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General introduction

This PhD thesis deals with the design, synthesis and characterization of several series of
novel electron-acceptor derivatives. It is mostly focused on the study of 1,2,4,5-tetrazine
derivatives, but also involves the study of benzonitrile derivatives which are the typical
precursors for preparing 1,2,4,5-tetrazines, the study of pyridazine derivatives which are
the products obtained from the Inverse Electron Demand Diels—Alder (iIEDDA) reaction of
1,2,4,5-tetrazine molecules, and the study of 1,2,3,4-thiatriazole derivatives which are
unpredicted products from the modified Pinner synthesis. The photophysical and
electrochemical properties of the prepared electron-acceptor derivatives have also been
studied and will be presented. Due to the charge-transfer (CT) states introduced in those
donor-acceptor type molecules, they exhibit interesting electronic properties, and therefore
are of particular interest in organic electronics. This thesis is conducted under the
framework of European ITN project “EXCILIGHT”, therefore part of the work was carried
out collaboratively in EXCILIGHT partner universities, e.g., University of Strathclyde for
part of the synthetic work, and University of Durham for some photophysical

characterizations.

Chapter 1: This chapter gives a brief introduction of the two main research fields involved
in this thesis. It is first focused on the synthesis and application of 1,2,4,5-tetrazines. In
particular, the background of the tetrazine Pinner synthesis as well as reactions involving
tetrazines such as metal-catalyzed cross-coupling reactions, and inverse electron-demand
Diels—Alder (iIEDDA) reactions are introduced in detail. In the second part of the chapter
the Thermally Activated Delayed Fluorescence (TADF) phenomenon is presented in terms
of molecular design, characterization and applications because it is the major application

aimed for the molecules in this work.

In chapter 2 we demonstrate the design of a facile and efficient synthetic approach to 3-
monosubstituted unsymmetrical 1,2,4,5-tetrazines. Dichloromethane (DCM) is for the first
time recognized as a novel reactant in the chemistry of tetrazine synthesis. This synthetic
approach offers an improved access to both 3-aryl and 3-alkyl unsymmetrical 1,2,4,5-
tetrazines, which are expected to be widely utilized in various applications, particularly in

tetrazine click chemistry.

In chapter 3 we are firstly interested in the synthesis of donor-acceptor benzonitrile
derivatives, and their subsequent reactions to prepare novel symmetrical and
unsymmetrical 1,2,4,5-tetrazine derivatives, using both the classical Pinner synthesis and
our novel approach described in chapter 2. More importantly, a stepwise and controlled

synthetic approach is developed afterwards to prepare novel donor-acceptor benzonitrile



derivatives. Several series of these derivatives were conveniently prepared using a
versatile starting material 2,3,4,5,6-pentafluorobenzonitrile (PFBN). These novel
benzonitrile derivatives were found to exhibit interesting photophysical properties, such as
thermally activated delayed fluorescence (TADF), aggregation induced emission (AIE) and

mechanochromism.

Chapter 4 present the application of an important synthetic tool: Buchwald-Hartwig cross-
coupling reaction, which was optimized for the functionalization of tetrazine compounds.
Several factors influencing the Buchwald-Hartwig cross-coupling reaction on tetrazine are
discussed, which are crucial when performing this reaction. A series of novel donor-
acceptor 1,2,4,5-tetrazine molecules have been successfully prepared in high yields. This
synthetic methodology is expected to facilitate future applications of 1,2,4,5-tetrazines as
electron-deficient components in organic electronics and as valuable intermediates for the

synthesis of natural products.

We firstly demonstrate in Chapter 5 the successful use of our previously prepared donor-
acceptor tetrazine derivatives in the inverse electron-demand Diels—Alder (iIEDDA) reaction.
The donor-acceptor tetrazine derivatives turned out to be fluorescence turn-on probes
upon conversion into pyridazines. Then the electrochemical and photophysical properties
of the novel donor-acceptor pyridazine derivatves prepared by the iEDDA reaction will be

presented in details.

Finally, in Chapter 6, the important role of the solvent in the Pinner synthesis is studied
and allowed us to uncover a novel convenient one-pot synthesis of 1,2,3,4-thiatriazoles in
high yields, directly from commercially available aromatic nitrile compounds. The access
to the 1,2,3,4-thiatriazole derivatives is significantly improved because the synthetic
procedure is very easy and there is a large number of commercially available nitrile. Using
this new synthetic route a novel donor-acceptor thiatriazole derivative has been prepared
with a high yield. This molecule exhibits prominent TADF characteristics in both solution
and film. This work provides an efficient and practical synthetic approach to functionalized
1,2,3,4-thiatriazole derivatives, and is expected to facilitate the application of 1,2,3,4-

thiatriazole as an electron acceptor in organic electronics.
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Introduction






1.1 Chemistry of 1,2,4,5-tetrazine
1.1.1 Introduction of 1,2,4,5-tetrazine

Tetrazine is a six-membered aromatic ring which contains four nitrogen atoms with the
chemical formula C2H2N4. Three types of tetrazine isomers have been reported to date:
1,2,3,4-tetrazine, 1,2,3,5-tetrazine and 1,2,4,5-tetrazine. While 1,2,3,4-tetrazine and
1,2,3,5-tetrazine are relatively less explored, 1,2,4,5-tetrazine (also known as s-tetrazine)

has attracted intensive interests from researchers worldwide for many decades.[*-

N:N\ N:N\ N=N
N N S 2
/7
<\~N N—// —N
1,2,3,4-tetrazine 1,2,3,5-tetrazine 1,2,4,5-tetrazine

Figure 1: Three types of tetrazine isomers.

The first synthesis of 1,2,4,5-tetrazine can be traced back to the end of 19" century. In
1893, Adolf Pinner reacted imidoesters with excess hydrazine to form dihydrotetrazines,
and after easy oxidation isolated 1,2,4,5-tetrazines as a beautiful red solid.®! However, no
further investigations on the properties of these tetrazines were performed during that

period.

In 1959, Carboni and Lindsey demonstrated the ability of 1,2,4,5-tetrazine to react with
unsaturated compounds (also known as Inverse Electron Demand Diels—Alder (iEDDA)
reaction).l®! This reaction was found to boost the development of application of 1,2,4,5-
tetrazine in many fields, such as total synthesis of natural products,!”:8 preparation of new
tailored pyridazine molecules,®-3 and more importantly, the recently developed tetrazine

bioorthogonal click chemistry.[?.14-16]

In the 1970s, the photophysical properties of some 1,2,4,5-tetrazines have been reported,
although in rather specific conditions, such as gas-phase spectroscopy, crystals, and
spectrophysics (hole burning) of highly diluted compounds.[*-?2l However, the interest for
this field decreased in the early 1980s, due to the difficulties in the synthesis of new
tetrazine derivatives, which also blocked the development of 1,2,4,5-tetrazine as functional
materials.

In the 1990s, Hiskey and co-workers introduced the synthesis of bis(dimethylpyrazolyl)-
1,2,4,5-tetrazine, and subsequently an easy synthesis of dichloro-1,2,4,5-tetrazine,?3-25
which paved the way to prepare various functional 1,2,4,5-tetrazine derivatives by
nucleophilic aromatic substitution (SyAr) leading to their application as molecular

materials.[!



The first metal-catalyzed cross-coupling reactions were discovered not until 2003 by Novak
and Kotschy.l?®l This allowed to prepare tetrazine derivatives by C—C bond formation
directly onto the tetrazine core or onto the substituents attached to it (e.g. phenyl group),
which proved to be particularly useful for the preparation of Tr-conjugated 1,2,4,5-tetrazines

for bioorthogonal and materials chemistry.

As a strong electron-deficient aromatic system, 1,2,4,5-tetrazine possesses interesting
optical and electrochemical properties, which have displayed significant application
potentials in organic electronics (e.g., electrofluorochromism,?”-2% nonlinear optics,E4
photovoltaic devices,®?%] etc.). Over the last two decades, our group and others have

been involved in many developments of this exciting research field.

1.1.2 Synthesis of 1,2,4,5-tetrazines

The classical tetrazine synthetic methodology, also known as Pinner synthesis, is a two-
step procedure starting from the addition of hydrazine to nitrile precursors, followed by
oxidation of the resulting dihydrotetrazine.l'34 Several modifications on the reaction
conditions (vide infra) have significantly improved the applicability of this synthetic
methodology.>3¢] Several other synthetic approaches to form the tetrazine ring have also

been reported, although less popular.7-3

Apart from using Pinner synthesis to form the tetrazine ring, post-modification on a simple
tetrazine building block is widely used to prepare tetrazines with reactive or complex
functional groups. Among which, nucleophilic aromatic substitution (SnyAr) of a
conventional 1,2,4,5-tetrazine precursor, commonly dichlorotetrazine, dipyrazolyltetrazine
or dithiomethyltetrazine, has long been regarded as one of the most powerful methods to
prepare functionalized 1,2,4,5-tetrazines for various applications.l! More recently, new
methodologies based on metal-catalyzed cross coupling reactions have started to attract
researchers’ interests for the preparation of various 1,2,4,5-tetrazines, especially those

functionalized with fluorescent dyes.

In the following sections, these synthetic approaches will be reviewed in detail.

1.1.2.1 Pinner synthesis and its modified versions

In 1893, Adolf Pinner became the first person to isolate and identify 1,2,4,5-tetrazine. He
reacted imidoester with hydrazine to form dihydrotetrazine, which was then easily oxidized
to give 1,2,4,5-tetrazine (Scheme 1a).[>4% The method was improved later by using nitrile

as a precursor instead of imidoester to prepare dihydrotetrazine. This approach is now

10



commonly known as the tetrazine Pinner synthesis and became the most popular method

for preparing 1,2,4,5-tetrazines until nowadays (Scheme 1b).24

NH

2 NH ® / _/ HN—NH N=N
NH (0] [Ox]

R 4’( m» |:R ] R_<\N_N/>_R 4)(» R—<\N_N/>—R

o NH-NH

b) —
HN—NH N=N
NH,NH, [Ox]
J— —_— =
NC—R ——> R—<\ />—R R—<\N N/>—R R = aryl or alkyl
N—N -

Scheme 1: Synthetic approach for 1,2,4,5-tetrazines using a) imidoester, b) nitrile as the precursor.

In the Pinner synthesis, the formation of dihydrotetrazine prior to oxidation is the crucial
step to the final reaction yield, where the important factors include subtle energy factors,
solubility variables and steric effects.[*:214 Depending on the reactivity of the starting nitrile
precursors, hydrazine hydrate or anhydrous hydrazine is applied in the reaction. The
common solvent is ethanol, while DMF may be used as co-solvent depending on the

solubility of the nitriles.

In the oxidation step, nitrous gas (HNO2), which can be easily produced from sodium nitrite
(NaNOy) in the presence of an acid, such as acetic acid or hydrochloric acid solution, is
the most widely used oxidant for converting dihydrotetrazines to tetrazines./*2 However,
this oxidant is not compatible with some widely used functional groups such as amines.
DDQ (dichlorodicyanobenzoquinone) was reported to oxidize dihydrotetrazine with amino
group successfully in good yield (81%), although it was difficult to separate the product
from the hydroquinone byproducts.*?l Recently, Phl(OAc). was reported as a mild and
effective oxidant for the oxidation of dihydrotetrazine bearing amino group with high yield
(86%).1421 And the byproduct iodobenzene could be easily removed. In this report, m-CPBA,
benzoyl peroxide and benzoquinone were also shown to oxidize dihydrotetrazines to
tetrazines successfully, however with poorer yields.*? It was also found that metal oxides
(e.g., MnO2 and CrOs) could be used for oxidation of dihydrotetrazines, however the
moderate yields and toxic chromium waste limited their applications.“344 Moreover, FeCls
was also reported to oxidize dihydrotetrazine.!* Interestingly, one recent report showed
that both photocatalyst (methylene blue) and horseradish peroxidase could oxidize
dihydrotetrazines with fast reaction rates. ¢! In addition, it is also possible to slowly oxidize

dihydrotetrazine by the oxygen from air.[3947]

One of the most important modification of Pinner synthesis is the discovery that the addition
of sulfur serves as an inducer in the reaction and largely improves the product yields.! |t

was found that the presence of sulfur in the reaction could promote the formation of

11



dihydrotetrazines, which is the determining step for the final product yields. Our group has
proposed a reasonable mechanism for this improved synthesis (Scheme 2).48 Based on
the facts that the color of the solution changed from colorless to light orange, and the
generation of H>S was detected during the reaction. It is suggested that sulfur should react
first with hydrazine to give the active nucleophile NH.NHSH, which could then react with
the nitrile, producing a reactive intermediate that eliminates H,S, and finally form the

dihydrotetrazine.

NH NH NH
s Ar-CN Ar Ar-CN Ar‘{ »Ar
H,N—NH, ———— — _— _—
s s HN—NHSH N—NH, N
/N NN
HS HS.)  H

_ HoS
HN—NH

Ar—<\ />—Ar
N=N [OX] N—N NH QIH
A A f e

N—N

HN—N N—N

Ar —<\ \>— Ar

N—NH .

Scheme 2: Proposed mechanism for the sulfur-induced Pinner synthesis.

Recently, there has been a significant demand for the preparation of new unsymmetrical
1,2,4,5-tetrazines since the recent development of their application in bioorthogonal
chemistry. However, they are tricky to prepare using the Pinner synthesis because a
statistical mixture of products is obtained when an equimolar quantity of two different nitrile
precursors is used resulting in poor yields.[?I38l |t is usually suggested to use a large excess
of one of the nitrile precursor (usually the more reactive one) when preparing

unsymmetrical tetrazines to increase the yields (Scheme 3a).

It is important to note that when one of the nitrile precursor is replaced by formamidine
salts, monosubstituted 1,2,4,5-tetrazines could be prepared, albeit in poor yields, typically
between 10% to 20% (Scheme 3b).[49:50]

a) NH,NH, HN—NH [(0x] N=N
NC—R; + NC—R, ————— R1—<\ />—R2 —— R~ )R
N—N N—N

NC—R; >> NC—R;,, Ry, Ry=aryl or alkyl

NH HN—NH N=N
¥ H—/< ¢ No—R —f H— )R o, H—<\ />—R
NH, N—N N—N

HN=CHNH, >> NC—R, R=aryl oralkyl

Scheme 3: Synthetic approach for a) unsymmetrical, and b) monosubstituted 1,2,4,5-tetrazines.
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It is also important to mention that although the above-described conditions have been
successfully used to convert aromatic nitriles to the corresponding tetrazines, they are not
effective for aliphatic ones. This is probably due to the isomeric 4-amino-1,2,4-triazole

intermediates formed during the first step.[5-52]

This frustrating situation has only been changed in 2012. Devaraj and co-workers reported
a metal-catalyzed one-pot tetrazine synthesis based on the Pinner synthesis, directly from
aliphatic nitriles and hydrazine, using nickel triflate (Ni(OTf),) or zinc triflate (Zn(OTf),).[36!
The access to alkyl tetrazines significantly improved due to this promising modification. It
was shown that this synthetic approach allowed to prepare both symmetrical and

unsymmetrical dialkyl tetrazines in good to excellent yields (Table 1).

Table 1: Synthesis of symmetrical and unsymmetrical dialkyl tetrazines by metal-catalyzed

one-pot tetrazine synthesis®.

1) Ni(OTf), or Zn(OT),

NH,NH, N=N
NC—R; + NC—R, R— />—R2
2) NaNO, N—N
HCI

NN>—© N=N N=N N=N NHBoc
) nCsH11—<\ />fnCSHM §_<\ />_€ /_<\ />_/
N—N N—N N—N BocHN N—N

95% 59% 24% 32%
\ N=N N=N N=N N=N
®—<\ ) ﬁ©—<\ ) G an W an '©—<\ )
H N—N BocHN N—N HO N—N N—N
58%®) 68% 66% 4%
N=N _
N=N N=N N=N
HO©—<\ )— ﬁ©—<\ ) \NfN/> J_<\ )—
N—N HooC N—N HO N=N
43% 70% 40% 36%
N=N N=N N=N
/—<\ ) "CsHﬂ%\ ) \ 7
BocHN N—N N—N N—N
36% 59% 12%

(a) Yields reported after isolation by silica flash chromatography. (b) The protective group (Boc) on the

pyrrole nitrogen was lost during oxidative workup.

More importantly, it is also possible to prepare 3-monosubstitued 1,2,4,5-tetrazines using
this metal-catalyzed one-pot synthesis (Table 2). Although these tetrazines have been

previously prepared from aromatic nitriles and excess formamidine salts without catalysts,
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poor yields were typically observed (10%-20%).1*%1 The yield of the reaction significantly
increased to 64%-74% when employing Ni(OTf), or Zn(OTf), as a catalyst. These
derivatives proved to be extremely useful to researchers interested in rapid bioorthogonal

coupling applications.

Table 2: Synthesis of 3-monosubstitued 1,2,4,5-tetrazines by metal-catalyzed one-pot

tetrazine synthesis®.

1) Ni(OTf), or Zn(OTf),

NH NH,NH, N=N
H_/< + NC—R H—<\ />—R
NH, 2) NaNO, N—N

(a) Yields reported after isolation by silica flash chromatography.

It was shown in another report that this metal-catalyzed tetrazine synthesis could be used
to prepare a similar 3-monosubstituted tetrazine in high yield (75%) on a gram-scale, while

the sulfur-assisted reaction only gave a 14% yield.4

It was proposed by the authors that the metal acts as a Lewis acid and coordinates to the
nitrile promoting the nucleophilic addition by hydrazine. It was also suggested that the
metal binds both the nitrile and hydrazine, promoting synthesis of the amidrazone

intermediate (Scheme 4).58

H,N HoN H
N \H N~NH
—_— —_—
/ / <\N,n'/|2+

=N—M2* =N—Mm*
u

Scheme 4: Proposed role of the metal catalyst during synthesis process.

However, there are also limitations to this metal-catalyzed one-pot synthetic approach. The
use of excess anhydrous hydrazine (usually 50 equivalents to the nitrile precursors) is
indeed unfavorable. The harsh conditions are not compatible with several functional groups
such as carbonyls and alkyl halides, which are susceptible to give either nucleophilic
addition or reduction.’®! Moreover, the reaction requires use of large amounts of metal

catalyst to proceed which is a major drawback with products containing good transition-
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metal binding moieties such as the morpholinyl groups because intensive purification is

then necessary to remove metal traces.’]

Interestingly, Bianchi, Melguizo and co-workers recently demonstrated a non-metal-
catalyzed Pinner synthesis of dialkyl tetrazine derivatives using hydrazine hydrate.[*”] In
their approach, N-acetylcysteine (NAC) was employed as the catalyst instead of Ni(OTf);
or Zn(OTf),. Dialkyl tetrazines were successfully prepared in moderate yields (35%-40%),
although on a limited number of examples. It was suggested that NAC could act as a
catalyst assisting the formation of an amidrazone intermediate from the nitrile precursor

and hydrazine, which after dimerization leads to the isolable dihydrotetrazine.

) )

-

ot

MeOH/DMSO

o
o NH,NH,H,0 [ j
[ j N . [Ox]
N
)

NAC N
. — » HN" X _
NP
¢
_NH

X _NH MeOH/DMSO l
) (17 N (g7 N
NC
H,oN N N
n=1or2 [ j [ j
NAC = N-Acetylcysteine

Scheme 5: Synthesis of dialkyl tetrazines using N-acetylcysteine (NAC) as the catalyst.

The different variants of the Pinner synthesis and their improvements are useful to prepare
1,2,4,5-tetrazines for various applications, although limitations still exist. We recently
contributed to this area by introducing a novel metal-free synthetic approach to 3-

monosubstitued 1,2,4,5-tetrazines (see Chapter 2).

1.1.2.2 Other methods to form tetrazine ring

There are also some other methods reported to prepare 1,2,4,5-tetrazines, which are
usually difficult to obtain using the Pinner synthesis (e.g., alkyl tetrazines). One method is
a stepwise procedure via a 1,2-dichloromethylene hydrazine intermediate, which was first
reported by Stolle and co-workers in 1906.57 This involves the synthesis of acylhydrazides,
and subsequent treatment with PCls to give 1,2-dichloromethylene hydrazines, then
condensation with hydrazine to afford dihydrotetrazines which are finally oxidize to
tetrazines (Scheme 6). With this stepwise method, both symmetrical and unsymmetrical
alkyl tetrazines, and tetrazines with strong electron withdrawing groups (EWGs) could be

synthesized in moderate yields.[38:56]
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0 [0} CICl

NH,NH,H,0 0 Q PCly
SR G
N—N

R € RS Cl HN—NH

R4, Ry = aryl or alkyl NH,NH,H,0

N=N [Ox] HN—NH
R1_<\ )R R1_<\ /)R
N—N N—N

Scheme 6: Synthesis of 1,2,4,5-tetrazine via a stepwise method.

A further optimization of the reaction conditions showed that microwave irradiation could
successfully reduce the reaction time and increase the yield of the condensation step
between dichloromethylene hydrazine and hydrazine when compared to traditional
refluxing conditions.57]

Another interesting method to prepare 1,2,4,5-tetrazines is using gem-difluoroalkenes as
the starting material (Scheme 7). This method was first reported by by Carboni and Linsey
in 1958, but with low yields and limited substrate scope.[*® One recent report extended the
scope of this synthetic approach and largely improved the product yields.? Both
symmetrical and unsymmetrical dialkyl tetrazines could be prepared in high yields (61%-
91%).

e o < EHZ R HN—NH o N
\=<F M \_/<F —_— \—<\N_N/>—\R —_— \_<\N_N/>_\R

R = aryl or alkyl

Scheme 7: Synthesis of 1,2,4,5-tetrazine from gem-difluoroalkenes.

Another alternative method was reported via a dialkyl-hexahydro-tetrazine intermediate,
which can be prepared from the reaction of alkyl aldehydes with hydrazine. Then the
dialkyl-hexahydro-tetrazines could be oxidized stepwise to give the dialkyl tetrazines
(Scheme 8).[59.69

NH,NH, H,0 HN—NH Pt0,/0, R
Ri—CHO + R,—CHO —————— R— )—R, —— > :J< />_Rz
HN—NH H HN—N

R4, Ry = alkyl

Scheme 8: Synthesis of 1,2,4,5-tetrazines via a dialkyl-hexahydro-tetrazine intermediate.
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1.1.2.3 Nucleophilic aromatic substitution

In addition to the synthetic methods that directly give the tetrazine ring, post-modification
on a simple tetrazine building block is widely used to prepare tetrazines with reactive or
complex functional groups. Nucleophilic aromatic substitution (SnAr) of a conventional
1,2,4,5-tetrazine precursor has long been regarded as one of the most powerful methods

to prepare functionalized 1,2,4,5-tetrazines for various applications.!!

For this purpose, bis(thiomethyl)-1,2,4,5-tetrazine was initially used as the starting
precursor because of its relatively easy synthesis.l®l In the 1990s, Hiskey and and co-
workers introduced an easy and quasi-quantitative synthetic procedure for
bis(dimethylpyrazolyl)-1,2,4,5-tetrazine, and subsquently the easy synthesis of dichloro-
1,2,4,5-tetrazine with an overall yield of ca. 80% (Scheme 9),[23-25] which paved the way
to prepare various functional 1,2,4,5-tetrazine derivatives by nucleophilic aromatic
substitution (SnAr). An important modification to mention in this synthetic procedure is the
replacement of the dangerous chlorine gas by trichloroisocyanuric acid introduced by

Harrity and co-workers.[62]

NH, NH,NH, H,0 NH, )J\/U\ HN NH N
e — N
HN=( /N—< />—
NH, HCI HoN NH,HCI

[Ox]

N=N N=N NH - N=N N\
C|—<\ />—C| HN_<\ />_NQ 2 NH,;NH,H,0 i /N—<\ />—N/ =
N—N HZN/ N—N N N—N

Scheme 9: Synthesis of bis(dimethylpyrazolyl)-1,2,4,5-tetrazine and subsquent synthesis of dichloro-
1,2,4,5-tetrazine.

Dichlorotetrazine and dipyrazolyltetrazine are versatile starting synthons for the
preparation of a number of functionalized 1,2,4,5-tetrazine derivatives using nucleophilic
substitution reaction (Scheme 10). Various nucleophiles have been successfully employed,
including alcohols, thiols, and amines, which highly improved the structural diversity of the
target tetrazines. Monosubstitution usually occurs readily at room temperature, while
disubstitution normally requires more forcing conditions (except for thiols), such as the use
of ionic nucleophiles.[®¥! The use of 2,4,6-collidine or 2,6-lutidine allows to improve the
efficiency of the substitution reaction to quite high yields.[®4 Recently, it was shown that
using 4-dimethylaminopyridine (DMAP) allows effecting the disubstitution of

dichlorotetrazine with alcohols in good yields at room temperature.
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NuH or Nu™

N=N N=N N=N N
x—<\N_N/>—X x—<\N_N/>—Nu + Nu—<\N_N/>—Nu X =Clor _§_N>;/

Scheme 10: Synthesis of 1,2,4,5-tetrazines by nucleophilic aromatic substitution (SnAr).

Through this approach, numerous differently functionalized tetrazines have been prepared
in our group and others, which find applications in various areas.!®® Some examples are

shown below in Table 3.

Table 3: 1,2,4,5-tetrazine derivatives prepared by nucleophilic aromatic substitution (SnAr).

N=N
R1_<\ /)R
N—N

Entry R1 R2
1 Cl O(CH)4OH
2 Cl OMe
3 Cl naphthalen-1-yloxy
4 Cl pyrrolidin-1-yl
5 Cl 2,3-diphenylaziridin-1-yl
6 Cl borneol
7 Cl 9H-fluoren-9-ylmethoxy
8 Cl paracyclophan-4-ylmethoxy
9 Cl adamantan-2-yloxy
10 Cl adamantan-1-ylmethoxy
11 Cl pentachlorophenoxy
12 Cl N-phtalimidyl
13 OMe OMe
14 OMe O(CH2)4OH
15 O(CH)4OH O(CH)4OH
16 adamantan-1-ylmethoxy adamantan-1-ylmethoxy
17 OMe SMe
18 SMe SMe
19 S-n-butyl S-n-butyl
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20 pyrrolidin-1-yl pyrrolidin-1-yl
21 3,5-dimethyl-1H-pyrazol-1-yl OMe

22 3,5-dimethyl-1H-pyrazol-1-yl pyrrol-1-yl
23 pyrrol-1-yl pyrrol-1-yl

Although most heteroatomic nucleophiles have been successfully used in nucleophilic
aromatic substitution (SnAr), most carbanions (alkyl, aryl) are usually not suitable for
nucleophilic substitution. Azaphilic addition on the tetrazine precursors to afford 1,4-
dihydro-tetrazine is usually observed when the reaction is conducted at low temperature (-
78 °C) (Scheme 11).[%6] However, it was recently found in our group that when butyl lithium
is reacted with chlorotetrazines at 0 °C, the products resulting from nucleophilic substitution
are isolated (Scheme 12).17]

R
N=N N—
R—M N—N R4, R, = 3,5-dimethyl-pyrazol-1-yl, 3-pyridyl, morpholino, etc.
N o Wt
N—N - N—N R—M = PhLi, BuLi, PhMgCl, etc.
H

Scheme 11: Azaphilic addition on 1,2,4,5-tetrazine.

N=N n-BuLi N=
_— =
rR—( o o R—( />—/\/ R = CI, butyl, OMe, etc.
N—N

Scheme 12: Nucleophilic aromatic substitution of 1,2,4,5-tetrazines with n-BulLi.

1.1.2.4 Metal-catalyzed cross-coupling reactions

Metal-catalyzed cross coupling reaction is another useful method for preparing new
functionalized 1,2,4,5-tetrazines by post-modification of a simple tetrazine precursor. This
allows to prepare tetrazines by C—C bond formation directly onto the tetrazine core or onto
the substituents attached to tetrazines (e.g. phenyl group). This is particularly useful to
prepare Tr-conjugated 1,2,4,5-tetrazines, which are desirable for bioorthogonal chemistry

and material chemistry.

In 2003, Novak and Kotschy reported the first cross-coupling reactions (Sonogashira and
Negishi) on 1,2,4,5-tetrazines (Scheme 13).1%81 It was demonstrated that the tetrazine core
should be substituted with one donating group to allow the cross-coupling reactions to take
place. Tetrazine precursors with electron-deficient substituents tended to decompose. The

coupling reactions gave the respective products in low to good yields (23%-65%).
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PPh3),PdCI
Sonogashira N=N (PPha); 2

Q—<\ />—CI + =R cul Q—<\:j:/>%R

Q = morpholinyl, pyrrolidinyl, diethylamino

R = C(CHj),0H, Ph, C4Hg

Negishi

N=N (PPh3),PdCl, N=N
Q—<\ />—CI + ClzZn—=——-Bu » Q—<\N N/>%Bu
N—N -

Scheme 13: Sonogashira and Negishi cross-coupling reactions on 1,2,4,5-tetrazines.

Later in 2007, Leconte and co-workers discovered that 3-methylthio-6-(morpholin-4-yl)-
1,2,4,5-tetrazine could readily react with boronic acids and organostannane precursors, to
undergo Suzuki and Stille couplings respectively with displacement of a methylthio group
(Scheme 14).81 The coupling reactions afforded products in moderate to good yields
(30%-70%) under microwave conditions. Recently, Lindsley and co-workers expanded the
scope of the Suzuki cross-coupling reaction with diverse unsymmetrical 1,2,4,5-tetrazines,
and successfully obtained a tetrazine-containing biologically active molecules with

improved drug metabolism and pharmacokinetic (DMPK) properties.[®

Suzuki S N=N Pgiizhg‘)“ S\ N=N
O\_/N—<\N_N/>—S + (HO)B—R —— O\_/N—<\N_N/>—R R =aryl
Stille S N=N szPTPCh3)“ S\ N=N
O\_/N—<\N_N/>—S + BugSh—R ——mmmm™> O\_/N—<\N_N/>—R R = aryl, vinyl

Scheme 14: Suzuki and Stille cross-coupling reactions on 1,2,4,5-tetrazines.

It is interesting to mention that using Stille coupling reaction, Wombacher and co-workers
have recently successfully synthesized several fluorogenic tetrazine probes by coupling 3-
bromo-6-methyl-1,2,4,5-tetrazine with protected fluorophore-organotin derivatives,
although low vyields (ca. 20%) were reported.l’” The synthesis of a tetrazine-fluorescein

example is shown below in Scheme 15.

o)
BuzSn o O}z‘:
O Pda(dba)s S O
N:N> 5 AsPhs, Cul N=N Vi
—<\ / Br + e \ /) o
RO o OR O
OH

Scheme 15: Synthesis of a tetrazine-fluorescein derivative by Stille cross-coupling reaction.
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The abovementioned examples refer to cross-coupling reactions that form a C-C bond
directly onto the tetrazine core. Recently, with the increasing need for the preparation of
TT-conjugated tetrazine materials, various cross-coupling reactions have also been applied
for the bond formation onto the substituents attached to tetrazines.

In 2014, Devaraj and co-workers developed a new cross-coupling reaction (Heck reaction)
on tetrazine.% This in situ elimination—Heck cascade reaction allows to prepare (E)-3-
substituted 6-alkenyl-1,2,4,5-tetrazine derivatives in good to high vyields (47%-99%)
(Scheme 16). A series of r-conjugated alkenyl tetrazine derivatives were also synthetized
which can be used as fluorogenic probes for live-cell imaging (Figure 2). This method was
later employed by Kele and co-workers to prepare new red-emitting tetrazine-phenoxazine
fluorogenic labels with reasonable yields.[!

tBu
Heck Pd;(dba)s L
N=N OMs . N=N / \tB
Ligand F'e Ph u
<\ / + X — —\ Ph _ F
N—N Cy,NMe N—N (@«
Ph Ph
X=Brorl Ph
Ligand

Scheme 16: In situ elimination—Heck cascade reaction to prepare 1,2,4,5-tetrazines.

Figure 2: An example of alkenyl tetrazine-BODYPY fluorogenic probe.

In addition, Sonogashira,[’? Suzuki,[’Y and Stille[’? cross-coupling reactions have also
been used to successfully prepare 1-conjugated tetrazine fluorogenic probes in recent

years.

Other than preparing 1,2,4,5-tetrazines for bioorthogonal click chemistry, several reports
also demonstrated the preparation of m-conjugated tetrazine derivatives by metal-

catalyzed cross-coupling reactions, for applications in organic electronics.

In 2010, Ding and co-workers developed a tetrazine-based low-bandgap semiconducting
polymer for efficient solar cells.[®?l The copolymer was prepared by Stille coupling reaction
with a good yield (36%), and was used to prepare simple polymer solar cells with a

calibrated power conversion efficiency of 5.4% (Scheme 17). More recently, conjugated
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donor-acceptor molecular systems based on triphenylamine and tetrazine have been
developed in our group, by using Stille and Suzuki cross-coupling reactions, for application

in organic solar cells.["3]

CoH CeH | s | st o
613 67113 S N=N
B A s i e (e Pd(PPhs)s | I\ L) e s
Br \ TN / ! R
S
N—N
CeH1s™  "CgHys CeHis™  "CeHis

Scheme 17: Synthesis of a tetrazine-based copolymer by Stille coupling reaction.

In 2012, Kippelen and co-workers designed and synthesized a solution-processable small
molecule containing electron-poor naphthalene diimide and tetrazine moieties by Stille
coupling reactions (Scheme 18).["1 OFETs were fabricated using this molecule by spin-

coating and inkjet-printing and exhibited good electron mobility performances.

?6H13

Oy N._.0O
N
N=N g Br SnBu;  Pd(PPhy)y  Ox N~ AP M |
| A\ | Cul N\ / \ o)
/2N + — s N—N o~ N
Br S N—N CO CeH1s
0” "N" o
o

)
CeH13

Scheme 18: Synthesis of a tetrazine-naphthalene diimide molecule by Stille coupling reaction.

1.1.2.5 Other post-functionalization methods

Recently, Hierso and co-workers demonstrated a direct palladium-catalyzed C-H
functionalization of 1,2,4,5-tetrazines.[”®! It was reported that the ortho-C-H activation of
aryl tetrazines could be performed under mild reaction conditions, and allow the
introduction of various functional groups (e.g., F, Br, CI, | and OAc) (Scheme 19). Efficient
electrophilic mono- and poly-ortho-fluorination of aryl tetrazines were demonstrated with
good selectivity. This synthetic methodology provides an easy way to prepare ortho-

functionalized aryl tetrazines, which were previously difficult to obtain.

X
N=N Pd] N=N

©—<\ )—@ _ N X=F, Cl, Br, |, OAc
N—N X source N—N

[Pd] = Pd(OAc),, Pd(dba),, PdCl,
X source = NFSI, NBS, NCS, NIS, Phl(OAc),

Scheme 19: C-H monofunctionalization of 3,6-diphenyl-1,2,4,5-tetrazine.
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Another recently published report showed Friedel-Crafts alkylation could be employed for
the preparation of red tetrazine-rhodamine and tetrazine-Si-rhodamine fluorophores, using
aldehydes and diarylether or diarylsilane compounds (Scheme 20), which were not

accessible by metal-catalyzed cross coupling reactions.["

—0
N\ / *—N Si N~ 2) p-chloranil
N—N / 7/ \ \

Scheme 20: Synthesis of a tetrazine-Si-rhodamine derivative by Friedel-Crafts alkylation.

1.1.3 Photophysical properties of 1,2,4,5-tetrazines

1,2,4,5-Tetrazines possess beautiful colors ranging from purple to orange to red due to the
weak n-1r* transition located in the visible. The absorption maxima for 1,2,4,5-tetrazine
derivatives are usually observed between 510 and 530 nm with a low molar extinction
coefficient around 1000 L-molt-cm™. It was reported that the position of the absorption
band corresponding to the n-1t* transition is almost not affected by the nature of the
substituents attached to the tetrazine core and was shown not to be solvatochromic.l”¢1 On
the contrary, the absorption band corresponding to the 1-11* transition which appears in
the UV region is quite intense, and its position strongly depends on the substituents nature.

It correlates linearly with the electron donating or withdrawing ability of the substituents.[77]

0.5+

5

Absorbance

0o

T T T T T T 1
300 350 400 450 500 550 600

Wavelength inm

Figure 3: Absorption spectra of dichloro-tetrazine (green), chloro-methoxy-tetrazine (blue), dimethoxy-

tetrazine (red), and 1,4-bis(chloro-tetrazinyloxo)butane (black) in dichloromethane.l’"]

23



Our group has demonstrated that some tetrazines substituted by heteroatoms were highly
fluorescent, while others were weakly or non-emissive (e.g., those directly linked to
aromatics).l*! It was reported that the fluorescence spectra of tetrazines are usually broad
in solution, with the emission maxima ranging from 550 to 590 nm (Figure 4). The
photoluminescence quantum vyields (PLQYs) are highly dependent on the nature of the
substituents. In addition, the lifetime of the fluorescence for tetrazine molecules typically
range from 10 to 160 ns, which is also highly dependent on the nature of the

substituents.[1:6477]

T T T
540 560 580 600 G20 640
Wavelength (nm)

Figure 4: Fluorescence spectra of dichloro-tetrazine (green), chloro-methoxy-tetrazine (blue),

dimethoxy-tetrazine (red), and 1,4-bis(chloro-tetrazinyloxo)butane (black) in dichloromethane.l’"]

1.1.4 Electrochemistry of 1,2,4,5-tetrazines

Generally, 1,2,4,5-Tetrazines can be reversibly reduced in aprotic organic solvents. Due
to the electron-deficient character of tetrazine molecules, they can accept one electron to
give an anion radical, which is stable in the absence of acids (Figure 5).1771 The
differences in E1;; values for the reversible reduction to the corresponding anion radicals
reflect the electronic influence of the substituents. However, in the presence of a proton
donor, the anion radical can be protonated and destroy the electrochemical reversibility.

The loss of reversibility depends on the acidity of the proton donor and its amount.
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Figure 5: Cyclic voltammograms of dichloro-tetrazine (green), chloro-methoxy-tetrazine (blue), and
dimethoxy-tetrazine (red) in dichloromethane.l’”!

Most of the tetrazine derivatives are able to accept a second electron, although this process
is not electrochemically reversible (Figure 6).[148] However, it is interesting to mention that
this latter process is chemically reversible (except for dichlorotetrazine). The second
electron transfer does not give a stable dianion, which is probably because it is very basic

and thus reacts with traces of water or protic impurities.

10 e e

I/ A

20 | \ Tz +e'af—>Tz'

Tz" +e+ “H"”— TzH-

-2 -1.5 -1 -0.5 0
E/Vvs. Ag

Figure 6: Cyclic voltammograms of 3,6-di([2,2'-bithiophen]-5-y1)-1,2,4,5-tetrazine showing the first and

second reductions.

1.1.5 Applications of 1,2,4,5-tetrazines
1.1.5.1 Inverse Electron Demand Diels—Alder (iEDDA) reaction

One of the most important application of 1,2,4,5-tetrazines nowadays has to be the recently
emerged tetrazine click chemistry by Inverse Electron Demand Diels—Alder (iEDDA)

reaction. The importance of this field has significantly driven the development of tetrazine
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synthetic chemistry. As a result, this chemistry has become a hot topic and several recent

reviews regarding this field are available.?14-16]
Mechanism

Diels—Alder reaction describes a [4+2] cycloaddition between a conjugated diene and a
substituted dienophile (alkene or alkyne) to form a (hetero-)cyclohexene system, via
suprafacial/suprafacial interaction of the 41r-electrons of the diene with the 21r-electrons of
the dienophile (Figure 7). Based on the electronic effects of the substituents on the diene
and dienophile, Diels—Alder reactions can be classified into two types: a normal electron-
demand Diels—Alder reaction, where an electron-rich diene reacts with an electron-
deficient dienophile, or an inverse electron-demand Diels—Alder (iEDDA) reaction, where

an electron-deficient diene reacts with an electron-rich dienophile.

Normal electron demand Inverse electron demand
Electron rich diene Electron poor diene
EDG EWG
EWG EDG
z lr z ﬁ
X ) ’ N - ’
Electron poor dienophile Electron rich dienophile
Diene HOMO & 12 Diene LUMO g 13
Dienophile “ i Dienophile ”% g‘
LUMO HOMO
L
LUMO
LUMO s,
s |
g AE
HOMO +/ Tee HOMO_"_/_*_i_ o -
+ H +
EDGraises  EWG lowers EWG lowers  EDG raises
HOMO LUMO LUMO HOMO

Figure 7: Frontier molecular orbital of normal and inverse electron demand Diels—Alder reaction. EDG =

electron donating group, EWG = electron withdrawing group.®

In 1959, Carboni and Lindsey first demonstrated the ability of 1,2,4,5-tetrazine to react with
unsaturated compounds to give dihydropyridazines or pyridazines.lfl The Carboni-Lindsey
reaction starts with the 1,4-cycloaddition of the —-C=N-N=C- diene system of the tetrazine
to an appropriate alkene, giving a highly strained bicyclic intermediate. Then the adduct
undergoes a retro-Diels—Alder reaction to yield the corresponding 4,5-dihydropyridazine
accompanying the release of one equivalent of nitrogen. The 4,5-dihydropyridazine then
either isomerizes to its 1,4-dihydro-isomers or is oxidized to a pyridazine product (Scheme
21). It is important to note that when alkyne dienophiles are employed, the respective
pyridazines are directly obtained instead of the dihydropyridazine intermediates, and no

oxidation step is needed.
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Scheme 21: Schematic representation of the reaction between a tetrazine and a dienophile (alkene).

Reactivity of diene and dienophile

The kinetics of IEDDA reaction is in principle determined by the energy gap between the
HOMO and LUMO of the reactants according to the frontier molecular orbital theory (FMO)
(Figure 7). That is to say, the smaller HOMOienophie—LUMOuiene €nergy difference, the
faster iEDDA reaction should be. In 1990s, Sauer and Boger have performed many studies
on kinetics of iIEDDA reaction in organic solvents. Recently, more studies have been
performed to tune the tetrazine and dienophile pairs and enhance the iEDDA reaction rate
and bioorthogonality. Generally, there are several important factors to determine the

reactivity of diene and dienophile in iEDDA reaction.

Firstly, the electronic effects of the substituents on both diene and dienophile are important.
Because electron donating groups (EDG) raise the HOMO and LUMO energy, while
electron withdrawing groups (EWG) decrease the energy of those same orbitals, the
HOMOdienophie—LUMOdiene €nergy difference can be controlled by changing the substituents,
thus enhancing the reaction rate. Therefore for tetrazine diene, electron withdrawing
groups lower the LUMOugiene €nergy, and accelerate the reaction. For example, tetrazines
bearing carboxylate groups show faster kinetics than tetrazines with methoxy groups.[’8.7!
While for dienophiles, electron donating substituents help increase the reaction rate
(Figure 8). Many reports have discussed the reactivity of different substituted unstrained
dienophiles and general rules have been demonstrated.[*>798%1 Generally, olefins react
faster than acetylenes, because of the increased electron withdrawing ability of the triple
bond, which lowers the energy of its HOMO (Figure 8). In addition, dienophiles bearing
EDGs (e.g., dialkylamino) indeed have a higher reactivity.
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Figure 8: Electronic effects on dienophiles (olefins and acetylenes) in iEDDA reaction.

Secondly, the ring strain effect is regarded as the most important factor in the kinetics of
iIEDDA reaction. It was reported that the reaction rate increases with increasing ring strain,
which means: cyclopropene > cyclobutene > cyclopentene > cyclohexene > cyclooctene.
More importantly, it was demonstrated that trans-cyclooctene (TCO) as a dienophile
showed a surprisingly higher reaction rate (around 6 orders of magnitude higher) compared
to cis-cyclooctene. This higher reactivity is attributed to a ‘crown’ conformation adopted by
TCO, which is lower in energy than the ‘half-chair’ conformation of cis-cyclooctene as
predicted by ab initio calculations (Figure 9).[2

7 H w2 VA
Crown conformation Half-chair conformation
TCO

0 kcal/mol ~5.6 kcal/mol
Cyclooctene

Figure 9: The ‘crown’ conformation of TCO and ‘half-chair’ conformation of cis-cyclooctene.

Houk and co-workers have revealed through computational studies that strained
dienophiles are more reactive because of their pre-distorted conformation towards the
transition state structure, which makes them require less distortion energies in the
reaction.[1-82 |nterestingly, one report demonstrated the design of more reactive
dienophiles with the help of computational calculation. According to the ab initio
calculations, the fusion of a cyclopropane ring with trans-cyclooctene to form s-TCO was
proposed, as this should induce the formation of a non-crown conformer, and increase the
reactivity towards tetrazines (Figure 10). Indeed, the resulting more strained, fused s-TCO

ring was observed to make the reaction much faster (160 times) than TCO.#l

Figure 10: Fused cyclopropane and trans-cyclooctene ring s-TCO.

Thirdly, the stereochemistry of strained dienophiles has recently been found to be an

important factor influencing the iEDDA reaction kinetic. For example, the functionalized
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TCO (RO-TCO) in axial form showed a higher reactivity (4 times) than its equatorial isomer
(Figure 11).184-86]

<zl WOR

R H
k,axial RO-TCO ~4x > k,equatorial RO-TCO

Figure 11: TCO (RO-TCO) in axial form and its equatorial isomer.

Fourthly, steric effect of both the dienophile and diene has a large effect on the iEDDA
reaction rate. Generally, terminal alkenes and alkynes are more reactive than those with
steric substituents. Although introducing EDGs into dienophiles may help increase the
reaction rate, one has to notice the impeding steric effect could lead to only comparable or
even lower reactivity.®! The impeding steric effect also applies to the tetrazine diene.
Therefore monosubstituted tetrazines show faster kinetics than disubstituted tetrazines

(even those with strong EWGSs).[49.84.87]

Lastly, solvent also has an influence on the iEDDA reaction rate. It was reported that using
protic solvents (e.g., water) usually give a faster reaction rate. This is because of stabilizing
interactions between the activated complex and water, as well as an enhanced
hydrophobic interaction between cycloaddends.®® In addition, hydrogen-bonding with
tetrazines can induce polarity, lower the HOMOuienophie—LUMOgiene €nergy gap and thus

enhance the reaction rate.[89.90!
Applications of iEDDA reaction

In 2008, two groups almost independently discovered that iEDDA reaction can be a perfect
candidate for fast bioconjugation.*%-°1 Since then, tetrazine bioorthogonal click chemistry
has emerged as a powerful tool for decryption of biological messages from organisms,
including applications spanning biological imaging and detection, cancer targeting, drug
delivery and biomaterials science.[8%90.92-105] Tetrazine click chemistry stands out from
other bioorthogonal reactions because of its superfast kinetics (10 000 times faster than
CUuAAC (copper(l)-catalyzed azide alkyne cycloaddition)), metal-free and physiological pH

conditions, excellent orthogonality and biocompatibility.

For example, a series of conjugated BODIPY-tetrazine profluorescent probe were reported
by Weissleder and co-workers, which show an excellent fluorescence turn-on ratio up to
1600-fold, via a postulated through-bond energy transfer (TBET) mechanism. These
tetrazine derivatives were prepared by the recently developed metal-catalyzed synthetic
approach, and an example is shown in Scheme 22. These extraordinarily efficient
bioorthogonal turn-on probes were validated to exhibit excellent performance in biological

imaging.[10°]
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BODIPY-tetrazine probe 1600-fold

Scheme 22: An example of BODIPY-tetrazine fluorescent probe, showing a 1600-fold fluorescence

turn-on ratio after addition of TCO.

Another report published by Wombacher and co-workers showed the synthesis of a palette
of fluorogenic tetrazine dyes derived from the widely used fluorophores, which cover the
entire emission range from green to far-red. The application of these fluorogenic probes in
fixed and live cell labeling experiments were demonstrated. The tetrazine probes were also
used for intracellular live cell protein imaging under no-wash conditions.[”?

\,/

SiRh-5-Tz MeSiRh-5-Tz
N.
N
. '/

[70]

? FI-6-Tz

? 0G-6-Tz

Figure 12: Presentation of green to far-red tetrazine fluorogenic probes.

Another type of interesting application is the recently emerged iEDDA triggered “click-to-
release” reaction. With the combination of advantages of bioorthogonal ligation reaction
and the triggered bond cleavage under physiological conditions afterwards, this type of
reactions can be highly useful for site-specific drug delivery for example.[8597-100 Scheme
23 shows an example reported by Bernardes and co-workers. They used vinyl ethers as
protecting groups for alcohol-containing molecules and as reagents for bioorthogonal
bond-cleavage reactions. The prodrug A reacted with tetrazine to form the intermediate B,

which undergoes a Winstein spirocyclization to give the active drug C.
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Scheme 22: An example of iEDDA triggered “click-to-release” reaction for drug delivery.

There are numerous reports to date related to tetrazine bioorthogonal click chemistry by
iIEDDA reaction, and new results are emerging rapidly and vastly. However, it is important
to mention that applications using tetrazine iEEDA reaction go far beyond this. For example,
it has also been successfully employed in the synthesis of numerous natural products.l378l
Moreover, it was reported that new functional nanomaterials can be prepared by iIEDDA

reaction of tetrazines with Cgo Or carbon nanotubes.[106-108]

1.1.5.2 Functional molecules and molecular materials

We have discussed in the previous section, that 1,2,4,5-tetazine derivatives prepared by
coupling reactions have successfully used for efficient organic solar cells and
OFETs.[82:33.73.74] |n fact, many more applications for 1,2,4,5-tetrazines regarding functional

molecules and molecular materials have been reported.

For example, 1,2,4,5-tetrazine derivatives can be suitable candidates for nonlinear optics
(NLO) due to the strong electron affinity of tetrazine, which could enhance the charge
transfer in conjugated molecules. Zyss and co-workers proposed that the tetrazine moiety
can either serve as the attractor for a classical dipolar push-pull molecule or more
interestingly contribute to the formation of a linear octupole.'% In addition, the tetrazine
ring can be the attractive center of purely symmetrical quadrupolar molecules, with
enhanced third-order y values. Based on these, our group has demonstrated the third-
order NLO activity of some quadrupolar tetrazine derivatives with ferrocenyl or thienyl

substituents displaying a high charge transfer in the fundamental state (Figure 7).34
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Figure 7: Some examples of quadrupolar tetrazine derivatives with NLO activity.

31



Another example is the application of 1,2,45-tetarzines for the elaboration of
electrofluorochromic devices. Many reports regarding this field have been published by our
group and others.[?-30.1101 For example, our group was the first to demonstrate the
modulation of fluorescence with the redox state of the tetrazine molecule.?®! By
incorporating chloromethoxytetrazine and a polymeric electrolyte into a sandwich cell, the
fluorescence of the tetrazine can be reversibly modulated according to its redox state. The
device is highly fluorescent when the tetrazine is in its neutral state, and weakly emissive
upon reduction (Figure 8). This type of passive fluorescent displays (essentially different
from active LEDs) could find applications in fluorescent tunable panels, for example for

decoration purposes.

Figure 8: On and off switching by electrochemistry of a fluorescent panel display: (A) initial 0 V, (B) -1 V,
(C)-2V, (D) +1 V.

Another important application of 1,2,4,5-tetrazines is energetic materials. Many important
synthetic works on tetrazines have been reported for this purpose. For example, the
improved synthesis of dihydrazino-1,2,4,5-tetrazine by Hiskey and co-workers, which led
to the easy synthesis of dichlorotetrazine.?3-2% Several 1,2,4,5-tetrazine derivatives that
display particularly interesting properties for explosives or pyrotechnics have been reported,

some examples are shown in Figure 9.[111-115]

N
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N=N :\N | N=N N=(  N=N
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N—N N—N \]/’N\H —N —N
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Figure 9: Some examples of high-nitrogen content 1,2,4,5-tetrazine derivatives for energetic material

applications.
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In addition, 1,2,4,5-tetrazines have been widely used in coordination chemistry. Upon
complexation with various first-row transition metals (Ni, Zn, Mn, Fe, Cu) they form cyclic
products, for supramolecular materials, as well as for organometallic fluorophores.[*116-118]
Interestingly, the use of anion-1r interaction controlling the supramolecular arrangement of
metallic complexes through the interaction of tetraizines with the counteranion was also

demonstrated.[119.120]

Moreover, during the last decades, 1,2,4,5-tetrazines have also find applications in
photocatalysis,[*?1122] fluorescent nanoparticles,?3124 biologically-active compounds,*25-

1271 and so on.

In the above section, we have presented a brief introduction of the main research field in
this thesis, the chemistry of 1,2,4,5-tetrazines. In particular, the tetrazine Pinner synthesis
as well as reactions involving tetrazines such as metal-catalyzed cross-coupling reactions,
and inverse electron-demand Diels—Alder (IEDDA) reactions are introduced in detail, which
are closely related to the results in this thesis. In the next section, a brief introduction of
another main research field, thermally activated delayed fluorescence (TADF) will be

presented, which is the major application aimed for the molecules in this work.
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1.2 Thermally-Activated Delayed Fluorescence (TADF)
1.2.1 Introduction of TADF phenomenon

The thermally-activated delayed fluorescence (TADF) phenomenon was first discovered in
1961 by Parker and Hatchard with the organic molecule Eosin, and subsequently named
after “E-type delayed fluorescence”.l*?8 |n 1980, Blasse and co-workers first reported
TADF phenomenon in organic metal complexes.l*?l In the late 1990s, the TADF
phenomenon was also observed in fullerene derivatives by Berberan-Santos and co-
workers.['3% However, there was almost no application of TADF materials until 2009 due

to the lack of rational molecular design for efficient TADF emitters.

In 2009, the concept of using TADF in organic light-emitting diodes (OLEDs) for harvesting
both singlet and triplet was reported by Adachi and co-workers, using a Sn(IV)—porphyrin
complex, although the devices only showed low efficiencies (Figure 10).13U In the
following year, highly emissive TADF OLED was achieved by Peters and co-workers using

a copper(l) complex.[*32

Adv. Mater. 2009, 21, 4802-4806 J. Am. Chem. Soc. 2010, 132, 9499-9508

Figure 10: Examples of TADF organometallic complexes initially used in OLED devices.

The breakthrough regarding TADF phenomenon was in 2011, when Adachi and co-
workers reported the use of pure organic molecules for fabrication of OLEDs. They
prepared the first purely organic TADF OLED with an EQE of 5.3%, which is approaching
the theoretical limitation of OLEDs (5%, assuming a light out-coupling efficiency of 20%)
using conventional fluorescent molecules.*33 Importantly, they found out that separating
the spatial distributions of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) can effectively minimize the AEsy to achieve efficient
TADF. Therefore, a molecular design strategy was proposed, based on the introduction of
electron donor and acceptor units in a way that the 1-conjugation is highly distorted by
steric hindrance introduced from the bulky substituents.[*33 Shortly afterwards in 2012, the
same groups reported a series of groundbreaking organic TADF emitters based on
carbazolyl dicyanobenzene, which showed high photoluminescence (PL) efficiency and

various emission colors from sky-blue to orange (Figure 11). The best OLED device using
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these TADF emitters provided a promising EQE of 19.3%, which far surpasses the
theoretical maximum of OLEDs employing conventional fluorescent emitters.[34 In
addition, another breakthrough for TADF emitters was reported in the same year by the
same group. They demonstrated that an exciplex formed between a donor molecule and
an acceptor one (Figure 11) gave efficient an OLED device with an EQE of 10.0%.1135
Since these pioneering works, preparing organic TADF materials for electroluminescent

(EL), as well as other applications have become a hot topic in the research community.[36-
141)

Appl. Phys. Lett. 2011, 98, 083302 Nature 2012, 492, 234-238 Nat. Photonics 2012, 6, 253-258

Figure 11: Examples of donor-acceptor type TADF molecules and exciplex.

1.2.2 TADF mechanism

In organic light emitting diodes (OLEDSs), the recombination of electrons and holes in the
emissive layer creates 25% singlet excitons and 75% triplet excitons, where the singlet
excitons decay radiatively to yield fluorescence. Considerable efforts have been made to
utilize the 75% non-radiative triplet excitons for obtaining high electroluminescence (EL)
efficiency. Complexation of heavy metals into the organic aromatic frameworks has
efficiently intermixed singlet and triplet states via an effective heavy atom spin-orbit
coupling, which facilitates the transition from the lowest triplet excited state (T1) to the
ground state (Sp) accompanied with phosphorescence emission, yielding nearly 100%
internal luminescent efficiency.['*2 On the other hand, delayed fluorescence can be
achieved by triplet-triplet annihilation (TTA) which converts two triplet excitons into one
singlet exciton. This additional singlet exciton provides enhancement in the luminescent
efficiency from 15% to 37.5% depending on the up-conversion mechanism.[43l A more
promising pathway to harvest triplet excitons is thermally-activated delayed fluorescence
(TADF). In this process, the triplet excitons can be converted to emissive singlet excitons
via efficient reverse intersystem crossing (RISC) from the lowest triplet excited state (T1)

to the lowest singlet excited state (S1) by thermal activation (Figure 12). The RISC rate
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largely depends on the energy difference between S; and T1 (AEst), and a small AEst
efficiently facilitates the RISC process. An exceptionally high internal quantum efficiency
(nearly 100%) can be achieved by carefully designing the organic molecules with a small
energy gap (AEsr).[136-141]
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Figure 12: Energy diagram of TADF process.[*34

For achieving efficient TADF, the key process is the thermally activated RISC, which is
temperature sensitive. A small AEsr is critical because it governs the rate constant of RISC

(krisc) according to the Boltzmann distribution:

oc —
RISC X €Xp kgT
where kg is the Boltzmann constant and T is the temperature. The AEsy is the difference

between the Es and Et, which can be defined as follows:
Es=Eopb+K+J
Er=Eom+K-J
AEsT=Es—Er=2J

where Eop is the orbital energy, K is the electron repulsion energy and
J is the exchange energy. Therefore the energy difference between singlet
and triplet state (AEst) is 2J.144 The AEsr is generally high (0.5-1.0 eV) for organic
molecules because the exchange energy between the two levels is high. An effective way
to minimize the AEsy is to separate the spatial distributions of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). However,
a small overlap between HOMO and LUMO provides a small radiative decay rate constant
(k), which is directly related to the photoluminescence quantum yield (PLQY) the of
molecule. Therefore there is a trade-off between these two contradictions when designing

a TADF molecule.[140
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1.2.3 Molecular designs to TADF molecules

As mentioned above, Adachi and co-workers has proposed a rational molecular design
strategy in 2011, based on the introduction of electron donor and acceptor units in a way
that the 1T-conjugation is highly distorted by steric hindrance introduced from the bulky
substituents. The idea is to reduce the overlap of the HOMO and LUMO of the molecules,
so that the AEst can be minimized. However, as large k; and small AEst are conflicting,
fine molecular design is usually required to realize them simultaneously for efficient
TADF.[13

To date, donor—acceptor (D—A) system exhibiting a charge-transfer (CT) transition is still
the most successful design strategy for TADF materials. These TADF materials can be
either a single organic D—A molecule (intramolecular D-A system), or organic exciplexes
with two individual donor and acceptor molecules (intermolecular D—A system). Such
molecular systems have achieved promising OLED performance by simultaneously
realizing efficient RISC and high PLQY.[134135.145-155 New molecular design strategies
(intramolecular D—-A system) such as using spiro-linker, through-space charge transfer
effect, multiple resonance effect, asymmetric structures with two different donors,
polymeric structures, etc. have been reported.l'56-1621 Electron donors such as
phenoxazine, phenothiazine, dimethylacridine, carbazole and its derivatives are usually
employed because of their high electron-donating abilities and easy inclusion into twisted
TADF molecules. On the other hand, the choice of electron acceptors is more diverse.
Various electron acceptors have been successfully used for preparing efficient TADF
materials, including nitrogen heterocycle-based acceptors (such as triazine, diazine,
heptazine, oxadiazole and triazole), cyano-based acceptors, diphenyl sulfoxide-based

acceptors, diphenyl ketone-based acceptors, etc.[136-141]

It is interesting to mention that recently, Adachi and co-workers presented a novel
molecular design strategy which takes advantage of the excited-state intramolecular proton
transfer (ESIPT) to achieve highly efficient TADF materials without relying on the

commonly used donor—acceptor system.[163]

1.2.4 Photophysics of TADF molecules

The increasing interests in application of TADF materials for OLEDs and other fields, has
made the study of the photophysical properties of TADF molecules and the understanding
of the TADF mechanism critical for the development of this research area. Generally, there
are several important experiments that can be performed to determine the efficiency of a
TADF molecule.[137:144]

Solvatochromism
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Because most of the TADF molecules are designed through a donor-acceptor molecular
system, the charge transfer (CT) excited state and its energy is very important for the TADF
property. The experimental evidence for proving the CT excited state formed in an organic
molecule is the solvatochromic effect in their emission.['¥”1 Usually, polar media (e.g.,
ethanol) favor the CT state and lower its energy. Therefore the CT emission spectrum
tends to red-shift with increasing solvent polarity. It can also be observed that the CT
emission is usually broad and featureless in polar solvent, while it tends to become narrow
(and resolved in some cases) in non-polar media. The energy of the CT state is strongly
environment-dependent, therefore it is possible to tune the CT emission and the lowest

singlet state energy of a TADF molecule by employing media with different polarity.[164.165]
Oxygen quenching

Since TADF is a process to harvest triplets, oxygen from air can severely quench the TADF
process. Therefore it is important to mind the oxygen quenching effect when performing
photophysical characterization of a TADF molecule. In other words, all the experiments
should be performed in oxygen-free conditions in order to obtain reliable characteristics of
a TADF molecule.[*44

Generally, there are two ways to maintain oxygen-free conditions for photophysical
measurements: pump degassing and nitrogen/argon bubbling. For solid samples (neat film,
sample dispersed in a host matrix, etc.), air can be removed easily by pump degassing or
nitrogen/argon flushing. While for solution samples, it is easier to perform nitrogen/argon
bubbling, although pump degassing is possible with several freeze/thaw cycles in a special
spectroscopic cuvette. The difference in fluorescence intensity between air-equilibrated
and degassed conditions is an indication of delayed fluorescence. Normally, a large

difference means a higher contribution of delayed fluorescence to the overall emission.[16°]
Fluorescence decay

As mentioned above, oxygen quenching is an indication of delayed fluorescence. To
further confirm the delayed fluorescence existence in a molecule, itis important to measure
its fluorescence decay in solution or solid film in oxygen-free conditions. The fluorescence
decay of a TADF molecule usually consists of two parts: prompt and delayed
fluorescence. The lifetime of prompt fluorescence is usually in the range of 1-100 ns as for
normal fluorescence, the delayed fluorescence has a lifetime of typically 1 ys to 100 ms.
The ratio of the delayed fluorescence component to the prompt fluorescence one (DF/PF)

can also be determined from the fluorescence decay.[*37:165]
Temperature dependence of TADF

Normally, the prompt fluorescence lifetime and intensity does not change too much upon

changing temperature. Slightly longer lifetime and higher intensity at low temperatures
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could be observed due to the limitation of non-radiative decay processes. However,
delayed fluorescence lifetime and intensity are strongly dependent upon temperature
because TADF is a thermally activated process.[*44 Normally in a TADF molecule, a strong
delayed fluorescence and no phosphorescence should be observed at room temperature.
When decreasing the temperature, the amount of TADF should decrease and the
phosphorescence starts to appear. When the temperature is low enough (e.g., 77K, liquid
N2), the TADF process should be deactivated and become very weak or not observed, and
strong phosphorescence should be observed. However, in some cases, due to the very
small AEst of the molecule, the TADF process is still quite good at 77K because very small
thermal energy is needed in those cases to promote the TADF process. The temperature
dependence of the delayed fluorescence is fundamental to prove that the delayed

fluorescence is due to a TADF mechanism.[137.165]
Time-resolved spectra

In principle, the spectra of prompt and delayed fluorescence of a TADF molecule should
be identical because the emission arises from the same singlet excited state. However, in
some cases, red-shifting or blue-shifting of emission in time-resolved spectra may be
observed, which can be explained by the presence of conformers that have slightly
different energy levels.['*4 The phosphorescence of a TADF molecule could also be
determined from the time-resolved spectra at 77 K or even lower when the molecule
possess a small AEst. Therefore, the AEst of a TADF molecule could be determined from
prompt fluorescence and phosphorescence spectra as the energy of the lowest singlet (Es)
and triplet (Et) excited states respectively. However, in some cases, the TADF molecule
possess a very small AEst, as a result the fluorescence and phosphorescence spectra are
almost indistinguishable. Interestingly, it was reported in many cases, that the
phosphorescence of a TADF molecule originates from the donor’s or acceptor’s triplet level
(depending on which triplet level is the lowest). As a result, the phosphorescence spectrum

is identical to that of a single donor or acceptor molecule in the same conditions.[16°]
Power dependence of TADF

Power dependence experiment is a convenient way to reliably distinguish between TADF
and TTA phenomena.l’®1 TADF is an unimolecular process, therefore it is linearly
dependent upon excitation power. While TTA is a bimolecular process which requires
contact of two molecules in a triplet excited state, so its intensity is quadratically dependent
upon excitation power.431 However, in some cases, TTA and TADF can compete with

each other, therefore the power law is in between 1 and 2.1244]
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1.2.5 Application of TADF materials

The most important application field for TADF material is by far organic light emitting diodes
(OLEDs).[*341351 TADF molecules are potential replacements for metal complex phosphors
to facilitate up to 100% triplet exciton harvesting. With no need of expensive noble metals
(e.g., iridium and platinum), pure organic TADF materials are indeed more appealing for
OLED applications. In addition, due to the flexible molecular design, the emission
wavelength of TADF materials can cover the whole visible spectrum, which is ideal for
display and lighting applications. Therefore TADF materials have been regarded as the

new generation of OLED materials over the last few years.[136-141

Additionally, the use of purely organic TADF materials goes far beyond their application in
electroluminescent devices. They can supersede metal complex emitters by acting as
triplet sensitizers,™%®! or bio-imaging dyes.[*67:1681 These molecules provide either sufficient
spin-orbit coupling (SOC) to generate high triplet populations, yet they are able to provide
conditions for efficient reverse intersystem crossing (RISC) and these parameters can be
tunable.l1% As a result these molecules are widely represented among mechanochromic
materials with many switchable parameters, such as emission color,*7°-172l TADF on/offl173]
or interplay of TADF and prompt fluorescence originating from different parts of the

molecule.lr74
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1.3 PhD project

The aim of this PhD project is the synthesis of novel electron-acceptor derivatives for the
application of TADF emitters. It will be focused on the synthesis of new 1,2,4,5-tetrazine
derivatives, including the exploration of synthetic methodologies for 1,2,4,5-tetrazines (e.g.,
tetrazine Pinner synthesis). Therefore, benzonitrile derivatives which are the typical
precursors in the tetrazine Pinner synthesis will also be investigated. In addition, reactions
involving tetrazines such as metal-catalyzed cross-coupling reactions, and inverse
electron-demand Diels—Alder (iEDDA) reactions are of particular interest in this thesis in
order to prepare novel donor-acceptor tetrazine and pyridazine derivatives. Moreover,
1,2,3,4-thiatriazole derivatives, as unpredicted products from modified Pinner synthesis,
will also be investigated. The photophysical and electrochemical properties of all the
prepared electron-acceptor derivatives will be studied. In particular, the novel donor-
acceptor benzonitrile and thiatriazole derivatives which exhibit TADF phenomenon will be

elaborately investigated for their potential applications as efficient TADF emitters.
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Chapter 2

Metal-free synthetic approach to 3-monosubstituted

unsymmetrical 1,2,4,5-tetrazines

1) NH2NH2'H20, S
MW, 50 °C, 24 h

EtOH N=N
CH,Cl, + NC—R > H4<\ />—R
2) NaNO, NIV

AcOH

Y. Qu, F.-X. Sauvage, G. Clavier, F. Miomandre, P. Audebert, Angew. Chem. Int. Ed. 2018, 57, 12057—
12061.
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2.1 Introduction

In the first chapter, we have already discussed the prominent potential applications of
1,2,4,5-tetrazines. As a well-known electron-deficient heterocycle,¥! 1,2,4,5-tetrazines
have been widely used in various application fields for many decades, such as organic
electronics (e.g., OPVs, OFETS),> energetic materials,>"1 coordination chemistry,8-0]
electrofluorochromism®-14 and total synthesis of natural products.'56l More recently,
tetrazine based click chemistry (also called inverse Electron Demand Diels—Alder reaction
or IEDDA reaction) has become a powerful tool for decryption of biological messages from
organisms,1718] including applications spanning biological imaging and detection, cancer
targeting, drug delivery and biomaterials science.['*-3% As a result, the synthesis of reactive
tetrazine reagents has recently attracted significant interest to the research community

worldwide.

Despite the promising application potential of 1,2,4,5-tetrazines, the synthesis of some
tetrazine molecules (e.g., unsymmetrical 1,2,4,5-tetrazines) which are useful for bio-
orthogonal click chemistry is still challenging.[*:33 Therefore, in addition to designing new
tetrazine reagents, developing synthetic routes that improve access to those broadly useful
tetrazine molecules has recently become more and more valuable, because it not only
eases the way to existing tetrazine applications but also facilitates the development of new

applications.

The classical approach to prepare 1,2,4,5-tetrazines is a two-step procedure starting from
the addition of hydrazine to nitrile precursors, followed by oxidation of the resulting 1,2-
dihydrotetrazine.l!. However, this approach is usually not efficient for unsymmetrical
tetrazines. 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines were conventionally
prepared from aromatic or alkyl nitrile precursors and formamidine salts, but yields are
typically low, between 10% to 20%.32 Recently, Devaraj et al. demonstrated an effective
metal-catalyzed one-pot procedure to prepare 3-monosubstituted unsymmetrical 1,2,4,5-
tetrazines.[®¥l This approach is currently intensively employed by scientists to prepare
tetrazines useful for bio-orthogonal conjugation. However, the limitations of this approach
are also obvious because it requires excess anhydrous hydrazine as the solvent (usually
50 equivalents to the nitrile precursors). Anhydrous hydrazine is an oily, highly toxic and
hazardous reagent, which is commercially limited in several parts of the world, including
Europe and China due to safety regulations. As a result, this synthetic procedure is limited
to certain labs or companies. In addition, it also requires excess formamidine salts (usually
10 equiv.) and a non-neglectable amount of expensive metal catalysts (0.5 equiv.)
(Therefore explaining the high prices of commercial clickable tetrazines, usually in the

1,000 $/g range). Moreover, the harsh conditions are not compatible with several functional
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groups such as carbonyls and alkyl halides, which are susceptible to give either
nucleophilic addition or reduction. 8!

In this chapter, a facile and efficient synthetic approach to 3-monosubstituted
unsymmetrical 1,2,4,5-tetrazines which are very useful for bio-orthogonal reactions is
presented. In this approach, 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines are
conveniently prepared in high yields using dichloromethane (DCM) as an initial reactant.
To the best of our knowledge, this is the first time that DCM is recognized as a novel
reactant in the chemistry of tetrazine synthesis. 11 unsymmetrical 1,2,4,5-tetrazine
examples were synthesized with excellent yields (up to 75%) through this novel approach.
The synthetic approach presented here readily offers an improved access to both 3-aryl
and 3-alkyl unsymmetrical 1,2,4,5-tetrazines, which are expected to be widely utilized in
various applications, particularly in tetrazine based click chemistry. Moreover, it opens the
possibility that DCM could be utilized as a novel reagent in the synthesis of other

heterocycles.

2.2 Synthesis

The reaction is shown in Scheme 1. DCM was selected as a novel starting material instead
of the commonly used formamidine salts. Interestingly, DCM was found to exhibit a
surprisingly good reactivity and selectivity in this reaction. As a result, only mild reaction
conditions are required. Anhydrous hydrazine, which is highly dangerous, can be replaced
by the much more stable hydrazine hydrate. In addition, ethanol was used as the solvent,
along with 2 equivalents of sulfur. In this reaction, only 1 equivalent of DCM is required
rather than excess amount (10 equiv.) of formamidine salts. It is also important to mention

no metal catalyst is required in this novel approach.

1) NH,NH,H,0, S
MW, 50 °C, 24 h N—=N
EtOH -
CH,Cl, + NC—R <\ />_R
2) NaNO, N—N
AcOH

Scheme 1: Synthetic approach for 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines.

The reaction conditions were firstly optimized by using 4-cyanophenylacetic acid as the
nitrile precursor (Table 1), in particular because the resulting tetrazine T1 is a well-known
specifically useful tetrazine for bio-orthogonal applications.[*”! It was found that the reaction
temperature is very important to the outcome of this reaction. At 80 °C, the reaction was
completed quickly within 6 hours, as most of the nitrile precursor was consumed as
indicated by *H NMR (Entry 1). However, a large amount of unwanted side products was

also formed, which led to a tedious purification procedure, and the product yield was
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relatively low (38%). Interestingly, it was observed that the yield of the reaction increased
significantly when decreasing the temperature. The best temperature was found to be
50 °C, leading to an excellent yield of product (72%, Entry 3). Moreover, almost no side
product was formed in this case which makes the purification quite easy. It is noteworthy
that further decreasing the temperature to 40 °C decreased the product yield again (Entry
4). In addition, sulfur addition was found to be very important in this reaction, as historically
noticed in the Pinner reaction.?43%1 Acting as an inducer, 1 equivalent of sulfur led to a
good yield, while slight excesses of sulfur still improved the yield of the reaction. Finally,
addition of 2 equivalents of sulfur was found to give the best yield (72%). When no sulfur
was used in the reaction, the nitrile precursor was mostly recovered and only a very low
amount of product was observed (3%, Entry 5). However, addition of a larger excess of
sulfur (4 equiv.) also lowered the product yield because of increased unwanted side
reactions (Entry 9). It is important to note that the amount of sulfur added was also found
to be important when elucidating the mechanism of the reaction (see 2.3 Mechanism).
Microwave heating was employed for all the reactions, but heating in a sealed tube also

worked well, with only minor changes to the product yield.

Table 1: Optimization of the reaction conditions(®.

1) NH,NHyH,0, S

COOH MW, EtOH N=N COOH
CH,Cl, + NC <\ /
2) NaNO, N—N

AcOH

T

Entry Temp., time S Yield [%)]®)
1 80°C,6h 2 equiv. 38
2 60°C, 24 h 2 equiv. 61
3 50 °C, 24 h 2 equiv. 72
4 40°C, 24 h 2 equiv. 40
5 50 °C, 24 h 0 equiv. 3
6 50°C, 24 h 1 equiv. 45
7 50°C, 24 h 1.2 equiv. 62
8 50°C, 24 h 1.5 equiv. 70
9 50°C, 24 h 4 equiv. 55

(a) All reactions were carried out on a 0.5 mmol scale in 0.5 ml EtOH. 1 equiv. DCM, 1 equiv. nitrile
precursor and 8 equiv. hydrazine hydrate (MW = microwave, equiv. = equivalents). (b) Yields (isolated)

based on the nitrile precursor.
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In order to extend the scope of this synthetic approach, we started to apply this approach
to various benzonitrile substrates, and therefore a series of 3-monosubstituted
unsymmetrical 1,2,4,5-tetrazines were successfully prepared (Table 2). At first, four
unsymmetrical tetrazines T1-T4 which are useful for bio-orthogonal conjugation were
successfully prepared in good to high yields (40%-72%). One interesting result to mention
is tetrazine T3 with hydroxyl group, which could be prepared by using 4-
(aminomethyl)benzonitrile hydrochloride as the nitrile precursor in a high yield (71%,
Scheme 2). It is likely that the nitrous acid (HNO>) used in the oxidation step could also
react with the primary amine to give the alcohol. The product yield is higher than the yield
of the reaction when employing the “normal” nitrile precursor 4-(hydroxymethyl)
benzonitrile (64%). Furthermore, the price of 4-(hydroxymethyl)benzonitrile price is much
higher than the one of 4-(aminomethyl)benzonitrile hydrochloride. Therefore, this last
substrate offers a more efficient and cheaper pathway to tetrazine T3. On the other hand,
when the amine is protected with a Boc group, the transformation to the alcohol is not

observed affording a convenient way to obtain the amine functionalized derivative T4.

Table 2: Synthesis of 3-monosubstituted unsymmetrical tetrazines T1-T11®,

1) NH,NH»H,0, S
MW, 50 °C, 24 h

N=N
EtOH
CH,Cl, + NC—R <\ />—R
2) NaNO, N—N
AcOH
N—N COOH N=N N—N OH
O GO (O
N=N N—N N=N
T, 72% T2, 70% T3, 64%, 71%®)
N=N NHBoc N=N N=N
<\ )—@—/ <\ />—< >—Br <\ />—< >—CI
N—N N—N N—N
T4, 40% T5, 38%(©) T6, 54%
N=N N=N N— N=N
<\ />—< >* <\ / § 7
N— N—N \ / N—N
T7,56% T8, 43%
T9, 45%
N=N N=N N=N
§ />—< >*°N Q />—< >—<\ )
N—N N—N N—N
T10, 61% T, 75%@

(a) Reactions were carried out on a 1 mmol scale in 1 ml EtOH. Yields (isolated) based on the starting
nitrile. 1 equiv. DCM, 1 equiv. nitrile precursor, 2 equiv. sulfur and 8 equiv. hydrazine hydrate (except T11).

(b) T3 was alternatively prepared using 4-(aminomethyl)benzonitrile hydrochloride as the nitrile precursor.
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(c) 0.2 ml DMF as co-solvent. (d) 2 equiv. DCM, 1 equiv. nitrile precursor, 4 equiv. sulfur and 16 equiv.

hydrazine hydrate.

1) NH,NH,H,0, S
MW, 50 °C, 24 h

NH,HCI EtOH N=N OH
CH,Cl, + NC <\ Y/
2) NaNO, N—N

AcOH

T3,71%

Scheme 2: Synthesis of T3 using 4-(aminomethyl)benzonitrile hydrochloride as the nitrile precursor.

Monosubstituted Tetrazines T5-T8 were also readily synthesized through our novel
synthetic approach in good to high yields. It is important to mention that T5 and T6 are
useful materials for further preparation of new photo and/or electroactive molecular
materials through coupling reactions, and some results will be presented in Chapter 4.
Another important result we observed is that unsymmetrical alkyl tetrazines could also be
readily prepared through this approach. Tetrazine T9 was directly prepared from the

respective alkyl nitrile precursor (benzyl cyanide) and DCM in a good yield (45%).

Remarkably, when using 1,4-dicyanobenzene as the nitrile precursor, the two cyano
groups could be sequentially converted to tetrazine groups. As a result, both tetrazine T10
and T11 were synthesized in high yields (61%-75%). Notably, T11 is a di-tetrazine
molecule which has two functional sites adapted for click reactions, which could potentially

serve as a bifunctional bio-orthogonal tetrazine reagent.

It is worth mentioning, however, that the reaction did not work in a few trials with other
chloro-reagent, such as dichloroethane (CH3CHCI,) or chloroform (CHCI3z) (Scheme 3),
and is probably limited to DCM (CHCl,) as a synthon.

1) NHy,NH,H0, S
MW, 50 °C, 24 h

EtOH N=N
CH4CHCl, + NC@ —<\ /
2) NaNO, NI

AcOH
T-Me

1) NH,NH,H,0, S

MW, 50 °C, 24 h N=N

EtOH -

CHCl, + Nc@— C|—<\ p

2) NaNO, N—N

AcOH

T-Cl

Scheme 3: Attempts to synthesize T-Me and T-CI using dichloroethane (CH3zCHCI2) or chloroform (CHClIs)

as reactants.
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2.3 Mechanism

To study the mechanism of this new reaction, the participation of DCM (CH2Cly) in the
tetrazine ring formation was firstly confirmed by employing 13C labelled DCM (**CH.Cl,) as
a reactant (Scheme 4). The doublet signal at 10.17 ppm (}Jch = 212.04 Hz) in the *H NMR
spectrum and the super high intensity of singlet signal at 157.73 ppm in the 3*C NMR
spectrum (Figure 1), which could be assigned respectively to the proton and carbon of H-
13C group, clearly indicate the incorporation of 13C into the tetrazine ring. Additionally, the
C-3 carbon which shows a doublet signal at 166.61 ppm (3Jcc = 29.20 Hz) in the **C NMR

spectrum also supports the incorporation of *3C into the tetrazine ring of T12.

1) NH,NHyH,0, S
MW, 50 °C, 24 h

N=N
/ \

3CHLCl, + N04®7 _EoH H—"%C //04©7
2) NaNO, N—N

AcOH T12

Scheme 4: Synthesis of T12 employing 3*CH2Cl- as a reactant.
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Figure 1: 'H NMR ((upper, 400 MHz, CDClIs) and '3C NMR (lower, 100 MHz, CDCls) spectra of T12.

Only downfield parts of the spectra are shown here for clarity sake.

It is commonly agreed that the formation of 1,2,4,5-tetrazine is a two-step synthetic
sequence starting from the nucleophilic attack of nitrile precursor by sulfur activated
hydrazine, followed by oxidation of the resulting 1,2-dihydrotetrazine.!* Due to the fact that
no standard “Pinner” product is formed with only 1 equivalent of DCM added, the first step
is likely to be the addition of the sulfur-activated hydrazine on DCM. Then a second
substitution step follows on the second chlorine, rendered more reactive because of the
first addition. As a noticeable amount of product is formed with as little as 1 equivalent of
sulfur (despite 2 equivalents improved the yields), and that the dihydrotetrazine is formed
before the oxidant addition, it is proposed that hydrazine alone reacts in this second
addition step. Afterwards, addition on the nitrile likely occurs, it does not matter which
terminal nitrogen attacks at the cyano group, because the following cyclization step leads
to the same ring. Finally, a double elimination occurs, before the final oxidative
aromatization step. Following this reasoning, a possible mechanism for the tetrazine ring

formation using CHCl; as a reactant is proposed and presented in Scheme 5.

H
1) DCM N—NH,
HiN—NH, + S ——> H,;N—NHSH —————— H,C
2) H,N—NH, N—NH;
SH
lR—CN
H
= N__X N—NH
/N_N\E - NH /N_N NHz e 2 NH
H,C p; ~s HaC__ R 2 )l_R
= S N
SH \ SH
I»\ H—R
N—N
\"_R
N—N HC
// \\ o NH
H—c( C—R N—NH,
N=N SH

Scheme 5: Proposed mechanism for tetrazine ring formation using CH2Cl. as a reactant.

In order to support the proposed mechanism, we have investigated the influence of
amounts of sulfur in this reaction (Table 1) to support the idea that the activated hydrazine
was only implicated in the first addition step, and not further. It turned out that 1.2
equivalents of sulfur already leads to a very good yield, and 1.5 equivalents give almost
the same high yield as 2 equivalents. This indicates that addition of sulfur amount in
moderate excess to 1 equivalent is sufficient for the reaction to proceed. The excess
amount probably serves to compensate for a non-quantitative formation of the sulfur-
hydrazine activated nucleophile due to the heterogenous reaction. These results strongly
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suggest that only 1 equivalent of activated sulfur-hydrazine is required in the first step of
the reaction process, and 1 equivalent of hydrazine alone is involved afterwards in the

following step, as proposed in Scheme 5.

2.4 Photophysical properties

The photophysical data of tetrazine derivatives T1-T9 are given in Table 3. All the
tetrazines present an absorption band in the visible with a maximum located around 535
nm and a rather low extinction coefficient, which is typical of tetrazine derivatives.
Unfortunately, all the tetrazines show a very weak emission (only T5 shows a PLQY over
1%). The low PLQYs for these tetrazines were expected as it is known that only tetrazines

substituted with heteroatoms are highly emissive.M

Table 3. Photophysical data of T1-T9.

Aabs (Nm)@ ArL (nm)® Dp (%)©

T1 536 (300) 595 0.2%
T2 534 (270) / /

T3 535 (750) 581 0.2%
T4 535 (500) 598 0.2%
T5 533 (580) 577 1.4%
T6 533 (880) 575 0.1%
T7 535 (930) 578 0.2%
T9 535 (400) 587 0.2%

(a) Absorption maxima measured in acetonitrile (1x10-° M) at room temperature. Values in brackets are
extinction coefficients. (b) Emission maxima measured in acetonitrile (1x10-> M) at room temperature (c)

Photoluminescence quantum yields of compounds in acetonitrile at room temperature.

2.5 Electrochemistry

The electrochemistry of tetrazine derivatives T1-T9 was studied in solution in acetonitrile.

Two types of cyclic voltammetries (CV) are observed:

l. For non-acidic compounds a nicely reversible CV is observed (Figure 2, full green

line).

60



II.  For acidic compounds (T1-T2), a fully irreversible reduction peak can be seen
(Figure 2, dotted red line)

All CVs have been compared to a standard (chloroethoxytetrazine) to assess the number
of electrons exchanged on one hand and the standard potential on the other hand. Using
a standard allows one to get rid of electrode surface issues for the relation between peak
current and number of electrons and of reference drift for the determination of standard

potential.

The results are summarized in Table 4. All compounds behaving reversibly shows a one-
electron reduction as expected, leading to the anion radical which is thus stable at the
timescale of cyclic voltammetry. Moreover, the standard potentials for the redox couples
formed by the tetrazines and their anion radicals all lie around -1.35 V vs. Fc which is
similar to tetrazines substituted by donating aromatic groups like pyrrole or thiophene.* It
can be noticed that T5-T6 have a more positive reduction potential of ca. +0.1 V in
agreement with the withdrawing character of the halogen substituents borne by the
tetrazine core. This demonstrates that the redox potentials of these tetrazine derivatives

are actually sensitive to the electronic properties of the substituent.

1/lImax

Figure 2: CVs of T7 (full green line) and T1 (dotted red line) in acetonitrile (+TBAPFs) on glassy carbon

electrode at 0.1 V/s. Currents are normalized vs. the peak cathodic value for clarity sake.

The two compounds substituted with acidic functions show a non-reversible
electrochemical behavior assigned to the rapid protonation of the anion radical. This leads
to more positive reduction potential (typically -1.14 V for the peak reduction potential of T1)
in agreement with an internal ‘EC’ mechanism. Besides the number of electrons

exchanged which has been found close to 2 is in agreement with a ‘2H* + 2e” mechanism
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similar to quinone reduction. Typically after the one-electron first reduction and fast
protonation, the generated radical is further reduced even faster, and the anion protonated

again.

Table 4: Electrochemical data for T1-T9®

Standard potential Exp. det. number of

IV vs. Fc*/Fc electrons exchanged
T1 n.d. 2.25
T2 n.d. 1.88
T3 -1.33 0.97
T4 -1.35 0.98
T5 -1.23 0.89
T6 -1.24 1.12
T7 -1.32 0.95
T9 -1.35 0.97

(a) In acetonitrile (+TBAPFs) on glassy carbon electrode. n.d. = not defined.

*Note: The photophysics and electrochemistry in this chapter were studied by an internship

student Francois-Xavier Sauvage from our group PPSM.

2.6 Conclusion

In this chapter, we have presented a facile, efficient and metal-free synthetic approach to
3-monosubstituted unsymmetrical 1,2,4,5-tetrazines. DCM has been demonstrated to be
a novel alternative reagent to formamidine salts in the unsymmetrical tetrazine synthesis.
It exhibits an excellent reactivity and selectivity in the process of tetrazine ring formation,
resulting in high product yields and mild reaction conditions. This is the first time that DCM
is recognized as a novel reactant useful for tetrazine synthesis, and it opens the possibility
that it could be utilized as a novel reagent in the synthesis of other heterocycles. Eleven 3-
monosubstituted unsymmetrical 1,2,4,5-tetrazine derivatives were therefore readily
prepared employing this novel synthetic approach, among which some tetrazines are
already used in bio-orthogonal reactions, as well as other application fields (e.g., photo

and/or electroactive molecular materials).
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2.7 Experimental details
General Methods:

Synthesis. All chemicals were received from commercial sources and used without further
purification. Microwave reactions were performed on a microwave synthesis reactor (Anton
Paar Monowave 300). Thin layer chromatography (TLC) analysis were performed on silica
gel. Column chromatography purifications were performed with SDS 0.040-0.063 mm
silica gel. All mixtures of solvents are given in v/v ratio. NMR spectra were recorded on a
JEOL ECS (400 MHz) spectrometer. 3C NMR spectra were proton decoupled. HRMS
spectra were measured either on an UPLC/ESI-HRMS device (an Acquity Waters UPLC
system coupled to a Waters LCT Premier XE mass spectrometer equipped with an
electrospray ion source), or a Q-TOF mass spectrometer (Q-TOF 6540, Agilent) equipped
with an APPI ion source. Melting points (m.p.) were determined on a Heizbank System
Kofler type WME (Wagner & Munz).

Photophysics. Fluorescence spectra were measured on a Fluorolog3 spectrofluorimeter
(Horiba) in quartz cuvettes using solutions of tetrazines 6.10% M in acetonitrile
(Spectroscopic grade). Before each measurement UV-vis spectra were recorded on a Cary
4000 spectrophotometer (Agilent) to determine the maximum absorption wavelength and
check that the corresponding absorbance is lower than 0.1. Quantum yields were

determined using chloroethoxytetrazine (®pL = 0.4) as the standard.

Electrochemistry. Cyclic voltammetry was performed with a potentiostat Versastat4
(Ametek) in small volume electrochemical cells (2-3 mL) on solutions of tetrazine (ca. 1
mM) in acetonitrile (HPLC grade) with tetrabutylammonium tetrafluoroborate (0.1 M) as the
supporting electrolyte. Glassy carbon (1 mm diameter) was used as the working electrode
after polishing on a 1 um diamond slurry. Platinum wire was used as the counter electrode.
Ag|Ag*(102 M) in acetonitrile was used as the reference electrode and calibrated vs.

chloroethoxytetrazine as the standard.

General procedure for synthesis of T1-T10.

1) NH,NH,H,0, S
MW, 50 °C, 24 h

N=N
CHCl, + Nc—R —E©H <\ />_R
2) NaNO, NIy

AcOH

Nitrile substrate (1 mmol), CH>Cl> (1 mmol, 63.70 pl), sulfur (2 mmol, 64 mg) and ethanol
(1 ml) were mixed together in a 30 ml microwave reaction tube. Hydrazine monohydrate
(8 mmol, 0.4 ml) was added slowly with stirring afterwards. The vessel was sealed and the

reaction mixture was heated at 50 °C for 24 hours. (Caution should be exercised due to
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the elevated pressure in the sealed reaction vessel when heating, particularly attempting
scale up). Then 3 ml of CH2Cl, and sodium nitrite (10 mmol, 0.69 g) in 10 ml of H.O were
added to the mixture. Excess acetic acid (60 mmol, 3.42 ml) was then added slowly at 0 °C,
during which the solution turned bright red in color. The reaction mixture was extracted
with dichloromethane. The organic phase was dried over anhydrous magnesium sulfate
(MgSO0.), filtered and concentrated under reduced pressure. The resulting residue was

purified using silica gel chromatography.

T1: A red crystalline solid was obtained after column chromatography (CH2Cl.:acetic acid
=50:1) (155 mg, yield: 72%). *H NMR (400 MHz, CDCls, 8): 10.22 (s, 1H), 8.62 (d, J = 8.24
Hz, 2H), 7.55 (d, J = 8.24 Hz, 2H), 3.80 (s, 2H) ppm; 3C NMR (100 MHz, CDCls, 8): 175.09,
166.38, 157.99, 138.79, 130.89, 130.65, 128.76, 40.81 ppm; HRMS [M+H]* m/z calcd. for
[C10HoN4O2]* 217.0726, found 217.0722; m.p. 183 °C.

T2: The reaction mixture was extracted with ethyl acetate instead of dichloromethane due
to the low solubility of the crude mixture in dichloromethane. A red solid was obtained after
column chromatography (Petroleum ether:EtOAc:acetic acid = 50:50:1) (141 mg, yield:
70%). *H NMR (400 MHz, DMSO-ds, ): 10.66 (s, 1H), 8.62 (d, J = 8.24 Hz, 2H), 8.22 (d,
J =8.24 Hz, 2H) ppm; 13C NMR (100 MHz, DMSO-ds, 8): 166.73, 165.11, 158.29, 135.73,
134.37, 130.25, 128.01 ppm; HRMS [M-H] m/z calcd. for [CoHsN4O2]" 201.0413, found
201.0412; m.p. 199 °C.

T3: A red crystalline solid was obtained after column chromatography (Petroleum
ether:EtOAc = 3:1) (120 mg, yield: 64%; 133mg, yield: 71% when using 4-(aminomethyl)-
benzonitrile hydrochloride as nitrile precursor). 'H NMR (400 MHz, CDCls, ): 10.22 (s, 1H),
8.62 (d, J = 8.24 Hz, 2H), 7.61 (d, J = 8.24 Hz, 2H), 4.86 (d, J = 5.80 Hz, 2H), 1.93 (d, J =
5.80 Hz, 1H) ppm; **C NMR (100 MHz, CDCls, 8): 166.47, 157.94, 146.43, 130.88, 128.67,
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127.59, 64.83 ppm; HRMS [M+H]* m/z calcd. for [CoHsN4O]* 189.0776, found 189.0773;
m.p. 105 °C.

N=N NHBoc
W
N—N

T4

T4: A pink solid was obtained after column chromatography (Petroleum ether:EtOAc = 5:1
and CH2Cl,:EtOAc = 100:1) (114 mg, yield: 40%). *H NMR (400 MHz, CDCls, 8): 10.21 (s,
1H), 8.60 (d, J = 8.24 Hz, 2H), 7.52 (d, J = 8.24 Hz, 2H), 4.99 (s, br, 1H), 4.45 (d, J =5.95
Hz, 2H), 1.48 (s, 9H) ppm; 13C NMR (100 MHz, CDCls, 5): 166.43, 157.93, 156.07, 144.79,
130.67, 128.73, 128.28, 80.06, 44.48, 28.53 ppm; HRMS [M+H]* m/z calcd. for
[C14H17N502]* 288.1461, found 288.1469; m.p. 123 °C.

T5: 0.2 ml DMF was added as co-solvent. A red solid was obtained after column
chromatography (Petroleum ether:CH,Cl, = 2:1) (90 mg, yield: 38%). 'H NMR (400 MHz,
CDCls, 8): 10.25 (s, 1H), 8.51 (d, J =8.70 Hz, 2H), 7.76 (d, J = 8.70 Hz, 2H) ppm; 3C NMR
(100 MHz, CDCls, d): 166.12, 158.04, 132.89, 130.62, 129.82, 128.64 ppm; HRMS [M]*
m/z calcd. for [CsHsBrN4]* 235.9704, found 235.9692; m.p. 176+2 °C (lit.38) m.p. 182-
184 °C).

T6: A red solid was obtained after column chromatography (Petroleum ether:CH,Cl, = 2:1)
(103 mg, yield: 54%). 1H NMR (400 MHz, CDCls, 5): 10.24 (s, 1H), 8.58 (d, J = 8.70 Hz,
2H), 7.59 (d, J = 8.70 Hz, 2H) ppm; *C NMR (100 MHz, CDCls, d): 165.98, 157.99, 139.98,
130.16, 129.91, 129.69 ppm; HRMS [M+H]* m/z calcd. for [CsH7CIN4]* 194.0358, found
194.0354; m.p. 166 °C (lit.¥l m.p. 164-167 °C).

N=N
Q />—< >*
N—N

T7
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T7: Ared solid was obtained after column chromatography (Petroleum ether:CH,Cl, = 2:1)
(96 mg, yield: 56%). *H NMR (400 MHz, CDCls, 8): 10.19 (s, 1H), 8.52 (d, J = 8.24 Hz, 2H),
7.42 (d, J=8.24 Hz, 2H), 2.49 (s, 3H) ppm; 13C NMR (100 MHz, CDCls, 8): 166.65, 157.80,
144.15, 130.29, 128.96, 128.41, 21.89 ppm; HRMS [M+H]* m/z calcd. for [CoHgoNa4]*
173.0819, found 173.0822; m.p. 88 °C (lit.*8) m.p. 86-88 °C).

N=N N=—
W
T8
T8: A red crystalline solid was obtained silica column chromatography (Petroleum
ether:EtOAc = 1:1) (68 mg, yield: 43%). 'H NMR (400 MHz, CDCls, d): 10.35 (s, 1H), 8.96
(d, J = 4.58 Hz, 1H), 8.67 (d, J = 7.79 Hz, 1H), 7.99 (t, J = 7.79 Hz, 1H), 7.58 (dd, J = 7.79
Hz, J = 4.58 Hz, 1H) ppm; 13C NMR (100 MHz, CDCls, 5): 165.92, 158.50, 151.18, 150.07,
137.67, 126.90, 124.46 ppm; HRMS [M+H]* m/z calcd. for [C7HsNs]* 160.0623, found
160.0625; m.p. 116 °C.

T9: A red oil was obtained after column chromatography (Petroleum ether:CH,Cl, = 2:1)
(77 mg, yield: 45%). *H NMR (400 MHz, CDCls, 8): 10.19 (s, 1H), 7.43 (d, J = 8.24 Hz, 2H),
7.34 (dd, J = 8.24 Hz, J = 7.33 Hz, 2H), 7.28 (d, J = 7.33 Hz, 1H), 4.67 (s, 2H) ppm; 13C
NMR (100 MHz, CDCls, 8): 171.99, 158.12, 135.61, 129.35, 129.08, 127.61, 41.87 ppm;
HRMS [M]* m/z calcd. for [C1oHsN4]* 172.0750, found 172.0743.

T10: A red crystalline solid was obtained after column chromatography (Petroleum
ether:CH.Cl, = 1:1) (111 mg, yield: 61%). 'H NMR (400 MHz, CDCls, d): 10.32 (s, 1H),
8.78 (d, J = 8.70 Hz, 2H), 7.92 (d, J = 8.70 Hz, 2H) ppm; 3C NMR (100 MHz, CDCls, 5):
165.47, 158.28, 135.65, 133.21, 128.82, 118.11, 116.71 ppm; m.p. 166 °C.

Synthesis of T11
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T11

1,4-Dicyanobenzene (1 mmol, 130 mg), CH>Cl, (2 mmol, 127.50 pl), sulfur (4 mmol, 128
mg) and ethanol (1 ml) were mixed together in a 30 ml microwave reaction tube. Hydrazine
monohydrate (16 mmol, 0.8 ml) was added slowly with stirring afterwards. The vessel was
sealed and the reaction mixture was heated at 50 °C for 24 hours. (Caution should be
exercised due to the elevated pressure in the sealed reaction vessel when heating,
particularly attempting scale up). Then 3 ml of CH>Cl> and sodium nitrite (20 mmol, 1.38 g)
in 10 ml of H.O were added to the mixture. Excess acetic acid (120 mmol, 6.84 ml) was
then added slowly at 0 °C, during which the solution turned bright red in color. The reaction
mixture was extracted with dichloromethane. The organic phase was dried over anhydrous
magnesium sulfate (MgSQ.), filtered and concentrated under reduced pressure. The

resulting residue was purified by column chromatography on silica gel.

A red crystalline solid was obtained after column chromatography (Petroleum ether: CH2Cl>
= 1:3) (178 mg, yield: 75%). *H NMR (400 MHz, DMSO-ds, 8): 10.65 (s, 2H), 8.79 (s, 4H)
ppm; BC NMR (100 MHz, DMSO-ds, 8): 165.74, 158.74, 136.23, 129.29 ppm; m.p.
26312 °C.

Synthesis of T12

/N = N\
—13
H C\\ //C —< >—
N—N

T12

4-Methylbenzonitrile (1 mmol, 118 mg), **CH.Cl, (1 mmol, 63.70 ul), sulfur (2 mmol, 64
mg) and ethanol (1 ml) were mixed together in a 30 ml microwave reaction tube. Hydrazine
monohydrate (8 mmol, 0.4 ml) was added slowly with stirring afterwards. The vessel was
sealed and the reaction mixture was heated at 50 °C for 24 hours. (Caution should be
exercised due to the elevated pressure in the sealed reaction vessel when heating,
particularly attempting scale up). Then 3 ml of CH2Cl. and sodium nitrite (10 mmol, 0.69 g)
in 10 ml of H,O were added to the mixture. Excess acetic acid (60 mmol, 3.42 ml) was then
added slowly at 0 °C, during which the solution turned bright red in color. The reaction
mixture was extracted with dichloromethane. The organic phase was dried over anhydrous
magnesium sulfate (MgSO.), filtered and concentrated under reduced pressure. The

resulting residue was purified by column chromatography on silica gel.

A red solid was obtained after column chromatography (Petroleum ether:CH>Cl, = 2:1) (88
mg, yield: 51%). *H NMR (400 MHz, CDCls, d): 10.17 (d, *Jcn = 212.04 Hz, 1H), 8.51 (d,
3Jun = 8.24 Hz, 2H), 7.41 (d, 3Jun = 8.24 Hz, 2H), 2.48 (s, 3H) ppm; *C NMR (100 MHz,
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CDCls, 8): 166.61 (d, 3Jcc = 29.20 Hz), 157.73, 144.09, 130.23, 128.89, 128.34, 21.82
ppm; HRMS [M+H]* m/z calcd. for [Cs3CHgN4]* 174.0855, found 174.0857.

Synthesis of T1 using a sealed pressure tube

4-Cyanophenylacetic acid (1 mmol, 161 mg), CH2Cl, (1 mmol, 63.70 ul), sulfur (2 mmol,
64 mg) and ethanol (1 ml) were mixed together in a pressure tube reactor. Hydrazine
monohydrate (8 mmol, 0.4 ml) was added slowly with stirring afterwards. The tube was
sealed and the reaction mixture was heated at 50 °C for 24 hours. (Caution should be
exercised due to the elevated pressure in the sealed reaction vessel when heating,
particularly attempting scale up). Then 3 ml of CH>Cl> and sodium nitrite (10 mmol, 0.69 Q)
in 10 ml of H,O were added to the mixture. Excess acetic acid (60 mmol, 3.42 ml) was then
added slowly at 0 °C, during which the solution turned bright red in color. The reaction
mixture was extracted with dichloromethane. The organic phase was dried over anhydrous
magnesium sulfate (MgSQO.), filtered and concentrated under reduced pressure. The
resulting residue was purified by column chromatography on silica gel (CH2Cl:acetic acid
=50:1) to give 147 mg of T1. (Yield: 68%).

Inverse electron demand Diels—Alder reaction (iIEDDA) of T10 and T11

To further confirm the structures of tetrazines we have obtained, T10 and T11 were
subjected to iEDDA reaction with cyclooctyne. Cyclooctyne was prepared according to
published procedure.’”] Both reactions proceeded at room temperature in
dichloromethane (DCM), and completed quickly within a few minutes. This is in accordance

with the known high reactivity of 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines.

)

N=N
<\ ) ‘< >*CN > N/ CN
N—N DCM, rt N—N

T10 D10

T11 D11

To a 10 mL round bottom flask equipped with a stir bar, 0.05 mmol of T10 or T11 (9.2 mg
or 11.9 mg), and 4 mL of DCM were added. Then 0.2 mmol of cyclooctyne (25 uL) was
added with stirring at room temperature. The color of the solution turned from bright red to

colorless immediately and N2 gas evolved. The reaction mixture was allowed to stir for
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another 10 min, and then all the volatiles were evaporated under vacuum. The products

were subjected to characterization without further purification required.

D10 (13 mg, white solid, yield: 99%)

1H NMR (400 MHz, CDCls, d): 8.94 (s, 1H), 7.79 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.4 Hz,
2H), 2.89-2.80 (m, 2H), 2.77-2.67 (m, 2H), 1.86-1.76 (m, 2H), 1.59-1.51 (m, 2H), 1.49-1.42
(m, 2H), 1.41-1.33 (m, 2H) ppm; *C NMR (100 MHz, CDCls, 8): 160.34, 152.01, 142.53,
141.77, 138.60, 132.29, 130.07, 118.65, 112,74, 31.20, 30.38, 29.62, 26.54, 25.99, 25.41
ppm; HRMS [M+H]* m/z calcd. for [C17H1sN3]* 264.1495, found 264.1494; m.p. 170 °C.

D11 (19.8 mg, white solid, yield: 99%)

H NMR (400 MHz, CDCls, 0): 8.93 (s, 2H), 7.60 (s, 4H), 2.88-2.82 (m, 4H), 2.82-2.76 (m,
4H), 1.87-1.77 (m, 4H), 1.64-1.54 (m, 4H), 1.52-1.43 (m, 4H), 1.43-1.34 (m, 4H) ppm; 13C
NMR (100 MHz, CDCls, 8): 161.73, 151.74, 141.55, 139.09, 138.21, 129.17, 31.29, 30.49,
29.67, 26.60, 26.06, 25.54 ppm; HRMS [M+H]* m/z calcd. for [C2sH31N4]* 399.2543, found
399.2541.
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Chapter 3

Novel donor-acceptor benzonitrile derivatives

exhibiting TADF, AIE and mechanochromism
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3.1 Introduction

Benzonitrile derivatives are of particular interest in this thesis for two reasons. Firstly, they
are useful precursors to prepare 1,2,4,5-tetrazine molecules. Indeed, as described in the
firstand second chapters, various 1,2,4,5-tetrazine materials with different applications can
be prepared from their benzonitrile precursors by the classical Pinner synthesis or its
modified versions.=31 Secondly, electron deficient benzonitrile core has been regarded as
one of the most popular electron-acceptors for constructing TADF molecules since the
introduction of this field,*1 due to their easy preparation and excellent photophysical
properties. Therefore, preparing novel donor-acceptor benzonitrile materials which exhibit

superior photophysical properties are of particular interest to the research community.

In this chapter, we will firstly describe the synthesis of three simple donor-acceptor
benzonitrile compounds, and their subsequent reactions to prepare several novel
symmetrical and unsymmetrical 1,2,4,5-tetrazine derivatives. Then, a molecular design for
novel donor-acceptor benzonitrile derivatives will be introduced. Several series of new
donor-acceptor benzonitrile compounds were conveniently prepared, which interestingly

exhibit TADF, AIE and mechanochromic properties.

3.2 Donor-acceptor benzonitriles for tetrazine synthesis

Three simple donor-acceptor benzonitrile compounds N1-N3 were firstly designed and
prepared for the later synthesis of donor-acceptor 1,2,4,5-tetrazines (Scheme 1). N1 and
N2 were prepared by a convenient nucleophilic substitution reaction in high yields (82%
and 75%) while attempts to prepare N3 with the same method was unsuccessful. Instead
it was synthesized by Buchwald-Hartwig cross-coupling reaction in a high yield (73%). N1-

N3 have been previously reported by different synthetic methods. 213l

e O

N1, 82%

NC

Fro - o

N2, 75%
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Toluene

N3, 73%

Scheme 1: Preparation of donor-acceptor benzonitrile compounds N1-N3.

Two types of tetrazine synthetic methods were attempted for preparing both symmetrical
and unsymmetrical 1,2,4,5-tetrazines. Firstly, the classical Pinner synthesis was used on
the benzonitrile precursors N1-N3. New symmetrical donor-acceptor 1,2,4,5-tetrazine Tz1
and Tz3 were successfully prepared, although in low yields, due to the low solubility of the
benzonitrile substrates. Addition of a small amount of DMF as co-solvent improved the
yield a bit in the case of Tz1, however, a competition reaction process was interestingly
observed which will be described in detail in Chapter 6. In addition, Tz2 was isolated as a
red solid which is completely insoluble in any organic solvents, and thus it was not possible

to characterize it by common analytical methods.

AcOH

O 1) NH,NH,H,0, S O Q
|'\5Atvc\>IH80 C.3h NN
O Tt () )
N1

1) NH,NH,H,0, S N-N
O MW, 80 °C, 3 h 7\
N EtOH N=N
2)NaNO, N N
NC O AcOH O O
N2
1) NHoNH,H,0, S
MW, 80 °C, 3 h
EtOH

AcOH

NC@N o)
O 2)NaNO,

N3 Tz3, 7%

Scheme 2: Preparation of symmetrical donor-acceptor 1,2,4,5-tetrazines Tz1-Tz3.

Next, we intended to employ our metal-free approach to 3-monosubstituted unsymmetrical
1,2,4,5-tetrazines (described in Chapter 2) on the benzonitrile precursors N1-N3. TA1L,
TA1’ and TA2 were successfully prepared, however in low yields, also due to the low

solubility of the benzonitrile substrates.
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Scheme 3: Preparation of 3-monosubstituted unsymmetrical donor-acceptor 1,2,4,5-tetrazines TA1, TA1’ and
TA3.

Although several interesting donor-acceptor 1,2,4,5-tetrazine derivatives have been
successfully prepared, the Pinner synthesis and its modified version was of limited interest
because of the yields of the products. An alternative synthetic strategy to prepare these
molecules in high yields would thus be desirable and work toward this goal will be

presented in Chapter 4.

3.3 Molecular design of novel donor-acceptor benzonitriles

When preparing donor-acceptor benzonitrile compounds for tetrazine synthesis, we found
that nucleophilic substitution reaction is a convenient and versatile synthetic method for
preparing new benzonitrile derivatives. The reaction can be easily performed in a one-pot
synthesis procedure, and importantly, there are a large variety of fluorobenzonitriles which

are commercially available.

In this study, we found that 2,3,4,5,6-pentafluorobenzonitrile (PFBN) is an interesting
starting material in the preparation of functionalized benzonitrile derivatives. The different
reactivity of the five fluorine atoms of 2,3,4,5,6-pentafluorobenzonitrile (PFBN) towards
nucleophilic substitution (Figurel) offers us a special advantage to prepare various

differently substituted benzonitrile derivatives in a facile and efficient manner.[24.19]
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Figure 1: 2,3,4,5,6-pentafluorobenzonitrile (PFBN) with color showing the difference of reactivity of the
fluorine atoms toward nucleophilic substitution: blue: most reactive, orange: medium reactivity, red: least

reactive.

The para fluorine atom of PFBN readily undergoes nucleophilic substitution first in the
presence of a weak base (e.g., K2COs) at room temperature or even lower (0 °C). Then
the fluorine atoms at ortho and ortho’ positions can be displaced subsequently by
nucleophiles at room temperature or a slightly higher temperature also using a weak base
(e.g., Ko.COs3). Eventually, the meta and meta’ fluorine atoms could be substituted by
nucleophiles using a stronger base (e.g., Cs,COs, 'BuOK) at a higher temperature (60 °C-
80 °C).114.15]

Through this unique synthetic methodology, a series of donor-acceptor benzonitrile
derivatives with different number of substitutions by carbazole donors (N4-N8) were first
conveniently prepared (Scheme 4). As long as the reaction conditions were carefully
controlled by using the appropriate base and temperature, the fluorine atoms on the PFBN
can be displaced by carbazoles sequentially, giving the target substituted compound as
the main product, with only slight amount of side compounds featuring other substitutions.
For example, when one equivalent of carbazole to PFBN was used, N4 was obtained in a
high yield at 0 °C in the presence of K.COs. When 2, 3, 4 or 5 equivalents of carbazoles
per PFBN were used, N5-N8 were obtained in high yields using the appropriate base and
temperature (see 3.8 Experimental details). The formation of the respective benzonitrile
derivatives can be easily observed by the change of signals in the °F NMR spectra (Figure
2). Although benzonitries N6-N8 have already been reported by other groups as efficient
TADF materials,>7° no one has studied the chemistry of reactivity of fluorine atoms on
PFBN to prepare TADF molecules in a stepwise manner. Two new blue TADF materials
(N4 and N5) were therefore prepared and studied. In these two molecules, the fluorine unit
plays a role of weak electron acceptor, and it improves the solubility of the molecules
compared to the H or CN unit, which is an important character for solution-processable
OLEDs. N4 and N5 are easily crystalized from a petroleum ether and DCM (3:1) mixture.

X-ray single crystal structures of both N4 and N5 are shown in Scheme 4.

All the benzonitrile derivatives were prepared in high yields (71%-95%) by one-step

nucleophilic substitution reactions which are metal-catalyst free and cost effective. This
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methodology provided a facile and convenient way to prepare efficient TADF emitters in a

selective manner.

N8, 95% O «f

@ )

HN O
o
) N5, 71%

N7, 92% N6, 83%

Scheme 4: Preparation of donor-acceptor benzonitrile compounds N4-N8, along with the X-ray
crystallographic structure of N4 and N5.
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Figure 2: Comparison of 1°F NMR (376 MHz, CDCIs) spectra of PFBN and N4-N8.

Next, we intended to prepare new donor-acceptor benzonitrile derivatives substituted by
donors of different nature. Six different donor molecules were employed in this study, and
the results are summarized in Table 1. In addition to N4 which was described above, three
more donor-acceptor benzonitrile derivatives N9-N11 bearing only one donor moiety
(phenoxazine, phenothiazine or 3,6-di-tert-butyl-9H-carbazole) were prepared in high
yields (80%-86%). Compared to N1 and N3 which have no fluorine atoms, the four fluorine
atoms in N4 and N9 act as weak electron acceptors in the molecules which make these
molecules exhibit excellent TADF characteristics, while N1 and N3 don’t. N10 and N11
also exhibit excellent TADF characteristics. Additionally, N10 shows a prominent AIE effect
which will be described in detail in paragraph 3.6 Photophysical properties. N9 and N10
form crystals easily from a petroleum ether and DCM (3:1) mixture. The X-ray single crystal
structures of N4, N9 and N10 are also shown in Table 1. Unfortunately, the nucleophilic
substitution reaction didn’t work when using 9,9-dimethyl-9,10-dihydroacridine or 10,11-

dihydro-5H-dibenzo[b,flazepine as donors.

80



Table 1. Synthesis of donor-acceptor benzonitrile derivatives which has only one donor

moiety @,

Entry

Iz

K,CO,, DMF

Product

No product

D = donor

Yield

(%) Crystal structure

82

85 ﬁ,
80 u&
1
86 Not obtained
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6 No product / /

(a) All reactions were carried out on a 1 mmol scale. Yields (isolated) based on PFBN.

3.4 Novel benzonitrile compounds with mixed carbazole and

phenoxazine substituents

Previously, we have described an elaborative synthetic strategy to prepare new donor-
acceptor benzonitrile compounds in a stepwise manner from one single benzonitrile
precursor (PFBN). However, all the benzonitriles prepared previously only have one type
of donor in each molecule. With the clear different reactivity of fluorine atoms on PFBN, it
is expected that it should be easy to introduce two or more different donor moieties on one
single molecule. Indeed, it would be very interesting if we could introduce two different
donors on one single molecule, because these type of molecules have been proved to
possess interesting photophysical properties due to the different charge transfer (CT)

states induced in one single molecule.6-18l

Therefore, we started to expand the scope of this synthetic methodology by introducing
two different donors on one PFBN. Benzonitrile derivatives N9, N12 and N13 were first
synthesized by sequential nucleophilic displacement of the para, ortho and ortho’ fluorine
atoms on PFBN with one, two and three equivalents of phenoxazine (Scheme 5). The
reactions were high yields, however, unlike with carbazole, further substitution of the meta
and meta’ fluorine atoms on the molecule using phenoxazine was found impossible. It is
likely due to the increased steric hindrance on the molecule when the para, ortho and ortho’
positions are already functionalized with phenoxazine moieties, and the phenoxazine anion
is not strong enough to displace the meta and meta’ fluorine on the molecule. N9 and N12
form orange crystals from a petroleum ether and DCM (3:1) mixture. The X-ray single

crystal structures of N9 and N12 are also shown in Scheme 5.
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Scheme 5: Preparation of donor-acceptor benzonitrile compounds N9, N12 and N13, along with the X-
ray crystallographic structures of N9 and N12.

Then the hetero-substituted benzonitrile derivatives N14-N22 were successfully prepared
by further functionalization on benzonitriles N9, N12 and N13 (Table 2). The remaining
fluorine atoms on N9, N12 and N13 were displaced sequentially with various equivalents
of carbazoles in the presence of Ko,COsor Cs,COs3 at room temperature or higher (60 °C-
80 °C), according to the reactivity of the compounds. When the reaction conditions were
carefully controlled, the sequential substitution reactions proceeded smoothly resulting in
the target substituted compound as main product, with only small amount of differently
substituted compounds. The formation of the respective benzonitrile derivatives were
easily determined by the changes of signals in the °F NMR spectra, as exemplified for the
series N9 and N14-N17 in Figure 3. However, it is important to note that benzonitrile
derivative N19a was obtained always with around 10% amount of its structural isomer
N19b. It was not possible to separate the two isomers by column chromatography due to
their very close polarity. Interestingly, by simply changing the different combinations of
donor moieties (phenoxazine, carbazole) and acceptor moieties (cyano, fluorine), the

emission of the compounds could be modulated.
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Table 2: Synthesis of hetero-substituted donor-acceptor benzonitrile compounds N14-

N22@),
H
Nitrile precursor Nitrile product
K,CO4/Cs,CO3, DMF
Entry Nitrile precursor Nitrile product Yield (%)
D
Q N F
1 69

F F
N
U0
N14
Q N CN s Q
: X, .

CN N
A CLO
O

CLO w2

3 " Fé?; 90
o

4 ?I;\N%?; 08

o)

N17
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86
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(a) All reactions were carried out on a 1 mmol scale. Yields (isolated) based on nitrile precursor. (b) Total
yield: 86% (the ratio between N19a and N19b is 9:1 determined by *H and °F NMR).
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Figure 3: Comparison of 1°F NMR (376 MHz, CDCls) spectra of N9 and N14-N17.

In order to study the structure-property relationship, some selected benzonitrile derivatives
were studied by single crystal X-ray diffraction (XRD). Notably, the crystal structures of the
N9, N14-N17 series of compounds were obtained and are presented here (Table 3). All
the molecules possess large twisting angles between the donor and acceptor, which
should facilitate the spatial separation of the HOMO and LUMO, leading to a small AEst
and efficient TADF characteristics. The dihedral angles decrease with the increasing
number of donor moieties on the molecules, and the dihedral angle between the
phenoxazine moiety and the acceptor are always larger than those between the carbazole
moiety and the acceptor in each molecule. In the molecular packing of all molecules, no
close m—r stacking are found due to the twisted structure, which is beneficial to avoid

aggregation-caused quenching (ACQ).
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Table 3: X-ray crystallographic structures of N9 and N14-N17, along with their molecular
packing and the dihedral angles between the donor (PXZ = phenoxazine, CBZ = carbazole)

and acceptor.

Molecular Molecular packin Dihedral

structure P 9 angles (°)
N9 77.83 (PX2)
69.45 (CBZ),

N14

73.37 (PX2)
" 68.28 (CBZ),
N15 " o q 70.37 (CBZ),
m 75.37 (PX2)
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.,.’:'\ 58.20 (CBZ),
: F NG \ 65.16 (CBZ),
N16 66.45 (CBZ),

m M ‘\ | & o 68.05 (PXZ2)

62.15 (CBZ),
62.15 (CBZ),
64.17 (CBZ),
64.17 (CBZ),
65.53 (PXZ)

N17

3.5 Electrochemistry

The electrochemical properties of the new donor-acceptor benzonitrile derivatives N4, N5
and N9-N22 were collaboratively studied by the electrochemist Marharyta Vasylieva from
EXCILIGHT project. The detailed electrochemical properties for all the compounds will not

be discussed in this thesis but only the general trends.

The cyclic voltammograms (CV) of all the donor-acceptor benzonitrile derivatives feature
a reversible reduction peak which can be assigned to the benzonitrile core reduction and
one or more oxidation peaks which can be assigned to the peripheral donor moieties. It is
important to note that the phenoxazine and phenothiazine moieties are reversibly oxidized,
while the oxidation of the carbazole moieties is irreversible as already known. In addition,
for the hetero-substituted benzonitrile compounds, it is interesting to mention that the
phenoxazines moieties are always oxidized before the carbazoles as expected based on
its stronger electron donating strength. The CV of N17 is given as a representative example

in Figure 4.
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Figure 4: Cyclic voltammetry of N17 in DCM at room temperature.

The redox potentials for all the new benzonitrile derivatives, along with the estimated
HOMO and LUMO values are given in Table 4.

Table 4: Electrochemical properties of N4, N5 and N9-N22.

N4

N5

N9

N10

N11

N12

N13

N14

N15

N16

N17

N18

Eox VS Fc/Fc™*
(V)@

1.13
1.05
0.56
0.49
1.01
0.56
0.57
0.56
0.57
0.52
0.40

0.58

Ered VS FC/FC+
(V)@

-1.97
-1.87
-1.95
-1.93
-1.93
-1.85
-1.80
-1.87
-1.83
-1.78
-1.89

-1.81

HOMO (eV)®

6.23
6.15
5.66
5.59
6.11
5.66
5.67
5.66
5.67
5.62
5.5

5.68

LUMO (eV)©

3.13
3.23
3.15
3.17
3.17
3.25
3.30
3.23
3.27
3.32
3.21

3.29
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N19 0.51 -1.84 5.61 3.26

N20 0.42 -1.87 5.52 3.23
N21 0.49 -1.81 5.59 3.29
N22 0.39 -1.83 5.49 3.27

(@) Measured in DCM at room temperature by cyclic voltammetry. (b) Estimated from the oxidation
potential in DCM, HOMO = Eox + 5.1. (c) Estimated from the reduction potential in DCM, LUMO = Ered +
5.1.

3.6 Photophysical properties

The photophysical properties of the new donor-acceptor benzonitrile derivatives N4, N5
and N9-N22 were collaboratively studied by the photophysicist Antonio Maggiore which
belongs to our group PPSM and EXCILIGHT project. All the benzonitriles exhibit TADF
characteristics. In addition, some of them feature prominent AIE effect (e.g., N10), and
some of them show excellent mechanochromism effect (e.g., N14-N17). Some
photophysical properties of these compounds are summarized in Table 5, which clearly
show the TADF characteristics of these benzonitrile derivatives. This thesis does not intend
to discuss the details of the photophysical properties of all these derivatives. Nevertheless,
the photophysical properties of one example N10, which | have performed the
characterizations by myself in University of Durham, will be demonstrated here to highlight
the interesting photophysical properties of these donor-acceptor benzonitrile derivatives.
Additionally, the mechanochromism effect of one example N17 is also presented in this

thesis.

Table 5: Photophysical properties of N4, N5, N9 and N11-N22 in PMMA 0.1% (w/w) film.

ApL (NnM)@ ®p 27 Pp 96935 (9)() T (NS)© Tor (us)@
N4 424 28.8/37.4 9.5 300
N5 438 18.7/n.d. 12.7 750
N9 524 4.5/5 9.7 21
N11 442 38/53 8.5 150
N12 555 3.3/4.3 17.8 25
N13 586 1.5/1.8 7.3 1.6
N14 533 4.2/5.2 9.8 8.8
N15 548 4.0/4.9 9.3 59.5
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N16 552 13.6/15.9 17.4 4.3
N17 565 15.1/18.1 125 13.8
N18 570 3.7/4.9 10.3 2.3
N19 574 6.5/7.7 20.9 3.6
N20 584 8.5/11.4 30.4 22
N21 590 3.8/4.3 10.0 2.5
N22 596 6.4/7.9 11.8 1.3

(a) Emission maxima. (b) PLQY in air-equilibrated and degassed atmosphere. n.d. = not defined (c)
Prompt fluorescence lifetime determined from PL decay. (d) Delayed fluorescence lifetime determined
from PL decay.

N10 display an unusual emission phenomenon which was observed during the synthesis.
When irradiated at 365 nm with a UV lamp, the crystal of N10 exhibits super bright green
emission, while almost no emission could be observed from the solution of N10 in

methylcyclohexane (MCH, Figure 5) and it is completely non-emissive in any other solvent.

CN
F F
F F

N10

Figure 5: Photos of crystal (left) and MCH solution (right) of N10 under 365 nm UV-irradiation, along with

the chemical structure of N10 (middle).

This phenomenon can be regarded as a type of aggregation-induced emission (AIE), which
has attracted intensive interest from researchers since the introduction of this field in
2001.11%-211 Molecules with AIE phenomenon have found applications in various fields,
ranging from bioimaging, chemosensing or optoelectronics to stimuli-responsive
systems.[?2-27] More importantly, molecules exhibiting both AIE and TADF characteristics
have recently become a hot topic because such molecules show a prominent application
potential when combining the advantages of both phenomena.[17:18.28-34]

The photophysical data of N10 are depicted in Table 6 and Figure 6. As mentioned earlier,
N10 only emit weakly in MCH (®p. = 0.2%), and is completely non-emissive in any other
solvents. Moreover, the emission intensity does not change in air-equilibrated or degassed

MCH solutions (Figure 7), indicating that no sizeable TADF characteristics could be
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observed for this molecule in solution. This is probably due to the very weak emission of
N10 in solution.

Table 6: Photophysical properties of N10.

Ao (nmy@  PPLIPRUE s (ng)@ 1o (us)®  DF/PFO

(%)
MCH 602 0.20/0.20®) / / /
Crystal 500 39 85+04 2.3+0.06 5.0
Crystal_80K / 920 12.0£0.2 1187 £ 98 7.3
Neat film 507 7.7/7.99@ 75x+0.9 0.64 £ 0.01 2.2
Zeonex film 541 1.7/2.19@ 73104 0.60 = 0.02 0.61

(a) Emission maxima. (b) PLQY in air-equilibrated and degassed MCH solution. (c) Estimated from the
change of emission intensity. (d) PLQY in air and N2 atmosphere. (e) Prompt fluorescence lifetime
determined from PL decay. (f) Delayed fluorescence lifetime determined from PL decay. (g) Ratio of
delayed fluorescence component to prompt fluorescence component.
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Figure 6: Normalized fluorescence spectra of N10 in MCH, crystal, neat film and zeonex 1% (w/w) film,
and normalized absorption spectrum in MCH. Note: the fluorescence spectrum in MCH was smoothed

computationally.
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Figure 7: PL spectra of N10 in degassed and air-equilibrated MCH at room temperature.

Surprisingly, the intensity of emission of N10 shows a 200-times increase when going from
MCH solution (®pL = 0.2%) to crystal (®p. = 39 %) and subsequently, a prominent TADF
component was turned on (Figure 8). The ratio of the delayed fluorescence component to
the prompt fluorescence one (DF/PF) was determined to be 5 from the PL decay of N10,
which is a very high ratio for delayed fluorescence. Moreover, the TADF characteristic of
N10 in crystal form at 80 K remains prominent, showing a surprisingly high DF/PF ratio of
7.3 (Figure 9), and a very high PLQY (®p. = 92 %) was estimated from the emission
intensity in this form at 80 K. In addition, at 80 K the intensity of TADF is still substantial
and thus phosphorescence is hardly distinguishable from delayed fluorescence (Figure 9
and 10). This clearly indicates that the difference between singlet and triplet energy levels
(AEs-7) is approaching zero, which explains the prominent TADF characteristic of N10
crystal. It is also important to note that the PL decays of N10 crystal in degassed and air-
equilibrated atmosphere has almost no difference (Figure 11), indicating oxygen does not
affect the TADF property of the crystal. This is because oxygen could not permeate the
crystal due to its close molecular packing, as a result no quenching of the triplet states
happened. This is highly desirable as TADF molecules in most cases (e.g., solution and
film) suffer from a significant oxygen quenching, while N10 crystal exhibit excellent TADF

characteristic in air.
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Figure 8: PL decay of N10 crystal, neat film and zeonex 1% (w/w) film at room temperature.

109 E AELELRALLL BN L LY LA B ALY B LLLL BRI |
] = 205K
LI ° 200K
ex 4 140K
E oXy
2] aex v 80K
10" 3 =
=}
8
2
‘0
c
]
<
= 4 ]
3 10" 5
o
103-§
102-§
10 T T T T

T T T
10" 10° 10" 10° 10° 10* 10° 10° 10”
Delay time (ns)

Figure 9: PL decays of N10 crystal at various temperatures.
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Figure 10: Time-resolved spectra of a N10 crystal.
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Figure 11: PL decays of N10 crystal in degassed and air-equilibrated atmosphere at room temperature.

In comparison with the crystal form, the neat film of N10 still has a good TADF
characteristics, however much weaker than the crystal form (Figure 8 and 12). The PLQY
decreased to 7.9%, and the DF/PF ratio decreased to a value of 2.2 at room temperature
(Table 6). This probably comes from the fact that some molecules form microcrystals when
preparing the neat film, which lead to good TADF characteristics, while the others are in
an amorphous state which weakens the TADF characteristic. Very weak TADF
performance was measured in the zeonex film of N10 (Figure 8 and 13) because the

molecules are well dispersed and no crystals/microcrystals could be formed. As a result,
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the TADF performance dramatically decreased. The PLQY in this case decreased to only

2.1% and the DF/PF ratio decreased to a small value of 0.61 at room temperature (Table

6). Time-resolved spectroscopic studies for both neat film and zeonex film of N10 were

also performed at 80 K, but no clear sign of phosphorescence could be observed.
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Figure 12: PL decays of N10 in neat film at 295 K and 80 K.
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Figure 13: PL decays of N10 in zeonex 1% (w/w) at 295 K and 80 K.

In addition, in order to differentiate the TADF from the TTA delayed fluorescence, power
dependence of delayed fluorescence intensity of N10 crystal, neat film and zeonex film

were measured (Figure 14-16). The results clearly indicate that the delayed fluorescence

in all cases originates from the TADF mechanism.
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Figure 14: Power dependence of delayed fluorescence of a N10 crystal at room temperature.
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Figure 15: Power dependence of delayed fluorescence of a N10 neat film at room temperature.
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Figure 16: Power dependence of delayed fluorescence of N10 zeonex film at room temperature.

The mechanochromism effect of the new donor-acceptor benzonitrile derivatives is
exemplified by N17 (Figure 17). Mechanochromic luminescent (MCL) materials have
recently received considerable attention due to the possibilities to achieve tuning and
switching on/off of their luminescence by using external stimuli.[35-3¢! They have found many
applications in optoelectronic devices, sensors, probes, optical data storage devices, and
security inks.[?7-4% The mechanochromic behavior is generally observed upon applying an
external stress, such as grinding, milling, shearing, heating, and solvent fuming. It is usually
induced by either conformational changes that alter dipole—dipole interactions or changes

in the intermolecular interaction between adjacent molecules.[35-36]

Therefore, the initial powder of N17 shows an orange emission under 365 nm UV-
irradiation (Figure 17a). Upon grinding, the emission shifts to red (Figure 17b), while after
addition of toluene and drying the sample leading to a yellow/orange emission (Figure
17c). The red emission can be then restored after grinding the sample again (Figure 17d).

The emission spectra of different forms of N17 are shown in Figure 18.
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Figure 17: Photos of N17 under 365 nm UV-irradiation, (a) initial powder, (b) after grinding, (c) after

addition of toluene and drying, (d) after grinding.
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Figure 18: Normalized fluorescence spectra of N17, (a) initial powder, (b) after grinding, (c) after addition

of toluene and drying, (d) after grinding.

3.7 Conclusion

In this chapter, three simple donor-acceptor benzonitrile derivatives have been firstly
prepared. They have been successfully used for the preparation of 6 novel symmetrical
and unsymmetrical 1,2,4,5-tetrazine derivatives, although yields are low. Then, an
elaborative synthetic strategy to prepare novel donor-acceptor benzonitrile derivatives in a
stepwise manner is introduced using the versatile precursor PFBN. Several series of new
donor-acceptor benzonitrile derivatives were thus conveniently prepared. All the products
were prepared by a one or two-step procedure in high yields. The X-ray single crystal
structure of some compounds were presented and discussed to understand the structure-
property relationship. The electrochemical properties of all the new benzonitrile derivatives

are also presented and briefly discussed.

All the donor-acceptor benzonitrile derivatives exhibit TADF characteristics as expected.
In addition, some of the compounds show interesting AIE or/and mechanochromism effect.
The photophysics of N10 is exemplified in this thesis which interestingly exhibit both TADF

and AIE characteristics.
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3.8 Experimental details
General Methods:

Synthesis. All chemicals were received from commercial sources and used without further
purification. Thin layer chromatography (TLC) was performed on silica gel. Column
chromatography was performed with SDS 0.040-0.063 mm silica gel. All mixtures of
solvents are given in v/v ratio. NMR spectra were recorded on a JEOL ECS (400 MHz)
spectrometer. *C NMR spectra were proton decoupled. HRMS spectra were measured
either on an UPLC/ESI-HRMS device (an Acquity Waters UPLC system coupled to a
Waters LCT Premier XE mass spectrometer equipped with an electrospray ion source), or

a Q-TOF mass spectrometer (Q-TOF 6540, Agilent) equipped with an APPI ion source.

Photophysics. Zeonex ® 480 blends were prepared from toluene solutions by the drop-
cast method and dried in vacuum. All solutions were investigated at 10> mol dm
concentration and were degassed using five freeze/pump cycles. Absorption and emission
spectra were collected using a UV-3600 double beam spectrophotometer (Shimadzu), and
a Fluoromax fluorescence spectrometer (Horiba) or QePro fluorescence spectrometer
(Ocean Optics). Photoluminescence quantum yields of crystal and films were measured
using an integrating sphere (Labsphere) coupled with a 365 nm LED light source (Ocean
Optics) and a QePro fluorescence spectrometer (Ocean Optics). Photoluminescence
guantum yield in MCH solution was measured using tetraphenylporphyrin (®p. = 0.07) as

the standard.

Phosphorescence, prompt fluorescence (PF), and delayed fluorescence (DF) spectra and
decays were recorded using nanosecond gated luminescence and lifetime measurements
(from 400 ps to 1 s) using either third harmonics of a high-energy, pulsed Nd:YAG laser
emitting at 355 nm (EKSPLA) or a N2 laser emitting at 337 nm. Emission was focused onto
a spectrograph and detected on a sensitive gated iCCD camera (Stanford Computer Optics)
of sub-nanosecond resolution. PF/DF time-resolved measurements were performed by

exponentially increasing gate and delay times.

Electrochemistry. The electrochemical cell comprised a platinum electrode with a 1 mm
diameter of working area as a working electrode, an Ag electrode as a reference electrode
and a platinum coil as an auxiliary electrode. Cyclic voltammetry measurements were
conducted at room temperature at a potential rate of 50 mV/s and were calibrated against
the ferrocene/ferrocenium redox couple. All voltammograms were recorded on a
CHinstruments Electrochemical Analyzer model 660 potentiostat. Electrochemical
measurements were conducted at 1.0 mM concentration in molecules, in 0.1 M solutions
of BusNPF¢ (99%) in DCM at room temperature.
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Synthesis of N1-N3

SR S
O G

N1

NCOF + HN

To a 50 mL two-neck round bottom flask equipped with a stir bar, 5 mmol of carbazole
(0.84 g), 5.5 mmol of potassium tert-butoxide (‘BuOK) (0.62 g) and 10 mL of dry DMF were
added under inert atmosphere. Then 5 mmol of 4-fluorobenzonitrile (0.6 g) was added and
the reaction mixture was allowed to stir at room temperature overnight. The reaction
mixture was then neutralized with acidified water, extracted with dichloromethane, and
dried over anhydrous magnesium sulfate (MgSOa). The product was purified using silica
gel chromatography (Petroleum ether:CH>Cl,= 3:1) to give 1.1 g of N1 as a white solid
(vield: 82%).

H NMR (400 MHz, CDCls, 8): 8.15 (d, J = 7.79 Hz, 2H), 7.92 (d, J = 8.60 Hz, 2H), 7.75 (d
J =8.60 Hz, 2H), 7.49-7.41 (m, 4H), 7.38-7.31 (m, 2H) ppm; 3C NMR (100 MHz, CDCls,
0): 142.22, 140.02, 134.08, 127.26, 126.52, 124.14, 121.14, 120.73, 118.53, 110.60,
109.67 ppm.[tsl

SR jS
£l B 0

NC
N2

To a 50 mL two-neck round bottom flask equipped with a stir bar, 5 mmol of carbazole
(0.84 g), 5.5 mmol of 'BUOK (0.62 g) and 10 mL of dry DMF were added under inert
atmosphere. Then 5 mmol of 3-fluorobenzonitrile (0.6 g) was added and the reaction
mixture was allowed to stir at room temperature overnight. After the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous
magnesium sulfate (MgSO.). The product was purified using silica gel chromatography
(Petroleum ether:CH,Cl,= 3:1) to give 1.0 g of N2 as a white solid (yield: 75%).

1H NMR (400 MHz, CDCls, 8): 8.16 (d, J = 7.79 Hz, 2H), 7.90 (s, 1H), 7.88-7.83 (m, 1H),
7.79-7.71 (m, 2H), 7.50-7.32 (m, 6H) ppm; 3C NMR (100 MHz, CDCls, 5): 140.30, 138.96,
131.59, 131.09, 130.85, 130.40, 126.44, 123.83, 120.88, 120.68, 118.06, 114.29, 109.38

ppm.
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Q Pd,(dba); Q
XPhos
NCOBr + HN 0O ——— NCON 0
‘BuONa
Toluene

To a 250 mL two-neck round bottom flask equipped with a stir bar, 4-bromobenzonitrile (5

N3

mmol, 0.91 g), phenoxazine (5.5 mmol, 1.0 g), sodium tert-butoxide (‘BuONa) (5.5 mmol,
0.53 g) and 100 ml of anhydrous toluene were added. The reaction mixture was degassed
by bubbling through nitrogen for 15 min under vigorous stirring. Then Pdz(dba)sz (0.1 mmol,
92 mg) and XPhos (0.25 mmol, 119 mg) were added and degassed for another 15 min.
The reaction mixture was heated to 110 °C under a nitrogen atmosphere for 15 h. The
reaction mixture was then cooled down to room temperature, extracted with
dichloromethane, and dried over anhydrous magnesium sulfate (MgSO.). The product was
purified using silica gel chromatography (Petroleum ether:CH,Cl>= 3:1) to give 1.03 g of
N3 as an orange solid (yield: 73%).

1H NMR (400 MHz, CDCls, 8): 7.89 (d, J = 8.20 Hz, 2H), 7.50 (d, J = 8.20 Hz, 2H), 6.76—
6.56 (m, 6H), 5.91 (d, J = 7.80 Hz, 2H) ppm.l12

Synthesis of Tz1-Tz3

) NHoNHH,0, S

MW, 80 °C,3 h N—N

EtOH

NaNOz N=N
O AcOH

N1 Tz1, 11%

Procedure A: Nitrile precursor-N1 (1 mmol, 0.268 g), sulfur (0.6 mmol, 19.2 mg) and
ethanol (2 ml) were mixed together in a 30 ml microwave reaction tube. Hydrazine
monohydrate (4 mmol, 0.2 ml) was added slowly with stirring afterwards. The vessel was
sealed and the reaction mixture was heated to 80 °C for 3 hours. Then 3 ml of CH2Cl> and
sodium nitrite (5 mmol, 0.35 g) in 10 ml of H,O were added to the mixture. Excess acetic
acid (30 mmol, 1.71 ml) was then added slowly at 0 °C. The reaction mixture was extracted
with dichloromethane. The organic phase was dried over anhydrous magnesium sulfate
(MgSOQ.), filtered and concentrated under reduced pressure. The product was purified
using silica gel chromatography (Petroleum ether:CH,Cl,= 3:1) to give 31 mg of Tz1 as an

orange solid (yield: 11%).

H NMR (400 MHz, CDCls, 8): 8.95 (d, J = 8.60 Hz, 4H), 8.19 (d, J = 7.80 Hz, 4H), 7.91 (d
J =8.60 Hz, 4H), 7.60 (d, J = 7.80 Hz, 4H), 7.48 (t, J = 7.80 Hz, 4H), 7.36 (t, J = 7.80 Hz,
4H) ppm; 13C NMR (100 MHz, CDCls, 3): 163.61, 142.22, 140.37, 130.27, 129.80, 127.46,
126.41, 124.05, 120.81, 120.66, 110.04 ppm.
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Q 1) NHoNHoH,0, S Q_(NN»_Q
MW, 80 °C, 3 h
N EtOH N=N
S ol o
NC AcOH
, @ ®

Tz2, insoluble

Tz2 was prepared following Procedure A using N2 as a nitrile precursor. It was purified
using silica gel chromatography (Petroleum ether:CH,Cl,= 3:1) to give a red solution.
However, the product quickly precipitated from the solution afterwards and became
insoluble in any organic solvents. Therefore it was not possible to characterize it by

common characterization methods.

1) NH,NH,H,0, S
II\EAt\g/,HsO"c,sh NeN
2) NaNO, N=N

AcOH

N3 Tz3, 7%

Tz3 was prepared following Procedure A using N3 as a nitrile precursor. It was obtained
as a purple solid after silica gel chromatography (Petroleum ether:CH,Cl,= 3:1) (20 mg,
yield: 7%).

1H NMR (400 MHz, CDClIs, 8): 8.90 (d, J = 8.60 Hz, 4H), 7.64 (d, J = 8.60 Hz, 4H), 6.77—
6.60 (m, 12H), 6.06 (d, J = 7.80 Hz, 4H) ppm.

Synthesis of TA1, TA1’ and TA2

1) NH,NH,H,0, S
MW, 50 °C, 24 h N—N
A ORI - BN S
2) NaNO, N=N
AcOH

N1 TA1, 8%

Procedure B: Nitrile precursor-N1 (1 mmol, 0.268 g), CH>Cl> (1 mmol, 63.70 pl), sulfur (2
mmol, 64 mg) and ethanol (2 ml) were mixed together in a 30 ml microwave reaction tube.
Hydrazine monohydrate (8 mmol, 0.4 ml) was added slowly with stirring afterwards. The
vessel was sealed and the reaction mixture was heated to 50 °C for 24 hours. Then 3 ml
of CH2Cl, and sodium nitrite (10 mmol, 0.69 g) in 10 ml of H,O were added to the mixture.
Excess acetic acid (60 mmol, 3.42 ml) was then added slowly at 0 °C. The reaction mixture
was extracted with dichloromethane. The organic phase was dried over anhydrous

magnesium sulfate (MgSOs), filtered and concentrated under reduced pressure. The
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product was purified using silica gel chromatography (Petroleum ether:CH>Cl>=1:1) to give
25 mg of TA1 as a red solid (yield: 8%).

IH NMR (400 MHz, CDCls, 8): 10.27 (s, 1H), 8.89 (d, J = 8.24 Hz, 2H), 8.17 (d, J = 7.80
Hz, 2H), 7.88 (d, J = 8.24 Hz, 2H), 7.56 (d, J = 7.80 Hz, 2H), 7.46 (t, J = 7.80 Hz, 2H), 7.34
(t, J = 7.80 Hz, 2H) ppm; 13C NMR (100 MHz, CDCls, 8): 166.11, 157.96, 142.56, 140.29,
130.10, 130.06, 127.40, 126.41, 124.05, 120.84, 120.65, 109.99 ppm; HRMS [M+H]* m/z
calcd. for [CooH14Ns]* 324.1249, found 324.1253.

1) NH,NH,H,0, S /N*N\
MW, 50 °C, 24 h <
N +  CHel, —EOH N=N
2) NaNO, N
AcOH
N2 O

TA1', 9%

TA1’ was prepared following Procedure B using N2 as a nitrile precursor. It was obtained
as a red solid after silica gel chromatography (Petroleum ether:CH2Cl,= 1:1) (29 mg, yield:
9%)).

IH NMR (400 MHz, CDCls, 8): 10.27 (s, 1H), 8.89 (t, J = 1.70 Hz, 1H), 8.73 (dt, J = 7.80
Hz, J = 1.70 Hz, 1H), 8.17 (d, J = 7.80 Hz, 2H), 7.94-7.82 (m, 2H), 7.52-7.41 (m, 4H),
7.36-7.30 (m, 2H) ppm; 3C NMR (100 MHz, CDCls, 8): 166.14, 158.19, 140.68, 139.20,
133.74, 131.65, 131.17, 127.13, 126.83, 126.33, 123.76, 120.60, 120.53, 109.76 ppm.

1) NH,NH,H,0, S
MW, 50 °C, 24 h N—N
EtOH
NG NGO+ CHC, — @
2) NaNO, N=N
AcOH

N3 TA2, 5%

TA2 was prepared following Procedure B using N3 as a nitrile precursor. It was obtained
as a deep red solid after silica gel chromatography (Petroleum ether:CH.Cl,=1:1) (16 mg,
yield: 5%).

H NMR (400 MHz, CDCls, 8): 10.28 (s, 1H), 8.87 (d, J = 8.24 Hz, 2H), 7.63 (d, J = 8.24
Hz, 2H), 6.79-6.59 (m, 6H), 6.05 (dd, J = 7.80 Hz, J = 1.50 Hz, 2H) ppm; 3C NMR (100
MHz, CDCl3, 8): 166.08, 158.04, 144.18, 144.06, 133.78, 132.01, 131.62, 131.16, 123.47,
122.08, 115.92, 113.53 ppm; HRMS [M+H]* m/z calcd. for [C20H14N50]* 340.1198, found
340.1192.

Synthesis of N4-N22
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CN F T F
X
T K,CO3, DMF Q N O
N4
To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of carbazole

(0.167 g), 1.2 mmol of potassium carbonate (K-CO3) (0.166 g) and 6 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of 2,3,4,5,6-pentafluorobenzonitrile (PFBN)

m bl
m M
Iz

(0.125 mL) was added at 0 °C and the reaction mixture was allowed to stir at room
temperature overnight. After the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous magnesium sulfate (MgSOa).
The product first was purified by recrystallization from CH2Cl, to afford 0.192 g white
crystals N4. The residue was purified using silica gel chromatography (Petroleum
ether:CH2Cl>= 3:1) to give 0.08 g of N4 as a white solid (total yield: 82%).

'H NMR (400 MHz, CDCls, d): 8.13 (dd, J = 7.79 Hz, J = 1.37 Hz, 2H), 7.48 (ddd, J = 8.24
Hz, J =7.33 Hz, J = 1.37 Hz, 2H), 7.38 (ddd, J = 7.79 Hz, J = 7.33 Hz, J = 0.92 Hz, 2H),
7.13 (d, J = 8.24 Hz, 2H) ppm; 3C NMR (100 MHz, CDCls, d): 148.09 (dd, *Jcr = 264.06
Hz, 2Jcr = 14.38 Hz), 143.70 (dd, YJcr = 258.79 Hz, 2Jcr = 12.46 Hz), 139.14, 126.90,
124.64, 122.87 (t, ?Jcr = 14.38 Hz), 122.15, 120.82, 110.02, 107.22 (t, 3Jcr = 4.79 Hz),
93.58 (t, 2Jcr = 17.25 Hz) ppm; *°F NMR (376 MHz, CDCls, d): -130.45 (s, 2F), -138.09 (s,
2F) ppm; HRMS [M]* m/z calcd. for [C19HsN2F4]* 340.0642, found 340.0614.

F F
F F
N
F F K,COj3, DMF
F -0
N5

To a 50 mL two-neck round bottom flask equipped with a stir bar, 2 mmol of carbazole
(0.334 g), 2.4 mmol of K,CO3 (0.332 g) and 6 mL of dry DMF were added under inert

atmosphere. Then 1 mmol of PFBN (0.125 mL) was added at 0 °C and the reaction mixture

was allowed to stir at room temperature overnight. After the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous
MgSOas. The product was purified using silica gel chromatography (Petroleum
ether:CH2Cl,= 3:1) to give 0.346 g of N5 as a white solid (yield: 71%).
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1H NMR (400 MHz, CDCls, d): 8.16-8.12 (m, 4H), 7.53-7.47 (m, 4H), 7.40-7.36 (m, 4H),
7.25-7.21 (m, 4H) ppm; 3C NMR (100 MHz, CDCls, 5): 151.83 (d, XJcr = 262.62 Hz),
149.74 (dd, 1Jcr = 260.70 Hz, 2Jcr = 18.21 Hz), 146.95 (dd, *Jcr = 263.10 Hz, 2Jcr = 13.42
Hz), 139.97, 139.25, 126.87, 126.80, 125.28 (d, 2Jcr = 18.21 Hz), 124.64, 124.46, 122.65
(t, 2Jcr = 16.29 Hz), 122.08, 121.90, 121.02, 120.84, 110.03, 109.51, 109.27 (t, 3Jcr = 4.79
Hz), 103.38 (d, 2Jce = 15.34 Hz) ppm; °F NMR (376 MHz, CDCls, 8): -117.53 (s, 1F), -
128.60 (s, 1F), -131.38 (s, 1F) ) ppm; HRMS [M+H]* m/z calcd. for [C31H17N3F3]* 488.1375,
found 488.1368.

bes A5
F

N6

To a 50 mL two-neck round bottom flask equipped with a stir bar, 3 mmol of carbazole
(0.501 g), 3.6 mmol of K,CO3 (0.497 g) and 6 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of PFBN (0.125 mL) was added at 0 °C and the reaction mixture
was allowed to stir at room temperature overnight. Afterwards the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous
MgSO4. The product was purified using silica gel chromatography (Petroleum
ether:CH2Cl>= 2:1) to give 0.527 g of N6 as a white solid (yield: 83%).

H NMR (400 MHz, CDCls, ©): 8.17 (d, J = 7.79 Hz, 4H), 8.12 (d, J = 7.79 Hz, 2H), 7.57
(ddd, 3 =7.98 Hz, J = 7.33 Hz, J = 1.37 Hz, 4H), 7.51 (ddd, J =8.24 Hz, J = 7.33 Hz, J =
1.37 Hz, 2H), 7.42-7.35 (m, 10H), 7.29 (d, J = 8.24 Hz, 2H) ppm; ¥*C NMR (100 MHz,
CDCls, d): 155.30 (dd, Xcr = 266.45 Hz, 3Jcr = 4.79 Hz), 140.15, 139.31, 127.22 (dd, 2Jcr
= 14.38 Hz, 4Jcr = 5.75 Hz), 126.87, 126.85, 124.65, 124.52, 122.35 (t, 2Jcr = 15.34 Hz),
122.03, 121.89, 121.13, 120.88, 114.85, 111.36 (t, 3Jcr = 4.79 Hz), 110.01, 109.42 ppm;
F NMR (376 MHz, CDCls, 8): -111.26 (s, 2F) ppm; HRMS [M+H]* m/z calcd. for
[CasH2sN4F2]* 635.2047, found 635.2040.5!

I : j)YX S
F F Cs,CO,, DMF N s
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 4 mmol of carbazole
(0.668 g), 4.8 mmol of cesium carbonate (Cs>.COs3) (1.564 g) and 8 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of PFBN (0.125 mL) was added and the
reaction mixture was stirred at 60 °C overnight. Afterwards the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous
MgSOs4. The product was purified using silica gel chromatography (Petroleum
ether:CH2Cl>= 2:1) to give 0.719 g of N7 as a light yellow solid (yield: 92%).

1H NMR (400 MHz, CDCls, d): 8.20 (d, J = 7.79 Hz, 2H), 7.73-7.71 (m, 4H), 7.67-7.60 (m,
4H), 7.44 (ddd, J =7.79 Hz, J =6.87 Hz, J = 1.37 Hz, 2H), 7.34 (d, J = 7.79 Hz, 2H), 7.23-
7.17 (m, 4H), 7.11-7.03 (m, 8H), 6.94 (d, J = 8.24 Hz, 2H), 6.81 (ddd, J = 7.79 Hz, J = 6.87
Hz, J = 0.92 Hz, 2H), 6.65 (ddd, J = 8.24 Hz, J = 7.33 Hz, J = 1.37 Hz, 2H) ppm; 3C NMR
(100 MHz, CDCls, 8): 155.47 (d, 1Jcr = 263.58 Hz), 140.19, 138.87, 138.59, 137.55, 137.28
(d, 3Jcr = 3.83 Hz), 135.31, 131.62 (d, 2Jcr = 13.42 Hz), 129.70 (d, 2Jcr = 13.42 Hz), 126.91,
125.86, 125.72, 124.84, 124.74, 124.33, 124.24, 123.91, 121.98, 121.46, 121.35, 121.20,
120.89, 120.45, 120.31, 119.70, 115.81 (d, *Jcr = 2.88 Hz), 112.26 (d, 3Jcr = 3.83 Hz),
110.09, 109.90, 109.85, 109.81 ppm; **F NMR (376 MHz, CDCls, 8): -112.20 (s, 1F) ppm;
HRMS [M+H]* m/z calcd. for [CssH33NsF]* 782.2720, found 782.2729.1

F . 1BUOK, DMF (7N NN

N8

To a 50 mL two-neck round bottom flask equipped with a stir bar, 5 mmol of carbazole
(0.835 g), 5 mmol of potassium tert-butoxide (‘BuOK) (0.561 g) and 8 mL of dry DMF were
added under inert atmosphere. The solution was allowed to stir at room temperature for 1
h. Then 1 mmol of PFBN (0.125 mL) was added and the reaction mixture was stirred at
80 °C overnight. Afterwards the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous MgSOa4. The product was
purified using silica gel chromatography (Petroleum ether:CH,Cl>= 3:2) to give 0.883 g of
N8 as a light yellow solid (yield: 95%).

1H NMR (400 MHz, DMSO-de, ): 7.83-7.80 (m, 8H), 7.71 (d, J = 8.24 Hz, 2H), 7.68 (d, J
= 8.24 Hz, 4H), 7.35 (d, J = 7.79 Hz, 4H), 7.29 (d, J = 7.79 Hz, 2H), 7.10 (ddd, J = 7.79 Hz,
J=7.33Hz, J = 0.92 Hz, 4H), 7.03 (ddd, J = 7.79 Hz, J = 7.33 Hz, J = 0.92 Hz, 4H), 6.72-
6.60 (M, 10H), 6.55 (ddd, J = 8.24 Hz, J = 7.33 Hz, J = 0.92 Hz, 2H) ppm; 3C NMR (100
MHz, DMSO-ds, 8): 143.01, 141.66, 139.84, 138.80, 138.59, 125.49, 124.10, 123.30,
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123.04, 122.98, 121.09, 120.55, 120.45, 119.62, 119.52, 117.72, 113.65, 112.62, 112.34,
112.14 ppm; HRMS [M]* m/z calcd. for [Cs7H40Ns]* 928.3, found 928.3.5-7]

on @ED ﬁj

To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of phenoxazine
(0.183 g), 1.2 mmol of potassium carbonate (K-CO3) (0.166 g) and 6 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of 2,3,4,5,6-pentafluorobenzonitrile (PFBN)
(0.125 mL) was added at 0°C and the reaction mixture was allowed to stir at room
temperature overnight. Afterwards the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous magnesium sulfate (MgSQOa).
The product was purified using silica gel chromatography (Petroleum ether:CH2Cl,= 3:1)
to give 0.303 g of N9 as an orange solid (yield: 85%). Single crystal of N9 was grown from
slow evaporation of petroleum ether/dichloromethane (3:1) mixture.

H NMR (400 MHz, CDCls, d): 6.86-6.81 (m, 4H), 6.77-6.72 (m, 2H), 6.01 (d, J = 7.33 Hz,
2H) ppm; **C NMR (100 MHz, CDCls, d): 148.42 (dd, *Jcr = 265.50 Hz, 2Jcr = 15.34 Hz),
146.41 (dd, YJcr = 259.91 Hz, 2Jcr = 13.42 Hz), 144.08, 130.31, 123.97, 123.84, 123.77 (t,
2Jcr = 14.38 Hz), 116.80, 112.91, 107.06 (t, *Jcr = 3.83 Hz), 95.09 (t, 2Jcr = 17.25 Hz)
ppm; **F NMR (376 MHz, CDCls, 8): -129.80 (s, 2F), -138.00 (s, 2F) ppm; HRMS [M]* m/z
calcd. for [C19HsN2OF4]* 356.0573, found 356.0587.

o @ED ﬁj

To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of phenothiazine
(0.199 g), 1.2 mmol of potassium carbonate (K-CO3) (0.166 g) and 6 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of 2,3,4,5,6-pentafluorobenzonitrile (PFBN)
(0.125 mL) was added at 0°C and the reaction mixture was allowed to stir at room
temperature overnight. After the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous magnesium sulfate (MgSOa).

The product was purified using silica gel chromatography (Petroleum ether:CH2Cl>= 3:1)
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to give 0.298 g of N10 as a green solid (yield: 80%). Single crystal of N10 was grown from
slow evaporation of petroleum ether/dichloromethane (3:1) mixture.

1H NMR (400 MHz, CDCls, 8): 7.13-7.10 (m, 2H), 7.01-6.94 (m, 4H), 6.25 (dd, J = 7.79 Hz,
J =1.37 Hz, 2H) ppm; *C NMR (100 MHz, CDCls, d): 148.31 (dd, YJcr = 265.50 Hz, 2Jcr
= 15.34 Hz), 146.53 (dd, Jcr = 258.79 Hz, 2Jcr = 13.42 Hz), 140.96, 127.56, 127.54,
126.85 (t, 2Jcr = 15.34 Hz), 124.67, 123.04, 115.72, 107.07 (t, 3Jcr = 4.79 Hz), 95.38 (t,
2Jce = 17.25 Hz) ppm; *°*F NMR (376 MHz, CDCls, d): -129.98 (s, 2F), -138.22 (s, 2F) ppm;
HRMS [M]* m/z calcd. for [C19HsN2SF4]" 372.0344, found 372.0345.

X,

N11

To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of 3,6-di-tert-
butyl-9H-carbazole (0.279 g), 1.2 mmol of potassium carbonate (K>CO3) (0.166 g) and 6
mL of dry DMF were added under inert atmosphere. Then 1 mmol of 2,3,4,5,6-
pentafluorobenzonitrile (PFBN) (0.125 mL) was added at 0°C and the reaction mixture was
allowed to stir at room temperature overnight. After the reaction mixture was neutralized
with acidified water, extracted with dichloromethane, and dried over anhydrous magnesium
sulfate (MgSOa4). The product was purified using silica gel chromatography (Petroleum
ether:CH2Cl>= 3:1) to give 0.389 g of N11 as a white solid (yield: 86%).

H NMR (400 MHz, CDCls, 9): 8.12 (d, J = 1.80 Hz, 2H), 7.51 (dd, J = 8.24 Hz, J = 1.80
Hz, 2H), 7.05 (dt, J = 8.24 Hz, J = 1.80 Hz, 2H), 1.46 (s, 18H) ppm; *C NMR (100 MHz,
CDCls, 8): 148.05 (d, Wcr = 262.77 Hz), 145.31, 143.62 (d, YJcr = 260.22 Hz), 137.57,
124.74, 124,51, 123.36, 116.92, 109.64, 107.42, 93.00, 35.00, 32.03 ppm; °F NMR (376
MHz, CDCls, &): -130.86 (s, 2F), -138.43 (s, 2F) ppm; HRMS [M]* m/z calcd. for
[C27H24N2F4]" 452.1876, found 452.1869.

. N
CcN @[ j@ @NQF
F F N
e — F F
FﬁF K,CO3, DMF @[ND
0

N12
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 2 mmol of phenoxazine
(0.366 g), 2.4 mmol of K,CO3 (0.332 g) and 6 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of PFBN (0.125 mL) was added at 0°C and the reaction mixture
was allowed to stir at room temperature overnight. Afterwards the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous
MgSO4. The product was purified using silica gel chromatography (Petroleum
ether:CH>Cl>= 3:1) to give 0.384 g of N12 as an orange solid (yield: 74%). Single crystal
of N12 was grown from slow evaporation of petroleum ether/dichloromethane (3:1) mixture.

'H NMR (400 MHz, CDCls, 6): 6.85-6.80 (m, 8H), 6.78-6.72 (m, 4H), 6.03 (d, J = 7.33 Hz,
2H), 5.97 (d, J = 7.33 Hz, 2H) ppm; 3C NMR (100 MHz, CDCls, 8): 158.33 (d, *Jcr = 263.58
Hz), 150.60 (d, YJcr = 265.50 Hz), 150.47 (d, YJcr = 263.58 Hz), 144.16, 131.14, 130.46,
126.96 (d, 2Jcr = 15.34 Hz), 124.35 (t, 2Jce = 15.34 Hz), 123.94, 123.85, 123.81, 116.90,
116.86, 112.73, 109.03, 108.07 (d, 2Jcr = 11.50 Hz) ppm; °F NMR (376 MHz, CDCls, d):
-117.08 (s, 1F), -126.73 (s, 1F), -129.80 (s, 1F) ppm; HRMS [M]* m/z calcd. for
[C31H16N302F3]" 519.1195, found 519.1198.

© 7 ;CN/:( ?
CN O/N N\©
F. F H
—_— F F
F F K,CO3, DMF N
F L0
0

N13

To a 50 mL two-neck round bottom flask equipped with a stir bar, 3 mmol of phenoxazine
(0.550 g), 3.6 mmol of K,CO3 (0.497 g) and 6 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of PFBN (0.125 mL) was added at 0°C and the reaction mixture
was allowed to stir at room temperature overnight. Afterwards the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous
MgSOs4. The product was purified using silica gel chromatography (Petroleum
ether:CH2Cl= 2:1) to give 0.444 g of N13 as a red solid (yield: 65%).

H NMR (400 MHz, CDCls, 8): 6.85-6.76 (m, 18H), 6.03-5.99 (m, 6H) ppm; 3C NMR (100
MHz, CDCls, 8): 161.08 (dd, Jcr = 267.41 Hz, 3Jcr = 4.79 Hz), 144.24, 144.19, 131.21,
130.49, 129.41 (dd, 2Jcr = 13.42 Hz, “Jcr = 5.75 Hz), 124.96 (t, 2Jcr = 16.29 Hz), 123.87,
123.85, 123.83, 123.81, 123.28, 116.96, 116.88, 112.47, 112.40, 111.12 ppm; °F NMR
(376 MHz, CDCls, 8): -109.33 (s, 2F) ppm; HRMS [M+H]* m/z calcd. for [CasHosN4OsFo]*
683.1895, found 683.1893.
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N9 N14

To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of carbazole
(0.167 g), 1.2 mmol of potassium carbonate (K2CO3) (0.166 g) and 6 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of N9 (0.356 g) was added at 0 °C and the
reaction mixture was allowed to stir at room temperature overnight. Afterwards the reaction
mixture was neutralized with acidified water, extracted with dichloromethane, and dried
over anhydrous magnesium sulfate (MgSOa,). The product was purified using silica gel
chromatography (Petroleum ether:CH.Cl,= 3:1) to give 0.347 g of N14 as a yellow solid
(vield: 69%). A single crystal of N14 was grown from slow evaporation of petroleum

ether/dichloromethane (3:1) mixture.

'H NMR (400 MHz, CDCls, d): 8.14 (d, J = 7.79 Hz, 2H), 7.48 (ddd, J = 8.24 Hz, J = 7.33
Hz, J = 1.37 Hz, 2H), 7.38 (ddd, J = 7.79 Hz, J = 7.33 Hz, J = 1.37 Hz, 2H), 7.13 (d, J =
8.24 Hz, 2H), 6.84-6.77 (m, 6H), 6.14 (d, J = 7.79 Hz, 2H) ppm; **C NMR (100 MHz, CDCls,
0): 154.57 (d, YJcr = 262.62 Hz), 150.07 (ddd, *Jcr = 265.50 Hz, 2Jcr = 14.38 Hz, 8Jcr =
3.83 Hz), 149.79 (ddd, *Jcr = 262.62 Hz, 2Jcr = 11.50 Hz, 3Jcr = 3.83 Hz), 144.15, 139.84,
130.53, 126.83, 125.71 (d, 2Jcr = 17.25 Hz), 124.51, 123.92, 123.89, 123.51 (t, 2Jck =
16.29 Hz), 121.97, 121.07, 116.84, 112.78, 109.49, 109.15, 104.75 (d, 2Jcr = 14.38 Hz)
ppm; 1°F NMR (376 MHz, CDCls, 8): -117.61 (s, 1F), -127.87 (s, 1F), -131.61 (s, 1F) ppm;
HRMS [M]* m/z calcd. for [Cs1H1sN3OFs]* 503.1245, found 503.1246.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 2 mmol of carbazole
(0.334 g), 2.4 mmol of K,CO3 (0.332 g) and 6 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of N9 (0.356 g) was added at 0 °C and the reaction mixture was
allowed to stir at room temperature overnight. Afterwards the reaction mixture was
neutralized with acidified water, extracted with dichloromethane, and dried over anhydrous

magnesium sulfate (MgSOa4). The product was purified using silica gel chromatography
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(Petroleum ether:CH,Cl,= 2:1) to give 0.482 g of N15 as a yellow solid (yield: 74%). A
single crystal of N15 was grown from slow evaporation of methanol/dichloromethane (1:1)

mixture.

1H NMR (400 MHz, CDCls, 8): 8.16 (d, J = 7.79 Hz, 4H), 7.56-7.52 (m, 4H), 7.41-7.37 (m,
4H), 7.27-7.24 (m, 4H), 6.88-6.79 (m, 6H), 6.26-6.23 (m, 2H) ppm; 3C NMR (100 MHz,
CDCls, d): 158.18 (dd, Jcr = 262.62 Hz, 3Jcr = 4.79 Hz), 144.22, 140.00, 130.74, 127.59
(dd, 2Jcr = 14.38 Hz, “Jcr = 5.75 Hz), 126.89, 124.57, 123.95, 123.89, 123.22 (t, 2JcF =
15.34 Hz), 121.96, 121.16, 116.89, 116.12 (t, “Jcr = 2.88 Hz), 112.58, 111.28 (t, 3Jcr =
3.83 Hz), 109.40 ppm; °F NMR (376 MHz, CDCls, 5): -111.56 (s, 2F) ppm; HRMS [M+H]*
m/z calcd. for [Ca3sH2sN4OF2]* 651.1983, found 651.1987.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 3 mmol of carbazole
(0.501 g), 3.6 mmol of Cs>CO3 (1.173 g) and 8 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of N9 (0.356 g) was added and the reaction mixture was stirred
at 60 °C overnight. Afterwards the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous MgSOa4. The product was
purified using silica gel chromatography (Petroleum ether:CH,Cl>= 2:1) to give 0.718 g of
N16 as an orange solid (yield: 90%). A single crystal of N16 was grown from slow

evaporation of ethyl acetate/dichloromethane (1:1) mixture.

H NMR (400 MHz, CDCls, 6): 8.21 (d, J = 7.79 Hz, 2H), 7.73 (d, J = 7.79 Hz, 2H), 7.66-
7.62 (m, 2H), 7.55-7.52 (m, 4H), 7.47-7.43 (m, 2H), 7.30 (d, J = 7.79 Hz, 2H), 7.17-7.13
(m, 2H), 7.10-7.06 (m, 2H), 6.94-6.89 (m, 4H), 6.77-6.73 (m, 2H), 6.56-6.51 (m, 4H), 6.38-
6.33 (m, 4H) ppm; *C NMR (100 MHz, CDCls, d): 158.64 (d, YJcr = 262.62 Hz), 144.91,
140.14, 139.02, 138.22, 138.05, 137.73, 133.45 (d, 2Jcr = 12.46 Hz), 130.02, 130.00 (d,
2Jcr = 11.50 Hz), 126.90, 125.72, 124.78, 124.72, 124.19, 124.08, 123.48, 122.95, 121.99,
121.35,121.21,120.88,120.45,119.82,116.11, 116.04 (d, 3Jcr = 6.71 Hz), 113.77, 112.14
(d, Jcr = 4.79 Hz), 110.34, 109.95, 109.63 ppm; °F NMR (376 MHz, CDCls, d): -111.00
(s, 1F) ppm; HRMS [M+H]* m/z calcd. for [Cs5sHa3sNsOF]* 798.2669, found 798.2690.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 4 mmol of carbazole
(0.668 g), 4.8 mmol of cesium carbonate (Cs2COs) (1.564 g) and 8 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of N9 (0.356 g) was added and the reaction
mixture was stirred at 80 °C overnight. Afterwards the reaction mixture was neutralized
with acidified water, extracted with dichloromethane, and dried over anhydrous MgSOQOa..
The product was purified using silica gel chromatography (Petroleum ether:CH2Cl,= 3:2)
to give 0.926 g of N17 as an orange solid (yield: 98%). A single crystal of N17 was grown

from slow evaporation of ethyl acetate/dichloromethane (1:1) mixture.

1H NMR (400 MHz, DMSO-dg, 8): 7.87 (d, J = 8.24 Hz, 4H), 7.82 (d, J = 7.79 Hz, 4H), 7.60
(d, J=8.24 Hz, 4H), 7.56 (d, J = 7.79 Hz, 4H), 7.29 (d, J = 7.79 Hz, 2H), 7.12 (dd, J = 8.24
Hz, J = 7.33 Hz, 4H), 7.05 (dd, J = 8.24 Hz, J = 7.33 Hz, 4H), 6.85 (dd, J = 7.79 Hz, J =
7.33 Hz, 4H), 6.72 (dd, J = 7.79 Hz, J = 7.33 Hz, 4H), 6.19 (dd, J = 7.79 Hz, J = 7.33 Hz,
2H), 6.01 (dd, J =8.24 Hz, J = 7.33 Hz, 2H), 5.94 (d, J = 8.24 Hz, 2H) ppm; **C NMR (100
MHz, DMSO-ds, 8): 142.49, 141.38, 139.21, 138.91, 138.47, 127.10, 124.78, 123.67,
122.81, 122.78, 122.26, 120.96, 120.63, 120.20, 119.86, 119.37, 116.69, 116.65, 114.30,
113.38, 112.17, 111.92 ppm; HRMS [M]* m/z calcd. for [Ce7H40NsO]* 944.3264, found
944.3276.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of carbazole
(0.167 g), 1.2 mmol of potassium carbonate (K-CO3) (0.166 g) and 6 mL of dry DMF were
added under inert atmosphere. Then 1 mmol of N12 (0.520 g) was added and the reaction
mixture was stirred at 40 °C overnight. Afterwards the reaction mixture was neutralized
with acidified water, extracted with dichloromethane, and dried over anhydrous magnesium
sulfate (MgSOa4). The product was purified using silica gel chromatography (Petroleum
ether:CH2Cl,= 3:1) to give 0.554 g of N18 as an orange solid (yield: 83%).
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1H NMR (400 MHz, CDClz, 8): 8.15 (d, J = 7.79 Hz, 2H), 7.50 (ddd, J = 8.24 Hz, J = 7.33
Hz, J = 1.37 Hz, 2H), 7.38 (ddd, J = 7.79 Hz, J = 7.33 Hz, J = 1.37 Hz, 2H), 7.15 (d, J =
8.24 Hz, 2H), 6.86-6.78 (m, 12H), 6.14-6.09 (m, 4H) ppm; *C NMR (100 MHz, CDCls, d):
160.43 (dd, Jcr = 265.50 Hz, 3Jcr = 4.79 Hz), 158.68 (dd, YJcr = 266.45 Hz, 2Jcr = 4.79
Hz), 144.24, 144.18, 139.74, 131.36, 130.61, 128.71 (dd, 2Jcr = 15.34 Hz, *Jcr = 4.79 Hz),
128.23 (dd, 2Jcr = 15.34 Hz, 4Jcr = 4.79 Hz), 126.79, 124.51, 124.06 (t, ?Jcr = 15.34 Hz),
123.88, 123.86, 123.84, 123.79, 121.95, 121.09, 119.38 (t, *Jcr = 4.79 Hz), 116.95, 116.87,
112.48, 112.41, 111.20 (t, 3Jcr = 4.79 Hz), 109.36 ppm; 1°F NMR (376 MHz, CDCls, d): -
109.84 (s, 1F), -111.17 (s, 1F) ppm; HRMS [M]* m/z calcd. for [CasH24N4O2F2]* 666.1867,
found 666.1874.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 2 mmol of carbazole
(0.334 g), 2.4 mmol of Cs,CO3z (0.782 g) and 8 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of N12 (0.520 g) was added and the reaction mixture was stirred
at 60 °C overnight. Afterwards the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous MgSOas. The product was
purified using silica gel chromatography (Petroleum ether:CH,Cl>,= 2:1) to give 0.702 g of
N19a+N19b as an orange solid (total yield: 86%, the ratio between N19a and N19b is 9:1
determined by *H and '°F NMR).

The 'H NMR and **C NMR data represent the signals for N19a, regardless of the small
signals which are ascribed to N19b. *H NMR (400 MHz, CDCls, d): 7.72 (d, J = 7.79 Hz,
2H), 7.51 (d, J = 7.33 Hz, 2H), 7.16 (d, J = 7.33 Hz, 2H), 7.11-7.05 (m, 4H), 7.00-6.96 (m,
2H), 6.94-6.88 (m, 6H), 6.81 (d, J = 8.24 Hz, 2H), 6.74-6.70 (m, 2H), 6.54-6.50 (m, 2H),
6.48-6.43 (m, 2H), 6.40 (d, J = 7.79 Hz, 2H), 6.33 (d, J = 7.79 Hz, 2H), 6.19 (d, J = 7.79
Hz, 2H) ppm; 3C NMR (100 MHz, CDCls, 5): 160.64 (d, 1Jcr = 263.58 Hz), 144.89, 144.34,

138.83, 138.31, 138.36, 138.02, 134.14 (d, 2Jcr = 12.93 Hz), 131.55, 131.14 (d, 2JcF =
16.29 Hz), 129.82, 125.71, 124.78, 124.16, 124.07, 123.96, 123.87, 123.47, 122.91,
121.37,120.92,120.44,119.82, 119.44 (d, 3Jcr = 4.79 Hz), 117.06, 116.08, 113.66, 112.62,
112.09 (d, “Jcr = 4.79 Hz), 110.23, 109.83 ppm; 1°F NMR (376 MHz, CDCls, 8): -110.39 (s,
1F, N19a), -111.47 (N19b) ppm; HRMS [M+H]* m/z calcd. for [CssHasNsO,F]* 814.2620,
found 814.2618.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 3 mmol of carbazole
(0.501 g), 3.6 mmol of Cs,CO3 (1.173 g) and 8 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of N12 (0.520 g) was added and the reaction mixture was stirred
at 80 °C overnight. Afterwards the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous MgSOa4. The product was

purified using silica gel chromatography (Petroleum ether:CH2Cl>= 3:2) to give 0.932 g of
N20 as an orange solid (yield: 97%).

H NMR (400 MHz, DMSO-ds, 8): 7.79 (d, J = 8.24 Hz, 4H), 7.74 (d, J = 7.79 Hz, 2H), 7.62
(d, J=8.24 Hz, 2H), 7.51 (d, J = 7.79 Hz, 2H), 7.35 (d, J = 8.24 Hz, 2H), 7.20 (dd, J = 8.24
Hz, J = 1.37 Hz, 2H), 7.14-7.04 (m, 6H), 6.94 (dd, J = 8.24 Hz, J = 7.33 Hz, 2H), 6.83 (dd,
J=7.79 Hz, J =7.33 Hz, 2H), 6.77-6.65 (m, 6H), 6.57 (ddd, J =7.79 Hz,J=7.33 Hz, J =
1.37 Hz, 2H), 6.36 (dd, J = 8.24 Hz, J = 1.37 Hz, 2H), 6.20 (ddd, J = 8.24 Hz, J = 7.33 Hz,
J=1.37 Hz, 2H), 6.08 (ddd, J =8.24 Hz, J = 7.33 Hz, J = 1.37 Hz, 2H), 5.92 (dd, J = 7.79
Hz, J = 7.33 Hz, 2H) ppm; 3C NMR (100 MHz, DMSO-ds, d): 143.72, 143.08, 141.90,
141.61, 141.20, 140.90, 139.05, 138.80, 138.78, 138.09, 130.34, 126.94, 124.49, 123.37,
123.31, 122.97,122.68, 122.54, 122.28, 121.89, 120.72, 120.29, 119.84, 119.79, 119.32.,
118.94, 118.69, 116.32, 114.99, 114.79, 113.93, 112.87, 112.04, 112.01, 111.45 ppm;
HRMS [M+H]* m/z calcd. for [Ce7H41NeO2]* 961.3291, found 961.3287.
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To a 50 mL two-neck round bottom flask equipped with a stir bar, 1 mmol of carbazole
(0.167 g), 1.2 mmol of Cs,CO3 (0.391 g) and 8 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of N13 (0.683 g) was added and the reaction mixture was stirred

at 60 °C overnight. Afterwards the reaction mixture was neutralized with acidified water,
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extracted with dichloromethane, and dried over anhydrous MgSOa4. The product was
purified using silica gel chromatography (Petroleum ether:CH2Cl>= 2:1) to give 0.714 g of
N21 as an orange solid (yield: 86%).

'H NMR (400 MHz, DMSO-ds, 8): 7.81 (d, J = 7.79 Hz, 2H), 7.11 (d, J = 8.24 Hz, 2H), 7.07-
7.03 (m, 2H), 6.98-6.92 (m, 8H), 6.81-6.56 (m, 14H), 6.43-6.39 (m, 4H) ppm; **C NMR
(100 MHz, DMSO-ds, 8): 160.80 (d, *Jcr = 262.62 Hz), 143.71, 143.66, 143.51, 142.12 (d,
3Jce = 4.79 Hz), 140.65 (d, *Jcr = 4.79 Hz), 139.29, 135.25 (d, 2Jcr = 12.46 Hz), 131.96 (d,
2Jce = 15.34 Hz), 131.37, 130.85, 130.43, 125.11, 124.85, 124.35, 123.89, 123.87, 123.77,
123.71,123.61, 122.70 (d, 3Jcr = 4.79 Hz), 121.02, 120.26, 116.89, 116.06, 116.01, 115.25,
115.15, 114.46, 113.14 (d, “Jcr = 4.79 Hz), 111.82 ppm; °F NMR (376 MHz, DMSO-ds,
0): -112.89 (s, 1F) ppm; HRMS [M+H]* m/z calcd. for [CssH3sNsOsF]* 830.2567, found
830.2567.

032003 DMF

N o 79
Qo A
5 z;« S

To a 50 mL two-neck round bottom flask equipped with a stir bar, 2 mmol of carbazole
(0.334 g), 2.4 mmol of Cs,CO3 (0.782 g) and 8 mL of dry DMF were added under inert
atmosphere. Then 1 mmol of N13 (0.683 g) was added and the reaction mixture was stirred
at 80 °C overnight. Afterwards the reaction mixture was neutralized with acidified water,
extracted with dichloromethane, and dried over anhydrous MgSOas. The product was
purified using silica gel chromatography (Petroleum ether:CH>Cl>= 3:2) to give 0.948 g of
N22 as a deep orange solid (yield: 97%).

1H NMR (400 MHz, CDCls, 8): 7.73 (d, J = 7.79 Hz, 4H), 7.03-6.99 (m, 8H), 6.80 (ddd, J =
7.79 Hz, J =7.33 Hz, J = 0.92 Hz, 4H), 6.67-6.56 (m, 10H), 6.41-6.34 (m, 8H), 6.26 (ddd,
J=779Hz,J=7.33Hz, J =137 Hz, 2H), 6.18 (ddd, J =8.24 Hz, J =7.33 Hz, J = 1.37
Hz, 2H), 6.00 (dd, J = 8.24 Hz, J = 1.37 Hz, 2H) ppm; 3C NMR (100 MHz, CDCls, &)
146.10, 144.82, 142.99, 142.91, 141.36, 139.00, 130.47, 127.71, 124.75, 124.54, 124.48,
123.36, 123.10, 122.98, 121.46, 120.86, 119.91, 116.31, 115.93, 115.32, 114.07, 113.53,
111.55 ppm; HRMS [M]* m/z calcd. for [Ce7H40NeO3]* 976.3162, found 976.3185.
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Chapter 4

Novel donor-acceptor tetrazine derivatives prepared

by Buchwald-Hartwig cross-coupling reaction
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4.1 Introduction

The importance of development of novel synthetic routes that improve access to 1,2,4,5-
tetrazine derivatives with various functional groups has been described in the first and
second chapters. In the first chapter, we have explored a novel modified Pinner synthesis
approach to 1,2,4,5-tetrazines. In this chapter a novel synthetic approach based on post-
modification on simple tetrazine precursors to prepare functionalized tetrazine derivatives

will be presented.

Post-modification on a simple tetrazine building block is widely used to prepare tetrazines
with reactive functional groups or complex functional groups, including commonly used
fluorophores for bio-imaging application.l*3l As mentioned before, nucleophilic aromatic
substitution  (SyAr) of a conventional 1,2,4,5-tetrazine precursor, commonly
dichlorotetrazine, dipyrazolyltetrazine or dithiomethyltetrazine, has long been regarded as
one of the most powerful methods to prepare functionalized 1,2,4,5-tetrazines for various
applications.l*l However, to prepare T-conjugated 1,2,4,5-tetrazine derivatives, metal-
catalyzed cross-coupling reaction on a simple tertrazine precursor is more useful. Although
several examples of metal-catalyzed cross-coupling reactions have been reported on
tetrazine, most of them still suffer from low yields and a limited scope regarding the
tetrazine substrates.[*-8 This can be explained by the fact that the nitrogen atoms in the
tetrazine ring can act as ligands for a metal and deactivate their catalytic activity or the

tetrazine core can be reduced by metals followed by the decomposition of the ring.[®1]

Herein we report an important synthetic tool, Buchwald-Hartwig cross-coupling reaction, in
the synthesis and functionalization of tetrazine compounds. Buchwald-Hartwig cross-
coupling reaction is of considerable importance in modern synthetic chemistry, as
numerous pharmaceuticals, natural products and novel materials have been synthesized
by this methodology.'*12 However, there is no detailed study of Buchwald-Hartwig
coupling reaction in the tetrazine chemistry to date. The only report describing Buchwald-
Hartwig reaction on tetrazine molecules came from our group, however the scope was
limited to only two examples. In addition, the reaction conditions were not optimized, only
moderate yields (40% and 47%) were observed with long time of heating (36 hours and 6
days).[*3l In this work, we systematically studied Buchwald-Hartwig coupling reaction on
tetrazine molecules, and successfully prepared a series of novel donor-acceptor 1,2,4,5-
tetrazine molecules in high yields (61%-72%). The important factors of Buchwald-Hartwig
cross-coupling reaction for tetrazine functionalization are well discussed, which could be
of practical importance for researchers performing Buchwald-Hartwig coupling reaction on
difficult substrates, as well as other cross-coupling reactions with tetrazines. Although
some of the donor-acceptor 1,2,4,5-tetrazine molecules have already been successfully

prepared by the modified Pinner synthesis in Chapter 3, yields are particularly low. The
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methodology provided here not only offers a facile and efficient pathway to prepare new
donor-acceptor 1,2,4,5-tetrazine molecules, but is also expected to facilitate the future
applications of 1,2,4,5-tetrazine as electron-deficient component in organic electronic or

valuable intermediate for the synthesis of natural products.

4.2 Synthesis

We initially chose 3-(4-bromophenyl)-1,2,4,5-tetrazine 1 as the tetrazine substrate,
because 3-monosubstituted unsymmetrical tetrazines are very useful in the bio-orthogonal
click chemistry due to their fast cycloaddition reaction rate. Tetrazine 1 was conveniently
prepared by the novel metal-free synthetic approach recently developed in our group/*4
(see chapter 2). Molecules with strong electron donating abilities (e.g. carbazole,
phenoxazine, phenothiazine and 9,10-Dihydro-9,9-dimethylacridine) have been chosen for
this study, because donor-acceptor molecules are of particular interest in organic
electronics, due to the charge transfer (CT) excited states induced by the electron donor-
acceptor system.[>171 The reaction conditions were optimized by using 1 and carbazole
as the starting materials (Table 1). Firstly, the choice of the base was crucial for the
outcome of this reaction. When strong bases such as 'BuONa (pKa = 17) or lithium
hexamethyldisilamide (LHMDS, pKa = 26) were applied, the tetrazine precursor 1 quickly
degraded resulting in no target product (entries 1 and 2). However, when weak base NEts
(pKa = 11) was applied, it did not tend to promote the hydrogen bromide elimination,
resulting no reaction at all (entry 5). Fortunately, weak inorganic base carbonates (pKa =
10) which could react heterogeneously in non-polar solvent were found to promote the
hydrogen bromide elimination successfully (entries 3 and 4), and cesium carbonate
(Cs2C0O3) was found to be the most reactive base resulting in a high yield of the expected
product (72%, entry 3). Secondly, the choice of the catalyst and ligand played an important
role on the reaction yield. We found out that tris(dibenzylideneacetone)dipalladium(0)
(Pd2(dba)s) was the most effective catalyst tested and 2-dicyclohexylphosphino-2’,4’,6'-
triisopropylbiphenyl (XPhos) gave much better results than other ligands tested (P(‘Bu)s,
1,1'-Bis(diphenylphosphino)ferrocene (DPPF), entries 6 and 7).

Table 1: Optimization of the Buchwald-Hartwig reaction conditions on tetrazine 1 @,

O Pd, Ligand Q
=N Base N=N
N—N Toluene N—N
O 100°C,2h O
TA1

1

N

Entry Pd, Ligand Base Yield (%)®)
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1 Pdz(dba)s, Xphos ‘BuONa 0

2 Pd.(dba)s, Xphos LHMDS 0
3 Pdz(dba)s, Xphos Cs2CO3 72
4 Pdz(dba)s, Xphos K2CO3 35
5 Pdz(dba)s, Xphos NEts 0
6 Pda(dba)s, P('Bu)s Cs2COs 15
7 Pd,(dba)s, DPPF Cs2CO0s 10
8 Pd(OAc)2, Xphos CsCOs3 56

(a) All reactions were carried out on a 0.2 mmol scale in 10 ml toluene. Pd = palladium catalyst. (b) Yields
(isolated) based on the tetrazine precursor 1.

The optimization of the amount of the palladium catalyst and ligand loading is summarized
in Table 2. It is important to note that excess amount of XPhos relative to Pdx(dba)s was
necessary to achieve a high yield, and 4 equivalents XPhos to Pdz(dba)s was found to give
the best yield. This is probably because excess amount of ligand can well stabilize the
palladium catalyst and prevent the binding of catalyst to the nitrogen atoms on tetrazine
which could deactivate the palladium catalyst. The amount of Pdx(dba)s and XPhos loading
was finally optimized to 3% and 12%, respectively, to give the best yield (72%). Additionally,
the influence of the reaction temperature and time was also examined. It was found that
both a high temperature and a prolonged reaction time are not preferable for this reaction,
so heating at 100 °C for 2 hours was found to give the best result (Table 3), although the

temperature seems to be a less relevant parameter than the base choice.

Table 2: Optimization of the palladium catalyst and ligand loading ®.

Q Pd,(dba);, Xphos Q

Cs,CO N=N

+ HN itk B <\ /@N
X Toluene N—N

N° N 100°C, 2 h

Br

NN
TA1
1
Entry Pdz(dba)s (%)®  Xphos (%)® Yield (%)©)
1 10 0 0
2 10 20 51
3 10 40 71
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4 5 20 69
5 3 12 72

6 1 4 40
(a) All reactions were carried out on a 0.2 mmol scale in 10 ml toluene. (b) Percentage amount relative to

the tetrazine precursor 1. (c) Yields (isolated) based on the tetrazine precursor 1.

Table 3: Optimization of the reaction temperature and time @,

Q Pd,(dba)z;, Xphos Q

Cs,CO N=N

+ HN s, <\ /@N
N Toluene N—N

N\ ’\\l Temp., time O

N N

Br

TA1

Entry Temp. (°C) Time (h) Yield (%)®

1 110 1 62
2 100 2 72
3 90 3 70
4 80 4 59
5 70 6 55

(a) All reactions were carried out on a 0.2 mmol scale in 10 ml toluene. Temp. = temperature. (b) Yields

(isolated) based on the tetrazine precursor 1.

With these optimized parameters in hand, we then intended to extend the scope of this
synthetic strategy with other electron rich amines. Three new donor-acceptor 3-
monosubstituted unsymmetrical tetrazines TA2-TA4 were successfully prepared in high
yields (61%-71%) using phenoxazine, phenothiazine or 9,10-Dihydro-9,9-dimethylacridine

as a donor instead of carbazole, employing the optimized conditions above (Scheme 1).

The product yields for TA1 and TA2 were significantly increased to 72% and 71%
respectively (23 and 27 % in two steps) using the Buchwald-Hartwig cross-coupling
reaction in this study as compared to the very low yields for the same products when using

the modified Pinner synthesis (6% and 4% in two steps) shown in chapter 2.
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Q Pd,(dba)z, XPhos
N Cs,CO,4
/) Br + HN ——
N—N Toluene
100 °C,2h

x

z7z
z..Z
: 4 :
>

TA2: X=0, 71%
TA3: X = S, 64%
TA4: X = C(CHy),, 61%

Scheme 1: Synthesis of 3-monosubstituted unsymmetrical tetrazines TA2-TA4.

Moreover, donor-acceptor 3,6-disubstituted symmetrical tetrazines TA5-TA7 were also
prepared in high vyields (61%-69%) by Buchwald-Hartwig coupling reaction using
bifunctional tetrazine precursor 2 (Scheme 2). In this case, it was initially found that using
the above optimized conditions only led to a low yield of product (less than 10%), while a
large amount of tetrazine precursor 2 was recovered. This suggests that the tetrazine
precursor 2 is less reactive than tetrazine 1, therefore the stronger base '‘BuONa was
attempted to increase the product yields. It was found that tetrazine precursor 2 is more
chemically stable to bases compared to tetrazine 1 (tetrazine 2 only degrades slowly in the
presence of '‘BuONa), which is important to obtain a reasonable yield of product. As
expected, the yield of the reaction significantly increased (up to 69%) using ‘BuONa as a
base, along with 6 hours of heating time (necessary to reach the completion of tetrazine

precursor 2).

The reaction of tetrazine 2 with carbazole gave a red solid which is insoluble in any organic
solvents. Thus, it was not possible to characterize it by common analytical methods as
already observed when the same molecule was prepared using the Pinner synthesis

(molecule Tz2 in Chapter 3).

N=N

NN Q Pas(dba);, Xphos O—( )—Q

BuONa

\ />—Q + HN X
N-N Toluene

Br Br 110 °C, 6 h @ @

2 TAS: X = O, 66%
TA6: X =S, 61%
TA7: X = C(CHy),, 69%

Scheme 2: Synthesis of 3, 6-disubstituted symmetrical tetrazines TA5-TA7.

All the obtained donor-acceptor tetrazine derivatives TA1-TA7 were characterized by *H,
13C NMR and HRMS. The structure of TA2 and TA3 were further confirmed by single
crystal X-ray diffraction (XRD) (Table 4). From the crystal structure, it can be observed that
the phenyl ring and the tetrazine acceptor are coplanar in both cases. For TA2, the

phenoxazine is orthogonal to the phenyl-tetrazine moiety, while in TA3, the phenothiazine
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is rather distorted. The molecular packing of both TA2 and TA3 shows a clear TT—TT stacking
of the donor moieties. In both molecules, the phenyl-tetrazine moieties are arranged head

to tail in the unit cell.

Table 4: X-ray crystallographic structures of TA2 and TAS3, along with their molecular
packing.

Molecular structure Molecular packing

TA2

TAS

4.3 Photophysical characterizations

The photophysical properties of TA1-TA7 are given in Table 5 and Figure 1-2. All the TA
molecules show an absorption band in the visible with a maximum located near 550 nm
and a rather low extinction coefficient (540-700 L-molt-cm?), which is typical of tetrazine
derivatives.l!l Unfortunately, all the TA molecules are non-emissive, likely due to the
through-bond energy transfer (TBET) or photoinduced electron transfer (PET) according

to the previous reports. 818191 [11120]

Table 5: Absorption maxima of TA1-TA7 @,

Aaps (NmM)
TAl 256, 310, 360, 561
TA2 241, 261, 323, 413, 541
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TA3 276, 370, 561

TA4 270, 369, 542
TAS 240, 303, 546
TA6 257, 302, 547
TA7 291, 547

(a) Measured in DCM (1x10-° M) at room temperature.
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Figure 1: Absorption spectra of TA1-TA4 in DCM at room temperature.

T T T T T
—TA5 ]|

— TA6
3 —TA7
&
st i
2
- 0.010
2
S
(%] -
o
©
e
S 0.005 4
= i
E
o
P4

0.000 T T

500 600
? zoom
R B
0.0 T T T ': T T T v
300 400 . 500 600 ' 700

Wavelength (nm)

Figure 2: Absorption spectra of TA5-TA7 in DCM at room temperature.
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4.4 Electrochemistry

The electrochemical properties of TA1-TA7 are depicted in Table 6 and Figure 3-4. Two
reversible peaks were found for molecules TA2-TA7, which can be ascribed to the
oxidation of the donor moiety and the reduction of the tetrazine acceptor, respectively.
However in the case of TA1, only the reduction peak of the tetrazine moiety is reversible.
The oxidation peak is irreversible because the carbazole moiety is known to be irreversibly
oxidized. Interestingly, the influence of the donor group on the redox potential of the
tetrazine is quite weak, this being indicative of a weak conjugation between these two
moieties. The HOMO and LUMO values were thus estimated from the oxidation and

reduction potentials.

Table 6: Electrochemical properties of TA1-TA7.

Eox Vs Fc/Fc Ereq VS FC/FC HOMO (ev)(b) LUMO (eV)(C)

(Ve (V)@
TAl 0.86 -1.17 5.96 3.93
TA2 0.29 -1.17 5.39 3.93
TA3 0.24 -1.24 5.34 3.86
TA4 0.40 -1.21 5.50 3.89
TAS5 0.27 -1.22 5.37 3.88
TAG 0.21 -1.2 531 3.90
TA7 0.45 -1.14 5.55 3.96

(@) Measured in DCM at room temperature by cyclic voltammetry. (b) Estimated from the oxidation
potential in DCM, HOMO = Eox + 5.1. (c) Estimated from the reduction potential in DCM, LUMO = Ered +
5.1.
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Figure 3: Cyclic voltammetry of TA1-TA4 in DCM at room temperature.
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Figure 4: Cyclic voltammetry of TA5-TA7 in DCM at room temperature.

4.5 Conclusion

In conclusion, we have extended the scope of a facile, efficient synthetic tool, Buchwald-
Hartwig cross-coupling reaction, in the synthesis of 1,2,4,5-tetrazine derivatives. We have
discovered the optimized working conditions through an unprecedented systematic study
of Buchwald-Hartwig cross-coupling reaction applied to tetrazine molecules. Moreover, we
have showed that this reaction can be used for the preparation of symmetrical and more

importantly rather fragile unsymmetrical 3-monosubstituted tetrazines with various electron
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rich aromatic secondary amines. Donor-acceptor 1,2,4,5-tetrazine molecules (TA1-TA7)
were thus prepared in high yields (61%-72%). This synthetic methodology should largely
improve the access to various functionalized 1,2,4,5-tetrazines and facilitate the application
of 1,2,4,5-tetrazines as electron-deficient materials in organic electronics, as valuable
intermediates for the synthesis of natural products or bioorthogonal reactions. Regarding
this last aspect, we will demonstrate in the next chapter, that some of those new tetrazine

are efficient fluorescent turn-on probes upon iEDDA reaction.
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4.6 Experimental details
General Methods:

Synthesis. All chemicals were received from commercial sources and used without further
purification. Thin layer chromatography (TLC) was performed on silica gel. Flash column
chromatography purification was performed on a CombiFlash-Rf system with a variable
wavelength UV detector. All mixtures of solvents are given in v/v ratio. NMR spectra were
recorded on a JEOL ECS (400 MHz) spectrometer. 3C NMR spectra were proton
decoupled. HRMS spectra were measured either on an UPLC/ESI-HRMS device (an
Acquity Waters UPLC system coupled to a Waters LCT Premier XE mass spectrometer
equipped with an electrospray ion source), or a Q-TOF mass spectrometer (Q-TOF 6540,
Agilent) equipped with an APPI ion source.

Tetrazine 1,14 21 and cyclooctyne?? were prepared by according to published

procedures.

Photophysics. All solutions were investigated at 10> mol dm= concentration. Absorption

spectra were collected using a UV-3600 double beam spectrophotometer (Shimadzu).

Electrochemistry. The electrochemical cell comprised of platinum electrode with a 1 mm
diameter of working area as a working electrode, an Ag electrode as a reference electrode
and a platinum coil as an auxiliary electrode. Cyclic voltammetry measurements were
conducted at room temperature at a potential rate of 50 mV/s and were calibrated against
ferrocene/ferrocenium redox couple. All voltammograms were recorded on a
CHinstruments Electrochemical Analyzer model 660 potentiostat. Electrochemical
measurements were conducted in 1.0 mM concentrations for all cyclic voltammetry
measurements. Electrochemical studies were undertaken in 0.1 M solutions of BusNPFe,

99% in dichloromethane (DCM) at room temperature.

Synthesis of TA1

Q Pd,(dba)s;, XPhos Q
=N N=N
Cs,CO;4
/) Br + HN _ <\ /) N
—N Toluene N—N
100°C,2h

1 TA1

z7z

Procedure A: To a 100 ml two-neck round bottom flask equipped with a stir bar, tetrazine
1 (0.2 mmol, 47.6 mq), carbazole donor (0.24 mmol, 40.1 mg), cesium carbonate (0.4 mmol,
130 mg) and 10 ml of anhydrous toluene were added. The reaction mixture was degassed
by bubbling through nitrogen for 15 min under vigorous stirring. Then Pdx(dba)s (0.006

mmol, 5.5 mg) and XPhos (0.024 mmol, 11.5 mg) were added and degassed for another
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15 min. The reaction mixture was heated to 100 °C under a nitrogen atmosphere for 2 h.
The reaction mixture was then cooled down to room temperature, extracted with
dichloromethane. The organic phase was dried over anhydrous magnesium sulfate
(MgSO0.), filtered and concentrated under reduced pressure. The product was purified
using flash column chromatography (Petroleum ether:CH»Cl»= 3:1) to give 46.5 mg of TAl
as a red solid (yield: 72%).

IH NMR (400 MHz, CDCls, 8): 10.27 (s, 1H), 8.89 (d, J = 8.24 Hz, 2H), 8.17 (d, J = 7.80
Hz, 2H), 7.88 (d, J = 8.24 Hz, 2H), 7.56 (d, J = 7.80 Hz, 2H), 7.46 (t, J = 7.80 Hz, 2H), 7.34
(t, J = 7.80 Hz, 2H) ppm; 3C NMR (100 MHz, CDCls, d): 166.11, 157.96, 142.56, 140.29,
130.10, 130.06, 127.40, 126.41, 124.05, 120.84, 120.65, 109.99 ppm; HRMS [M+H]* m/z
calcd. for [CooH14Ns]* 324.1249, found 324.1253.

Synthesis of TA2

Q Pd,(dba)z;, XPhos Q
=N Cs,C0;4 N=N
/) Br + HN O _— <\ / N O
-N Toluene N—N

o 5

1 TA2

TA2 was prepared following Procedure A using phenoxazine as a donor. A deep red solid
was obtained after flash column chromatography (Petroleum ether:CH,Cl, = 3:1) (48.1 mg,
yield: 71%). Single crystal of TA2 was grown from slow evaporation of petroleum
ether/CHCl> (3:1) mixture.

H NMR (400 MHz, CDCls, 8): 10.28 (s, 1H), 8.87 (d, J = 8.24 Hz, 2H), 7.63 (d, J = 8.24
Hz, 2H), 6.79-6.59 (m, 6H), 6.05 (dd, J = 7.80 Hz, J = 1.50 Hz, 2H) ppm; *C NMR (100
MHz, CDCls, 0): 166.08, 158.04, 144.18, 144.06, 133.78, 132.01, 131.62, 131.16, 123.47,
122.08, 115.92, 113.53 ppm; HRMS [M+H]* m/z calcd. for [C20H14Ns0]* 340.1198, found
340.1192.

Synthesis of TA3

Q Pdy(dba)s, XPhos Q
N=N Cs,CO3 N=N
<\ /) Br + HN S _—— <\ / N S
N—N Toluene N—N

100 °C, 2 h

1 TA3

TA3 was prepared following Procedure A using phenothiazine as a donor. A deep red

solid was obtained after flash column chromatography (Petroleum ether:CH,Cl, = 3:1)
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(45.4 mgq, yield: 64%). Single crystal of TA3 was grown from slow evaporation of petroleum
ether/CHCl; (3:1) mixture.

1H NMR (400 MHz, CDCls, 8): 10.13 (s, 1H), 8.56 (d, J = 8.24 Hz, 2H), 7.37 (d, J = 7.80
Hz, 2H), 7.32 (d, J = 8.24 Hz, 2H), 7.24 (d, J = 7.80 Hz, 2H), 7.17-7.10 (m, 4H) ppm; 13C
NMR (100 MHz, CDCls, 8): 166.16, 157.47, 148.93, 141.92, 130.72, 130.17, 128.58,
127.40, 125.79, 125.55, 124.14, 120.14 ppm; HRMS [M+H]* m/z calcd. for [C20H14NsS]*
356.0970, found 356.0977.

Synthesis of TA4

Q Pd,(dba)s, XPhos
N

N=N Cs,CO N=
4 />—@Br + HN e ,
N—N Toluene N—

O 100°C,2h

TA4 was prepared following Procedure A using 9,10-Dihydro-9,9-dimethylacridine as a

1

donor. A red solid was obtained after flash column chromatography (Petroleum
ether:CH2Cl = 3:1) (44.4 mg, yield: 61%).

H NMR (400 MHz, CDCls, 8): 10.28 (s, 1H), 8.89 (d, J = 8.24 Hz, 2H), 7.62 (d, J = 8.24
Hz, 2H), 7.49 (dd, J = 7.80 Hz, J = 1.80 Hz, 2H), 7.05-6.95 (m, 4H), 6.40 (dd, J = 7.80 Hz,
J = 1.80 Hz, 2H) ppm; *C NMR (100 MHz, CDCls, d): 166.22, 158.00, 146.42, 140.55,
131.94, 131.14, 131.00, 126.59, 125.52, 121.37, 114.61, 36.26, 31.18 ppm; HRMS [M+H]*
m/z calcd. for [C23H20Ns]* 366.1719, found 366.1725.

Synthesis of TA5

N=N Pd,(dba);, Xphos

'BuONa

N\ + HN O
N-N Toluene

Br Br 110 °C,6h @ @

Procedure B: To a 100 ml two-neck round bottom flask equipped with a stir bar, tetrazine
2 (0.2 mmol, 78.4 mg), phenoxazine donor (0.48 mmol, 87.9 mg), sodium tert-butoxide
(0.48 mmol, 46.1 mg) and 15 ml of anhydrous toluene were added. The reaction mixture
was degassed by bubbling through nitrogen for 15 min under vigorous stirring. Then
Pd.(dba)s; (0.012 mmol, 11 mg) and XPhos (0.048 mmol, 23 mg) were added and
degassed for another 15 min. The reaction mixture was heated to 110 °C under a nitrogen
atmosphere for 6 h. The reaction mixture was then cooled down to room temperature,

extracted with dichloromethane. The organic phase was dried over anhydrous magnesium
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sulfate (MgSQO.), filtered and concentrated under reduced pressure. The product was
purified using flash column chromatography (Petroleum ether:CH,Cl,= 4:1) to give 78.3
mg of TA5 as a purple solid (yield: 66%).

1H NMR (400 MHz, CDCls, 8): 8.77 (d, J = 8.24 Hz, 2H), 8.69 (t, J = 1.80 Hz, 2H), 7.87 (t,
J=8.24 Hz, 2H), 7.67 (d, J = 8.24 Hz, 2H), 6.77-6.56 (M, 12H), 6.00 (dd, J = 7.80 Hz, J =
1.80 Hz, 4H) ppm; 3C NMR (100 MHz, CDCls, 5): 163.61, 144.12, 140.55, 135.84, 135.04,
134.13, 132.37, 131.05, 128.16, 123.45, 121.87, 115.82, 113.44 ppm; HRMS [M]* m/z
calcd. for [CagH24NeO2]* 596.1961, found 596.1947.

Synthesis of TA6

N=N Pd,(dba);, Xphos

'BuONa

N\ + HN 8
N-N Toluene

Br Br 110 °C, 6 h @ @

TAG6 was prepared following Procedure B using phenothiazine as a donor. A red solid was
obtained after flash column chromatography (Petroleum ether:CH2Cl>=4:1) (76.3 mg, yield:
61%).

H NMR (400 MHz, CDCls, d): 8.74-8.67 (m, 4H), 7.81 (t, J = 8.24 Hz, 2H), 7.66 (d, J =
8.24 Hz, 2H), 7.11 (dd, J = 7.80 Hz, J = 1.80 Hz, 4H), 6.97-6.85 (m, 8H), 6.44 (dd, J =7.80
Hz, J = 1.80 Hz, 4H) ppm; 3C NMR (100 MHz, CDCls, 8): 163.74, 143.83, 143.02, 134.48,
133.95, 131.80, 129.07, 127.32, 127.15, 127.06, 123.35, 122.44, 117.59 ppm; HRMS [M]*
m/z calcd. for [C3sH24NeS2]* 628.1504, found 628.1500.

Synthesis of TA7

N=N
N=N Pd,(dba);, Xphos O/
'BuONa N-N
a O
N N
Toluene O
e XD O

2 TA7

TA7 was prepared following Procedure B using 9,10-Dihydro-9,9-dimethylacridine as a
donor. A red solid was obtained after flash column chromatography (Petroleum
ether:CH2Cl; = 4:1) (89.9 mg, yield: 69%).

1H NMR (400 MHz, CDCls, 5): 8.81 (d, J = 8.24 Hz, 2H), 8.67 (t, J = 1.80 Hz, 2H), 7.90 (t,
J =8.24 Hz, 2H), 7.66 (d, J = 8.24 Hz, 2H), 7.49 (dd, J = 7.80 Hz, J = 1.80 Hz, 4H), 7.03—
6.91 (m, 8H), 6.34 (dd, J = 7.80 Hz, J = 1.80 Hz, 4H), 1.72 (s, 12H) ppm; 3C NMR (100
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MHz, CDCls, 3): 163.68, 142.60, 140.79, 136.41, 134.89, 132.07, 131.43, 130.37, 127.92,
126.57, 125.46, 121.02, 114.14 ppm; HRMS [M+H]* m/z calcd. for [CasHs7Ne]* 649.3080,
found 649.3093.
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Chapter 5

IEDDA reaction of 1,2,4,5-tetrazines: Synthesis of

pyridazine derivatives

137






5.1 Introduction

In the last chapter, we have presented the synthesis of a series of interesting donor-
acceptor 1,2,4,5-tetrazine derivatives. In this chapter, we will focus on the application of
these molecules in the inverse Electron Demand Diels—Alder (iIEDDA) reaction. The Diels-
Alder cycloaddition of tetrazines with electron rich dienophiles was first reported in 1959
and was known as the Carboni-Lindsey reaction.[l Since then, this chemistry has been
utilized in a number of studies for preparing biologically active molecules, including a
number of studies in total synthesis of natural products, as well as the recently

developed fast bioconjugation with e.g. strained cyclooctynes or trans-cyclooctene.

In this chapter, we will firstly focus the study on the ability of our donor-acceptor tetrazine
derivatives in the iIEDDA reaction, including fluorescence turn-on of the new donor-
acceptor tetrazine derivatives. Then we will focus our interest on the electrochemical and
photophysical properties of the donor-acceptor pyridazine derivatives prepared by the
iIEDDA reaction because pyridazine as an electron-deficient heterocycle and its substituted
derivatives have recently attracted interest for their application potential in optoelectronic

functional materials.[6-10]

5.2 Synthesis

As described in the first chapter, tetrazine acts as a diene in the iEDDA reaction to form a
dihydropyridazine or pyridazine depending on the alkene or alkyne nature of the dienophile,
respectively. A list of dienophiles and their reaction rates in iIEDDA reaction can be found
in literature.!1-13] |n this study, cyclooctyne was chosen as the dienophile because the
triple bond in cyclooctyne allowed us to obtain directly the pyridazine products in one step
without the need for an additional oxidation step and tedious purifications. Therefore, the
donor-acceptor tetrazine derivatives which we have presented in the last chapter (TA1-
TAT) were employed to react with cyclooctyne. Interestingly, the very efficient reaction of
cyclooctyne with tetrazines!*® allowed us to obtain molecules DA1-DA7 in almost
guantitative yields (Scheme 1). It was observed that compounds TA1-TA4 react with
cyclooctyne in dichloromethane (DCM) at room temperature within several minutes to give
DA1-DA4, while the reactions of TA5-TA7 with cyclooctyne were performed at 50 °C for 1
hour to give DA5-DA7Y. This is in accordance with the superior cycloaddition reaction rate
of 3-monosubstituted unsymmetrical tetrazines compared to those of 3,6-disubstituted

symmetrical ones as reported previously.[*1.12]

TA _ N2 pa
¥ | DCM
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Scheme 1: Synthesis of DA1-DA?7. All reactions were carried out on a 1 mmol scale in 10 ml DCM.
Yields (isolated) based on the TA precursors.

As indicated in chapter 4, all the TA molecules are completely non-emissive, however the
fluorescence can be readily turned on upon treating cyclooctyne in all cases, as the
resulting pyridazines are emissive. The reaction of TA2 with cyclooctyne is exemplified
here to show the fluorescence turn-on ability of our donor-acceptor tetrazines (Figure 1).
The reaction proceeded quickly in DCM at room temperature. After the addition of
cyclooctyne, the typical red color of the tetrazine solution quickly disappeared and nitrogen
gas evolved, resulting in a colorless and highly emissive solution (Figure 1c). The X-ray

single crystal structures of both TA2 and DA2 are also shown in Figure 1b.
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Figure 1: a) IEDDA reaction of TA2 with cyclooctyne. b) X-ray crystallographic structure of the initial
tetrazine (left) and product (right). ¢) Photos of the initial compound (left) and the adduct product (right)

under 365 nm UV-irradiation.

The fluorescence turn-on property was studied by recording fluorescence spectra during
the course of the reaction (Figure 2). The gradual increase in emission intensity indicates
the formation of the pyridazine moiety. The reaction was completed when it reached a

plateau approximately 15 minutes after the addition of cyclooctyne
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Figure 2: (top) Fluorescence spectra recorded during the course of the iEDDA reaction of TA2 and
cyclooctyne in DCM at room temperature and (bottom) plot of the variation of fluorescence emission

(integration of the area of each spectrum) as a function of time.
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5.3 Electrochemistry

The electrochemical properties of DA1-DA7 are depicted in Table 1 and Figure 3, 4. In
contrast to the TA derivatives which show both oxidation and reduction peaks in cyclic
voltammetry, only the oxidation peaks of the donor moieties were found for all DA
derivatives. In the case of DA2-DA7, these oxidation peaks are fully reversible, while in the
case of DAL, itis irreversible because carbazole moiety is known as irreversible. Therefore,
the HOMO and LUMO values were estimated from the combination of the oxidation
potentials and the optical gaps which are estimated from the onset of absorption spectra
in DCM.

Table 1: Electrochemical properities of DA1-DA7.

Eox VS Fc/Fc* (V)@ Eq (eV)® HOMO (eV)© LUMO (eV)@

DAl 0.73 3.52 5.83 2.31
DA2 0.21 3.46 5.31 1.85
DA3 0.21 3.38 5.31 1.93
DA4 0.38 3.32 5.48 2.16
DA5 0.25 3.31 5.35 2.04
DAG6 0.29 3.30 5.39 2.09
DAY 0.43 3.34 5.53 2.19

(@) Measured in DCM at room temperature by cyclic voltammetry. (b) Estimated from the onset of
absorption spectra in DCM. (c) Estimated from the oxidation potential in DCM, HOMO = Eox + 5.1. (d)
Calculated from HOMO - Eq.
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Figure 3: Cyclic voltammetry of DA1-DA4 in DCM at room temperature.
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Figure 4: Cyclic voltammetry of DA5-DA7 in DCM at room temperature.

5.4 Photophysical properties

The main photophysical properties of DA1-DA7 are depicted in Table 2 and Figure 5, 7-
21.

Table 2: Photophysical properties of DA1-DAT7.
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Anbs (n m)(a> ArL (n m)(b) Aphos (n m)(C) ¢P|_(%)(d)

DAl 238, 292, 326, 346, 362 485 0.1
340
DA2 240, 324 536 455, 481 155
DA3 258, 314 558 500, 526 4.2
DA4 288 487 488 3.5
DA5S 240, 323 577 482 1.6
DAG6 258, 317 602 505, 532 0.9
DA7 286 522 478 0.6

(a) Absorption maxima measured in DCM (1x10-° M) at room temperature. (b) Emission maxima
measured in DCM (1x10-5 M) at room temperature. (c) Measured in Zeonex 1% (w/w) at 80 K after a
delay of 10 ms. (d) Measured in DCM at room temperature.

The absorption and emission spectra of DA2 (example in section 5.2 for exhibition of
fluorescence turn-on property) are shown in Figure 5. The clear solvatochromic effect for
DA2 indicates that the emission originates from a charge transfer (CT) excited state.
Except DA2, DA3, DA5 and DAG6 also show a clear solvatochromic effect (Figure 17, 19,
20) which indicates that the emission comes from a charge transfer (CT) excited state.
However, no clear solvatochromic effect was observed for DAL, DA4 and DA7 because
the compounds are only emissive in DCM but very weakly or not emissive in other solvents
(Figure 15, 18, 21). In addition, the phosphorescence emission of all the DA compounds
were measured in Zeonex 1% (w/w) at 80 K after a delay of 10 ms (Figure 15-21), which

are summarized in Table 2.
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Figure 5: Absorption spectrum of DA2 in DCM and photoluminescence spectra of DA2 in various solvents

at room temperature.

The reaction scheme of TA3 with cyclooctyne to give DA3 is shown in Figure 6, along with
the X-ray single crystal structures of both TA3 and DA3. Similarly to the reaction of TA2
with cyclooctyne, the reaction of TA3 with cyclooctyne proceeded quickly in DCM at room
temperature. The red colored non-emissive tetrazine solution became colorless and

emissive.

N=N Q - - Q
C )N 5 [ N s
e Rl

a) TA3 DA3

Figure 6: a) IEDDA reaction of TA3 with cyclooctyne. b) X-ray crystallographic structure of the initial
tetrazine (left) and the product (right).

The photoluminescence spectrum of DA3 in Zeonex 1% (w/w) in degassed condition
shows an additional signal (at around 550 nm) compared to the spectrum in air-equilibrated
condition, which can be attributed to room temperature phosphorescence (RTP, Figure 7).
The time resolved emission spectrum and photoluminescence decay of DA3 indicate that
this additional signal has a long lifetime which corresponds to the phosphorescence of the
molecule (Figure 8 and 9). The ratio of the room temperature phosphorescence
component to the fluorescence one was determined to be 0.68. In addition, the singlet and
triplet energy levels were estimated to be 3.16 eV and 2.63 eV, respectively, from the onset

of the fluorescence and phosphorescence spectra (Figure 8).
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Figure 7: Photoluminescence spectra of DA3 in Zeonex 1% (w/w) in degassed (red) and air-equilibrated

(blue) conditions at room temperature.
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Figure 8: Time-resolved spectra of DA3 in Zeonex 1% (w/w) at room temperature in degassed
atmosphere. The blue spectrum corresponds to the fluorescence and the red one to the

phosphorescence.
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Figure 9: PL decay of DA3 in Zeonex 1% (w/w) at room temperature in degassed atmosphere.

The photophysical properties of DA6 are similar to those of DA3. It also exhibits clear RTP
effect and the ratio of the RTP component to the fluorescence one was determined to be
0.48 (Figure 10). Additionally, the singlet and triplet energy levels were estimated to be
3.13 eV and 2.61 eV, respectively, from the onset of the fluorescence and

phosphorescence spectra (Figure 11).
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Figure 10: Photoluminescence spectra of DA6 in Zeonex 1% (w/w) in degassed (red) and air-equilibrated

(blue) conditions at room temperature.
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Figure 11: Time-resolved spectra of DA6 in Zeonex 1% (w/w) at room temperature in degassed
atmosphere. The blue spectrum corresponds to the fluorescence and the red one to the
phosphorescence.
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Figure 12: PL decay of DA6 in Zeonex 1% (w/w) at room temperature in degassed atmosphere.

The room temperature phosphorescence emission exhibited by compounds DA3 and DA6
is most likely due to an efficient intersystem crossing to a long lived triplet excited state
that is promoted by the phenothiazine donor attached to the pyridazine acceptor core. RTP
materials have attracted intensive interests because of their relatively long decay lifetimes

and large Stoke shift, which have already been reported to be useful in many fields such
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as organic light-emitting diodes (OLEDSs),'41% bioimaging and sensingi*®l or organic

photovoltaics (OPV).["]
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Figure 13: Absorption spectra of DA1-DA4 in DCM at room temperature.
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Figure 14: Absorption spectra of DA5-DA7 in DCM at room temperature.
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Figure 15: Normalized fluorescence spectrum of DA1 in DCM at room temperature (blue) and normalized

phosphorescence spectrum of DAL in Zeonex at 80 K (red).
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Figure 16: Normalized fluorescence spectra of DA2 in toluene (black), chlorobenzene (green) and DCM

(blue) at room temperature and normalized phosphorescence spectrum of DA2 in Zeonex at 80 K (red).
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Figure 17: Normalized fluorescence spectra of DA3 in toluene (black), chlorobenzene (green) and DCM

(blue) at room temperature and normalized phosphorescence spectrum of DA3 in Zeonex at 80 K (red).
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Figure 18: Normalized fluorescence spectrum of DA4 in DCM at room temperature (blue) and normalized

phosphorescence spectrum of DA4 in Zeonex at 80 K (red).
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Figure 19: Normalized fluorescence spectra of DAS in toluene (black), chlorobenzene (green) and DCM

(blue) at room temperature and normalized phosphorescence spectrum of DA5 in Zeonex at 80 K (red).
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Figure 20: Normalized fluorescence spectra of DAG6 in toluene (black), chlorobenzene (green) and DCM

(blue) at room temperature and normalized phosphorescence spectrum of DA6 in Zeonex at 80 K (red).
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Figure 21: Normalized fluorescence spectra of DA7 in DCM at room temperature (blue) and normalized

phosphorescence spectrum of DA7 in Zeonex at 80 K (red).

5.5 Conclusion

In this chapter, we have firstly studied the efficiency of our donor-acceptor tetrazine
derivatives TA1-TA7 in the inverse Electron Demand Diels—Alder (iEDDA) reaction. The
fluorescence turn-on ability of the new donor-acceptor tetrazine derivatives was
exemplified by the reaction of TA2 and cyclooctyne, which shows a fast rate and a high

fluorescence turn-on ratio.

Then we were interested in the study of the electrochemical and photophysical properties
of all the donor-acceptor pyridazine derivatives DA1-DA7Y prepared by the iEDDA reaction.
Interestingly, it was observed that DA3 and DAG6 exhibit clear room temperature
phosphorescence (RTP) emission which could find applications in various fields such as

organic electronics (e.g. OLED, OPV), as well as bioimaging and sensing.
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5.6 Experimental details
General Methods:

Synthesis. All chemicals were received from commercial sources and used without further
purification. Thin layer chromatography (TLC) was performed on silica gel. Flash column
chromatography purification was performed on a CombiFlash-Rf system with a variable
wavelength UV detector. All mixtures of solvents are given in v/v ratio. NMR spectra were
recorded on a JEOL ECS (400 MHz) spectrometer. 3C NMR spectra were proton
decoupled. HRMS spectra were measured either on an UPLC/ESI-HRMS device (an
Acquity Waters UPLC system coupled to a Waters LCT Premier XE mass spectrometer
equipped with an electrospray ion source), or a Q-TOF mass spectrometer (Q-TOF 6540,
Agilent) equipped with an APPI ion source.

Cyclooctynel'®l was prepared according to published procedures.

Photophysic. Zeonex ® 480 blends were prepared from toluene solutions by the drop-
cast method and dried in a vacuum. All solutions were investigated at 10° mol dm
concentration and were degassed using five freeze/pump cycles. Absorption and emission
spectra were collected using a UV-3600 double beam spectrophotometer (Shimadzu), and
a Fluoromax fluorescence spectrometer (Jobin Yvon) or QePro fluorescence spectrometer
(Ocean Optics). Photoluminescence quantum yields in DCM solution were measured using
9,10-diphenylanthracene (®p. = 0.684) as the standard.

Phosphorescence, prompt fluorescence (PF), and spectra and decays were recorded
using nanosecond gated luminescence and lifetime measurements (from 400 ps to 1 s)
using either third harmonics of a high-energy, pulsed Nd:YAG laser emitting at 355 nm
(EKSPLA) or a N2 laser emitting at 337 nm. Emission was focused onto a spectrograph
and detected on a sensitive gated iCCD camera (Stanford Computer Optics) of sub-
nanosecond resolution. PF/DF time-resolved measurements were performed by

exponentially increasing gate and delay times.

Electrochemistry. The electrochemical cell comprised of platinum electrode with a 1 mm
diameter of working area as a working electrode, an Ag electrode as a reference electrode
and a platinum coil as an auxiliary electrode. Cyclic voltammetry measurements were
conducted at room temperature at a potential rate of 50 mV/s and were calibrated against
ferrocene/ferrocenium redox couple. All voltammograms were recorded on a
CHinstruments Electrochemical Analyzer model 660 potentiostat. Electrochemical
measurements were conducted in 1.0 mM concentrations for all cyclic voltammetry
measurements. Electrochemical studies were undertaken in 0.1 M solutions of BusNPFe,

99% in dichloromethane (DCM) at room temperature.
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General procedure for synthesis of DA1-DA4

To a 50 mL round bottom flask equipped with a stir bar, 0.1 mmol of TA1-TA4, and 10 mL
of DCM were added. Then 0.4 mmol of cyclooctyne (50 uL) was added with stirring at room
temperature. The color of the solution turned from red to colorless after several minutes
and N2 gas evolved. The reaction mixture was allowed to stir for another 20 min. All the
volatiles were evaporated under vacuum and the residue was purified using flash column

chromatography.

)

N

S/
AR
DA1

DAl. A white solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:3) (39.6 mg, yield: 98%).

'H NMR (400 MHz, CDCls, d): 8.96 (s, 1H), 8.17 (d, J = 8.24 Hz, 2H), 7.78-7.68 (m, 4H),
7.51(d, J=7.80 Hz, 2H), 7.44 (t,J = 7.80 Hz, 2H), 7.32 (t, J = 7.80 Hz, 2H), 2.94-2.85 (m,
4H), 1.90-1.80 (m, 2H), 1.76-1.66 (m, 2H), 1.54-1.40 (m, 4H) ppm; *C NMR (100 MHz,
CDCls, 6): 161.33, 151.75, 141.58, 140.82, 138.87, 138.25, 136.96, 130.84, 126.93,
126.19, 123.66, 120.51, 120.30, 109.94, 31.28, 30.56, 29.70, 26.77, 26.10, 25.57 ppm;
HRMS [M+H]* m/z calcd. for [CogH26N3]" 404.2127, found 404.2127.

N\ /
N—N
DA2

DA2: A white solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:3) (41.5 mg, yield: 99%). A single crystal of DA2 was grown from slow

evaporation of petroleum ether/EtOAc (2:3) mixture.

1H NMR (400 MHz, CDCls, 8): 8.97 (s, 1H), 7.73 (d, J = 8.24 Hz, 2H), 7.48 (d, J = 8.24 Hz,
2H), 6.76—6.57 (m, 6H), 6.01 (d, J = 7.80 Hz, 2H), 2.95-2.81 (m, 4H), 1.89-1.79 (m, 2H),
1.71-1.61 (m, 2H), 1.55-1.38 (m, 4H) ppm; 3C NMR (100 MHz, CDCls, 5): 161.27, 151.32,
144.11, 142.19, 139.69, 139.62, 137.79, 134.29, 132.03, 131.01, 123.42, 121.67, 115.67,
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113.50, 31.25, 30.47, 29.76, 26.87, 26.09, 25.53 ppm; HRMS [M+H]* m/z calcd. for
[C2sH26N30]* 420.2076, found 420.2090.

N\ /
N—N
DA3

DA3: A light yellow solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:3) (42.6 mg, yield: 98%). A single crystal of DA3 was grown from slow

evaporation of petroleum ether/EtOAc (2:3) mixture.

H NMR (400 MHz, CDCls, d): 8.94 (s, 1H), 7.71 (d, J = 8.24 Hz, 2H), 7.49 (d, J = 8.24 Hz,
2H), 7.07 (d, J = 7.80 Hz, 2H), 6.96-6.82 (m, 4H), 6.38 (d, J = 7.80 Hz, 2H), 2.93-2.81 (m,
4H), 1.89-1.78 (m, 2H), 1.71-1.61 (m, 2H), 1.54-1.38 (m, 4H) ppm; $3C NMR (100 MHz,
CDCls, 6): 161.27, 151.72, 144.09, 141.87, 141.54, 138.79, 137.39, 131.61, 129.89,
127.08, 127.05, 123.01, 121.51, 117.10, 31.25, 30.48, 29.68, 26.79, 26.09, 25.56 ppm;
HRMS [M+H]* m/z calcd. for [C2sH26N3S]* 436.1847, found 436.1855.

N

N\
O

DA4

DA4:. A white solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:3) (44.1 mg, yield: 99%).

'H NMR (400 MHz, CDCls, d): 8.97 (s, 1H), 7.77 (d, J = 8.24 Hz, 2H), 7.54-7.44 (m, 4H),
7.05-6.91 (m, 4H), 6.37 (d, J = 7.80 Hz, 2H), 2.94-2.84 (m, 4H), 1.89-1.80 (m, 2H), 1.71
(s, 6H), 1.71-1.65 (m, 2H), 1.55-1.40 (m, 4H) ppm; 3C NMR (100 MHz, CDCls, ): 161.34,
151.76, 141.68, 141.54, 140.88, 138.82, 137.87, 131.80, 131.42, 130.20, 126.50, 125.35,
120.82,114.23, 36.11, 31.29, 31.24, 30.43, 29.66, 26.80, 26.07, 25.54 ppm; HRMS [M+H]*
m/z calcd. for [Ca1H32N3s]" 446.2596, found 446.2606.

General procedure for synthesis of DA5-DA7
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To a 50 mL round bottom flask equipped with a stir bar, 0.1 mmol of TA5-TA7, and 15 mL
of DCM were added. Then 0.4 mmol of cyclooctyne (50 pL) was added with stirring at room
temperature. The reaction mixture was heated to 50 °C and allowed to stir for 1 hour. The
color of the solution turned from red to colorless indicating the completion of the reaction.
The reaction mixture was then cooled down to room temperature. All the volatiles were
evaporated under vacuum and the residue was purified using flash column

chromatography.

OO
N—N
N N
5 >
D

DA5: A light yellow solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:1) (65.8 mg, yield: 97%).

A5

H NMR (400 MHz, CDCls, 8): 7.75 (t, J = 8.24 Hz, 2H), 7.66 (d, J = 8.24 Hz, 2H), 7.52 (s,
2H), 7.48 (d, J = 8.24 Hz, 2H), 6.74—6.56 (m, 12H), 6.03 (d, J = 7.80 Hz, 4H), 2.84 (s, br,
4H), 1.60 (s, br, 4H), 1.41 (s, br, 4H) ppm; 3C NMR (100 MHz, CDCls, d): 160.39, 144.01,
141.04, 139.70, 139.01, 134.34, 131.66, 131.49, 131.24, 129.57, 123.44, 121.61, 115.62,
113.43, 30.37, 27.49, 25.91 ppm; HRMS [M+H]* m/z calcd. for [CasH37N4O2]* 677.2917,
found 677.2923.

O~
N—N

U -

DAG6: A light yellow solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:1) (69.3 mg, yield: 98%).

14 NMR (400 MHz, CDCl3, 8): 7.73 (t, J = 8.24 Hz, 2H), 7.63 (d, J = 8.24 Hz, 2H), 7.54 (s,
2H), 7.51 (d, J = 8.24 Hz, 2H), 7.04 (dd, J = 7.80 Hz, J = 1.80 Hz, 4H), 6.93-6.79 (m, 8H),
6.36 (d, J = 7.80 Hz, 4H), 2.85 (s, br, 4H), 1.60 (s, br, 4H), 1.40 (s, br, 4H) ppm; *C NMR
(100 MHz, CDCIs, ©): 160.54, 144.11, 141.26, 140.61, 139.66, 131.21, 131.04, 130.39,
128.94, 127.08, 127.02, 122.92, 120.99, 116.76, 30.42, 27.51, 25.94 ppm; HRMS [M+H]*
m/z calcd. for [CasH37N4S2]* 709.2460, found 709.2485.

157



DA7: A white solid was obtained after flash column chromatography (Petroleum
ether:EtOAc = 2:1) (72.1 mg, yield: 99%).

1H NMR (400 MHz, CDCls, 8): 7.78 (t, J = 8.24 Hz, 2H), 7.70 (d, J = 8.24 Hz, 2H), 7.52 (t,
J =1.80 Hz, 2H), 7.50-7.43 (m, 6H), 7.03—-6.90 (m, 8H), 6.39 (d, J = 7.80 Hz, J = 1.80 Hz,
4H), 2.94-2.82 (m, 4H), 1.70 (s, 12H), 1.60 (s, br, 4H), 1.38 (s, br, 4H) ppm; 3C NMR (100
MHz, CDCls, ©): 160.54, 141.21, 141.02, 140.99, 139.43, 132.22, 131.57, 131.27, 130.19,
129.32, 126.55, 125.32, 120.82, 114.21, 36.14, 31.25, 30.33, 27.45, 25.93 ppm; HRMS
[M+H]* m/z calcd. for [CsaHagN4]* 729.3957, found 729.3975.
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Chapter 6

Modified Pinner synthesis: New convenient one-pot

synthesis of thiatriazole derivatives
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6.1 Introduction

The 1,2,3,4-thiatriazole heterocycle was first reported in 1896 by Freund and co-workers!*~
2l and its structural assignment was firmly established in 1950s by Lieber and co-workers.-
4 A number of 1,2,3,4-thiatriazoles were then prepared and studied during that period.[>-14
However, the study was only limited to synthesis, structure characterization and
investigations of their stability. The chemistry of 1,2,3,4-thiatriazoles has then been almost
forgotten for many decades thereafter. As a strong electron-deficient heterocycle, 1,2,3,4-
thiatriazole is potentially an excellent electron acceptor in organic donor-acceptor materials.
Due to charge-transfer (CT) states introduced in the donor-acceptor system, these
molecules can exhibit interesting photophysical and electrochemical properties, and
therefore are of particular interest in organic electronics.'>-1% However, there have been

no applications related to 1,2,3,4-thiatriazoles reported so far.

1,2,3,4-thiatriazoles are commonly prepared by diazotization of thiohydrazides, or reaction
of dithioates with azide ion, in high yields (Scheme 1).5-14 However, both methods require
preparation of starting thioacylating agents, which in many cases are difficult to obtain. This
highly increases the synthetic complexity of 1,2,3,4-thiatriazole derivatives, especially for
those with complex functional groups. As a result, no 1,2,3,4-thiatriazole derivatives with
complex functional groups have been prepared so far. Therefore, developing practical and
convenient synthetic approaches for preparing functionalized 1,2,3,4-thiatriazole

derivatives would be highly valuable to this field.

Previous work:

i e N
I}
R—C—S—R'

| AN
R =alkyl, aryl; R'= $-CH,COONa or -
|
Me
This work:
1) NHoNH,H50, S N—S
NC—R I )—R
2) HNO, N~y

R =aryl

Scheme 1: Overview of the different synthetic approaches to 1,2,3,4-thiatriazoles.

In this study, we report a novel convenient one-pot synthesis of 1,2,3,4-thiatriazoles directly
from commercially available nitrile compounds in high yields (51%-80%), with no need for

isolating any thioacylating agents (Scheme 1). The access to the 1,2,3,4-thiatriazoles is

163



significantly improved since there is a large variety of commercially available nitrile starting
materials. Using this approach we have designed and synthesized an example of a donor-
acceptor thiatriazole derivative using phenoxazine as a donor, and achieved a high yield
(70%). This molecule exhibits excellent thermally activated delayed fluorescence (TADF)
characteristics both in solution and film. To the best of our knowledge, this is the first
example of 1,2,3,4-thiatriazole used as an electron acceptor for the preparation of highly
efficient TADF emitters.

6.2 Synthesis

Having a long experience in 1,2,4,5-tetrazine synthesis,?>-271 we have noticed that solvent
plays an important role in the synthesis of tetrazines through the Pinner reaction. In the
first chapter, we have discovered that dichloromethane (DCM) serves as a novel reagent
in the synthesis of 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines.l?”! In this chapter
a comprehensive study of solvent effect in the modified Pinner synthesis was performed,
and we found out that the products obtained during the reaction are significantly influenced

by the nature of the solvent employed.

The traditional Pinner synthesis is a two-step procedure starting with the formal addition of
two nitrile precursors on hydrazine in ethanol, followed by cyclization to give 1,2-
dihydrotetrazines which can be isolated. These intermediates are then oxidized to afford
1,2,4,5-tetrazines.[?8-30 Here we used 4-bromobenzonitrile as a standard nitrile precursor
to survey the effect of a range of solvents on the modified Pinner synthesis. The results
are summarized in Table 1. When the traditional conditions with ethanol as a solvent in the
first step was used followed by oxidation in one pot, 3,6-disubstituted symmetrical tetrazine
T1 was obtained in a good yield (43%) as expected. However, when the polar protic solvent
ethanol was replaced by non-polar solvents (e.g., toluene or chloroform) or slightly polar
aprotic solvents (e.g., tetrahydrofuran (THF) or acetone), the reactions did not work and
the starting nitriles were fully recovered. When the highly polar aprotic solvent acetonitrile
was used, we isolated 16% of unsymmetrical 3-(4-bromophenyl)-6-methyl-1,2,4,5-
tetrazine T2 because acetonitrile acts both as the solvent and second nitrile precursor in
the reaction. In addition to the tetrazine, the 1,2,3,4-thiatriazole TT1 was also obtained in
9% yield. More interestingly, when using dimethylformamide (DMF) as a solvent, the yield
of TT1 significantly increased to 41%. It is interesting to mention that 3-monosubstituted
unsymmetrical 1,2,4,5-tetrazine T3 was also obtained, with 8% yield, probably because
DMF can also act as both a solvent and reactant involved in the tetrazine ring formation.
Similar results have been previously reported by Weissleder and co-workers,[3 however

the role of DMF in the reaction is not clear so far.
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Finally, when the much more polar, and less electrophilic solvent dimethyl sulfoxide
(DMSO) was employed, the yield of the 1,2,3,4-thiatriazole TT1 was optimized to as high
as 74%. These findings are remarkably interesting because this is the first time that a
1,2,3,4-thiatriazole has been isolated out of a Pinner-type synthesis. All the reactions were
performed in a one-pot procedure without isolating any thioacylating agents. It is worth
noting that in the case of all three solvents (acetonitrile, DMF and DMSO) a trace amount

(vield below 1%) of symmetrical tetrazine T1 could also be observed.

Table 1: Survey of solvent effect in the modified Pinner synthesis @,

1) NH,NH,H,0, S
Solvent

MW, 90 °C, 1 h
NC Br Products
2) HNO,

Dielectric
(b)
Solvent Constant Products
N=N
Polar protic Br‘©_<\ />_©’ o
solvent Ethanol 25 N—N
T1, 43%
(©
Non-polar Toluene 2.3 SN
solvent Chloroform 4.8 SN
THF 7.5 SN
Acetone 21 SN
N/S N=N
- - ” B +
Acetonitrile 37 N\N/: C r HSC_<\N—N/ : ”
TT1, 9% T2,16%
Polar aprotic
solvent _s N=N
o) K )
DMF 38 N~y N
TT1,41% T3,8%
N/S
Il />—<: >—Br
DMSO 47 N~y
TT1, 74%

(a) All reactions were carried out on a 0.5 mmol scale in 2 ml solvent. MW = microwave. (b) Yields (isolated)

based on the nitrile precursor. (c) SN = Starting Nitrile Precursors.

The reaction with DMSO as a solvent became the most interesting to us because it
provides a novel, convenient pathway to 1,2,3,4-thiatriazoles directly from commercially

available nitrile reagents in an excellent yield. The reaction conditions were optimized by
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changing the amount of sulfur and reaction temperature. Acting as both an inducer and
reactant in the reaction, the amount of sulfur is crucial in this reaction. Theoretically, one
equivalent of sulfur should lead to one equivalent of thiatriazole product. Indeed, when
using 1 equivalent of sulfur the reaction gave a reasonable yield (53%), while a slight
excess of sulfur could further improve the yield and 1.5 equivalents of sulfur gave the best
result (74%, Table 2). The reaction temperature and time were optimized at 90 °C for 1
hour because decreasing the reaction temperature only resulted in a prolonged reaction
time to obtain similar yields (Table 3). We used microwave heating throughout, but we
have verified that running the reaction in a sealed tube using conventional heating (90 °C,

1 h) worked fine as well, resulting in a similar yield (72%).

Table 2: Survey of the influence of sulfur amounts on the new 1,2,3,4-thiatriazoles
synthesis @.

1) NH,NH,H,0, S

DMSO
MW, 90 °C, 1 h e
NC@Br 1 )—@—Br
2) HNO, N-y
Entry S Yield (%)®)
1 1 equiv. 53
2 1.3 equiv. 72
3 1.5 equiv. 74
4 2 equiv. 71

(a) All reactions were carried out on a 0.5 mmol scale in 2 ml DMSO. MW = microwave. (b) Yields (isolated)

based on the nitrile precursor.

Table 3: Survey of the influence of reaction temperature and time on the new 1,2,3,4-
thiatriazoles synthesis @.

1) NH,NH,H,0, S
DMSO

MW N/S
NC Br R | ) Br
2) HNO, N ~N

Entry Temp.,time  Yield (%)®

1 90°C,1h 74
2 80°C,1h 59
3 80°C,3h 72
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4 70°C,6h 74

5 60 °C, 24 h 69
(a) All reactions were carried out on a 0.5 mmol scale in 2 ml DMSO. MW = microwave. Temp. =

temperature (b) Yields (isolated) based on the nitrile precursor.

Formation of 1,2,3,4-thiatriazoles in this reaction is assumed to propagate through
diazotization of the respective thiohydrazide intermediates formed in the first step by
nitrous acid used in the second step, however, the detailed mechanism of formation of

these thiohydrazide intermediates is still under investigation.

To extend the scope of this synthetic approach, we engaged various nitrile substrates in
our one-pot synthetic approach. Thus, a series of 5-aryl-1,2,3,4-thiatriazoles was
successfully prepared in good to high yields (51%-80%, Table 4), among which many were
previously complicated to prepare.>14 The reactions are simple and efficient, and the
nitrile substrate can contain different functional groups such as halogens or hydroxyl group.
Although the reaction is versatile with aromatic nitriles, preparation of 5-alkyl-1,2,3,4-
thiatriazoles using benzyl cyanide or tert-butyl cyanide was not successful, probably due

to the instability of the thioacylating intermediates which have been described previously.[4

Table 4: Synthesis of 5-aryl-1,2,3,4-thiatriazoles TT1-TT9 @,

1) NH,NH,H,0, S

DMSO
MW, 90 °C, 1 h NS
NC—R 1l 2F—R
2) HNO, N~y
%/S>-«<::>»— %/s cl %/s
/ Br / /)
N<y N<y N~y
TT1, 74% TT2, 80% TT3, 63%
O O O
/ Y/ Vi
N~y N~y N~y
TT4, 64% TTS5, 52% TT6, 57%
/ / /
N~y N~y N~y E S
TT7,73% TT8, 51% TT9, 70%

(a) Reactions were carried out on a 0.5 mmol scale in 2 ml DMSO. Yields (isolated) based on the starting

nitrile.
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With our convenient synthetic approach in hand, we hypothesized that it could be used to
prepare donor-acceptor thiatriazole derivatives using appropriate nitrile precursors, and
more importantly, 1,2,3,4-thiatriazole could act as a novel electron acceptor for efficient
TADF emitters. To our delight, donor-acceptor thiatriazole derivative TT9 comprising
phenoxazine as a donor motif was easily prepared in a high yield (70%) using our approach.
TT9 easily forms yellow crystals, which are stable and could be stored at room temperature
for several months without noticeable degradation. The single crystal structure (Figure 1)
shows a large twisting angle (67°) between the donor (phenoxazine) and acceptor (i.e.
1,2,3,4-thiatriazole and phenyl moieties) planes, which is desired to achieve small HOMO-
LUMO overlap resulting in a small AEst, a necessary condition for efficient TADF
characteristics.

Figure 1: Crystal structure of TT9. Hydrogen atoms are omitted for clarity.

6.3 Electrochemistry

The cyclic voltammetry of TT9 was measured in DCM at room temperature (Figure 2). The
redox potentials are gathered in Table 5. The HOMO and LUMO energy were thus

estimated to be 5.35 eV and 3.41 eV from the oxidation and reduction potentials.

4 —TT9
—————— electrolyte

Current (nA)

. — .
-2.5 2.0 15 -1.0 -0.5 0.0 05 1.0
Potential vs Fc/Fc" (V)

Figure 2: Cyclic voltammetry of TT9 in DCM at room temperature.
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Table 5: Electrochemical properties of TT9.

Eox VS Fc/Fc™* Ereq VS Fc/Fc*

(V)@ (V)@ HOMO (eV)® LUMO (eV)©

TT9 0.25 -1.69 5.35 341
(@) Measured in DCM at room temperature by cyclic voltammetry. (b) Estimated from the oxidation
potential in DCM, HOMO = Eox + 5.1. (c) Estimated from the reduction potential in DCM, LUMO = Ered +
5.1.

The reason why the radical-anions (RAs) of thiatriazoles are not stable (while for example

tetrazines RAs are mostly stable) is not clear, but may be linked to its strong basicity, a

consequence of its low formation potential.

6.4 Photophysical properties

TT9 exhibits prominent thermally activated delayed fluorescence (TADF) characteristics
both in solution and film. The main photophysical properties of TT9 are depicted in Table
6. Like other donor-acceptor molecules, TT9 shows a clear solvatochromic effect in the
excited state (Figure 3). It is highly emissive in non-polar media such as
methylcyclohexane (MCH), toluene and Zeonex, however very weakly emissive or non-
emissive in more polar solvents as typically observed for strong CT systems.[?
Photoluminescence (PL) intensity of TT9 in MCH increases 6.3-fold in degassed solution
relative to the air-equilibrated ones (Figure 4), indicating oxygen largely influences the PL

of this material.

Table 6: Photophysical properties of TT9.

Pp 27/ Pp 489

Ae (Nm)® (%) Ter (NS)@ Tor (Ms)©®  DF/PFO
[ 55+0.28
(b) ,
Zeonex film 539 65/99 20.4 £ 0.7 28.0 + 1.7 2.37
MCH 18.6 + 0.699/
(© )
Solution 505,532 12/76 9.0 + 005" 222+1.2 2.65

(a) Emission maxima. (b) PLQY in air and N2 atmosphere. (c) PLQY in air-equilibrated and degassed
MCH solution. (d) Prompt fluorescence lifetime determined from PL decay. For MCH solution, the lifetime
value for both degassed and air-equilibrated solution are given. (e) Delayed fluorescence lifetime

determined from PL decay. (f) Ratio of delayed fluorescence component to prompt fluorescence one.
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Figure 3: Normalized fluorescence spectra of TT9 in MCH, toluene and Zeonex 1% (w/w) and normalized
absorption spectra in MCH, toluene, DCM and ethanol. Note: DCM and ethanol solutions are virtually non-

emissive and their fluorescence spectra are not shown.
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Figure 4: PL spectra of TT9 in degassed and air-equilibrated MCH at room temperature.

The ratio of delayed to prompt fluorescence components (DF/PF) was determined to be
2.65 from the PL decay of TT9 in MCH (Table 6), indicating that the oxygen not only
guenches the triplet state but also the singlet one. This can also be seen by the comparison
of PL decays of TT9 in degassed and air-equilibrated MCH solution. The PL intensity of
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prompt fluorescence in air-equilibrated MCH is much lower than in degassed MCH. (Figure
5).

109 T T T T ML | T T
= air-equilibrated MCH
10° 5 . s degassed MCH 3
- n . o, 1
10" 4 I ]
L] ..

=
o
>
'l
[}
.
'l

PL Intensity (a.u.)
=
o

=

(=}
S
|

101 MR | T MR | MR | ML | MR | T
10* 10° 10 10? 10° 10* 10° 10°

Delay time (ns)

Figure 5: PL decay of TT9 in degassed and air-equilibrated MCH at room temperature.

PLQY of TT9 in MCH and Zeonex in air were determined to be 12% and 65%, respectively.
Remarkably, the PLQY in degassed MCH increased to 76%, and the PLQY in Zeonex in
a nitrogen atmosphere increased to 99%. This is both highly desirable and remarkable,
since many CT molecules suffer from a small radiative decay rate and low PLQY due to

the spatial separation of HOMO and LUMO because of the molecular design.[*5-18]

TT9 exhibits prominent TADF characteristic not only in MCH but also in Zeonex with a
DF/PF ratio in the latter equal to 2.37 (Table 6). Temperature dependence of the delayed
fluorescence of TT9 recorded in Zeonex (Figure 6) is typical for TADF molecules showing
clearly the thermal activation of the process.[*! Interestingly, at 80 K the intensity of TADF
is still substantial and thus phosphorescence is hardly distinguishable from delayed
fluorescence (Figure 7). This gives a clear indication that AEst is approaching zero.
Prompt fluorescence is completely unaffected by temperature change which indicates that
it has almost no effect on non-radiative decay rates of the singlet excited state. This

explains the high PLQY of the molecule.
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Figure 6: PL decays of TT9 in Zeonex 1% (w/w) at various temperatures.
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Figure 7: Time-resolved spectra of TT9 in Zeonex 1% (w/w).

Power dependence of the delayed fluorescence of TT9 is linear in both MCH and Zeonex
which proves that the delayed fluorescence comes from a TADF mechanism and not a

triplet-triplet annihilation (TTA) one (Figure 8, 9).

172



10° 5 T
Linear fit
r* = 0.9997
S s |
9-/ 10 3
2
]
c
o
c
LL 7
0O 10"+
10° T
1 10 100

Laser Pulse Energy (uJ)

Figure 8: Power dependence of delayed fluorescence of TT9 in degassed MCH at room temperature.
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Figure 9: Power dependence of delayed fluorescence of TT9 in Zeonex in vacuum at room

temperature.

6.5 Conclusion

In this chapter, we have confirmed and proved that the solvent plays an important role in
the modified Pinner synthesis. In the course of the study of this solvent effect, we have
serendipitously discovered a novel and convenient one-pot synthesis of 1,2,3,4-

thiatriazoles directly from nitrile substrates in high yields (51%-80%), with no need for
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isolating the thioacylating agents. We believe that this work significantly improves access
to differently aromatic functionalized 1,2,3,4-thiatriazoles. Using this new one-pot approach
a donor-acceptor thiatriazole derivative has been synthesized which proved to be an
efficient TADF emitter. This is the first example of 1,2,3,4-thiatriazole used as an electron
acceptor in TADF emitters. Our new approach opens up the possibility to use 1,2,3,4-
thiatriazole derivatives as a new family of molecules for applications as molecular materials

in organic electronic.
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6.6 Experimental details
General Methods:

Synthesis. All chemicals were received from commercial sources and used without further
purification. Microwave reaction was performed on a microwave synthesis reactor (Anton
Paar Monowave 300). Thin layer chromatography (TLC) was performed on silica gel. Flash
column chromatography purification was performed on a CombiFlash-Rf system with a
variable wavelength UV detector. All mixtures of solvents are given in v/v ratio. NMR
spectra were recorded on a JEOL ECS (400 MHz) spectrometer. 3C NMR spectra were
proton decoupled. HRMS spectra were measured either on an UPLC/ESI-HRMS device
(an Acquity Waters UPLC system coupled to a Waters LCT Premier XE mass spectrometer
equipped with an electrospray ion source), or a Q-TOF mass spectrometer (Q-TOF 6540,

Agilent) equipped with an APPI ion source.

*All the 1,2,3,4-thiatriazole samples were analyzed in both ESI and APPI HRMS, but only
TT9 gave good result in ESI, and a loss of N2 was observed for all the 1,2,3,4-thiatriazole
samples in APPI which is in accordance with the literature description on the stability of
1,2,3,4-thiatriazoles.[*1-13. 331 Nevertheless, TT9 was confirmed by both ESI HRMS and
single crystal XRD measurements. The NMR data of TT2-TT4 are in accordance with the
literature values.!* The signals observed between 177 and 180 ppm in 13C NMR for all the

1,2,3,4-thiatriazole samples TT1-TT9 are characteristic of the C=N of 1,2,3,4-thiatriazoles.

The single crystal of compound TT9 was obtained from slow evaporation of the mixture of
solvents (Petroleum ether:CH>Cl, = 1:1). The yellow colour single crystal was mounted on
the glass capillary using glue. The crystallographic analysis was performed employing
XtaLAB mini diffractometer (Rigaku) with graphite monochromated Mo Ka (A = 0.71075 A)
X-ray source. The measurements were performed at the temperature of 293 K.
Calculations/visualizations were performed using the OLEX2[34 crystallographic software
package except for refinement, which was performed using SHELXL.[® Anisotropic
thermal parameters were assigned to all nonhydrogen atoms. The hydrogens were
included in the structure factor calculation at idealized positions by using a riding model

and refined isotropically.

Photophysics. Zeonex ® 480 blends were prepared from toluene solutions by the drop-
cast method and dried in vacuum. All solutions were investigated at 10° mol dm3
concentration and were degassed using five freeze/pump cycles. Absorption and emission
spectra were collected using a UV-3600 double beam spectrophotometer (Shimadzu), and
a Fluoromax fluorescence spectrometer (Jobin Yvon) or QePro fluorescence spectrometer
(Ocean Optics). Photoluminescence quantum yields of Zeonex films were recorded using

an integrating sphere (Labsphere) coupled with a 365 nm LED light source (Ocean Optics)
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and a QePro fluorescence spectrometer (Ocean Optics). Photoluminescence quantum

yield in MCH solution was measured using Rhodamine 6g (®r. = 0.95) as the standard.

Phosphorescence, prompt fluorescence (PF), and delayed fluorescence (DF) spectra and
decays were recorded by nanosecond gated luminescence and lifetime measurements
(from 400 ps to 1 s) using either third harmonic of a high-energy, pulsed Nd:YAG laser
emitting at 355 nm (EKSPLA) or a N2 laser emitting at 337 nm. Emission was focused onto
a spectrograph and detected on a sensitive gated iCCD camera (Stanford Computer Optics)
of sub-nanosecond resolution. PF/DF time-resolved measurements were performed by

exponentially increasing gate and delay times.

Electrochemistry. The electrochemical cell consisted into a platinum electrode with a 1
mm diameter of working area as a working electrode, an Ag electrode as the reference
electrode and a platinum coil as an auxiliary electrode. Cyclic voltammetry measurements
were conducted at room temperature at a potential rate of 50 mV/s and were calibrated
against ferrocene/ferrocenium redox couple. All voltammograms were recorded on a CH
Instruments Electrochemical Analyzer model 660 potentiostat. Electrochemical
measurements were conducted in 1.0 mM concentrations for all cyclic voltammetry
measurements. Electrochemical studies were undertaken in 0.1 M solutions of BusNPFes,

in degassed DCM at room temperature.

General procedure for synthesis of TT1-TT8 (Pinner Synthesis using DMSO as

solvent)

1) NH,NH,H,0, S
DMSO
MW, 90 °C, 1 h

NS
NC—R T —
2) HNO, N~/

Nitrile substrate (0.5 mmol), sulfur (0.75 mmol, 24 mg) and DMSO (2 ml) were mixed
together in a 30 ml microwave reaction tube. Hydrazine monohydrate (5 mmol, 0.25 ml)
was added with stirring afterwards. The vessel was sealed and the reaction mixture was
heated to 90 °C for 1 hour. (Caution should be exercised due to the elevated pressure in
the sealed reaction vessel when heating, particularly attempting scale up). Then 5 ml of
CHCI; and sodium nitrite (5 mmol, 0.35 g) in 10 ml of H>O were added to the mixture.
Excess acetic acid (20 mmol, 1.14 ml) was then added slowly at 0 °C. The reaction mixture
was allowed to stir for another 1 hour at room temperature, and then extracted with
dichloromethane. The organic phase was dried over anhydrous magnesium sulfate
(MgSO0.), filtered and concentrated under reduced pressure. The resulting residue was

purified using flash column chromatography.
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TT1: A white crystalline solid was obtained after flash column chromatography (Petroleum
ether:CH,Cl, = 4:1) (90 mg, yield: 74%). 'H NMR (400 MHz, CDCls, d): 7.92 (d, J = 8.60
Hz, 2H), 7.71 (d, J = 8.60 Hz, 2H) ppm; *C NMR (100 MHz, CDCls, d): 178.24, 133.24,
131.11, 128.21, 125.42 ppm; HRMS-APPI [M-N2]* m/z calcd. for [C7H4BINS]* 212.9248,
found 212.9246.

TT2

TT2: A white solid was obtained after flash column chromatography (Petroleum
ether:CH2Cl, = 4:1) (79 mg, yield: 80%). *H NMR (400 MHz, CDCls, d): 8.00 (d, J = 8.60
Hz, 2H), 7.54 (d, J = 8.60 Hz, 2H) ppm; *C NMR (100 MHz, CDCls, d): 178.12, 139.72,
131.01, 130.25, 124.96 ppm; HRMS-APPI [M-N2]* m/z calcd. for [C7H4CINS]* 168.9753,
found 168.9748.

TT3: A white solid was obtained after flash column chromatography (Petroleum
ether:CH2Cl, = 3:1) (56 mg, yield: 63%). 'H NMR (400 MHz, CDCls, 8): 7.94 (d, J = 8.20
Hz, 2H), 7.54 (d, J = 8.20 Hz, 2H), 2.45 (s, 3H) ppm; 3C NMR (100 MHz, CDCls, 8): 179.34,
144.30, 130.57, 129.82, 123.81, 21.87 ppm; HRMS-APPI [M-N2]* m/z calcd. for [CsH/NS]*
149.0299, found 149.0292.

TT4: A white solid was obtained after flash column chromatography (Petroleum
ether:CH,Cl, = 4:1) (52 mg, yield: 64%). 'H NMR (400 MHz, CDCls, d): 8.07-8.01 (m, 2H),
7.66—7.51 (m, 3H) ppm; 3C NMR (100 MHz, CDCls, 8): 179.32, 133.31, 129.86, 129.82,
126.45 ppm; HRMS-APPI [M-N2]* m/z calcd. for [C7HsNS]* 135.0143, found 135.0135.
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TT5: A white solid was obtained after flash column chromatography (Petroleum
ether:CH,Cl, = 3:1) (47 mg, yield: 52%). 'H NMR (400 MHz, CDCls, d): 8.10-8.01 (m, 2H),
7.29-7.20 (m, 2H) ppm; ¥C NMR (100 MHz, CDCls, d): 178.05 (s), 165.66 (d, 1Jcr= 256.03
Hz), 132.15 (d, *Jcr = 8.98 Hz), 122.88 (d, “Jcr = 3.10 Hz), 117.29 (d, 2Jcr = 22.33 Hz) ppm;
HRMS-APPI [M-N2]* m/z calcd. for [C7H4FNS]* 153.0048, found 153.0045.

TT6: A white solid was obtained after flash column chromatography (Petroleum
ether:CH,Cl, = 4:1) (82 mg, yield: 57%). 'H NMR (400 MHz, CDCls, d): 7.92 (d, J = 8.60
Hz, 2H), 7.77 (d, J = 8.60 Hz, 2H) ppm; $3C NMR (100 MHz, CDCls, 8): 178.48, 139.17,
130.98, 125.90, 100.58 ppm; HRMS-APPI [M-N2]* m/z calcd. for [C7H4INS]* 260.9109,
found 260.9108.

TT7: A white solid was obtained after flash column chromatography (Petroleum
ether:CH,Cl, = 3:1) (88 mg, yield: 73%). 'H NMR (400 MHz, CDCls, 8): 8.22 (t, J =1.70 Hz,
1H), 7.97 (d, J = 7.80 Hz, 1H), 7.74 (d, J = 7.80 Hz, 1H), 7.44 (t, J = 7.80 Hz, 1H) ppm; 13C
NMR (100 MHz, CDCls, &): 177.79, 136.16, 132.36, 131.35, 128.47, 128.20, 123.80 ppm;
HRMS-APPI [M-N2]* m/z calcd. for [C7H4BrNS]* 212.9248, found 212.9247.

N/S OH
o~
TT8

TT8: A white solid was obtained after flash column chromatography (Petroleum
ether:CH2Cl, = 5:2) (49 mg, yield: 51%). *H NMR (400 MHz, CDCls, d): 8.04 (d, J = 8.20
Hz, 2H), 7.56 (d, J = 8.20 Hz, 2H), 4.83 (s, 2H), 1.97 (s, br, 1H) ppm; 13C NMR (100 MHz,
CDCls, d): 179.08, 146.62, 130.04, 127.85, 125.55, 64.56 ppm; HRMS-APPI [M-N2]* m/z
calcd. for [CgH7NOS]* 165.0248, found 165.0246.
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Synthesis of TT9

1) NHoNHyH,0, S
Q Pdj(dba); Q DMSO Q
C XPhos ::: MW, 90 °C, 1 h N/Sj :::
NC Br + HN O —— > NC N 0O — > |l / N o]
BuONa 2) HNO, N~y
Toluene

N3 TT9

The synthesis of N3 was described previously in Chapter 3.

N3 (0.5 mmol, 142 mg), sulfur (0.75 mmol, 24 mg) and DMSO (2 ml) were mixed together
in a 30 ml microwave reaction tube. Hydrazine monohydrate (5 mmol, 0.25 ml) was added
with stirring afterwards. The vessel was sealed and the reaction mixture was heated to
90 °C for 1 hour. (Caution should be exercised due to the elevated pressure in the sealed
reaction vessel when heating, particularly attempting scale up). Then 5 ml of CH,Cl, and
sodium nitrite (5 mmol, 0.35 g) in 10 ml of H,O were added to the mixture. Excess acetic
acid (20 mmol, 1.14 ml) was then added slowly at 0 °C. The reaction mixture was allowed
to stir for another 1 hour at room temperature, and then extracted with dichloromethane.
The organic phase was dried over anhydrous magnesium sulfate (MgSQO.), filtered and
concentrated under reduced pressure. The resulting residue was purified using flash

column chromatography.

TT9: Ayellow crystalline solid was obtained after flash column chromatography (Petroleum
ether:CH,Cl, = 3:2) (120 mg, yield: 70%). *H NMR (400 MHz, CDCls, &): 8.29 (d, J = 8.20
Hz, 2H), 7.59 (d, J = 8.20 Hz, 2H), 6.78-6.59 (m, 6H), 6.01 (d, J = 7.80 Hz, 2H) ppm; 13C
NMR (100 MHz, CDCls, 8): 178.17, 144.20, 144.02, 133.57, 132.55, 132.43, 126.34,
123.49, 122.30, 116.04, 113.50 ppm; HRMS-APPI [M+H-Nz]* m/z calcd. for [C19H13N2OS]*
317.0749, found 317.0738; HRMS-ESI [M]* m/z calcd. for [C19H12N4OS]* 344.0732, found
344.0745.

Pinner Synthesis using ethanol as solvent

4-Bromobenzonitrile (0.5 mmol, 91 mg), sulfur (0.75 mmol, 24 mg) and ethanol (2 ml) were
mixed together in a 30 ml microwave reaction tube. Hydrazine monohydrate (5 mmol, 0.25
ml) was added with stirring afterwards. The vessel was sealed and the reaction mixture
was heated to 90 °C for 1 hour. (Caution should be exercised due to the elevated
pressure in the sealed reaction vessel when heating, particularly attempting scale up).
Then 5 ml of CH,Cl, and sodium nitrite (5 mmol, 0.35 g) in 10 ml of H>O were added to the
mixture. Excess acetic acid (20 mmol, 1.14 ml) was then added slowly at 0 °C. The reaction
mixture was allowed to stir for another 1 hour at room temperature, and then extracted with
dichloromethane. The organic phase was dried over anhydrous magnesium sulfate

(MgSO0.), filtered and concentrated under reduced pressure. The resulting residue was
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purified using flash column chromatography (CH2Cl,) to give T1 as a pink solid (42 mg,
yield: 43%).

T126): 1H NMR (400 MHz, DMSO-ds, 8): 7.98 (d, J = 8.60 Hz, 4H), 7.81 (d, J = 8.60 Hz,
4H) ppm; 13C NMR (100 MHz, DMSO-ds, 3): 167.13, 132.60, 129.59, 128.60, 125.08 ppm.

Pinner Synthesis using acetonitrile as solvent

4-Bromobenzonitrile (0.5 mmol, 91 mg), sulfur (0.75 mmol, 24 mg) and acetonitrile (2 ml)
were mixed together in a 30 ml microwave reaction tube. Hydrazine monohydrate (5 mmol,
0.25 ml) was added with stirring afterwards. The vessel was sealed and the reaction
mixture was heated to 90 °C for 1 hour. (Caution should be exercised due to the elevated
pressure in the sealed reaction vessel when heating, particularly attempting scale up).
Then 5 ml of CH2Cl, and sodium nitrite (5 mmol, 0.35 g) in 10 ml of H,O were added to the
mixture. Excess acetic acid (20 mmol, 1.14 ml) was then added slowly at 0 °C. The reaction
mixture was allowed to stir for another 1 hour at room temperature, and then extracted with
dichloromethane. The organic phase was dried over anhydrous magnesium sulfate
(MgSO0y), filtered and concentrated under reduced pressure. The resulting residue was

purified using flash column chromatography.

TI,S>_©75
Y/ r
N~\

™

TT1: Petroleum ether:CH>Cl>=4:1 (11 mg, yield: 9%), obtained as a white crystalline solid.

< =)

N
HiC—\

N

T2

T2[36]: Petroleum ether:CH.Cl> = 3:1 (20 mg, yield: 16%), obtained as a red solid. *H NMR
(400 MHz, CDCls, &): 8.46 (d, J = 8.60 Hz, 2H), 7.73 (d, J = 8.60 Hz, 2H), 3.10 (s, 3H) ppm;
13C NMR (100 MHz, CDCls, d): 167.60, 163.72, 132.72, 130.83, 129.46, 127.87, 21.36
ppm.

Pinner Synthesis using DMF as solvent
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4-Bromobenzonitrile (0.5 mmol, 91 mg), sulfur (0.75 mmol, 24 mg) and DMF (2 ml) were
mixed together in a 30 ml microwave reaction tube. Hydrazine monohydrate (5 mmol, 0.25
ml) was added with stirring afterwards. The vessel was sealed and the reaction mixture
was heated to 90 °C for 1 hour. (Caution should be exercised due to the elevated
pressure in the sealed reaction vessel when heating, particularly attempting scale up).
Then 5 ml of CH2Cl; and sodium nitrite (5 mmol, 0.35 g) in 10 ml of H>O were added to the
mixture. Excess acetic acid (20 mmol, 1.14 ml) was then added slowly at 0 °C. The reaction
mixture was allowed to stir for another 1 hour at room temperature, and then extracted with
dichloromethane. The organic phase was dried over anhydrous magnesium sulfate
(MgSO0y), filtered and concentrated under reduced pressure. The resulting residue was

purified using flash column chromatography.

™

TT1: Petroleum ether:CH2Cl; = 4:1 (50 mg, yield: 41%), obtained as a white crystalline

solid.

N=N
¢ =)
N—N

T3

T3[(7: Petroleum ether:CH,Cl, = 3:1 (10 mg, yield: 8%), obtained as a red solid. 'H NMR
(400 MHz, CDCl3, 8): 10.25 (s, 1H), 8.51 (d, J = 8.70 Hz, 2H), 7.76 (d, J = 8.70 Hz, 2H)
ppm; 13C NMR (100 MHz, CDCls, 8): 166.12, 158.04, 132.89, 130.62, 129.82, 128.64 ppm.
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General conclusion and perspectives

This thesis focused on the design, synthesis and characterization of various electron-
acceptor derivatives. As a well-known electron-deficient heterocycle and the promising
application potentials described in Chapter 1, 1,2,4,5-tetrazine undoubtedly became our
first choice for investigation. In addition, the study of this thesis also reached benzonitrile
derivatives which are the typical precursors for preparing the 1,2,4,5-tetrazines, and
pyridazine derivatives which are the products derived from Inverse Electron Demand
Diels—Alder (iEDDA) reaction of 1,2,4,5-tetrazine molecules. Moreover, 1,2,3,4-thiatriazole
derivatives, as unpredicted products from modified Pinner synthesis, are also elaborately

investigated.

One of the research highlights of this thesis is the development of synthetic methodologies
in each chapters. To sum up, Chapter 2 demonstrated a facile and efficient synthetic
approach to 3-monosubstituted unsymmetrical 1,2,4,5-tetrazines, which are highly useful
for bioorthogonal click chemistry. Chapter 3 described an elaborative synthetic strategy for
novel donor-acceptor benzonitrile derivatives which were proved to exhibit interesting
photophysical properities, such as TADF, AIE and mechanochromism. Chapter 4
presented a detailed study of Buchwald—Hartwig cross-coupling reaction as an important
synthetic methodology in the synthesis and functionalization of tetrazine molecules.
Chapter 5 described the study of inverse Electron Demand Diels—Alder (iEDDA) reaction
as a synthetic tool to prepare novel pyridazine derivatves. And finally Chapter 6
demonstrated a novel convenient one-pot synthesis of 1,2,3,4-thiatriazoles directly from
commercially available nitrile compounds. The important role of solvent in the Pinner

synthesis was also presented.

Donor-acceptor structured molecules are valuable in this thesis, because they possess
remarkable photophysical and electrochemical properties due to the charge-transfer (CT)
states introduced in the donor-acceptor system, which are of particular interest in organic
electronics. For example, as described in Chapter 1, donor-acceptor TADF molecules have
recently attracted significant interest in electroluminescence (EL) and other applications.
Indeed, many of the electron-acceptor derivatives prepared in this thesis possess
interesting photophysical and electrochemical properties which have been presented in
each chapters. For example, the novel donor-acceptor benzonitrile derivatives exhibit
promising TADF, AIE and mechanochromism. As exemplified in Chapter 3, N10 exhibits
prominent TADF and AIE characteristics. It is also important to point out that 1,2,3,4-
thiatriazole was for the first time used as an electron acceptor TADF emitters, and donor-
acceptor 1,2,3,4-thiatriazole TT9 exhibits excellent TADF characteristics in both solution
and film, as demonstrated in Chapter 6. Additionally, donor-acceptor pyridazine derivatives

also show interesting photophysical properties, such as room temperature
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phosphorescence (RTP) for DA3 and DA6, which was described in Chapter 5. Finally, itis
also important to mention that some of the donor-acceptor tetrazine derivatives exhibit
excellent fluorescence turn-on ability after IEDDA reaction as described also in Chapter 5.

It is anticipated that the synthetic methodologies presented in this thesis should be widely
utilized to prepare useful materials in the future. For example, the metal-free synthetic
approach to 3-monosubstituted 1,2,4,5-tetrazines is expected to be widely employed by
researchers to prepare tetrazines useful in several applications, particularly bioorthogonal
click chemistry. In addition, it would be interesting to explore the use of DCM as a novel
reagent in the synthesis of other heterocycles. Another perspective from the synthetic
methodology is to use the novel convenient one-pot synthesis of 1,2,3,4-thiatriazoles to
prepare new functionalized 1,2,3,4-thiatriazole derivatives which could be helpful in various
applications, especially organic electronics. Moreover, Inverse Electron Demand Diels—
Alder (iIEDDA) reaction as a convenient and powerful synthetic tool is anticipated to be
widely employed to prepare tailored pyridazine materials with various functional groups
(e.g., supramolecular or polymeric materials) from the prepared tetrazine derivatives.
Additionally, the prepared donor-acceptor benzonitrile and thiatriazole derivatives which
exhibit promising TADF characteristics are certainly expected to be investigated for OLED
application. Finally, a fruitful perspective would be to combine TADF fluorophore and

tetrazine moiety for the application of time-resolved fluorescence imaging (TRFI).
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accepteurs d'd@ectrons. Elle se concentre sur
I’étude des dérivés de la 1,2,4,5-té&razine, mais
contient également 1’étude de dérivés du
benzonitrile, préeurseurs typiques de la
préoaration des 1,2,4,5-térazines et de d&ivés de
la pyridazine, les produits d&ivé de la réction de
Diels — Alder &aDemande Inverse (IEDDA) des
d&iv& de la térazine. De plus, les d&ivé de
1,2,3,4-thiatriazole, en tant que produits imprévus
de la synthése de Pinner modifié, sont éalement
éudi&s de mani&e approfondie. En raison des
dats de transfert de charge (CT) introduits dans le
systame donneur-accepteur, les d&ivés préparés
accepteur d'@ectrons pré&entent en généal des
propriéé&s photophysiques et d&ectrochimiques
inté&essantes, et ont donc un int&& particulier
pour I'@ectronique organique.

Le point culminant de cette thése est le
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Buchwald — Hartwig en tant que mé&hodologie de
synthése importante dans la synthése de molé&ules
de térazine. Le chapitre 5 dé&rit I'éude de la
réction al'lEDDA comme un outil synthé&ique
utile pour préoarer des dé&ivés de pyridazine. Le
chapitre 6 présente une nouvelle synthése pratique
de 1,2,3,4-thiatriazoles a partir de composés
nitriles.
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Abstract : This PhD thesis deals with the design,
synthesis and characterization of novel electron-
acceptor derivatives. It is focused on the study of
1,2,4,5-tetrazine derivatives, but also involves the
study of benzonitrile derivatives which are the
typical precursors for the preparation of 1,2,4,5-
tetrazines, and pyridazine derivatives which are
the products derived from Inverse Electron
Demand Diels—Alder (IEDDA) reaction of
tetrazine  derivatives.  Moreover, 1,2,3,4-
thiatriazole derivatives, as unpredicted products
from modified Pinner synthesis, are also
elaborately investigated. Due to the charge-
transfer (CT) states introduced in the donor-
acceptor system, the prepared electron-acceptor
derivatives exhibit interesting photophysical and
electrochemical properties, and therefore are of
particular interest in organic electronics.

The highlight of this thesis is the development of
synthetic methodologies in each chapter. To sum
up, Chapter 2 demonstrates a novel metal-free
synthetic approach to 3-monosubstituted 1,2,4,5-
tetrazines, which are highly useful for
bioorthogonal click chemistry. Chapter 3
describes an elaborative synthetic strategy for
novel donor-acceptor benzonitrile derivatives
which exhibit TADF, AlE and
mechanochromism. Chapter 4 presents a detailed
study of Buchwald—Hartwig cross-coupling
reaction as an important synthetic methodology in
the synthesis of tetrazine molecules. Chapter 5
described the study of IEDDA reaction as a

useful synthetic tool to prepare pyridazine
derivatves. Chapter 6 presented a novel
convenient one-pot synthesis of 1,2,3,4-

thiatriazoles directly from nitrile compounds.
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