD-
DFT) at the CAM-B3LYP/6-31G(d) level of theory, again with the CPCM solvation
model in CHCl; using the software package Gaussian 09.°41 In TCNE product 177,
the experimental UV/Vis spectra and corresponding theoretical spectra are in good
agreement in terms of Amax values (Figure 19a). Scaling of extinction coefficients was
also required (scaled by 1.5) since these values are slightly overestimated by TD-
DFT calculations. In figure 19b exhibit both theoretical and experimental UV/Vis
spectra for TCNQ molecule 178. The coherence between computed transition
energies and experimental values of compound 178 are relatively better compared to
TCNE product 177. Extinction coefficients was scaled by 2.9 since overestimation
was also seen in this case. TD-DFT results confirms charge-transfer bands originated
from HOMO to LUMO transitions in chromophores 177 and 178.

60



a) b)

30000
cN
25000 CN @ 25000 NEX O
NERX_A O
CN B N
20000 0 W NC 20000 oN — calculated
- N - N\ NC :
'E \ IE O N - €Xperimental
by ° \
L 15000 — caleulated L 1s000
= <
“ w— experimental w
10000 10000
5000 5000
250 350 450 550 650 750 E 430 530 630 730 830 930

(nm) gth (nm)

Figure 19. a) Calculated (scaled by 1.5, blue line) TD-DFT:CAM-B3LYP/6-31G(d)
level of theory in CH2Cl; and experimental UV/Vis spectrum of 177 in CH2CI; (red
line). b) Calculated (scaled by 2.9, blue line) TD-DFT:CAM-B3LYP/6-31G(d) level
of theory in CH2Cl> and experimental UV/Vis spectrum of 178 in CH.Cl; (red line).
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CHAPTER 4

CONCLUSION

In the first part of thesis, six different triazene-substituted alkyne donors were
synthesized and characterized to be used for the first time in thermal [2+2]
cycloaddition reactions. Also, these activated alkynes’ reactivity was tested toward
[2+2] cycloadditions by using DDQ as an acceptor. The reactions between alkynes
and DDQ occur in good yields under mild conditions without any catalysts. Due to
these salient properties of the method used, target new class of push-pull
chromophores were synthesized easily. Optoelectronic properties of DDQ adducts
were investigated in detail by UV/Vis Spectroscopy. All these homoconjugated
push-pull structures exhibit close intramolecular charge transfer bands in the visible
region. And also, they show positive solvatochromism. In addition to UV/Vis
studies, electronic/optical properties of homoconjugated dyes were investigated by
using computational methods. As a result of these theoretical calculations, it was
concluded that the target triazene-substituted alkynes are a highly effective donor

group.

In the second part of thesis, different methyl-indole-substituted alkyne
derivatives were synthesized via Sonagashira cross-coupling reactions as new donor
substrates for [2+2] CA-RE reactions. Structural properties of the alkynes were
characterized by using different spectroscopic techniques such as *H and **C NMR
analysis, IR, and HRMS. Their donor properties were illustrated towards [2+2] CA-
RE reactions. With these donor-substituted alkynes and acceptors (TCNE and
TCNQ), click-type CA-RE reactions provided very colorful push-pull chromophores
in high efficiency. Optoelectronic features of new TCNE and TCNQ product series
were investigated by comprehensive study, involving X-ray analysis, UV/Vis
spectroscopy, and computational analysis. Solvatochromism studies displayed red

shift providing further proof of the intramolecular CT interaction for synthesized
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chromophores. UV-Vis spectroscopy studies revealed high-energy CT bands in
TCNQ product series. Compared to TCNQ product series, TCNE products exhibit
hypsochromically shifted charge-transfer bands.
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CHAPTER 5

EXPERIMENTAL

51 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 IlI
Ultrashield 400 Hz NMR spectrometer in CDCIls. Chemical shifts & are reported in
ppm downfield from tetramethylsilane (TMS) using the residual solvent signals as
an internal reference (CDCls: 8n = 7.26 ppm, 8¢ = 77.16 ppm. For *H 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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Infrared (IR) Spectra were recorded on Thermo Scientific Nicolet iS10 ATR-IR
spectrometer. Signal locations are reported as wavenumbers (cm™). The IR band

intensities described as s (strong), m (medium), w (weak), br. (broad).

High-resolution mass spectrometry (HR-MS) was performed by the MS-service
of the National Nanotechnology Research Center (UNAM) at Bilkent University
and mass spectra recorded by LC-MS TOF electrospray ionization. Also, some
HRMS result were obtained by MS-service of METU Center Laboratory. Spectra
were processed in electro spray ionization with positive mode using Time of Flight

mass analyzer. Masses are reported in m/z units as the molecule ion as [M + H]".

5.2  Synthetic Procedure

521 General Procedure of Triazene-Substituted Compounds 141a-f(°!

4-lodoaniline (140) (1 g, 4.57 mmol, 1 equiv.) was dissolved in 38 mL of acetonitrile,
16 mL of water and 1.6 mL of concentrated hydrochloric acid was added
subsequently, and the mixture was cooled to 0 °C. A solution of 1.1 equiv. of NaNO>
(346.5 mg, 5.02 mmol) in 2 mL water was added slowly via syringe and the mixture
was stirred for 45 min at 0 °C. Then, the mixture was transferred to a flask containing
3.4 equiv. K2COs3 (2.15 g, 15.52 mmol), dialkylamine (2 equiv.) in 25 mL of HO at
0 °C. The reaction was allowed to reach room temperature and stirred at this
temperature for 2 hours before being extracted with EtOAc (3x100 mL). After
extraction, the organic phase was dried over MgSO4 and solvent was evaporated. A
column chromatography (CC) (SiO2; hexane/ethyl acetate) provided 141a-f in 78—
97% yields.
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Compound 141a:

Yield: 1.16 g; a dark-orange liquid; 84%; CC: (SiO2; 9:1 hexanes/ethyl acetate); Rt
= 0.57 (SiO2; 9:1 hexanes/ethyl acetate; *H NMR (400 MHz, CDCls, 298 K): 6 =
1.20-1.33 (m, 6 H), 3.75 (q, J = 7.2 Hz, 4 H), 7.16 (quasi d, AA’part of AA’XX’-
system, J = 8.7 Hz, 2 H), 7.61 ppm (quasi d, XX part of AA’XX’-system, J = 8.7
Hz, 2 H); *C NMR (100 MHz, CDCls, 298 K): 6 = 150.8, 137.6, 122.5, 89.0, 48.7,
41.1,14.1,11.5 ppm; HRMS: m/z calcd for C10H15IN3: 304.03141; found: 304.03052
[M + H]*.

Compound 141b:
e
END

Yield: 1.42 g; an orange liquid; 87%; CC: (SiO2; hexane); Rf = 0.82 (SiO2; 9:1
hexane/ethyl acetate); *H NMR (400 MHz, CDCls, 298 K): 6 =0.95 (t, J=7.3 Hz, 6
H), 1.35 (h, J = 7.3 Hz, 4 H), 1.58-1.72 (m, 4 H), 3.68 (t, J = 7.4 Hz, 4 H), 7.16
(quasi d, AA’part of AA’XX’-system, J = 8.6 Hz, 2 H), 7.61 ppm (quasi d, XX part
of AA’XX’-system, J = 8.6 Hz, 2 H); *C NMR (100 MHz, CDCls, 298 K): § =
151.1, 137.8, 122.6, 89.0, 54.3, 46.5, 31.1, 28.2, 20.3, 14.0 ppm; HRMS: m/z calcd
for C14H23IN3: 360.09402; found: 360.09312 [M + H]".
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Compound 141c:

Yield: 1.07 g; a yellow solid; 78%; CC: (SiOz; 9:1 hexanes/ethyl acetate); Rf = 0.32
(SiOg; 9:1 hexanes/ethyl acetate); m.p.= 112-114 °C; *H NMR (400 MHz, CDCls,
298 K): 0 = 1.98-2.06 (m, 4 H), 3.45-4.00 (m, 4 H), 7.17 (quasi d, AA’part of
AA’XX’-system, J = 8.7 Hz, 2 H), 7.61 ppm (quasi d, XX part of AA’XX’-system,
J=8.7 Hz, 2 H); 3C NMR (100 MHz, CDCl3, 298 K): 6 = 151.2, 137.9, 122.5, 89.2,
51.4,46.5, 23.9 ppm; HRMS: m/z calcd for C10H13IN3: 302.01599; found: 302.01487
[M+ H]".

Compound 141d:

Yield: 1.21 g; a yellow solid; 84%; CC: (SiOz; 9:1 hexane/ethyl acetate); Rs = 0.62
(SiOz; 9:1 hexane/ethyl acetate); m.p.= 67—69 °C; 'H NMR (400 MHz, CDCl3, 298
K): 8 =1.66-1.76 (m, 6 H), 3.73-3.83 (m, 4 H), 7.18 (quasi d, AA’part of AA’XX’-
system, J = 8.7 Hz, 2 H), 7.63 ppm (quasi d, XX part of AA’XX’-system, J = 8.7
Hz, 2 H); ppm; $3C NMR (100 MHz, CDCls, 298 K): § = 150.4, 137.7, 122.5, 89.7,
47.8,25.2,24.3 ppm; HRMS: m/z calcd for C11H1s5IN3: 316.03178; found: 316.03052
[M + H]".
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Compound 141e:

Yield: 1.17 g; a yellow solid; 81%; CC: (SiOz; 7:3 hexanes/ethyl acetate); Rf = 0.33
(SiOg; 9:1 hexanes/ethyl acetate); m.p.= 136-138 °C; *H NMR (400 MHz, CDCls,
298 K): 6 = 3.79 (dd, J = 6.0 and 4.2 Hz, 4 H), 3.85 (dd, J = 6.0 and 4.2 Hz, 4 H),
7.19 (quasi d, AA’part of AA’XX’-system, J = 8.6 Hz, 2 H), 7.66 ppm (quasi d,
XX’part of AA’XX’-system, J = 8.6 Hz, 2 H); 1*C NMR (100 MHz, CDCls, 298 K):
0 =149.7, 137.9, 122.8, 90.9, 66.4, 48.0 ppm; HRMS: m/z calcd for C1oH13IN3O:
318.00969; found: 318.00978 [M + H]".

Compound 141f:

JU

>

Yield: 1.47 g; a yellowish liquid; 97%; CC: (SiO2; 9:1 hexane/ethyl acetate); R¢ =
0.80 (SiO2; 9:1 hexane/ethyl acetate); *H NMR (400 MHz, CDCl3, 298 K): § = 1.15—
1.45 (m, 12 H), 3.85-4.15 (m, 1 H), 5.10-5.45 (m, 1 H), 7.16 (quasi d, AA’part of
AA’XX’-system, J = 8.7 Hz, 2 H), 7.61 ppm (quasi d, XX part of AA’XX’-system,
J=8.7Hz 2 H);, ppm; 3C NMR (100 MHz, CDCls, 298 K): 6 = 151.5, 137.7,
122.4,88.6, 48.9, 46.1, 23.9, 19.5 ppm; HRMS: m/z calcd for C12H19IN3: 332.06197;
found: 332.06182 [M + H]*.
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5.2.2 General Procedure of TMS-protecting Alkyne DerivativesPl

In a 100 mL two-neck round bottom flask compound 141a-f (2.50 mmol, 1 equiv.),
bis (triphenylphosphine) palladium (1I) chloride (0.075 mmol, 0.03 equiv.) and
copper iodide (0.075 mmol, 0.03 equiv.) were added. The flask was flushed with
nitrogen and triethylamine (20 mL) was added via syringe into flask, followed by
addition of trimethylsilyacetylene (2.75 mmol, 1.10 equiv.). After stirring overnight
at 25 °C, the reaction mixture was quenched with water, extracted with
dichloromethane (3 x 100 mL), dried over MgSOs4 and filtered. The solvent was
removed under reduced pressure and 142a-f was isolated in 71-91% yields by

performing column chromotograhy (CC) (SiO2; hexane/ethyl acetate).

Compound 142a:

™S

Yield: 615 mg; a brown solid; 90%; CC: (SiOz; 9:1 hexane/ethyl acetate); Rt = 0.57
(SiOz; 9:1 hexane/ethyl acetate); m.p.= 4042 °C; *H NMR (400 MHz, CDCls, 298
K): 6 =0.25 (s, 9 H), 1.21-1.32 (m, 6 H), 3.76 (q, J = 7.2 Hz, 4 H), 7.34 (quasi d,
AA’part of AA’XX’-system, J = 8.7 Hz, 2 H), 7.43 ppm (quasi d, XX’part of
AA XX -system, J = 8.7 Hz, 2 H); 3C NMR (100 MHz, CDCls, 298 K): § = 151.2,
132.7,120.3, 119.3, 105.9, 93.5, 48.4, 41.2, 13.8, 12.1, 0.2 ppm; HRMS: m/z calcd
for C1sH24N3Si: 274.17389; found: 274.17340 [M + H]".
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Compound 142b:

S

|
N
SN

T™S

Yield: 610 mg; an orange liquid; 74%; CC: (SiO2; 9:1 hexane/ethyl acetate); Rs =
0.15 (SiOz; hexane); *H NMR (400 MHz, CDCls, 298 K): 6 = 0.24 (s, 9 H), 0.95 (t,
J=7.3Hz,6H),136(h,J=7.3Hz, 4H),157-1.75(m, 4 H), 3.69 (t, J=7.3 Hz, 4
H), 7.33 (quasi d, AA’part of AA’XX’-system, J = 8.5 Hz, 2 H), 7.42 ppm (quasi d,
XX part of AA’XX’-system, J = 8.5 Hz, 2 H); *C NMR (100 MHz, CDCl3, 298 K):
0 = 151.3, 132.8, 120.3, 119.3, 106.0, 93.6, 53.0, 46.7, 31.2, 28.3, 20.4, 14.0. 0.2
ppm; HRMS: m/z calcd for C19H32N3Si: 330.23694; found: 330.23600 [M + H]".

Compound 142c:

I

™S
Yield: 611 mg; a yellow solid; 90%; CC: (SiOz; 9:1 hexanes/ethyl acetate); Rt = 0.56
(SiOz; 9:1 hexanes/ethyl acetate); m.p.= 111-113 °C; *H NMR (400 MHz, CDCls,
298 K): 0 = 0.24 (s, 9 H), 1.96-2.08 (m, 4 H), 3.60-4.00 (m, 4 H), 7.34 (quasi d,
AA’part of AA’XX’-system, J = 8.6 Hz, 2 H), 7.43 ppm (quasi d, XX’part of
AA’XX’-system, J = 8.6 Hz, 2 H); 13C NMR (100 MHz, CDCls, 298 K): 6 = 151.5,
132.9,120.3, 119.5, 105.9, 93.7, 23.9, 0.2 ppm (8 out of 9 signals expected); HRMS:
m/z calcd for C1sH22N3Si: 272.15884; found: 272.15775 [M + H]".
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Compound 142d:

Yield: 507 mg; dark brown solid; 71%; CC: (SiOz; 9:1 hexane/ethyl acetate); R =
0.78 (SiOg; 9:1 hexane/ethyl acetate); m.p.= 72—73 °C; *H NMR (400 MHz, CDCls,
298 K): 6 = 0.25 (s, 9 H), 1.65-1.77 (m, 6 H), 3.77-3.86 (m, 4 H), 7.36 (quasi d,
AA’part of AA’XX’-system, J = 8.7 Hz, 2 H), 7.44 ppm (quasi d, XX’part of
AA’XX’-system, J = 8.7 Hz, 2 H); *C NMR (100 MHz, CDCls, 298 K): 6 = 150.8,
132.7, 120.4, 119.8, 105.8, 93.7, 48.0, 25.3, 24.4, 0.2 ppm; HRMS: m/z calcd for
C16H24N3Si: 286.17390; found: 286.17340 [M + H]".

Compound 142e:

()

™S

Yield: 654 mg; a brown solid; 91%; CC: (SiO2; 9:1 hexanes/ethyl acetate); Rf = 0.36
(SiOz; 9:1 hexanes/ethyl acetate); m.p.= 86-88 °C; *H NMR (400 MHz, CDCls, 298
K): 5= 0,26 (s, 9 H), 3.74-3.80 (m, 4 H), 3.81-3.86 (m, 4 H), 7.39 (quasi d, AApart
of AA’XX’-system, J = 8.6 Hz, 2 H), 7.46 ppm (quasi d, XX part of AA’XX’-
system, J = 8.6 Hz, 2 H); 13C NMR (100 MHz, CDCls, 298 K): 6 = 150.0, 132.8,
120.8, 120.7, 105.5, 94.4, 66.4, 48.1, 0.1 ppm; HRMS: m/z calcd for C15H22N3OSi:
288.15306; found: 288.15267 [M + H]".
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Compound 142f:

PAPN

|
N
N

™S

Yield: 543 mg; a yellow solid; 72%; CC: (SiOz2; 9:1 hexane/ethyl acetate); Rs = 0.84
(SiOg; 9:1 hexane/ethyl acetate); m.p.= 82—-84 °C; *H NMR (400 MHz, CDCl3, 298
K): 6=0.25 (s, 9 H), 1.17-1.45 (m, 12 H), 3.86-4.13 (m, 1 H), 5.16-5.43 (m, 1 H),
7.34 (quasi d, AA’part of AA’XX’-system, J = 8.6 Hz, 2 H), 7.42 ppm (quasi d,
XX’part of AA’XX’-system, J = 8.6 Hz, 2 H); 1*C NMR (100 MHz, CDCls, 298 K):
0=151.8,132.8,120.2, 119.0, 106.1, 93.4, 49.1, 46.3, 23.9, 19.6, 0.2 ppm; HRMS:
m/z calcd for C17H28N3Si: 302.20591; found: 302.20470 [M + H]".

5.2.3 General procedure of Triazene-Substituted Alkynel®l

Compounds 142a-f (1.55 mmol, 1 equiv.) was dissolved in methanol (25 mL) and
potassium carbonate (5.12 mmol, 3.3 equiv.) was added to this solution. After
filtration, evaporation and column chromatography (CC) (SiO2; hexanes/ethyl
acetate) alkynes 143a-f were obtained in 30—77% vyields.

Compound 143a:

SN

Yield: 240 mg; a dark-orange liquid; 77%; CC: (SiO2; 9:1 hexanes/ethyl acetate); Rt
= 0.52 (SiOz; 9:1 hexanes/ethyl acetate); *H NMR (400 MHz, CDCls, 298 K): 6 =
1.20-1.35 (m, 6 H), 3.07 (s, 1H), 3.77 (9, J = 7.1 Hz, 4 H), 7.36 (quasi d, AA’part of
AA’XX’-system, J = 8.7 Hz, 2 H), 7.45 ppm (quasi d, XX part of AA’XX’-system,
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J = 8.7 Hz, 2 H); *C NMR (100 MHz, CDCls, 298 K): 6 = 151.5, 132.8, 120.4,
118.2, 84.3, 76.8, 48.8, 41.3, 14.2, 11.9 ppm; HRMS: m/z calcd for Ci2HieNs:
202.13434; found: 202.13387 [M + H]".

Compound 143b:

v

T

Yield: 267 mg; an orange liquid; 67%; CC: (SiOz; hexane); R = 0.14 (SiOz; 9:1
hexane/ethyl acetate); *H NMR (400 MHz, CDCl3, 298 K): 6 =0.95 (t, J=7.3 Hz, 6
H), 1.36 (h, J = 7.3 Hz, 4 H), 1.55-1.73 (m, 4 H), 3.07 (s, 1 H), 3.70 (t, = 7.4 Hz,
4 H), 7.35 (quasi d, AA’part of AA’XX’-system, J = 8.4 Hz, 2 H), 7.45 ppm (quasi
d, XX part of AA’XX’-system, J = 8.4 Hz, 2 H); 13C NMR (100 MHz, CDCls, 298
K): 6 =151.5,132.8,120.4, 118.2, 84.4, 76.7,54.5, 46.7, 31.1, 28.1, 20.3, 13.9 ppm;
HRMS: m/z calcd for C16H24N3: 258.19751; found: 258.19647 [M + H]".

Compound 143c:

Yield: 207 mg; a yellow solid; 67%; CC: (SiOz2; 9:1 hexane/ethyl acetate); Rf = 0.41
(SiOz; 9:1 hexane/ethyl acetate); m.p.= 96-98 °C; 'H NMR (400 MHz, CDCl3, 298
K): 5 =1.96-2.08 (m, 4 H), 3.07 (s, 1 H), 3.45-4.15 (m, 4 H), 7.36 (quasi d, AA’part
of AA’XX’-system, J = 8.6 Hz, 2 H), 7.45 ppm (quasi d, XX part of AA’XX’-
system, J = 8.6 Hz, 2 H); 3C NMR (100 MHz, CDCls, 298 K): § = 151.7, 132.9,
120.3, 118.2, 84.2, 76.8, 51.1, 46.4, 23.7 ppm; HRMS: m/z calcd for C12H14Ns:
200.11893; found: 200.11822 [M + H]".
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Compound 143d:

()
N
N

Yield: 205 mg; a light brown solid; 62%; CC: (SiO2; 9:1 hexane/ethyl acetate); Rf =
0.69 (SiOg; 9:1 hexane/ethyl acetate); m.p.= 53-54 °C; *H NMR (400 MHz, CDCls,
298 K): 6 = 1.67-1.76 (m, 6 H), 3.08 (s, 1 H), 3.76-3.85 (m, 4 H), 7.38 (quasi d,
AA’part of AA’XX’-system, J = 8.7 Hz, 2 H), 7.46 ppm (quasi d, XX’part of
AA’XX’-system, J = 8.7 Hz, 2 H); 13C NMR (100 MHz, CDCls, 298 K): & = 151.0,
132.8, 120.4, 118.7, 84.1, 77.05, 48.1, 25.3, 24.2 ppm; HRMS: m/z calcd for
Ci13H16N3: 214.13487; found: 214.13387 [M + H]".

Compound 143e:

()

Yield: 100 mg; a pale yellow solid; 30%; CC: (SiO2; 9:1 hexanes/ethyl acetate); Rt
= 0.45 (SiO2; 9:1 hexanes/ethyl acetate); m.p.= 154-156 °C; 'H NMR (400 MHz,
CDCl3, 298 K): 6 =3.10 (s, 1 H), 3.76-3.82 (m, 4 H), 3.83-3.89 (m, 4 H), 7.40 (quasi
d, AA’part of AA’XX’-system, J = 8.6 Hz, 2 H), 7.48 ppm (quasi d, XX part of
AA’XX’-system, J = 8.6 Hz, 2 H); *C NMR (100 MHz, CDCls, 298 K): 6 = 150.3,
133.0, 120.9, 119.8, 84.0, 77.4, 66.5, 48.0 ppm; HRMS: m/z calcd for C12H14N3O:
216.11378; found: 216.11314 [M + H]".
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Compound 143f:

PRPN

|
N
N

Yield: 227 mg; a brown solid; 64%; CC: (SiOz; 9:1 hexane/ethyl acetate); R = 0.72
(SiOg; 9:1 hexane/ethyl acetate); m.p.= 43—45 °C; *H NMR (400 MHz, CDCls, 298
K): 6= 1.15-1.45 (m, 12 H), 3.06 (s, 1 H), 3.85-4.20 (m, 1 H), 5.15-5.45 (m, 1 H),
7.36 (quasi d, AA’part of AA’XX’-system, J = 8.4 Hz, 2 H), 7.45 ppm (quasi d,
XX part of AA’XX’-system, J = 8.4 Hz, 2 H); *C NMR (100 MHz, CDCls, 298 K):
0 =152.0, 132.8, 120.2, 117.9, 84.4, 76.7, 49.0, 46.2, 23.9, 19.4 ppm; HRMS: m/z
calcd for C14H20N3: 230.16565; found: 230.16517 [M + H]".

524 General Procedure of Homoconjugated Push-Pull Chromophores®l

A solution of 143a-f (1.50 mmol, 1 equiv.) and DDQ 94 (1.80 mmol, 1.2 equiv.) in
dichloromethane (20 mL) was stirred at 25 °C until complete consumption of starting
material based on TLC analysis. Evaporation and CC (SiO2; CH2Cl) gave (+)-145a-
fin 19-73 % yields.
Compound (£)-144a:
Cl
Cl (0]
S
NC CN

N/’N\N/\

Yield: 385 mg; a dark-orange solid; 60%; CC: (SiO2; CH2Cl,); Rs = 0.11 (SiOg;
CH2Cl,); m.p.= 167—168 °C decomposition; *H NMR (400 MHz, CDCls, 298 K): 6
=1.15-1.40 (m, 6 H), 3.81 (g, J = 7.1 Hz, 4 H), 6.52 (s, 1 H), 7.45-7.53 (m, 4 H);
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13C NMR (100 MHz, CDCls, 298 K): 6 = 177.3, 176.8, 154.7, 150.6, 143.2, 142.9,
1275, 124.1, 123.2, 121.4, 112.1, 111.9, 54.8, 51.6, 49.5, 41.6, 14.5, 11.3 ppm;
UVIVis (CH2CL2): Jmax (€) = 238 (11500), 286 (13700), 352 (27600), 440 nm (3700
M-t ecm™); HRMS: m/z calcd for CaoH16CloNsO2: 428.06788; found: 428.06756 [M
+ HJ]".

Compound (£)-144b:

Cl
Cl 0}
AL

NC CN

Yield: 392 mg; a red solid; 54%; CC: (SiOz; 9:1 hexane/ethyl acetate); Rf = 0.25
(SiOz; DCM); m.p.= 173-174 °C decomposition; *H NMR (400 MHz, CDCls, 298
K): 0 =0.90-1.02 (m, 6 H), 1.27-1.44 (m, 4 H), 1.54-1.76 (m, 4 H), 3.68-3.79 (m,
4 H), 6.52 (s, 1 H), 7.42-7.53 (m, 4 H); *°C NMR (100 MHz, CDCls, 298 K): ¢ =
177.2, 176.8, 154.7, 150.4, 143.1, 142.9, 127.5, 124.0, 123.1, 121.3, 112.2, 111.9,
54.9, 54.8, 51.6, 47.1, 31.1, 28.1, 20.7, 20.0, 13.94, 13.86 ppm; UV/vis (CH2Cly):
Jmax (€) = 240 (11400), 286 (13100), 356 (28100), 442 nm (3700 M~! cm™); HRMS:
m/z calcd for C24H24CI2N502: 484.13064; found: 484.13016 [M + H]*.

Compound (£)-144c:

Cl
Cl (0}
LT
NC CN
N

N* ID

Yield: 121 mg; an orange solid; 19%; CC: (SiO2; CH2Cl,); Rs=0.33 (SiO2; CH2Cl);
m.p.= 122-124 °C decomposition; 'H NMR (400 MHz, CDCl3, 298 K): § = 1.94—
2.14 (m, 4 H), 3.60-3.82 (m, 2 H), 3.90-4.10 (m, 2 H) 6.52 (s, 1 H), 7.43-7.54 (m,
4 H); C NMR (100 MHz, CDCls, 298 K): 6 = 177.3, 176.7, 154.8, 150.5, 143.2,
143.0, 127.5, 124.1, 123.3, 121,3, 112.1, 111.9, 54.8, 51.6, 47.0, 24.0, 23.7 ppm;
UV/Vis (CH2Cl2): Amax (€) = 234 (10100), 288 (11200), 354 (23700), 438 nm (3100
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M~ cm™); HRMS: m/z calcd for C2oH14Cl2NsO2: 426.05180; found: 426.05191 [M

+HJ".
Cl
Cl o
LI
N I\O

Yield: 350 mg; a brick red solid; 53%; CC: (SiO2; DCM); Rt = 0.16 (SiO2; DCM);
m.p.= 174-175 °C; H NMR (400 MHz, CDCls, 298 K): § = 1.65-1.85 (m, 6 H),
3.80-3.95 (M, 4 H), 6.54 (s, 1 H), 7.45-7.60 (m, 4 H); 3C NMR (100 MHz, CDCls,
298 K): 0 = 177.3, 176.7, 154.2, 150.5, 143.2, 142.9, 127.5, 124.4, 123.7, 121.4,
112.1, 111.9, 54.9, 51.7, 41.5, 24.3, 22.7 ppm; UV/vis (CH2Cl2): Amax (€) = 236
(11100), 288 (13100), 352 (26200), 428 nm (3600 M cm™); HRMS: m/z calcd for
C21H16Cl2NsO»: 440.06833; found: 440.06756 [M + H]".

cl
cl o
T
N
N* ‘Nﬂ

o}

Compound (+)-144d:

Compound (+)-144e:

Yield: 318 mg; an orange solid; 48%; CC: (SiOz; 19:1 hexane/ethyl acetate); Rf =
0.72 (SiOz; 19:1 hexanes/ethyl acetate); m.p.= 172-174 °C; 'H NMR (400 MHz,
CDCls, 298 K): 6 = 3.82-3.92 (m, 8 H), 6.58 (s, 1 H), 7.48-7.57 (m, 4 H); 3C NMR
(100 MHz, CDCl3, 298 K): ¢ = 177.2, 176.6, 153.5, 150.4, 143.3, 143.1, 127.5,
125.1,124.4,121.8,112.0,111.8, 66.5, 54.8, 51.6 ppm (15 out of 16 signals); UV/vis
(CH2Cl2): Amax (€) = 234 (12100), 290 (15600), 346 (26300), 430 nm (3800 M* cm™
1: HRMS: m/z calcd for C20H14Cl2NsO3: 442.04676; found: 442.04682 [M + H]*.
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Compound (+)-144f:

Cl
Cl O
ve N L
~N.
"L

Yield: 500 mg; an orange-red solid; 73%; CC: (SiO2; CH2Cl,); Rf = 0.44 (SiO;
CH2Cl,); m.p.= 160162 °C decomposition; *H NMR (400 MHz, CDCls, 298 K): 6
=1.25(d, J = 6.7 Hz, 6 H), 1.40 (d, J = 6.7 Hz, 6 H), 4.05 (hept, J = 6.7 Hz, 1 H),
5.35 (hept, J = 6.7 Hz, 1 H), 6.51 (s, 1 H), 7.44-7.52 ppm (m, 4 H); 3C NMR (100
MHz, CDCls, 298 K): ¢ = 177.3, 176.8, 155.2, 150.6, 143.2, 143.0, 127.5, 123.7,
122.9,121.2,112.1,111.8,54.8, 51.6, 49.7, 46.9, 24.0, 19.4 ppm; UV/vis (CH2Cly):
Amax (€) = 240 (11100), 286 (12600), 360 (27100), 448 nm (3500 M ! cm%); HRMS:
m/z calcd for C22H20Cl2N502: 456.09802; found: 456.09886 [M + H]".

525 Synthetic Procedures for CA-RE products

Compound 148

o

\

To a solution of indole (1.0 g, 8.54 mmol, 1 equiv.) and potassium hydroxide (2.39 g,
42.68 mmol, 5 equiv.) in DMF (10 ml) was added iodomethane (2.42 g, 17 mmol).
The reaction mixture was stirred at room temperature for 20 min. After 20 min.,
solution was filtered by using silica column. Then H20 was added to the mixture.
The water layer was extracted with DCM (2x50 ml). The organic layer was combined
and dried over MgSOs. N-methyl-1H-indole 148 was obtained as a yellow liquid.
Yield: 692 mg; a; 62%. Rf=0.73 (SiOz; 1:1 hexanes/DCM).
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Compound 149

o8,

\

Potassium hydroxide (3.05 mmol, 2 equiv.) was added in a solution of methyl indole
(1.52mmol, 1 equiv.) in 5 mL DMF. Then, iodine was added into solution. The
reaction mixture was stirred at room temperature for 10 min and checked by TLC.
The reaction mixture is then poured into ice and water containing 10% Na>S,0z. The
white precipitate is filtered, wash with cold water, dried and weighed.®®1%% This

compound could not be characterized because of the stability problem.

Compound 157

T

)

Target synthesis was carried out by following the literature. The data obtained are
fully compatible with the literature. 4-iodoaniline 140 (6.00 g, 27.4 mmol),
iodoethane (9.0 mL, 113 mmol) and sodium carbonate (5.10 g, 48.1 mmol) mixed in
DMF (75 mL) at 70 °C for 14 h. Then, the solution was diluted with water (200 mL)
and extracted with EtOAc (200 mL). After the organic phase was washed with brine
(150 mL), it was dried over MgSO4 and evaporated under vacuum. The target
product was obtained after 157 column chromatography (SiO2; hexane) as a dark-
yellow liquid. (630 mg, 50%; R = 0.4 (SiOz; hexane)). *H NMR (400 MHz, CDCls,
298 K): 6=1.14 (t, J=7.1Hz, 6 H), 3.32 (q, J = 7.1 Hz, 4 H), 6.45 (d, J = 9.0 Hz, 2
H), 7.43 ppm (d, J = 9.0 Hz, 2 H); 3C NMR (100 MHz, CDCls, 298 K): ¢ = 147.7,
138.2, 114.6, 76.1, 44.8, 12.8 ppm. Spectral data was consistent with literature.[°]
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Compound 158

TMS

@/
/\N

J

In a 100 mL round bottom flask compound 157 (1.00 mmol, 1 equiv.), bis
(triphenylphosphine) palladium (I1) dichloride (0.09 mmol, 0.03 equiv.) and copper
iodide (0.09 mmol, 0.03 equiv.) were added. The flask was flushed with nitrogen for
30 minutes, triethylamine (15 mL) added via syringe into flask and flushed with
nitrogen for an additional 30 minutes, followed by addition of trimethylsilyacetylene
(3.40 mmol, 1,1 equiv.). After stirring overnight at 25 °C, the solvents were removed
under reduced pressure, target TMS-protected alkynes 158 were isolated in 86%
yields by performing column chromotograhy (CC) (SiO2; Hexane/EtOAc 9:1). (520
mg, 86%; Rt = 0.4 (SiO2; hexane)). *H NMR (400 MHz, CDCls, 298 K): 6 = 0.23 (s,
9H), 1.16 (t, J = 7.1 Hz, 6H), 3.35 (q, J = 7.1 Hz, 4H), 6.55 (d, J = 9.0 Hz, 2H), 7.31
(d, J = 9.0 Hz, 2H). Spectral data was consistent with literature.[°®!

Compound 159
=z
ed
J

TMS-protected alkynes (1.00 mmol, 1 equiv.) were dissolved in methanol (15 mL).
Then, potassium carbonate (9.50 mmol, 3.30 equiv.) was added to this solution. After
filtration, evaporation, and column chromatography (CC) (SiO; Hexane/EtOAc 9:1)
terminal alkynes 159 were obtained in 81% yields. *H NMR (400 MHz, CDCls, 298
K): 0 =1.17 (t, J = 7.0 Hz, 6H), 2.97 (s, 1H), 3.35 (9, J = 7.1 Hz, 4H), 6.58 (d, J =
9.0 Hz, 2H), 7.34 (d, J = 9.0 Hz, 2H). Spectral data was consistent with literature.[*l
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General procedure of Synthesis of TMS-protected alkynes 161, 164, and 167

In a 25 mL round bottom flask aryl bromide (1.00 mmol, 1 equiv.), bis
(triphenylphosphine) palladium (I1) dichloride (0.09 mmol, 0.09 equiv.) and copper
iodide (0.09 mmol, 0.09 equiv.) were added. The flask was flushed with nitrogen for
30 minutes, toluene (6 mL) and diisopropylamine (3 mL) were added via syringe
into flask and flushed with nitrogen for an additional 15 minutes, followed by
addition of trimethylsilyacetylene (3.00 mmol, 3 equiv.). After stirring overnight at
60 °C, the solvents were removed under reduced pressure, target TMS-protected
alkynes 161, 164, and 167 were isolated in 78-92% yields by performing column
chromotograhy (CC) (SiO2; c-hexane).

Compound 161:

™S
Z

pale yellow oil; 92%; CC: (SiO2; c-hexane); Rt = 0.37 (SiOg; c-hexane); *H NMR
(400 MHz, CDCls, 298 K): o = 0.41 (s, 9 H), 7.56-7.63 (m, 1 H), 7.64-7.77 (m, 3
H), 7.85 (d, J = 7.9 Hz, 1 H), 8.06 (s, 1 H), 8.44-8.54 (m, 1 H), 8.60-8.74 ppm (m,
2 H); 3C NMR (100 MHz, CDCls, 298 K): 6 = 132.6, 131.24, 131.22, 130.5, 130.1,
128.7,127.7,127.21, 127.17, 127.08, 127.05, 122.9, 122.7, 119.6, 103.4, 99.3, 0.28
ppm. Spectral data was consistent with literature.[*°]

Compound 164:

™S
=

colorless oil; 90%; CC: (SiOz; c-hexane); Rr = 0.40 (SiO2; c-hexane); *H NMR (400
MHz, CDCls, 298 K): 6 =0.33 (5,9 H), 7.41 (t, J=7.7 Hz, 1 H), 7.52 (t, J = 7.5 Hz,
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1H), 7.58 (t, J=7.6 Hz, 1 H), 7.70 (d, J = 7.1 Hz, 1 H), 7.83 (t, J = 7.5 Hz, 2 H),
8.33 ppm (d, J = 8.2 Hz, 1 H); *C NMR (100 MHz, CDCls, 298 K): 6 = 133.5, 133.2,
131.0, 129.1, 128.4, 127.0, 126.5, 126.3, 125.3, 120.9, 103.2, 99.6, 0.26 ppm.
Spectral data was consistent with literature.[°®

Compound 167:

™S
=

colorless oil; 78%; CC: (SiOz; c-hexane); R =0.33 (SiOz; c-hexane); *H NMR (400
MHz, CDCl3, 298 K): 6 =0.29 (s, 9 H), 7.44-7.54 (m, 3 H), 7.74-7.84 (m, 3 H), 8.00
ppm (s, 1 H); 3C NMR (100 MHz, CDCls, 298 K): ¢ = 133.02, 132.99, 132.1, 128.7,
128.0, 127.92, 127.87, 126.8, 126.6, 120.5, 105.6, 94.7, 0.17 ppm. Spectral data was

consistent with literature. [

Synthesis of terminal alkynes 162, 165, and 168 via TMS-deprotection

TMS-protected alkynes (1.00 mmol, 1 equiv.) were dissolved in methanol (10 mL)
and THF (10 mL) mixture. Then, potassium carbonate (5.00 mmol, 5 equiv.) was
added to this solution. After filtration, evaporation and column chromatography
(CC) (SiOg; c-hexanes) terminal alkynes 162, 165, and 168 were obtained in 73—
95% yields.

Compound 162:

=z

grey solid; 95%; CC: (SiOz; c-hexane); Rt = 0.56 (SiOz; DCM/c-hexane 1:4); *H
NMR (400 MHz, CDCls, 298 K): 0 = 3.48 (s, 1 H), 7.58-7.64 (m, 1 H), 7.65-7.74
(m, 3 H),7.86 (d,J=7.9 Hz, 1 H), 8.07 (s, 1 H), 8.42-8.52 (m, 1 H), 8.64-8.74 ppm
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(m, 2 H); **C NMR (100 MHz, CDCls, 298 K): 6 = 132.8, 131.0, 130.9, 130.4, 129.9,
128.5, 127.6, 127.0, 126.9, 126.7, 122.7, 122.5, 118.4, 81.8, 81.5 ppm (15 out of 16

signals expected). Spectral data was consistent with literature. [*°]

pale yellow solid; 73%; CC: (SiOq; c-hexane); Rt =0.55 (SiO2; DCM/c-hexane 1:4);
'H NMR (400 MHz, CDCl3, 298 K): 6 =3.49 (s, 1 H), 7.44 (t,J = 7.7 Hz, 1 H), 7.54
(t, J=6.9Hz, 1 H), 7.60 (t, J=6.9 Hz, 1 H), 7.75 (d, J = 7.1 Hz, 1 H), 7.87 (d, J =
8.3 Hz, 2 H), 8.37 ppm (d, J = 8.3 Hz, 1 H); 3C NMR (100 MHz, CDCls, 298 K): 6
= 133.6, 133.2, 131.4, 129.4, 128.4, 127.1, 126.6, 126.2, 125.2, 119.9, 82.1, 81.9

ppm. Spectral data was consistent with literature. [

Compound 165:

Compound 168:

grey solid; 86%; CC: (SiOz; c-hexane); Rf = 0.59 (SiO2; DCM/c-hexane 1:4); *H
NMR (400 MHz, CDCls, 298 K): 6 = 3.16 (s, 1 H), 7.45-7.60 (m, 3 H), 7.75-7.90
(m, 3 H), 8.04 ppm (s, 1 H); 13C NMR (100 MHz, CDCls, 298 K): § = 133.1, 132.9,
132.4,128.7, 128.2, 127.91, 127.90, 127.0, 126.8, 119.5, 84.1, 77.6 ppm. Spectral

data was consistent with literature. °%

Compound 156

lodo-indole compound 149 (391 mg, 1.52 mmol, 1 equiv.), bis (triphenylphosphine)
palladium (I1) chloride (32 mg, 0.046 mmol, 0.03 equiv.) and copper iodide (9 mg,
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0.046 mmol, 0.03 equiv.) were added to two-necked round bottom flask and allowed
to be stirred for 30 min under nitrogen atmosphere. Then, triethylamine (20 mL) was
added into the flask via syringe and the solution was degassed for additional 15 min
with nitrogen. Synthesized triazene alkyne (337 mg, 1.67 mmol, 1.1 equiv.) in
triethylamine (8 mL) was added into the reaction medium. After stirring overnight
at 25 °C, the reaction mixture was quenched with water, extracted with
dichloromethane (3x50 mL), dried over MgSO4 and filtered. The solvent was
removed under reduced pressure and product 156 was isolated by performing column
chromatography (CC) (SiOz; 9:1 c-hexane/ethyl acetate).

Yield: 156,2 mg; yellow solid; 31%. CC: (SiO2; 9:1 c-hexane/ethyl acetate); Rf =
0.37 (SiO2; 9:1 c-hexane /ethyl acetate); m.p.= 79-81 °C. *H NMR (400 MHz,
CDCls, 298 K): 6 = 1.20-1.27 (m, 6H), 3.89-3.65 (m, 7H), 7.26 (m, 2H), 7.36-7.30
(m, 2H), 7.45-7.37 (m, 2H), 7.55-7.48 (m, 2H), 7.82 ppm (m, 1H); *C NMR (100
MHz, CDCl3, 298 K): 8 = 150.6, 136.4, 132.1, 129.4, 124.0, 122.8, 120.8, 120.5,
120.43, 120.41, 109.6, 97.6, 91.7, 82.8, 47.5, 43.0, 33.18, 13.20 ppm; IR (ATR): v
= 2200 (w), 1647 (w), 1595 (m), 1326 (s), 1233 (m), 740 (s) cm*; HRMS: m/z calcd
for C21H23N4*: 331.1923; found: 331.1923 [M + H]*.

Compound 169

=0

lodo-indole compound 149 (400 mg, 1.56 mmol, 1 equiv.), bis (triphenylphosphine)
palladium (I1) chloride (33 mg, 0.047 mmol, 0.03 equiv.) and copper iodide (9 mg,
0.047 mmol, 0.03 equiv.) were added to two-necked round bottom flask and allowed
to be stirred for 30 min under nitrogen atmosphere. Then, triethylamine (20 mL) was
added into the flask via syringe and the solution was degassed for additional 15 min
with nitrogen. Synthesized N,N-diethyl-4-ethynylaniline (297 mg, 1.71 mmol, 1.1

equiv.) in triethylamine (8 mL) was added into the reaction medium. After stirring
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overnight at 25 °C, the reaction mixture was quenched with water, extracted with
dichloromethane (3x50 mL), dried over MgSO4 and filtered. The solvent was
removed under reduced pressure and product 169 was isolated by performing column
chromatography (CC) (SiO2; 9:1 hexane/ethyl acetate).

Yield: 283 mg; yellow solid; 60%. CC: (SiO2; 9:1 hexane/ethyl acetate); Rt = 0.7
(SiOz; 9:1 hexane/ethyl acetate); m.p.= 79-83 °C decomposition. *H NMR (400
MHz, CDCl3, 298K): 6 = 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), 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); *C NMR (100 MHz, CDCls, 298K); 5 = 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. IR (ATR): v* = 3050 (w), 1353 (s), 1237 (m), 817(w) cm™ (s);
HRMS: m/z calcd for Co1H23N2™: 303.1861; found: 303.1861 [M + H]".

Compound 170

lodo-indole compound 149 (223 mg, 0.87 mmol, 1 equiv.), bis (triphenylphosphine)
palladium (I1) chloride (18 mg, 0.026 mmol, 0.03 equiv.) and copper iodide (5 mg,
0.026 mmol, 0.03 equiv.) were added to two-necked round bottom flask and allowed
to be stirred for 30 min under nitrogen atmosphere. Then, triethylamine (20 mL) was
added into the flask via syringe and the solution was degassed for additional 15 min
with nitrogen. Commercially available phenylacetylene (98 mg, 0.95 mmol, 1.1
equiv.) in triethylamine (8 mL) was added into the reaction medium. After stirring
overnight at 25 °C, the reaction mixture was quenched with water, extracted with
dichloromethane (3x50 mL), dried over MgSO4 and filtered. The solvent was
removed under reduced pressure and product 170 was isolated by performing column

chromatography (CC) (SiOz; 9:1 hexane/ethyl acetate)
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Yield: 140 mg; yellow oil; 70%. CC: (SiOz; 9:1 hexane/ethyl acetate); R¢= 0.33
(SiOg; 9:1 hexane/ethyl acetate); *H NMR (400 MHz, CDCls, 298 K): § = 3.79 (s,
3H), 7.23-7.41 (m, 7H), 7.61 (dd, J = 8.1, 1.3 Hz, 2H), 7.87 ppm (d, J = 7.7 Hz, 1H).
Spectral data was consistent with literature, 292

Compound 171

lodo-indole compound 149 (167 mg, 0.65 mmol, 1 equiv.), bis (triphenylphosphine)
palladium (I1) chloride (41 mg, 0.06 mmol, 0.09 equiv.) and copper iodide (11 mg,
0.06 mmol, 0.09 equiv.) were added to two-necked round bottom flask and allowed
to be stirred for 30 min under nitrogen atmosphere. Then, toluene (6 mL) and
diisopropylamine (3 mL) was added into the flask via syringe and the solution was
degassed for additional 15 min with nitrogen. Synthesized 9-ethynylphenanthrene
(230 mg, 1.14 mmol, 1.75 equiv.) in toluene (6 mL) and diisopropylamine (3 mL)
was added into the reaction medium. After stirring overnight at 25 °C, the reaction
mixture was quenched with water, extracted with dichloromethane (3x50 mL), dried
over MgSO; and filtered. The solvent was removed under reduced pressure and
product 171 was isolated by performing column chromatography (CC) (SiO2; 9:1
hexanes/ethyl acetate).

Yield: 120 mg; yellow solid; 56%; CC: (SiOz; 9:1 hexanes/ethyl acetate); Rt = 0.29
(SiOz; 9:1 hexanes/ethyl acetate). m.p = 146150 °C; *H NMR (400 MHz, CDCls,
298K) & = 3.87 (s, 3H), 7.28-7.36 (m, 2H), 7.40 (d, J = 7.7 Hz, 1H), 7.48 (s, 1H),
7.59-7.68 (m, 2H), 7.69-7.80 (m, 2H), 7.89 (d, J = 7.8 Hz, 1H), 7.97 (d, J = 8.0 Hz,
1H), 8.09 (s, 1H), 8.63-8.75 ppm (m, 3H); 3C NMR (100 MHz, CDCls, 298K) 5 =
136.5, 132.6, 131.7, 131.4, 130.9, 130.3, 130.1, 129.4, 128.5, 127.3, 127.14, 127.12,
127.08, 127.0, 122.93, 122.89, 122.7, 120.9, 120.7, 120.4, 109.8, 97.3, 89.5, 88.1,
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33.3 ppm. IR (ATR): v™ = 3050 (w), 2195 (w), 1539 (w), 1326 (s), 875 (w) cm™?;
HRMS: m/z calcd for CosH1gN*: 331.1361; found: 331.1361 [M + H]".

Compound 172

lodo-indole compound 149 (100 mg, 3.90 mmol, 1 equiv.), bis (triphenylphosphine)
palladium (1) chloride (25 mg, 0.035 mmol, 0.09 equiv.), and copper iodide (7 mg,
0.035 mmol, 0.09 equiv.) were added to two-necked round bottom flask and allowed
to be stirred for 30 min under nitrogen atmosphere. Then, toluene (6 mL) and
diisopropylamnie (3 ml) was added into the flask via syringe and the solution was
degassed for additional 15 min with nitrogen. Synthesized 1-napthaline (163 mg,
1.07 mmol, 2.75 equiv.) in toluene (6 ml) and diisopropylamine (3ml) was added
into the reaction medium. After stirring overnight at 25 °C, the reaction mixture was
quenched with water, extracted with dichloromethane (3x50 mL), dried over MgSQOg,
and filtered. The solvent was removed under reduced pressure and product 172 was
isolated by performing column chromatography (CC) (SiO2; 9:1 hexanes/ethyl

acetate).

Yield: 90 mg; yellow solid; 82%. CC: (SiO2; 9:1 hexane/ethyl acetate); Rf= 0.26
(SiOz; 9:1 hexanes/ethyl acetate); m.p.= 128-132 °C. *H NMR (400 MHz, CDClj,
298K) & = 3.86 (s, 3H), 7.27-7.35 (m, 2H), 7.39 (d, J = 7.7 Hz, 1H), 7.45 (s, 1H),
7.48 (d,J=7.9 Hz, 1H), 7.54 (t, J = 7.7 Hz, 1H), 7.62 (t, J = 7.6 Hz, 1H), 7.78 (d, J
=7.1Hz, 1H), 7.81 (d, = 8.2 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.93 (d, J = 7.8 Hz,
1H), 8.56 ppm (d, J = 8.3 Hz, 1H); *3C NMR (100 MHz, CDCls 298K) & = 136.5,
133.4, 133.2, 132.5, 129.7, 129.3, 128.4, 128.0, 126.7, 126.6, 126.4, 125.5, 122.9,
122.2, 120.6, 120.4, 109.8, 97.3, 89.3, 88.4, 33.2 ppm; IR (ATR): v* = 2964 (w),
2197 (w), 1510 (w), 1271 (s), 742 (w) cm™t; HRMS: m/z calcd for CaiHisN™:
281.1204; found: 281.1212 [M + HJ".
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Compound 173

N7 QQ

lodo-indole compound 149 (257 mg, 1 mmol, 1 equiv.), bis (triphenylphosphine)
palladium (I1) chloride (63 mg, 0.09 mmol, 0.09 equiv.) and copper iodide (17 mg,
0.09 mmol, 0.09 equiv.) were added to two-necked round bottom flask and allowed
to be stirred for 30 min under nitrogen atmosphere. Then, toluene (6 mL) and
diisopropylamine (3 mL) was added into the flask via syringe and the solution was
degassed for additional 15 min with nitrogen. Synthesized 2-napthaline (266 mg,
1.75 mmol, 1.75 equiv.) in toluene (6 mL) and diisopropylamine (3 mL) was added
into the reaction medium. After stirring overnight at 25 °C, the reaction mixture was
quenched with water, extracted with dichloromethane (3x50 mL), dried over MgSO4
and filtered. The solvent was removed under reduced pressure and product 173 was
isolated by performing column chromatography (CC) (SiO2; 9:1 hexanes/ethyl

acetate).

Yield: 240 mg; dark-yellow solid; 85%; CC: (SiOz2; 9:1 hexanes/ethyl acetate); Rt =
0.33 (SiO2; 9:1 hexanes/ethyl acetate). m.p = 118-122 °C. 'H NMR (400 MHz,
CDCls, 298K) 6 = 3.84 (s, 3H), 7.23-7.28 (m, 1H), 7.29-7.34 (m, 1H), 7.35-7.39
(m, 2H), 7.46-7.52 (m, 2H), 7.62 (dd, J = 8.5, 1.4 Hz, 1H), 7.80-7.84 (m, 3H), 7.88
(d, J=7.8 Hz, 1H), 8.06 ppm (s, 1H); *C NMR (100 MHz, CDCls, 298K) & = 136.3,
133.3, 132.50, 132.46, 130.6, 129.2, 128.6, 128.0, 127.8, 127.7, 126.5, 126.3, 122.8,
121.8, 120.5, 120.3, 109.7, 97.1, 91.6, 83.9, 33.1 ppm; IR (ATR): v* = 2965 (w),
22202 (w), 1510 (w), 1270 (s), 818 (w) cmt; HRMS: m/z calcd for CaiHisN':
281.1204; found: 281.1204 [M + H]".

Synthesis of TCNE Products 175-185

A solution of indole-substituted-alkyne 156, 169-173 (1 equiv.) and TCNE
103 (1 equiv.) in 1,2-dichloroethane (5 mL) was stirred at 25 °C until complete
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consumption of starting material based on TLC analysis (approximately 24h).
Evaporation and CC (SiO2; CH.Cl) gave target product 175-185 in 94%, 76%, 95%

yield, respectively.

Compound 175

>
& e W, “>
N
Yield: 47 mg; dark orange-red solid; 94%; CC: (SiO2; DCM); Rt =0.41 (SiO2;DCM).
m.p = 247-251 °C decompose. *H NMR (400 MHz, CDCls, 298K); § = 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, CDCls, 298K); § = 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. IR (ATR): v~ = 2976 (w), 2217 (w), 1602
(m), 1277 (s), 1191 (m) cm™; HRMS: m/z calcd for Ca7H23Ng: 431.1984; found:
431.1984 [M + HJ".

Compound 177

Yield: 52 mg; dark red-orange solid; 81%; CC: (SiO2; DCM); Rt = 0.27 (SiO2;DCM).
m.p = 178-182 °C; 'H NMR (400 MHz, CDCls, 298K); & = 4.01 (s, 3H), 7.29 (t, J =
7.1 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.43 (t, J = 7.1 Hz, 1H), 7.49 (d, J = 8.2 Hz, 1H),
7.55 (t, J = 7.5 Hz, 2H), 7.66 (t, J = 7.6 Hz, 1H), 7.84 (d, J = 7.5 Hz, 2H), 8.67 ppm (s,
1H); 3C NMR (100 MHz, CDCls, 298K); 5 = 168.1, 159.6, 137.7, 137.1, 134.4, 131.1,
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129.8, 129.7, 125.0, 124.9, 124.5, 120.1, 114.8, 112.5, 111.9, 111.4, 110.9, 109.2, 86.6,
73.6, 34.6 ppm. IR (ATR): v~ = 2219 (w), 1496 (w), 1316 (5), 744 (w) cm™'; HRMS:
m/z calcd for C23sH14Ns™: 359,1171; found: 359.1183 [M + H]".

Compound 179

Yield: 63,2 mg; dark-red-orange solid; 76%; CC: (SiO2; DCM); Rt =0.5 (SiOg;
DCM); m.p = 102-104 °C decomposition. *tH NMR (400 MHz, CDCls, 298K); & =
1.22 (t, J=7.2 Hz, 3H), 1.35 (t, J = 7.2 Hz, 3H), 3.82 (q, J = 7.2 Hz, 4H), 3.99 (s,
3H), 7.24 (t, J =8.1 Hz, 1H), 7.35 (d, J =8.4 Hz, 1H), 7.38 (t, J = 7.1 Hz, 1H), 7.45
(d, J=8.2 Hz, 1H), 7.52 (quasi d, AA’part of AA’XX’-system, J = 8.8 Hz, 2H), 7.88
(quasi d, XX’part of AA’XX’-system, J = 8.8 Hz, 2H), 8.66 ppm (s, 1H) ; 3C NMR
(100 MHz, CDCl3, 298K); 6 =166.9, 160.9, 156.9, 138.0, 137.2, 131.7, 127.1, 125.4,
125.0,124.6,121.8,120.7,115.3,113.3,112.9, 112.2, 111.5, 109.9, 81.9, 74.0, 50.0,
42.3,34.8,14.5, 11.3 ppm ; IR (ATR): v™ = 2924 (m), 2219 (m), 1595 (m), 1497 (m),
1452 (m), 1161 cm™' (m).; HRMS: m/z calcd for Ca7H23Ns*: 459.2046; found:
459.2046 [M + H]".

Compound 181

Yield: 80 mg; dark orange-red solid; 95%; CC: (SiO2; DCM); Rt = 0.43 (SiO2;DCM).
m.p= 238-244 °C decompose. *H NMR (400 MHz, DMSO-ds, 298K); & = 3.93 (s,
3H), 7.30-7.50 (m, 2H), 7.65 (d, J = 6.2 Hz, 1H), 7.74-7.89 (m, 5H), 8.15 (d, J = 7.3
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Hz, 1H), 8.37 (d, J = 6.6 Hz, 1H), 8.54 (s, 1H), 8.73 (s, 1H), 8.86-9.00 ppm (m, 2H).;
13C NMR (100 MHz, DMSO-dg, 298K) & = 166.3, 159.2, 139.8, 138.1, 133.8, 131.6,
130.5, 130.4, 130.1, 129.7, 129.5, 128.2, 128.0, 127.8, 127.2, 125.9, 124.4, 124.1,
124.0, 123.2, 122.9, 121.8, 114.6, 113.8, 112.7, 112.2, 111.9, 110.6, 93.8, 77.5, 34.1
ppm. IR (ATR): v~ = 2202 (w), 1600 (m), 1507 (w), 1355 (s), 745 (w) cm™t; HRMS:
m/z calcd for Ca1H1sNs": 460.1562; found: 460.1562 [M + H]".

Compound 183

Yield: 56 mg; dark red-orange solid; 92%; CC: (SiO2; DCM); Rt = 0.33 (SiO2; DCM).
m.p = 146-150 °C. *H NMR (400 MHz, CDCls, 298K); § = 4.03 (s, 3H), 7.32 (t, J =
7.6 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 7.52-7.59 (m, 3H), 7.67 (m, 2H), 7.79 (d, J =
7.2 Hz, 1H), 7.99-8.03 (m, 1H), 8.08 (d, J = 8.0 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H),
8.51 ppm (s, 1H); *C NMR (100 MHz, CDCls, 298K); § = 167.2, 160.6, 138.2, 137.3,
135.7, 134.1, 131.9, 130.4, 129.9, 129.8, 128.9, 127.8, 125.4, 125.2, 125.1, 125.0,
124.6, 120.4, 115.2, 112.8, 112.2, 111.9, 111.2, 110.5, 91.3, 75.8, 34.9 ppm; IR
(ATR): v~ = 2216 (w), 1607 (m), 1502 (w), 1357 (s), 745 (w) cm™!; HRMS: m/z calcd
for Co7H1sNs": 409.1327; found: 409.1328 [M + H]".

Compound 185

Yield: 69 mg; dark orange-red solid; 95%; CC: (SiO2; DCM); Rt = 0.52 (SiO2;DCM).
m.p = 140-144 °C. *H NMR (400 MHz, CDCls, 298K); 8= 4.03 (s, 3H), 7.22-7.28
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(m, 1H), 7.36-7.44 (m, 2H), 7.50 (d, J = 8.2 Hz, 1H), 7.60 (dd, J = 8.0, 7.1 Hz, 1H),
7.69 (t, J = 7.6 Hz, 1H), 7.88-7.92 (m, 3H), 7.98 (d, J = 8.8 Hz, 1H), 8.34 (s, 1H),
8.73 ppm (s, 1H); 3C NMR (100 MHz, CDCls, 298K); 6= 168.1, 160.1, 138.0, 137.5,
135.8, 132.61, 132.56, 130.3, 130.1, 130.0, 128.6, 128.1, 128.0, 125.2, 125.1, 124.7,
124.5, 120.4, 115.2, 113.0, 112.6, 111.7, 111.5, 109.6, 86.1, 73.7, 34.8 ppm; IR
(ATR): v~ = 2222 (w), 1506 (m), 1461 (w), 1320 (s), 747 (W) cm™t; HRMS: m/z calcd
for Co7H16Ns": 410.1406; found: 410.1406 [M + H]".

Synthesis of TCNQ Products 176-180

A solution of indole-substituted-alkyne 156, 169, and 170 (1 equiv.) and TCNQ 106
(1.5 equiv.) in 1,2-dichloroethane (5 mL) was stirred at 25 °C until complete
consumption of starting material based on TLC analysis (approximately 24 h).
Evaporation and CC (SiO2; DCM) gave target product in 99%, 83% and 91% yield

respectively.

Compound 176

Yield: 86 mg; dark-green solid; 99%; CC: (SiO2; DCM); Rt = 0.15 (SiO2;DCM). m.p
= 252-256 decompose; 'H NMR (400 MHz, CDCls, 298K); § = 1.24 (t, J = 7.1 Hz,
6H), 3.46 (g, 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 =95, 1.6 Hz, 1H), 8.55 ppm (s, 1H); 3C NMR (100 MHz, CDCls, 298K); & =
165.8, 154.6, 153.5, 151.4, 137.8, 135.9, 135.5, 134.7, 129.8, 125.9, 125.0, 124.6,
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124.2, 123.9, 122.9, 121.2, 116.0, 115.5, 115.4, 113.9, 1125, 112.4, 111.1, 75.8,
69.3, 45.1, 34.6, 12.8 ppm (28 out of 29 signals expected); IR (ATR): v- = 2197 (w),
1611 (m) 1537 (w), 1324 (s), 744 (w) cmt; HRMS: m/z calcd for CasHz7Ne':
507.2297; found: 507.2297 [M + H]".

Compound 178

Yield: 76 mg; dark-blue solid; 83%; CC: (SiO2; DCM); Rf = 0.12 (SiO2;DCM). m.p
= 183-187; 'H NMR (400 MHz, CDCls, 298K); § = 3.92 (s, 3H), 7.00 (dd, J = 9.6,
1.8 Hz, 1H), 7.15 (dd, J = 9.6, 1.8 Hz, 1H), 7.26-7.32 (m, 2H), 7.37-7.44 (m, 3H),
7.48 (t, J = 7.9 Hz, 2H), 7.52-7.59 (m, J = 7.6 Hz, 2H), 7.66 (dd, J = 9.6, 1.9 Hz,
1H), 7.74 ppm (d, J = 7.5 Hz, 2H); **C NMR (100 MHz, CDCls, 298K); 5 = 171.4,
154.1, 145.4, 138.0, 136.3, 135.4, 134.3, 133.60, 133.55, 131.9, 129.6, 126.2, 125.2,
124.8, 124.6, 123.3, 120.0, 114.3, 114.2, 112.8, 111.9, 110.9, 86.8, 72.8, 33.9 ppm
(25 out of 27 expected signals observed).; IR (ATR): v™ = 2205 (w), 1603 (m) 1510
(w), 1251 (s), 756 (W) cm™*; HRMS: m/z calcd for CaoHi1sNs™: 436.1562; found:
436.1563 [M + H]".

Compound 180

Yield: 47.2 mg; dark-green solid; 91%; CC: (SiO2; DCM); R¢= 0.30 (SiO2; DCM).
m.p.= 149-152 °C (decomposition); *H NMR (400 MHz, CDCls, 298K) 6 =1.21 (t,
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J=7.1Hz,3H),1.34 (t, J=7.1 Hz, 3H), 3.80 (q, J = 7.1 Hz, 4H), 3.91 (s, 3H), 7.01
(dd, J =9.5, 1.9 Hz, 1H), 7.14 (dd, J = 9.5, 2.0 Hz, 1H), 7.23-7.31 (m, 2H), 7.35—
7.42 (m, 3H), 7.46 (quasi d, AA’part of AA’XX’-system, J = 8.8 Hz, 2H), 7.55 (d, J
=8.1Hz, 1H), 7.68 (dd, J = 9.6, 1.9 Hz, 1H), 7.78 ppm (quasi d, XX part of AA’XX-
system, J = 8.8 Hz, 2H); 3C NMR (100 MHz, CDCls, 298K) § = 170.3, 155.8, 154.4,
146.7,138.1, 136.4, 135.4, 133.9, 131.5, 131.3, 129.9, 126.2, 124.9, 124.54, 124.45,
123.2, 121.2, 120.2, 114.58, 114.55, 114.4,113.7, 112.8, 110.7, 82.7, 71.9, 49.5,
41.8,33.9, 14.1, 10.9 ppm. IR (ATR): v* =2200 (w), 1595 (m), 1457 (m), 1304 (s),
1506 (s) cm™%; HRMS: m/z calcd for CasH27Ng*: 535,2359; found: 535.2358 [M +
H]".

Synthesis of TCNQ Products 182, 184, 186

A solution of indole-substituted-alkyne 171-173 (1 equiv.) and TCNQ 106 (1.5
equiv.) in 1,2-dichloroethane (5 mL) was stirred at 60 °C until complete consumption
of starting material based on TLC analysis (approximately 24h). Evaporation and
CC (SiO2; DCM) gave target product 182-186.

Compound 182

Yield: 99 mg; dark-green solid; 94%; CC: (SiO2; DCM); R¢= 0.26 (SiO2; DCM).
m.p = 234-238 °C; 'H NMR (400 MHz, CDCls, 298K); & = 3.88 (s, 3H), 7.05 (d, J
=7.6, 1.3 Hz 1H), 7.22 (dd, J = 9.5, 1.6 Hz, 1H), 7.24-7.31 (m, 2H), 7.34-7.42 (m,
3H), 7.54 (dd, J=9.5, 1.7 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.63-7.71 (m, 2H), 7.75
(t, J = 7.7 Hz, 1H), 7.80 (t, J = 7.7 Hz, 1H), 7.92 (d, J = 7.9 Hz, 1H), 8.02 (s, 1H),
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8.13 (d, J = 8.2 Hz, 1H), 8.68 (d, J = 8.4 Hz, 1H), 8.76 ppm (d, J = 8.4 Hz, 1H); 13C
NMR (100 MHz, CDCl3, 298K) 6 =170.9, 153.9, 146.4, 138.2, 136.8, 136.5, 134.8,
133.7, 133.23, 133.18, 132.2, 131.1, 130.4, 130.2, 129.9, 128.3, 128.0, 127.94,
127.85, 127.1, 125.8, 125.4, 125.1, 124.9, 124.2, 123.5, 123.0, 120.1, 115.6, 114.5,
114.4,113.3,112.3,111.2, 91.7, 74.1, 34.2 ppm. IR (ATR): v" = 2203 (w), 1598 (m),
1505 (w), 1345 (s), 738 (w) cm™L; HRMS: m/z calcd for Ca7H22Ns*: 536.1875; found:
536.1874 [M + H]".

Compound 184

Yield: 69 mg; dark-green solid; 95%; CC: (SiO2; DCM); Rt = 0.27 (SiO2;DCM). m.p
=193-195 °C. 'H NMR (400 MHz, CDCls, 298K); & = 3.90 (s, 3H), 7.04 (dd, J = 9.6,
1.6 Hz, 1H), 7.14 (dd, J = 9.6, 1.6 Hz, 1H), 7.20 (dd, J = 9.6, 1.8 Hz, 1H), 7.27-7.30
(m, 1H), 7.36-7.44 (m, 3H), 7.51-7.65 (m, 5H), 7.75 (d, J = 7.2 Hz, 1H), 7.92-7.97
(m, 1H), 8.05 ppm (dd, J = 8.1, 2.8 Hz, 2H); 3C NMR (100 MHz, CDCls, 298K) & =
171.0, 154.0, 146.6, 138.2, 137.0, 136.5, 134.4, 134.2, 134.1, 133.9, 133.7, 130.7,
129.9, 129.8, 128.7, 127.4, 127.0, 125.7, 125.2, 124.9, 124.0, 123.4, 120.2, 115.6,
114.6, 1145, 113.3, 112.2, 111.2, 91.6, 73.7, 34.2 ppm. (32 out of 33 signals
expected); IR (ATR): v = 2228 (w), 1600 (m), 1504 (w), 1332 (s), 754 (w) cm™*;
HRMS: m/z calcd for C33H20Ns": 485.1640; found: 485.1639 [M + H]".
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Compound 186

Yield: 69 mg; dark-turquoise solid; 80%; CC: (SiO2; DCM); Rt = 0.38 (SiO2;DCM).
m.p = 175-179 °C. 'H NMR (400 MHz, CDCls, 298K); 6 = 3.91 (s, 3H), 7.05 (dd, J
= 9.5, 1.7 Hz, 1H), 7.14 (dd, J = 9.5, 1.7 Hz, 1H), 7.25-7.32 (m, 2H), 7.35-7.43 (m,
2H), 7.45 (s, 1H), 7.54-7.62(m, 2H), 7.64 (t, J = 6.9 Hz, 1H), 7.71 (dd, J = 9.6, 1.7
Hz, 1H), 7.79 (dd, J = 8.7, 1.7 Hz, 1H), 7.86 (d, J = 8.7 Hz, 2H), 7.91 (d, J = 8.7 Hz,
1H), 8.26 ppm (s, 1H).; *C NMR (100 MHz, CDCls, 298K); § = 171.6, 154.4, 146.0,
138.4, 136.7, 135.7, 135.4, 134.0, 132.7, 132.3, 132.03, 132.00, 130.0, 129.9, 129.8,
128.1, 127.9, 126.5, 125.5, 125.1, 124.9, 124.8, 123.6, 120.3, 114.7, 114.6, 113.5,
112.5, 111.2, 86.7, 72.9, 34.3 ppm (32 out of 33 signals expected); IR (ATR): v~ =
2202 (w), 1600 (m), 1430 (w), 1337 (s), 740 (w) cm™!; HRMS: m/z calcd for
CasH20Ns*: 486.1719; found: 486.1719 [M + H]".
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APPENDICES

A. H and *C NMR Spectra
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Figure 20. *H NMR spectrum of 141a in CDCls solution (400 MHz).
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Figure 21. **C NMR spectrum of 141a in CDCls solution (100 MHz).
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Figure 27. 13C NMR spectrum of 141d in CDCls solution (100 MHz).
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Figure 29. 13C NMR spectrum of 141e in CDCls solution (100 MHz).
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Figure 30. *H NMR spectrum of 141f in CDCls solution (400 MHz).
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Figure 32. *H NMR spectrum of 142a in CDCls solution (400 MHz).
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Figure 33. *3C NMR spectrum of 142a in CDCls solution (400 MHz).
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Figure 50. *H NMR spectrum of 143d in CDClIs solution (400 MHz).
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Figure 52. *H NMR spectrum of 143e in CDCls solution (400 MHz).
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Figure 56. *H NMR spectrum of (+)-144a in CDCls solution (400 MHz).
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Figure 57. 13C NMR spectrum of (+)-144a in CDClIs solution (100 MHz).
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Figure 58. 'H NMR spectrum of (+)-144b in CDCl; solution (400 MHz).
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Figure 59. 1*C NMR spectrum of (£)-144b in CDClIs solution (100 MHz).
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Figure 68. *H NMR spectrum of 148 in CDCls solution (400 MHz).
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Figure 69. 'H NMR spectrum of 157 in CDCls solution (400 MHz).
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Figure 73. *H NMR spectrum of 161 in CDCls solution (400 MHz).

80—

¥8'9L
wﬂ.kw
8v'LL

6766 —
6€°€0T —
v9'6T1
eLeet
§8'¢TT

§0°L2T
80°LT1
JAYAal
1Lt

89'/¢T
oL'8e1 /¢
PT°0ET
05°0€T
[catat
YT IET
95'Z€1

Figure 74. 13C NMR spectrum of 161 in CDCls solution (100 MHz).
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Figure 75. *H NMR spectrum of 162 in CDCls solution (400 MHz).
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Figure 76. 1*C NMR spectrum of 162 in CDClIs solution (100 MHz).
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Figure 81. *H NMR spectrum of 167 in CDCls solution (400 MHz).

10—

¥8'9L
oﬁ.nnw
8¥'LL

99'v6 —

65°S0T —

€5°02T —
$9°9¢1
98'9¢1T V.

L8171
[4:yaa
00821

18T
PTCET
66°CET
coeeT

TMS

A\

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
f1 (ppm)

200

Figure 82. 13C NMR spectrum of 167 in CDCls solution (100 MHz).
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Figure 83. 'H NMR spectrum of 168 in CDCls solution (400 MHz).
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Figure 84. 1*C NMR spectrum of 168 in CDClIs solution (100 MHz).
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Figure 85. 'H NMR spectrum of 156 in CDCls solution (400 MHz).
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Figure 86. 1*C NMR spectrum of 156 in CDCI3 solution (100 MHz).
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Figure 93. *C NMR spectrum of 172 in CDCI3 solution (100 MHz).
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Figure 94. *H NMR spectrum of 173 in CDCls solution (400 MHz).
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Figure 95. 1*C NMR spectrum of 173 in CDClI3 solution (100 MHz).
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Figure 96. *H NMR spectrum of 179 in CDCls solution (400 MHz).
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Figure 97. ¥*C NMR spectrum of 179 in CDClI3 solution (100 MHz).
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Figure 98. 'H NMR spectrum of 180 in CDCls solution (400 MHz).
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Figure 99. 1*C NMR spectrum of 180 in CDClI3 solution (100 MHz).
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Figure 100. *H NMR spectrum of 175 in CDCls solution (400 MHz).
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Figure 101. **C NMR spectrum of 175 in CDClI3 solution (100 MHz).
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Figure 102. *H NMR spectrum of 176 in CDCls solution (400 MHz).
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Figure 103. **C NMR spectrum of 176 in CDCI3 solution (100 MHz).
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Figure 104. 'H NMR spectrum of 177 in CDCls solution (400 MHz).
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Figure 105. 1*C NMR spectrum of 177 in CDClIs solution (100 MHz).
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Figure 106. *H NMR spectrum of 178 in CDCls solution (400 MHz).
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Figure 109. *C NMR spectrum of 181 in DMSO solution (100 MHz).
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Figure 110. *H NMR spectrum of 182 in CDCls solution (400 MHz).
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Figure 111. **C NMR spectrum of 182 in CDClI3 solution (100 MHz).
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Figure 113. **C NMR spectrum of 183 in CDClI3 solution (100 MHz).
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Figure 114. *H NMR spectrum of 184 in CDCls solution (400 MHz).
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Figure 115. **C NMR spectrum of 184 in CDClI3 solution (100 MHz).
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Figure 118. *H NMR spectrum of 186 in CDCls solution (400 MHz).
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Figure 120. IR Spectrum of Compound 156
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Figure 122. IR Spectrum of Compound 180
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Figure 124. IR Spectrum of Compound 175
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Figure 127. IR Spectrum of Compound 178
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Figure 128. IR Spectrum of Compound 171
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Figure 129. IR Spectrum of Compound 181
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Figure 130. IR Spectrum of Compound 182
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Figure 134. IR Spectrum of Compound 173
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C. HRMS

Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM /[ DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Meonoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:21-21 H:22-23 N:44
Cagatay Dengiz

32149_20210326_01-03 2 (0.104) Cm (1:7)

331.1823

10

338.1857

Minimum: -3.3

Maximum: 1000.0 1000.0 1000.0

Mass Calc. Mass mDa FFM DEE i-FIT i-FIT
331.1923 331.1923 0.0 0.0 12.5 334.8 0

Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:27-27 H:22-23 N:8-8

Cagatay Dengiz

32149 _20210326_02-06 21 (0.829) Cm (16:22)

4592046

10

4602084

432 2398 461.2218 4

435.0 440.0 445.0 4500 4550 460.0 465.0 470.0 4750

Minimum: -5.5

Maximum: 1000.0 1000.0 1000.0

Mass Calc. Mass mDa FFM DBE i-FIT i-FIT
455, 2046 45%.2046 0.0 0.0 20.5 515.5 0.

173

339.7100

68.4444 4752043 483 54574853087

Page 1

N-N

1: TOF M3 ES+
4.04e+004

{Norm) Formula

C21 H23 N4

Page 1

1: TOF MS ES+
2 68e+005

4987996
miz

(Norm) Formula

c27 H23 N8



Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM /[ DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:33-33 H:26-27 N:8-8

Cagatay Dengiz
32149_20210326_03-04 25 (0.965) Cm (17:25) 1: TOF MS ES+
4.70e+004
10 540.4258
541.4063
535.2358
5342291, 536.2421
521.6487 542 4005
! 527.3719 3480 533.3152 537.2550
|| 524.4731 | 3 ( | 5444083 549 1719550.2207
520.0 5225 525.0 5215 530.0 5325 5350 5315 540.0 5425 5450 5475 550.0

Minimum: -5.5
Maximum: 1000.0  1000.0  1000.0
Mass Calec. Mass mDa FFM DRE i-FIT i-FIT (Norm) Formula
535.2358  535.2359 -0.1 -0.2 24.5 243.2 0.0 33 H27 N8
Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM /[ DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:21-21 H:22-23 N:2-2

‘Cagatay Dengiz

32149_20210326_06-01 12 (0.484) Cm (1:17) 1: TOF M3 ES+
4.07e+006

10 303.1861

2082108 300.2220  302.1837 305.1942 306.1788

7.6575310.1277 3121270 314.1840

2820 2840 206.0 268.0 300.0 302.0 304.0 306.0 308.0 31000 320
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Cale. Mass mDa EFM DBE i-FIT i-FIT {(Norm) Formula
303.1881 303.1861 0.0 0.0 11.5 B9B.5 0.0 C21 H23 N2
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM [ DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT =3

Monoisotopic Mass, Even Electron lons

1 fermula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:27-27 H:22-23 N:6-6

Cagatay Dengiz

32149_20210326_07-03 6 (0.260) Cm (1:6) 1: TOF MS ES+
1.98e+005

10 4311984

439 2036

4151508

415.0 4200 4250 4300 4350 440.0 4450 450.0 455.0 e
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FFM DBE i-FIT i-FIT (Norm) Formula
431.1984 431.1984 0.0 0.0 19.5 439.7 0.0 C27 H2Z3 Ne

Elemental Composition Report Page 1
Single Mass Analysis

Tolerance = 1000.0 PPM [/ DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:33-33 H:26-27 N:6-6

Cagatay Dengiz

32149_20210326_08-01 8 (0.328) Cm (8:24) 1: TOF MS ES+
2.07e+006

10 507 2297

495 2671
508.2338
4962704 506.2230

JI3384 5y g55 5232270 P8 P0aq0 0870

485.0 490.0 495.0 500.0 505.0 5100 515.0 520.0 525.0 530.0
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calec. Mass mDa FEM DBE i-FIT i-FIT (NMorm) Formula
507.2297 507.2297 0.0 0.0 23.5 £10.1 0.0 C33 H2ZT MNe
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM [ DBE: min = -5.5, max = 1000.0
Element prediction: Off

MNumber of isotope peaks used for i-FIT =3

Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:23-23 H:13-14 N:55

Cagatay Dengiz

32149 _20210326_04-02 3 (0.138) Cm (1:6) 1: TOF MS ES+
2.23e+004

10 3572096

359,183
372.2386

62,7657 | 366.0356 373.0364

3771862 3780075

miz
3450 350.0 355.0 360.0 365.0 370.0 375.0 380.0
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FFM DBE i-FIT i-FIT (Norm) Formula
355.1183 355.1171 1.2 3.3 20.0 155.4 0.0 C23 H13 N5
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 1000.0 PPM [/ DBE: min = -5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:29-29 H:17-18 MN:5-5
Cagatay Dengiz
32149_20210326_05-02 16 (0.639) Cm (1:16) 1: TOF M5 ES+
1.34e+004
10 436.1563 4371842
435.1498
4337773
4327741 434.7751 438.1896
‘ 4352670 438.9371 438 5064
| Ll V| sorgses | (a0t asesee
N B e e a a L B LA A i =
3 . 436.00 437.00 439.00 440.00

Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Cale. Mass mDa FEM DBE i-FIT i-FIT (Norm)} Formula
436.1563 436.15362 0.1 0.2 23.5 244,86 0.0 CZ% HIB NS
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Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0 O
Element prediction: Off

Number of isotope peaks used for i-FIT = 3 N/ = %

Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:25-25 H:17-18 N:1-1

Cagatay Dengiz

32149_20210326_15-02 T (0.294) Cm (1:10) 1: TOF M3 ES+
2.70e+005

10 3311361

334.1284
336.1479 337.2007

3331341
3018017 328.1144 3201209

3401378
324.2179325.7235 341.3282 343.0000

miz
3220 3240 326.0 328.0 330.0 332.0 334.0 336.0 338.0 340.0 3420 3440
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FFM DEE i-FIT i-FIT (Norm) Formula
331.1361  331.1361 0.0 0.0 18.0 £49.0 0.0 Cc25 HIT N
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off
MNumber of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:31-31 H:17-18 N:55
Cagatay Dengiz
32149_20210326_16-03 25 (0.965) Cm (7:25) 1: TOF M3 ES+
9.76e+004
10 460.1562
4501496 | 4811614
4371960 4412874 4492125 4511979 455 3748 462.1652 4712392 4753008 477 4765 480 1300
440.0 445.0 450.0 455.0 480.0 485.0 470.0 475.0 480.0
Minimum: -5.5
Maximum: 1000.0  1000.0  1000.0
Mass Calc. Mass mDa FEM DBE i-FIT i=-FIT (Morm) Formula
460.1562  460.1562 0.0 0.0 25.5 479.0 0.0 cil HI& N5
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

MNumber of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:37-37T H:21-22 N:55

Cagatay Dengiz

32149 20210326_17-01 21 (0.829) Cm (1:25) 1: TOF MS ES+
2.26e+005

101 5361874

535.181
37.1922

528 3167 38.1972539.2089
523252{ 525_3?6652?.?068 5 ;30.3?99 534471 y; 541_4153343_4023 5470267 549.3199
L e e N B o B e e N A e e e e e

T T T T
5225 525.0 5275 53000 5325 535.0 5375 540.0 5425 545.0 5475 550.0

miz

Minimum: -5.5

Maximum: 1000.0 1000.0  1000.0

Mass Calc. Mass mDa FEM DEE i-FIT i-FIT (Norm) Formula

536.1874  536.1875 -0.1 -0.2 29.5 457.7 0.0 c37 H22 N5
Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3 N — O

e
Monoisotopic Mass, Odd and Even Electron lons
1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:21-21 H:15-16 MN:1-1
Cagatay Dengiz
32149_20210326_09-03 5 (0.206) Cm (1:13) 1: TOF MS ES+
9.33e+005

10 281.1212

270.1265

_ 284.1117
285.1148
2081114 71 a11 1350 2721877 2742143 278 6874

288.2964 291_2354294'12”295102?m&
268.0 | 270.0 | 2720 & 2740 | 2760 @ 2780 & 2800 = 2820 = 2840 @ 286.0 = 2880 @ 200.0 | 2020 @ 204.0

Minimum: -3.5

Maximum: 1000.0 1000.0 1000.0

Mass Calc. Mass mDa FEM DBE i-FIT i-FIT (Norm) Formula
281.1212 281.1204 0.8 2.8 15.0 TEE. 4 0.0 C21 H1IS5 W
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Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

MNumber of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:27-27 H:15-16 N:5-5

Cagatay Dengiz

32149 20210326_10-03 8 {0.328) Cm (1:12) 1: TOF MS ES+
3.91e+004

10 410.13487

408.3031 408 1328

410.3202

5 404 0512
403.2333 405 5145 406.0058 407 3014

Minimuam: -5.5

Maximum: 1000.0 1000.0 1000.0

Mass Calec. Mass mDa FEM DBE i-FIT i-FIT (Norm) Formula
409.1328 40%.1327 0.1 0.2 23.0 3447 0.0 c27 H1IS N5

Elemental Composition Report

Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min =-5.5, max = 1000.0
Element prediction: Off

Mumber of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:33-33 H:19-20 N:5-5

Cagatay Dengiz
32149_20210326_11-02 4 (0.172) Cm (1:12) 1: TOF MS ES+
1.60e+005
10 486.1698
4B7.1763
5021676
5011611 | 5031724
468.4442 4751603 477.1935484.1565 4852682 7 so7.1007 0123533 5453508
- miz
465.0 470.0 475.0 480.0 485.0 480.0 495.0 500.0 505.0 510.0 515.0
Mindoum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FFM DBE i-FIT i-FIT (Norm) Formula
485.1639 485.1640 -0.1 -0.2 27.0 460.1 0.0 C33 H19 NS
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Single Mass Analysis

Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisctopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

G:21-21 H:15-16 N:1-1

Cagatay Dengiz

32149_20210326_12-03 7 (0.294) Cm (5:20) 1: TOF MS ES+
6.10e+005

281.1204

10

2701271 2841124

268.0 270.0 2720 274.0 276.0 27810 280.0 2820 284.0 2B6.0 288.0 2600 2520 2940

Minimum:

-5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calec. Mass mDa FEM DBE i-FIT i-FIT (Norm) Formula
281.1204 281.1204 0.0 0.0 15.0 782.1 0.0 C21 H1IS W

Elemental Composition Report Page 1

Single Mass Analysis
Tolerance = 1000.0 PPM / DBE: min = -5.5, max = 1000.0

Element prediction: Off
MNumber of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Odd and Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:27-27 H:15-16 N:5-5

Cagatay Dengiz

32148_20210326_13-02 4 (0.172) Cm (1:13)

1: TOF M5 ES+

9.30e+004
10 410.1406

411.1467 437 0964

4492151 4581274

365 370 375 380 385 390 395 400 405 410 415 420 425 430 435 440 445 450 455 460 e
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FFM DEE i-FIT i-FIT (Norm) Formula
410.1406 410.1408 0.0 0.0 22.5 469.3 0.0 C27 Hlé NS
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Single Mass Analysis

Tolerance = 1000.0 PPM /[ DBE: min =-5.5, max = 1000.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisctopic Mass, Even Electron lons

1 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)

Elements Used:

C:33-33 H:19-20 N:5-5

Cagatay Dengiz

32140_20210326_14-03 4 (0.172) Cm (3:17) 1: TOF MS ES+
3.09e+004

4861719

10

496.2704 808.2762

467 2728471 2382 40 4515475.3035

465.0 470.0 475.0 480.0 485.0 490.0 495.0 500.0 505.0 510.0 515.0 520.Umrz
Minimum: -5.5
Maximum: 1000.0 1000.0 1000.0
Mass Calc. Mass mDa FFM DBE i-FIT i-FIT (Norm) Formula
486.1719% 486.1719% 0.0 0.0 26.5 368.1 0.0 C33 H20 N5
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