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HEPIAHYH

H mopovoa Awaxtopikn Awtpipn apyiler pe o cvvroun eoaywyn (Kepdiowo 1) oty
ETEPOKVKAIKT, ynueior ko epPabvvel otn ohvOeomn, TIG 1WOOTNTEG Kol TNV OEEWOMTIKNY

otabepdTNTa TOV 0KEVIOV Kol TV alokeViOV.

210 Kepdhato 2 epevvatar n 0&edmTikn otabepdtnta g apgoteptkng eBopdivng 104. H
¢Bop1divn 104 avtidpd pe KoCroO7/H yia va ddoet to ¢Bopidivio 155 (75%), arlrd pue PIFA
N MnO; Aappdvovton ta 13,13'-duepn 158 (85%) war 159 (89%), avrtictorya. Ot éviova
YPOUATIGUEVEG POOPLOiveg peleTdvToLl pe paopatookonio UV—vis, kukAikn Boitapetpia,

VTOAOYIOTIKEG eBBd0VG Kol KpuoTaAroypapia aktiveov X.

Ta C3- ko C3,C9-080 avdroya g ¢Bopdivng 104, dniaon n @Bopidtvovn 172 xon 1
@Bop1d3ovn 112, avtictoya, dev pmopovv va Anebovv pe dupeon ofeidmon g eBopdivng
104. 10 Kepdraio 3 peietdror n 60vheon toug pe amonpoostosio v ehopidtveov 178. Ot
@Bopoiveg pehetwvron pe pacpatookonioo UV—vis, kKokAkT BoAtapeTpio ko VTOAOYIGTIKEG

pefddo0vG.

To Kepdhawo 4 emkevipdveral otn odvheon kot ofewdmtikny otabepdtnta tov eEaalo-
avOpakeviov 195. H Biprioypaeikn, oAAE yapnAng amddoonc, chvieon depeuvatat ek VEOL
kot Vo véa e€alaavipakévia amopovavoviat: To Kivoeldég 205 kot to appotepkd 206.
Avomtocoetal pio véa, VYNANG omoddcemc, cuvhetikny mopeia tov avBpakeviov 195, 1o
omoio pe woyvpd o&ewwtikd (PIFA, MnO3) diverl 1o 5,5'-dwuepéc 215. Ta eEalaavOparévia
peret@vton pe pacpatoskomnio UV—vis, KukAkn BoAtapeTpic, vroloylotikés peboddovg Kot

KpvotaAhoypapio akTivov X.

Ta Kepdrowa 5, 6 kot 7 emKevIp®VOVTOL 6T GOVOEGT Kot TV Tepautépm ynueia tov 1,2,4-
Bevlotpraliv-4-vikav priav 218. 1o Kepdiato 5 mtapovoibdlovior véeg cuvBeTikég pébodot
tov plav 218, mov tapéyovv tpdsPacm 6e avarloya Le SPOPETIKOVS VTTOKATACTATEG OTI
Béoeic N1, C3 ko C7. Ot pébodor meprrappdvovv v cvvBeon tov kapPobiopalidiov 236,
TOL OTO10L LLE MTTIOL VALY YN TNG VITPOOUASOS, KLKAOTOINGT Kot TEAOG 0pLOGTMOT dIVOLV TIC
pileg 218, o1 omoieg pmopovv va AneBodv kot pe kotaivtiky C-N ovlevén. Ot pileg 218

HEAETMVTOL [LE KUKAKN PoAtapeTpia.

210 Kepdhoro 6 peretdvton dopikég tponomomoelg otig 1,2,4-Beviotpraliv-7-0veg 221, ot
omoieg mpoépyovrar and ofeidwon twv piov 218. Ot tpomomomoelg meptlappdvoovv v
E100YMYN TNG LAAOVOVITPIMKNG opddag otn 0éon C7, v ovvinén g 1,2,5-0gtadtaloAkng
ouddag oto deopd C5-C6, ddgpopovg vrokatactdteg ot Béoelg N1 wor C3, ko

GLVOLACUOVE TOV AVAOTEP® TOV TEAKE 001 Y0UV OTIG EVAOCELS 256. Ol EVOCELG LEAETOVTOL



pe pacpatookonio UV—vis, KukAikr BoAtapetpio, VITOAOYIGTIKEG LEBOOOVS KOl EMAEYUEVEG

EVAOOELG LE KpVoTaAAOYpapio akTiveov X.

To Kepdhowo 7 emkevipoveral oty actabeio tov C7-F3C vrokateotpévov piiov 218,
o Paoikég o&edwtikég ovvinkes. Ot apyikég peréteg detyvouv 6Tt ot N1-(2-muptovi)
vrokateotnuéves pileg 218 dpepifovrar péow tv Bécemv N2 11 N4 ko C5 yuo va Scdvcovv
TIg 000 véeg dwepeic pileg 257 ko 258 mov oynuotifovror péow 600, TPONYOLUEVMS
ayvaoTwv 00mV o&eidmong. Ot pilec peletavion pe acpoatookomio UV—-vis kot KUKAKN

BoAtapeTpio Kot Guykpivovtol Le To avAAOYa, LLOVOLLEPT] TOVG,.

H Awdaktopikn Alatpipn oAokAnpaveral pe to Tepapatikdé Mépog (Kepdiaio 8).

Vi
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ABSTRACT

This Thesis starts with a brief introduction (Chapter 1) to heterocyclic chemistry, the
synthesis, properties and oxidative stability of acenes, their N-containing counterparts, i.e.
the azaacenes, and the latter's charge separated analogues, all of which are of interest as

active components in organic semiconducting devices.

In Chapter 2 the oxidative stability of the zwitterionic isodiphenylfluorindine 104 is
investigated. Fluorindine 104 reacts with K,Cr,O7/H" to give 13-oxo-isodiphenyl-
fluorindinium perchlorate 155 (75%), but with PIFA or MnOx it gives the zwitterionic and
quinoidal cruciform 13,13'-dimers 158 (85%) and 159 (89%), respectively. The highly
colored fluorindines are studied with UV-vis spectroscopy, cyclic voltammetry, and
computational methods. Single crystal X—ray crystallography provides information on their

packing motifs.

The C3- and C3,C9-oxo analogues of isodiphenylfluorindine 104, ie. isodiphenyl-
fluorindinone 172 and isodiphenylfluorindone 112, respectively, that were first postulated
100 years ago, cannot be obtained by direct oxidation of 104. In Chapter 3 their independent
synthesis by HFIP-mediated deprotection of the C3,C9- and C3- benzoyloxy
isodiphenylfluorindines 178, under microwave irradiation, is described. Initial experiments
on the chemistry of 112 and 172 are also included. These highly colored oxo-fluorindines
are further studied by UV-vis spectroscopy, cyclic voltammetry, and computational

methods.

Chapter 4 focuses on the synthesis and oxidative stability of the structurally and
electronically related to fluorindine 104, 1,3,7,9-tetraphenylhexaazaanthracene 195. The
established but low vyielding procedure is re-investigated and two new 1,3,7,8-
tetraphenylhexaazaanthracenes are isolated: the quinoidal 205 and the zwitterionic 206. A
high yielding synthetic procedure of hexaazaanthracene 195 is developed, which is further
subjected to strong oxidants (PIFA, MnQO;) to give the scissor 5,5'-dimer 215. All
hexaazaanthracenes are studied with UV-vis spectroscopy, cyclic voltammetry, and
computational methods. Single crystal X—ray crystallography supports all structures and the

packing features of monomer 195 and its 5,5'-dimer 215 are discussed.

Chapters 5, 6 and 7 focus on the synthesis and further chemistry of 1,2,4-benzotriazin-4-yl
radicals 218, which share in common with hexaazaanthracene 195, their benzotriazine core.
In Chapter 5, new syntheses are presented that provide access to a large family of analogues

of radicals 218, with varying substitution at the N1, C3, and C7 positions. These include the

ix



preparation of 1-(2-nitroaryl)-1-arylhydrazides 236 which, on mild reduction of the nitro
group followed by in situ acid-catalyzed cyclodehydration and finally an alkali workup, give
radicals 218. Additionally, radicals 218 can also be prepared by a one-pot, two-step Cu-
catalyzed C-N coupling. Radicals 218 are studied by cyclic voltammetry and the effect of

the substituent is discussed.

Chapter 6 describes various structural modifications on 1,2,4-benzotriazin-7-ones 221,
which are oxidized products of Blatter-type radicals 218. These modifications include the
introduction of an ylidenemalononitrile group at the C7 position, fusion of a 1,2,5-
thiadiazolo group across the C5-C6 bond, variation of the substituents at the N1 and C3
positions and combinations of the above that eventually lead to electron deficient compounds
256. UV—vis spectroscopy, cyclic voltammetry and computational methods were used to
study all these compounds. For selected key products, single crystal X—ray crystallography

is also presented.

Chapter 7 focuses on the instability of 7-F3C substituted radicals 218 under basic oxidative
conditions. Initial studies show that the 1-(pyrid-2-yl)-7-F3C substituted radicals 218
dimerize via the N2 or the N4 and CS5 positions to give the two new dimer radicals 257 and
258, that form via two previously unknown oxidation pathways. The radicals are studied by

UV-vis spectroscopy and cyclic voltammetry and compared with their monomer analogues.

The Thesis concludes with the Experimental Section in Chapter 8.
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L liter(s)
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Me methyl
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OFET Organic Field-Effect Transistor
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p Resistivity (in Q-m)
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TD Time Dependent

XXVii



TEMPO
TFA
TFA-d
TFAA
THF
TIPS
TIPSA
TLC
TMS
TOF
p-tolyl
Ts

Uuv

v

vice versa
vis

Vol

Vs

\%%

2,2,6,6-tetramethylpiperidin-1-oxyl
trifluoroacetic acid

deuterated trifluoroacetic acid
trifluoroacetic anhydride
tetrahydrofuran
triisopropylsilyl
(triisopropylsilyl)acetylene
thin-layer chromatography
trimethylsilyl; tetramethylsilane
time of flight

4-methylphenyl
para-toluenesulfonyl (tosyl)
ultraviolet

Volt

the other way around

visible

volume

versus

weak

XXViii



Contents

1.1

1.1.1

1.2

1.2.1

1.2.2

1.3

1.3.1

1.3.1.1

1.3.1.2

1.3.2

1.3.3

1.3.4

1.4

1.4.1

1.4.1.1

1.4.1.2

1.4.1.3

1.4.1.4

1.4.1.5

1.4.2

1.4.3

1.5

Chapter 1

Introduction

Chemistry and Heterocycles

Heterocycles in nature and their applications
Organic Semiconductors

Molecules in organic semiconducting devices
n-Type and p-type organic semiconductors
Linear Acenes

Low order linear acenes

Tetracene

Pentacene

Higher order acenes

Band gap in acenes

Stability of acenes

Azaacenes

Azapentacenes

Monoazapentacenes

Diazapentacenes

Tetraazapentacenes

Hexaazapentacenes

Octaazapentacenes

N-Substituted and zwitterionic tetra- and hexaazapentacenes

Higher order azaacenes

Scope of Thesis

Page

10
12
13
14
15
15
16
17
21
22
23
29

33



1.1 Chemistry and Heterocycles

Chemistry is the study of atomic and molecular matter and its transformation into other
materials.! Organic chemistry is concerned with the study of molecules that contain carbon
and other elements, such as hydrogen, nitrogen, oxygen, etc. One of the biggest areas within
organic chemistry is heterocyclic chemistry, which focuses on "cyclic compounds having as

ring members, atoms of at least two different elements".?

1.1.1 Heterocycles in nature and their applications

Heterocycles are important as they exist throughout nature and are notable components of
deoxyribonucleic acid (DNA) that carries the genetic code of each species. DNA is made up
of nucleotides that contain nitrogenous bases (nitrogen containing heterocycles) and sugars

(oxygen containing heterocycles) (Fig. 1).?

nitrogenous
bgse NH, o} NH, o}
NfN N SN M
<1 J <T X KA |
~
H N N N/)\NHZ H o) N/&O
phospate Adenine Guani Cytosi
nin ytosine Thymi
group sugar \ uanine ymine j

nucleotide \/

R = Nitrogenous base nitrogenous bases in DNA

Figure 1. Components of DNA showing relevant nitrogen- and oxygen-based heterocycles.

Other naturally occurring heterocycles have useful properties, e.g., morphine (analgesic) is
found in the opium poppy,* niacin (vitamin B3) is found in tuna, turkey and other foods;’
sucrose (sugar, energy source and sweetener) is extracted from sugar cane;® and indigo (blue

dye) is found in the shrub indigofera tinctoria™® (Fig. 2).

HO
e} HO H o
Ho, 410 N
| Xy “OH \l —
Gy N
N HO” ™7 "0 ¥ NoH NoH
OH HO
morphine niacin sucrose indigo

Figure 2. Selected heterocycles occurring in nature.

Non-natural heterocycles also have commercial uses as drugs, e.g., acyclovir (antiviral);’ !

agrochemicals, e.g., metribuzin (herbicide);'? energetic materials, e.g., 2,4,6-tripicryl-s-
triazine (TPT) (explosive);'*!* and cosmetics, e.g., Tinosorb S (UV filter in sunscreens),'’

etc. (Fig. 3).
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Figure 3. Heterocycles with commercial applications.

Several heterocycles typically used in the dye industry, e.g., indigos and isoindigos,'¢ "

20,21

phenazines®*?! and phthalocyanines®** (Fig. 4), have found an increasingly important role

in the technological development of organic electronics as organic semiconductors.?>-%°

\
® %/” \‘§
N HN
AN 7 \
N N
N/ NH N=
4 Py
N
isoindigo phenazine phthalocyanine

Figure 4. Structures of isoindigo, phenazine and phthalocyanine.
1.2 Organic Semiconductors

Organic semiconductors are organic molecules that conduct in a range between conductors
(metals) and insulators. Since conductivity (k in Q ''m™! or S'm ™) is reciprocal to resistivity
(p in Q-m), the measure of how strongly a material opposes the flow of electric current can
be defined as its inverse: k = p . Metals have low resistivity (p 10> to 10 Q-m) and high
conductivity (x 10° to 10® S-m™!), while insulators have low conductivity (x 1078 to 102
S'm™!) and high resistivity (p 10% to 10*° Q-m). Semiconductors lie between them, with

resistivity ranging from 10® to 107> Q-m and conductivity between 107® to 10° S'm™! (Fig.
5).27

resistivity
>
102 108
conductors semiconductors insulators
2 -8
10 < 10
conductivity

Figure 5. Schematic of resistivity and conductivity in conductors, semiconductors, and insulators.



When the electric charge carrier density in a suitable material is changed, e.g., when charges
are either injected from appropriate electrodes, upon doping or by photoexcitation, current
flows and conductivity occurs.?® These materials can be used in organic electronics, such as
organic photovoltaics (OPVs),>*! organic light-emitting diodes (OLEDs),*>>¢ organic
field-effect transistors (OFETs),>’” and organic light-emitting transistors (OLETs)***! to
construct screens for mobile phones and digital cameras, memory devices, rechargeable

batteries, chemical sensors, biosensors, etc.

Currently, the area is dominated by silicon, but there is a need to find better materials. The
high costs, energy consumption, and thermal output required for the fabrication of silicon-
based materials are detrimental for the economy and the climate. Eco-friendly manufacturing

processes with low energy consumption, recyclable and non-toxic materials are desired.

Organic semiconductors are often less toxic and more easily recycled compared to their
inorganic counterparts. They can also be processed with environmentally friendly and cheap
methods and can be built into flexible, elastic, light weight and small devices.*>*
Companies such as Sony,*’>° Samsung,’' > LG**>” and IBM®’ are investing heavily in

61-63

these materials to provide new consumer products. Major companies, such as Apple and

64,65

Amazon are also designing and developing software and hardware that depend on

organic semiconductors as the active components.®®¢’

1.2.1 Molecules in organic semiconducting devices

In organic semiconducting devices, generated charge carriers flow in one direction and
control the performance of the device. Design challenges include increasing the charge
carrier mobility (1) which improves performance. To achieve this, many aspects are
considered: the characteristics of the organic semiconducting molecule and the various
components of the devices, e.g., electrodes and substrates, need to match. Furthermore,
fabrication methods (e.g., high vacuum deposition, solution process, inkjet process, etc.),

costs, design, use and so on, all can affect performance.?*°

For organic chemists working in the field, the most important aspect is the molecule itself.
A common feature of semiconducting organic molecules is a delocalized # system which is
needed to facilitate the carrier transport.”! Other factors that need to be considered include:
the length of the molecule, whether the molecule can act as an electron donor or acceptor,
its stability towards oxidation and moisture, the energy and morphology of its frontier
molecular orbitals (FMOs), the solid-state packing of the molecule, etc. Luckily, with the
knowledge accumulated from the development of silicon devices, it is relatively easy to

evaluate the suitability of a new material for device application.*?

4



There are many small organic molecules under investigation for use in organic electronics,
but a few compounds have attracted most of the attention. Among these are fullerene,

tetrathiafulvalene, and pentacene (Fig. 6).”>

[~ o020

fullerene tetrathiafulvalene pentacene

Figure 6. Organic molecules for semiconductors.
1.2.2 n-Type and p-type organic semiconductors

In simple terms, n-type organic molecules (electron acceptors), are electron deficient and
possess a low energy lowest unoccupied molecular orbital (ELumo), while p-type (electron
donors), are electron rich and have a high energy highest occupied molecular orbital
(Enomo).”™ A low Erumo aids the injection of electrons into the material, while a high
Enowmo facilitates the removal of electrons.”> Ambipolar molecules can accept and donate
electrons with similar ease and in most cases have small band gap (E;) values of ~ 1.5-2.0
eV. The properties of organic molecules can be tuned by altering their structures, e.g., by
introduction of electron donating or withdrawing substituents or heteroatoms and transform

from p-type to n-type and vice versa.

A study performed on devices made with octadecyltrimethoxysilane treated substrates and
top contact Au electrodes with 20 different acenes as active components,’® showed that
molecules with Enomo above —5.6 eV exhibit p-type behavior and molecules with ELumo
lower than —3.15 eV exhibit n-type behavior. Ambipolar molecules tend to have Enomo and
Erumo within this range. The study was carried out using various acenes and the Enomorumo
levels were obtained via cyclic voltammetry (CV). In another study on azaacenes,’’ the n-
type character dominated when the £ umo was lower than —3.6 eV and the Enomo was above
=5.6 eV, while molecules with Erumo from —3.6 to —3.3 eV and Enomo from —5.5 to —5.3
eV, were ambipolar (Enomo/Lumo est. from CV). While these values may not be applicable
or may vary in devices made differently or if Enomorumo levels are extrapolated via
alternative methods (absorption, emission, etc.), they are informative and provide a guideline

for future molecular design.



1.3 Linear Acenes

The ITUPAC Gold Book, defines “acenes” as “polycyclic aromatic hydrocarbons (PAHs)

consisting of fused benzene rings in a rectilinear arrangement” (Fig. 7).

n n=0,1,2,3, ..
acenes

Figure 7. General structural motif of acenes.

Additional ring fusions on the acenes periphery leads to larger hydrocarbons. The largest of
which is graphene that consists of a single layer of carbon atoms arranged in a hexagonal
lattice, i.e. an infinite number of acenes fused in their peri positions. Graphene has uses in

transistor,”” chemical sensor,*° radio frequency,’' bio-imaging®* devices, etc.®?
1.3.1. Low order linear acenes

Naphthalene (Fig. 7, n = 0), consisting of two fused benzenes, is the smallest known acene
and is well known as a moth repellent.®* Anthracene (Fig. 7, n = 1), consisting of three fused
benzenes, is the next acene in the series and is used in tar oil wash (fruit tree sprays), plastics,
pesticides, smoke screens and as a precursor to anthraquinone-based dyes.** Both acenes

can be isolated by fractional distillation from coal tar or other petroleum fractions.®®

Higher acenes, such as tetracene 1 (Fig. 7, n = 2) and pentacene 2 (Fig. 7, n = 3) occur in
interstellar dust,®” volcanic ash,®® diesel exhaust®>*° and charred food.”'”> They cannot be
isolated on a useful scale from these sources but can be synthesized. Both acenes 1 and 2

have been studied extensively as organic semiconductors.”> %>

1.3.1.1 Tetracene

The syntheses of tetracene 1 (aka naphthacene), date back to the late 1890s—early 1900s,
where Gabriel ef al. distilled 6,11-dihydroxytetracene-5,12-dione 3 over Zn dust to obtain a
mixture of tetracene 1 and 5,12-dihydrotetracene 7.%° Deichler ef al. using the same method
converted 6-hydroxytetracene-5,12-dione 4 to tetracene 1 in unreported yields.”” Later,
Fieser converted 7,8,9,10-tetrahydrotetracene-5,12-dione 5 and 5,12-dihydrotetracen-5-o0l 6
to tetracene 1, the former with Zn dust and the latter in boiling alcohol and catalytic mineral
acid, both in <50% yield.”® Dihydrotetracene 7 was converted to tetracene 1 at 400 °C using
Cu dust or Zn dust or PbO, and in boiling glacial AcOH with p-chloranil (2,3,5,6-
tetrachlorocyclohexa-2,5-diene-1,4-dione) in 50-60% yields (Scheme 1).%%-1%



mineral acid

R O
S _ROH, reflux_
<50%

OH O OH

3R=0OH sublimation 6
4R=H over Zn dust
1

Cu or Zn dust

Q or PbO,
or p-chloranil
50-60%
50 7

Scheme 1. First syntheses of tetracene 1.

In the 1980s, several syntheses were reported: LeHoullier ef al. used m-chloroperoxybenzoic
acid (m-CPBA) for the extrusion of the amino group from epiminotetracene 8 (85%),'"!
Gribble et al. followed an acid-mediated (cat. TFA or HCI) dehydration/deoxygenation of
diepoxytetracene 9 (78%),'%? Netka et al. reduced and dehydrated tetracen-5(12H)-one 10
with LiAlHs (83%),' and Luo et al. used Pd/C (10 mol %) in refluxing xylene for the
dehydrogenation of dihydrotetracene 7 (77%) (Scheme 2).!%

m-CPBA LiAlH,4
85% 83%

— 00—
1
TFA or HCI Pd/C
78% 77%

9 7

Scheme 2. Syntheses of tetracene 1 in the 1980s and 1990s.

Recent syntheses of tetracene 1 include the cycloaromatization of 2,3-diethynylanthracene
11 with 1,4-cyclohexadiene 12 in benzene (PhH) at 1.65 MPa (64%),'!% the photochemical
conversion of 5,12-dihydro-5,12-ethanotetracene-13,14-dione 13 at 468 nm (yield not
reported),'% the V-catalyzed diol deoxyhydration and C-catalyzed aerobic dehydrogenate
aromatization of 1,4,6,7,10,12-hexahydrotetracene-4a,6a,10a,12a(5H,11H)-tetraol 14
(51%),'°7 and last the double induced cyclization by TiCls of 2,3-dibenzylfumaraldehyde 15
(73%) (Scheme 3).'%8
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Scheme 3. Syntheses of tetracene 1 in the 21 century.

Tetracene 1 is an orange solid with an optical band gap (E<°"") of 2.57 eV; ELumo and Enomo

—2.66 and —5.23 eV, respectively. Single crystal devices of acene 1 made by vapor growth

-1 93 94

techniques show y as high as 0.4 cm?-V!'s while devices made by solution processes
have slightly higher x values of 0.56 cm?-V~!-s™!. Thin films of acene 1 have lower u values
of 6.42 x 1072 cm?>V !-s71.%* Tetracene 1 was also used in OLETs but no practical

application emerged.!® 112

Rubrene 16 (5,6,11,12-tetraphenyltetracene) is, perhaps, the most important tetracene (Fig.
8), having four phenyl groups strategically placed to stabilize it towards oxidation. Thin film
OFETs of rubrene 16 exhibit x values of 1.23 x 107* cm?-V'-s”1,!!3 but when combined

with pentacene 2,''* 4 increases to 2.5 x 1072 cm?-V !s7!. Single crystal OFETs of rubrene

16 have reached x values as high 40 cm?-V 1-s7111°
Ph Ph
QD -
Ph Ph

Figure 8. Structure of rubrene 16.
1.3.1.2 Pentacene

Pentacene 2 can be prepared from hydro precursors, ketones, quinones, and alcohols. Clar
and John first reported the synthesis of 2 via dehydrogenation of its dihydroprecursors 17
and 18 (co-formed during their synthesis) by four different methods: (i) sublimation over Cu
dust at 380 °C; (i1) sublimation over Pd/C at 300 °C; (iii) in boiling nitrobenzene (PhNO>)
with phenanthraquinone; and, (iv) in boiling xylene with p-chloranil, in unreported
yields.''"!"” Twenty years later, Luo et al. reported the quantitative conversion of 5,14-

dihydropentacene 18 to 2 with Pd/C in refluxing xylene under argon (Ar) atmosphere,'** and



Bailey et al. reported the dehydrogenation of octadecahydropentacene 19 over Pd/C at 245
°C followed by sublimation of pentacene 2 in 72% yield'?’ (Scheme 4).

17
CIOLIL) | omesmmeen OOOOO
18

19

Scheme 4. Preparation of pentacene 2 by dehydrogenation of hydroprecursors 17-19.

In the 1960s Bruckner et al. treated pentacene-6,13-dione 20 with either Al in cyclo-
hexanol,'*! or with AI/HgCl, amalgam in cyclohexanol/CCls to afford pentacene 2 in 51 and
54% vyields, respectively (Scheme 5).!22 The former procedure required a time consuming

work-up, while the latter used CCls, which is a regulated chemical, and toxic mercury.

Al, cyclohexanol, 51%
or Al/HgCl,, cyclohexanol/CCly, 54%

o}
OO‘OO or i) LiAlH,, THF, reflux; ii) HCI (6 M), A, 51% OOOOO

20 2

Scheme 5. Preparation of pentacene 2 from 6,13-pentacenequinone 20.

In 2004, reduction of pentacenedione 20 with LiAlH4 in boiling anhydrous tetrahydrofuran
(THF), followed by addition of 6.0 M HCI and further heating, gave pentacene-6(13H)-one
and its tautomer 6-hydroxypentacene. Repeating the procedure on the mixture gave
pentacene 2 in 54% yield.'?® The procedure was simplified by simultaneously reducing both

carbonyls in a one-pot process to afford pentacene 2 (51%) in less time (Scheme 5).'%*

Bridged keto pentacene precursors have also been used. The photoinduced decarbonylation
of 6,13-dihydro-6,13-ethanopentacene-15,16-dione 21 under Ar atmosphere gave pentacene
2 in 74%, in solution and on a glass substrate.'?>!?° Similarly, the decarbonylation of 6,13-
dihydro-6,13-methanopentacen-15-one 22 at 150 °C gave acene 2 in near quantitative yield;

the transformation took place on a glass substrate at 160 °C within 1 h (Scheme 6).'%’
_PhMe _ _150°C
4% “00%

Scheme 6. Photochemical and thermal decarbonylation of bridged keto pentacenes 21 and 22.



6,13-Dihydropentacene-6,13-diol 23 has been reduced to pentacene 2 using either KI and
Na»$>03-5H20 in boiling AcOH for 3 h,'?® or SnCl> (2 equiv) in acetone for 0.5 h,'* to give
acene 2 in 67 and 60% yields, respectively (Scheme 7). Recently, re-optimization of the
latter procedure using dimethylformamide (DMF) as solvent and the addition of concd HCI1
at 0-25 °C gave pentacene 2 in 90% yield (Scheme 7).!%

Kl, Na;S,03:5H,0, 67%
or SnCl, (2 equiv), 60%

OO‘OO e PO

23 2

Scheme 7. Preparations of pentacene 2 from 6,13-dihydropentacene 23.

Pentacene 2 is isolated as a deep blue to purple solid with low solubility, E,°P' 2.15 eV,
Erumo —3.38 eV and Enomo —5.37 eV.13! 1t is oxidatively unstable forming dione 20, diol

23, endoperoxide 24, face-to-face and edge-to-edge dimers 25-27, some of which can be

converted back to pentacene (Fig. 9).!17:128:132-135
HO H o
.,O’Q
H OH

x

Figure 9. Some oxidation and dimerization products of pentacene 2.

Pentacene 2 (u 5 cm?-V'-s™")*° has u similar to that of amorphous silicon, and is one of the
benchmark molecules in the organic semiconductor field. Pentacene 2, however, exhibits
polymorphism, has low solubility, and is air and moisture unstable that hinder its use in
electronic devices. As such, the design and synthesis of acene analogues with improved

properties is actively being pursued (Sect. 1.3.4).
1.3.2 Higher order acenes

Clar, a pioneer in acene chemistry, stated in his 1964s book "Polycyclic Hydrocarbons" the
following: "considering the extreme reactivity of heptacene the possibility that the syntheses
of octacene could succeed seems remote”, leaving many researchers in the field

discouraged.'!” Unsubstituted higher order acenes have low solubility and are highly reactive

10



to air oxidation, affording endoperoxides, or undergo fast self-dimerization.'** 13 As such,

their synthesis, isolation and characterization is challenging.'3%13

Three main strategies are currently used to prepare higher acenes 28: (i) thermal or
photoinduced decarbonylation of keto-bridged precursors 29 and 30, or epoxyacenes 31
accompanied with the elimination of CO or COg; (ii) reduction of acenequinones 32 by direct
reduction of the keto groups or by reductive aromatization of organometallic species that
have been generated by nucleophilic addition on the quinones; and, (iii) dehydrogenation of

hydroacenes 33 (di-, tetra-, hexa-, etc.) (Scheme 8).!3*

- CEOCD - SO

Aorh v\
(0]
OO e O] -2 GO
—_— -—
m n m n m n
(0]
32 28 33

Scheme 8. Strategies towards higher acenes.

The reduction of acenequinones 32 is preferred for the preparation of more stable substituted
acenes rather than the parent acenes 28, and many derivatives have been made via this
method. Hydroacenes 33 exhibit enhanced solubility and stability, compared to acenes 28
and acenequinones 32, but the harsh dehydrogenation conditions required limit their use.
Most of the higher unsubstituted acenes have been prepared via thermal or photochemical
conversion of stabilized masked precursors, despite the high temperatures or the inert
atmospheric matrix that are required.

From the higher acenes, hexacene 34'°%140-148 (Fig 7, n = 4) and heptacene 35!3-140:143.149-

153 (Fig. 7, n = 5) were successfully isolated in bulk, with heptacene being the largest non-
substituted acene isolated in the solid state. Hexacene 34 was isolated as a blue-green solid
which remained stable up to ~ 300 °C. When exposed to air, 34 remained stable in the dark
for 24 h at ~ 20 °C, while its film on a quartz plate remained stable for over a month under
these conditions. The film was studied by photoemission spectroscopy to reveal an Erumo
of —=3.56 eV and an Enomo of —4.96 eV [cf Enomo(2) —5.14 eV].'*® In contrast, solid
heptacene 35 remained stable for approximately a month but in the absence of oxygen and
it showed slow dimerization/oligomerization at ~ 20 °C. Heptacene 35 was also obtained in

a polymer matrix (PMMA film) and degraded after 4 h due to air oxidation. From the
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heptacene/PMMA film the absorption spectrum of 35 was taken and the £,°P' was measured
at 1.50 eV, which was close to the time-dependent density functional theory (TDDFT)
calculated band gap (E, PP 1.36 eV).!5? Octacene 36 and nonacene 37 (Fig. 7, n = 6 and
7, respectively) were photogenerated in a cryogenic Ar matrix at —272 °C, which stabilized
them long enough to be studied with UV—vis spectroscopy in the gas phase. From the
exponential onset fits of their longest wavelength peaks [Amax(36) 806 nm, Amax(37) 865 nm],
the two acenes gave E,°P' values of ~ 1.18(6) eV (Table 1).!>* Nonacene 37,'> decacene
38!°¢ and undecacene 39'%7 were generated on Au(111) surfaces and studied with scanning
tunneling spectroscopy (STS) to reveal their E,5™ of 1.19, 1.12 and 1.09 eV, respectively.

Undecacene is the largest linear non-substituted acene reported to date.!*®
1.3.3 Band gap in acenes

Pentacene 2, the most studied acene, has E,°P' and E.°™ values of 2.15 and 2.20 eV,
respectively, which are in close agreement.'’! Typically, the bigger the acene, the smaller
the E,, which facilitates the transfer of electrons between the FMOs; a desirable feature in
organic semiconductors. Nevertheless, as £, narrows, chemical reactivity increases, leading
to the formation of dimers and/or endoperoxides. Since undecacene 39 is the largest acene
synthesized to date, the smallest E,°"" measured in the acene series is 1.23 eV, while the

ES™ is as low as 1.09 eV.'*®

Table 1. Optical and STS transport gaps of acenes 2, 34—39.

2 n = 3, Pentacene

34 n = 4, Hexacene
35 n =5, Heptacene

O'sls 36 n =6, Octacene
37 n =7, Nonancene

n 38 n = 8, Decacene
39 n =9, Undecacene

EgOpt EgSTS
Acene . 5
(eV) (eV)
Pentacene 2 2.15 2.20
Hexacene 34 1.40 1.85
Heptacene 35 1.50 1.61
Octacene 36 1.18(6) 1.41
Nonacene 37 1.18(6) 1.19
Decacene 38 - 1.12
Undecacene 39 1.23 1.09
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Figure 10. Band gaps of acenes 2, 34-39.
1.3.4 Stability of acenes
Hiickel's theory!>? !%! states that stable aromatic systems must be cyclic, planar and have 4n

+ 2 electrons in a conjugated configuration. This simple rule does not necessarily apply to
polycyclic aromatic hydrocarbons or explain the instability of the higher linear acenes. Clar's

empirical finding, known as "Clar's aromatic 7 sextet rule"'®

fits better for these systems.
The rule states that the most stable structure of fused benzenes is the one that possesses the
maximum number of aromatic sextets (i.e. benzenoid rings), separated by “empty” six-
membered rings. Thus, the stability of any conjugated polycyclic hydrocarbon increases as
its Kekulé resonance forms possess the largest number of disjoint aromatic 7 sextets

(benzenoid forms).'®?

The linear acenes (e.g., pentacene 2) have one benzenoid ring that can be drawn in any one
of the fused rings ("migrating" 7 sextet), while the remaining rings obtain a conjugated
configuration (Fig. 11, top row). If more than one disjoint benzenoid rings are drawn then
radical contributions appear (Fig. 11, bottom row). As the size of the acene increases, the

radical contributions increase, leading to increased reactivity and less stabilized systems.

— ) —
N\

O r o) -—0O0rro-—oO o
7,

Figure 11. Selected resonance forms of pentacene 2 showing the "migrating" of benzenoid ring

(top) and disjoint benzenoid rings and radical contributions (bottom). The benzenoid rings are

1llustrated in bold red bonds.
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Many theoretical models have been used to predict the groun and excited states
of acenes as well as their reactivity.!**!%%1%° The small E, of higher acenes, the increased
Enomo and the migrating 7 sextet increase the reactivity of acenes, via various pathways, to

nucleophiles, electrophiles and self-dimerization.!>*1%

Almost all of the above higher acenes have been "stabilized" via introduction of bulky groups
on their periphery to increase the intermolecular distances between the acenes and prevent
self-dimerization, as well as lower the Enomo.!"*!”! Substitution can also be used to improve
solubility. Substituents introduced include, but are not limited, to groups like alkylsilyl,'"*
175 alkylsilylethynyl,' %177 alkyl,!”® aryl,'’”-'80 thioalkyl,!”®!8! halides,!8>!83 nitriles,'®*

ethers,'®> and fused benzene rings on the outer edges.'3%!%7

Remarkably, while substitution offers improved stability and solubility, many of the
derivatives still degrade over time.!*>!*® Photooxidation (e.g., endoperoxides) and
photodimerization (e.g., face-to-face or edge-to-face dimers) products have been observed
to form over time. For example, 6,13-bis(triisopropylsilylethynyl)pentacene 40 (TIPS-
pentacene) (E. 7 1.81 eV, ELumot” —3.42 eV, Enomot” —5.11 eV, 1 3.4 ecm?> Vs (Fig.
12),'% which is a soluble and more stable derivative than pentacene 2, has a half-life of 520
min in dichloromethane (DCM) at 25 °C under ambient light and air; pentacene 2 (E,°P' 1.84
eV, ELumo®Y —3.42 eV, Enomo®’ —5.14 eV, 1 3.4 cm?*-V!-s7!) has only a 7.5 min half-life
(measured in 1,2-dichlorobenzene due to solubility issues). In THF, TIPS-pentacene 40 is

50x more stable than pentacene 2 under ambient conditions.!3>!88

TIPS

f
LD =

\ \ TIPS = Si(Pr),
TIPS

Figure 12. Structure of TIPS-pentacene 40.
1.4. Azaacenes

The stability and solubility of acenes can also be enhanced by replacing one or more CHs of
the acene core with heteroatoms, e.g., N,!90-194 Q,195-199 p 200.201 § 202-206 otc 207 Nitrogen is
perhaps the most common heteroatom used for this purpose leading to the azaacene
compound category. Azaacenes containing four or more fused rings are of interest as organic
semiconductors owing to their similarity to tetracene 1 and the higher acenes, in particular

the benchmark pentacene 2.
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Typically, the replacement of sp? C by the more electrophilic N in the acene core leads to n-
type semiconductors. Several theoretical studies support this: Chen and Chao®®® investigated
theoretically several azapentacenes; Winkler and Houk?” studied various azapentacenes and
azahexacenes; Wu et al.?!* studied smaller dihydrodiazaacenes up to diazapentacenes and

1211

two tetraazapentacenes all incorporating the quinoxaline motif; Chen et a introduced the

1212

TIPS substitution on selected azapentacenes; Li et a inserted halogen substituents on

TIPS-tetraazapentacenes; Tang et al.’'

investigated several azapentacenes and their
hydroprecursors; and Gao and Zhang?'* selected linear azaacenes with six, seven and eight

fused rings in their theoretical studies.
1.4.1 Azapentacenes
1.4.1.1 Monoazapentacenes

Of the four possible parent mono-azapentacenes, only the 5-azapentacene 41 has been
synthesized by Pd-catalyzed dehydrogenation of the 1,2,3,4-tetrahydro precursor 42
(Scheme 9). Solutions of precursor 42 decompose within 24 h, but in the solid state under
inert gas and refrigeration they can be stored up to 7 d. Solutions of 5-azapentacene 41 can

last to up to 20 min and solid samples last up to 16 h under similar conditions.?'

Ns 5% Pd/C Ns
—_—
P 46% P
42 o

Scheme 9. Dehydrogenation of 1,2,3,4-tetrahydro-5-azapentacene 42.

Four 6,13-bis(triisopropylsilylethynyl)-substituted 1-azaacenes 43, were prepared by
silylethynylation and subsequent deoxygenation of the 1-aza-6,13-pentacenequinones 44
(Scheme 10)."°!>1¢ They have similar E,°" (solution) and electrochemical band gap (E;°Y)
values of 1.8-2.0 eV but smaller £,°P (thin film) values of 1.5-1.6 eV. Thin-film transistor
devices of the non-halogenated azaacene 43a exhibit p-type behavior (1 0.42 cm?-V'-s71),
while the halogenated analogues 43b—d have ambipolar properties, with the tetrafluoro 43b

and tetrachloro 43¢ analogues having u values of 0.12 and 0.22 cm?-V !-s7!, respectively.

TIPS
R1 o) X . R‘l | |
=2 N i) TIPSA, n-BuLi R? N 43aR'=R2=H
AN II) SnC|2 N N 43b R'l = R2 =F
) _ 20-30% R? Pz Pz 43cR'=R2=Cl
R 1 ; 43dR'=H,R?>=Br
R 0 R | |
44a-d
TIPS

Scheme 10. Synthesis of 6,13-bis(triisopropylsilylethynyl)-substituted 1-azaacenes 43.
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1.4.1.2 Diazapentacenes

Unsubstituted diazapentacenes are rare. 5,14-Diaza- 45 and 6,13-diazapentacene 46,
greenish-blue and black solids, respectively, were derived from oxidation of their respective
green-yellow fluorescent N, N'-dihydro precursors 47 and 48, using: (i) Cu(OAc)2-H20 in
pyridine; (ii) p-chloranil in xylene/DMF at 75 °C; and, (iii) K2Cr207/H* (Scheme 11).2!7-22
The N,N'-dihydro 5,14- and 6,13-diazapentacenes 47 and 48, can be prepared via
condensations of the appropriate o-diamines 49 and 50 and o-dihydroxyarenes 51 and 52,
respectively. Diazapentacenes 47 and 48 are more stable in both solution and solid-state,
than pentacene 2, but they have poor solubility. Recently, the dihydro 5,14- and 6,13-
diazapentacenes 45 and 46 were studied in thin-films resulting in p-type carriers with low u

values of 6 x 10 and 1 x 107> cm?-V!-s7!, respectively.??!

NH,
@[ "
NH; u(OAC),-H,0
180 225 °C pyndlne
54% 8%

NH,
50 p-chloranil,

xylene/DMF 75°C

OH 180225 °C_ or KyCry07, H*
T 5%
OH

Scheme 11. Synthesis of 5,14- and 6,13-diazapentacenes 45 and 46.

5,14-Dihydro-5,7-diazapentacene 53, synthesized in the 1980s, cannot be dehydrogenated
further to yield the 5,7-diazapentacene 54 (Scheme 12).2*? Recent attempts to synthesize

12,14-disubstituted-5,7-diazapentacenes via the same route also failed.’*’
I X1 -
— — —
N N N N
H

Scheme 12. Failed dehydrogenation of 53.

The 4,11-diaza- and 5,14-diazaacenes 55'°! and 56*** (Fig. 13), respectively, showed
ambipolar behavior in OFETs (x 0.15 and 0.02 cm?V !s7!, respectively). 8,9,10,11-
Tetrahalo-1,4-diazatetracene analogue 57a exhibited ambipolar behavior (« 0.57
cm?V!-s7!) and analogue 57b n-type behavior (¢ 0.83 cm?V !'s7!), expressing the
different effects of the halogens.”” Single crystals of 5,7,12,14-tetrachloro-6,13-
diazapentacene 58 exhibited n-type behavior (1 3.39 cm?-V !-s7!) (Fig. 13).225:226
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S57aX=F
57b X = Cl
*R = C=CTIPS
Figure 13. Diazapentacenes 55-58.
1.4.1.3 Tetraazapentacenes

Tetraazapentacenes that consist of fused pyrazines and benzenes are the most studied. There
are six possible pyrazine containing tetraazapentacene isomers 59-64 (Fig. 14), not all of

which are reported, however, several of their N,N'-dihydro derivatives are known.
_N__N N _N _N _N
L) L) X ]
NTON N N N N
59 60 61
( ) L G0
N N NTN N N
63 64

Figure 14. Pyrazine containing tetraazapentacenes 59—64.

Two methods were used to prepare N,N'-dihydro-1,4,5,14-tetraazapentacene 65a and its
6,13- and 7,14-bis[(triisopropylsilyl)ethynyl] derivatives 65b and 65c¢: (i) condensation of
pyrazine-2,3-diamine 66 with naphthalene-2,3-diols 51; and, (i1) Pd-catalyzed C-N coupling

of 2,3-dichloropyrazine 67 with naphthalene-2,3-diamines 68 (Scheme 13).%%’

N. _NH
[ \:[ 2 iO OOO  205215°C
_ +
N™ 'NH; HO
66 51a R1 =H _N.__N
51b R' = C=CTIPS — I OO‘
N\
N~ "N
sz(dba)3
N (o]] H-N 1_p2—
| A . 2 dppf C82003 65a R1 R 2H
_ 65b R'" = H, RZ2 = C=CTIPS
N~ ~cl H,N 65c R2=H, R' = C=CTIPS

67 68aR2= H
68b R? = C=CTIPS

Scheme 13. Synthesis of dihydro-1,4,5,14-tetraazapentacenes 65.

5,14-Dihydro-1,4,5,14-tetraazapentacene 65a is soluble only in dimethylsulfoxide (DMSO)
and DMF and exhibits p-type semiconductor behavior (z 4 x 10°* cm?-V'-s!). The 7,14-
bis[(triisopropylsilyl)ethynyl] 65c¢ is soluble in more common solvents such as PhH, DCM,
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and acetone and shows H-bond dependent solvatochromism, while the 6,13-

bis[(triisopropylsilyl)ethynyl] 65b behaves as a p-type semiconductor (x 0.7 cm?-V!-s71).227

The 7,12-bis[(triisopropylsilyl)ethynyl]-1,4,6,13-tetraazapentacene 69 was synthesized via
oxidation (MnQOy) of its N, N'-dihydro analogue, which was obtained by Pd-catalyzed
coupling of 1,4-bis[(triisopropylsilyl)ethynyl|naphthalene-2,3-diamine 70 with 6,7-
dibromoquinoxaline 71 (Scheme 14).>*® The azapentacene 69 was stable in solution under
ambient conditions, but heating a solid sample at 200 °C for 2 h led to its decomposition. Its
UV-vis spectrum revealed an E,° of 1.75 eV, and CV measurements estimated the ErLumo
at —4.22 eV. The azapentacene 69 behaves as an n-type semiconductor and studies of its thin

films under air or vacuum gave x values of 4.1 x 107 and 0.15 cm?-V 157!, respectively.??®

i) Pd(PhsP),, DPEPhos,
Cs,COj3, PhMe, 120 °C, 59%

QIO+ Q) cemon o 4Josoe
NH, N Br R = C=C(TIPS) SN N

70 71 69

Scheme 14. Synthesis of 7,12-bis[(triisopropylsilyl)ethynyl]-1,4,6,13-tetraazapentacene 69.

6,13-Bis[(triisopropylsilyl)ethynyl]-1,4,8,11-tetraazapentacene 72 (E,°P' 1.81 eV and Erumo
—3.68 V) is ambipolar and transports both holes (1 0.22 cm?-V~'-s™!) and electrons (u 1.1
cm?-V !5, Its synthesis starts with condensation of 2,3-bis(dibromomethyl)pyrazine 74
with benzoquinone 75 to give the symmetrical 6,13-quinone 73 (54%), which is
functionalized with the (triisopolylsilyl)ethynyl group to give the dihydroxy analogue (54%),
followed by SnCl> reduction to afford the functionalized 1,4,8,11-tetraazapentacene 72
(44%) (Scheme 15).2%°

(0]
fot
(0]

KI 0 1. Li—==—TIPS, 54% R
N.__CHBr, N N N N
QI o (T ) 2eeesmonin, (737 )
NS 0,
N"CHBr, 4P SN\ NG R = C=C(TIPS) N NG
o R
74 73 72

Scheme 15. Synthesis of 6,13-bis[(triisopropylsilyl)ethynyl]-1,4,8,11-tetraazapentacene 72.

In the late 1890s, Hinsberg reported the synthesis of the 6,13-dihydro-5,6,13,14-tetraaza-
pentacene 76 by condensing 2,3-dichloroquinoxaline 77a with naphthalene-2,3-diamine 50
but failed to oxidize it to the 5,6,13,14-tetraazapentacene 63.>'” In 1967, Kummer and

Zimmermann used PbO; for the successful oxidation and noted the poor solubility of the
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obtained tetraazapentacene 63 (Scheme 16).7%° 5,6,13,14-Tetraazapentacene 63 was recently

shown to be an n-type semiconductor (¢ 3.8 x 10™* cm?-V!-s71).230

NH,
s
NH, H
U —— L0 =2 O L0
/ NS N\ NS
N~ cl N~ N N~ N
H
77a 76 63

Scheme 16. Synthesis of 5,6,13,14-tetraazapentacene 63 by Hinsberg, Kummer and Zimmermann.

7,12-Bis(triisopropylsilylethynyl)-5,6,13,14-tetraazapentacene 78a and its 2,3-dichloro 78b
and 2-nitro 78c¢ derivatives were obtained by oxidation (MnOz) of their N,N'-dihydro
precursors, that were synthesized via Pd-catalyzed C-N coupling of 1,4-bis[(triisopropyl-
silyl)ethynyl|naphthalene-2,3-diamine 70 and the appropriate 2,3-dichloroquinoxaline 77
(Scheme 17).%*! Long alkyl chains have also been employed at the 2,3 positions of 5,6,13,14-

tetraazapentacene 78a that led to self-organized liquid crystalline structures even at ~ 20

°C 232

TIPS TIPS

Il 1. Pd(dba)y, L1 or L2, ll
iPr,EtN, 120 °C, 80-90%

1 1
+
= NH, R2 \N al R2 \N \N NS

Me,N O iPro O O'Pr

70 || 77aR'=R?=H O PCy, O PCy, 78aR'=R?=H ||
1_p2 - 1_p2 -
11PS 77b R1 =R -(:l2 78b R1 =R -C|2 TIPS
77¢ R"=NO,, R =H L1 L2 78¢c R'=NO,, R*=H

Scheme 17. Pd-catalyzed C-N coupling for the synthesis of 5,6,13,14-tetraazapentacenes 78.

The synthesis of N,N'"-dihydro-5,7,12,14-tetraazapentacene 79 (aka homofluorindine), dates
back to the 1890s,7**>2%¢ and was recently used to give various derivatives.”*® Although 79
was postulated to be in the quinoidal 5,12-dihydro form 79', NMR studies supported the
benzenoid 5,14-dihydro-5,7,12,14-tetraazapentacene form 79" (Scheme 18).2%2% Its
CV,?*1242 thin-film mobility (p-type, x 2 x 1072 cm?-V 1-s71)?$324 and chemistry?40-243-246
have been explored. Efforts to oxidize it to the tetraazapentacene 64 gave instead the 6,13-

quinone 80 (Scheme 18).>* Quaternary salts of 79 have been long known as anti-cataract

247 248

agents,

films,?*” OLEDs?* and optical thin films for liquid crystal displays (LCDs)*! (Sect. 1.4.2).

and 79 has been claimed as component in OPVs,”™ semiconducting crystal
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Scheme 18. Synthesis of dihydro-5,7,12,14-tetraazapentacene 79 and oxidation to 6,13-dione 80.

The first stable 5,7,12,14-tetraazapentacene 81 (E,°P' 1.74 eV, ELumo —4.01 eV), synthesized
in 2009, was 6,13-di(triisopropylsilylethynyl)-substituted which prevented its oxidation to
the quinone 80. Its preparation involved the MnO;-mediated oxidation of the N, N'-dihydro
precursor 82, which was itself prepared from 6,13-quinone 80 (Scheme 19).> Vacuum
deposited films (x 3.3 cm?-V1-s71)?** and solution processed films (x 5.0 cm?-V1-s71)?3 of

81 show n-type character, while solvent optimization during device fabrication raised the

electron mobility u as high as 13.3 cm?-V !1-s7! 2%
) Buli, THF TIPS TIPS
TIPS
ii) NaH,PO,, KI, MnO,
e D @ II D @ IINID
N/
TIPS TIPS

Scheme 19. Synthesis of 6,13-bis[(triisopropylsilyl)ethynyl]-5,7,12,14-tetraazapentacene 81.
Substituted 5,7,12,14-tetraazapentacenes include analogues that contain halogens,?> %

%0 or cyclobutadienes®®' at the periphery and other

fused pyridines,” triptycenes,’
groups.'¥+?6%263 The halogenated derivatives have red shifted absorptions (E,°"' 1.65-1.68
eV) and slightly lower Erumo values of —4.1 to —4.2 e¢V.?>2® Thin films of 2,3,9,10-
tetrabromo-5,7,12,14-tetraazapentacene 83 show n-type behavior (u 0.56 cm?V !s™)
(Fig.15).%® Chemistry on the 2-bromo-5,7,12,14-tetraazapentacene 84 (Fig. 15) led to its
further functionalization and realization of expanded tetraazapentacenes bearing substituted

acetylene groups and aryl rings®*° and also alkyne linked tetraazapentacenes.'**
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Figure 15. Structures of tetraazapentacenes 83 and 84.
1.4.1.4 Hexaazapentacenes

Condensation of 2,3,7,8-tetraaminophenazine 85 with glyoxal in ethylene glycol gives
1,4,6,8,11,13-hexaazapentacene 86 as a brown solid in 83% yield (Scheme 20). Its UV—vis
absorption spectra (£, P 2.52 eV) and CV (ErLumo —3.62 eV) were measured in N-methyl-2-

pyrrolidone (NMP) as it dissolves only in polar solvents.?®*

(CHO),, NaOAc

HoN NS NH (CH,0H),, 190 °C, 48 h N | NS NS
-~ 83% NS 7 —
H,N N NH, N N N
85 86

Scheme 20. Synthesis of 1,4,6,8,11,13-hexaazapentacene 86.

7,%652%6 gave sparingly

Condensation of 2,3,7,8-tetraaminophenazine 85 with 1,2-diketones 8
soluble 2,3,9,10-tetrasubstituted-1,4,6,8,11,13-hexaazapentacenes 88 [E. P ~ 2.2-2.5 eV,
Erumo ~ —3.5 eV, Enomo ~ —6.1 eV (est. by CV)] (Scheme 21). Selective cation sensing

properties for Cu?* were demonstrated.?6>26

H,N N NH, (RCO), 87a-e R__N N N. R
IBSOUIE- == PSS S
7 aR=Me P 7 pZ
H,N N NH, A R7ON N N R
85 ¢ R = cyclohexane 88a-e
d R = thien-2-yl

e R = 5-n-hexylthien-2-yl
Scheme 21. Synthesis of 1,4,6,8,11,13-hexaazapentacenes 88.

6,13-Dihydro-5,6,7,12,13,14-hexaazapentacene’®’ 89 (aka fluorubine), was reported by
Hinsberg and Schwantes as early as 1903, by condensation of 2,3-diaminoquinoxaline 90
and 2,3-dichloroquinoxaline 77a by means of naked flame (Scheme 22). Fluorubine 89 is
poorly soluble in most organic solvents but displays acidochromic fluorescence (green in

alkaline environment and red in acidic ones). There are many patents on fluorubines 89 that

268,269 270-272 273

include their preparation, use as pigment dyes and inkjet inks,”’” and as dyes in

biochemical medical diagnosis and transport materials.?”*
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Scheme 22. Synthesis of fluorubine 89 by Hinsberg.

There are no reports of 5,6,7,12,13,14-hexaazapentacene but its mono- and bis(triisopropyl-
silyl)ethynyl-substituted analogues 91 are known. These were synthesized by oxidation
(PbO,) of their dihydro precursors 92 (Scheme 23).2”° The substituted 5,6,7,12,13,14-
hexaazapentacenes 91 are green and revert over time, in both solution and solid-state, to their
yellow-green fluorescent dihydro forms 92. Hexaazapentacenes 91 have low ELumo ~ —4.5
eV but device fabrication, either by thermal evaporation or solution processes, failed, due to

material decomposition and/or poor morphology.

1. HC=CTIPS, Pd(Ph3P),

1 3
R H R Cul, PhyP, Et;N
N\:[N:[/N:© 2. PbO, I I :@
_Q79,
N N Sy 96-97%

R2
92aR'=H,R?=R3=Br 91aR'=H, R? = R®= C=CTIPS
92bR"=R®=Br,R?=H 91b R' = R% = C=CTIPS, R2=H
92c R'=R2=Br,R®=H 91c R'=R2=C=CTIPS,R®=H
Scheme 23. Synthesis of 5,6,7,12,13,14-hexaazapentacenes 91.
1.4.1.5 Octaazapentacenes

Pyrazino[2,3-b]quinoxaline 93 reacts with 5,6-dichloropyrazine-2,3-dicarbonitrile 94 to give
N,N'-dihydro-N,N'-dialkyl-2,3,9,10-tetracyano-1,4,5,7,8,11,12,14-octaazapentacene 95,
which is oxidatively unstable and rapidly converts to the zwitterion 96 (Scheme 24). The
latter is isolated as a deep blue solid with gold metallic luster that dissolves in DCM to give

a blue solution that emits a red fluorescence.?’®

EtOH

R R
NC._N._N NH . Cl_Ng_CN 80096h
LK R I I be
NC™ N7 N NH, clI” N7 CN
R=% """ C0,Et lAir Oxidation
R R
NC._N._N N._N._CN
e S z7 ~N
LI
NC” N7 N N~ N7 CN
Scheme 24. Synthesis of zwitterionic octaazapentacene 96.
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Condensation of 5,6-diaminopyrazine-2,3-dicarbonitrile 97 with diones 98 led to N,N'-
dihydro-1,4,5,6,7,12,13,14-octaazapentacenes 99 (Scheme 25) as dark red or black solids
that are insoluble and cannot be fully characterized. N-Alkylation led to disubstituted
mixtures of which three isomers were identified: the a,a’-, the b,b'- and the a,b"- (Scheme

25). Despite improved solubility these isomers could not be separated and characterized.?”’

AN N32CO3
% o H,N. N. _CN  DMSO N N7 NP N oN
= 2 S 140 °C S S
+ ~ ~ ~ ~
N e HoN~ N7 CN N7 ONTONT N eN
| Ha b
= 97
98a X = CH 99a X = CH
98b X = N 99b X = N

Scheme 25. Synthesis of phenyl fused N,N'-dihydro-1,4,5,6,7,12,13,14-octaazapentacenes 99.
1.4.2 N-Substituted and zwitterionic tetra- and hexaazapentacenes

Methylation of homofluorindine 79 gives three products: the benzenoid 5,14-dimethyl- and
5,6,14-trimethyl-substituted analogues 100a (55%) and 100b (12%), respectively and the
quinoidal 5,12-dimethyl-substituted analogue 101 in 27% yield (Scheme 26).*® Analogues
100a and 101 are red in solution and have similar E,°P' values of 2.19 and 2.16 eV,
respectively and similar FMO energies (est. from CVs): the 5,14-dimethyl 100a has Erumo
—2.89 eV, Enomo —5.01 eV, and the 5,12-dimethyl 101 has Erumo —2.96 eV, Enomo —4.79
eV. Semiconducting devices constructed from analogues 100a and 101 exhibit p-type
character with  values of 5 x 10 and 1 x 10 cm?-V~!-s7!, respectively.?*® The difference
between the benzenoid and quinoidal motifs appear not to play a significant role in their

electronic properties.

H i) "BuLi Me Me
N N ; N N N N
+
~ ~ /
N N N N N N
H R Me Me
79

100a R = H (55%) 101 (27%)
100b R = Me (12%)

Scheme 26. Methylation of homofluorindine 79 (5,7,12,14-tetraazapentacene).

Reduction of homofluorindine 79 by Zn dust in AcOH followed by acetylation gives the
sparingly soluble 5,7,12,14-tetraacetyl-5,7,12,14-tetraazapentacene 102 as colorless needles
(Scheme 27).2%
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Scheme 27. Acetylation of homofluorindine 79.

In the 1890s, Fischer, Kehrmann and Nietzki independently reported the synthesis of
homofluorindine 79 and several of its derivatives.?** 237278282 Among these, two diphenyl-
substituted isomers were identified: diphenylfluorindine 103 (quinoidal) and

isodiphenylfluorindine 104 (zwitterionic) (Fig. 16).28!:282
Ph Ph Ph
D OO
N N N~ N
Ph
103 104

Figure 16. Quinoidal and zwitterionic 5,7,12,14-tetraazapentacenes (fluorindines) 103 and 104.

Diphenylfluorindine 103, gives a pink solution in DCM (E,° 2.14 eV, Erumo —4.36 eV,
Enomo —5.47 eV),”® and emits a strong red fluorescence. It was first prepared by the
thermally mediated oxidative cyclization of N',N?> N* N°-tetraphenyl-1,2,4,5-tetraamino-
benzene 105 with HgO in PhANO> (Scheme 28).7332% Recently, it was also isolated as one of
the oxidized products of N-phenylbenzene-1,2-diamine 107.%%

o pn o
posit_Nevoes
—
N Ny
Ph Ph Ph
105 103

Scheme 28. First reported synthesis of diphenylfluorindine 103.

Isodiphenylfluorindine 104, gives a deep green solution in DCM (E°" 1.52 eV, Erumo
—4.41 eV, Enomo —5.38 eV),?®* displays negative solvatochromism, and emits a weak red
fluorescence. It was first prepared by heating 3-imino-N,5-diphenyl-3,5-dihydrophenazin-2-
amine 106 (aka 3-anilinoaposafranine) with diamine 107 and mineral acid (2 equiv) in
benzoic acid at 260 °C (Scheme 29). If one equivalent of mineral acid is used both isomers

103 and 104 form and require careful separation.?8!-2%2

Both isomers 103 and 104 are isolated as blue-green leafs with metallic luster and dissolve

in acid to give deep blue solutions with a strong red fluorescence.
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Scheme 29. Synthesis of diphenylfluorindine 103 and isodiphenylfluorindine 104.

A regiospecific synthesis of isodiphenylfluorindine 104 was reported recently.?®>2%¢ [t

involves the Pd/C-mediated hydrogenation of N! N'-(4,6-dinitro-1,3-phenylene)bis(N?-
phenylbenzene-1,2-diamine) 108 followed by air oxidation in refluxing ethanol (EtOH) to
give isodiphenylfluorindine 104. The dinitro precursor 108 can be prepared by reacting 1,5-
difluoro-2,4-dinitrobenzene 109 with diamine 107 and Hiinig's base in refluxing EtOH
(Scheme 30). Since the fluorides of 1,5-difluoro-2,4-dinitrobenzene 109 can be sequentially
displaced by either N-aryl or N-alkyl benzene-1,2-diamines this route enables the preparation
of both symmetrical and unsymmetrical zwitterionic isodi(aryl/alkyl)fluorindines. The
mono-N-methylated and the N,N-bisprotonated products of isodiphenylfluorindine 104 were

isolated as blue crystals with bronze and gold metallic luster, respectively.?>2%

PhHN NHPh

EhH . . ’PerEt EtOH
Q0 - O e @m@
NH, O,N NO,
107 109

i) Hy, Pd/C, EtOH, 20 °C, 3 h

Ph Ph
| , N N
ii) EtOH, Air, 80 °C ©: :@
90% > %
’ N N

Scheme 30. Regiospecific synthesis of isodiphenylfluorindine 104.

287-290

The various syntheses of both diphenylfluorindines and their quaternary salts have

been patented since the early 1900s as these materials have been used as electroactive

291

components,”’! nonlinear optic chromophores,?*? fiber and textile dyes (cellulose, cotton and

polyacrinonitrile),>**%* keratine dyes,?*>**° and components in inks.>72%

In 1923, Kehrmann tested isodiphenylfluorindine 104 with K>Cr207 in a mixture of acetic
and perchloric acid.?* He expected that, similar to the oxidation of N-phenylphenazine 110
that affords aposafranone 111, the oxidation of isodiphenylfluorindine 104 would afford
fluorindone 112 (Scheme 31).
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Scheme 31. Oxidation of phenazine 110 to aposafranone 111 (top) and expected oxidation of

isodiphenylfluorindine 104 to fluorindone 112 (bottom).

Elemental analysis of the product, revealed that the oxidation stopped half-way: the isolated
green metallic leafs gave a correct analysis for 3-oxo-isodiphenylfluorindinium perchlorate

113, not the expected fluorindone 112 (Scheme 32).

F°h Bh i) HCIO, (70%), AcOH, 20 °C Ph Ph o ClO,

» se = =
N N N N

104 113

Scheme 32. Kehrmann's oxidation of isodiphenylfluorindine 104.

While fluorubine's 89 electronic spectra support the 6,13-dihydro isomer,*”° tautomerization
can lead to complex and inseparable reaction mixtures. For example, N-methylation of
fluorubine 89 can give benzenoid 114 and 115, quinoidal 116 and 117 or zwitterionic 118
and 119 systems (Scheme 33).

H Me Me
N. _N__N N. _N__N N. _N__N
AN AN N ~ ~ N
N"ONTON N” N T N T N

ﬂ 114 Me 115 Me
H l\llle I\|/Ie
N. N_ _N N N N N. N__N
LTI memem QULLID QCLL
NS NS NS NS ~ NS
N” N7 N N” NTON N"NTON
H Me Me
ﬂ 116 117
H Me Me Me Me
N_ _N__N N._N._N N._N._N
XY Y Y
0 rr ) Crrr i
N” NN N~ NN N7 ONT N
H Me
89 118 119

Scheme 33. Fluorubine 89 tautomers and possible N-methylated derivatives 114-119.
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In practice, N-methylation is postulated to occur on the outer pyrazine ring,**! and alkylation
with bulkier groups or long alkyl chains gives 6,13-disubstitued derivatives that are isolated
in low yields (15-22%).%> Multi-step syntheses provide access to regiospecifically N-
substituted fluorubines; typically, in such cases, the starting materials are already N-
functionalized, or support ring fusion that provide steric hindrance and direct the substitution
on the central pyrazine ring. Like fluorubine 89, the N-functionalized derivatives are highly
fluorescent, but these and the peripherally benzofused analogues®*® can self-assemble to

302,304

various crystalline morphologies and form even nanotubes.**

Condensation of diamine 49 with N,N'-difunctionalized tetraazaanthracenes 120 affords the
benzenoid outer pyrazine N,N'-disubstituted fluorubines 121 as red solids in 8-20% yields
(Scheme 34). Fluorubines 121 (E,°P' ~ 2.4 eV, ELumo ~ —3.4 eV, Enomo ~ —5.6 eV) exhibit
green-yellow fluorescence. Monoprotonated analogues exhibit orange fluorescene, with
marginally lower E,°P' ~ 2.3 eV, while CV estimations of FMOs gave Erumo ~ —4.6 eV and
Enomo ~ —6.9 eV. Bisprotonated analogues exhibit red fluorescence, have lower E,°P' ~ 2.0

eV, ELumo ~—4.8 eV and Enomo ~ —6.8 eV values similar to the monoprotonated species.>*

Nach3 DMA

R
N._ _N. _CN NH,
L - X m“”“(IIII)
~ [))
N~ N7 “CN NH, 8-20%
' aR=tBu

b R = 4-BuCgH,

120a-c . ¢ R = 4-MeOCgH,

121a-c

Scheme 34. Synthesis of outer pyrazine ring N-functionalized fluorubines 121.

Condensing 5-phenyl-5,10-dihydro-pyrazino[2,3-b]quinoxaline-2,3-dicarbonitrile 122 with
diamine 49 gives phenylfluorubine 123 in 14% yield (Scheme 35); the low yield was
attributed to insolubility of the product and unwanted side reactions. The resulting fluorubine
123 (E,°7 2.58 €V, ELumo ~ —4.0 eV, Enomo ~ —6.6 €V) can be monoprotonated (Eg°P 2.25
eV, ELumo ~ —4.3 eV, Enomo ~ —6.65 €V) and bisprotonated (E;°P 2.13 eV, Erumo ~ —4.7
eV, Enomo ~ —6.83 eV). Protonation lowers the E,°"' and Erumo, useful for n-type

semiconductors. All species are fluorescent in solution.>"’”

Ph Na,CO Ph

N_ _N. _CN NH, #2Ys N_ _N_ _N
QU - QI e QUL
~ 149 — NS
N" N7 CN NH, % N" NN
H H
123

122 49

Scheme 35. Synthesis of N’-phenylfluorubine 123.

Condensation of 2,3-dichloro-5-phenyl-5,10-dihydropyrazino[2,3-b]quinoxaline 124 with
diamine 107 gives the quinoidal 5,12-diphenyl-5,6,7,12,13,14-hexaazapentacene 125 (3%)
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and the zwitterionic 5,7-diphenyl-5,6,7,12,13,14-hexaazapentacene 126 (20%) (Scheme
36).>% Hexaazapentacene 125 (E.°P 2.35 eV, Erumo —3.09 eV, Enomo —5.45 eV) was
isolated as a red-brown powder which dissolved in DCM to give a yellow solution with green
fluorescence. Monoprotonation led to a red-shifted orange-red solution with orange
fluorescence (E.°P 2.15 eV) and bisprotonation leads to an additional red-shift to purple
solution with red fluorescence (E,°P' 2.05 eV). Hexaazapentacene 126 (E.° 1.92 eV, ELumo
—3.30 eV, Enomo —5.25 eV) was isolated as green metallic crystals that dissolved in DCM
to give a purple solution with red fluorescence. Monoprotonation (E.°P 2.20 eV) gives an
orange red solution with orange fluorescence and bisprotonation (E°" 2.05 eV) gives a

purple solution with red fluorescence.

Ph Ph ligi Ph Phyy  Ph
N_ _N_ _Cl Ny condine N_ _N_ _N N_. N_ _N
D 140 °C, 72 h 2Nz N
| + S 2 .

— — ~ IARNT A IRN
NN el NH, N” NN N~ N7 N
H |

Ph
124 107 125 126

Scheme 36. Condensation of quinoxaline 124 with diamine 107.

N? N’ N°, N®-Tetraarylpiperazine-2,3,5,6-tetraimine 127, can tautomerize to its quinoidal
form, and oxidatively cyclize to give symmetrical and unsymmetrical quinoidal and
zwitterionic N,N'-diaryl-5,6,7,12,13,14-hexaazapentacenes 128 (major) and 129 (minor),
respectively (Scheme 37).3%

Aoy A
l}l/ ” \l?l i) Pb(OAc)4, K,CO3
Ar Ar dioxane, 80 °C

r
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~
N7 N "NH
Ar Ar
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Scheme 37. Preparation of hexaazapentacenes 128 and 129.

NN ,N”-Trisubstituted-S,6,7,12,13,14-hexaazapentacene salts 130 can be prepared either
by decomposition of substituted 1,2-diazetines 131 (<1%) or by cyclization of functionalized
symmetrical amino-bridged bis(quinoxalinones) 132 (20-30%), derived from reaction of N-
aryl-3-(arylamino)quinoxalinones 133 with N-aryl-3-chloroquinoxalinones 134 (30-90%)
(Scheme 38).>!° The hexaazapentacene salts 130 are red, violet or brown solids and their

DCM solutions exhibit orange fluorescence with E,°P" values between 2.0 and 2.25 eV.
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Scheme 38. Routes to hexaazapentacene salts 130.

1.4.3 Higher order azaacenes

Of the higher azaacenes (> five fused rings), none of the parent systems have been realized,
however, several of their N,N'-dihydro analogues are known, while oxidation of those has
been reported to lead to dimer species, rather than the desired azaacenes. For example,
condensation of anthracene 51a with naphthalene 50 (neat) at 220-230 °C gave 6,15-
dihydro-6,15-diazahexacene 135 but its oxidation, using either p-chloroanil or PbO, failed

(Scheme 38).2%°
OoH NH N
OH NH, ”
51a 50 135

%
o0

Scheme 39. Synthesis of 6,15-dihydro-6,15-diazahexacene 135.

Similarly, condensation of 2,3-diaminonaphthalene 50 with 2,3-dihydroxyphenazine 136 or
2,5-dihydroxy-1,4-benzoquinone 137 gave 6,15-dihydro-6,8,13,15-tetraazahexacene 138
(58%) and 6,17-dihydro-6,8,15,17-tetraazaheptacene 139 (61%), respectively, as dark violet

powders; no efforts to oxidize them to their azaacenes were reported (Scheme 40).%!!
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Scheme 40. Synthesis of N,N'-dihydro-tetraazahexacene 138 and tetraazaheptacene 138.

Condensation of benzene-1,2-diamine 49 with 1,4-dihydropyrazino[2,3-b]phenazine-2,3-
dione 140 affords N,N'-dihydro-5,6,8,13,15,16-hexaazatetracene 141 as a black solid in 75%

yield (Scheme 41).>!2 No attempts to oxidize it to its azaacene have been reported.

AcOH (cat.)

Jr IZ T - @NHQ P s (7 IZ LI

Scheme 41. Synthesis of N,N'-dihydro-hexaazahexacene 141.

Tautomerization of the larger N,N'-dihydro azaacenes, made from two smaller aromatic
systems connected via the NHs, affords their quinoidal motifs, similar to the
dihydroazapentacene homologues.’'* This leads to more stable N,N'-dihydroazaacenes
which renders them difficult to oxidize to their parent azaacenes. Reports of stabilized and
difficult to oxidize substituted N,N'-dihydro tetraaza- and hexaazahexacenes have also

appeared.’!4316

Several larger azaacenes (n > 6) are highly reactive and spontaneously dimerize upon
oxidation of their N, N'-dihydro analogues. Examples include 7,14-bis[(triisopropylsilyl)-
ethynyl]-6,15-diazahexacene 142, which is stable long enough to be fully characterized but
not stored; the material dimerizes to 143 in solution. For the analogous diazaheptacene, the
oxidation of the N, N'-dihydro precursor 144, leads directly to its butterfly dimer 145, without

the isolation of the monomer (Scheme 42).3'*
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Scheme 42. Dimerization of bis[(triisopropylsilyl)ethynyl] azahexacene 142 and azaheptacene 144.

Introduction of two cyano groups at C2 and C3 on 7,14-bis[(triisopropylsilyl)ethynyl]-6,15-
diazahexacene 142 did not improve its stability; the azahexacene 146 was unstable under
ambient conditions (Fig. 17).>!7 Incorporation of four triisopropylsilylethynyl groups at
positions 5,9,14,18 on the symmetrical 7,16-diazaheptacene 147a (Fig. 17), improved its
stability but not for long; the diazaheptacene 147a dimerized slowly in both solution and
solid state. When the iso-propyl group was changed to the sec-butyl, the resulting
azaheptacene 147b was only stable in solution for 1 h, then dimers of acene 147b also
appeared. Other substitutions failed to improve the stability of 7,16-diazaheptacene, but their

N,N'-dihydro analogues were stable.*'®

R R R
N CN N
N N
U 2000000
N CN N
R R R

146 R = C=CTIPS 147a R = C=CTIPS
147b R = C=C*Bu

Figure 17. 5,9,14,18-Tetrasubstituted N, N'-dihydro diazaheptacenes 146 and 147.

Several bis(triisopropylsilylethynyl) N,N'-dihydro tetraaza- 148 and hexaazahexacenes 149
have been reported following a Pd-catalyzed C-N coupling protocol and all are easily
isolable, purified and characterized as yellow, orange or red solids that exhibit fluorescence
(Fig. 18).313316 The parent N,N'-dihydro bis(triisopropylsilylethynyl) tetraaza- 148a and
hexaazahexacenes 149a can be oxidized to their azahexacene analogues but the fluoro,
chloro and nitro-substituted N,N'-dihydro hexaazahexacenes 149b—e and the nitro- and

tetrachloro-substituted N, N'-dihydro tetraazahexacenes 148e—f cannot.?!>31¢
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Figure 18. N,N'-Dihydro tetraaza- 148 and hexaazahexacenes 149.

Ring fusions, e.g., phenanthrene- 150,3!°, pyrene- 151°2°3! and iptycene-fused systems
152,269332 respectively, enhance the stability of azaacenes and allow the construction of

systems with up to 16 linearly fused rings (Fig. 19).

(
vy oy

Figure 19. General structures of azaacenes with phenanthrenes 150 to the acene periphery (left),

pyrene core 151 (center) and iptycene moiety 152 (right).

320,333

Some higher azaacenes have been studied as discotic liquids or as thin-films,**! while

azaacenes nperipherally fused to phenanthrenes showed anion recognition.!’

315,316

Silylethynylated or halogenated hexaazahexacenes, and cyano-substituted

317 Opt

diazaacenes” ' absorbed in the near infrared (NIR) leading to low E¢ ** values of 1.1 to 1.5

eV, making these higher azaacenes interesting for various applications.
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1.5 Scope of Thesis

The interest in n-type organic semiconductors has led to incorporation of heteroatoms into
classical acene cores in an effort to lower ELumo and improve stability, while keeping the E,
small enough to facilitate electron transport. Azaacenes are particularly interesting
molecules in this area but their study is mostly limited to non-charge separated, closed shell
azaacenes. Closed shell zwitterionic azaacenes, such as isofluorindines that have been
known for over 100 years and used as dyes, have received much less attention with respect
to their potential as organic semiconductors. In particular, studies on their oxidative stability

and their oxidation products are rare.

Since the oxidative stability of organic semiconductors affects the device performance and
lifetime, we considered it worthwhile to reinvestigate the oxidative stability of isofluorindine
104 which was claimed to give mixtures of two potentially useful quinonimines 112 and 113
(Scheme 43). Such a study can reveal new details regarding their physical and chemical
properties, and will lead to a better understanding of their use as organic semiconductors.
Furthermore, the study could reveal new redox active compounds with potential applications

in the field of organic electronics or beyond.
Ph Ph Ph Ph Ph Ph
N N
QO = Ly Coor s
P2 NS 7 = _ X —
N N N N cio, N N
104 113 112

Scheme 43. Proposed oxidation products of isodiphenylfluorindine 104.

The study begins (Chapter 2) with a reinvestigation of Kehrmann's 1923 oxidation of
1sodiphenylfluorindine 104 (Sect. 1.4.2), a paper that had received no citations for nearly a
century. The work then evolves to look at the oxidative behavior of structurally analogous

zwitterionic azaacenes and their related chemistry.
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2.1 Introduction

The chemistry of zwitterionic isodiphenylfluorindine 104 (5,7-diphenyl-5,7,12,14-tetraaza-

281,282 285,286 N-

pentacene) is limited to its non-regiospecific and regiospecific syntheses,

239,246,285.286 and Kehrmann's oxidation?” to the para-quinonimine fluorindinium

alkylation
perchlorate 113 (Sect. 1.4.2). Replacement of the phenyls with alkyl chains, leads to
improved solubility and one of these analogues, the isodi(n-octadecyl)fluorindine®** 153

(Fig. 20) has shown liquid crystalline behavior.

Row
L O
N~ SN

104 R = Ph
153 R = n-C1gH37

Figure 20. Structure of isofluorindines 104 and 153.

In 1923, Kehrmann reported the KoCr.O7-mediated oxidation of isodiphenylfluorindine 104
in a mixture of acetic (AcOH) and perchloric (HC1O4) acids and proposed the formation of
the mono oxo product 113 where oxidation had occurred at the C3 position (Sect. 1.4.2).%%°
This proposal was based on elemental analysis of the product 113 and its structural similarity
with phenazine 110, which was known to oxidize to give the para-quinonimine 111,>% aka.

aposafranone (Scheme 44).
Ph Ph
00 = Qlxrr
N N
H

i) HCIO4 (70%), AcOH, 20 °C

Bh Ph
ii) K,Cr,05 (2.4%), 20 °C NN o
pZ _ _
N N CIO;
113

Scheme 44. Oxidation of phenazine 110 to aposafranone 111 (top) and Kehrmann's oxidation of

isodiphenylfluorindine 104 (bottom).

Interestingly, the use of K2Cr,O7 in acidic media (K>Cr,07/H") to oxidize homofluorindine
79 or N,N'-dihydrodiazapentacene 47, gave 6,13-diones 80%*° or 154,%3¢ respectively
(Scheme 45).
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Scheme 45. Oxidation of homofluorindine 79 and N, N'-dihydro-5,14-diazapentacene 47 to 6,13-
diones 80 and 154.

In light of the above, Kehrmann's proposed structure of 3-oxo-isodiphenylfluorindinium
113, seemed doubtful: Oxidations of similar structures, suggested the reactivity of
fluorindine 104 would be at the more electron rich central carbon of the —ve cyanine (i.e.
position C13). Visualization of the HOMO and a Mulliken charge analysis of fluorindine
104 also showed considerably more electron density at the C13 position of its —ve cyanine
than at the peripheral C3/9 positions (Fig. 21). Furthermore, the unexpected base-mediated
methylation®*® of the homofluorindine 79 at the C13 position (Sect. 1.4.2) supported

extensive electron density at that carbon.

(- ) (-

N(’;Ojﬂ(\ )

Mvojg*’

a) by @ °

Figure 21. Visualization of a) HOMO and b) Mulliken charges of isodiphenylfluorindine 104 as
calculated with DFT UB3LYP/6-31G(d). Hydrogens omitted for clarity.

2.2 Oxidation of Isodiphenylfluorindine 104

2.2.1 Reinvestigation of Kehrmann's oxidation protocol

We started by repeating Kehrmann's reaction as described in his 1923 article.?*” As such, the
dropwise treatment of isodiphenylfluorindine 104, solubilized in AcOH and HCI1O4, with
aqueous K>Cr207 (2.4% w/v), led to a color change of the reaction mixture from blue to
blue-violet with a red-violet hue, and was followed by precipitation of the crude product as

a dark purple powder. This was collected by filtration, washed and recrystallized from either
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1,2-dichloroethane (DCE) or acetonitrile (MeCN) to give product 155 as dark green flakes
with a metallic sheen in 74 and 75% yields, respectively. Elemental analysis and mass
spectrometry of product 155 recrystallized from MeCN, supported the molecular formula of
C30H19CIN4Os in agreement with Kehrmann's findings and the infrared (IR) spectra showed
a medium intensity peak at 1698 cm' typical of a carbonyl group. 'H and '*C NMR
spectroscopic data, however, did not match Kehrmann's proposed structure but supported a
symmetrical structure. The "H NMR spectra, recorded in CD3CN supported the loss of the
H13 signal of fluorindine 104 and confirmed the presence of all the H's from the peripheral
arenes as a doublet of doublets at oy 8.36, two doublet of doublet of doublets at g 7.85 and
7.79 and a doublet at o 7.06, corresponding to two Hs each. Two multiplets of on 7.64—7.61
and 7.27-7.26 corresponding to six and four Hs, respectively, were tentatively assigned to
the N-phenyl Hs while a singlet peak at oy 4.76, integrating for one proton, was tentatively
assigned to the H6. The '*C NMR spectra, also recorded in CD3CN, showed a downfield
singlet signal at dc 177.2, typical of a carbonyl group, five additional singlets and seven
doublets. From the 2D NMR data, all the peripheral and aromatic Cs were assigned,
however, the doublet C13 carbon signal of fluorindine 104 was missing and as such it was
postulated to be the downfield carbonyl signal. Combining all the spectroscopic data, we
tentatively suggested that the oxidation occurred at the C13 position, which was not
surprising as this was the most electron rich carbon (Scheme 46). Interestingly, product 155
co-crystallizes with one molecule of DCE when the latter is used for the recrystallization, as

indicated by the elemental analysis and 'H NMR.

i) ACOH, HCIO, (70%), 20 °C, 5 min Ph ClO.-
ii) KoCry07 (2.4% wiv), 20 °C, 10 min | 4

£h ph £h
NN iii) H,0, 20 °C, 30 min @[N\ ﬁ /Nj@
NT SN 5% NN
o)
104

155

Scheme 46. Oxidation of isodiphenylfluorindine 104 with K,Cr,O-/H".

Fluorindinium 155 was thermally stable: thermal gravimetric analysis (TGA) revealed
minimal mass loss up to 384.3 °C and differential scanning calorimetry (DSC) gave a
decomposition onset at 368.7 °C. Control studies indicated that all three reagents were
needed for the reaction, as the absence of either KoCr2O7, HC1O4 or AcOH led to no reaction

and the quantitative recovery of isodiphenylfluorindine 104.

Mechanistic rationale for the formation of fluorindinium 155 follows: in the presence of acid,
isodiphenylfluorindine 104 protonates on one of the nitrogens of the —ve cyanine,**® to give

156. Tentatively, this can react with chromic acid to give the nitrogen adduct 157. Via a 2,3-
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sigmatropic shift (Etard reaction),*” oxygen transfers to the C13 position of the central ring.

A subsequent elimination of dihydroxychromium gives the fluorindinium 155 (Scheme 47).

TFRD — L

0= Cr OH
156 Hd bH 157
= @E ﬁ ]@
o CL * ton
on _OH ClO,
HO' @W 155

Scheme 47. Tentative Mechanism for the K»Cr.O7/H -mediated oxidation of

isodiphenylfluorindine 104 into 13-oxo-isodiphenylfluorindinium perchlorate 155.
2.2.1.1 X=Ray study of 13-oxo-isodiphenylfluorindinium perchlorate 155

Recrystallization of product 155 from DCE gave suitable single crystal for X-ray analysis
that supported the product to be 13-oxo-isodiphenylfluorindinium perchlorate 155 (Fig. 22).

C31

Figure 22. ORTEP view of 13-oxo-isodiphenylfluorindinium perchlorate 155. 50% Probability
ellipsoids. Hydrogens omitted for clarity. Crystallographic numbering shown.

Molecules of fluorindinium 155 crystallize in the monoclinic P21/c space group together

with one non interacting molecule of DCE [d(c18-1--cn-c31) 3.612 A and d(c22-1--c2-c31) 3.622
A] in the asymmetric unit (Z = 4) (Fig. 22). A disordered perchlorate anion was located ca.
2.76 A above the plane of the central ring of the tetraazaacene. The tetraazapentacene unit
of the fluorindinium 155 was nearly planar and the N-phenyl substituents twisted in a
disrotatory manner out of the tetraazaacene plane by 78.04° and 63.27°, respectively. Bond

length analysis supports the presence of a typical carbonyl group (C=0) of 1.207(4) A [bond
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order 2.1].%* Bond length analysis of N1-C7-C12-C11-N3 (+ve cyanine) shows very small
deviation (£0.005 A) from the corresponding isodiphenylfluorindine 104 bond lengths,?*
thus supporting the presence of the +ve cyanine. The bond lengths of N4-C10 [1.292(4) A]
and N2-C8 [1.300(4) A] are typical for imine (C=N) bonds [cf dc-n) = 1.313 A in
imidazole],** while the C9-C10 [1.506(4) A] and C8-C9 [1.501(4) A] are typical single C-

C bonds [¢f. d(cy3-cy? 1.506 A in cyclohexene].™*® The overall N2-C8-C9-C10-N4 bottom

half of the tetraazapentacene is connected via long C-C bonds [d(c7-cs) 1.452(4) A, dcioci
1.462(4) A] that are similar in length to the analogous C-C bonds [d(c7-cs) 1.458(2) A, d(cio-
c11y 1.456(2) A] that separate the two oppositily charged cyanines of isodiphenylfluorindine
104. With a bond length of 1.207(4) A the C9-O1 bond is typical for a carbonyl (C=0) bond
[cf: dic=0)=1.211 A in cyclohexanone]**® (Appx. I).

13-Oxo-isodiphenylfluorindinium perchlorate 155 forms offset, opposingly orientated, face-
to-face 7-m dimers with an intra-dimer separation of 3.353 A. There are no inter-dimer

interactions and between the dimers there is a non-interacting molecule of DCE (Fig. 23).

Figure 23. ORTEP views of 13-oxo-isodiphenylfluorindinium perchlorate 155 packing along a) a
axis, b) b axis and c) ¢ axis including atoms from molecules where any atom fits within the unit

cell. 50% Probability ellipsoids. Hydrogens omitted for clarity.
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2.2.12 X=Ray study of isodiphenylfluorindine 104

A single crystal X—ray structure of isodiphenylfluorindine 104 has previously been reported,
however, a molecule of DCM was incorporated in the structure and was disordered over two
partial occupancy sites, thus leading to poor refinement.”® For the sake of a better refined
and a more reliable bond length comparison between structures 104 and 155, suitable single
crystals of isodiphenylfluorindine 104 were grown from vapor diffusion of n-pentane into a
DCM solution at ca. 20 °C and a new improved (R = 0.0378) single crystal X—ray structure
was obtained (Fig. 24).

C31

cn cr

Q =

Figure 24. ORTEP view of isodiphenylfluorindine 104. 50% Probability ellipsoids. Hydrogens

omitted for clarity. Crystallographic numbering shown.

Isodiphenylfluorindine 104 co-crystallizes with one essentially non interacting molecule of

DCM [d(c31-1---n4) 3.213 A] in the centrosymmetric P1 triclinic space group. Fluorindine 104
displays a nearly planar tetraazaacene unit that hosts two almost orthogonal N-phenyl
substituents that twist in a conrotatory manner out of the tetraazaacene plane by 80.39° and
75.85°, respectively (Fig. 25). Analysis of the N1-C7-C12-C11-N3 (+ve cyanine) and N2-
C8-C9-C10-N4 (—ve cyanine) bond lengths, as well as the elongated C-C bonds of d(c7-cs)
1.458(2) A and d(cio-c11) 1.456(2) A [cf. dicg?-cgp?) 1.410 A in pyrazole],>*® that connect the

+ve and —ve cyanines, suppport its zwitterionic biscyanine character (Appx. I).

Fluorindine 104 forms offset, opposingly orientated, face-to-face 7-z dimers with an intra-
and inter-dimer separation of 3.472 and 4.795 A, respectively; the intra-dimer separation
was notably smaller than that previously reported (d = 3.58 A).?®> Presumably, the
contrasting orientation of the 7-7 dimers was owed to electrostatic attraction between the
opposite charged cyanines and/or an attempt to cancel the dipole moments within the crystal
lattice; there are also weak intra-dimer edge-to-face interactions of 3.522 and 3.5445 A

between the tetraazapentacenes and the phenyl substituents of the opposingly facing
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azaacene (Fig. 25). The dimer pairs pack in a 1D slipped ladder motif with edge-to-face
interactions between neighboring ladders of 3.417 and 3.636 A. Weak inter-dimer (3.587 A)
edge-to-face interactions between the tetraazapentacene moiety and the phenyl substituents
assist in the ladder packing (Fig. 25). The packing structure of isodiphenylfluorindine 104 is

similar to that of the zwitterionic 5,7-diphenyl-5,6,7,12,13,14-hexaazapentacene 126.3%

Wﬁix

Kszzf-\ c

T

J

Figure 25. ORTEP view of crystal packing analysis of isodiphenylfluorindine 104 showing
intermolecular face-to-face and edge-to-face contacts. To assist the visualization, dimer pairs in 1D
ladders are alternatively colored red and green. Multiple side views. 50% probability ellipsoids.

Hydrogens and co-crystallized DCM omitted for clarity.
2.2.2 Effect of other oxidants on isodiphenylfluorindine 104

The reactivity of isodiphenylfluorindine 104 to other oxidants was also examined. Oxidants
HgO, Ag,O or Pd/C (20 equiv) in DCM gave no reaction and the starting material was
recovered. Use of more HgO or Ag>0 (50 equiv) in DCM gave only traces of a second less
polar green product (by TLC and MALDI-TOF), while Pd/C (50 equiv) gave a more
complex reaction mixture (by TLC and MALDI-TOF). Stronger oxidants such as
phenyliodine bis(trifluoroacetate) (PIFA, 1 equiv) and MnO> (50 equiv) worked better,
giving only one product (by TLC and MALDI-TOF), as such we focused on these two

reactions.
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2.2.2.1 Effect of phenyliodine bis(trifluoroacetate) (PIFA)

Treatment of a solution of isodiphenylfluorindine 104 in dry DCM with PIFA (1 equiv) at
ca. 20 °C for 24 h gave a polar [Rr 0.48 (DCM/MeOH, 90:10 + 30 mg HCI 37%)] deep green
[Amax 819 nm (log £ 4.30)] colored product 158 in 85% yield. Product 158 gave a deep green
solution in DCM, CHCIl3 and THF (basic or neutral conditions), while in acidic solvents it
gave a deep blue color similar to fluorindine 104, possibly indicating a zwitterionic structure.
Product 158, when recrystallized from EtOH formed shiny blue cubes and elemental analysis
supported the fluorindine 104 structure. MALDI-TOF analysis (m/z 871), however, showed
clearly the formation of a dimer of isodiphenylfluorindine 104 (m/z 436). The 'H and '*C
NMR data, collected in deuterated trifluoroacetic acid (TFA-d) due to solubility issues,
supported a completely symmetrical structure. The 'H NMR spectra supported the loss of
the H13 signal of fluorindine 104 and confirmed the presence of all the Hs from the
peripheral arenes as a doublet of doublet of doublets at ou 7.44, a doublet of doublets at ou
7.36 and a doublet at dn 6.79, corresponding to four, eight and four Hs, respectively. The N-
phenyl Hs were tentatively assigned to the two multiplets present at oy 7.68—7.65 and 7.33—
7.30, corresponding to 12 and 8 Hs, respectively and last, a singlet peak at ou 5.61,
corresponding to 2 Hs was assigned to the H6. The '*C NMR spectra, showed the C13 carbon
signal as a singlet instead of a doublet for fluorindine 104 supporting that chemistry had
taken place on the C13 position and furthermore five singlets and seven doublets were
present. The IR spectrum of product 158 was almost identical to that of
isodiphenylfluorindine's 104. Based on all the above spectroscopic data, we proposed the
zwitterionic dimer 158 as the product of the reaction of fluorindine 104 with PIFA (Scheme

48).

Ph Ph )
lll ’1‘ PIFA (1 equiv)
= = DCM, ca. 20 °C, 24 h
2 N 85%
N N
104

| |
Ph Ph

Scheme 48. Oxidation of isodiphenylfluorindine 104 to 13,13'-bi(isodiphenylfluorindine) 158.

Dimer 158 showed high thermal stability with DSC and TGA decomposition onset points
389.7 and 393.6 °C, respectively and remained stable under the reaction conditions, i.e. dry
DCM, PIFA (1 equiv), at ca. 20 °C, even with prolonged reaction times. Additional
equivalents of PIFA had no effect.
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2222 Effect of MnO:

Treatment of a solution of isodiphenylfluorindine 104 in dry DCM with MnO, (50 equiv) at
ca. 20 °C for 72 h, gave a new less polar [Rr 0.54 (DCM/THF, 50:50)], higher mass (m/z
932), deep blue [Amax 620 nm (log & 5.47)] colored product 159 which was isolated in 89%
yield after chromatography. This procedure worked well on small scale reactions but large
scale reactions were difficult to chromatograph due to fast crystallization of product 159 on
the chromatography column. For these larger scale reactions, the product 159 was isolated
via a Soxhlet extraction using toluene (PhMe), in 92% yield as blue needles with a metallic
copper luster. Product 159 dissolved easily in both polar and non-polar solvents, always
forming deep blue solutions, while under acidic or basic conditions kept its blue color,
indicating a non zwitterionic character. Elemental analysis supported the formula
Ce0H34NsO4, while the 'H and '3C NMR data, collected in CD,Cl, and in CDCl3, supported,
in both cases, a completely symmetrical structure. The 'H NMR spectra in CD,Cl, supported
the loss of the H13 signal of fluorindine 104, showed 2 multiplets at ou 7.60—7.52 and 7.28—
7.25, corresponding to 12 and 8 Hs, respectively, which were tentatively assigned to the N-
phenyl Hs, 2 doublets at oy 7.22 and 5.47 and a doublet of doublets at oy 6.71 corresponding
to 4 Hs each, assigned to the peripheral Hs and last a singlet peak corresponding to 2 Hs at
ou 5.78 assigned to H6. Similarly, in CDCI; two multiplet peaks at oy 7.58-7.51 and 7.28—
7.25 corresponding to a total of 24 Hs, tentatively assigned to the N-phenyl Hs and 4 of the
peripheral arene Hs, a doublet of doublets and a doublet, each corresponding to 4 Hs at du
6.77 and 5.56, respectively, tentatively assigned to the peripheral arene Hs and last a singlet
peak, corresponding to 2 Hs was observed at éu 5.81. In the '*C NMR spectra a downfield
singlet peak was observed at dc 184.8, in both CD,Cl, and CDCls, which is typical of a C=O
group, six singlet peaks and six doublets in CD>Cl,, while in CDClIs, six singlet peaks and
seven doublets were present. From the 2D NMR spectra, all peaks were assigned; the C13
peak was confirmed to be a singlet and the C3/9 peaks were confirmed to belong to carbonyl
groups. As such, we tentatively suggested that product 159 was a dimer of fluorindine 104

which oxidized further at C3 and C9 positions (Scheme 49).

Ph
o) N N o}
Ph Ph _
,{j lll MnO, (50 equiv) \I\i\t[\ ‘ /jij
@[ j@ DCM, 20 °C, 72 h N N 159
P “ 89% N
" L1 X
104 o) N
Ph
Scheme 49. Oxidation of isodiphenylfluorindine 104 to 13,13'-bi(isodiphenylfluorindone) 159.

44



Assuming that the dimerization at C13 position took place first, and then was followed by
the oxidation at C3/9, we treated the 13,13'-dimer 158 with MnO» (50 equiv) in dry DCM at
ca. 20 °C. Within the first 5 min, the reaction changed from a deep green color to deep blue
and a less polar [Rr 0.54 (DCM/THF, 50:50)] deep blue [Amax 620 nm (log & 5.47)] colored
product was observed. The reaction finished in 1 h and the product was isolated in
quantitative yield. Its spectroscopic data were identical to 13,13'-dimer 159 which supported
our original hypothesis, i.e., dimerization at C13 position occurs first, followed by the

oxidation of 13,13'-dimer 158 at C3/9 positions to give 13,13'-dimer 159 (Scheme 50).

Fh Ph wh

N (0] N N (0]

]@ MnO, (50 equiv) @:\ O /jj
N DCM, 20 °C, 1 h N N

/N:© 100% Q:/N ‘ N\:@

) D o A7 20

Ph Ph Ph

158 159

Scheme 50. Oxidation of 13,13'-bi(isodiphenylfluorindine) 158 to 13,13'-
bi(isodiphenylfluorindone) 159.

Dimer 159 also exhibited high thermal stability with DSC and TGA decomposition onset
points 466.0 and 474.1 °C, respectively.

2.2.2.3 X-Ray studies of 13,13"-dimers 158 and 159

Both 13,13'-dimers 158 and 159 display good solubility in typical organic solvents, which

enabled the growth from solution of X-ray quality single crystals.

X—Ray quality purple plates of 13,13'"-bi(isodiphenylfluorindine) 158 were obtained from
vapor diffusion of n-pentane into CHCIl3 at ca. 20 °C. The 13,13'-dimer 158 crystallized in
the orthorhombic space group Ccca [a=11.3972(8) A, b=26.908(3) A, c = 18.5326(10) A,
a = f =y =90°]. The asymmetric unit consists of the 1/4 of the whole molecule, reflecting
the high symmetry of dimer 158 (Fig. 26). An analysis on the N1-C7-C10-C7a-Nla (+ve
cyanine) and N2-C8-C9-C8a-N2a (—ve cyanine) bond lengths of dimer 158 supported its
zwitterionic character (Appx. I). Similar to isodiphenylfluorindine 158 [d(c7-cs) 1.458(2) A
and d(c1o-c11) 1.456(2) A], the +ve and —ve cyanines are connected by long C-C bonds [C7-
C8 1.451(3) Al, of. dcy>-cyp?) 1.410 A in pyrazole.™ The two identical, essentially planar

tetraazapentacene units of dimer 158 are connected by a single C-C bond [C9-C9b 1.494(4)
A] and adopt a scissor geometry with a torsion angle of 68.2(9)°, while the N-phenyls twist

out of the azaacene plane in a conrotatory manner with torsion angle 80.9(6)°.
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Figure 26. ORTEP view of the 13,13'-bi(isodiphenylfluorindine) 158: a) asymmetric unit, b) dimer
158 view along a axis showing each asymmetric unit in different color ( , green, blue,
magenta) with the shared carbon (C) atoms in red and c) scissor conformation view along c axis.

30% Probability ellipsoids. Hydrogens omitted for clarity. Crystallographic numbering shown.

Each tetraazapentacene unit interacts with a tetraazapentacene unit of a neighboring
molecule by slipped edge-to-face z-stacking interactions the shortest of which is 3.558 A
forming a symmetrical 2D sheet. Each sheet is separated by 3.464 A of slipped edge-to-edge

m-interactions (Fig. 27).
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3558 A

o) ' — ‘ d)

Figure 27. ORTEP views of 13,13-bifluorindine 158 packing motif along a) a axis, b) b axis, ¢) ¢
axis and d) side view. The molecules are alternatively colored red and green. 30% Probability

ellipsoids. Hydrogens omitted for clarity.
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Single crystal, X-ray diffraction quality orange plates of 13,13"-bifluorindone 159 were
obtained from vapor diffusion of n-pentane into a DCE solution of the dimer 159 at ca. 20
°C. 13,13'-Bifluorindone 159 crystallizes together with formally half a molecule of DCE, in
the orthorhombic space group Pcca [a =31.3796(6) A, b =9.2968(2) A, ¢ =35.9731(7) A, a
=p=y=90°] (Fig. 28).
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Figure 28. ORTEP views of the 13,13'"-bi(isodiphenylfluorindone) 159 along a) a axis and b) ¢
axis. 30% Probability ellipsoids. Hydrogens omitted for clarity. Crystallographic numbering

shown.

The two tetraazaacene moieties that make up bifluorindone 159 are not identical: one
tetraazaacene is more distorted than the other with a maximum deviation from the plane of
0.342 A (atom C18), while the other has a maximum deviation from the plane of only 0.201
A (atom N7). The tetraazaacenes are connected by a long C-C bond [d(co-c39) 1.500(2) A] cf:

d(cg-cyp?) 1.506 A in cyclohexene,® and adopt a cruciform geometry with a torsion angle

of 83.0(0)°. The four N-phenyl substituents twist out of the tetraazaacene planes in a non-
identical manner: the more distorted tetraazaacene, has the N-phenyl groups twisting out of
the plane in a disrotatory manner with torsion angles of 83.4(4)° (N1-Ph) and 68.8(0)° (N3-
Ph), while the less distorted tetraazaacene has the N-phenyl groups twisting out of the plane
in a conrotatory manner with torsion angles of 82.8(8)° (N5-Ph) and 88.8(9)° (N7-Ph). An
analysis of the C7-C8-C9-C10-C11-C12 and C37-C38-C39-C40-C41-C42 bond lengths of
the central rings (Appx. 1) supports they are both aromatic in character: 13,13'-bifluorindone
159 is therefore, formally a biaryl analogue. Bond length analysis of the peripheral
tetraazaacene rings indicates a para-quinonimine motif: the dic.0) ~ 1.25 A bond length is
typical for carbonyl (C=0) bond cf. d(c-0) = 1.222 A in 1,4-benzoquinone,*** while the do-
c4), diNa-c14), dne-c34) and dns-cao) bond lengths are ~ 1.31 A, typical for an imine (C=N)
bond, cf. dic-ny=1.313 A in imidazole.**® Further support of the para-quinonimine motif are

the elongated C-C bonds in both the more distorted and the less distorted tetraazaacene: dc1-
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c2), d(ca-cs), d(c13-C14), d(C16-C17), d(C31-032), diC34-C35), dica3-casy and d(c7-ca6) are ~ 1.46 A, cf. the
analogous C-C bond in 1,4-benzoquinone is 1.478 A and in general, d(cyy2-cyp2) = 1.460 A).3*
Worthy of note is that the di-cs), dns-c13), dvs-c3s) and dn7-c43) bond lengths are ~ 1.38 A,
cf. dican) = 1.390 A 338 which indicates partial double bond character and suggests a degree
of conjugation and therefore electron release, from the N-phenyl nitrogens to the peripheral

carbonyl groups (Appx. I).

Molecules of bifluorindone 159 host sub van der Waal (~3.2-3.6 A ¢fC-C and C-N ) slipped

face-to-face and edge-to-face interactions with their surrounding tetraazaacenes (Fig. 29).

b)

Figure 29. ORTEP views of 13,13'-bifluorindone 159 packing motif along a) a axis, b) b axis and
¢) ¢ axis for molecules whose centroids fit in unit cell. To assist visualization, the molecules are

alternatively colored red and green. 30% Probability ellipsoids. Hydrogens omitted for clarity.
23 Optical and Electrochemical Properties

The UV—vis spectra of fluorindines 104, 155, 158 and 159 all showed a high energy band in
the UV—vis region and two lower energy bands in the violate and red regions of the visible
spectrum (Fig. 30). The UV—vis spectra of fluorindinium 155 and quinoidal dimer 159 were
significantly blue shifted compared to biscyanines 104 and 158, and the intensity of the low
energy absorption of the dimer 159 was greatly increased (Fig. 30).
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Figure 30. UV—vis of fluorindines 104 (blue), 155 (red), 158 (green) and 159 (magenta) in DCM.

Concentration at ~ 0.01 mM.

The biscyanines 104 and 158 showed similar absorption bands in the UV—vis and violet
region but not in the red region of the spectrum: monomer 104 showed a low energy band
with a typical vibronic progression (0-2/0-1/0-0, 0.5:0.8:1.0 peak ratios), but dimer 158
showed a broader low energy band with a red shifted lower intensity 0-0 vibronic transition
(0-2/0-1/0-0, 1.0:0.9:0.5 peak ratios). This indicated some coupling between the near
orthogonal azaacene moieties. Since the opposing dipole moments of each tetraazaacene
moiety cancel out, no solvatochromic behavior was observed. Nevertheless, dimer 158

displayed acidochromic behavior similar to the starting isodiphenylfluorindine 104,748
2.3.1 UV-vis acidochromism studies
2.3.1.1 Acidochromism study on 13,13"-bi(isodiphenylfluorindine) 158

Ethanolic solutions of bi(isodiphenylfluorindine) 158 are deep green colored [Amax(EtOH)
751 nm (log ¢ 4.98)]. Treating the solution of dimer 158 with HCI (aq. 10%) led to a
hyperchromic blue shift (99 nm) of the lowest energy transition [Amax(EtOH) 652 nm (log ¢
5.28)] that we attribute to monoprotonation of each —ve cyanine, c¢f. the monomethylated
isodiphenylfluorindine has an Amax at 652 nm (log & 4.56).2%® Treating the ethanolic solution
of dimer 158 with a stronger acid [HCIO4 (aq. 70%)] led to a larger hyperchromic blue shift
(114 nm) of the lowest energy transition [Amax 638 nm (log & 5.56)] which again mimicked

286

the bisprotonation of monomer 104 [Anmax 637 nm (log & 5.01)].°° While negative

4,78 it was not evident for dimer

solvatochromism was clearly observed for the monomer 10
158 presumably owing to its zero dipole moment ground state (Sect. 2.4). The UV—vis
spectrum of an ethanolic solution of dimer 158 [Amax(EtOH) 751 nm (log ¢ 4.98)] was

nevertheless different than that in DCM [Amax(DCM) 819 nm (log ¢ 4.30)] and showed a
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notable change in the shape of the vibronic manifold of the lowest energy absorptions; this

has been tentatively attributed to weak H-bonding interactions between the compound and

the solvent (Fig. 31).
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Figure 31. UV—vis of 13,13'-bi(isodiphenylfluorindine) 158 in DCM (blue) and acidochromism
study of 158 in EtOH (red), EtOH/HCI 10% (green) and EtOH/HClO4 70% (magenta).
Concentrations at ~ 0.005 mM.

2.3.1.2 Acidochromism study on 13,13"-bi(isodiphenylfluorindone) 159

No solvatochromic or acidochromic behavior was observed for dimer 159 however, addition
of strong acid [HClO4 (aq. 70%)] to an ethanolic solution of 13,13'-bifluorindone 159 did
not lead to acidochromic behavior but it did lead to a notable change in the shape of the

vibronic manifold of the lowest energy absorptions and a decrease in their intensity, i.e.,

hypochromicity (Fig. 32).
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Figure 32. UV-vis of 13,13'-bi(isodiphenylfluorindone) 159 in DCM (blue) and acidochromism
study of 159 in EtOH (red) and EtOH/HCIO4 70% (green). Concentrations at ~ 0.005 mM.
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2.3.2 Optical band gaps

From the UV—vis spectra of fluorindines 104, 155, 158 and 159, recorded in DCM, the E°

were calculated (Table 2), using the formula (derived from Beer-Lambert Law):

opt _ hXc
g = jonset
Amax

Where £ is Plank’s constant (6.626 x 107>* J-s), ¢ is the speed of light (3.0 x 10 m-s™!) and
Amax®™" (m) is the cut off wavelength in the red region of the UV—vis spectrum. Conversion

factor: 1eV=1.6x 10717,

Table 2. Overview of optical characteristics of fluorindines 104, 155, 158 and 159.

lmax AonSEt E Opt
compd max g

(nm) (nm) (eV)
104 763 819 1.52
155 542 568 2.19
158 819 895 1.39
159 620 646 1.92

233 Cyclic voltammetry studies

DCM solutions (1.0 mM) of fluorindines 104, 155, 158 and 159, containing n-BusNPFs (0.1
M) as supporting electrolyte, were subjected to CV studies, over the range of —1.9to 1.7 V
(vs SCE), using a three electrode cell with glassy C, Pt wire and Ag/AgCl (1.0 M KCl) as
working, counter and reference electrodes, respectively. The studies indicated that the
biscyanines 104 and 158 were electronically similar, showing complex CVs with multiple
redox peaks, while early reduction peaks revealed that isofluorindinium 155 (E12!¢ —0.14 V)
and the tetraquinoidal 13,13'-dimer 159 (E1,,'—0.73 V) were good electron acceptors (Table
3). In particular, the CV of the quinoidal dimer 159 showed at least four quasi-reversible

reductions between —0.73 and —1.39 V.

Table 3. Summary of electrochemical characteristics” of fluorindines 104, 155, 158 and 159.

E4 E3¢ E2¢ Elc El2 E2 E3 E* E® EgCV b
M M V) V) V) V) V) M) M) (eV)

104 -159 -123 —0.69 047 0.04 0.28 0.77 1.03 1.55 1.51
155 -142 -096 -0.76 —0.14 1.67 - - - - 1.81
158 -1.56 -122 -0.68 —047 -0.03 0.27 0.80 1.05 - 1.49
159 -139 -09% 082 —0.73 - - - - - -

“Electrolyte: n-BusNPFg (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and Ag/AgCl (1.0 M KCI)
(reference). Scan rate 100 mV-s~!. Temp. 20 °C. Internal reference: Fc¢/Fc™ (Ererer 0.475 V vs SCE); ? E.SY =
E*— E°.
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2.3.3.1 CV of isodiphenylfluorindine 104

A CV sweep on a DCM solution of isodiphenylfluorindine 104 (Fig. 33) over the range —1.9

to 1.7 V vs SCE, revealed four reductions and five oxidations.

4a 5a
EHZ E1J'Z

30 -+

Current (uA)

-2 -1 0 1 2
Corrected Potential (V) vs SCE

Figure 33. CV of 10 continuous cycles of isodiphenylfluorindine 104 in DCM (1.0 mM).
Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and Ag/AgCl
(1.0 M KClI) (reference). Scan rate 100 mV-s™!. Temp. 20 °C. Internal reference: Fc/Fc* (Ererer
0.475V vs SCE).

The first two reductions are irreversible (E,'¢ —0.47 V, Ep* —0.69 V), increase in intensity
over time and are postulated to belong to electrochemical reactions, while the last two
reductions are quasi-reversible and stable after 10 cycles (E12°° —1.23 V, Eip* —1.59 V).
Tentatively, the latter were assigned to the formation of anion radical 160 and dianion 161
(Scheme 51). The first two oxidations are irreversible (E,'® 0.04 V, E,* 0.28 V) and
postulated to belong to electrochemical reactions. The third and fourth oxidations are
overlapping, but both are visible and quasi-reversible (E12°¢ 0.77 V, E12* 1.03 V) and the
fifth oxidation is quasi-reversible (E12°° 1.55 V). The last reductions are postulated to belong

to the formation of the radical cation 162 and further dication 163 (Scheme 51).

(IIXJ@ = @Iﬁ@ = @*IXD

Ph Ph % %
_ N N _ N N
+1e +1e
-1e” @NJCEND -1e” @[NJCEND
Scheme 51. Tentative redox pathway of isodiphenylfluorindine 104.
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2.3.3.2 CV of 13-oxo-isodiphenylfluorindinium perchlorate 155

A CV sweep on a DCM solution of 13-oxo-isodiphenylfluorindinium perchlorate 155 (Fig.
34) over the range —1.9 to 1.7 V vs SCE, revealed four reductions and one oxidation. To

facilitate the solubility of the fluorindinium 155, 1-2 drops of dry MeCN were added.

Current (pA)

-2 -1 0 1 2
Corrected Potential (V) vs SCE

Figure 34. CV of 10 continuous cycles of 13-oxo-isodiphenylfluorindinium perchlorate 155 in
DCM (1.0 mM). Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C (working), Pt wire
(counter) and Ag/AgCl (1.0 M KCI) (reference). Scan rate 100 mV-s™!. Temp. 20 °C. Internal
reference: Fc/Fc' (Eperer 0.475 V vs SCE).

The first two reductions (E12'°—0.14 V, E,* —0.76 V) are quasi-reversible and are tentatively
attributed to the reduction of the cation to radical 164 and the subsequent formation of anion
165. The last two reductions are also quasi-reversible (E12°¢ —0.96 V, E1* —1.42 V) and
are attributed to the formation of the dianion radical 166 and trianion 167, respectively, while
the single oxidation at E1!* 1.67 V is quasi-reversible and corresponds to the formation of

the dication radical 168 (Scheme 52).

@QD“@@D“@@D
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Scheme 52. Tentative redox pathway of 13-oxo-isodiphenylfluorindinium perchlorate 155.
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2.3.3.3 CV of 13,13"-bi(isodiphenylfluorindine) 158

The CV of 13,13'-bi(isodiphenylfluorindine) 158 in DCM is similar in shape to that of
isodiphenylfluorindine 104 but half in current intensity, with four reductions and four

oxidations; the fifth oxidation is missing (Fig. 35).
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Figure 35. CV of 10 continuous cycles of 13,13'-bi(isodiphenylfluorindine) 158 in DCM (1.0
mM). Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and
Ag/AgCl (1.0 M KCl) (reference). Scan rate 100 mV-s~!. Temp. 20 °C. Internal reference: Fc/Fc*
(Efcre+ 0.475 V vs SCE).

As in isodiphenylfluorindine 104, the first two reductions are irreversible (E,'¢ —0.47 V, E,*
—0.68 V) and increase in intensity over time and the last two reductions are quasi-reversible
and stable after 10 cycles (E12°¢ —1.22 V, E1* —1.56 V). The four oxidations are quasi-
reversible (E12'* —0.03 V, E10* 027 V, E12°* 0.80 V, E1* 1.05 V) but after 10 cycles the

first two become almost irreversible.
2.3.3.4 CV of 13,13 -bi(isodiphenylfluorindone) 159

The CV of 13,13'"-bifluorindone 159 was taken in a DCM solution over the range —1.8 to 1.0
V vs SCE and exhibits four reductions at E12'¢ —0.73 V, E12* —0.82 V, E12° —0.96 V and
Eip* —1.39 V, with the first two overlapping almost completely (Fig. 36). 13,13'-
Bifluorindone 159 possesses four quinonimines, two in each tetraazapentacene moiety.
Owing to the cruciform geometry, there is little to no interaction between the

tetraazapentacene moieties and we assume each behaves independently of the other.
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Figure 36. CV of 10 continuous cycles of 13,13'-bi(isodiphenylfluorindone) 159 in DCM (1.0
mM). Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and
Ag/AgCl (1.0 M KClI) (reference). Scan rate 100 mV-s™!. Temp. 20 °C. Internal reference: Fc/Fc*
(Erere+ 0.475 V vs SCE).

Tentatively, the first two quasi-reversible and almost overlapping one-electron reduction
peaks were assigned to the formation of the bis(anion radical) 169 (Scheme 53). While the
third one-electron quasi-reversible reduction was assigned to the formation of tetra/tri(anion
radical) 170 and the last one-electron quasi-reversible reduction was assigned to the
formation of tri/tetra(anion radical) 171. The electrochemical behavior of 13,13'-

bifluorindone 159 appears typical of quinonimines.**

Ph Ph Ph Ph
O N N O O N N (ol
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" S g g LA
Ph Ph Ph Ph
159 169
Ph Ph Ph Ph
O@“ON@ B 'OKZNON@ B
N N +1e” N N
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Scheme 53. Tentative redox pathway of 13,13'-bi(isodiphenylfluorindone) 159.

Fullerene is the most abundantly used n-type material in OPV devices. This acceptor has a

low-lying Enomo —6.1 eV and Erumo —4.3 eV, resulting in £,V 1.8 eV (experimental values)
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and it shows at least four reductions in its CV in DCM;**’ additional reductions were
observed in a MeCN/PhMe (1:5) CV at —10 °C.**! Similarly, the bifluorindone 159 exhibits
four reductions in the same solvent with an experimental Enomo —5.8 eV and Erumo —3.9 eV
resulting in £,°Y 1.92 eV. The first and second reductions of bifluorindone 159 (E1,2'° —1.20
V, E12* —1.30 V vs Fc/Fc*) lie between the first and second reductions of Ceo (E12'° —0.92
V, E1n%* —1.32 V vs Fc/Fc*) while the last reductions of both molecules are closer: E1n*
—1.87 V for bifluorindone 159 and E1,* —1.81 V for fullerene (both reductions vs Fc/Fc* for

comparison).
24 Computational Studies

DFT UB3LYP/6-31G(d) calculations of fluorindines 104, 155, 158 and 159, supported the
experimental results. The calculated energy (E£s) of 13-oxo-isodiphenylfluorindinium
perchlorate 155 (calculated as the cation) result in a more stable structure than isodiphenyl-
fluorindine 104 by 2025.1 eV (46700 kcal-mol ') and the dimers 158 and 159 showed more
than two times lower energies compared to fluorindine 104 (Table 4). The biscyanines 104
and 158 showed low but surprisingly, different singlet-triplet gaps (4Est) of —0.39 and —0.67
eV, respectively (Table 4). 13,13'-Dimers 158 and 519 exhibited zero dipole moments (us),

which was due to the cancelling effect of each monomer unit (Table 4).

Table 4. Summary of DFT UB3LYP/6-31G(d) calculated energies and properties of fluorindines
104, 155, 158 and 159.

104 155 158 159
Es (eV) —37383.774  —39409.071  —74735.288  —82857.731
Et (eV) ~37383.379 - ~74734.615 -

AEst (eV) ~0.394 - ~0.673 -

us (D) 9.836 7262 0.000 0.000
pes (D) 7.232 10.396 5.354 0.000
pis-xs) (D) 2.604 -3.134 ~5.354 0.000

Nucleus induced chemical shift (NICS) values (Table 5) indicated the central arenes of the
dimer 159 were aromatic, i.e., the molecule can be viewed as a type of biaryl. This was in
contrast to the NICS values for isofluorindines 104, 155 and 158 that indicated an aromatic

periphery and a mildly or non-aromatic interior.
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Table 5. Summary of DFT UB3LYP/6-31G(d) calculated NICS(1), (0) and (—1) for rings A, B and
C of fluorindines 104, 155, 158 and 159.

Ph
N %,
@EEN]@Q

104 155 158 159
Ring A B C A B C A B C A B C
NICS(1) |-72 15 —-47|-106 —-59 -01|-70 16 —-48|-39 29 -77
NICS(@0) |58 63 24| -89 27 50|56 64 25| 02 05 -7.0
NICS(-1) |-72 15 —-47|-106 -59 —0.1|-70 1.6 —-48|-39 29 -7.7

There was good agreement between the E,°P' and E,'PPFT (Table 6). The E,.°V were also
close to the E,°P' and E, PPYT, except in the case of 13-oxo-fluorindinium salt 155, were a

difference of ~ 0.4 eV was observed, but this difference could not be explained confidently

(Table 6).

Table 6. Overview of optical, electrochemical and DFT UB3LYP/6-31G(d) calculated
characteristics of fluorindines 104, 155, 158, 159.

Opt DFT TDDFT TDDFT cv cv cv
Amax  Eg " Enomo Evrumo E,; Enomo Evumo E,

compd . " . 4 . :
(nm) (eV) (eV) (eV) (eV) (eV) (VY  (eVF
104 763 1.52 -3.916 —2.308 1.608 —4.665 —3.395 1.27
155 542 2.18 —8.689 —6.403 2.286 —6.295 —4.485 1.81
158 819  1.39 -3.499 —2.362 1.533 —4.595 —3.405 1.19
159 620 1.92 —5.408 —3.400 2.008 —5.815' —3.895 -

@ EOP was calculated from the onset of the Amax (ASLSEY) from UV-vis and the Beer-Lambert equation (E =
h*C/1); ® EnomoP'" was obtained from geometry optimizations at the DFT/UB3LYP 6-31G(d) level of theory;
¢ Etumo PPFT = EyomoP™! + E,PPFT; d p TDDFT = st excitation energy from TDDFT UB3LYP 6-31G(d)
calculations; ¢ Enomo®Y = — [(E* — Ereres) + 5.11 eV; T ELumo®Y = = [(E¢ — Ererer) + 5.11eV; 8 ESSY = B2 — E¢;
Erumo®Y = Enomo® + EOP

DFT studies revealed the low energy absorptions of fluorindines 104 and 155 consisted
mainly of transitions between the FMOs (i.e. HOMO — LUMO and HOMO — LUMO+1),
but for the 13,13'-dimers 158 and 159 these transitions were of mixed character and included
transitions such as HOMO—-1 —- LUMO, HOMO-1 — LUMO+1, HOMO — LUMO and
HOMO — LUMO+1 of both small and large oscillator strengths (Table 7).
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Table 7. Selected singlet excited states of fluorindines 104, 155, 158, 159 as derived from TDDFT
UB3LYP/6-31G(d) calculations.

excited cs o energy
compd state transition (%) V) f
104 S1 HOMO — LUMO (58) 1.608 0.2337
S2 HOMO — LUMO+1 (100) 2.576 0.0000
155 S1 HOMO — LUMO (87) 2.286 0.0122
S2 HOMO — LUMO+I (75) 2.664 0.5355
HOMO-1 — LUMO+1 (42)
S1 1.137 0.0003
HOMO — LUMO (53)
HOMO-1 —» LUMO (53)
S2 1.137 0.0003
158 HOMO — LUMO+I (42)
HOMO-1 —» LUMO (24)
S3 1.533 0.1898
HOMO — LUMO+I (34)
HOMO-1 — LUMO+1 (34)
S4 1.533 0.1898
HOMO — LUMO (24)
HOMO-1 — LUMO+1 (38)
S1 2.008 0.0009
HOMO — LUMO (48)
HOMO-1 —» LUMO (38)
S2 2.008 0.0009
159 HOMO — LUMO+1 (48)
HOMO-1 — LUMO (38)
S3 2.393 0.7106
HOMO — LUMO+I (30)
HOMO-1 — LUMO+1 (38)
S4 2.393 0.7109
HOMO — LUMO (30)
2.5 Conclusions

In conclusion, oxidation of isodiphenylfluorindine 104 with K>Cr.O7/H" gives 13-oxo-
isodiphenylfluorindinium 155 isolated as its perchlorate salt in 75% yield, while with PIFA
(1 equiv) gives 13,13'-bi(isodiphenylfluorindine) 158 and with MnO> (50 equiv) gives
13,13'-bi(isodiphenylfluorindone) 159, isolated in 85% and 89% yields, respectively.
Treatment of 13,13'-bifluorindine 158 with MnO»> (50 equiv) gives 13,13'-bifluorindone 159
quantitatively. All fluorindines 104, 155, 158 and 159 are highly colored and thermally stable
with attractive redox profiles. 13,13'-Dimers 158 and 159 are rare examples of azaacene

cruciforms, a structural motif that is of interest in organic electronics.
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3.1 Introduction

In Chapter 2, the oxidation of isodiphenylfluorindine 104 was presented. The study
identified three oxidation products: 13-oxo-isodiphenylfluorindinium perchlorate 155, the
zwitterionic 13,13'-dimer 158 and the quinoidal 13,13'-dimer 159 (Fig. 37), all of which were
prepared in high yield based on the choice of oxidant.

iIDh IIDh ClO4~
N. N N, N
U0 Jeees
N N N N

¢}

104 155
(from K,CrO7/H*)

o Ph
O N N (0]
N N
N N
IOSSHS!
O I}l l}l 6}
Ph Ph
158 159
(from PIFA) (from MnO,)

Figure 37. Structures of fluorindines 104, 155, 158 and 159.

The above showed that an early (1923) study on the K>Cr,O7/H'-mediated oxidation of
fluorindine 104 by Kehrmann and Leuzinger had erroneously claimed the formation of 3-
oxo-isodiphenylfluorindinium 113.>” The same authors also postulated the formation of

isodiphenylfluorindone 112 but gave no evidence to support their claim (Fig. 38).2%

% % % Ph
N, N o 0 N N 0
Loy O T
N N clo; N N
113 112

Figure 38. Structures of 3-oxo-isodiphenylfluorindinium 113 and isodiphenylfluorindone 112.

Both the C3-oxo0 and C3/9-dioxo fluorindines 172 (Fig. 39) and 112 appear useful azaacenes
that can potentially be used as scaffolds to build larger azaacenes and are interesting in their
own right as quinoidal analogues of fluorindine. Fluorindinone 172 is an analogue of 2-
anilino-N-phenylfluorindinimine 173, a minor component of Nigrosin, a black dye*** used
in lacquers, marker-pen inks etc., and as a bacterial negative stain. Formally, fluorindone

112 is the monomer of the 13,13'-dimer 159 that has acceptor redox properties (Sect. 2.2.3).
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Figure 39. Structures of 3-oxofluorindine 172, 2-anilino-N-phenylfluorindinimine 173 and 3-
amino-1,4-quinonimines 111 and 174. Common structural features of compounds 111, 172, and

174 in red.

Fluorindines 112 and 172 also contain the 3-amino-1,4-quinonimine unit that potentially can
be modified to access a wide variety of fluorindines; cf. structurally related aposafranone
111 and benzotriazinone 174 (Fig. 39), undergo regiospecific nucleophilic and electrophilic

343-345

substitution at the a and a' positions, respectively, condensations at the carbonyl,***

cycloadditions across the C(a)-C(f) bonds,>*® and can be extended into larger linear azaacene

7 systems, 34634

In light of the above, routes to both C3/9-dioxo and C3-oxo fluorindines 112 and 172 were
developed.

3.2 Synthesis of Isodiphenylfluorindone and Isodiphenylfluorindinone

As seen in Chapter 2, the oxidation of isodiphenylfluorindine 104 occurred at the C13
position, indicating that the C3/9 regioselective oxidation of fluorindine 104 was not
possible. However, a recent straightforward synthesis of symmetrical and unsymmetrical
fluorindines?*® (Scheme 54) enabled us to consider an alternative path towards the synthesis
of fluorindinones 112 and 172, using precursors already decorated with the C3/9 oxygen
functionality. In this manner, the need to carry out a late stage regioselective oxidation could
be avoided. The synthetic procedure makes use of the highly electrophilic 1,5-difluoro-2,4-
dinitrobenzene 109 that can undergo selective displacement of fluoride by benzene-1,2-
diamines 175, to give mono- and bis-substituted nitro analogues 176 and 177 (Scheme 54),
respectively, thus leaving only the challenge of selecting the appropriate 4-amino-3-
(phenylamino)phenol for the subsequent reactions. Subsequent reduction and oxidative

cyclization of nitro analogues 177 leads to the desired zwitterions 178 (Scheme 54).
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Scheme 54. Synthetic approach to symmetrical and unsymmetrical fluorindines.
3.2.1 Synthesis of benzene-1,2-diamines 175

Initial efforts to react unprotected 4-amino-3-(phenylamino)phenol 179a with 1,5-difluoro-
2,4-dinitrobenzene 109 gave complex mixtures. As such, we considered protecting the
hydroxyl group with a protecting group that tolerated the reaction conditions, i.e., base-
mediated nucleophilic substitution, the presence of HF and HCI in the reactions and Pd/C-
Ha reduction of the nitro groups. For the reduction of the nitro groups, alternative conditions
were also considered, such as the use of metals (e.g., In, Sn, or Fe) under mild acidic
conditions (e.g., AcOH). Furthermore, prior work**’ showed that strongly electron releasing
groups para to the nitro group of the starting 1-halo-2-nitroarene (e.g., MeO groups) led to
complex mixtures owing to Smiles-type rearrangements. As such, a suitable protecting group

needed to deactivate electron release from the oxo group.

The toluenesulfonyl (Ts) group was considered first, as it does not require oxidative
deprotection that would lead to C13 oxidized products and deactivates electron release from
the oxo group. While 4-nitro-3-(phenylamino)phenyl 4-methylbenzenesulfonate 179b could
be readily prepared in near quantitative yield, it did not tolerate the Pd/C-H> or the mild
acidic reduction conditions. All reduction conditions examined, failed to give the desired

diamine 175a, so this route was abandoned (Scheme 55).

Ph TsCl (1.1 equ!v) Ph Ph
{ Et3N (1.1 equiv) ! !

TsO NH TsO NH
HO NH DCM, 0 t0 20 °C, 12 h s S
—_— ¢ >
95%
NO, NO, NH,

179a 179b 175a

Scheme 55. Synthesis of 4-nitro-3-(phenylamino)phenyl 4-methylbenzenesulfonate 179a.
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The benzoyl (Bz) group was then examined. 4-Nitro-3-(phenylamino)phenyl benzoate 179¢
was readily prepared from the starting phenol 179a in 96% yield and its subsequent treatment
with Pd/C-H; in EtOH at ca. 20 °C for 1 h gave the desired 5-(benzyloxy)-N-phenylbenzene-
1,2-diamine 175b in 99% yield as fine colorless needles that remained stable for almost a

month at 0-5 °C, which enabled the collection of their spectroscopic data (Scheme 56).

oo mme o on g
HO NH 3N (1.1 equiv) BzO NH (5 mol%) BzO NH
DCM, 0-20 °C, 1 h EtOH, ca. 20 °C, 1 h
96% 99%
NO, NO, NH,
179a 179¢ 175b

Scheme 56. Synthesis of 4-amino-3-(phenylamino)phenyl benzoate 175b.
322 Synthesis of dinitrobenzenetetramines 177

Having the benzyloxybenzenediamine 175b in hand, the syntheses of both symmetrical and
unsymmetrical dinitrobenzenetetramines 177a and 177b, respectively, were pursued.
Treating difluorodinitrobenzene 109 with the benzyloxybenzenediamine 175b (4 equiv) in
EtOH at ca. 78 °C for 48 h gave the crystalline red colored symmetrical tetramine 177a
(73%) (Scheme 57). Similarly, treatment of available N'-(5-fluoro-2,4-dinitrophenyl)-N?-
phenylbenzene-1,2-diamine*®® 176a with benzyloxybenzenediamine 175b (2 equiv) in
EtOH at ca. 78 °C for 48 h gave the crystalline red colored unsymmetrical tetramine 177b
(76%) (Scheme 57). Both dinitrobenzenetetramines 177 precipitated from the hot reaction

mixtures, and were isolated by filtration and purified by recrystallization (EtOH).

) PhHN NHPh
109 (0.25 equiv) H H
EtOH, ca. 78 °C, 48 h /@/ j@[ \@\
739
% BzO O,N NO, OBz
Ph 177a
|
BzO NH g NHPh
L e K
175b O2N NOZ_ PhHN NHPh
176a (0.5 equiv) “ “
EtOH, ca. 78 °C, 48 h :@:
76%
’ BzO O,N NO,
177b

Scheme 57. Synthesis of dinitrobenzenetetramines 177.
323 Synthesis of oxo-protected fluorindines 178

For the synthesis of oxo-protected fluorindines 178 two sequential steps were required: the
reduction of dinitrobenzenetetramines 177 followed by cyclization with or without the

isolation of the intermediate hexamines (Scheme 58). The two benzoyl protected dinitro-
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benzenetetramines 177 were readily reduced to the respective hexamines by hydrogenation
[Hz (g) (0.3 MPa), Pd/C (5 mol %), EtOH at ca. 20 °C for 4 h] but were not isolated due to
their oxidative instability. The ethanolic solutions were filtered to remove the Pd/C and then
heated to reflux under air until the solutions became dark green. Concentration led to the
precipitation of the desired zwitterionic biscyanine bis- and monobenzoate fluorindines 178a

(63%) and 178b (56%), respectively, as green needles with a metallic luster (Scheme 58).

PRHN p o NHPh H, (0.3 MPa), Pd/C (5 mol %), PRHN p o NHPh

N N N N
jij[ EtOH, ca. 20 °C, 4 h j@[
R O,N NO, R2 Reduction R HoN NH, R2

177aR' = R2=BzO
177b R' = H, R? = BzO

Bh Ph
EtOH, air, ca. 78 °C, 2 h R@““@Rz
Cyclization N” SN
178a R' = R? = BzO, 63%
178b R' = H, R? = BzO, 56%

Scheme 58. Synthesis of fluorindines 178.

Both benzoate fluorindines 178a and 178b were thermally stable with DSC decomp. onsets
at 316.0 and 313.0 °C, respectively. NMR spectroscopy (TFA-d) identified the H6 singlets
at ou 5.64 and 5.47, respectively; shielded owing to the peri-located orthogonal phenyl rings.
The downfield carbon resonances at dc 169.8 and 169.9, and v(C=0) 1726 and 1738 cm!
FTIR stretches supported the presence of the benzoate groups for compounds 178a and 178b,
respectively. Benzoates 178a [Amax 791 nm (log € 4.43)] and 178b [Amax 775 nm (log € 4.50)]
dissolved in DCM to give deep green solutions with their lowest energy absorption bands 28
and 12 nm red-shifted, respectively, compared to fluorindine 104 [Amax 763 nm (log &
4.83)]?83-286 (Sect. 3.3.1). This supported some electron release from the benzoate groups
into the azaacene 7 system,*° which led to low singlet-triplet energy gaps: AEst(178a) —0.34
and AEst(178b) —0.39 eV as determined by DFT UB3LYP/6-31G(d) calculations (Sect. 3.4).

324 Synthesis of isodiphenylfluorindone 112 and isodiphenylfluorindinone 172

With the structural integrity and purity of both benzoate fluorindines 178 confirmed, the
deprotection was attempted. To our dismay, acid (HCIl in MeOH), alkali (NaOH in MeOH),
amine- or thiol-mediated esterolysis led to highly colored mixtures, which contained high
mass products such as dimers and adducts with either the alcohol (solvent), or the
nucleophiles used to cleave the esters. The isolation of these products was complicated by
instabilities and poor solubilities. Fortunately, one product from the reaction of the

bisbenzoate fluorindine 178a with NaOMe was identified as the 13-methoxyfluorindone 180
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(Scheme 59). This indicated that both the benzoate groups had been cleaved and an in situ
oxidation gave the fluorindone 112, which in the presence of methoxide had further reacted

at the C13 position.

Ph Ph : Ph Ph
BzO N, N opz NaOMe(10equiv) N N o
L™ SRR oy
N~ SN 60% SN i
178a 180 OMe

Scheme 59. Deprotection of fluorindine 178a with NaOMe to give 13-methoxyfluorindone 180.

With this in mind, conditions were sought that used poorly nucleophilic solvents and
reagents. Hexafluoroisopropanol (HFIP) was identified as suitable for the debenzoylation: it
is a poor nucleophile but can activate the benzoate to esterolysis via hydrogen bonding.*"!
In HFIP, benzoates 178a and 178b formed deep blue colored suspensions indicating N-
protonation of the —ve cyanine, but after being heated at reflux (58 °C) for 24 h no products
could be isolated. Nevertheless, by placing these solutions in sealed tubes and heating to ca.
120 °C for 6 h at 0.5 MPa using microwave irradiation (100 W), benzoates 178a and 178b
esterolyzed and underwent in situ oxidation to afford the desired fluorindone 112 (94%) and
fluorindinone 172 (91%), respectively (Scheme 60). Both products partly precipitated from
the reaction mixtures and were isolated as blue-green needles with a copper metallic luster.
"H NMR analysis of the filtrate revealed the formation of hexafluoropropanyl benzoate.
Worthy of note was that under the same reaction conditions, the use of i-PrOH instead of
HFIP failed to give the desired esterolysis, while use of MeOH gave inseparable mixtures of

fluorindone 112 and 13-methoxyfluorindone 180.

Ph Ph HFIP Ph Ph
BzO N N OB ca. 120 °C, 6 h, 0 N N 0
QO™ S T
- ~ 0,
\ N 94% Sy 7
178a 112
P PR o PhoPh
N, N opz  ¢a120°C.6h, N N 0
QLI™ st OCCLIY
- Se 0
N N 91% N N7
H
178b 172

Scheme 60. Preparation of oxofluorindines 112 and 172.

Fluorindone 112 showed high thermal stability, DSC decomp. onset at 436.9 °C, while DSC
studies on fluorindinone 172 revealed an endothermic peak (onset: 154.6 °C) that combined
with TGA data tentatively, indicated solvent loss from the crystal lattice. Despite their poor

solubility in typical organic solvents, NMR data could be obtained. NMR spectra of
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fluorindone 112 were collected in HFIP-d> and revealed a symmetrical structure similar to
that of the 13,13'-dimer 159. The anticipated high field H6 singlet was observed at Ju 6.20
(cf. 13,13'-dimer 159 Ju 6.56), while the H13 singlet was at du 9.04. A downfield NMR
resonance at oc 185.4 supported the presence of the carbonyl groups but no v(C=0)
stretching frequency was visible from the FTIR spectra. Owing to stability problems, the
NMR spectra of fluorindinone 172 was collected in deaerated TFA-d at 50 °C and revealed
an unsymmetrical molecule with the H6 singlet at ou 5.71, and the H1, H2 and H4
quinonimine signals at oy 7.74, 7.01 and 6.59, respectively. While the H13 signal was hidden
among N-phenyl protons, the presence of two equivalents of HFIP (du 4.78 and oc 69.9) was
identified, which was also supported by elemental analysis. Efforts to remove the
cocrystallized HFIP at ca. 120 °C (0.1 MPa) for 24 h failed. Higher temperatures (150 °C)
led to an intractable blue powder. Support for the structure of fluorindinone 172 was also

obtained by single crystal X-ray studies.
3.24.1.  X—Ray study of isodiphenylfluorindinone 172

Single crystal X-ray quality green plates of isodiphenylfluorindinone 172 (Fig. 40) were
obtained from slow cooling (12 h) of the hot reaction mixture which was in HFIP. The
structure has the centrosymmetric P1 triclinic space group and disappointingly, the
refinement was poor preventing a detailed analysis of the bond lengths and angles.
Nevertheless, the structure did support the atom connectivity and the co-crystallization of

fluorindinone 172 with two HFIP molecules.

- b 4

c4 N1 co N3 c19

Figure 40. ORTEP view of isodiphenylfluorindinone 172. 30% Probability ellipsoids. Hydrogens

omitted for clarity. Crystallographic numbering shown.

HFIP (pKa, 9.3) is known to form strong H-bonds,*! and a bond length analysis, tentatively

supported that two HFIPs have H-bonded with the C17 carbonyl [do-u(HFIP)...0o(172) ~
2.47(2) and ~ 2.54(3) A; i.e. strong almost covalent H-bonds,*>? and one HFIP molecule has
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also interacted via H-bonding with the fluorindinone sp’-hybridized N1 nitrogen [do-

u(HFIP)..x1(172) ~ 2.82(2) A (crystallographic numbering is used for this discussion);

moderate H-bond and mostly electrostatic in nature**?] (Fig. 41).

o -
L)/ 2.54(3) A ‘. . J‘\
, : # . D e y
W w il l ﬂ\ 28220k

D ; ( § 351(3)A - ‘ -

Y W /]
- 2820)% 3SR “ 247(2)) -
I. y 254(3) A <

L

Figure 41. ORTEP view of isodiphenylfluorindinone 172 pair showing H-bond lengths with HFIP
molecules. 30% Probability ellipsoids. Hydrogens omitted for clarity.

These H-bonding interactions between the HFIP and fluorindinone 172 lead to offset (by
two rings), opposingly orientated, face-to-face z-z 1D stacks (ladders). No significant inter
stack interactions are observed. The distance between each almost planar fluorindinone
azaacene in the 1D stacks alternates between 3.423 and 3.444 A and weak electrostatic
interactions [dc-n...n3 3.51(3) A] exist between the orthogonal N-phenyl substituents and the
opposing tetraazaacene sp” ring nitrogen N3 (Fig. 42). These distances are shorter than those
of isodiphenylfluorindine 104 (intra- and inter-dimer separation of 3.472 and 4.795 A,
respectively) but longer than those of 13-oxo-isodiphenylfluorindinium perchlorate 155

(intra-dimer separation of 3.353 A, Sect. 2.2.1).

Figure 42. ORTEP view of crystal packing analysis of isodiphenylfluorindinone 172 showing

intermolecular face-to-face z-z dimers. Top and side views. 30% probability ellipsoids. Hydrogens

and interacting HFIP molecules omitted for clarity.

68



3.2.5 Synthesis of 13,13'-bi(isodiphenylfluorindone) 159, 13-methoxy-isodiphenyl-
fluorindone 180 and 3-hydroxy-isodiphenylfluorindinediium bisperchlorate 181

Further probing the chemistry of fluorindines 112 and 172 revealed additional aspects of
their reactivity. Treating fluorindinone 172 with MnO: (50 equiv) in DCM at ca. 20 °C for
24 h gave the 13,13'-dimer 159 in 60% yield (Scheme 61), but the more electron deficient
fluorindone 112 under similar conditions did not react. This supported that the MnO>
oxidation of fluorindine 104 into the 13,13'-dimer 159 did not involve monomer 112.
Furthermore, treating fluorindone 112 in DCM at ca. 20 °C with NaOMe (10 equiv) in
MeOH for 1 h gave the 13-methoxyfluorindone 180 in 95% yield but no reaction was

observed with fluorindinone 172 (Scheme 61).

Treatment of a suspension of fluorindinone 172 in MeCN at ca. 20 °C with 70% HC1O4 did
not furnish the expected 3-oxo-isodiphenylfluorindinium perchlorate 113 (Fig. 38), but
rather the 3-hydroxy-isodiphenylfluorindinediium bisperchlorate 181 (Scheme 61). Filtering
this mixture to remove insoluble materials and triturating the filtrate with Et2O gave the
bisperchlorate 181 (87%) as blue needles with a copper metallic luster. Salt 181 had high
thermal stability (DSC decomp. onset 305.4 °C) and markedly better solubility than
fluorindinone 172. As such, 'H and '*C NMR data were collected in CD3CN to reveal: two
singlets corresponding to H6 and H13 at on 5.00 and 8.06, respectively, a splitting pattern
supporting the 1,2,4-substituted peripheral arene with H1, H2 and H4 appearing at ou 7.49,
7.10 and 6.09, respectively, as well as two D>O exchangeable broad singlets at ou 12.12 and
11.39 that tentatively belong to the two NHs of the molecule.

NaOMe (10 equiv)

ph Ph
0 N N 0
MeOH, 20 °C, 1 h Ij: U
0,
e o 95% Sy 7
0 N N 0 OMe
Ty — 180
NS —
N N
112

MnO, (50 equiv)
DCM, 20 °C, 24 h

Ph Ph
(@) N N O
T
N N
MnO, (50 equiv) /N:N\
DCM, 20 °C, 24 h ﬁ O :@
60% o l}l l}l o
Ph Ph
159

o
N N 0}
LT —
N N

H
172

0 ph Ph
70% HCIO, | | o
MeCN, 20 °C, 5 min @[ :©/
9 -2 I~
87% y N )
181 2CI0;

Scheme 61. Reactions of fluorindines 112 and 172.
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33 Optical and Electrochemical Properties

3.3.1 UV-vis comparisons, stability and acidochromism studies

3.3.1.1 UV—vis comparison of  3-benzoyloxy- and  3,9-dibenzoyloxy-
isodiphenylfluorindines 178

Solutions of both zwitterionic biscyanines 178a and 178b in DCM were deep green in color,

28528 showing three main

and their UV—vis spectra were typical of this class of compounds,
absorption bands: a high energy UV band [Amax(178a) 297 nm (log & 4.93) vs Amax(178b) 297
nm (log € 4.92)], a band in the violet [Anax(178a) 426 nm (log € 4.83) vs Amax(178b) 424 nm
(log £4.77)] and a low energy band in the red [Amax(178a) 791 nm (log € 4.43) vs Amax(178b)
775 nm (log ¢ 4.50)] with visible vibronic features (Fig. 43). Compared to the parent
isodiphenylfluorindine 104 [Amax 763 nm (log € 4.83), E°P' 1.52 eV, Sect. 2.3.2], the lowest
energy bands of both 178a [/max 791 nm (log & 4.43), E,°"' 1.47 eV] and 178b [Amax 775 nm
(log € 4.50), E;°P' 1.50 eV] were red-shifted, which indicated some electron release from the
benzoyloxy groups into the azaacene 7 system. (c¢f. 3,9-dimethoxy-isoditolylfluorindine [Amax
825 nm (log ¢ 4.22), E,°P 1.41 eV].>* Computational studies support that electron releasing
groups directly conjugated with the —ve cyanine destabilize the singlet ground state. %>
Not surprisingly, TDDFT calculations (Sect. 3.4) predict E;'°°FT 1.51 eV (178a) and 1.58
eV (178b) where the first excitation consists of one main HOMO — LUMO transition (59%,

£ 0.3949 and 58%, f 0.2883, respectively).
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Figure 43. UV—vis of isodiphenylfluorindines 178a (blue) and 178b (red) in DCM. Concentration
at~0.018 mM.
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3.3.1.2 UV—vis comparison of isodiphenylfluorindone 112 and isodiphenyl-
Sfluorindinone 172

DCM solutions of isodiphenylfluorindone 112 are deep blue while those of isodiphenyl-
fluorindinone 172 are light blue with a green hue (Fig. 44). Worthy of note, the UV—vis
spectra of fluorindinone 172 in DCM were influenced by the co-crystallized HFIP (pKa 9.3)
which readily forms H-bonds (Sect. 3.3.1.4).%? Similar to the zwitterionic biscyanines 178a
and 178b (Sect. 3.3.1), their UV—vis spectra display three absorption bands: one in the
ultraviolet [Amax(112) 276 nm (log £ 4.71) vs Amax(172) 287 nm (log € 4.59)], one in the violet
[Amax(112) 379 nm (log & 4.54) vs Amax(172) 375 nm (log ¢ 4.14)] and one in the red region
[Amax(112) 613 nm (log € 4.81) vs Amax(172) 683 nm (log ¢ 4.47)] (Fig. 44). The lowest energy
bands of compounds 112 and 172 were notably blue-shifted compared to those of the
cyanines 178. With respect to each other, both fluorindone 112 and fluorindinone 172 have
similar and overlapping absorptions in the UV and violet region of the spectrum but differ
significantly in the red region: fluorindone 112 has a lowest energy absorption at Amax 613
nm (log £ 4.81) with an E,° of 1.92 eV, while that of fluorindinone 172 is 80 nm red-shifted
at Amax 683 nm (log & 4.47) with an E,°" of 1.67 eV.

Theoretical calculations [TDDFT/UB3LYP/6-31G(d)] (Sect. 3.4) agree with this trend, [i.e.,
E;"™PPF1(112) 2.42 eV > E;"PPF1(172) 2.12 eV] and suggest that the main excitations are
between the FMOs (i.e., HOMO — LUMO). Based on TDDFT calculations the higher
transitions of fluorindinone 172 are of mixed character. Calculated oscillator strengths of the
first excited state of fluorindone 112 [E;'PPFT 2.42 eV, HOMO — LUMO (68%, f 0.7705)]
and fluorindinone 172 [E;"°PfT 2.12 eV, HOMO — LUMO (73%, f 0.3841)] also support

the notable difference in their absorbance intensities in the red region.
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Figure 44. UV—vis of fluorindone 112 (blue) and fluorindinone 172 (red) in DCM. Concentrations
at~0.018 mM.
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3.3.1.3 Stability studies of isodiphenylfluorindone 112 and isodiphenylfluorindinone
172

When DCM solutions of both fluorindone 112 and fluorindinone 172 left at atmospheric
pressure at ca. 20 °C on a laboratory bench, they slowly (14 days) changed color, the former
went from deep blue to red (Fig. 45a) while the latter initially became dark green and then
dark grey-blue (Fig. 45b). Interestingly, the UV—vis spectrum of fluorindinone 172 did
afford a NIR peak at 971 nm (log ¢ 3.22) but while TLC analysis of both solutions after 14
days revealed several green, blue, brown and pink-colored products, none of these were

stable on silica (2D TLC) and as such could not be isolated and identified.
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Figure 45. Stability study in DCM: UV-vis of: a) isodiphenylfluorindone 112 and b)
isodiphenylfluorindinone 172 over time: day 1 (blue), day 7 (red) and day 14 (green).

Concentrations at ~ 0.018 mM.

The solution of fluorindone 112 was stable over the first 4 days, with no alterations on the
UV-vis spectrum (absorbance or wavelength). The solution lost ~ 10% of its absorbance
intensity by the end of the first week, while one new peak in the ultraviolet region appeared
(4 235 nm) and the peaks with the lowest absorption of the original spectrum in the violet
region (4 337 and 462 nm) started growing in. Within the second week of study, the solution
begun to alter optically and its color change to red, which was visible to the naked eye. By
the 14" day, the UV-vis spectrum showed these alterations clearly: the solution lost
approximately 45% of its absorbance [Amax (day 14) 613 nm (log ¢ 4.51)] and several peaks
showed a larger absorbance: the new peak in the ultraviolet region [4 235 nm (log ¢ 4.54)]
and the peaks in the violet region [ (day 14) 337 nm (log ¢ 4.21) and 4 (day 14) 466 nm (log
€4.23)] (Fig. 45a).
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3.3.14 Acidochromism studies of isodiphenylfluorindone 112 and isodiphenyl-
Sfluorindinone 172

Since the UV—vis spectrum of fluorindinone 172 involved the presence of HFIP that could
not be removed without degrading the compound, for comparative purposes, the effect of
adding this H-bonding additive to DCM solutions of fluorindone 112 was examined. As
such, when DCM solutions of fluorindone 112 were treated with a weak acid HFIP (pKa 9.3)
the lowest energy absorption was red shifted by 30 nm indicating weak acidochromic
behavior (Fig. 46a). When a suspension of fluorindone 112 in acetonitrile was treated with
a strong acid 70% HCIO4 (pKa —15.2) the compound rapidly dissolved to give a purple
solution displaying a broad and complex absorption in the red region of the UV—vis spectrum
(Amax 740 nm, log € 4.15). The UV—vis spectrum of fluorindone 112 was also complex when
it was dissolved in neat 70% HClO4 and led to the appearance of a weak NIR absorption at
Amax 970 nm (log ¢ 3.29) (Fig. 46b). On prolonged standing the green solutions slowly

became blue, purple and then red in color.
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Figure 46. Acidochromism study: UV—vis of isodiphenylfluorindone 112 a) in DCM (blue) and in
DCM + HFIP (95 mM) (red) and b) in MeCN + 1 drop HC1O4 (blue), in HC104 (70%) (red) and in
HCI10O4 (70%) 24 h (green). Concentrations at ~ 0.018 mM.

In contrast to fluorindone 112, treatment of DCM solutions of isodiphenylfluorindinone 172
with various amounts of weak acid (HFIP) only improved its solubility and its UV—vis
absorbance (Fig. 47). However, unlike fluorindone 112, treatment of fluorindinone 172 with
70% HCIO4 led to the formation of a stable 3-hydroxyisodiphenylfluorindinediium
bisperchlorate 181. The UV-vis behavior of 3-hydroxyisodiphenylfluorindinediium
bisperchlorate 181 is described in Section 3.3.1.5.
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Figure 47. Acidochromism study: UV—vis of isodiphenylfluorindinone 172 in DCM (blue) — effect
of HFIP titration between 0.095 and 95 mM (red). Concentrations at ~ 0.018 mM.

3.3.1.5 UV—vis comparison of isodiphenylfluorindinone 172 and 3-hydroxy-
isodiphenylfluorindinediium bisperchlorate 181

3-Hydroxy-isodiphenylfluorindinediium bisperchlorate 181 [Amax 665 nm (log & 4.36), E,°P

1.79 eV] gave an intense blue solution in DCM with a slightly (18 nm) blue-shifted lowest
energy band compared to fluorindinone 172 [Amax 683 nm (log ¢ 4.47), E.°P 1.67 eV] (Fig.
48). Unlike fluorindinone 172, the bisperchlorate 181 lacked an absorption in the violet
region of the spectrum; a similar reduction of this bands intensity on protonation was

observed for the zwitterionic isodiphenylfluorindine 104 and was attributed to loss of n-z*

transitions from protonation of nitrogen lone pairs.?3>-2%6
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Figure 48. UV—vis of isodiphenylfluorindinone 172 (blue) and 3-hydroxy-
isodiphenylfluorindinediium bisperchlorate 181 (red) in DCM. Concentrations at ~ 0.018 mM.

TDDFT [UB3LYP/6-31G(d)] theoretical studies (Sect. 3.4) support the experimental

findings: the first excited states from which the theoretical band gap occurs, and their
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respective oscillator strengths follow the above trend. The first excited state of fluorindinone
172 (E;"PPFT 2,12 V) was dominated by the HOMO — LUMO transition (73%), which has
a moderate oscillator strength (f 0.3841), while the first excited state of the fluorindinediium
181 was of slightly higher energy (E;'°°FT 2.19 eV), higher oscillator strength (f 0.6395)
and was of mixed character [HOMO — LUMO (51%), HOMO—-1 — LUMO (11%)].

Treating MeCN solutions of 3-hydroxy-isodiphenylfluorindinediium 181 with water led to
a small 24 nm red shift of their Amax. Tentatively, this red shift was attributed to a base-
mediated (i.e., by H20) mono deprotonation to give the mono perchlorate salt. 'H NMR
spectra of MeCN-d3 solutions of bisperchlorate 181 also underwent significant shifts on
addition of D>O that suggested a structural change had occurred and not simply a H to D

exchange. Disappointingly, the mono perchlorate salt could not be isolated.

3.3.1.6 UV—vis comparison of isodiphenylfluorindone 112 and 13,13"-bi(isodiphenyl-
fluorindone) 159

Solutions of fluorindone 112 and 13,13'-bifluorindone 159 in DCM were deep blue in color
and their UV—vis were similar (Fig. 49). Three absorption bands were present in both spectra
with almost identical absorption maxima: a UV band [Amax(112) 276 nm (log ¢ 4.71) vs
Amax(159) 275 nm (log ¢ 5.37)], a band in the violet [Amax(112) 379 nm (log ¢ 4.54) vs
Amax(159) 382 nm (log € 5.22)] and a low energy band in the red [Amax(112) 613 nm (log ¢
4.81) vs Amax(159) 620 nm (log ¢ 5.47)] with visible vibronic features. The notable difference
between the two absorption spectra were their intensities; the absorption intensities of

monomer fluorindone 112 being much less of those from dimer 13,13'-bifluorindone 159.
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Figure 49. UV—vis of 13,13"-bi(isodiphenylfluorindone) 159 (blue) and isodiphenylfluorindone
112 (red) in DCM. Concentrations at ~ 0.02 mM.



Theoretical calculations of isodiphenylfluorindone 112 [TDDFT/UB3LYP/6-31G(d)] (Sect.
3.4) suggest that the lowest energy absorption (Amax 613 nm, E,°P' 1.92 eV) is dominated by
a HOMO — LUMO transition (f 0.7705). In the 13,13'-bifluorindone 159 dimer the

Opt 1.92 eV) is less intense and more

analogous lowest energy absorption (Amax 620 nm, Ej
complex owing to mixed transitions, i.e., HOMO — LUMO+1 (f 0.7106) and HOMO-1 —

LUMO (f 0.7106).

3.3.1.7 UV—vis comparison of isodiphenylfluorindone 112 and 13-methoxy-isodiphenyl-
fluorindone 180

Somewhat surprisingly, the UV—vis spectra of both fluorindone 112 and its 13-methoxy-
substituted analogue 180 were similar with the lowest energy absorption of the latter only
slightly (~ 5 nm) blue-shifted compared to that of fluorindone 112 [Amax(112) 608 nm (log ¢
4.56), E.°P' 1.94 eV vs Zmax(180) 613 nm (log £ 4.81), E,.°P' 1.92 eV] (Fig. 50). The absorption
intensity of the 13-methoxy-substituted analogue 180, however, was markedly less than that
of fluorindone 112. Computational studies [TDDFT/UB3LYP/6-31G(d)] (Sect. 3.4) agree
with this trend, i.e., E,'°PFT(112) 2.422 eV vs E;'PPFT(180) 2.424 eV, and suggest that the
main excitations are between the FMOs (i.e., HOMO — LUMO), but their oscillator
strengths are quite different [f 0.7705 (112) vs f 0.4628 (180)]. The computational studies
showed that introducing an electron releasing methoxy group at the fluorindone 112 C13
position raised the energy of both the HOMO and LUMO energy levels by similar amounts
(~ 0.07 eV) which explained the similar E;"°°FT values. The data suggested that electron
donating substituents at the C13 position of the isodiphenylfluorindone 112 do not
significantly affect the optical band gap.
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Figure 50. UV—-vis of isodiphenylfluorindone 112 (blue) and 13-methoxy-isodiphenylfluorindone
180 (red) in DCM. Concentrations at ~ 0.02 mM.
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3.3.2 Optical band gaps

From the UV-vis spectra, recorded in DCM of fluorindines 112, 172, 178a, 178b, 180 and

bisperchlorate 181 the £,°P' were calculated (Table 8) using the formula (derived from Beer-

Lambert Law):
FOPt _ hXc
BT

Where £ is Plank’s constant (6.626 x 1072* J-s), ¢ is the speed of light (3.0 x 10 m-s™!) and
Amax"™" (m) is the cut off wavelength in the red region of the UV—vis spectrum. Conversion

factor: 1eV=1.6x 1017,

Table 8. Overview of optical characteristics of fluorindines 112, 172, 178a, 178b, 180 and 181.

compd A At B
(nm) (nm) (eV)
112 613 641 1.92
172 683 743 1.67
178a 791 845 1.47
178b 775 831 1.50
180 608 635 1.94
181 669 725 1.71
333 Cyclic voltammetry studies

Fluorindines 112 and 172 and the bisperchlorate 181 were also studied by CV. Worthy of
note was that HFIP was added to the DCM solutions of fluorindines 112 and 172 to improve
their solubility and owing to HFIP's H-bonding abilities this influenced the observed redox
chemistry. The CVs were taken on DCM solutions (1.0 mM) of fluorindines 112, 172 and
181 containing n-BusNPFs (0.1 M) as supporting electrolyte, using a three electrode cell
with glassy C, Pt wire and Ag/AgCl (1.0 M KCl) as working, counter and reference

electrodes, respectively.

Fluorindone 112 showed two reversible reductions at £12°¢ —0.44 V and E1,>° —0.09 V (vs
SCE), while fluorindinone 172 revealed two reversible reductions at £12'°—0.42 V and E1,*
—0.16 V and, in addition, exhibited three oxidations at E1»'? 0.48 V, E1,°* 0.88 V and E1»**
1.14 V, of which the first was reversible, the second irreversible and the third quasi-
reversible (Table 9). The salt 181 showed two reversible reductions at £12'0.12 V and E12*
—0.44 V, and a large and reversible oxidation peak at E12%* 1.13 V (Table 9). In addition,
two small quasi-reversible peaks at Ei»*¢ —1.03 V at Ei'® 0.70 V were present but,

tentatively these are attributed to side reactions in the cell.
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Table 9. Summary of electrochemical characteristics® of fluorindines 112, 172 and 181.

E3C EZ(: Elc Ela E2a E3a E CVb
compd ¢
V) V) V) V) V) V) (eV)
112 -0.43 —0.09 0.06 0.54 - - -
172 - -0.42 —0.16 0.48 0.88 1.14 1.04
181 -1.03 —0.44 0.12 0.70 1.13 - 1.01

“Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and Ag/AgCl (1.0 M KCI)
(reference). Scan rate 100 mV-s~!. Temp. 20 °C. Internal reference: Fc/Fct (Ererer 0.475 V vs SCE); ? E,SY =
E*— E°.

3.3.3.1 Cyclic voltammetry of quinones

The electrochemistry of quinones is affected by the environment of the electrochemical
cell.®* In aprotic media, quinones typically show two cathodic, either reversible or quasi-
reversible redox peaks, while the introduction of possible hydrogen donors, such as weak
acids, shifts the voltammogram to more positive potentials.*>* The quinone's basicity and the
acidity or the H-bonding strength of the additive, can therefore influence the obtained CVs.
In this regard, the addition of additives such as HFIP (pKa. 9.3) to assist the quinones
solubility, such as with fluorindines 112 and 172, was expected to influence the observed
electrochemistry. The addition of HFIP to quinones can afford new reduction and oxidation
peaks, which are attributed to the HFIP H-bonded quinone, that appear prior to the first
reduction of the non-H-bonded quinone.**** As the concentration of HFIP is increased,

these new peaks become more intense and shift positively.
3.3.3.2 CV of isodiphenylfluorindone 112

The initial CV of isodiphenylfluorindone 112 (Fig. 51) was taken between 0.2 and —0.8 V
vs SCE. Addition of HFIP to a DCM solution of fluorindone 112 led to a 30 nm red-shift in
the UV-vis spectrum, which was tentatively attributed to H-bonding between the
quinonimine and the weak acid to give species 182 (Scheme 62). The CV of fluorindone
112; considered to be as the H-bonded 182, exhibited two reversible reductions at E1/°°
—0.44 V and E1%° —0.09 V (vs SCE), which if they both involve two electron processes can
be assigned to the dianion diradical 183 and tetraanion 184, respectively, that must either be
protonated and/or H-bonded to HFIP (Scheme 62). Subsequent runs revealed the emergence
of an additional irreversible reduction at £1,2'° 0.06 V and an irreversible oxidation at E;'?
0.52 V, both of which gradually increased in intensity. Tentatively, these can be attributed

to redox reaction of tetraanion H-bonded species 185 and other disproportionation reactions

known to occur in the electrochemistry of quinones (Scheme 62).33%3%3
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Figure 51. CV of isodiphenylfluorindone 112 in DCM (1.0 mM), containing HFIP (1 equiv)
showing: a) 1% run (red), 2™ run (blue) and 4" run (green) and b) 10 continuous cycles. Electrolyte:
n-BusNPF¢ (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and Ag/AgCl (1.0 M KCI)
(reference). Scan rate 100 mV-s™!. Temp 20 °C. Internal reference: F¢/Fc' (Erere+ 0.475 V vs SCE).
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Scheme 62. Tentative redox pathway of isodiphenylfluorindone 112.

To compare, the CV of 13,13'-bifluorindone 159 was taken under the same conditions, i.e.,
in DCM (1.0 mM) containing HFIP (1 equiv), and n-BusNPF¢ (0.1 M) as an electrolyte.
Under these conditions 13,13'-bifluorindone 159 exhibited one irreversible reduction peak
at E,'°—0.13 V (vs SCE) and one quasi-reversible reduction peak at E1,> —0.37 V (Fig. 52a),
while after five continuous cycles, one irreversible oxidation peak at E,'* 0.38 V was also

present (Fig. 52b).
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Figure 52. CV of 13,13'-bifluorindone 159: a) in DCM (1.0 mM) (blue) and in DCM (1.0 mM)
containing HFIP (1 equiv) (red); and b) in DCM (1.0 mM) containing HFIP (1 equiv) showing 1*
run (blue) and 5 continuous cycles (red). Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C
(working), Pt wire (counter) and Ag/AgCl (1.0 M KCl) (reference). Scan rate 100 mV-s™!. Temp.
20 °C. Internal reference: F¢/Fc" (Ergrer 0.475 V vs SCE).

Tentatively, the first reduction peak [E,'° —0.13 V (vs SCE)] was attributed to the reduction
of the HFIP H-bonded 13,13'-bifluorindone species. Compared to the CV of 13,13'-
bifluorindone 159 in pure DCM, where the first reduction occurred at Ei'° —0.73 V, the
effect of HFIP addition was to positively shift this reduction by 0.36 V. The CV of both
fluorindone 112 and 13,13'-bifluorindone 159 in DCM with HFIP as additive were similar
(Fig. 53) again supporting the influence of HFIP on the electrochemistry.

—_— 112 Epzc
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Figure 53. CV of isodiphenylfluorindone 112 (blue) and 13,13'-bifluorindone 159 (red) in DCM
(1.0 mM) containing HFIP (1 equiv). Electrolyte: n-BusNPFg (0.1 M). Electrodes: Glassy C
(working), Pt wire (counter) and Ag/AgCl (1.0 M KCl) (reference). Scan rate 100 mV-s™!. Temp.
20 °C. Internal reference: Fc/Fc™ (Ercrer 0.475 V vs SCE).
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The positive shift observed on the reduction of the 13,13'"-bifluorindone 159, upon addition
of HFIP, and the similar CV observed for fluorindone 112 under the same conditions
suggested that the above CV data for both fluorindone 112 and fluorindinone 172 was of the
protonated/or H-bonded species and that the first and second reductions were shifted to more

positive potentials because of the presence of the HFIP.
3.3.3.3 CV of isodiphenylfluorindinone 172

The CV of isodiphenylfluorindinone 172 in DCM revealed two reversible reductions at £/
—0.42 V and E12°° —0.16 V and three oxidations at E12'*0.48 V, E1,°*0.88 V and E1,%* 1.14
V (vs SCE), of which the first is reversible, the second is irreversible and the third is quasi-
reversible (Fig. 54a). Under these conditions, all the reductions and oxidations appeared

stable after 10 continuous CV cycles (Fig. 54b).
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Figure 54. CV of isodiphenylfluorindinone 172 in DCM (1.0 mM) containing HFIP (1 equiv): a)
single scan, and b) 10 continuous cycles. Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C
(working), Pt wire (counter) and Ag/AgCl (1.0 M KCl) (reference). Scan rate 100 mV-s™'. Temp.
20 °C. Internal reference: Fc¢/Fc* (Eperer 0.475 V vs SCE).

Since isodiphenylfluorindinone 172 co-crystallized with HFIP owing to H-bond interactions,
species 186 was tentatively assumed to exist in solution and that the first two reductions
were attributed to the formation of the radical 187 and the anion that in the presence of HFIP
must be protonated to give species 188, respectively (Scheme 63). Furthermore, the first
reversible oxidation peak (E12'? 0.48 V) can be attributed to the redox of species 186 to the
neutral radical 189 that can then be further oxidized to the cation 190, both of which could
be H-bonded to HFIP (Scheme 63). The final quasi-reversible oxidation peak at E12°* 1.14
V, was very close to the final oxidation of 3-hydroxy-isodiphenylfluorindinediium

bisperchlorate 181 (E12% 1.13 V).
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Scheme 63. Tentative redox pathway of isodiphenylfluorindinone 172.
3.3.34 CV of 3-hydroxy-isodiphenylfluorindinediium bisperchlorate 181

Owing to its good solubility, the CV of 3-hydroxy-isodiphenylfluorindinediium
bisperchlorate 181 was run in DCM without the need to add HFIP (Fig. 55).
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Figure 55. CV of 3-hydroxy-isodiphenylfluorindinediium bisperchlorate 181 in DCM (1.0 mM): a)
single scan and b) 10 continuous cycles. Electrolyte: n-BusNPFs (0.1 M). Electrodes: Glassy C
(working), Pt wire (counter) and Ag/AgCl (1.0 M KCI) (reference). Scan rate 100 mV-s™!. Temp.
20 °C. Internal reference: F¢/Fc* (Ergrer 0.475 V vs SCE).

Two reversible reductions at E12'° 0.12 V and at E1,°° —0.44 V, were tentatively attributed
to the formation of the cation radical 191 and the reduced tetrahydro species 192,

respectively (Scheme 64). Furthermore, the large and reversible oxidation peak at E1,°* 1.13

82



V was attributed to the formation of the dication radical 193 and/or the dication 194 which
on deprotonation afforded Kehrmann's originally proposed 3-oxo-isodiphenylfluorindinium
113 (Scheme 64). The small quasi-reversible reduction at £1,°¢ —1.03 V and the small quasi-
reversible oxidation at E12'* 0.70 V are presumably owed to redox processes occurring from
species formed by electrochemical reactions in the cell, such as disproportionation reactions

known to occur in the electrochemistry of quinones.*>?
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Scheme 64. Tentative redox pathway of 3-hydroxy-isodiphenylfluorindinediium bisperchlorate
181.

34 Computational Studies

DFT UB3LYP/6-31G(d) calculations on fluorindines 112, 172, 178a, 178b, 180 and 181,
supported the experimental results. The calculated Es of singlet zwitterionic biscyanines
178a and 178b were marginally lower than the Es of isodiphenylfluorindine 104 by more
than 10000 eV [Es(104) —37383.774 eV), however, the 4Est of all three were similar
[4Es1(104) —0.394 eV, AEst(178a) —0.343 eV, AEst(178b) —0.391 eV] (Table 10).
Calculated us of biscyanines 178a and 178b (Table 10) were higher than biscyanine's 104
(us 9.836 D).
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Table 10. Summary of DFT UB3LYP/6-31G(d) calculated energies and properties of fluorindines
112,172, 178a, 178b, 180 and 181.

112 172 178a 178b 180 181
Es(eV)  —41444.933 —39430.668 —60215.346 —48799.583 —44560.139 —39449.697
Er (V) - - ~60215.003 —48799.192 - -
AEst (eV) - - ~0.343 ~0.391 - -

s (D) 4.790 10.004 13.499 11.146 3.204 5.265
ur (D) - - 11.564 9.619 - -

pxs (D) 6.569 14.183 11.167 8.680 5315 5.990

Nucleus induced chemical shift (NICS) values (Table 11) indicated an aromatic interior and
mildly aromatic periphery for fluorindone 112 and the opposite, i.e. an aromatic periphery

and mildly aromatic interior for fluorindinone 172 and bisperchlorate 181.

Table 11. Summary of DFT UB3LYP/6-31G(d) calculated NICS(1), (0) and (—1) for Rings A, B,
C, D and E of fluorindines 112, 172 and 181.

P P P
| | |

Ph Ph h P h h
o N N o N N o N, N OH
NS — Z 2 s
N N N N N N
H H H
112 172 181

112 172 181

Ring A B C A B C D E A B C D E
NICS(1) | 38 30 87|-73 66 -6.1 -35 —45|-98 -03 —64 -1.1 -89
NICS(0) 03 05 -80|-69 96 —-58 -03 -11|,-86 19 -51 08 -86
NICS(-1) | 38 30 87|-73 66 —-6.1 35 —45|-94 -14 —-60 -1.1 -89

The difference of ~ 0.5 eV between the E,°"' and E;"°PfT (Table 12) and the ~ 1.0 eV
difference with the E;°Y of fluorindone 112 and fluorindinone 172 was attributed to two
factors: first the relative low level of theory used for the theoretical calculations due to
infrastructure limitations and second to the strong H-bonds of these compounds with the
solvent (HFIP) used during the reaction process and electrochemical measurements. For the
bisperchlorate salt 181 the E,°" and E, °P*T were in close agreement, nevertheless, the E,""

was marginally lower (Table 12).
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Table 12. Overview of optical, electrochemical and DFT UB3LYP/6-31G(d) calculated
characteristics of fluorindines 112, 172 and 181.

}-max EgOpt EHOMODF T ELUMOTDDF T EgTDDFT EHOMOCV ELUMOCV EgCV

(nm) (eV)“ (eV)’ (eV)* (eV)? (eV)© eVy (eV)®
112 613 192 —5.439 -3.017 2.422 —6.455 —4.535 —
172 683  1.67 —4.412 —2.295 2.117 —-5.505 —4.465 1.04
181 669 1.71 -11.113 -9.136 1.977 =5.755 —4.745 1.01

@ EOP was calculated from the onset of the Amay (A5

h*C/1); ® EnomoP'T was obtained from geometry optimizations at the DFT/UB3LYP 6-31G(d) level of theory;
¢ Etumo PPfT = EyomoP™" + E,PPFT; ¢ ETDDFT — st excitation energy from TDDFT UB3LYP 6-31G(d)
calculations; ¢ Enomo® = — [(E® — Ercrer) + 5.11 €V;/ ELumo®Y = — [(E® — Erorer) + 5.1] €V; € E,SY = E* — E°.

) from UV-vis and the Beer-Lambert equation (£ =

DFT studies revealed the low energy absorptions of fluorindines 112, 172 and 181 consisted
mainly of transitions between the FMOs (i.e. HOMO — LUMO), however, transitions from
the lower orbitals (i.e. HOMO—1, HOMO-2) to the LUMO orbital were also observed for
the bisperchlorate 181 (Table 13).

Table 13. Selected singlet excited states of fluorindines 112, 172 and 181 as derived from TDDFT
UB3LYP/6-31G(d) calculations.

excited energy

s o
compd state transition (%) V) f
S1 HOMO — LUMO (68%) 2.422 0.7702
HOMO-3 — LUMO+1 (13%)
S2 2.472 0.0000
112 HOMO-2 — LUMO (80%)
HOMO-3 — LUMO (79%)
S3 2.476 0.0000
HOMO—-2 — LUMO+1 (13%)
S1 HOMO — LUMO (73%) 2.116 0.3836
172 S2 HOMO-2 — LUMO (93%) 2.536 0.0000
S3 HOMO-1 — LUMO (80%) 2.918 0.0073
HOMO-1 — LUMO (11%)
S1 1.977 0.6395
- HOMO — LUMO (51%)
S2 HOMO-1 — LUMO (77%) 2.193 0.1521
S3 HOMO-2 — LUMO (98%) 2.337 0.0078
3.5 Conclusions

In conclusion, the HFIP-mediated deprotection of the C3,C9- and C3-benzoyloxy
isodiphenylfluorindines 178a and 178b, under microwave irradiation, gave isodiphenyl-
fluorindone 112 and isodiphenylfluorindinone 172, respectively, thus providing access to a
new class of redox active and highly colored oxofluorindines. Initial studies showed the

unexpected C13 regioselectivity of fluorindone 112 towards nucleophilic substitution,
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opening the path towards new materials bearing the fluorindine core. UV—vis spectroscopy
revealed the oxidative instability of their respective DCM solutions and new highly colored
compounds were observed; sadly, these could not be isolated, and characterized, thus further

studies to understand their properties and chemistry are required.
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Chapter 4

Synthesis and Oxidation of Tetraphenylhexaazaanthracene: Accessing an Improved
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4.1 Introduction

1,3,7,9-Tetraphenylhexaazaanthracene 195 is structurally and electronically related to
isodiphenylfluorindine 104 (Fig. 56); both are zwitterionic systems with closed-shell singlet
ground states, and have an identical 67 +ve cyanine shared between two sp?> N atoms
connected via three sp*> C atoms. The two systems 104 and 195 also possess similar —ve
cyanines: isodiphenylfluorindine 104 has a 6 —ve cyanine shared between two sp® N atoms
connected via three sp? C atoms, while tetraphenylhexaazaanthracene 195 has a 107 —ve

cyanine shared between four sp? N atoms and five sp? C atoms (Fig. 56).
Ph Ph Ph Ph
N N -N N.
CLICL O LA
Nig SN Ph)\\N/ \\N')\Ph
104 195

Figure 56. Structures of isodiphenylfluorindine 104 and 1,3,7,9-tetraphenylhexaazaanthracene 195.

Tetraphenylhexaazaanthracene 195 was first prepared by Wudl et al. in low yield (17%),%*

by the air and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)-mediated oxidative cyclization of
the isolable but reportedly unstable bisamidrazone 196. Bisamidrazone 196 was derived
from reaction of N',N"-(m-phenylene)dibenzimidoyl dichloride 197 with phenylhydrazine
198 following a procedure described by Potts et al.*® for the preparation of mono

amidrazones (Scheme 65).
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Ph Ph

DBU, air, MeOH l{l '1]
ca.20°C, 14 d )N\ J\l\
0, k\ - Se /J
7% Ph” N N~ Ph

195
Scheme 65. Synthesis of tetraphenylhexaazaanthracene 195.

The chemistry of hexaazaanthracene 195 was limited to its Zn/H"-mediated reductive ring
contraction to imidazole-fused triazinyl radical 199 (45%) and 1,2,6,7-tetraphenyl-1,7-
dihydrobenzo[ 1,2-d:4,5-d"|diimidazole 200 (91%) (Scheme 66).%°’
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Scheme 66. Ring contraction of hexaazaanthracene 195.

Tetraphenylhexaazaanthracene 195 has a AEst ~ 0.8 eV, with similar £,°7' 1.99 eV and E,*Y
1.91 eV values. It exhibits pink fluorescence and negative solvatochromism,*>® typical for
zwitterionic systems. Additionally, a radical pair was detected after photoinduced
intramolecular electron transfer.*® These characteristics can possibly be exploited to furnish
new organic electronic devices. However, prior to starting any applied material science
studies, and taking into consideration the structural and electronic similarities with
isodiphenylfluorindine 104 (Chapter 2), it was considered prudent to better understand the

oxidative stability of tetraphenylhexaazaanthracene 195.
4.2 Synthesis of 1,3,7,9-Tetraphenylhexaazaanthracene

The oxidation study of 1,3,7,9-tetraphenylhexaazaanthracene 195 required access to gram
quantities of the material, however, repeating the literature protocol’*® gave hexaaza-
anthracene 195 in only 17% overall yield, identical to that reported by the authors. The low
yield of product was surprising owing to the relatively high yields observed in the oxidative
cyclization of amidrazones into benzotriazinyls.*®® Furthermore, a careful analysis of the
reaction mixture (by TLC) revealed additional colored products, the identification of which
could lead to a better understanding of the reaction and enable an improved synthesis. As

such, the reaction was re-investigated and the colored products were isolated and identified.
4.2.1 Synthesis of N,N"'-(1,3-phenylene)bis(N'-phenylbenzohydrazonamide) 196

The first step in Wudl's synthesis,*® i.e. the synthesis of bisamidrazone 196, was based on

1.,%7 which described the reaction of phenylhydrazine 198 with

an earlier work by Potts ef a
N-phenylbenzimidoyl chloride 201 to give three products: N,N'-diphenylbenzohydrazon-
amide 202 (56%), N,N'-diphenylbenzimidohydrazide 203 (20%) and N,N'-diphenyl-
benzimidamide 204 (5%) (Scheme 67). The products 202—-204 can be separated by a careful
extraction protocol involving dilute AcOH and indicate that phenylhydrazine 198 attacks the

imidoyl chloride 201 via both the a (minor pathway) and f (major pathway) nitrogens.
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Scheme 67. Reaction of N-phenylbenzimidoyl chloride 201 with phenylhydrazine 198.

Similar treatment of dibenzimidoyl chloride 197 with phenylhydrazine 198 (4 equiv) in
petroleum ether (bp 30-60°) at ca. 0 °C and then slow warm up at ca. 20 °C for4 hled to a
near quantitative (by mass recovery) precipitate, the mass of which was significantly reduced
following a dilute (3%) AcOH or pure water wash to give supposedly crude bisamidrazone
196 in 62 and 56% yields, respectively. TLC analysis of the crude precipitate indicated it
contained a mixture of compounds, which was also supported by complex 'H NMR (DMSO-
ds) spectra that showed four broad DO exchangeable peaks at ou 9.41, 9.21 and 6.34,
tentatively assigned to one, two and one NH protons, respectively, one broad D>O
exchangeable peak at du 6.26, tentatively assigned to NH» protons and multiple peaks in the
aromatic region integrating to a total of 97 Hs. Additionally, a broad melting point range
(hot stage 83.6—111.3 °C) was taken for this precipitate. The AcOH and H>O treated crude
bisamidrazone mixtures did not fare any better: apart from slightly less complex 'H NMR
(DMSO-dp) spectra, both precipitates had broad melting point ranges on hot stage: 124.6—
142.8 °C for the AcOH treated precipitate and 129.8-141.0 °C for the H>O treated
precipitate. Worthy of note, the spectroscopic data reported by Wudl et al.,*>® for the crude
bisamidrazone 196 was insufficient to determine both purity and structure. Rapid dry flash
chromatography of the precipitate provided an analytically pure sample of the desired
bisamidrazone 196 in 28% yield as colorless microcrystalline needles that had a sharp
melting point [mp (DSC) onset: 213.1 °C, peak max: 214.5 °C (from n-pentane/DCM)].
FTIR spectroscopy revealed two v(NH) stretches at 3345 and 3271 cm ™! and on standing or
in solution pure bisamidrazone 196 slowly turned pink then red, tentatively, attributed to air
oxidation. Additionally, two D-O exchangeable singlets at ou 9.10 and 7.86, each integrating
for two NH protons, were observed in the 'H NMR spectra (DMSO-ds) supporting the
formation of bisamidrazone 196. Attempts to isolate the other colorless products from the

crude mixture failed as they rapidly degraded on silica.

Treating pure bisamidrazone 196 with various oxidants gave hexaazaanthracene 195, in
yields ranging from 43 to 98% (Table 14). The best yield (98%) was obtained when Ag,O
(2.2 equiv) was used as oxidant in DCM at ca. 20 °C for 24 h (Table 14, entry 5).
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Table 14. Reaction of pure bisamidrazone 196 with various oxidants to give hexaazaanthracene

195.
P P P %
Ph)\N N)\Ph Ph/k\N/ \N)\Ph
H H
196 195
oxidant time yield 195
entry . solvent
(equiv) (h) (%)
1 DBU (0.1), Pd/C (0.16) DCM 5 8
2 DBU (2.5) MeOH 1 77
3 HgO (10) EtOH | 84
4 A2:0 (2) DCM 24 86
5 A0 (2.2) DCM 24 08
6 Ag:0 (3) DCM I 56
7 Ag:0 (3) MeOH I 69

When the non-chromatographed "bisamidrazone 196", obtained by a simple filtration, was
treated with air/DBU (2.5 equiv) or HgO (10 equiv) the yields of hexaazaanthracene 195
were low to moderate and traces of additional colored products, as mentioned above, became
visible (by TLC). Of these, only two were stable on silica, and were isolated by
chromatography: the quinoidal 1,3,7,8-tetraphenyl-1,8-dihydrobenzo[1,2-e:5,4-e']bis-
[(1,2,4)triazine] 205, which was isolated as dark red prisms, and the zwitterionic 1,3,7,8-
tetraphenyl-1H-benzo[1,2-e:4,5-e'|bis[(1,2,4)triazine]-7-ium-4-ide 206, which was isolated
as dark green needles (Table 15). Both compounds 205 and 206 are isomeric to
hexaazaanthracene 195. Interestingly, the yields of the zwitterion 206 were significantly

increased (up to 13%) when HgO (10 equiv) was used as the oxidant in EtOH as solvent.

Table 15. Oxidation of non-chromatographed "bisamidrazone 196" using either DBU or HgO.

% % % %
Bisamidrazone m’ N’NN‘N . Nl’N:©:/N‘N/Ph . N’NNﬁ/Ph
- Ph)i‘N/ \N}\ Ph Ph)\N/ N/)\Ph Ph){TN/ SN e
195 205 206
oxidant time yield (%)
entry . solvent
(equiv) (h) 195 205 206
1 DBU (2.5) MeOH 1 21 3 trace
2 DBU (2.5) MeOH 48 25 trace trace
3 DBU (2.5) MeOH 14d 17 trace trace
4 HgO (10) EtOH 1 40 trace 13
5 HgO (10) EtOH 48 23 trace 10
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When the non-chromatographed "bisamidrazone 196", obtained by the AcOH (3%) or H2O
wash was treated with DBU (2.5 equiv) or HgO (10 equiv) the yields of hexaazaanthracene
195 were higher (63—65% based on the isolated bisamidrazone 196 after work-up), while the

isomers 205 and 206 were isolated in trace amounts.

422 Characterization of quinoidal and zwitterionic 1,3,7,8-tetraphenylhexaaza-

anthracenes 205 and 206

Both the quinoidal 1,3,7,8-tetraphenyl-1,8-dihydrobenzo[1,2-e:5,4-¢"Tbis[(1,2,4)triazine]
205 and zwitterionic 1,3,7,8-tetraphenyl-1H-benzo[1,2-e:4,5-e'bis[(1,2,4)triazine]-7-ium-
4-ide 206 were air and thermally stable with DSC onsets at 284.0 and 283.3 °C, respectively.
They were silent in electron paramagnetic resonance (EPR) and exhibited sharp line 'H and
BBC NMR spectra, indicating closed-shell electronic ground states, similar to hexaaza-
anthracene 195. The '"H NMR spectra of hexaazaacenes 205 and 206 taken in CDCl; and in
CD:Cl, respectively, show for each, 5 multiplets integrating to a total of 20 protons in the
aromatic region, having a different pattern, and 2 distinct singlets at oy 6.18 and 5.26 and at
Su 5.63 and 5.47, respectively, belonging to the central ring's protons. The respective 'H
singlets of hexaazaanthracene 195 in CDCl3 appear at oy 6.37 and 5.17. The structure
elucidation of both compounds was supported by X—ray analysis and compared to the X—ray

data of hexaazaanthracene 195 (see below).
4.2.2.1 X=Ray study of zwitterionic 1,3,7,9-tetraphenylhexaazaanthracene 195

X—Ray quality single crystals of tetraphenylhexaazaanthracene 195 (Fig. 57) were obtained

from a hot recrystallization in PhMe and the molecule crystallizes in the monoclinic P21/c

group.

Figure 57. ORTEP view of tetraphenylhexaazaanthracene 195. 50% Probability ellipsoids.
Hydrogens omitted for clarity. Crystallographic numbering shown.
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Tetraphenylhexaazaanthracene 195 displays a near planar hexaazaacene unit that hosts two
N-phenyl substituents that twist out of the azaacene plane by 64.83° and 61.16° and two C-
phenyl substituents that deviate by 18.94° and 23.31°. Bond equalization along the cyanines
(1.351-1.387 A for the +ve and 1.352-1.401 A for the —ve) and long C-C bonds (1.436—
1.443 A) connecting the two opposite cyanines are observed (Appx I). Hexaazaanthracene
195 packs in diagonal columns where the positive and negative cyanines oppose each other

at a distance of ~ 3.42 A (Fig. 58). The columns are separated by ~ 3.84 A (Fig. 58).

b)
Figure 58. Crystal packing of tetraphenylhexaazaanthracene 195 showing a) 7-7 stacking distances
and b) column distances. 50% Probability ellipsoids. Hydrogens omitted for clarity.

4.2.2.2 X-Ray study of quinoidal 1,3,7,8-tetraphenylhexaazaanthracene 205

X—Ray quality single crystals of tetraphenylhexaazaanthracene 205 (Fig. 59) were grown
from slow cooling of a hot ethanolic solution. Hexaazaanthracene 205 crystallizes in the
monoclinic P21/c space group displaying a slightly concave azaacene core with bond lengths

that supported a quinoidal motif (Appx I).

C4
C5 _ c3

R L
c7

Figure 59. ORTEP view of tetraphenylhexaazaanthracene 205. 50% Probability ellipsoids.
Hydrogens omitted for clarity. Crystallographic numbering shown.
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Hexaazaanthracene 205 packs in opposingly oriented pairs with the closest intramolecular
n-m stacking distances of 3.256 A (based on the plane defined by the central arene) that form
slipped 1D columns (Fig. 60).

Figure 60. ORTEP view of crystal packing of tetraphenylhexaazaanthracene 205 showing
intramolecular z-7 stacking distances and slipped 1D columns. 50% Probability ellipsoids.

Hydrogens omitted for clarity.

The 1D slipped columns are themselves orthogonally orientated with respect to each other

via weak [dcs..no 3.481(2) A] intercolumn edge-to-face interactions involving the ortho

position of the C8-phenyl and the N9 nitrogen atom (Fig. 61).

SN 9\' __
Q*/f’\‘\x / *’\f’”‘i’\&

&

Figure 61. ORTEP view of crystal packing of tetraphenylhexaazaanthracene 205 showing

intercolumn edge-to-face interactions. 50% Probability ellipsoids. Hydrogens omitted for clarity.
4.2.2.3 X=Ray study of zwitterionic 1,3,7,8-tetraphenylhexaazaanthracene 206

X—Ray quality single crystals of tetraphenylhexaazaanthracene 206 were grown from vapor
diffusion of n-pentane into a DCE solution of 206 at ca. 20 °C. Hexaazaanthracene 206
crystallizes in the triclinic P-1 space group with a non-interacting molecule of DCE [d(c2s-
H..-c-c33) 3.506 A] (Fig. 62), displaying a near planar hexaazaanthracene unit that hosts one
near planar C-phenyl substituent (torsion angle 6.27°), one C-phenyl and two N-phenyl
substituents out of plane by 57.64°, 67.50° and 35.79°, respectively.
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Figure 62. ORTEP view of tetraphenylhexaazaanthracene 206. 50% Probability ellipsoids.
Hydrogens omitted for clarity. Crystallographic numbering shown.
Analysis of the N6-C18-C19-C14-N1-C1-N2 (87 +ve cyanine) and N3-C15-C16-C17-N4-
C20-N5 (87 —ve cyanine) bond lengths, as well as the elongated C-C bonds of d(cis-ci15)
1.442(3) A and d(c17-c18) 1.459(3) A [¢f. d(cyp2-cp») 1.410 A in pyrazole],’*® that connect the
+ve and —ve cyanines, support its zwitterionic biscyanine character (Appx. I). Molecules of
zwitterionic hexaazaanthracene 206 interact via weak edge-to-face interactions of the C7-
phenyl ortho position (C9) and the N4 nitrogen of the neighboring molecule [dco.. N4
3.354(3) A] to form slipped 1D chains with edge-to-face interactions of 3.5-3.7 A (Fig. 63).

Figure 63. ORTEP views of crystal packing of tetraphenylhexaazaanthracene 206 showing edge-
to-face interactions a) between molecules and b) between 1D chains. 50% Probability ellipsoids.

Hydrogens and co-crystallized DCE are omitted for clarity.
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423 Mechanistic rational of the formation of quinoidal and zwitterionic 1,3,7,8-

tetraphenylhexaazaanthracenes 205 and 206

The presence of compounds 205 and 206 in the reaction mixtures indicated that the reaction
of benzimidoyl chloride 197 and phenylhydrazine 198 gave mixtures of bisamidrazones that
arise from attack by phenylhydrazine via the o and S nitrogens, as also observed by Potts
(Scheme 68). The Potts' work-up procedure, however, which works for separating out pure
monoamidrazone, appears to be inadequate to purify the precipitate that forms from the
reaction of benzimidoyl chloride 197 and phenylhydrazine 198. As such, tetraphenyl-
hexaazaanthracene 205 must originate from bisamidrazone 207 that results from one
phenylhydrazine 198 attacking via the o nitrogen and a second phenylhydrazine 198
attacking via the f nitrogen (Scheme 68).

NS Ho
Ph™ NH, HN"\ “Ph Ph Ph
| |
NH _~_H,N_2_Ph N N. _Ph
\t g/ — O — iy
— ~ _ >
Ph)\\N N/)\Ph PN N” Ph Ph)\N N” > Ph
197 207 205

Scheme 68. Plausible formation of hexaazaanthracene 205.

Tetraphenylhexaazaanthracene 206, which has a different C/N connectivity, presumably
arises via a Smiles-type rearrangement of bisamidrazone 207. The plausible formation starts

' of amidrazone 207 to benzotriazine 208 that under the

with the oxidative cyclization®
oxidative reaction conditions further oxidizes to the quinonimine 209. 1,24-
Benzotriazinones of this type are highly electrophilic at their C6 positions*®° and it is possible
that the available exocyclic primary amine cyclizes to give the spirocyclic intermediate 210.
This then ring opens via a Smiles-type rearrangement to give the isomeric hydrazide 211
that cyclodehydrates onto the benzotriazinones' C7 position to give the green

hexaazaanthracene 206 (Scheme 69).

Presumably, the use of the stronger oxidant HgO over DBU was helpful in over oxidizing
the benzotriazine 208 into the benzotriazinone 209. Attempts to independently prepare the

hexaazaanthracenes 205 and 206 via alternative routes failed.
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Scheme 69. Plausible formation of hexaazaanthracene 206.
4.2.4 Improved synthesis of 1,3,7,9-tetraphenylhexaazaanthracene 195

Inspired by the step-wise synthesis of isodiphenylfluorindine 104°%® and its structural
similarity to tetraphenylhexaazaanthracene 195, a similar reaction strategy that takes
advantage of the useful 1,5-difluoro-2,4-dinitrobenzene 109 and readily prepared N'-
phenylbenzohydrazide 212 was pursued. Treatment of an ethanolic solution of 109 with
hydrazide 212 (2.2 equiv) and N-ethyl-N-(propan-2-yl)propan-2-amine (aka Hiinig's base,
2.2 equiv), at ca. 82 °C for 48 h, furnished the mono- and bisbenzohydrazides 213 and 214
in 48 and 19% yields, respectively (Scheme 70).

; ) IIDh IIDh IIDh
E = Pr,NEt (2.2 equiv) E N. _Bz Bz. _N N. _Bz
H EtOH, ca. 78 °C, 48 h N N N
+ Ph/N‘N/BZ H + H H
02N N02 H 02N N02 02N N02
109 212 213 (48%) 214 (19%)

Scheme 70. Reaction of 1,5-difluoro-2,4-dinitrobenzene 109 and N'-phenylbenzohydrazide 212.

Both hydrazides 213 and 214 were easily separated by dry flash chromatography [Rr(213)
0.67 (n-hexane/Et,0, 30:70), Rr (214) 0.64 (Et20)] and isolated as yellow needles. Efforts
were then made to optimize the reaction with respect to both the monobenzohydrazide 213
and the bisbenzohydrazide 214. These included the use of alternative solvents (DCM, MeCN
and i-PrOH) and reaction temperatures (Table 16). Prior optimization studies by Dr. Andrey
A. Berezin showed that Hiinig's base was superior, compared with other organic and
inorganic bases. Optimized routes to independently convert monobenzohydrazide 213 to

bisbenzohydrazide 214 were also pursued.
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Increasing the yield of monohydrazide 213 was relatively easy: the use of a slight excess of
benzohydrazide 212 (1.2 equiv) in either DCM, MeCN, EtOH or i-PrOH or at ca. 20 °C gave
213 in 71-91% yields (Table 16, entries 1-4). Efforts to convert monohydrazide 213 to
bishydrazide 214 required higher temperatures as the nucleophilic aromatic substitution of
the second fluorine was more demanding.?®® Poor to moderate yields (32-55%) were
obtained, when less than 1.3 equivalents of benzohydrazide 212 were used, independent of
the solvent, but when 1.5 equivalents of benzohydrazide 212 were used in i-PrOH at ca. 83

°C, after 20 h the bishydrazide 214 was isolated in 90% yield.

Treatment of 1,5-difluoro-2,4-dinitrobenzene 109 with benzohydrazide 212 (2.2 equiv) and
Hiinig's base (2.2 equiv) in MeCN at ca. 82 °C for 20 h lead to a moderate yield (53%) of
hydrazide 214 but in i-PrOH at ca. 83 °C a 75% yield was obtained (Table 16, entries 6 &
7). The highest yield (90%) of hydrazide 214 was obtained when benzohydrazide 212 (3
equiv) and Hiinig's base (3 equiv) were used and the reaction was first stirred at ca. 20 °C
for 1 h, which converted all 1,5-difluoro-2,4-dinitrobenzene 109 to monohydrazide 213 and
subsequently heated to ca. 83 °C for 20 h (Table 16, entry 9).

Table 16. Selected data from reaction optimization of 1,5-difluoro-2,4-dinitrobenzene 109 and N'-

phenylbenzohydrazide 212.

Ph Ph Ph
Fj©:F H Pr,NE Fj©:N\N,BZ Bz\N,N:©:N\N/Bz
+ N, .Bz —— H + H H
O,N NO, PN O,N NO, O,N NO,
109 212 213 214
212 temp time yield (%)
entry . solvent
(equiv) &(®) (h) 213 214
1 1.2 DCM 20 2 90 -
2 1.2 MeCN 20 4 76 -
3 1.2 EtOH 20 12 71 —
4 1.2 ‘PrOH 20 1 91 -
5 2.2 MeCN 82 20 - 53
6 2.2 EtOH 78 48 48 19
7 2.2 ‘PrOH 83 24 - 75
8 2.2 ‘PrOH 20/83 1/20 - 81
9 3.0 'PrOH 20/83 120 - 90

Finally, mild reduction of bishydrazide 214 with H> (0.3 MPa) over Pd/C (5 mol %) in EtOH
and further thermal oxidative cyclization under acid catalysis (concd HCI) gave a deep red

solution and upon neutralization (2.0 M NaOH), the hexaazaanthracene 195 was isolated as
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purple needles in an overall yield of 63% (Scheme 71). This route avoided the need for
moisture sensitive imidoyl chlorides and difficult to isolate and purify bisamidrazones.

i) Hy (0.3 MPa), Pd/C (5 mol %)

)OL Ph PO EtOH, ca. 20 °C Ph Ph

N N. L . . i
PR N j@: N Ph i air, EIOH, ca. 78 °C N NN )N\ OVGESa?!L/Z'e'd
0, k\ - So /)
O,N NO, 70% Ph)\N N~ “Ph

214 195

Scheme 71. Independent synthesis of 1,3,7,9-tetraphenylhexaazaanthracene 195.
4.3 Oxidation of 1,3,5,7-Tetraphenylhexaazaanthracene to Scissor Dimer

While screening oxidants for the conversion of bisamidrazone 196 to hexaazaanthracene 195
(Sect. 4.2.1) it was noted that the use of MnO> (10 equiv) in DCM at ca. 20 °C gave after 24
h the desired product 195 (74%) and a low yield (2%) of a new less polar [R; 0.25 (215) vs.
0.44 (195); n-hexane/Et,0, 50:50, silica TLC], non-fluorescent dark purple compound 215.
Owing to the similarity of hexaazaanthracene 195 to isodiphenylfluorindine 104, which
under similar conditions gives 13,13'-dimer 159 (Chapter 2), this new product was also
suspected to be a dimer species. As such, the oxidative behavior of hexaazaanthracene 195

was studied in greater detail.
43.1 Oxidation of 1,3,7,9-tetraphenylhexaazaanthracene 195

Treating pure hexaazaanthracene 195 with MnO; (10 equiv) in DCM at ca. 20 °C for 48 h
led to incomplete consumption of the starting hexaazaanthracene 195, which was recovered
in 80% yield, and the formation of the dark purple dedihydro 5,5'-dimer of 195 namely
1,1',3,3',7,7',9,9'-octaphenyl-1 H,1'H-[5,5'-bibenzo[ 1,2-e:5,4-e"|bis([ 1,2,4]triazine)]-9,9'-

diium-6,6'-diide 215 in a low 17% yield. Increasing the quantity of MnO: (to 20 equiv) did
not significantly improve the reaction time, but the use of a large excess (50 equiv) led to a
rapid consumption (10 min) of hexaazaanthracene 195 and a quantitative conversion to 5,5'-

bi(hexaazaanthracene) 215 (Scheme 72).

MnO, (50 equiv)
Ph Ph or PIFA (1.2 equiv)

N/NN~N DCM, 20 °C, 10 min
e w2 MnO, yield 100%
Ph)\N N)\Ph 2y ’

PIFA yield 88%

195

215

Scheme 72. Oxidative dimerization of hexaazaanthracene 195 to 5,5'-dimer 215.
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When PIFA (1.2 equiv) was added to a solution of hexaazaanthracene 195 in DCM at ca. 20
°C, the starting material 195 was consumed within 10 min and gave the 5,5'-dimer 215 in

89% yield along with several unidentified minor side products (Scheme 72).

Alternative oxidants were examined in DCM: the use of mild oxidants Ag>O (6 equiv) or
HgO (10 equiv), gave after 72 h no dimerization and the hexaazaanthracene 195 was
recovered in 76 and 99% yields, respectively (Table 17, entries 1 & 2). The use of H>O» (1—
2 equiv) as oxidant had no effect, but excess H>O> (10 equiv) gave multiple colorless
products but no dimer 215 (Table 17, entry 3). The use of Oxone® (1 equiv) gave minor
fluorescent products but after 24 h but most of the hexaazaanthracene 195 remained
unreacted, while increasing the quantity of Oxone® (> 2 equiv) led to a complex reaction
mixture after 48 h (by TLC, Table 17, entry 4). The use of the stronger oxidizing agent
KMnOg4 (10 equiv) after 72 h, afforded the 5,5'-dimer 215 (25%) but the reaction remained
incomplete (Table 17, entry 5). In this case, increasing the quantity of KMnOg4 (20 equiv)
led to decomposition and only a brown baseline material was observed by TLC. The use of
m-CPBA (1 equiv) in DCM led only to formation of other minor products while
hexaazaanthracene 195 remained relatively stable for 24 h (Table 17, entry 6). Addition of
more m-CPBA (1 equiv) led to the formation of minor less polar fluorescent products and a
major polar dark blue product which could not be isolated pure due to its low solubility in
common organic solvents and remains unidentified to date. The use of an excess quantity of
m-CPBA (10 equiv) led to a complex reaction mixture (by TLC), with no visible major

product or any 5,5'-dimer 2185.

Table 17. Effect of oxidant on hexaazaanthracene 195.

Ph Ph
N/NN\N DCM, 20 °C
Ph){\Nx \N/J\Ph
195
215
oxidant time yield (%)
entry .
(equiv) (h) 195 215
1 Ag0 (6) 72 76 -
2 HgO (10) 72 99 -
3 H0s (1) 72 98 -
4 Oxone® (2) 72 - -
5 KMnO;4 (10) 72 73 25
6 m-CPBA (1-2) 72 - -
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4.3.2 Characterization of the 5,5'-bi(hexaazaanthracene) 215

This new dark purple 5,5'-dimer 215 is non-fluorescent and less polar than the monomer 195
[Rr 0.25 (215) vs 0.44 (195); n-hexane/EtO, 50:50] and thermally stable with a DSC
decomposition onset at 415.9 °C. Its molecular weight [m/z 978 (MALDI-TOF)], is almost
double that of hexaazaanthracene 195 (m/z 490) and elemental analysis supported the
molecular formula of CesH42N12 and suggested a dedihydro dimer of 195. Dimer 215 is
partially soluble in most organic solvents, EPR silent and exhibits sharp line 'H and '*C
NMR spectra indicating a closed-shell electronic ground state. Both 'H and '3C NMR spectra
of dimer 2185, recorded in CDCl3, were very similar to those of monomer 195. However,
while the monomer 195 has two characteristic singlet resonances that correspond to the H5
at on 6.37 and H10 at dn 5.17 protons located on the central arene, the new dimer 215 has
only one singlet resonance at du 5.29 corresponding to H10 proton. Furthermore, while '*C
NMR spectroscopy of the monomer 195 shows two corresponding doublets for the C5 at dc
85.3 and C10 dc 107.3 carbons, the C5 resonance of dimer 215, located at dc 85.2, becomes
a singlet indicating a new quaternary carbon, and its C10 signal at dc 112.3 remains a
doublet. Based on the above data and the similarity of the hexaazaacene 195 to
isodiphenylfluorindine 104, the dedihydro 5,5'-dimer of 195 namely 1,1',3,3',7,7',9,9'-
octaphenyl-1H,1'H-[5,5"-bibenzo[ 1,2-¢:5,4-e"|bis-([ 1,2,4]triazine)]-9,9'-diium-6,6'-diide

215, was postulated to have formed. This was further supported by single crystal X-ray

studies.
4.3.2.1 X—=Ray studies on the 5,5'-bi(hexaazaanthracene) 215

X—Ray quality single crystals of 5,5'-bi(hexaazaanthracene) 215 were obtained from slow
cooling of a concentrated solution in PhMe. Dimer 215 crystallizes in the monoclinic P21/n
space group (Fig. 64). The two azaacene subunits are connected via a long single C-C bond
[dca-cse 1.491(2) A] and adopt a scissor geometry with a torsion angle of 58.3(2)°. The C-
phenyls of 215, in comparison to monomer 195, deviate from the acene plane by ca. 20°,
while one pair of N-phenyls are twisted in a disrotatory manner with torsion angles of
55.5(2)° and 61.8(2)° and the other pair twisted in a conrotatory manner with torsion angles

of 53.5(2)° and 55.8(2)°. Tentatively, these differences are attributed to packing effects.
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a)

Figure 64. ORTEP views of a) side and b) top of 5,5'-bi(hexaazaanthracene) 215. 50% Probability

ellipsoids. Hydrogens omitted for clarity. Crystallographic numbering shown.

The corresponding bond lengths in both azaacene subunits of dimer 215 are similar to those
of monomer 195, which strongly supports the presence of a zwitterionic ground state: both
+ve and —ve cyanines indicate bond equalization and the oppositely charged cyanines are
typically connected by long C-C bonds (dc.c ~ 1.45 A): these carbons lie at nodal points

leading to increased o character and longer bonds (Appx. I).

The phenyls from both acene subunits participate in edge-to-edge, edge-to-face and face-to-
face intermolecular contacts leading to tight crystal packing of dimer 215 with few voids,

which may explain the compounds high thermal stability (Fig. 65)

Figure 65. ORTEP views of crystal packing of 5,5'-bi(hexaazaanthracene) 215 along: a) a-axis, b)
b-axis, and c) c-axis. 50% Probability ellipsoids. Hydrogens omitted for clarity.

433 Mechanistic rational for the formation of 5,5'-bi(hexaazaanthracene) 215

Mechanistically, the oxidative dimerization of hexaazaanthracene 195 can be rationalized by
considering the abstraction of one electron from its electron rich negative 10z cyanine to
give a resonance stabilized cation radical 216. This can then dimerise at C5 to give the
dication species 217 that on proton loss releases the observed dedihydro 5,5'-dimer 215

(Scheme 73).
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Scheme 73. Proposed mechanistic rational of formation of 5,5'-dimer 215.
4.4 Optical and Electrochemical Properties

44.1 UV-vis comparison of hexaazaanthracenes 195, 205 and 206

The UV—vis spectra of hexaazaanthracenes 195, 205 and 206 display three absorption bands:
one in the ultraviolet [Anax(195) 324 nm (log & 4.90) vs Amax(205) 315 nm (log € 4.77) vs
Amax(206) 315 nm (log ¢ 4.82)], one in the violet [Amnax(195) 393 nm (log & 3.75) vs Amax(205)
401 nm (log € 4.31) vs Amax(206) 407 nm (log ¢ 4.33)] and one in the red region [Amax(195)
589 nm (log € 4.23) vs Amax(205) 624 nm (log € 3.48) vs Amax(206) 687 nm (log ¢ 3.66)] (Fig.
66). Hexaazaacenes 205 and 206 display an additional band in the green region of the visible
spectrum [Amax(205) 496 nm (log € 4.35) vs Amax(206) 503 nm (log ¢ 4.32)].
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Figure 66. UV—vis of hexaazaanthracenes 195 (blue), 205 (red) and 206 (green) in DCM.
Concentrations at ~ 0.02 mM.
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4.4.2 UV-vis comparison of hexaazaanthracene monomer 195 and dimer 215

Dedihydro 5,5'-dimer 215 exhibited similar optical properties to monomer 195, suggesting
minimal excitonic coupling of the two biscyanines. Unlike hexaazaacene 195 (us 6.53 D),
dimer 215 (us 0.12 D) showed no negative solvatochromism which was attributed to the
opposing dipoles of the zwitterionic azaacene subunits which cancel out. The absorption
spectrum of 215 was broader than that of its monomer 195 with a '0-0' vibronic transition at
600 nm, 11 nm red-shifted with respect to the monomer 195. Nevertheless, the rest of the
spectrum overlapped with that of monomer 195 with almost identical vibronic band

intensities (Fig. 67).
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Figure 67. UV—vis of hexaazaanthracenes 195 (blue) and 215 (red) in DCM.
Concentrations at ~ 0.01 mM.

443 Optical band gaps

From the UV—vis spectra, recorded in DCM of hexaazaanthracenes 195, 205, 206 and 215

the E,°P' were calculated (Table 18) using the formula (derived from Beer-Lambert Law):

£OPt _ hxc
g - Aonset
max

Where 4 is Plank’s constant (6.626 x 1072* J-s), ¢ is the speed of light (3.0 x 10 m-s™!) and
Amax®™" (m) is the cut off wavelength in the red region of the UV—vis spectrum. Conversion

factor: 1eV=1.6x 10117,
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Table 18. Overview of optical characteristics of hexaazaanthracenes 195, 205, 206 and 215.

llmax /lonset EgOpt
compd max

(nm) (nm) (eV)
195 589 622 1.99
205 624 671 1.85
206 687 738 1.68
215 600 643 1.93

444 Cyclic voltammetry studies of hexaazaanthracene monomer 195 and dimer 215

The CVs of hexaazaanthracene 195 and 5,5'-dimer 215 were recorded in DCM with n-
BusNBF;4 as supporting electrolyte and Pt disk (¢ 3mm), Pt wire and Ag/AgCl (1.0 M KCI)
as working, counter and reference electrodes, respectively. The CVs exhibited similar £,V
E,2V (195) 1.91 eV and E,“Y (215) 1.96 eV and first reductions and oxidations (Table 19).
The CV of monomer 195 has been reported,*>® but due to the different conditions used, it

was recorded again and the data matched well with the literature.

Table 19. Summary of electrochemical characteristics” of hexaazaacenes 195 and 215.

E1/2_2/_1 El/2—1/0 E1/20/+1 E1/2+1/+2 E1/2+2/+3 E CVb

compd ¢
V) V) V) V) V) (eV)
195 -1.53 -1.27 0.64 - — 1.91
215 - -1.39 0.57 0.73 1.26 1.96

“Electrolyte: n-BusNBF; (0.1 M). Electrodes: Pt disk (o 3mm, working), Pt wire (counter) and Ag/AgCl (1.0
M KCl) (reference). Scan rate 100 mV-s™'. Temp. 20 °C. Internal reference: F¢/Fc* (Egrer 0.585 V vs SCE); ?
ESY = E* - E-.

The CV of azaacene 195 (Fig. 68) exhibits two reversible reductions (E12° —1.27 V and
E1n 271 =1.53 V vs SCE), of which only the first is electrochemically stable after one cycle
and an electrochemically unstable irreversible oxidation (E12*! 0.64 V). The CV of 5,5'-
dimer 215 showed three oxidations (E12”"! 0.57 V, E12,"*20.73 V and E12,"?* 1.26 V) and
one reduction (E12"° —1.39 V) (Fig. 68). After 10 cycles only the third oxidation (E12"%"3)
remained electrochemically stable, while the reduction was only partially electrochemically

stable.
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Figure 68. CVs of hexaazaanthracene 195 (blue) and 5,5'-bi(hexaazaanthracene) 215 (red) in DCM
(1.0 mM). Electrolyte: n-BusNBF4 (0.1 M). Electrodes: Pt wire (¢ 3 mm, working), Pt wire
(counter) and Ag/AgCl (1.0 M KCI) (reference). Scan rate 100 mV-s~!. Temp 20 °C. Internal
reference: Fc/Fc' (Ercrer 0.585 V vs SCE).

4.5 Computational Studies

451 Computational studies on hexaazaanthracenes 195, 205 and 206

DFT studies of hexaazaanthracenes 195, 205 and 206 were performed at the UB3LYP/6-
311G(2d) level of theory. The calculated 4Est of hexaazaanthracenes 195, 205 and 206
support their singlet ground state and the calculated us confirm the high polarity of
zwitterions 195 and 206 as well as the contribution of zwitterionic resonance structures in

the ground state of quinoidal hexaazaanthracene 205 (Table 20).

Table 20. Summary of DFT UB3LYP/6-311G(2d) calculated energies and properties of
hexaazaanthracenes 195, 205 and 206.

195 205 206
Es (eV) —42478.038 42477904  —42477.782
Er (eV) —42477308  —42477.083  —42477.116
AEst (eV) ~0.730 -0.821 ~0.666
us (D) 6.525 5.469 6.091
pes (D) 4.961 4.423 3.601

In agreement with the high dipole moments observed for all three hexaazaanthracenes 195,
205 and 206, the electrostatic surface potential (ESP) plots of all three hexazacenes 195, 205
and 206 also show considerable charge polarization regardless of whether the acenes are

zwitterionic or not (Fig. 69).
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Figure 69. Visualization of ESP maps of hexaazaanthracenes: a) 195, b) 205, and c) 206;
calculated with DFT UB3LYP/6-31G(d). Red = —ve electron density, Blue = +ve electron density.
Hydrogens omitted for clarity. Isovalue = 0.004.

NICS values of the hexaazaanthracenes 195, 205 and 206 individual rings support the central

benzene (Ring B) being weakly aromatic and the peripheral triazine rings mildly
antiaromatic (Table 21).

Table 21. Summary of DFT UB3LYP/6-311G(2d) calculated NICS(1), (0) and (—1) values for
rings 4, B and C of hexaazaanthracenes 195, 205 and 206.

Ph Ph Ph bh
dod, dowr e
Ph” SN S SN e PR N7 N” > Ph P N SN N
195 205 206
195 205 206

Ring A B C A B C A B C
NICS(1) 3.1 2.1 3.2 4.0 -1.8 2.9 5.8 -1.6 4.8
NICS(0) 8.8 1.2 8.8 9.9 2.2 8.9 12.0 2.5 10.8
NICS(-1) 3.1 2.6 3.1 3.9 -1.2 35 5.6 -1.2 4.2

The E,°' of hexaazaanthracenes 195, 205 and 206 are calculated at 1.99 eV (195), 1.85 eV
(205) and 1.68 eV (206) and the theoretical calculations agree with this trend, [i.e.,
E;"PPF1(195) 2.297 eV > E,"PPFT(205) 2.153 eV > E,"PPF1(206) 1.839 eV] (Table 22).

Table 22. Overview of optical and DFT UB3LYP/6-311G(2d) calculated characteristics of
hexaazaanthracenes 195, 205 and 206.

imax EgOpt EHOMODF T ELUMOTDDF T EgTDDF T
compd 2 p
(nm) (eV)* (eV) (eV)* (eV)
195 589 1.99 —4.898 -2.601 2.297
205 624 1.85 —4.804 -2.651 2.153
206 687 1.68 —4.638 -2.799 1.839

@ EOP was calculated from the onset of the Amax (A3858Y) from UV-vis and the Beer-Lambert equation (E =

h*C/A); ® EnomoPF" was obtained from geometry optimizations at the DFT/UB3LYP 6-311G(2d); ¢ ELumo ™PPFT
= EnomoPFT + E,PPFT; d  TODFT — {st excitation energy from TDDFT UB3LYP/6-311G(2d) calculations.
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Calculated oscillator strengths (f) of the first excited state of hexaazacene 195 [E, °PFT

2.297 eV, HOMO — LUMO (41%), HOMO — LUMO+1 (40%), f 0.2610], hexaazacene
205 [E,"PPFT 2,153 ¢V, HOMO — LUMO (55%), HOMO — LUMO+1 (31%), f 0.0615]
and hexaazacene 206 [E,'°°'T 1.839 eV, HOMO — LUMO (62%), HOMO — LUMO+1
(23%), f 0.0734] also support the notable difference in the absorbance intensities recorded

in the red region of their respective UV—vis spectra (Table 23).

Table 23. Selected singlet excited states of hexaazaanthracenes 195, 205 and 206 as derived from
TDDFT UB3LYP/6-311G(2d) calculations.

excited cnergy

compd state transition (%) V) f
e
HOMO — LUMO (41%)
S1 2.298 0.2610
195 HOMO — LUMO+1 (40%)
HOMO — LUMO (22%)
S2 2.616 0.1674
HOMO — LUMO+1 (53%)
HOMO — LUMO (55%)
S1 2.154 0.0615
205 HOMO — LUMO+1 (31%)
HOMO — LUMO (15%)
S2 2.634 0.2471
HOMO — LUMO+1 (54%)
HOMO — LUMO (62%)
S1 1.839 0.0734
206 HOMO — LUMO+1 (23%)
HOMO-1 — LUMO (18%)
S2 2.562 0.1593
HOMO — LUMO+1 (56%)
4.5.2 Computational studies on 5,5'-bi(hexaazaanthracene) 215

DFT calculations of 5,5'-bi(hexaazaanthracene) 215 were restricted at the UB3LYP/6-
31G(d) level due to infrastructure limitations. For comparison reasons, all calculations for

hexaazaanthracene 195 were repeated at the UB3LYP/6-31G(d) level as well.

The zwitterionic biscyanine singlet state of dimer 215 was the energetically more favorable
ground state (4Est —0.65 eV) and only marginally less favorable than that of 195 (4Esr
—0.68 eV) at the same level of theory. The calculated dipole moment (us 0.119 D), indicated
that the two biscyanine monomers cancel out, similar to the 13,13'-bi(isodiphenyl-

fluorindine) 158 (Chapter 2, us 0.000 D).

109



Table 24. Summary of DFT UB3LYP/6-31G(d) calculated energies and properties of

hexaazaanthracenes 195 and 215.

195 215
Es(eV)  —42468.750  —84905.339
Er(eV)  —42468.073  —84904.691

AEst (V) —0.677 ~0.648

s 6.483 0.119
Ut 5.136 2.048

Further support for the singlet state comes from the ESP map of 215 that shows significant
negative electron density either side of the C-C bond that joins the two hexaazaanthracenes

(Fig. 70).

Figure 70. Visualization of ESP map of 5,5'-bi(hexaazaanthracene) 215 as calculated with DFT
UB3LYP/6-31G(d). Red = —ve electron density, Blue = +ve electron density. Hydrogens omitted
for clarity. Isovalue = 0.004.

The E,°P and E,“Y of hexaazaanthracenes 195 and 215 were in close agreement, while the
E,TDDFT

were slightly larger (by ~ 0.3 eV); a difference attributed to the low level of theory
incorporated in the theoretical study (Table 25).

Table 25. Overview of optical, electrochemical and DFT UB3LYP/6-31G(d) calculated

characteristics of hexaazaanthracenes 195 and 215.

opt DFT TDDFT TDDFT cv cv cv
Amax  Eg P Enomo Evumo E, Enomo Evumo E;

compd 5 E
(nm) (eV)* (eV) (eV)* (eV) (eV)* (eV)f (eV)®
195 589 1.99 —4.685 -2.457 2.228 -5.39 -3.48 1.91
215 600 1.93 —4.433 -2.281 2.153 -5.32 -3.36 1.96

@ EOP was calculated from the onset of the Amax (A3558Y) from UV-vis and the Beer-Lambert equation (E =
h*C/A); ® Enomo”" was obtained from geometry optimizations at the DFT/UB3LYP 6-31G(d); ¢ ELumo '°PF " =
Enomo™" + E,PPFT; @ F TODFT = [ st excitation energy from TDDFT UB3LYP 6-31G(d) calculations; ¢ Eyomo®"
— — [(E* - Ererer) + 5.1] €V; / EvumoS = — [(E° — Erores) + 5.1 eV € ESY = E* — EF.
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The TDDFT UB3LYP/6-31G(d) computed vertical excitations of dimer 215 (Table 26)
differed from those of monomer 195, in that they were of mixed character, revealing that the
visible absorption bands of dimer 215 consisted of at least two different transitions.

Table 26. Selected singlet and triplet excited states of 5,5'-bi(hexaazaanthracene) 215 as derived
from TDDFT UB3LYP/6-31G(d) calculations.

excited e (1 energy
state transition (%) V) f
HOMO — LUMO (39%)
T1 1.740 0.0000
HOMO-1 — LUMO (50%)
HOMO — LUMO (43%)
S1 1.745 0.0001

HOMO-1 — LUMO (47%)

HOMO — LUMO+1 (48%)
T2 1.758 0.0000
HOMO-1 — LUMO+1 (44%)

HOMO — LUMO+1 (50%)
S2 1.764 0.0004
HOMO-1 — LUMO+1 (41%)

HOMO — LUMO+3 (30%)

HOMO — LUMO+2 (10%)
T4 2.075 0.0000
HOMO-1 — LUMO+3 (9%)

HOMO-1 — LUMO+2 (50%)
HOMO — LUMO+2 (15%)

HOMO — LUMO (21%)
S3 2.153 0.2125
HOMO-1 — LUMO+2 (10%)

HOMO-1 — LUMO (21%)
HOMO — LUMO+2 (12%)

HOMO — LUMO+1 (16%)
S4 2.183 0.2057
HOMO-1 — LUMO+2 (13%)

HOMO-1 — LUMO+1 (23%)

HOMO-2 — LUMO (45%)
TS5 2.369 0.0000
HOMO-3 — LUMO (43%)

HOMO-2—LUMO+1 (46%)
T6 2.384 0.0000
HOMO-3—LUMO+2 (41%)

HOMO — LUMO+2 (30%)
S5 2.551 0.1138
HOMO-1 — LUMO+2 (17%)

HOMO — LUMO+2 (16%)
S6 2.562 0.1208
HOMO-1 — LUMO+2 (28%)
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4.6 Conclusions

Two new hexaazaanthracene isomers: the quinoidal 1,3,7,8-tetraphenylhexaazaanthracene
205 and the zwitterionic 1,3,7,8-tetraphenylhexaazaanthracene 206, were isolated from the
oxidation of a mixture of bisamidrazones, which derived from the reaction of dibenzimidoyl
chloride 197 with phenylhydrazine 198. For 1,3,7,9-tetraphenylhexaazaanthracene isomer
195, a new synthetic strategy was developed. Similar to isodiphenylfluorindine 104,
hexaazaanthracene 195 dimerizes to the 5,5'-bi(hexaazaanthracene) 215 upon treatment with
strong oxidants such as MnO, and PIFA and maintains the singlet ground state biscyanine
motif of the starting monomer 195. Dimer 215 presents high oxidative and thermal stability
and adopts a scissor motif in the solid state. All hexaazaanthracenes are highly colored and
present multiple transitions in the red region of the UV—vis spectrum, while having E,°P'

values of 1.6-2.0 eV. Monomer 195 and dimer 215 present similar UV—vis spectra with

EP ESY and E,"PPT in close agreement and are redox active.
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Chapter 5

Synthesis of Blatter-Type Radicals*
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* Adapted with permission from "Route to Benzo- and Pyrido-Fused 1,2,4-Triazinyl Radicals via N'-(Het)aryl-N'-[2-
nitro(het)aryl]hydrazides". Berezin, A. A.; Zissimou, G.; Constantinides, C. P.; Beldjoudi, Y.; Rawson, J. M. and Koutentis, P. A. J. Org.
Chem. 2014, 79,314-327. DOI: 10.1021/j0402481t and "A Magnetostructural Investigation of an Abrupt Spin Transition for 1-Phenyl-3-
trifluoromethyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl". Constantinides, C. P.; Berezin, A. A.; Zissimou, G. A.; Manoli, M.; Leitus, G.
M.; Bendikov, M.; Probert, M. R.; Rawson, J. M. and Koutentis, P. A. J A4Am. Chem. Soc. 2014, 136, 11906-11909. DOI:
10.1021/ja5063746. Copyright 2019 American Chemical Society
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5.1 Introduction

1,3-Diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218a, aka Blatter's radical, is an air and

moisture stable radical, first reported in 1968 by Blatter et al.>®

Radical 218a is closely
related to 1,3,7,9-tetraphenylhexaazaanthracene 195 (see Chapter 4) as both systems share

the 1,2,4-benzotriazine core (Fig. 71).

Ph Ph Ph
<o T e
l}l)\Ph Ph)i\N/ \\N/J\Ph
218a 195

Figure 71. Structures of Blatter's radical 218a and 1,3,7,9-tetraphenylhexaazaanthracene 195.

In the 1980s, several analogues of Blatter-type radicals appeared,’®**** together with

L ,3647368 L ’3697371

extensive EPR studies by Neugebauer et a and by Gazetdinova ef a who in

1996°% and 2004,%"! respectively, independently reported the single crystal X—ray structure
of radical 218a.

More recently, Wudl et al.,*’? prepared a pressure sensitive semiconducting charge transfer
complex of radical 218a with 7,7,8,8-tetracyanoquinodimethane (TCNQ). Since then,

improved syntheses of Blatter-type radicals have led to a large family of analogues, which

373-377

have enabled extensive studies on their magnetic properties and led to several new

378-380

applications, e.g., ligands for metal coordination, polymerization initiators,*®! 3% pH

385

sensors,*** discotic liquid crystals,*®> components in organic radical batteries,**® high-spin

387

diradicals*®’ and biradicaloids.**®*° Furthermore, white light emission®*”’ has been shown
g

for Blatter radical 218a, and stable thin films**! composed of 1,2,4-benzotriazinyls have been

prepared highlighting their potential as new materials in electronic devices (Fig. 72).
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Figure 72. Examples of properties and applications of 1,2,4-benzotriazinyls.

114



The stability of Blatter-type radicals towards air and moisture have allowed their structural
modification using organic synthetic methods typically associated with closed shell
molecules. For example, halo substituted 1,2,4-benzotriazinyls can be modified using Pd-

catalyzed C-C coupling chemistry,376-392-3%

and several functional group transformations
(CO2R — CO2H, NO2 — NH; — NHAc, OH — OR etc),**!387:39339 have been successfully

achieved, without destroying the radical.

Mild reducing agents (e.g., ascorbic acid in DMSO) give 1,2,4-benzotriazines 219°% (leuco
forms) which, when DMSO-ds is used, enables their in situ characterization by NMR
spectroscopy. Strong reducing agents (e.g., Zn in AcOH) can lead to the ring contracted
benzimidazoles 220°°® (Fig. 73). Furthermore, treating Blatter-type radicals with strong
oxidizing agents (e.g., MnO> or KMnOy) affords the 1,2,4-benzotriazin-7-ones 221, which
are unusual p-quinonimine heterocyclic scaffolds that have been exploited to prepare z-

extended fused imidazolo-, oxazolo-, and thiazolobenzotriazinyls 222-224**" and also to

prepare redox active quinonimines that have interesting anticancer’*®°’ and anti-
Alzheimer*®® properties (Fig. 73).
1 1 1
; i N 0
< N < X <
N N N
Y Q= LN, eIl
N R? N N~ "R? N N~ “R2
219 220 221 222, X = NR*
223,X=0
224, X =S

Figure 73. General structures of 1,2,4-benzotriazines 219, benzimidazoles 220, 1,2,4-benzotriazin-

7-ones 221, and the imidazolo-, oxazolo- and thiazolo-fused 1,2,4-benzotriazinyls 222-224.
5.2 Syntheses of Blatter-type Radicals

Two syntheses of 1,2,4-benzotriazin-4-yls 218, were reported by Blatter in 1968.2%% The first,
refers to the synthesis of 6-methyl-3-phenyl-1-(p-tolyl)-1,4-dihydro-1,2,4-benzotriazin-4-yl
218b, and involved the preparation of the nitro substituted intermediate N'-(2-bromo-4-
methylphenyl)-N'-(4-methyl-2-nitrophenyl)benzohydrazide 225 from N',N'-di-p-tolylbenzo-
hydrazide 226, followed by reduction of the nitro group to give N'-(2-amino-4-
methylphenyl)-N'-(p-tolyl)benzohydrazide 227, isolated as its hydrobromide, which after

cyclodehydration gave radical 218b, in an overall 14% yield (Scheme 74).%%>
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Scheme 74. Blatter's route to 1,2,4-benzotriazinyl radical 218b via hydrazide 226.

The second synthesis, also used by Neugebauer,*** involved the oxidative cyclization of

amidrazones 228 via the intermediate 1,2 4-triazabutadienes 229 (Scheme 75).360-362-368

While this is the most commonly used route to prepare Blatter-type radicals, the yields are
highly dependent on the purity of the starting amidrazone 228, which can be difficult to

purify as electron rich amidrazones rapidly oxidize.**°

R! R! R!

S HN RN R~ N
NTOR? N OR? NTOR?
228 229 218

Scheme 75. Classical synthesis of Blatter radicals 218 from amidrazones 228.

The amidrazones 228, are typically prepared via two routes: the first involves preparation of
an N-arylbenzimidoyl chloride 230, which on treatment with arylhydrazines gives a mixture
of three products 228, 231 and 232, owing to the hydrazine's ability to attack via both the a
and £ nitrogens (Scheme 76). As such, the desired amidrazone 228 needs to be isolated from

this mixture by a careful extraction sequence.*”’

R1
' 1 1
N Qe S S
NT TR? ” R? NT TR? N TR?
230 228 231 232

Scheme 76. Route to amidrazones 228 via imidoyl chlorides 230.

The second method, which is preferred, involves the formation of the N-arylhydrazonyl
chloride 233°”°4% and subsequent condensation with a primary aniline, avoiding the

formation of mixtures (Scheme 77).401:402
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H )C\I R°NH \N
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233 228

Scheme 77. Route to amidrazones 228 via hydrazonyl chlorides 234.

In light of the difficulties associated with the preparation, purification, and isolation of
amidrazones 228, a reliable, general route to Blatter-type radicals 218 that supported a

variety of substituents at N1, C3 and on the benzo-fused moiety was needed.

Inspired by Blatter's cyclodehydration route (Scheme 74), an alternative route was
developed, that took advantage of the commercially available 1-halo-2-nitroarenes, avoiding
the need for a low yielding late stage nitration step. Thus, by reacting 1-halo-2-nitroarenes
234 with various N'-(het)arylhydrazides 235, the intermediate N'-(het)aryl-N'-[2-nitro-
(het)aryl]hydrazides 236 were prepared (Scheme 78). Subsequent reduction of the nitro
group to afford the amine, cyclodehydration, and oxidation affords the desired radicals 218

(Scheme 78).

31 31 fj\ $1
3 HN R® _Y.__N. R3 Y. _N.
RS AP NH X N~ "R2 X N
- ' - LA o UL
NO, 0~ "R? NO, N~ "R?
234aY=CH,R®=H 235 236 218

234b Y = CH, R®=F5C
234cY=N,R®=H

Scheme 78. Modified synthesis of Blatter-type radicals 218.

The same strategy was successfully used to prepare 1,3,7,9-tetraphenylhexaazaanthracene
195 starting from 1,5-difluoro-2,4-dinitrobenzene 109 and N'-phenylbenzohydrazide 212
(Chapter 4).

5.2.1 Synthesis of N'-(het)aryl-N'-[2-nitro(het)aryl Jhydrazides 236

The reaction of 1-fluoro-2,4-dinitrobenzene with N'-phenylbenzohydrazide 212 and Et;N (2
equiv) as base in MeCN at ca. 20 °C for 2 h is known to give N'-(2,4-dinitrophenyl)-N'-
phenylbenzohydrazide in 74% yield.*”® Applying these conditions, i.e., MeCN, Et;N (2
equiv), ca. 20 °C, to the reaction of 1-fluoro-2-nitrobenzene 234a and N'-phenylbenzo-
hydrazide 212, however, gave no reaction. Raising the temperature to ca. 82 °C also failed.
Fortunately, replacing MeCN by alcoholic solvents (ROH, R = Me, Et, i-Pr or s-Bu) enabled
the reaction to proceed. Extensive optimization of the reaction conditions identified that the
use of KoCOs (1.1 equiv) in EtOH heated to ca. 110 °C (sealed tube) for 48 h afforded the
desired N'-(2-nitrophenyl)-N'-phenylbenzohydrazide 236a in 62% yield (Table 27, entry 5).
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The use of the higher boiling solvents (s-BuOH, bp 98—100 °C) avoided the need of a sealed
reaction tube without affecting the product yield (61%, Table 27, entry 7) but s-BuOH was
difficult to remove which complicated the work-up. Similar problems were encountered with
the use of i-PrOH, as small amounts of unreacted starting materials remained behind even if

the yield was slightly higher (Table 27, entry 8).

Table 27. Selected reaction conditions for the synthesis of benzohydrazide 236a.

IIDh (0]
F ] JOL N \NJL o
* ph N7 P H
NO, H NO,
234a 212 236a
K>CO;3 temp time yield
entry . solvent
(equiv) (°C) (h) (%)
1 1.1 DMSO 110 15 33
2 1.0 EtOH 80 24 21
3 1.0 EtOH 110 24 48
4 1.1 EtOH 110 24 47
5 1.1 EtOH 110 48 62
6 1.1 MeOH 110 48 15
7 1.1 s-BuOH 110 48 61
8 1.1 i-PrOH 110 48 64

Having developed improved reaction conditions, the reaction scope was then examined.
Hydrazides bearing benzonitrile (Table 28, entries 14 & 15), pyrid-2-yl (Table 28, entries 5,
6, 16-19, 21 & 22), thien-2-yl (Table 28, entries 4 & 15) and norborn-2-yl (Table 28, entry
13) substituents were tolerated. Furthermore, the reaction also tolerated the replacement of
I-fluoro-2-nitrobenzenes 234a and 234b with 2-chloro-3-nitropyridine 234c¢ (Table 28,
entries 20—22). The reactions with either nitrobenzene 234b or nitropyridine 234¢ were faster
(24 vs 48 h) than those using nitrobenzene 234a (Table 28, entries 2, 6, 8, 9, 11-13, 17 &
19). In several cases, increasing the reaction time to 48 h, gave lower yields (Table 28, entries
8,9,11,12,21 & 22). Reactions involving the pyridyl substituent at either N1 or C3 position
also required less time (24 h) while the (norborn-2-yl)hydrazide 235k furnished an
inseparable mixture of endo and exo products in low yield (29%); attempts to improve the
yield failed. The use of aceto- or trifluoroacetohydrazides 235¢ and 235d, respectively gave
low yields (17-35%) of the desired 1-phenyl-1-(2-nitroaryl)aceto- and trifluoroaceto-
hydrazides 236g-236j (Table 28, entries 7-12).
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Table 28. Reaction of 1-halo-2-nitroarenes 234 with hydrazides 235.

2
g BERA e WA
e NO, R2 ‘” R3 ( sealed tube) X NO|-2|
234 235 236
entry Y hal R! R? R? time yield
(h) (%)
1 CH F H Ph Ph 48 236a (62)
2 CH F FsC Ph Ph 24 236b (60)
3 CH F H Ph 4-FCsHa 48 236¢ (63)
4 CH F H Ph thien-2-yl 48 236d (61)
5 CH F H Ph pyrid-2-yl 24 236e (85)
6 CH F F5C Ph pyrid-2-yl 24 236f (67)
7 CH F H Ph Me 48 236g (23)
8 CH F FsC Ph Me 24 236h (19)
9 CH F FsC Ph Me 48 236h (16)
10 CH F H Ph F;C 48 236i (17)
11 CH F F5C Ph F;C 24 236j (35)
12 CH F F5C Ph F;C 48 236j (23)
13 CH F FsC Ph norborn-2-yl 18 236k (29)
14 CH F H 4-NCCsH4 Ph 48 2361 (64)
15 CH F H 4-NCCsH4y thien-2-yl 48 236m (57)
16 CH F H pyrid-2-yl Ph 24 236n (77)
17 CH F FsC pyrid-2-yl Ph 24 2360 (69)
18 CH F H pyrid-2-yl pyrid-2-yl 24 236p (75)
19 CH F FsC pyrid-2-yl pyrid-2-yl 24 236q (86)
20 N Cl H Ph Ph 24 236r (84)
21 N Cl H pyrid-2-yl pyrid-2-yl 24 236s (81)
22 N Cl H pyrid-2-yl pyrid-2-yl 48 236s (62)

To overcome these limitations, two modifications were considered. The first involved
acylation or trifluoracetylation of 1-(2-nitrophenyl)-1-phenylhydrazine*** 237 to give the
desired N'-(2-nitrophenyl)-N'"-phenyl aceto- and trifluoroacetohydrazides 236g and 236i in
excellent yields (96 and 82%, respectively). The procedure also worked for the preparation

of the parent analogue 236a (98%), the p-fluorophenyl analogue 236c¢ (96%) and the

adamantane analogue 236t (Scheme 79).
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PhCOCI, 4-FCgH4COCI,
Ph Ac,0, TFAA or 1-AdCOCI o 236a R = Ph, 98%
| Et;N (1.1 equiv), DCM | 236¢ R = 4-FCgH,, 96%

M. N.
@[ NH, 0-20 °C, 4-24 h @: N""R 2369 R=Me, 96%
xo, NO, 236i R = F4C, 82%

236t R = 1-Ad, 58%

237
Scheme 79. Improved route to hydrazides 236 via 1-(2-nitrophenyl)-1-phenylhydrazine 237.

The second modification was inspired by Ma's Cu-catalyzed C-N coupling protocol:**> by
combining 1-iodo-2-nitrobenzene 238 (not tested by Ma et al.) with either picolinohydrazide
235c¢ or trifluoroacetohydrazide 235e, in DMSO, at ca. 90 °C under inert atmosphere, with
Cul (0.1 equiv) and K>COs3 (2 equiv), the picolino- and trifluoroacetohydrazides 236e and
236i were obtained in 73 and 88%, respectively (Scheme 80). The protocol was also tested
with (norborn-2-yl)hydrazide 235f but gave only an intractable material tentatively

attributed to either polymerization reactions or degradation of the materials.

1 (0.1 equi
Cul (0 equn./) Ph O
| 0 K,CO3 (2 equiv) N J\
HL DMSO, Ar, 90 °C 'NTOR
+ P N"R T~ H
NO, H NO,
238 235¢ R = pyrid-2-yl 236e R = pyrid-2-yl, 73%

235e R = CF,4 236i R = CF,, 88%

Scheme 80. New route to hydrazides 236 employing Ma's Cu-catalyzed C-N coupling conditions.

Worthy of note was that there were only a few methods for the preparation of asymmetrically
1,1-diarylated hydrazines: the reduction of corresponding nitrosamines;**®*"” the Hofmann
rearrangement of corresponding ureas;**® and more recently the transition metal N-arylation
of protected 1-arylhydrazines.*” These methods, however, are limited since they cannot
readily be performed on multigram scales. Furthermore, the classical methods require harsh
reaction conditions, complicated work-ups and have limited functional group tolerance and

low yields.**

522 Synthesis of 1,4-dihydro-1,2,4-benzotriazin-4-yls 218

The next step in the synthesis of Blatter-type radicals involved the reduction and
cyclodehydration of the now available series of N'-(het)aryl-N'"-[2-nitro(het)arylThydrazides
236. For the reduction of benzohydrazide 236a, a variety of conditions were examined. The
use of either H» (0.3 MPa), Pd/C (5 mol %) in EtOH or In powder (4 equiv) in AcOH at ca.
20 °C gave N'-(2-aminophenyl)-N'"-phenylbenzohydrazide 239a in high yields (95-97%)
(Scheme 81). Interestingly, benzohydrazide 239a was also prepared via Ma's Cu-catalyzed
C-N coupling of 2-iodoaniline with N'-phenylbenzohydrazide 235a,** providing an

alternative route to this useful intermediate.
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H, (0.3 MPa), Pd/C (5 mol %)
EtOH, ca. 20 °C, 4 h, 97%
or
{ In (4 equiv), AcOH {

N. N.
NJ\Ph ca. 20 °C, 0.5 h, 95% NJ\Ph
H H
NO, NH,

236a 239a
i. In (4 equiv), AcOH, ca. 20 °C, 0.5 h AcOH
96% | ii. AcOH, ca. 118 °C, 10 min ca. 118 °C
iii. NaOH (2 M), ca. 20 °C, 3 h 10 min
™ w
N o N.
@: N NaOH (2 M), ca. 20 °C, 3 h N
' 87% |
N)\Ph N)\Ph
. H
218a 219a

Scheme 81. Synthesis of radical 218a from hydrazide 236a.

Heating benzohydrazide 239a in AcOH at ca. 118 °C (reflux) for 10 min led to
cyclodehydration and formation of the benzotriazine 219a, which was oxidatively unstable
and rapidly gave a mixture containing Blatter's radical 218a. In light of this, during the work-
up, the reaction mixture was treated with 2.0 M NaOH at ca. 20 °C for 3 h, which converted
benzotriazine 219a into radical 218a in 87% yield. Fortunately, when In powder (4 equiv)
was used in AcOH the reduction of the nitro group and the cyclodehydration could be
performed in one-pot and after the alkali work-up radical 218a was obtained directly in 91%

yield (Table 29, entry 1).

Owing to the high cost of In powder, the alternative use of cheaper Sn and Fe powders was
examined. While the use of Fe powder required a large excess (10 equiv) to drive the
reduction to completion and gave radical 218a in only 68% yield (Table 29, entry 2) the use
of Sn (4 equiv) gave radical 218a in an excellent 96% yield (Table 29, entry 3). The three-
step procedure did not tolerate the use of stronger reducing metals such as Zn or Cu which
gave ring contracted benzimidazoles.*>>® Furthermore, the use of less Sn powder (< 4 equiv)
led to slow or incomplete reactions, while increasing the equivalents of Sn or replacing
AcOH with formic acid led to lower yields. As such, the use of Sn (4 equiv) in AcOH was
chosen for the reduction of hydrazides 236 (Table 29).

121



Table 29. Reduction and in situ cyclodehydration to 1,2,4-benzotriazinyl radicals 218.

i) reductant, AcOH, ca. 20 °C, 0.5 h

Ry Ez /RQ ii) ca. 118 °C, 10-180 min ] v EZ ] v EZ
U ” o iiiyNaOH (2 M), ca. 20 °C, 3h-3 d z | IN z | IN
N0, N '}‘)\Rs N H)\Rs
236 218 219
entry Y R R? R met.al tin'le yield
(equiv) (min) (%)
1 CH H Ph Ph In (4) 10 218a (95)
2 CH H Ph Ph Fe (10) 10 218a (68)
3 CH H Ph Ph Sn (4) 10 218a (96)
4 CH CF; Ph Ph Sn (4) 10 218c¢ (81)
5 CH H Ph 4-FCeHy Sn (4) 10 218d (88)
6 CH H Ph thien-2-yl Sn (4) 10 218e (87)
7 CH H Ph pyrid-2-yl Sn (4) 10 2181 (82)
8 CH CF; Ph pyrid-2-yl Sn (4) 10 218¢g (86)
9 CH H Ph Me Sn (4) 10 218h (63)
10 CH CF; Ph Me Sn (4) 10 218i (64)
11 CH H Ph CF; Sn (4) 10 218j (63)
12 CH CF; Ph CF; Sn (4) 10 218k (83)
13 CH CF; Ph norborn-2-yl Sn (4) 10 2181 (52)¢
14 CH H Ph adamant-1-yl Sn (4) 10 218m (79)
15 CH H 4-NCCeHy Ph Sn (4) 10 218n (85)
16 CH H 4-NCCeHy thien-2-yl Sn (4) 10 2180 (71)
17 CH H pyrid-2-yl Ph Sn (4) 10 218p (77)
18 CH CF; pyrid-2-yl Ph Sn (4) 10 218q (85)
19 CH H pyrid-2-yl pyrid-2-yl Sn (3) 239b (78)"¢
20 CH H pyrid-2-yl pyrid-2-yl Sn (4) 239b (98)"¢
21 CH H pyrid-2-yl pyrid-2-yl Sn (4) 10 219b (66)*¢
22 CH H pyrid-2-yl pyrid-2-yl Sn (4) 180 219b (82)“
23 CH CF; pyrid-2-yl pyrid-2-yl Sn (4) 180 219c¢ (88)°
24 N H Ph Ph Sn (4) 60 218r (77)
25 N H pyrid-2-yl pyrid-2-yl Sn (4) 60 219d (91)

@ Exo- isomer: 22%, endo- isomer: 30%; ® Reaction time at ca. 20 °C was 0.5-2 h; No alkali work-up; ¢ N'-(2-

aminophenyl)-N'"-(pyrid-2-yl)picolinohydrazide 239b (22%) was also isolated.

Interestingly, the Sn/AcOH mediated reduction of the N'-(pyrid-2-yl)picolinohydrazides
236p, 236q and 236s followed by the alkali work-up (2.0 M NaOH) gave only traces of the

expected benzo- and pyrido-fused triazinyl radicals (by TLC) and mainly the reduced /euco
forms 219b, 219¢ and 219d, respectively. As such, for these examples, the yields of the /euco

forms 219 were maximized by avoiding the alkali work-up (Table 29, entries 20-22 & 24).
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Furthermore, the N'-phenylpicolinohydrazide 236e was reduced and cyclodehydrated to the
benzotriazine after only 10 min of heating (by TLC) but required extended treatment (72 h)
with 2.0 M NaOH to fully convert into the desired radical 218f (82%, Table 29, entry 7),
while the N'-(pyridyl)benzohydrazide 236n converted without any difficulty into the radical
218p (77%, Table 29, entry 16) suggesting the 3-pyridyl had a more significant effect on the
transformation than the 1-pyridyl substituent. The N'-(pyridyl)picolinohydrazides 236p,
2364, 236r and 236s notably all required longer heating times (1-3 h) (Table 29, entries 21—
24) for the cyclization of their respective reduced forms. For the N'-(pyridyl)picolino-
hydrazide 236p shorter heating times (Table 29, entry 20) led to a mixture of the leuco form
benzotriazine 219b (66%) and the non-cyclized amine 239b (22%), both of which were
sufficiently stable to be isolated and characterized. The reduction of the N'-(pyridyl)-
picolinohydrazide 236p at ca. 20 °C, required a minimum of 3 equivalents of Sn powder to
give, after only 2 h, the amine 239b in 78% yield (Table 29, entry 18), the use of 2.2
equivalents of Sn powder led to an incomplete reaction after 12 h while using 4 equivalents

led to a quantitative (98%) conversion in only 0.5 h. (Table 29, entry 19).

Since Ma's Cu-catalyzed C-N coupling’® of 2-iodoaniline 240 worked well with
benzohydrazide 212 and provided an alternative route to the intermediate benzohydrazide
239a, which cyclodehydrated under acidic conditions to give radical 218a, the temptation to
combine these two reactions in a one-pot procedure was overwhelming. For this reaction,
the 2,2,2-trifluoro-N'-phenylacetohydrazide 235e, which worked well with 1-iodo-2-
nitrobenzene 238, was selected and after a few tests and work-up trials, the 1-phenyl-3-
trifluoromethyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218j was successfully obtained in 80%
yield without the need to isolate the intermediate amine (Scheme 82). Unfortunately, the
reaction with (norborn-2-yl)carbohydrazide 235f again gave only intractable material while
attempts to couple 2-iodo-4-(trifluoromethyl)aniline with hydrazide 235e failed, resulting in

unreacted starting materials and traces of colored products.

i. Cul (0.1 equiv), K,CO3 (2 equiv)
DMSO, Ar, 90 °C, 20 h
ii. ACOH, ca. 118 °C, 10 min .

@' H JOL iii. NaOH (2 M), ca. 20 °C, 12 h ©:N\N
+ N. |
Ph" N7 CF 80%
NH, 3 ° N)\CF3

H

240 235e 218;j
Scheme 82. Route to radical 218j employing the Ma's Cu-catalyzed C-N coupling conditions.

Since the development of the above routes, several more syntheses of Blatter-type radicals

have appeared which include: the regioselective addition of aryl lithium agents to preformed
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1,2,4-benzotriazines 241*'° that can be modified to access a route to planar Blatter
radicals;*!! the ring transformation of the analytical reagent Nitron to 3-amido-substituted
benzotriazinyls;>*> and the aza-Wittig reaction of N-aryliminophosphoranes 242 with

1-(het)aroyl-2-diazenes 243*'? (Scheme 83).

R1
R N 1R, THF,-5°C RS | Ph,O R3 R
@: )N\ 2. Air, THF @: JN\ 150-250 °C, 5-25 min s
A, , _PPh,
N~ R N" R N Rz&o
241 218 242 243

Scheme 83. Routes to Blatter-type radicals 218 that avoid the need to prepare amidrazones 228.

These syntheses offer the advantages that they avoid difficult to purify and oxidative
unstable amidrazones 228. Disadvantages include the use of organolithium reagents, which
can be problematic when sensitive functional groups (e.g., halogens) are present, and the
desired diazenes in the aza-Wittig route may not be accessible. Furthermore, the generality
of the ring transformation of Nitron and the route to planar Blatter radicals have yet to be
fully explored. The route selected often depends on the specific substitution pattern on the

Blatter radical and on the reagents available.
5.3 Computational Studies

Computational studies on the representative Blatter radical 218a were performed using the
DFT/UB3LYP method at the 6-311+G(d,p) level. The calculations support the extensive
delocalization of the singly occupied molecular orbital (SOMO) orbital density over the

benzotriazinyl moiety and the N1-phenyl, which is similar to the spin density map (Fig. 74).

Erumo =—2.683 eV Esomo = —4.812 eV

Figure 74. Visualization of: a) LUMO, b) SOMO, and c) spin density map of Blatter radical 218a;
calculated with DFT/UB3LYP/6-311+G(d,p) level. Hydrogens omitted for clarity. Isovalue = 0.02.
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TDDFT calculations revealed several transitions with small oscillator strengths (Table 30).
The plot of the theoretically derived UV—vis of 218a, matches closely the experimental UV—

vis spectrum as measured in DCM (Fig. 75).

Experimental
= TD-DFT Calculated

1.0 4

0.8 4

0.6 4

0.4 -

Normalized Abs

0.2 4

0.0 T v T r
200 300 400 500 600 700

Wavelength (nm)

Figure 75. UV-vis of Blatter radical 218a: experimental (blue) in DCM and theoretical (red) as
derived from TDDFT UB3LYP/6-311+G(d,p) calculations.

Several of the theoretically calculated excited states are in agreement with those
experimentally observed (Table 30). The first transitions occur between the FMOs: The
longest absorption peak at Amax 554 nm, matches the first excited state of Blatter radical 218a
at Amax 582 nm [E'PPFT 2,13 eV], corresponding to the SOMO — LUMO transition (f
0.0011), followed by the SOMO—-1 — SOMO transition (A°"* 492 nm, A™PP*T 478 nm, f
0.0113) and the SOMO — LUMO+I transition (A*** 428 nm, A™PP*T 433 nm, £ 0.0639)
(Table 30, entries 1-3).

Table 30. Selected singlet excited states of Blatter radical 218a as derived from TDDFT
UB3LYP/6-311+G(d,p) calculations.

EI'DDFT 2TDDFT 2exp
entry transition (%) f

(eV) (nm) (nm)
1 SOMO — LUMO (95) 2.129 582 554 0.0011
2 SOMO-1 — SOMO (77) 2.593 478 492 0.0113
3 SOMO — LUMO+1 (82) 2.866 433 428 0.0639
4 SOMO — LUMO+2 (95) 3.145 394 — 0.0097
5 SOMO-1 — LUMO (63) 3.343 371 — 0.0022
6 SOMO — LUMO+3 (64) 3.439 360 371 0.0275

5.4 Cyclic Voltammetry Studies

The electrochemical behavior of 1 mM DCM solutions of radicals 218 was probed by CV
using a three electrode cell with glassy C disk, Pt wire and Ag/AgCl (1.0 M KCl) as working,
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counter and reference electrodes, respectively and n-BusNBFs (1.0 M) as supporting
electrolyte. Typically, the 1,2,4-benzotriazinyls 218 present two fully reversible one electron

redox process that give the analogous cation 244 and anion 245 (Scheme 84).

R R! R!
| | |+
@[N\N +1e” @EN‘N +1e /N‘N
! -le ' -le <
o o L
245 218 244

Scheme 84. Redox behavior of 1,2,4-benzotriazinyls 218.

In most cases, varying the substitution at C3, which is a nodal carbon in the SOMO orbital,
did not significantly alter the reduction and oxidation potentials (Table 31, entries 1, 3-5, 7
& 13), with the exception of the 3-trifluoromethyl (Table 31, entry 9), which bears a strong
electron withdrawing group (EWG). Introduction of EWGs 4-cyanophenyl (218n and 218o,
Table 31, entries 13 & 14) and pyrid-2-yl (218p, Table 31, entry 15) at N1, facilitated both

the reduction and oxidation potentials.

Table 31. Summary of electrochemical characteristics” of radicals 218.

EI/Z—I/O E1/20/+1 EgCVb
entry compd
V) V) (eV)

1 218a -0.77 0.39 1.16
2 218¢ —0.66 0.54 1.20
3 218d -0.74 0.42 1.15
4 218e -0.71 0.42 1.12
5 218f —-0.73 0.44 1.18
6 218¢g —0.55 0.63 1.18
7 218h —-0.83 0.36 1.19
8 218i —-0.61 0.57 1.19
9 218j —-0.56 0.69 1.24
10 218k —-0.47 0.89 1.36
11 218l (endo) —0.64 0.56 1.20
12 218l (exo) —0.60 0.57 1.17
13 218m —-0.83 0.33 1.15
14 218n —-0.44 0.55 0.99
15 2180 —-0.44 0.57 1.01
16 218p —0.60 0.46 1.06
17 218q —-0.39 0.70 1.08
18 218r —-0.59 0.57 1.17

“Electrolyte: n-BusNBF4 (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and Ag/AgCl (1.0 M KCI)
(reference). Scan rate 50 mV-s~'. Temp. 20 °C. Internal reference: Fc¢/Fc* (Ererer 0.585 V vs SCE); * ESY =

0/+1 -1/0
Ep” = Ep .

126



According to DFT calculations, the N1 substituent participates in the delocalization of the
radical in the SOMO but not in the LUMO (Fig. 74). The introduction of the strongly EWG
trifluoromethyl group at the C7 position, facilitated both the reduction and oxidation
potentials, and an increase of ~ 0.2 V was observed, compared to the non-substituted at C7
analogues (Table 31, entries 2, 5-10, 16 & 17). The endo-218l and exo-218l radicals, which
bear the norborn-2-yl moiety at C3, unsurprisingly, had almost identical redox processes

(Table 31, entries 11 & 12).

The effect of the EWG trifluoromethyl group (Fig. 76), was less pronounced on the C7
position (218c¢) than on the C3 position (218j) but its synergistic effect became apparent for
radical 218Kk, bearing this EWG at both the C7 and C3 positions (Table 31, entries 1, 2,9 &
10).

Current (uA)

-1.0 -0.5 0.0 0.5 1.0
Potential (V) vs SCE

Figure 76. CVs of Blatter radical 218a (blue) and trifluoromethyl radicals 218¢ (red), 218j (green)
and 218k (magenta) in DCM (1.0 mM), showing the effect of the CF; EWG group at different
positions. Electrolyte: n-BusNBF,4 (0.1 M). Electrodes: glassy C (working), Pt wire (counter) and
Ag/AgCl (1.0 M KCI) (reference). Scan rate 50 mV-s !, temp 20 °C. Internal reference: Fc/Fc*
(Ercrer 0.585 V vs SCE).

By comparing the 1-pyrid-2-yl (218p and 218q) and 3-pyrid-2-yl (218f and 218g)
substituted analogues, the influence of the position of the pyrid-2-yl group became more
apparent: the 1-pyrid-2-yl radicals 218p and 218q, have more positive reduction potentials
by 0.13 and 0.16 V, respectively, compared to their corresponding 3-pyrid-2-yl analogues
218f and 218g (Table 31, entries 5, 6, 16 & 17). The oxidation potentials for these radicals
were almost unaffected by the position of the pyrid-2-yl substituent, while the effect of the
7-trifluoromethyl group is clear (Fig. 77).
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Current (uA)
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Figure 77. CVs of Blatter radical 218a (blue) and pyrid-2-yl radicals 218f (red), 218g (green),
218p (magenta), and 218q (maroon) in DCM (1.0 mM), showing the effect of the position of the
pyrid-2-yl group. Electrolyte: n-BusNBF,4 (0.1 M). Electrodes: glassy C (working), Pt wire
(counter) and Ag/AgCl (1.0 M KCI) (reference). Scan rate 50 mV-s!, temp 20 °C. Internal
reference: Fc/Fc" (Ercrer 0.585 V vs SCE).

The pyrido-fused radical 218r (Table 31, entry 18) displays similar oxidation and reduction
potentials to other 7-trifluoromethyl radicals: 218¢c, 218¢g, 218i, 218k and 218q (Table 31,
entries 2, 6, 8, 11 & 12), making its effect similar to a C7 EWG (Fig. 78).

1 — 218¢

Current (uA)

1.0 -0.5 0.0 0.5 1.0
Potential (V) vs SCE

Figure 78. CVs of 7-CF; radicals 218¢ (blue), 218g (red), 218i (green), 2181 (magenta), and
pyrido-fused radical 218q (maroon) in DCM (1.0 mM), showing the comparison of 7-CF; radicals
with the pyrido-fused radical. Electrolyte: n-BusNBF4 (0.1 M). Electrodes: glassy C (working), Pt

wire (counter) and Ag/AgCl (1.0 M KClI) (reference). Scan rate 50 mV-s™!, temp 20 °C. Internal
reference: Fc/Fc' (Ererer 0.585 V vs SCE).
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The above data indicate that the redox potentials of 1,3-disubstituted-1,4-dihydro-1,2,4-
benzotriazin-4-yls can be tailored by strategic substitution. Customizing the redox potentials

of these radicals can enable their broader application in the material sciences.
5.5 Conclusions

Three new routes towards benzo- and pyrido-fused 1,2,4-triazin-4-yls 218 have been
developed that avoid the formation of unstable or highly reactive intermediates, such as
amidrazones 228 or imidoyl chlorides 230. The syntheses involve the preparation of 1-(2-
nitroaryl)-1-arylhydrazides 236 from 1-halo-2-nitroarenes 234 and 238 or 2-iodoaniline 240
and l-arylhydrazides 235 via aromatic nucleophilic substitution or Cu catalyzed C-N
coupling or via preparation of asymmetrically 1,1-diaryl-substituted hydrazines 237.
Subsequent reduction of the nitro group using a mild reducing agent (e.g., In or Sn powder)
followed by in situ acid-catalyzed cyclodehydration and finally an alkali workup affords the
desired radicals 218, which can also be prepared by a one-pot, two-step Cu-catalyzed C-N
coupling. In this manner, Blatter-type radicals with varying substitution at the N1, C3, and

C7 positions can be prepared.
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6.1 Introduction

Oxidation of Blatter-type radicals 218 affords the 1,2,4-benzotriazin-7(1H)-ones 221,413
that can also be prepared by oxidation of N-phenylamidrazones 228 (Scheme 85).3¢°

R! R’ R’
1 1 1
N o N. HN
N~ O R2 SN A R2 N~ R2
H
218 221 228

Scheme 85. Preparation of 1,2,4-benzotriazin-7(1H)-ones 221.

Benzotriazinones 221 are para-quinonimines and thus electron deficient redox active
species. Electrochemical reduction affords the anion radical 246 and dianion 247 in
succession and both processes are fully reversible (Scheme 86).7%* Benzotriazinones 221 can
be readily functionalized with good regioselectivity making them potentially useful building

blocks for library synthesis.***3*° Furthermore, they can be used to construct r-extended

Blatter radicals,**’*** and unusual zwitterionic biscyanines.**®
R! R! R!
I - I - I
T s 0T s SO
e e
Sage T NJ\RZ e N)\Rz
221 246 247

Scheme 86. Redox behavior of 1,2,4-benzotriazin-7(1H)-ones 221.

Like other para-quinonimines,*'* several 1,2,4-benzotriazin-7(1/H)-ones, show interesting

biological properties such as anticancer activity,>”%%’

(Ap) fibrillization and acetyl- (AChE) and/or butyryl- (BChE) cholinesterase, all valuable

and act as dual inhibitors of f-amyloid

targets for the treatment of Alzheimer's disease.”®® Benzotriazinones have also been

proposed as potential precursors to stable anion radicals.*!®

Redox activity is important in a wide array of biological processes,*'® e.g., cellular

respiration,*!” and photosynthesis,*'® while redox active materials have commercial uses e.g.,

419,420 421 422

in  metallurgy, as  anticorrodants, antioxidants, as components in

26423 electrochemical sensors,*?* batteries,*** radical polymerizations,*?° and

semiconductors,
self-assembled coatings.*?” Well known redox active organic compounds include acceptors
such as fullerene (Ce),**® tetracyanoquinodimethane (TCNQ),**° and 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ),** as well as donors such as tetrathiafulvalene (TTF),*!

ferrocene,*** and stable neutral organic radicals (e.g., TEMPO)** (Fig. 79).
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Figure 79. Structures of electron poor and electron rich redox active molecules.

The present interest in organic electronics has led to an increased focus on the synthesis,
chemistry, properties, and applications of redox active compounds, oligomers and polymers.
In particular, the properties of electroactive small organic molecules based on quinoidal
motifs have led to their use in electronic applications such as OPVs,** batteries,**> and

spintronic devices.**¢

As 1,2,4-benzotriazin-7(1H)-ones 221 are quinoidal electron deficient redox active species,
an investigation on the effect of structural changes on this moiety, especially on their electron
accepting abilities, was deemed appropriate. Additional insights in their biological activity,
as well as their potential electronic applications, can emerge from understanding these

structure to property effects that can guide future molecule designs.
6.2 Synthesis and Properties of 1,2,4-Benzotriazin-7(1H)-ones

6.2.1 Synthesis of 1,2,4-benzotriazin-7(1H)-ones 221

Suitable electron deficient 1,2,4-benzotriazin-7(1H)-ones for this study, were identified by
the electrochemical reduction potentials of their respective 1,2,4-benzotriazin-4(1H)-yls 218
(Chapter 5). Benzotriazinyls with suitable EWGs at either N1 or C3 were the pyrid-2-yl
bearing radicals 218f (E12""° —0.73 V vs SCE) and 218p (E12 "% —0.60 V vs SCE), and the
3-trifluoromethyl-1-phenyl-1,2,4-benzotriazin-4(1H)-yl 218j (Ei» "° —0.56 V vs SCE).
Additionally, the 1-pentafluorophenyl-3-phenyl-1,2,4-benzotriazin-4(1H)-yl 218s (Ei "°
—0.76 V vs SCE), easily accessible via the aza-Wittig reaction,*'? was selected for this study,
as it bears a strong EWG at N1. Radicals 218a, 218f, 218j, 218p and 218s were easily
oxidized using MnO2 (10-50 equiv) to their quinonimines (Scheme 87). The 1,3-di(pyrid-2-
yl)benzotriazine 219b bearing two EWGs at both N1 and C3, was also oxidized to its
respective benzotriazinone (Scheme 87). Thus, a small collection of six quinonimines,

bearing EWGs at either N1 or C3 was prepared.
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MnO, (10-50 equiv) R
{ DCM or 1,4-dioxane {

cry EEREEL vl
- S g

218aR'=R?="Ph 221aR'=R?=Ph, 82%

218f R' = Ph, R? = pyrid-2-yl 221b R' = Ph, R? = pyrid-2-yl, 46%
218j R'=Ph, R2=CF, 221c R' = Ph, R? = CF3;, 93%
218p R’ = pyrid-2-yl, RZ = Ph 221d R = pyrid-2-yl, R? = Ph, 90%
218s R" = C4F5, R?=Ph 221e R' = C4F5, R? = Ph, 88%
219b R' = R? = pyrid-2-y? 221f R' = R? = pyrid-2-yl, 53%

@219b is the leuco form i.e. the benzotriazine

Scheme 87. Oxidation of 1,2,4-benzotriazin-4(1H)-yls 218 to 1,2,4-benzotriazin-7(1H)-ones 221.
6.2.2 Computational studies

Computational studies [DFT/RB3LYP/6-31G(d)] on the 1,2,4-benzotriazin-7(1H)-one core
revealed significant molecular orbital density on the N1 positions in both the FMOs and a
nodal point at the C3 position of the LUMO (Fig. 80). This suggested that substitution at N1
and C3 positions will affect the energy of the HOMO more significantly than that of the
LUMO. Nevertheless, X-ray studies?®’-*70371:412437438 of 1 3_diaryl-1,2,4-benzotriazinyls
show that while the C3-aryl groups are typically in the plane of the benzotriazine, the N1-
aryl groups are twisted out of the plane owing to steric interactions with the peri C8
hydrogen. As such, substituents at N1 have a predominantly inductive effect, while those on
C3 have a combined mesomeric and inductive influence on the electrochemistry of the

benzotriazinone scaffold.

b) J
ELUMO =-3.500eV EHoMO =-6.027 eV

Figure 80. Visualization of: a) HOMO, and b) LUMO of the unsubstituted 1,2,4-benzotriazin-
7(1H)-one core; calculated with DFT RB3LYP/6-31G(d). Isovalue = 0.02.

Large us were also calculated for the 1,2,4-benzotriazin-7(1H)-ones 221 (Table 32),
especially for the benzotriazinones 221b, 221d and 221f bearing pyrid-2-yl groups at N1 or
C3 positions (Table 32, entries 2, 4 & 6). Benzotriazinones 221b, 221d and 221f also

exhibited higher theoretically calculated Enomorumo values than the 3-trifluoromethyl 221¢
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and 1-pentafluorophenyl 221e benzotriazinones. The latter also had the smaller theoretically

calculated us (Table 32, entries 3 & 6).

Table 32. Summary of DFT RB3LYP/6-31G(d) calculated energies and properties of

benzotriazinones 221.

Es HUs Evomon™P""  Evumo™""  Euomo®"  Enomo-"F"
entry compd 5 . .
(eV (D) (eV)* (eV) (eV) (eV)
1 221a —26422.746  4.456 —2.110 —3.305 —5.558 —6.300
2 221b —26859.328 6.102 —2.021 -3.278 —5.632 —6.282
3 221c¢ —29308.316 3.042 —2.290 -3.712 —6.123 —6.644
4 221d —26859.517 5.533 —2.159 —3.350 —5.585 —6.316
5 221e —39923.971 4.154 —2.534 —3.587 —5.926 —6.609
6 221f —27296.093 7.169 —2.060 —3.331 —5.652 —6.287

¢ Eyumon TPPFT = EnomoPFT + 27 excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ? Ep ymoPPFT
= Enomo” T + 1% excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ¢ Enomo® " and Enomo-1PF '
were obtained from DFT RB3LYP 6-31G(d) geometry optimizations.

6.2.3 UV-vis absorption studies

UV-vis studies on quinonimines 221 show broad, structured low energy absorption bands

between 400 and 700 nm, centered at ~ 550 nm (Fig. 81).

1.2
—_—221a 10
—_—221b £
— 221c g
—_—221d §
g 0.8 1 —21e 3°°
c 21f 5
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% /\7
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Wavelength (nm)

Figure 81. UV-vis of 1,2,4-benzotriazin-7(1 H)-ones 221a (blue), 221b (red), 221¢ (green), 221d
(magenta), 221e (maroon) and 221f ( ) in DCM. Concentrations at ~ 15.0 mM.

Based on TDDFT calculations these low energy bands were attributed to transitions between
the FMOs (i.e. HOMO — LUMO, 0.06-0.09). Varying the substituents at either N1 or C3,
had little effect on the quinonimine's £,°P' which ranged between 1.83—1.96 eV (Table 33).
This was owed to the substituent effects being similar in sign and magnitude to both the

HOMO and LUMO energy levels (Table 33).
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Table 33. Overview of optical and TDDFT RB3LYP/6-31G(d) calculated characteristics of 1,2,4-
benzotriazin-7(1H)-ones 221.

AP EgOpt - EgTDDFT A, TOPFT
compd transition (%) f
(nm) (eV)* (eV) (nm)

221a 639 1.83 HOMO — LUMO (75) 2.254 550.1 0.0776
221b 635 1.84 HOMO — LUMO (74) 2.354 526.7 0.0792
221c¢ 626 1.85 HOMO — LUMO (68) 2.412 514.1 0.0876
221d 628 1.86 HOMO — LUMO (73) 2.235 554.8 0.0890
221e 611 1.96 HOMO — LUMO (76) 2.340 529.9 0.0663
221f 636 1.85 HOMO — LUMO (63) 2.321 534.2 0.0775

* EO" was calculated from the onset of the Amax (ASLS€Y) from UV-vis and the Beer-Lambert equation (E =

h*C/A); ? E,"PPFT = 1% excitation energy from TDDFT RB3LYP 6-31G(d) calculations.
6.2.4 Cyclic voltammetry studies
CV studies on quinonimines 221 (Fig. 82) provided useful information to guide the design

of more electron poor analogues.

30

— 221a
204 221b
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Figure 82. CVs of 1,2,4-benzotriazin-7(1H)-ones 221a (blue), 221b (red), 221c (green), 221d
(magenta), 221e (maroon) and 221f ( ) in DCM (1.0 mM). Electrolyte: n-BusNBF4 (0.1 M).
Electrodes: glassy C (working), Pt wire (counter) and Ag/AgClI (1.0 M KCl) (reference). Scan rate
50 mV-s!, temp 20 °C. Internal reference: Fc/Fc* (Ererer 0.585 V vs SCE).

The replacement of either the N1 or C3 phenyls (Gmeta 0.06, Gpara —0.01)** by pyrid-2-yl (Gmeta
0.33, 0para 0.17)*° groups, led to a similar effect on both redox peaks: the first redox (E12 ")
was raised by 0.04 V for the 3-(pyrid-2-yl) 221b and by 0.08 V for the 1-(pyrid-2-yl) 221d,
while the second redox (E12 ") was raised by 0.11 and 0.14 V for pyrid-2-yl analogues
221b and 221d, respectively (Table 34, entries 2 & 4). These +ve redox shifts showed that
substitution at either site moderated the electron affinity of the scaffold. Furthermore, while

replacing both phenyls by pyrid-2-yls (Table 34, entry 6) only led to a 0.08 V +ve shift of
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the first redox (E12 "°) very similar to that seen with the 1-(pyrid-2-yl) 221d, but there was
a marked increase in the value of the second redox (E12 2!) which was raised by 0.18 V;

i.e. combining substitution changes improved the electron affinity of the quinonimine.

CV studies on analogues 221c¢ and 221e, bearing the strongly electron withdrawing
trifluoromethyl (Gmeta 0.43, Opara 0.54)*° and pentafluorophenyl (Gmeta 0.26, Gpara 0.27)*°
groups at C3 and N1, respectively, showed less —ve first redox values 221¢ (E12 7' —0.52
V) and 221e (Ei2 Y° —0.57 V) than the pyrid-2-yl analogues 221b and 221d, but
interestingly, their second redox values (E12 ?"!) were similar (—1.22 and —1.23 V) to the
pyrid-2-yl analogues (—1.21 and —1.24 V) (Table 34, entries 2—5). Unfortunately, the 1,3-
di(trifluoromethyl)-, 1,3-di(pentafluorophenyl)-, 1-(pentafluorophenyl)-3-(trifluoromethyl)-
and 3-(pentafluorophenyl)-1-(trifluoromethyl)-substituted benzotriazinones could not be
prepared as either the chemistry to make the precursor radicals failed or the required reagents
were not available. As such, the combinations of these substituents on the redox behavior

could not be examined.

Table 34. Overview of optical, electrochemical and DFT RB3LYP/6-31G(d) calculated

characteristics of 1,2,4-benzotriazin-7(1H)-ones 221.

}&maxexP E. Opt E. TDDFT E1/2—1/0 EI/Z_Z/_] EHOMOCV ELUMOCV
g g
entry compd

(nm) (V) (eV) V) V) (eV)* (V)
1 221a 639 1.83 2.25 -0.73  -135 -5.73 -3.90
2 221b 635 1.84 2.35 -0.69  —1.24 ~5.78 -3.94
3 221c 626 1.85 2.41 -0.52  -1.22 ~5.96 —4.11
4 2214 628 1.86 2.24 -0.65  -1.21 ~5.84 ~3.98
5 221e 611 1.96 2.34 -0.57  -1.23 ~6.02 ~4.06
6 221f 636 1.85 2.32 -0.65  -1.17 ~5.83 ~3.98

@ EOP was calculated from the onset of the Amax (AASEY) from UV-vis and the Beer-Lambert equation (E =

h*C/A); b E,PPFT = 15 excitation energy from TDDFT UB3LYP 6-31G(d) calculations; ¢ Enomo = Erumo —
EL (eV); 4 ELumo = —[(E12 V0 = Eperc’) +5.1] (eV).

6.3 Synthesis and Properties of 1,2,4-Benzotriazin-7(1H)-ylidenemalononitriles

Since the introduction of pentafluorophenyl or trifluoromethyl groups led to the least —ve
redox values (Table 34, entries 3 & 5), further structural changes on quinonimines 221¢ and
221e were considered. The ylidenemalononitrile moiety is a powerful electron withdrawing
group,*® and as such, can increase the electron affinity of quinonimines 221a, 221¢ and

221e.
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6.3.1 Synthesis of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248

The transformation of quinonimines 221a, 221c and 221e to their ylidenemalononitriles
248a—c, was challenging due to the strong electron release from the triazine N1 atom to the
C7 carbonyl.*** Prior studies showed that treating benzotriazinone 221a with either
tetracyanoethylene (TCNE) or tetracyanoethylene oxide (TCNEO) in PhCl heated at ca. 140
°C for 18 h, afforded the ylidene 248a in low yields (17-19%).>* Efforts to optimize the
reaction included various solvents (MeCN, PhH, PhMe, xylene, 0-DCB) and equivalents of
TCNEO (1.0-1.5 equiv), reaction scales, and mode of reagent addition. Improved yields
were obtained by using TCNEO (1.5 equiv) in anhydrous PhMe, heated at ca. 110 °C for
only 1 h, and product 248a was isolated in 50% yield. These conditions also worked to
convert the 3-trifluoromethyl and 1-pentafluorophenyl benzotriazinones 221¢ and 221e into

ylidenes 248b (25%) and 248c (40%), respectively (Scheme 88).

R _ CN R!
{ TCNEO (1.5 equiv) |

© N‘N PhMe, 110°C, 1 h NC™ X N\N
Sy ge Sy ge

221aR'=R?=Ph 248aR' = R? = Ph, 50%
221c R' = Ph, R? = CF; 248b R' = Ph, R? = CF3, 25%
221e R' = C4F5, R2=Ph 248c R" = C4F5, R? = Ph, 40%

Scheme 88. Synthesis of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248.
6.3.2 Computational studies

Computational studies [DFT RB3LYP/6-31G(d)] on ylidenes 248 revealed large us (5.66—
9.23 D) suggesting highly polarized molecules (Fig. 83).
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Figure 83. Mulliken charges and dipole vectors of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles:
a) 248a, b) 248b, and c) 248c¢; calculated with DFT RB3LYP/6-31G(d). Hydrogens omitted for
clarity.

This was also supported by the *C NMR data (CDCl3, 500 MHz) that revealed up-field
signals of dc 65.2 for the ylidenemalononitrile 248a with the =C(CN)> resonance shifted
even further up-field to dc 58.6 in more polar DMSO-ds, which can stabilize more readily
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the polarized resonance form. Typically, the more up-field the signal for the malononitrile

C2 signal, the more negative charge, i.e. shielding, is associated with that carbon.**!

Ylidenemalononitriles 248 exhibited lower theoretically calculated Erumo values by ~ 0.3
eV than their benzotriazinone analogues 221, but similar Enomo values, suggesting that the
ylidenemalononitrile moiety has a more pronounced effect on the LUMO and almost no

effect on the HOMO energies (Table 35).

Table 35. Summary of DFT RB3LYP/6-31G(d) calculated energies and properties of 1,2,4-

benzotriazin-7(1H)-ylidenemalononitriles 248.

Es HUs EvLomon™P " Evumo™P*"  Euomo®"  Enomo-1"F"
entry compd "
(eV) (D) (eV)* (eV) (eV)* (eV)*
1 248a —=30464.915 9.227 —-2.671 -3.669 —5.620 —7.035
2 248b —33350.435 5.656 —2.843 —4.020 —6.068 =7.727
3 248c¢ —43966.103 8.565 —3.052 -3.903 —5.941 —7.189

¢ Eyumon TPPFT = EnomoPFT + 27 excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ? £ ymoPPFT
= EnomoPtT + 1% excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ¢ Enomo”f T and Enomo-1PF*
were obtained from DFT RB3LYP 6-31G(d) geometry optimizations.

6.3.3 UV-vis absorption studies

Ylidenemalononitriles 248 were isolated as blue-green needles that dissolved readily in
typical organic solvents. Compared to quinonimines 221a, 221c¢ and 221e, the UV-vis
spectra showed substantially red-shifted, broad, structured low energy absorptions between

450-900 nm, centered at ~ 675 nm (Fig. 84).
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Figure 84. UV—vis of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248a (blue), 248b (red) and
248c¢ (green) in DCM. Concentrations at ~ 15.0 mM.

TDDFT calculations (Table 36) support that the lowest energy absorptions are attributed to
transitions between FMOs (i.e. HOMO — LUMO, £ 0.18-0.19), and that the reduction in
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the £,°7' (1.48-1.58 eV) was owed to a lowering of the LUMO energy level relative to the
HOMO by ~ 0.24 eV (Table 36).

Table 36. Overview of optical and TDDFT RB3LYP/6-31G(d) calculated characteristics of 1,2,4-

benzotriazin-7(1H)-ylidenemalononitriles 248.

Amax®™® E.Opt E,TDDFT Amay TPPFT
compd & transition (%) ¢ f
(nm) eV)* eV) (nm)
248a 780 1.48 HOMO — LUMO (64) 1.951 635.6 0.1823
248b 762 1.50 HOMO — LUMO (63) 2.048 605.4 0.1900
248c¢ 730 1.58 HOMO — LUMO (64) 2.038 608.3 0.1930

“ EO™ was calculated from the onset of the Amax (ASS€Y) from UV-vis and the Beer-Lambert equation (E =

h*C/A); ? E,"PPFT = 15 excitation energy from TDDFT RB3LYP 6-31G(d) calculations.
6.3.4 Cyclic voltammetry studies
The electrochemical behavior of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248

presents two one electron, reversible reduction waves, that correspond to the formation of

the anion radical 249 and the dianion 230, respectively (Scheme 89).

N N
oN R é R! ' R!
Nc)\C[N‘N +1e" N,;C:J\CEN‘N +1e N/C)\C[N N
\NJ\RZ 1e” I:IJ\RZ 1e N I R?2
248 249 250

Scheme 89. Redox pathway of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248.

CV studies on ylidenes 248 (Fig. 85) showed that replacing the carbonyl by the
ylidenemalononitrile group improved the electron affinities of the molecules. Both the first
(E12""%) and second reduction (E12 2"!) peaks were +ve shifted by ~ 0.34 and ~ 0.27 V,
respectively, compared to the analogous quinonimines. Combining the C3 trifluoromethyl
and C7 ylidenemalononitrile moieties in compound 248b gave the analogue with the least

negative electron affinity: £1, " —0.19 V and E12 %! —0.93 V (Table 37, entry 3).
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Figure 85. CVs of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248a (blue), 248b (red) and
248c (green) in DCM (1.0 mM). Electrolyte: n-BusNBF4 (0.1 M). Electrodes: glassy C (working),

Pt wire (counter) and Ag/AgCl (1.0 M KCl) (reference). Scan rate 50 mV-s!, temp 20 °C. Internal
reference: Fc/Fc' (Erere+ 0.585 V vs SCE).

Table 37. Overview of optical, electrochemical and DFT RB3LYP/6-31G(d) calculated

characteristics of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248.

)vmaxe E t E E1/2 10 E1/2 ol EHOMO ELUMO
2 2
entry compd

(m) V) (V) V) V) (V) (eV)’
1 2482 780 1.48 1.95 -038  -1.08 -5.73 ~4.25
2 248b 762 1.58 2.05 -0.19  -0.93 ~6.02 ~4.44
3 248¢ 730 1.50 2.04 -024 0.9 ~5.89 ~4.39

@ EOP was calculated from the onset of the Amax (AASEY) from UV-vis and the Beer-Lambert equation (E =
h*C/A); b E4PPFT = 1% excitation energy from TDDFT UB3LYP 6-31G(d) calculations; ¢ Enomo = Erumo —
EL (eV); ¢ ELumo = —[(E1n " = Epere’) + 5.17 (eV).

6.4 Synthesis and Properties of 1,2,5-Thiadiazolo-1,2,4-benzotriazin-4(6H)-

ones

The introduction of 1,2,5-thiadiazole fusion across the C5-C6 benzotriazine bond was
investigated as another structural modification, that could also increase the reduction
potential of benzotriazinones 221a, 221¢ and 221e. 1,2,5-Thiadiazolo-fused arenes are
useful electron acceptors in a variety of organic electronic applications (e.g., OPV, OFET,

OLED etc). #2445

6.4.1 Synthesis of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251

While there are many synthetic routes to construct benzothiadiazoles,****4°

a fast and cheap
way to build the ring system directly onto a quinone scaffold, is to use tetrasulfur tetranitride

(S4N4).*® The reaction of benzotriazinone 221a with S4N4 (5 equiv) in DMF at ca. 153 °C
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for 1 h, had previously given a mixture of the desired 6,8-diphenyl-[1,2,5]thiadiazolo-
[3',4"5,6]benzo[1,2-¢][1,2,4]triazin-4(6H)-one 251a (15%) and 6-amino-1,3-diphenyl-
1,2,4-benzotriazin-7(1H)-one 252a (48%).>*® Considering that 6-aminobenzotriazinone
252a could be either an intermediate or a decomposition product, it was treated with S4N4 (5
equiv) in DMF at ca. 153 °C for extended time (12 h). From the reaction, the thiadiazole-
fused benzotriazinone 251a was isolated in 30%, along with recovered (30%)
benzotriazinone 252a, suggesting that additional equivalents of S4N4 were required for the
conversion to thiadiazolobenzotriazinone 251a. Several efforts to improve the reaction of
benzotriazinone 221a with S4sNa followed. The reaction failed when 1,4-dioxane, PhMe,
PhCl, 0-DCB and DMA were used as solvents but did work in DMF. A somewhat fast
consumption of S4Na, before the full conversion of benzotriazinone 221a, was also observed,
thus its portion-wise addition was tested. Finally, optimum results were obtained by treating
a solution of benzotriazinone 221a in DMF at ca. 153 °C, over a 7 h period with five equal
portions of S4N4 (total 10 equiv), which lead to the isolation of the desired thiadiazolo-
benzotriazinone 251a (80%), together with a new less polar [Rr 0.78 (n-hexane/DCM/t-
BuOMe, 30:60:10)] red-colored product 2-phenyl-7H-[1,2,5]thiadiazolo[3,4-b][1,2,4]-
triazino[ 1,6,5-mn]phenothiazin-7-one 253a (7%) and a small quantity of 6-aminobenzo-
triazinone 252a (5%) (Scheme 90). The use of additional S4N4 failed to consume the amino
analogue. Using these conditions, the reaction of S4N4 with benzotriazinone 221c gave a
mixture of 2-(trifluoromethyl)-7H-[1,2,5]thiadiazolo[3,4-b][1,2,4]triazino[ 1,6,5-mn]pheno-
thiazin-7-one 253b (18%), the desired 6-phenyl-8-(trifluoromethyl)-[1,2,5]thiadiazolo-
[3',4":5,6]benzo[1,2-¢][1,2,4]triazin-4(6H)-one 251b (49%) and 6-amino-1-phenyl-3-(tri-
fluoromethyl)benzo[e][1,2,4]triazin-7(1H)-one 252b (17%) (Scheme 90).

Unfortunately, the reaction of SiNs with 1-(perfluorophenyl)-3-phenyl-1,2,4-benzo-
triazinone 221e, gave a complex reaction mixture (by TLC) and no products were isolable

in sufficient purity to allow characterization; partly owing to their unstable nature during the

work-up (Scheme 90).

R

{ S4N4 (10 equiv) o N

| | + - |
N N\ NS
N)\RZ /l N)\RZ N\// N R2 H2N N)\Rz

N
S—-N s-N

221a (R' = R? = Ph) 253a 7% 251a 80% 252a 5%

221c (R' = Ph, R? = CF3) 253b 18% 251b 49% 252b 17%

221e (R = C4F5, R? = Ph) 253¢ 0% 251c 0% 252¢c 0%

Scheme 90. Reaction of 1,2,4-benzotriazin-7(1H)-ones 221a, 221¢ and 221e with S4Na.
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The structure assignment of the thiazines 253 was supported by elemental analysis, and mass
spectrometry, which tentatively indicated the additional sulfur [m/z (253a) 388, m/z (253b)
380]. Furthermore, the loss of the benzotriazine H8 resonance in the 'H NMR and the
appearance of a splitting pattern for the 1-phenyl suggesting a 1,2-disubstituted arene
supported the assignment. Thermolysis of the 1,4-thiazino-fused systems 253a (R = Ph) and
253b (R = CF3) led to the ring contracted triazafluoranthenones 254a (98%) and 254b (97%),
respectively (Scheme 91). The thermal ring contraction of 1,4-thiazines was surprisingly
rather rare with only one report by Rees et al.**” appearing in the literature. The thiadiazolo-
fused triazafluoranthenone 254a was also independently prepared in 79% yield by reacting
SsN4 with triazafluoranthenone 255,>* which helped to further support the structure

assignment (Scheme 91).

S ; .
o N. m-terphenyl o . S4N4 (10 equiv) o N
N 270°C,3h DMF, 153 °C, 7 h N
NN J\R 254a 98% ) 254a 79% \NJ\Ph
N™ 254b 97% \

-N -N
S S 255
253a (R = Ph) 254a (R = Ph)
253b (R = CFj) 254b (R = CF)

Scheme 91. Preparation of 1,2,5-thiadiazolo-1,2,4-triazafluoranthen-7-ones 254.
6.4.2 Computational studies

Computational studies [DFT RB3LYP/6-31G(d)] on thiadiazoles 251a and 251b and
thiazines 253a and 253b, revealed larger us (3.67-5.83 D) than their respective quinonimines
221a (us 4.46 D) and 221¢ (us 3.04 D) but triazafluoranthenones 254, revealed lower
calculated us (2.83—4.33 D) (Table 38). Thiadiazoles 251a and 251b, exhibited lower
theoretically calculated ELumo and Enomo than their benzotriazinone analogues 221a and
221¢, by ~ 0.28 and ~ 0.20 eV, respectively (Table 38, entries 1 & 2). Similarly, the
thiadiazolo-fused triazafluoranthenones 254a and 254b, exhibited lower theoretically
calculated ErLumo and Enomo than their benzotriazinone analogues 221a and 221¢, by ~ 0.36
and ~ 0.45 eV, respectively (Table 38, entries 5 & 6). Thiazines 253a and 253b, however,
exhibited lower theoretically calculated Erumo by ~ 0.60 eV but higher Enomo values by
0.28 and 0.49 eV, respectively, than their benzotriazinone analogues 221a and 221¢ (Table
38, entries 3 & 4). These results suggested that the thiadiazole fusion across the C5-C6 bond
of benzotriazinones 221, affected both Enomo and Erumo, and the thiazine ring had an

additive effect on the Erumo but a subtractive effect on the Enomo.
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Table 38. Summary of DFT RB3LYP/6-31G(d) calculated energies and properties of 1,2,5-
thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251, 1,2,5-thiadiazolo-1,2,4-triazino-1,6,5-phenothiazin-
7-ones 253, and 1,2,5-thiadiazolo-1,2,4-triazafluoranthenones 254.

Es Hs Evuomon ™" Evumo™P T Enomo®"  Enomo-1PF'
entry compd ) b . .
(eV (D) (eV) (eV) (eV) (eV)
1 251a  —40204.892 5.629 —2.652 —3.585 —5.746 —6.617
2 251b  —43090.420 4.128 —2.975 —3.983 —6.334 -6.951
3 253a  —51008.017 5.829 -3.013 -3.914 —5.281 —6.809
4 253b  —53893.534 3.669 —3.313 —4.301 —5.634 —7.295
5 254a  —40173.502 4.336 —2.802 -3.661 —6.029 —6.793
6 254b  —43059.011 2.831 —3.265 —4.085 —6.518 =7.302

@ ELumo+1 PP = EyomoPt T + 27 excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ? Ep ymo ' PPFT
= EnomoPF! + 1% excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ¢ Enomo™ ' and Enomo-1°F T
were obtained from DFT RB3LYP 6-31G(d) geometry optimizations.

6.4.3 UV-vis absorption studies

1,2,5-Thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251a and 251b were isolated as brown and
purple needles with a metallic luster, respectively, that dissolved readily in typical organic
solvents. Compared to their respective quinonimines 221a and 221c¢, the UV—vis spectra
showed similar broad, unstructured low energy absorption at 450—700 nm, centered at ~ 530

nm and an additional absorption at 350-400 nm (Fig. 86).
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Figure 86. UV—vis of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251a (blue) and 251b (red)
in DCM. Concentrations at ~ 15.0 mM.

Based on TDDFT calculations, the unstructured low energy bands between 450—700 nm, are
attributed to HOMO — LUMO transitions (f'0.03—0.05), while the absorption bands at 350—
400 nm are attributed to HOMO — LUMO+I transitions (f 0.08—0.14) (Table 39). The
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higher oscillator strengths of the latter also explained their higher intensities observed in

their UV—vis spectra.

Table 39. Overview of optical and TDDFT RB3LYP/6-31G(d) calculated characteristics of 1,2,5-
thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251, 1,2,5-thiadiazolo-1,2,4-triazino-1,6,5-phenothiazin-
7-ones 253 and 1,2,5-thiadiazolo-1,2,4-triazafluoranthenones 254.

Amax®P EgOpt » EgTDDFT 2maxTDDFT
compd transition (%) f
(nm) (eV)’ (eV) (nm)
251a 645 |84 HOMO — LUMO (82) 2.160 573.9 0.0337
406 HOMO — LUMO+1 (78) 3.094 400.8 0.1370
251b 636 187 HOMO — LUMO (82) 2.351 527.5 0.0536
372 HOMO — LUMO+1 (74) 3.359 369.1 0.0868
2532 810 1.06 HOMO — LUMO (85) 1.368 906.5 0.0114
515 HOMO — LUMO+1 (86) 2.268 546.7 0.0615
253h 813 1.09 HOMO — LUMO (86) 1.333 930.2 0.0131
500 HOMO — LUMO+1 (87) 2.321 534.2 0.0281
254a 572 2.17 HOMO — LUMO (85) 2.368 523.6 0.0154
254b 579 2.15 HOMO — LUMO (86) 2.434 509.4 0.0213

@ E,OP was calculated from the onset of the Amax (A3558Y) from UV-vis and the Beer-Lambert equation (E =

h*C/A); ® E4"PPFT = 15 excitation energy from TDDFT RB3LYP 6-31G(d) calculations.

UV-vis spectra of 1,2,5-thiadiazolo-1,2,4-triazino-1,6,5-phenothiazin-7-ones 253 showed a
broad, low intensity absorption that peaked at ~ 800 nm but extended into the NIR, beyond

the range of the instrument used for the data collection (Fig. 87).
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Figure 87. UV-vis of 1,2,5-thiadiazolo-1,2,4-triazino-1,6,5-phenothiazin-7-ones 253a (blue) and
253b (red) in DCM. Concentrations at ~ 15.0 mM.

TDDFT calculations (Table 39) attributed this absorption to a weak HOMO — LUMO
transition (f ~ 0.01) that was accompanied by a redistribution (or charge transfer) of the

FMOs from the electron rich benzothiazine to the electron poor thiadiazolobenzotriazine

146



moiety (Fig. 88). An ESP calculation of thiazine 253a showed considerable electron

deficiency (dark blue) at the thiadiazolobenzotriazinone moiety (Fig. 88).

ELUMO =-3914¢eV EHOMO =-5.281¢eV ESP

Figure 88. Visualization of: a) LUMO, b) HOMO, and c¢) ESP map of 1,2,5-thiadiazolo-1,2,4-
triazino-1,6,5-phenothiazin-7-one 253a; calculated with DFT RB3LYP/6-31G(d). Red = —ve
electron density, Blue = +ve electron density. Hydrogens omitted for clarity. Isovalue (FMOs) =

0.02 and isovalue (ESP) = 0.004.

The UV-vis spectra of triazafluoranthenones 254, similar to those of thiadiazoles 251,
showed similar broad, unstructured low energy absorptions at 450—650 nm (Fig. 89), which,
based on TDDFT calculations, are attributed to weak transitions between the FMOs (i.e.

HOMO — LUMO, £0.01-0.02) (Table 39).

1.0 -

0.5

Normalized Abs.

0.5 4

0.0
450 550 630
Wavelength (nm)

Absorbance

0.0

300 500 700
Wavelength (nm)

Figure 89. UV-vis of 1,2,5-thiadiazolo-1,2,4-triazafluoranthenones 254a (blue) and 254b (red) in
DCM. Concentrations at ~ 15.0 mM.
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6.4.4 Cyclic voltammetry studies

CV studies on 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251 revealed the minimal

effect of the thiadiazole fusion on the benzotriazinone core (Fig. 90).
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Figure 90. CVs of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251a (blue) and 251b (red) in
DCM (1.0 mM). Electrolyte: n-BusNBF4 (0.1 M). Electrodes: glassy C (working), Pt wire (counter)
and Ag/AgCl (1.0 M KCl) (reference). Scan rate 50 mV-s!, temp 20 °C. Internal reference: Fc/Fc*

(E¥cre+ 0.585 V vs SCE).

The first reduction (E12 %) of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-one 251a was
raised by only 0.1 V (Table 40, entry 1) while for 251b the effect was slightly more
pronounced, with a raise of 0.26 V (Table 40, entry 2), compared to their respective
benzoquinones 221a and 221¢. The thiadiazole fusion had almost no effect on the second
reductions (E12 2!). Unfortunately, no CV data were collected on thiazines 253 and
triazafluoranthenones 254, due to their low solubility in common organic solvents after their

recrystallization.

Table 40. Overview of optical, electrochemical and DFT RB3LYP/6-31G(d) calculated
characteristics of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251.

}umaxexP EgOpt EgTDDFT E1/2_1/0 E1/2_2/_1 EHOMOCV ELUMOCV
entry compd . 5 . P
(nm) — (eV) (eV) V) V) (eV) (eV)
1 251a 645 1.84 2.16 —0.63 -1.29 —5.84 —4.00
2 251b 636 1.87 2.35 —0.43 -1.22 —6.07 —4.20

@ E,OP was calculated from the onset of the Amax (AQSEY) from UV-vis and the Beer-Lambert equation (E =
h*C/A); b E,TPPFT = 15 excitation energy from TDDFT UB3LYP 6-31G(d) calculations; ¢ Enomo = Erumo —
EL (eV); ¢ ELumo = —[(E12 "0 = Epere™) +5.1] (eV).
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6.5 Synthesis and Properties of 1,2,5-Thiadiazolo-1,2,4-benzotriazin-4(6H)-

ylidenemalononitriles

6.5.1 Synthesis of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles
256

While the thiadiazole fusion may not have a great effect on the benzotriazinone core, its
combination with the ylidenemalononitrile group was examined nevertheless. Thus,
treatment of the available 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251 with
TCNEO (1.5 equiv) in PhMe at 110 °C for 1 h gave the desired final 1,2,5-thiadiazolo-1,2,4-
benzotriazin-4(6H)-ylidenemalononitriles 256a (30%) as brown shiny needles, and 256b
(26%) as green metallic plates, respectively (Scheme 92).

Ph TCNEO (1.5 equi N Ph
o N (1.5 equiv) N
)IN\ PhMe, 110 °C, 1 h NC™ ™ )IN\
N7 SNTOR N SNTOR
S—N S—N
251a R = Ph 256a R = Ph, 30%
251b R = CF; 256b R = CF3, 26%

Scheme 92. Preparation of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles 256.

Interestingly, while the 2-phenyl-substituted 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-
ylidenemalononitrile 256a had a high thermal stability (DSC onset 392.6 °C), the 3-
trifluoromethyl analogue 256b sublimed at ca. 280-290 °C (DSC onset 288.2 °C). 'H NMR
data in CDCI; for both 256a and 256b, showed a singlet peak at ou 6.70 corresponding to
the HS [cf. ou (248a) 6.09 and Jn (248b) 6.56]. 1°C NMR data for 256a were collected in
DMSO-ds and revealed an up-field signal dc 58.2 [c¢f. oc (248a) 58.6] for the =C(CN)>
resonance, while °C NMR data for 256b were collected in CDCl; and revealed a signal at
oc 70.9 [cf. oc (248b) 70.2] for the =C(CN). resonance, suggesting highly polarized

molecules comparable to the non-thiadiazolo fused ylidenemalononitriles 248.
6.5.2 Computational studies

Computational studies [DFT RB3LYP/6-31G(d)] on thiadiazoloylidenes 256 revealed
larger us (5.65-9.42 D), comparable to their non thiadiazolo-fused ylidenemalononitriles

248 (us 5.66-9.23 D) (Fig. 91), affirming the experimental NMR data.
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fis=9.417D fis = 5.649 D

Figure 91. Mulliken charges and dipole vectors of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-
ylidenemalononitriles: a) 256a, and b) 256b; calculated with DFT RB3LYP/6-31G(d). Hydrogens

omitted for clarity.

Thiadiazolo-fused ylidenemalononitrile 256a, exhibited lower theoretically calculated
Erumo and Enomo than the non thiadiazolo-fused analogue 248a, by 0.22 and 0.11 eV,
respectively (Table 41). Similarly, ylidenemalononitrile 256b, exhibited lower theoretically
calculated Erumo and Enomo than the non thiadiazolo-fused ylidene 248b, by 0.34 and 0.26
eV, respectively (Table 41).

Table 41. Summary of DFT RB3LYP/6-31G(d) calculated energies and properties of 1,2,5-
thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles 256.

Es HUs EvLomon™P T Evomo™P*T  Enomo®"  Enomo-1"fT
entry compd !
(eV (D) (eV)* (eV) (eV)* (eV)*
1 256a —-44246.912 9.417 -3.160 -3.890 -5.733 -7.117
2 256b 47132397 5.649 —3.438 —4.245 -6.202 -7.774

¢ Eyumon TPPFT = EnomoPFT + 27 excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ? £ ymo ™PPFT
= EnomoP™T + 1% excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ¢ Enomo”F T and Enomo-1PF*
were obtained from DFT RB3LYP 6-31G(d) geometry optimizations.

6.5.3 UV-vis absorption studies

Comparing the UV-vis data of the thiadiazolo-fused benzotriazines 251 (E°"' 1.84-1.87
eV) and 256 (E.°" 1.49-1.50 eV) with their non-thiadiazole-fused analogues 221 (E,°"
1.83-1.96 eV) and 248 (E,°™ 1.48-1.58 V), respectively, showed that thiadiazolo fusion
had little effect on the optical band gaps (Table 42). Nevertheless, all the thiadiazolo-fused
benzotriazines showed an additional strong absorption band at around 350—400 nm, leading

to broader absorption properties than their non-fused counterparts (Fig. 92).
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Figure 92. UV—vis of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles 256a
(blue) and 256b (red) in DCM. Concentrations at ~ 15.0 mM.
Based on TDDFT calculations, the unstructured low energy bands between 550-900 nm, are
mainly attributed to the HOMO — LUMO (f 0.03—0.06) transition, while the absorption
bands at 400550 nm are mainly attributed to the HOMO — LUMO+1 (f 0.08-0.14)
transition (Table 42). The higher oscillator strengths of the latter also explained their higher
intensities observed in their UV—vis spectra.

Table 42. Overview of optical and TDDFT RB3LYP/6-31G(d) calculated characteristics of 1,2,5-
thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles 256.

llmaxexP E. Opt E TDDFT )vmaxTDDFT
compd ¢ transition (%) ¢ f

(nm) (eV)* (eV) (nm)

256 631 10 HOMO — LUMO (66) 1.844 672.5 0.0384

a Y

503 HOMO — LUMO+1 (61) 2.574 481.8 0.3656

256b 623 150 HOMO — LUMO (66) 1.957 633.5 0.0583
473 ' HOMO — LUMO+1 (61) 2.764 448.6 0.2913

¢ E,OP was calculated from the onset of the Amax (A555e") from UV-vis and the Beer-Lambert equation (E =

h*C/)); ® E,"PPFT = 15 excitation energy from TDDFT RB3LYP 6-31G(d) calculations.
6.5.4 Cyclic voltammetry studies

CV studies on the 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles 256
showed two one electron fully reversible reduction processes (Fig. 93), similar to the
analogous 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248, whereas the thiadiazole ring

fusion only slightly improved their electron affinities.
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Figure 93. CVs of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitriles 256a (blue)
and 256b (red) in DCM (1.0 mM). Electrolyte: n-BusNBF,4 (0.1 M). Electrodes: glassy C
(working), Pt wire (counter) and Ag/AgCl (1.0 M KCl) (reference). Scan rate 50 mV-s !, temp 20
°C. Internal reference: Fc/F¢' (Ererer 0.585 V vs SCE).

The improvement in the electron affinity is minimal when the thiadiazolo-fused
ylidenemalononitriles 256a and 256b are compared to their respective ylidenemalononitriles
248a and 248b. The trifluoromethyl-substituted thiadiazolo-fused ylidenemalononitrile
256b showed similar reduction potentials to the non-fused ylidenemalononitrile 248b:
E1n7"0 (248b) —0.19 V vs E12 "0 (256b) —0.17 V, and E12 "' (248b) —0.93 V vs E1n 2!
(256b) —0.88 V (Table 43). While the data suggested that the thiadiazole fusion, as a
structural change, did not have an additive effect on the electrochemistry of the benzotriazine

core, it nevertheless led to more red-shifted absorbance.

Table 43. Overview of optical, electrochemical and DFT RB3LYP/6-31G(d) calculated

characteristics of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6 H)-ylidenemalononitriles 256.

}-maxexl E pt E E1/2 10 E1/2 2 EHOMO ELUMO
g g
entry compd

(nm)  (eV)'  (eV) M) V) (eV)* (V)
1 256a 819 1.49 1.84 -038  -105 574 ~4.25
2 256b 810 1.50 1.96 -0.17 088  —5.96 ~4.46

@ E,O" was calculated from the onset of the Amax (A1) from UV—vis and the Beer-Lambert equation (E =
h*C/I2); b EgTPPFT = 1% excitation energy from TDDFT UB3LYP 6-31G(d) calculations; ¢ Enomo = ELumo —
EL (eV); ¢ Erumo = —[(E1 "0 = Ereire) + 5.1] (eV).

Analysis of the FMOs reveals that the ylidenes 248 (Enomo —6.02 to —5.73 eV; ELumo —4.44
to —4.25 eV) and thiadiazolo-fused ylidenes 256 (Enomo —5.96 to —5.74 eV, ELumo —4.46 to
—4.25 eV), have ELumo comparable to other well-known and widely used electron acceptors,
such as fullerene derivatives e.g., [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM,
Enomo —5.90 eV; Erumo —3.90 eV),*® and oligothiophene functionalized naphthalene
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diimides (Enomo —6.06 to —5.53 eV; ELumo —3.97 to —4.14 eV),** that are widely used as
electron acceptors in OPV devices. The similarity between these FMO energy values

tentatively supported that ylidenes 248 and 256 could find use in similar energy applications.
6.6 X-Ray Studies

X—Ray quality single crystals of 1,2,4-benzotriazin-7(1H)-one 221¢ (orthorhombic Pbca
space group, Fig. 94), 1,2,4-benzotriazin-7(1H)-ylidenemalononitrile 248b (triclinic P-/
space group, Fig. 95) and 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitrile
256b (monoclinic P2i/c space group, Fig. 96), were obtained from bulk recrystallizations
enabling a comparison of experimental and computational bond lengths (Appx. I).
Furthermore, since benzotriazines 221c, 248b and 256b were all 1-phenyl-, 3-
trifluoromethyl-substituted analogues the data enabled a comparative study of the bond
lengths based on the replacement of C=0 for C=C(CN): and on the effect of thiadiazolo ring

fusion on the ylidene.

In general, bond lengths determined via computational studies [DFT RB3LYP/6-31G(d)]
were similar to those obtained from the X-ray data (¢ ~ 0.01 A). Bond order analysis
supported the quinoidal structure for all analogues with typical carbonyl bond lengths [d(c-o)
~1.23 A, bond orders ~ 1.9] (cf. cyclohexanone d(c=o) ~ 1.23 A).3*® The benzotriazine cores
deviated slightly from planarity owing to a very shallow boat conformation for the
quinonimine moiety, and the plane angles between the N1-phenyls and triazine rings were
52.0-63.7° (X-ray) and 52.6-66.7° (DFT). Interestingly, the ylidenemalononitrile 248b
showed reduced bond orders for the exocyclic [dic=c) 1.399(3) A, bond order 1.8] and
endocyclic [dic=c) 1.369(3) A, bond order 1.9] ethenes separating the N1-phenyl from the
ylidenemalononitrile moiety. This suggested a stronger electron release from the triazine N1
to the ylidenemalononitrile, which was expected. Somewhat surprising, was that the
thiadiazole fusion moderated this electron release to give marginally longer bond orders for
the analogous exocyclic [dc=c) 1.379(7) A, bond order 1.9] and endocyclic [d(c=c) 1.379(7)
A, bond order 1.9] ethenes. The thiadiazole bond lengths [dn-s) ~ 1.62 A and d(c-n) ~ 1.33
A] were typically aromatic (bond orders ~ 1.5), suggesting considerable delocalization (cf:

compound 256b, Fig. 96).
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C11 c13

c10 c14

Cc9

Figure 94. ORTEP view of 1-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-7(1H)-one 221¢. 50%
Probability ellipsoids. Hydrogens omitted for clarity. Crystallographic numbering shown.

Figure 95. ORTEP view of 1-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-7(1H)-
ylidenemalononitrile 248b. 50% Probability ellipsoids. Hydrogens omitted for clarity.

Crystallographic numbering shown.

Figure 96. ORTEP view of 1-phenyl-3-(trifluoromethyl)-1,2,5-thiadiazolo-1,2,4-benzotriazin-
4(6H)-ylidenemalononitrile 256b. 50% Probability ellipsoids. Hydrogens omitted for clarity.

Crystallographic numbering shown.
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ESP calculations for the two best electron acceptors the ylidenemalononitriles 248b [E1, /0
—-0.19 V and E12 %' —0.93 V vs SCE (Table 37)] and 256b [E1» ° —0.17 V and Eip 2!
—0.88 V vs SCE (Table 43)] show in deep blue color the regions most deficient in electron
density, which are predominantly over the triazinyl moiety but extend in the latter case over

the thiadiazole (Fig. 97).

a)

Figure 97. Visualization of ESP maps of: a) 1,2,4-benzotriazin-7(1H)-ylidenemalononitrile 248b,
and b) 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalononitrile 256b; calculated with DFT
RB3LYP/6-31G(d). Red = —ve electron density, Blue = +ve electron density. Hydrogens omitted
for clarity. Isovalue = 0.004.

6.7 Conclusions

Structural modifications on 1,3-diphenyl-1,2,4-benzotriazin-7(H)-one 221a (E12 " —0.73 V
vs SCE) gave compounds with superior electron accepting capabilities. The combination of
a C3-trifluoromethyl and C7-ylidenemalononitrile groups gave analogues 248b and 256b
with significantly reduced first reduction potentials (E12/° ~—0.18 V vs SCE). Furthermore,
the Enomo and Erumo for these analogues are similar in value to known electron acceptors,
such as PC70BM, which suggests that they could act as electron accepting components in
electronic devices. The preparation of 1,2,5-thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251
using S4N4 also led to the unusual 1,2,5-thiadiazolo-1,2,4-triazino-1,6,5-phenothiazin-7-
ones 253 that undergo a rare ring contraction on thermolysis to give 1,2,5-thiadiazolo-1,2,4-

triazafluoranthenones 254, which were independently synthesized.
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7.1 Introduction

The Sn/AcOH-mediated reduction and cyclodehydration of N'-(het)aryl-N'-[2-nitro-
(het)aryl]hydrazides 236 to give 1,2,4-benzotriazin-4(1H)-yls 218 (Chapter 5), was not fully
compatible for the N'-(pyrid-2-yl)picolinohydrazides 236p, 236q and 236s, which gave the
reduced /euco forms 219b, 219¢ and 219d, respectively, and not the desired radicals via the
typical alkali work-up (2.0 M NaOH) (Table 44). As such, for these examples, the yields of
the leuco forms 219b—d were maximized by avoiding the alkali work-up (Table 44).

Table 44. Reduction and i situ cyclization to 1,2,4-benzotriazines 219b—d.

X
A |
N _N
“7 0 i) Sn (4 equiv), ACOH, ca. 20 °C, 0.5 h v N
R /Yl N N ii) ca. 118 °C, 1-3 h = | IN
H \
™ NO, N~ H Nl ;
236 219
time yield
entry Y
(h) (%)
CH H 3 219b (82)
2 CH CF; 3 219¢ (88)
3 N H 1 219d (91)

Since the preparation of the 1,3-dipyridyl-substituted benzo- and pyrido-fused triazinyls via
alkali treatment failed, efforts were made to obtain them from the readily prepared triazines
219b—d via oxidation. These studies unexpectedly led to the formation of 4,5'-bi[1,2,4-
benzotriazin-4(1H)-yl] 257 and 2,5'-bi[1,2,4-benzotriazin-4(1H)-yl] 258 dimers.

7.2 Synthesis of 4,5'- and 2,5'-Bi[1,2,4-benzotriazin-4(1H)-yl] Dimers

For the conversion of amidrazones to Blatter-type radicals, Neugebauer et al. used HgO as
oxidant,***3%> while Kadirov et al. achieved the conversion with either HgO or Ag,0.*”°
More recently, Koutentis et al. used catalytic Pd/C in the presence of DBU, to achieve high
yields of halogenated 1,2,4-benzotriazinyls.*® In light of this, these oxidants were tested for

the conversion of triazines 219b—d to their respective radicals.

7.2.1 Synthesis of 4,5-bi[1,3-di(pyrid-2-yl)-7-trifluoromethyl-1,2,4-benzotriazin-
4(1H)-yl] 257a

Triazines 219b—d were unreactive to HgO (10 equiv) in DCM at ca. 20 °C for 24 h. When
treated with Pd/C (1.6 mol %) and DBU (0.1-1 equiv) in DCM at ca. 20 °C for 24 h, the
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pyrido-fused triazine 219d gave a complex reaction mixture that was not investigated
further, while benzotriazines 219b and 219¢ gave traces of minor unidentified products (by
TLC) and were mainly recovered unreacted. Treating the benzo- and pyrido-fused triazines
219b—d with the stronger oxidizing agent MnO» (10 equiv) in DCM led to more chemistry:
benzotriazine 219b gave the purple colored benzotriazinone 221f in 53% yield (Chapter 6);
while the pyrido-fused triazine 219d gave a mixture of mostly yellow polar compounds that
could not be separated and purified, and the reaction remains under investigation. The 7-
trifluoromethylbenzotriazine 219¢ gave a brown colored product that was initially suspected
to be the desired radical, but unlike typical Blatter-type radical analogues that show one
reversible reduction and one reversible oxidation in the CV, this new product unexpectedly
showed an extra reversible oxidation peak (Sect. 7.5.2). Furthermore, its MALDI-TOF
spectrum, showed a peak at m/z 354, which was the expected mass of the desired radical,
and another one at m/z 708 which was double its expected mass. The product was finally
identified by X-ray crystallography as the dimer radical 4,5'-bi[1,3-di(pyrid-2-yl)-7-
trifluoromethyl-1,2,4-benzotriazin-4(1H)-yl] 257a which was isolated in a moderate 49%
yield (Scheme 93).

o
F.C N MnO, (10 equiv)
3\@( |N DCM, ca. 20 °C, 48 h
) N N 257
NS 49% a
HoN =N
219c Y

Scheme 93. MnO, oxidation of 1,2,4-benzotriazine 219c.

X-Ray crystallography of 257a, revealed its structure: two benzotriazine monomers, were
joined via a long C-N bond [dc~ 1.436(7) A] that connected one benzotriazine via its C5
position to the N4 position of the other benzotriazine (Fig. 98).
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Figure 98. ORTEP view of 4,5'-bi[1,3-di(pyrid-2-yl)-7-trifluoromethyl-1,2,4-benzotriazin-4(1 H)-
yl] 257a. 50% Probability ellipsoids. Hydrogens omitted for clarity. Crystallographic numbering

shown.

Neither monomer is completely planar as both adopt shallow boat conformations where the
nitrogens are pyramidalized; a phenomenon that has recently been observed in other
derivatives.*° The distances of the N2 and C3 atoms of the N4-connected benzotriazine are
0.486 and 0.412 A, respectively, from the benzene plane (Fig. 99). Similarly, for the C5-
connected benzotriazine, the N2, C3 and N4 atoms deviate from the benzene plane by 0.349,
0.474 and 0.247 A, respectively (Fig. 99). The two benzotriazine moieties adopt a near
orthogonal (76.86°) orientation with respect to each other, presumably owing to steric

constraints.

a)

Figure 99. Deviations of N2, C3 and N4 atoms from the benzene plane (blue) of the: a) N4-
connected benzotriazine, and b) C5-connected benzotriazine. 50% Probability ellipsoids.

Hydrogens and N1 and C3 substituents omitted for clarity.
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7.2.2 Stability of 1,3-diphenyl-7-trifluoromethyl-1,2,4-benzotriazin-4(1H)-yl 218¢

To better understand the oxidative dimerization of 1,3-dipyridyl-1,2,4-benzotriazine 219b,
the stability of 1,3-diphenyl-7-trifluoromethyl-1,2,4-benzotriazin-4(1H)-yl 218c (Fig. 100),
which is known to be exceptionally stable towards oxidation, was reinvestigated.*!?
Furthermore, since the 1,3-dipyridyl-1,2,4-benzotriazine 219b is by the nature of its structure
more basic that the 1,3-diphenyl analogue 218¢, the oxidative stability of the latter was also
investigated in the presence of amine bases DBU (pK, 1.1) and pyridine (pKp 8.77).

Figure 100. Structure of 1,3-diphenyl-7-(trifluoromethyl)-1,2,4-benzotriazin-4(1H)-yl 218c.

Solutions of radical 218¢ in dry DCM at ca. 20 °C were treated with MnO» (10 equiv) or
Ag0 (1 equiv) while in dry PhH the radical 218¢ was treated with KMnO4 (10 equiv) and
heated at ca. 80 °C. After 7 d, radical 218¢ was quantitatively recovered; its structure was

confirmed by FTIR, CV and mass spectrometry (MALDI-TOF) measurements.

The stability of radical 218 towards amine bases (DBU, pyridine) was then tested. Aerated
solutions of the radical 218c¢ in both neat DBU (pK, 1.1) and pyridine (pK» 8.77) at ca. 20
or 90 °C remained stable for 7 d and were recovered quantitatively. Combinations of a base

with an oxidizing agent were then tested.

Solutions of radical 218¢ in dry DCM at ca. 20 °C were treated with MnO> (10 equiv) and
DBU (1 equiv) but after 4 d the radical 218¢ was recovered in 96% yield; prolonged reaction
times (7 d) led to lower recoveries of radical 218¢ (80%) but did not afford new reaction
products (by TLC). When solutions of radical 218¢ in pyridine at ca. 20 °C were treated with
MnO: (10 equiv), the radical remained stable for 4 d and was recovered quantitatively, but
when treated with KMnOj4 (10 equiv), the radical was consumed within 1 h, leaving behind

a viscous black mixture from which an unidentified brown insoluble material was isolated.

While no dimer radicals of 218¢ were detected in any of the above reactions (by TLC or

MALDI-TOF), its stability towards oxidants (MnO,, KMnOs) was confirmed.

To further study the oxidative dimerization, additional questions were raised: i) did the
oxidative dimerization require the presence of both or just one of the two pyridyl substituents

and if only one, then which?; i1) was the triazine /euco form required for the dimerization?;
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and, ii1) did the C7 site of the benzotriazine need to be protected/blocked towards oxidation

to enable reaction at C5?

7.2.3 Synthesis of  4,5'-bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl-1,2,4-benzo-
triazin-4(1H)-yl] 257b

Four new triazines 219e—h (Table 45), which structurally differ by their substitution at N1,

C3 and C7, were readily prepared enabling a systematic study of the how the substituents

influenced the dimerization reaction.
Table 45. Reduction and in situ cyclization to give 1,2,4-benzotriazines 219e—h.

R?2 R® R?
1 l{l /g i) Sn (4 equiv), AcOH, ca. 20 °C, 0.5 h 1 |

R\@: NS0 i) ea 18°C, 10 min R\@:N‘IN
NO, ”)\R3

236 219
entry R! R? R? yield
(%)
1 H Ph pyrid-2-yl 219 (85)
2 CF; Ph pyrid-2-yl 219f (93)
3 H pyrid-2-yl Ph 219g (86)
4 CF; pyrid-2-yl Ph 219h (84)

Similar to 1,2,4-benzotriazine 219b, treatment of the 1,2,4-benzotriazines 219e and 219g
with HgO (10 equiv) in DCM at ca. 20 °C for 24 h led to no reaction while the use of Pd/C
(1.6 mol %) with DBU (0.1-1 equiv) in DCM at ca. 20 °C gave after 24 h mixtures of
triazines and their respective radicals. Treatment of triazines 219e and 219g with Ag>O (1-
2 equiv) in DCM at ca. 20 °C for 24 h gave mainly radicals 218f (89%) and 218p (90%) and
small amounts of quinonimines 221b (8%) and 221d (6%), respectively. As expected, the
reaction of triazines 219e and 219g with MnO> (10 equiv) in DCM at ca. 20 °C for 48 h gave
the quinonimines 221b (46%) and 221d (90%), respectively (Chapter 6).

Worthy of note, the quinonimines 221 can be obtained either from the triazines 219 or the
radicals 218, under very similar reaction conditions in similar yields. No dimer products
were observed during these studies. These results supported that the C7 position was the
primary site for oxidation and that, tentatively, the C7 position must be blocked towards

oxidation for other oxidative pathways to occur.

7-Trifluoromethyl-1,2,4-benzotriazines 219¢, 219f and 219h were then treated with HgO (1—
10 equiv) in DCM at ca. 20 °C. The 1-phenyl-3-pyridyl-1,2,4-benzotriazine 219f converted
to radical 218f (78%) in 24 h, while the 3-phenyl-1-pyridyl-1,2,4-benzotriazine 219h
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converted to radical 218q (98%) within 5 h (Table 46, entries 1 & 3); prolonged reaction
times (96 h) did not affect these yields (Table 46, entries 2 & 4). The 1,3-dipyridyl-1,2,4-
benzotriazine 219¢ was recovered in 73% yield after 24 h along with a brown sticky material
that was not characterized further due to processing and purification difficulties (Table 46,

entry 5).

Treatment of 1,3- and 3,1-phenyl/pyridyl benzotriazines 219f and 219h with Ag>O (1 equiv)
in DCM at ca. 20 °C gave radicals 218g (90%) and 218q (97%), respectively in less than 24
h (Table 46, entries 6-9), while 1,3-dipyridyl-1,2,4-benzotriazine 219¢ gave dimer radical
257a (82%) and required at least 2 equivalents of Ag>O for the reaction to reach completion
in 48 h (Table 46, entry 10). Similar results were obtained when MnO; (5-10 equiv) was
used as oxidant: triazines 219f and 219h gave radicals 218g and 218q, respectively in high
yields (72-99%), and under these conditions the radicals remained stable for at least 96 h
(Table 46, entries 11-16), while triazine 219¢ gave mainly dimer 257a in 48% yield (Table
46, entry 17) but needed at least 10 equivalents and 48 h to reach completion.

When solutions of the pyridyl-substituted 7-trifluoromethyl-1,2,4-benzotriazines 219¢, 219f
and 219h in DCM were treated with DBU (1 equiv) and Pd/C (1.6 mol %) at ca. 20 °C the
results became more interesting. After 24 h the 1,3-dipyridyl-1,2,4-benzotriazine 219¢ was
recovered in 80% yield and no products were observed (by TLC) (Table 46, entry 20).
Furthermore, the 3-pyridyl-1,2,4-benzotriazine 219f gave after 96 h radical 218g in 37%
yield together with unreacted 219f (17%) (Table 46, entry 18). Surprisingly, the 1-pyridyl-
1,2,4-benzotriazine 219h gave the dimer radical 4,5'-bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoro-
methyl-1,2,4-benzotriazin-4(1H)-yl] 257b and radical 218q in 44 and 42% yields,
respectively (Table 46, entry 21). Efforts to improve the formation of dimer radical 257b
from triazine 219h failed. Nevertheless, this suggested that the position of the pyridyl
substituent (N1 vs C3) and the basicity of the medium did affect the outcome of the reaction

and the formation of dimer radicals 257a and 257b.
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Table 46. Oxidation of triazines 219b, 219f and 219h.

FsC N.
1 1 N
FsC E [Ox] FsC E \©: | e
3 N DCM, ca. 20 °C 3 N . N R
I e Lo+ md
N~ "R2? N~ "R2

H NN CF3
219c R' = R? = pyrid-2-yl 218g R" = Ph, R? = pyrid-2-yl R
219f R' = Ph, R? = pyrid-2-yl 218q R' = pyrid-2-yl, R? = Ph
219h R' = pyrid-2-yl, R? = Ph 257a R' = R? = pyrid-2-yl

257b R = pyrid-2-yl, R? = Ph

oxidant time yield (%)
entry R! R? ]

(equiv) (h) 219 218 257
1 Ph pyrid-2-yl HgO (10) 24 - 75 =
2 Ph pyrid-2-yl HgO (10) 96 4 78 -
3 pyrid-2-yl Ph HgO (10) 5 = 98 -
4 pyrid-2-yl Ph HgO (10) 96 - 96 -
5 pyrid-2-yl  pyrid-2-yl HgO (10) 24 73 - -
6 Ph pyrid-2-yl AgO0 (1) 7 & 90 -
7 Ph pyrid-2-yl AgO0 (1) 96 - 77 -
8 pyrid-2-yl Ph AgO0 (1) 0.3 - 94 -
9 pyrid-2-yl Ph Ag0 (1) 96 - 97 -
10 pyrid-2-yl  pyrid-2-yl Ag0 (2) 48 - - 82
11 Ph pyrid-2-yl MnO:; (5) 6 - 73 -
12 Ph pyrid-2-yl MnO; (10) 3 - 97 -
13 Ph pyrid-2-yl MnO; (10) 96 - 95 -
14 pyrid-2-yl Ph MnO:; (5) 0.02 - 99 -
15 pyrid-2-yl Ph MnO:; (10) 0.02 - 84 -
16 pyrid-2-yl Ph MnO:; (10) 96 - 72 -
17 pyrid-2-yl  pyrid-2-yl MnO:; (10) 48 - - 48
18 Ph pyrid-2-yl  DBU (1), Pd/C (1.6 mol %) 96 17 37 -
19 pyrid-2-yl Ph DBU (1), Pd/C (1.6 mol %) 96 - 42 44
20 pyrid-2-yl  pyrid-2-yl  DBU (1), Pd/C (1.6 mol %) 24 80 - -

7.2.4 Synthesis of  2,5'-bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl-1,2,4-benzo-
triazin-4(1H)-yl] 258
The formation of radicals 218g and 218q from triazines 219f and 219h under oxidative
conditions and the appearance of dimer radical 257b from triazine 219f along with radical
218q, when treated with DBU (1 equiv) and Pd/C (1.6 mol %) at ca. 20 °C supported the

dimerization under basic oxidative conditions. As such, the stability of pure radicals 218g

and 218q under oxidative conditions, basic oxidative conditions and in basic media was
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investigated (Table 47). For the study, amine bases were selected; owing to time limitations,

no inorganic bases were tested.

Solutions of 3-pyridyl-1,2,4-benzotriazin-4(1H)-yl 218g in DCM at ca. 20 °C were treated
with AgO (1 equiv), MnO (10 equiv), and DBU (1 equiv), Pd/C (5 mol %, 1 equiv),
respectively, for 4 d, but no reactions occurred and the radical 218g was recovered (Table
47, entries 1-3). The radical 218¢g also remained stable in neat pyridine, even when the
reaction was heated at ca. 90 °C for 4 d (Table 47, entry 4). Radical 218g was therefore
considered stable under oxidative and basic conditions. As such, efforts focused on the
radical 218q which had formed from 1-pyridyl-1,2,4-benzotriazine 219h which gave dimer
257b.

Solutions of radical 218q in DCM at 20 °C were treated with Ag>0 (1 equiv) or MnO2 (10
equiv) and the radical was recovered quantitatively after 96 h (Table 47, entries 5 & 6). This

suggested the radical was stable under oxidative conditions.

In neat pyridine, radical 218q remained stable at ca. 20 °C for 48 h, but when heated at ca.
90 °C, dimer 257b was detected by TLC and the reaction appeared to reach an equilibrium
(by TLC) at 96 h. Radical 218q was recovered in 46% yield along with 50% dimer 257b
(Table 47, entry 7), which was in contrast to the stability of radical 218¢g in neat pyridine at
ca.90 °C (Table 47, entry 4). Dimer 257b was also isolated in 44% when a solution of radical
218q in DCM at ca. 20 °C was treated with DBU (1 equiv) (Table 47, entry 8) but not with
other common amine bases [i-Pr2NEt (1 equiv), DABCO (1 equiv), Barton's base (1 equiv)]
(Table 47, entries 9-11). The data, tentatively, indicated that the oxidative dimerization was

favored when the pyridyl substituent was at the N1 position rather than the C3 position.

Combinations of oxidants and bases were also tested. Solutions of radical 218q in DCM at
ca. 20 °C were treated with common amine bases [DBU (1 equiv), i-Pro2NEt (1 equiv),
DABCO (1 equiv), Barton's base (1 equiv)] and Ag>0 (1 equiv)] as oxidant (Table 47, entries
12—16) but only in the cases where DABCO and Barton's base were used was the dimer 257b
formed in only ~ 10% yield.
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Table 47. Stability tests and oxidative dimerization of radicals 218g and 218q.

[Ox]

DCM, ca. 20 °C

218g R' = Ph, R? = pyrid-2-yl
218q R = pyrid-2-yl, R? = Ph

RZ N
|
N.

N

R

&

R1

|
N

N

&

.
A

CF3;

257b R' = pyrid-2-yl, R? = Ph

R1
|
FiC N. R
3 N ’}‘
N

o RN
R2

258 R' = pyrid-2-yl, R> = Ph

base oxidant time yield (%)
entry R! R? i _

(equiv) (equiv) (h) 218 257 258
1 Ph pyrid-2-yl - AgO (1) 96 96 - =
2 Ph pyrid-2-yl - MnO; (10) 96 95 - -
3 Ph pyrid-2-yl DBU (1) Pd/C (1) 96 95 — -
4 Ph pyrid-2-yl pyridine® - 96 93 - -
5 pyrid-2-yl Ph - Ag0 (1) 96 99 - -
6 pyrid-2-yl Ph - MnO:; (10) 96 99 - -
7 pyrid-2-yl Ph pyridine“ 2 96 46 50 -
8 pyrid-2-yl Ph DBU (1) - 96 7 44 -
9 pyrid-2-yl Ph i-ProNEt (1) - 48 99 - -
10 pyrid-2-yl Ph DABCO (1) - 48 99 - -
11 pyrid-2-yl Ph -BuTMG (1) - 48 95 - -
12 pyrid-2-yl Ph DBU (1) Ag>O (1) 48 22 38 31
13 pyrid-2-yl Ph DBU (1) Ag)0 (1) 72 20 36 26
14 pyrid-2-yl Ph i-ProNEt (1) Ag0 (1) 48 90 trace -
15 pyrid-2-yl Ph DABCO (1) Ag)0 (1) 48 77 12 -
16 pyrid-2-yl Ph -BuTMG (1) AgO (1) 48 74 16 —
17 pyrid-2-yl Ph DBU (1) Pd/C (1) 120 39 35 11
18 pyrid-2-yl Ph DBU (2) Pd/C (2) 120 40 37 8
19 pyrid-2-yl Ph DBU (1) MnO; (1) 72 19 40 29

?Reaction in neat solvent at ca. 90 °C

When solutions of radical 218q in DCM at ca. 20 °C were treated with DBU (1 equiv) and
Ag>0O (1 equiv), a new brown less polar [Rr0.77 (DCM)] than dimer 257b [Rr 0.40 (DCM)]

and more polar than radical 218q [Rr 0.80 (DCM)] compound was detected, isolated and

characterized to reveal a second dimer radical, namely 2,5'-bi[3-phenyl-1-pyridyl-7-

trifluoromethyl-1,2,4-benzotriazin-4(1H)-yl] 258, where two benzotriazines were coupled

via the N2 and C5 positions (Fig. 101). This second dimer radical revealed another

dimerization pathway of the 1,2,4-benzotriazinyls.
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Figure 101. ORTEP view of 2,5'-bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl-1,2,4-benzotriazin-
4(1H)-yl] 258. 50% Probability ellipsoids. Hydrogens omitted for clarity. Crystallographic

numbering shown.

X-Ray crystallography of dimer 258 revealed a different connectivity than dimer 257a: the
two 1,2,4-benzotriazine monomers, were connected via a long C-N bond [dcn 1.414(3) A]:
one unit via the C5 position and the other unit via the N2 position, in a near orthogonal
(84.33°) orientation (Fig. 102). The benzotriazine sharing its C5 position, is almost planar,
in contrast with the benzotriazine connected via its N2 position, where pyramidalization
causes the N2 and C3 atoms to deviate from the benzene plane by 0.770 and 0.610 A,
respectively (Fig. 102). The deviation from the benzene plane, subsequently leads to
pyramidalization of all nitrogen atoms (N1, N2 and N4), however, the N1 and N4 atoms

remain in the benzene plane (Fig. 102).

Figure 102. Deviation of N2 and C3 from the benzene plane (blue) of the N2 connected
benzotriazine dimer 258. 50% Probability ellipsoids. Hydrogens and N1 and C3 substituents

omitted for clarity.
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To improve the yields of either dimer radicals 257b or 258, solutions of radical 218q in
DCM at ca. 20 °C were treated with DBU (1 equiv) and either MnO: (10 equiv) or Pd/C (1
equiv) but only mixtures of radical 218q and dimer radicals 257b and 258 were obtained;
prolonged reaction times or increasing the equivalents of the respective reagents failed to

improve the reactions (Table 47, entries 17-19).

Why and under what conditions can 1,2,4-benzotriazin-4(1H)-yls dimerize? How do the
substituents affect the process and how can one obtain one of the two dimers 257 and 258 in
high yields? Are there other dimerization pathways? Unfortunately, efforts to answer these
questions and improve the dimerization reactions were cut short as there was insufficient

time to pursue the work.

7.3 Mechanistic Rational of the Formation of 4,5'- and 2,5'-Bi(1,2,4-benzo-
triazin-4(1H)-yl) Dimers

Oxidative dimerizations of azaacenes that contain electron rich peri N and C atoms in an
often enaminic relationship, are known,*!'#** but very few details have been reported on
these reactions. Peridazines dimerize with 3,5-di-fert-butyl-1,2-benzoquinone or
K4[Fe(CN)s]-:3H20/H20,  (Scheme  94).%'42  Phenoxazines, phenothiazines and
phenoselenazines form dimer species via a radical route upon treatment with CuCl in
refluxing PhNO,,** K in refluxing xylene,** Ac;0O in DMSO,*>%% or other copper
halides,*” while benzo[h]phenothiazines and benzo[h]phenoxazines dimerize with NaNO,

in AcOH,**®* Cu(OAc),, H,02, benzoquinone, Co(OAc); and KMnO4**® (Scheme 94).
Xi ; }
Me.__N. H @:
~NH Me N. OO @:N [Ox] N n
[Ox]_ "y N "
‘O OO N Me @[
g X=0, SorSe X n

n=1or2

Scheme 94. Oxidative dimerization on the peri position of the nitrogen.

Quantum chemical calculations of the electron density distribution in these molecules, show
that the carbon peri to the nitrogen, is the most negatively charged (cf. enamines), suggesting

a high reactivity with respect to electrophilic reagents.*!#>

The unpaired electron of 1,2,4-benzotriazin-4-yls can delocalize on the unsubstituted
nitrogens N2 and N4 of the triazine moiety (Scheme 95, 259 & 218), on the benzo-fused ring
(Scheme 95, 260 & 261), and on the N1 via a zwitterionic form (Scheme 95, 262). Spin
density can be found on the C7 position (Scheme 95, 260), which is the primary site for
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oxidation that gives quinonimines 221. When oxidation at the C7 position is blocked, the C5
position becomes available for further chemistry (Scheme 95, 261), which could give

quinonimines 263 upon oxidation.

R R R R R
I I I | 4
N. N N. N. N
Ly — Y — L — Oy — Q)
N R N/ R \N R \N R N R
218 259 260 261 262
\ y
R R
o N. N.
T X
\N R \N R
221 © 263

Scheme 95. Resonance contributors of 1,2,4-benzotriazinyls 218.

The formation of dimer radicals 257 can arise from the combination of resonance structures
218 and 261 to give intermediate 264, which then deprotonates in the presence of base to
give triazine 265 that is unstable and oxidizes rapidly to the final dimer radical 257 (Scheme

96).

Scheme 96. Plausible mechanism of oxidative dimerization of radical 218 to dimer radical 257.

Similarly, the combination of the resonance forms 259 and 261 can give intermediate 266,
which deprotonates in the presence of base to give triazine 267 that upon oxidation gives

dimer radical 258 (Scheme 97).
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259 R)I\,.\I,N\R N|/© N|/© N|/©
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> N “~ >
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h N. N. N.
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N R R R
R 266 267 258

Scheme 97. Plausible mechanism of oxidative dimerization of radical 218 to dimer radical 258.
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7.4 Computational Studies

Computational studies [DFT/UB3LYP/6-31G(d)] on 1/3- phenyl/pyridyl- radicals 218g and

218q and 1,3-dipyridyl radical analogue 218t revealed typically higher dipole moments for
the 1-(pyrid-2-yl) analogues 218q (1 = 3.764 D) and 218t (« = 3.353 D) than the 3-(pyrid-2-
yl) analogue 218¢g (« = 1.716 D) (Fig. 103).

e
(- } C)

1£=1716D 1=3.764D 1£=3353D

Figure 103. Mulliken charges and dipole vectors of radicals: a) 218g, b) 218q, and ¢) 218t¢;
calculated with DFT UB3LYP/6-31G(d). Hydrogens omitted for clarity.

By comparison, the dimer radicals 257a, 257b, and 258, have much higher calculated [DFT
UB3LYP/6-31G(d)] dipole values ranging between 7.42-9.27 D (Figs. 104-106).

! .. )

(-@o)

C5-connected view N4-connected view
1=9.245D

Figure 104. Mulliken charges and dipole vector of dimer radical 257a as calculated with DFT
UB3LYP/6-31G(d). Hydrogens omitted for clarity.

170



C5-connected view N4-connected view
u=17416D

Figure 105. Mulliken charges and dipole vector of dimer radical 257b as calculated with DFT
UB3LYP/6-31G(d). Hydrogens omitted for clarity.

C5-connected view N2-connected view

1=9.269D

Figure 106. Mulliken charges and dipole vector of dimer radical 258 as calculated with DFT
UB3LYP/6-31G(d). Hydrogens omitted for clarity.

The spin density maps [SOMO(A)], calculated with DFT UB3LYP/6-31G(d), of 1-(pyrid-
2-yl) radical 218q and its dimer radical analogues 257b and 258, show spin delocalization
over the C5-connected unit's benzotriazinyl moiety that extends over the N1 substituent,
similar to Blatter radical 218a (Chapter 5, Fig. 74). There is no spin delocalization over the
respective 1,4-dihydrobenzotriazine moieties at N4 and N2 of dimer radicals 257 and 258

(Fig. 107).
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C5-connected view N4-connected view

C5-connected view N2-connected view

Figure 107. Visualization of spin density of radicals: a) 218q, b) 257b, and c) 258; calculated with
DFT UB3LYP/6-31G(d). Hydrogens omitted for clarity. Isovalue 0.008.
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The opposite occurs for the FMOs (SOMO & LUMO), as both benzotriazinyl units
participate. In the case of dimer radical 257b, the SOMO delocalizes over the N4-connected
unit while the LUMO delocalizes over the C5-connected unit, both resembling greatly their
respective monomer's 218q FMOs (Figs. 108 & 109). In contrast, the SOMO of dimer radical
258, is delocalized over the C5-connected unit, almost identical in shape to the monomer
radical's 218q SOMO, while the LUMO, is delocalized over the whole molecule, i.e. both
C5- and N2-connected units (Figs. 108 & 109).

DFT UB3LYP/6-31G(d) and TDDFT UB3LYP/6-31G(d) calculations, revealed similar
Esomo values for radicals 218g, 218q and 218t at —4.8 to —4.9 eV and dimer radicals 257a
and 257b at —4.6 to —4.8 ¢V, while a lower Esomo value was obtained for dimer radical 258
at—5.2 eV (Table 48). TDDFT calculations also resulted in similar Erumo values for radicals
218g, 218q and 218t at —2.7 to —2.8 eV, with the E;'PPFT corresponding to the SOMO(A)
— LUMO(A) transition (Table 48). For dimer radicals 257, the E;'°°F! was considered the
SOMO-1(B) — SOMO(B) transition resulting at a ELumo of —3.7 eV and in similar fashion,
for radical 258, the ELumo was calculated at —3.3 eV (Table 48).

Table 48. Summary of DFT UB3LYP/6-31G(d) calculated energies and properties of radicals
218g, 218q, 218t and dimer radicals 257 and 258.

E u ELUMOTDDFT ESOMODFT
entry compd ; "
(eV) (D) (eV) (eV)
1 218¢g —34000.062 1.716 —2.756 —4.762
2 218q —34000.306 3.764 —2.686 —4.888
3 218t —34436.939 3.353 —2.789 —4.894
4 257a —68857.569 9.245 —3.670 —4.593
5 257b —67984.253 7.416 —3.735 —4.772
6 258 —67984.378 9.269 —3.301 =5.177

¢ ELumo "PPFT = EsomoPFT + 1% excitation energy from TDDFT RB3LYP 6-31G(d) calculations; ? EsomoF "

obtained from DFT RB3LYP 6-31G(d) geometry optimizations.

173



C5-connected view N4-connected view

ESOMO (257b) =-4.772 GV

C5-connected view N2-connected view

Esomo (258) = —5.177 eV

Figure 108. Visualization of SOMO of radicals: a) 218q, b) 257b, and c) 258; calculated with DFT
UB3LYP/6-31G(d). Hydrogens omitted for clarity. Isovalue 0.02.

174



Erumo (218(1) =-2.686 eV

C5-connected view N4-connected view

Erumo (257b) =-3.735¢eV

C5-connected view N2-connected view

Erumo (258) =—-3.301 eV

Figure 109. Visualization of LUMO of radicals: a) 218q, b) 257b, and c) 258; calculated with DFT
UB3LYP/6-31G(d). Hydrogens omitted for clarity. Isovalue 0.02.
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7.5 Optical and Electrochemical Properties

7.5.1 UV-vis absorption studies

The electronic spectra of benzo[b]phenothiazine and benzo[b]phenoxazine dimers (Scheme
94) are very similar to the absorption spectra of their respective monomers, but show
extinction coefficients that are ~ 2x higher.**® This was attributed to the orthogonal (i.e.,
non-interacting) relationship of the respective acene monomer moieties leading to little or
no overlap of their 7 systems. In contrast, the 3-phenyl-1-pyridyl dimer radicals 257b and
258, connected via the N4-C5 and N2-C5, respectively, are not identical to the absorption
spectra of 3-phenyl-1-pyridyl monomer radical 218q (Fig. 110), nor are the extinction
coefficients 2x higher (Table 49).

— 218q
— 257b

1.0 4

0.1

Absorbance

e
(3]
A

0.0
400 500 600

Wavelength (nm)

Absorbance

0.0 T Y T
300 400 500 600 700 800

Wavelength (nm)

Figure 110. UV—vis spectrum of radicals 218q (blue), 257b (red) and 258 (green) in DCM.

Concentrations at ~ 0.024 mM.

Benzotriazinyl 218q presents multiple distinct absorptions at 300-600 nm, in contrast to the
dimer radicals 257b and 258 that show multiple broad and not well defined absorptions in
the same region. A similar case occurs in the range between 200 and 300 nm, where radical
218q shows one major absorption at 274 nm, where dimer radicals 257b and 258 show broad
absorption peaks of similar intensity. Moreover, the absorption spectra of dimers 257b and

258 extend to 600—650 nm, whereas that of radical 218q does not.

Two possible explanations for these differences can be proposed: First, the two monomer
units of dimer radicals do not act independently from each other, owing to some 7 overlap
between the two acene moieties; and secondly, the two monomer units act independently of
each other where one is a substituted monomer benzotriazinyl radical unit and the second
acts as a leuco form dihydrobenzotriazine substituent. In the latter case, the UV—vis spectrum

of the dimers would not be expected to extend further into the red as there would be no
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increase in the systems' delocalization that could justify lower energy transitions.
Furthermore, the FMO analysis (Figs. 108 & 109) supports that while the orbital density for
both the SOMO and LUMO of the dimers is mainly located on the benzotriazinyl moieties,
some orbital density does leak onto the benzotriazine moiety in the SOMO of 257b and the
LUMO of 258. This suggests that the former case is more likely, i.e., the two acenes are
interacting and are not independent. This was also supported by TDDFT calculations on the

dimer radicals which showed more complex low energy transitions.

Unlike Blatter-type radicals (Chapter 5), the N4-C5 connected dimer radical 257b reveals
different transitions with the first calculated transition being the SOMO—-1(B) — SOMO(B)
of ~ 1.0 eV, occurring in the near infrared region and thus undetectable by ordinary UV—vis
instruments (Table 49). For dimer radical 257b, the SOMO(A) — LUMO(A) calculated
transition occurs several excited states later, revealing multiple transitions of lower oscillator

strengths in between (Table 49).

Table 49. Selected excited states of dimer radical 257b as derived from TDDFT UB3LYP/6-

31G(d) calculations.
. imaxexp E. TDDFT imaxTDDFT
G transition (%) i f
state (nm) (eV) (nm)

1 - SOMO-1(B) — SOMO(B) (99) 1.037 1195.4 0.0035
SOMO-1(A) — LUMO(A) (77)

2 571 2.157 574.9 0.0050
SOMO—2(B) — SOMO(B) (18)
SOMO-1(A) — LUMO(A) (13)

4 511 2.385 519.8 0.0295
SOMO—2(B) — SOMO(B) (68)

5 — SOMO(A) — LUMO(A) (73) 2.450 506.0 0.0010

TDDFT calculations for dimer radical 258, revealed similar transitions of low oscillator
strengths but at different wavelengths. The first calculated transition is, similar to dimer
257b, the SOMO-1(B) — SOMO(B), but ~ 1.0 eV higher in energy (Table 50). The
SOMO(A) — LUMO(A) transition appears together with several other transitions between
the FMOs in the higher excited states (Table 50).
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Table 50. Selected excited states of dimer radical 258 as derived from TDDFT UB3LYP/6-31G(d)

calculations.
. }umaxeXp E. TDDFT imaxTDDFT
2O transition (%) i f
state (nm) (eV) (nm)

1 634 SOMO-1(B) — SOMO(B) (99) 1.876 660.8 0.0047
SOMO(A) — LUMO(A) (49)
SOMO(A) — LUMO+1(A) (18)

2 607 2.169 571.7 0.0084
SOMO-3(B) — SOMO(B) (22)
SOMO—2(B) — SOMO(B) (12)
SOMO(A) — LUMO(A) (18)

3 544 2.258 549.0 0.0188

SOMO-2(B) — SOMO(B) (63)

SOMO-3(B) — SOMO(B) (58)
4 466 2.456 504.8 0.0206
SOMO-2(B) — SOMO(B) (18)

7.5.2 Cyclic voltammetry studies

CV studies on dimer radicals 257 and 258 were done in a similar manner as other Blatter-
type radicals (Chapter 5), using a three electrode cell and n-BusNBF4 (0.1 M) as electrolyte.
CV studies on 1-(pyrid-2-yl) radicals 218p and 218q, were performed earlier (Chapter 5).

Benzotriazinyls 218p and 218q, showed one reversible reduction and one reversible
oxidation process, as other Blatter-type radicals. The introduction of a 7-trifluoromethyl
group on 1-pyridyl-1,2,4-benzotriazinyl 218p, gave the 1-pyridyl-1,2,4-benzotriazinyl 218q
and led to a lowering of its reduction potential by 0.21 V and an increase of its oxidation

potential by 0.24 V (Fig. 111, Table 51, entries 1 & 2).

Current (uA)

-1.0 0.5 0.0 0.5 1.0
Corrected Potential (V) vs SCE

Figure 111. CVs of 1-(pyrid-2-yl) radicals 218p (blue), 218q (red), 257b (green) and 258
(magenta) in DCM (1.0 mM). Electrolyte: n-BusNBF4 (0.1 M). Electrodes: glassy C (working), Pt
wire (counter) and Ag/AgCl (1.0 M KCI) (reference). Scan rate 50 mV-s™!, temp 20 °C. Internal
reference: Fc/Fc' (Ererer 0.585 V vs SCE).
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The 4,5'-bi[1,2,4-benzotriazin-4(1H)-yls] 257a and 257b showed one electron fully
reversible reduction at similar potentials (E12 " —0.3 V vs SCE) and two one electron fully
reversible oxidation processes also at similar potentials (E12”™ ~ 0.8 V and E1n™*2 ~ 1.0
V) (Table 51, entries 3 & 4), which provided a useful characteristic for their identification
by electrochemical means. Dimer radical 258, however, did not display the second oxidation
process and only showed one electron fully reversible reduction and one electron fully
reversible oxidation process, similar to 1,2,4-benzotriazin-4(1H)-yls 218, with potentials at

E12°=0.3 V and E1n”"! ~ 0.8 V, respectively (Fig. 111, Table 51, entry 5).

The N2-C5 oxidative dimerization of radical 218q (Table 51, entry 2) to give radical 258
had practically no effect on its electrochemistry (Fig. 111, Table 51, entry 5). In contrast, the
radical 257b, rising from the N4-C5 dimerization, not only presents a second oxidation
process, similar to its 1,3-dipyridyl dimer analogue 257a but also has more positive first

oxidation and reduction potentials (Fig. 111, Table 51, entry 4).

Table 51. Summary of electrochemical characteristics® of radicals 218p, 218q, 257 and 258.

El/2—1/0 E1/20/+1 E1/2+1/+2 E. CvV

entry radical ¢ b
V) V) V) (eV)

1 218p —0.60 0.46 1.06

2 218q —0.39 0.70 1.08

3 257a -0.32 0.77 0.94 1.08

4 257b —0.30 0.83 1.02 1.13
5 258 —0.38 0.72 1.10

“Electrolyte: n-BusNBF4 (0.1 M). Electrodes: Glassy C (working), Pt wire (counter) and Ag/AgCl (1.0 M KCI)
(reference). Scan rate 50 mV-s™!. Temp. 20 °C. Internal reference: F¢/Fc™ (Ergrer 0.585 V vs SCE); ? E.CY =

E1/20/+1 _ EI/Z*I/O.
7.6 Conclusions

The instability of 7-trifluoromethyl-substituted 1,2,4-benzotriazin-4(1H)-yls under basic
oxidative conditions was demonstrated. Initial studies show that the 7-F;C-substituted
radicals bearing the pyrid-2-yl group at N1 position can be dimerized via the N2 or the N4,
and C5 positions to give the two new dimer radicals 257 and 258, that form via two
previously unknown oxidation pathways. Based on these results, the oxidation of Blatter-
type radicals at C5 to access the unknown ortho-quinonimines should be possible. The above
oxidation pathways open up new opportunities for extending the known chemistry of Blatter-
type radicals and applications related to their use in the areas of synthesis, materials, and

biology.
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8.1 General Procedures and Methods

All chemicals were commercially available except those whose synthesis is described.
Dichloromethane (DCM) was dried over CaH; prior to use. Anhydrous Na>SO4 or MgSO4
were used for drying organic extracts. All volatiles were removed under reduced pressure.
All reaction mixtures and column eluents were monitored by thin layer chromatography
(TLC) using commercial glass backed TLC plates (Merck Kieselgel 60 F2s4 or where stated
Merck Aluminium oxide 60 Fs4 neutral). TLC plates were observed under UV light at 254

and 365 nm. The technique of dry flash chromatography*¢!

was used throughout for all non-
TLC scale chromatographic separations using Merck Silica Gel 60 (less than 0.063 mm) or
where stated Merck Aluminium Oxide 60 G neutral (Type E). Melting and decomposition
points were determined using either a PolyTherm-A, Wagner & Munz, Kofler-Hotstage
Microscope apparatus or a TA Instruments DSC Q1000. Differential scanning calorimetry
(DSC) was used to determine decomposition point with samples hermetically sealed in
aluminium pans under an argon atmosphere, using heating rates of 5 °C-min!. DSC can
often provide thermal decomposition points which appear as exothermic signals. Typically,
the pans are opened after seeing an exothermic signal to confirm the material has
decomposed rather than a chemical transformation to other isolable product(s). Thermal
gravimetric analysis (TGA) was performed using a TA Instruments TGA Q500 with a
ceramic pan under an argon atmosphere, using heating rates of 10 °C-min"'. Solvents used
for recrystallization are indicated after the melting point. UV—vis spectra were obtained
using a Perkin-Elmer Lambda-25 UV—vis spectrophotometer and inflections are identified
by the abbreviation "inf". IR spectra were recorded on a Shimadzu FTIR-NIR Prestige-21
spectrometer with a Pike Miracle Ge ATR accessory and strong, medium, and weak peaks
are represented by s, m, and w, respectively. 'H and '*C NMR spectra were recorded on a
BrukerAvance 300 machine (at 300 and 75 MHz, respectively) or on a BrukerAvance 500
machine (at 500 and 125 MHz, respectively). Deuterated solvents were used for
homonuclear lock and the signals are referenced to the deuterated solvent peaks. NMR
coupling constants J are given in Hz. Low resolution (EI) mass spectra were recorded on a
Shimadzu GC/MS QP2010 with direct inlet probe. MALDI-TOF MS were conducted on a
Bruker BIFLEX III time-of-flight (TOF) mass spectrometer. 2,5-Dihydroxybenzoic acid
(DHB)*%? and 2B graphite pencil*®® were used as calibrant and/or matrix as indicated.
Elemental analysis of all compounds was performed on a Perkin Elmer 2400 Series
Elemental Analyzer by Stephen Boyer at the London Metropolitan University. Isodi-

phenylfluorindine (aka 5,7-diphenyl-5H-quinoxalino[2,3-b]phenazin-7-ium-12-ide) 104,25
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N-(5-fluoro-2,4-dinitrophenyl)-N'-phenylbenzene-1,2-diamine 176a,%8¢ N'N"-(m-
phenylene)dibenzimidoyl dichloride 197,*** N'-phenylbenzohydrazide 212,%% 4-fluoro-N'-
phenylbenzohydrazide 235a,%® N'-phenylthiophene-2-carbo-hydrazide 235b,*” N'-phenyl-
picolinohydrazide 235¢,**® N'-phenylacetohydrazide 235d, 2,2,2-trifluoro-N'-phenylace-
tohydrazide 235e,*’° N'-(pyrid-2-yl)benzohydrazide 236i,*’! N'-(pyrid-2-yl)picolinohydra-
zide 236j,*”* 1-(2-nitrophenyl)-1-phenylhydrazine 237,*** tetrasulfur tetranitride (SsNa),*”
tetracyanoethylene oxide (TCNEO),*’® 1-(perfluorophenyl)-3-phenyl-1,2,4-benzotriazin-
4(1H)-yl 218s,*'? 1,3-diphenyl-1,2,4-benzotriazin-7(1H)-one 221a,°*° and 2-phenyl-6H-

[1,2,4]triazino[5,6,1-jk]carbazol-6-one 255,**> were prepared according to the literature.
8.2 Compounds Related to Chapter 2

8.2.1 Oxidation of isodiphenylfluorindine 104

82.1.1 13-Oxo-isodiphenylfluorindinium perchlorate 155 [aka 13-oxo-5,7-diphenyl-
7,13-dihydroquinoxalino[2,3-b]phenazin-5-ium perchlorate]

To a stirred solution of isodiphenylfluorindine 104 (400 mg, 0.916 mmol) in glacial AcOH
(20 mL) at ca. 20 °C was added dropwise 70% HCIO4 (8 mL) and then a 2.4% w/v aqueous
solution of K2Cr207 (7 mL). The blue solution became purple in color and after 10 min the
reaction mixture was transferred to a conical flask (500 mL), to which was added in small
portions crushed ice (150 g). Finally, HoO (100 mL) was added and the mixture was stirred
for 30 min. The dark purple precipitate that formed was separated by filtration, washed with
H>O (20 mL) and dried (500 mg mass recovery). Recrystallization from MeCN or DCE
afforded the title compound 155 (379 mg, 75%) as shiny metallic green flakes; mp (hot stage)
not observed, mp (DSC) decomp. onset: 368.7 °C, decomp. peak max: 382.3 °C (MeCN);
(TGA) decomp. onset: 384.3 °C, decomp. peak max: 395.0 °C, 26.0% mass loss at 467.4 °C
(MeCN); found: C, 65.28; H, 3.26; N, 10.21. C30H19CIN4Os requires C, 65.40; H, 3.48; N,
10.17%; Rr 0.42 (DCM/THF, 50:50); Amax(DCM)/nm 278 inf (log € 4.29), 320 (4.81), 331
(5.04), 361 inf (4.66), 403 inf (4.39), 473 inf (4.53), 507 (4.92), 542 (5.06), 638 inf (4.00);
Vmax/em ! 3057w (Ar C-H), 1698m (C=0), 1612m, 1591w, 1531s, 1524s, 1487s, 1466w,
1447m, 1385s, 1344w, 1325m, 1315m, 1288w, 1240s, 1175w, 1159m, 1126w, 1090s,
1034w, 1028w, 1013m, 1001m, 959w, 831w, 820m, 802w, 779w, 770s, 758m; ou(500 MHz,
CD3CN) 8.36 (2H, dd, J 8.3, 1.3, H1), 7.85 (2H, ddd, J 7.8, 7.8, 1.5, H2), 7.79 (2H, ddd, J
7.5, 7.5, 1.0, H3), 7.64-7.61 (6H, m, Ar H), 7.27-7.26 (4H, m, Ar H), 7.06 (2H, d, J 8.5,
H4),4.76 (1H, s, H6); 6c(125 MHz, CD3CN) 177.2 (s), 145.7 (s), 144.4 (s), 138.7 (s), 137.8
(d), 136.2 (s), 134.2 (s), 133.6 (d), 132.4 (d), 132.2 (d), 129.6 (d), 127.6 (d), 118.6 (d), 89.3
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(d); m/z (MALDI-TOF) 452 (MH", 45%), 451 (M", 100), 423 (14), 374 (60), 373 (80), 346
(6).

82.1.2 13,13"-Bi(isodiphenylfluorindine) 158  [aka  12,12'14,14"-Tetraphenyl-
12H, 12'H-(6,6"-biquinoxalino[2,3-b]phenazine)-14, 14'-diium-35,5'-diide]

To a stirred solution of isodiphenylfluorindine 104 (100 mg, 0.229 mmol) in DCM (10 mL)
at ca. 20 °C, was added in one portion PIFA (98.5 mg, 0.229 mmol). After the mixture was
left stirring for 24 h, the solvent was evaporated in vacuo, EtOH (10 mL) was added, and the
reaction mixture was then heated to reflux and hot filtered. To the deep blue filtrate was
added a few drops of 2 M NaOH until a deep green color was obtained. The mixture was left
to cool down at ca. 20 °C and the precipitate obtained was isolated by filtration and
recrystallized to afford the title compound 158 (74.8 mg, 75%) as dark blue cubes; mp (hot
stage) not observed, mp (DSC) decomp. onset: 389.7 °C, decomp. peak max: 390.5 °C
(EtOH); (TGA) decomp. onset: 393.6 °C, decomp. peak max: 404.8 °C, 22.8% mass loss at
450.6 °C (EtOH); found: C, 82.65; H, 4.51; N, 12.68. CeoH3sNg requires C, 82.74; H, 4.40;
N, 12.86%; Rr 0.48 (DCM/MeOH, 90:10 + 30 mg HCI 37%); Amax(DCM)/nm 301 (log ¢
5.18), 347 inf (4.23), 385 inf (4.39), 406 (4.76), 430 (5.08), 456 inf (4.21), 487 (4.28), 522
(4.14), 564 inf (4.02), 617 (4.41), 668 (4.60), 733 (4.56), 819 (4.30); Amax(EtOH)/nm 213
(log ¢ 5.81), 248 (5.06), 289 inf (5.38), 300 (5.65), 378 inf (4.75), 401 (5.17), 424 (5.40),
452 (4.63), 481 (4.58), 519 (4.70), 576 inf (4.42), 631 (4.87), 689 (5.05), 751 (4.98);
Jmax(EtOH/HCI 10%)/nm 213 (log ¢ 5.80), 217 inf (5.69), 229 inf (5.13), 237 inf (5.04), 291
inf (5.61), 369 (4.66), 476 inf (4.46), 512 (4.75), 550 (4.96), 597 (5.24), 652 (5.28);
Amax(EtOH/HC1O4 70%)/nm 213 (log € 5.79), 217 inf (5.68), 229 inf (5.13), 237 inf (5.02),
291 inf (5.48), 369 (4.35), 461 inf (4.13), 500 (4.50), 539 (4.91), 584 (5.30), 638 (5.56);
Vmax/ecm ! 3059w (Ar C-H), 1607m, 1589m, 1560m, 1555s, 1530s, 1489s, 1485s, 1462m,
1452m, 1414s, 1360s, 1346s, 1333s, 1298m, 1244s, 1186w, 1175w, 1161w, 1152w, 1140m,
1117w, 1107w, 1070w, 1026m, 1003m, 926w, 880w, 851w, 820m, 772w, 752m, 741s, 731s,
708m; ou(500 MHz, TFA-d) 7.68-7.65 (12H, m, Ar H), 7.44 (4H, ddd, 7.8, 7.8, 1.0, H2),
7.36 (8H, dd, 8.20, 8.0, H1 & H3), 7.33—7.30 (8H, m, Ar H), 6.79 (4H, d, J 8.5, Ar H4), 5.61
(2H, s, H6 & H6'"); oc(125 MHz, TFA-d) one C (d) resonance missing, 146.8 (s), 145.3 (s),
136.2 (s), 134.0 (s), 133.8 (d), 133.6 (d), 133.5(d), 133.2 (d), 131.0 (s), 128.1 (d), 120.5 (d),
101.0 (d), 92.6 (s); m/z (MALDI-TOF) 873 (MH"+2, 70%), 872 (MH"+1, 100), 871 (MH",
13), 796 (47), 795 (73), 794 (13).
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8.2.1.3 13,13"-Bi(isodiphenylfluorindone) 159 [aka 12,12, 14,14 -tetraphenyl-(6,6'-
biquinoxalino[2,3-b]phenazine)-2,2",10,10'(12H, 12'H,-14H, 14'H)-tetraone]

Method A: Chromatographic work-up: To a stirred solution of isodiphenylfluorindine 104
(100 mg, 0.229 mmol) in DCM (10 mL) at ca. 20 °C, was added in one portion MnO> (1.00
g, 11.5 mmol). After 72 h the starting material 104 was consumed (TLC and MALDI-TOF
MS) and the mixture was filtered through a short pad of Celite®, which was rinsed with a
solution of DCM/THF (50:50) (200 mL). The collected blue solution was then evaporated
in vacuo to afford a residue, chromatography of which (silica) (DCM/THF, 50:50) gave the
title compound 159 (95 mg, 89%) as blue needles with a metallic copper luster; mp (hot
stage) not observed, mp (DSC) decomp. onset: 466.0 °C, decomp. peak max: 473.8 °C
(PhMe); (TGA) decomp. onset: 474.1 °C, decomp. peak max: 487.5 °C, 17.4% mass loss at
600.0 °C (PhMe); Rr 0.54 (DCM/THF, 50:50); found: C, 75.79; H, 3.49; N, 11.93.
Ces0H34NgO4-H20 requires C, 75.94; H, 3.82; N, 11.81%; Anax(DCM)/nm 275 (log ¢ 5.37),
364 inf (5.02), 382 (5.22), 464 inf (4.56), 493 inf (4.66), 530 (4.97), 572 (5.33), 620 (5.47);
Amax(EtOH)/nm 216 (log ¢ 5.88), 269 (5.44), 275 inf (5.39), 298 (4.97), 382 (5.18), 419 inf
(4.46), 459 inf (4.47), 493 inf (4.62), 533 (5.30), 638 (5.56); Amax(EtOH/HCIO4 70%)/nm
216 (log € 5.88), 269 (5.35), 275 inf (5.21), 298 (5.22), 378 inf (4.99), 412 inf (4.59), 497
inf (4.80), 543 (5.07), 587 (5.12), 628 (5.08); vma/cm™ ' 1628w, 1597m, 1530s, 1526s,
1493m, 1452s, 1410w, 1356s, 1331w, 1285w, 1256m, 1227m, 1207w, 1179w, 1142m,
1109m, 1074w, 1024w, 1001w, 947m, 858m, 845m, 810m, 789m, 772m, 737m; Jou(500
MHz, CDCl3) 7.58-7.51 (12H, m, Ar H), 7.28-7.25 (12H, m, Ar H, overlapping with CDCl3,
Ar H), 6.77 (4H, dd, J 10.0, 2.0, H2), 5.81 (2H, s, H6), 5.56 (4H, d, J 2.0, H4); 6u(500 MHz,
CD:Cl) 7.60-7.52 (12H, m, Ar H), 7.28-7.25 (8H, m, Ar H), 7.22 (4H, d, J 10.0, H1), 6.71
(4H, dd, J 10.0, 2.0, H2), 5.78 (2H, s, H6), 5.47 (4H, d, J 2.0, H4); ou(500 MHz, HFIP-d>)
7.71 (12H, br s, Ar H), 7.43 (4H, d, J 9.5, H1), 7.32 (8H, d, J 3.0, Ar H), 7.06 (4H, d, J 9.5,
H2),6.56 (2H, s, H6), 6.03 (4H, s, H4); oc(125 MHz, CDCl3) 184.8 (s), 147.4 (s), 138.2 (s),
138.1 (s), 136.0 (s), 135.3 (s), 135.0 (d), 134.6 (d), 132.3 (s), 131.2 (d), 130.3 (d), 127.7 (d),
103.4 (d), 99.2 (d); oc(125 MHz, CD>Cl,) one C (d) resonance missing, 184.8 (s), 148.1 (s),
138.9 (s), 138.7 (s), 136.7 (s), 136.0 (s), 135.2 (d), 133.0 (s), 131.8 (d), 130.8 (d), 128.3 (d),
103.6 (d), 99.9 (d); oc(125 MHz, HFIP-d) 185.3 (s), 145.7 (s), 138.2 (s), 137.2 (s), 134.6
(d, C1), 134.4 (s), 134.1 (s), 133.7 (s), 132.1 (d, C2), 130.5 (d), 130.3 (d), 125.7 (d), 101.9
(d, C6), 100.9 (d, C4); m/z (MALDI-TOF) 934 (MH'+3, 31%), 933 (MH'+2, 35), 932
(MH+1", 100), 856 (11).
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Method B: Chromatography free work-up: To a stirred solution of isodiphenylfluorindine
104 (100 mg, 0.229 mmol) in DCM (10 mL) at ca. 20 °C, was added in one portion MnO»
(1.00 g, 11.5 mmol). After 72 h the starting material 104 was consumed (TLC and MALDI-
TOF MS) and the solvent was evaporated in vacuo. The solid residue was Soxhlet extracted
with DCM (100 mL) for 72 h. The collected blue solution was then evaporated in vacuo and
the residue was recrystallized from PhMe to afford the title compound 159 (98.1 mg, 92%)
as blue needles with a metallic copper luster; mp (DSC) decomp. onset: 466.0 °C, decomp.

peak max: 473.8 °C (PhMe); Rr 0.54 (DCM/THF, 50:50); identical to that described above.

Method C: From 13,13"-bi(isodiphenylfluorindine) 158: To a stirred solution of 13,13'-
bi(isodiphenylfluorindine) 158 (87.1 mg, 0.100 mmol) in DCM (10 mL) at ca. 20 °C, was
added in one portion MnO» (434.5 mg, 5.0 mmol). After 1 h the starting material 158 was
consumed (by TLC and MALDI-TOF MS) and the mixture was filtered through a short pad
of Celite®, which was rinsed with a mixture of DCM/THF (50:50) (200 mL). The collected
blue solution was then evaporated in vacuo to afford a residue, chromatography of which
(silica) (DCM/THF, 50:50) gave the title compound 159 (93.0 mg, 100%) as blue needles
with a metallic copper luster; mp (DSC) decomp. onset: 466.0 °C, decomp. peak max: 473.8
°C (PhMe); Rr 0.54 (DCM/THF, 50:50); identical to that described above.

8.3 Compounds Related to Chapter 3

8.3.1 Synthesis of 4-nitro-3-phenylamines 179
8.3.1.1 4-Nitro-3-(phenylamino)phenol 179a

A stirred mixture of aniline (512.2 mg, 5.5 mmol) and 3-fluoro-4-nitrophenol (758.5 mg, 5.0
mmol), protected from atmospheric moisture by means of a CaCl, drying tube, was
immersed in a preheated (ca. 140 °C) Wood's metal bath for 3 h at which time all the 3-
fluoro-4-nitrophenol was consumed (TLC). The reaction mixture was allowed to cool to ca.
20 °C, diluted with EtOAc (100 mL) and washed with 10% HCI (2 x 50 mL), H>O (50 mL)
and brine (50 mL). The organic layer was separated, dried (MgSOs), filtered and the volatiles
removed in vacuo. Recrystallization of the residue afforded the title compound 179a (80.6
mg, 70%) as orange needles; mp (hot stage) 157.6-160.0 °C (PhMe) (lit.*”! 165 °C); R¢0.70
(n-hexane/t-BuOMe, 50:50), 0.45 (DCM, 100%); Amax(DCM)/nm 277 (log & 3.95), 314
(3.73), 414 (3.69); Vmax/cm™ ! 3240m (O-H), 1634m, 1589m, 1578m, 1504s, 1472m, 1416m,
1333m, 1312w, 1248s, 1198s, 1169s, 1094m, 1028w, 993w, 862w, 847m, 831w, 808w,
775w, 752s, 735s; ou(500 MHz, CDCl3) 9.71 (1H, br s, NH), 8.17 (1H, d, J 9.5, Ar H), 7.42
(2H, ddd, J 7.8, 7.8, 2.0, Ar H), 7.28 (2H, d, J 8.0, Ar H), 7.25 (1H, dd, J 7.5, 7.5, Ar H),
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6.51 (1H, d, 2.5, Ar H), 6.27 (1H, dd, J 9.0, 2.5, Ar H), 5.75 (1H, br s, OH); dc(125 MHz,
CDCls) 162.3 (s), 145.9 (s), 138.4 (s), 129.8 (d), 129.6 (d), 127.5 (s), 126.1 (d), 125.1 (d),
107.2 (d), 99.5 (d); m/z (MALDI-TOF) 231 (MH", 30%), 230 (M", 46), 215 (43), 213 (100),
197 (41), 184 (22), 170 (47), 142 (42).

8.3.1.2 4-Nitro-3-(phenylamino)phenyl 4-methylbenzenesulfonate 179b

To a stirred solution of 4-nitro-3-(phenylamino)phenol 179a (0.230 g, 1.0 mmol) and Etz:N
(153 uL, 1.1 mmol) in DCM (5 mL) at ca. 0 °C, was added dropwise p-toluenesulfonyl
chloride (0.210 g, 1.1 mmol). The mixture was left to slowly (0.5 h) warm to ca. 20 °C and
stirred for an additional 30 min. Upon complete consumption of the starting material 179a
(TLC), the reaction mixture was diluted (DCM, 50 mL) and extracted with H>O (2 x 50 mL)
and brine (50 mL). The organic layer was separated, dried (MgSQOa), filtered and the volatiles
were removed in vacuo. Chromatography (n-hexane/DCM, 50:50) of the residue gave the
title compound 179b (0.353 g, 92%) as yellow needles; mp (hot stage) 108.0-109.0 °C
(PhMe); Rr 0.72 (n-hexane/DCM, 50:50); found: C, 59.46; H, 4.10; N, 7.49. C19H1sN20sS
requires C, 59.37; H, 4.20; N, 7.29%; Amax(DCM)/nm 235 (log & 4.28), 265 (4.18), 292 inf
(3.98), 422 (3.80); vmax/cm ! 3669w, 3354w (N-H), 2988m, 2972m and 2901m (Alk C-H),
1620m, 1597m, 1574m, 1531w, 1499s, 1462w, 1408w, 1379s, 1344m, 1310w, 1256s,
1227w, 1213m, 1194s, 1180s, 1157m, 1136m, 1090s, 1076s, 1049m, 1028w, 991m, 970m,
872m, 816s, 804m, 789s, 762s, 754m; 6u(500 MHz, DMSO-ds) 9.45 (1H, NH), 8.15 (1H, d,
J9.5,Ar H),7.71 2H, d, J 8.5, Ar H), 7.46 (2H, d, J 8.0, Ar H), 7.38 (2H, dd, J 7.5, 7.5, Ar
H),7.26 (1H, dd, J 7.0, 7.0, Ar H), 7.09 (2H, dd, J 8.0, 1.0, Ar H), 6.61 (1H, dd, J 9.5, 2.5,
Ar H), 6.48 (1H, d, J 2.0, Ar H), 2.07 (s, CH3); dc(125 MHz, CDCl3) 155.7 (s), 146.2 (s),
143.3 (s), 138.1 (s), 131.5 (s), 130.7 (s), 130.3 (d), 129.5 (d), 128.9 (d), 128.1 (d), 125.6 (d),
124.2 (d), 111.6 (d), 108.4 (d), 21.2 (q); m/z (MALDI-TOF) 285 (MH", 85%), 284 (M", 100).

83.1.3 4-Nitro-3-(phenylamino)phenyl benzoate 179c

Similar treatment of 4-nitro-3-(phenylamino)phenol 179a (230 mg, 1.0 mmol) and EtzN (153
1L, 1.1 mmol) in DCM (5 mL) with benzoyl chloride (128 uxL, 1.1 mmol) gave upon
chromatography (n-hexane/EtOAc, 90:10) the title compound 179¢ (320 mg, 96%) as yellow
needles; mp (hot stage) 106.7-107.3 °C (c-hexane), mp (DSC) onset: 108.9 °C, peak max:
109.5 °C, decomp. onset: 326.5 °C, decomp. peak max: 329.4 °C (c-hexane); Rr 0.57 (n-
hexane/DCM, 50:50); found: C, 68.17; H, 4.10; N, 8.36. C19H14N204 requires C, 68.26; H,
4.22; N, 8.38%; Amax(DCM)/nm 237 (log ¢ 4.28), 274 (4.22), 421 (3.78); Vmax/cm ! 3321w
(N-H), 3061w (Ar C-H), 1744 (C=0), 1620m, 1593s, 1580s, 1501s, 1489m, 1462m, 1450m,
1414m, 1342m, 1329m, 1314w, 1246s, 1206s, 1173s, 1146m, 1088s, 1070m, 1057m, 1024s,
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1003m, 986w, 932w, 864m, 839m, 795m, 775w, 750m, 737m, 700s; Su(500 MHz, DMSO-
ds) 9.56 (1H, br's, NH), 8.25 (1H, d, J 9.5, Ar H), 8.08 (2H, dd, J 8.0, 1.0, Ar H), 7.74 (1H,
dd, J7.5,7.5, Ar H), 7.58 (2H, dd, J 8.0, 8.0, Ar H), 7.43 (2H, dd, J 8.0, 8.0, Ar H), 7.36
(2H, dd, J 8.5, 1.5, Ar H), 7.22 (1H, dd, J 7.3, 7.3, Ar H), 7.06 (1H, d, J 2.5, Ar H), 6.84
(1H, dd, J 9.0, 2.5, Ar H); 5c(125 MHz, DMSO-ds) 163.6 (s), 156.1 (s), 143.4 (s), 138.6 (s),
134.2 (d), 130.9 (s), 129.9 (d), 129.6 (d), 128.9 (d), 128.3 (s), 128.2 (d), 125.3 (d), 124.0 (d),
112.2 (d), 108.6 (d); m/z (APCI) 336 (MH+1, 20%), 335 (MH", 100).

8.3.2 Synthesis of benzene-1,2-diamines 175
83.2.1 4-Amino-3-(phenylamino)phenyl benzoate 175b

To a suspension of Pd/C (5 mol %) (106 mg, 1.0 mmol) in EtOH (10 mL) in a Parr
hydrogenation flask (250 mL) at ca. 20 °C was added 4-nitro-3-(phenylamino)phenyl
benzoate 179¢ (334 mg, 1.0 mmol). The flask was connected to a Parr hydrogenator,
evacuated and flushed with H> three times. The mixture was then shaken under H>
atmosphere (3 bar, 0.3 MPa) for 1 h. The hydrogenation was judged complete after the
pressure of Hy stabilized, the yellow color of the solution was gone and complete
consumption of the starting material 179¢ (TLC). The catalyst was removed by filtration
through Celite® that was then rinsed with hot EtOH (3 x 10 mL). The combined EtOH
solution was concentrated in vacuo to ca. 5 mL and left to cool to ca. 20 °C. Fine needles
precipitated and were collected by filtration to afford the title compound 175b (302 mg, 99%)
as colorless needles; mp (hot stage) 145.5-147.1 °C (EtOH), mp (DSC) onset: 152.0 °C,
peak max: 153.1 °C, decomp. onset: 278.2 °C, decomp. peak max: 292.5 °C (EtOH); Rr0.43
(n-hexane/t-BuOMe, 50:50), 0.38 (DCM, 100%); found: C, 74.87; H, 5.17; N, 9.15.
Ci9H16N20: requires C, 74.98; H, 5.30; N, 9.20%; Amax(DCM)/nm 236 (log ¢ 4.43), 272
(4.01), 320 (3.90); vmax/cm ™! 3389w (N-H), 1738s (C=0), 1632m, 1599m, 1541m, 1537m,
1501s, 1489s, 1452m, 1431m, 1333m, 1314w, 1267s, 1171s, 1125m, 1078w, 1063s, 1022m,
980w, 901w, 885w, 799m, 768s, 746s, 721s, 700s; ou(500 MHz, DMSO-ds) 8.08 (2H, dd, J
8.5,1.5,ArH),7.71 (1H,dd, J 7.5, 7.5, Ar H), 7.57 (2H, dd, J 7.8, 7.8, Ar H), 7.24 (1H, br
s, NH), 7.16 (2H, dd, J 8.0, 8.0, Ar H), 6.90 (1H, d, J 2.5, Ar H), 6.83 (2H, d, J 7.5, Ar H),
6.77 (1H, d, J 8.5, Ar H), 6.71 (2H, ddd, J 7.9, 7.9, 2.5, Ar H), 4.81 (2H, br s, NH2); dc(125
MHz, DMSO-ds) 165.0 (s), 144.9 (s), 140.9 (s), 139.3 (s), 133.7 (d), 129.6 (d), 129.2 (s),
128.9 (d), 128.8 (d), 128.3 (s), 118.4 (d), 116.1 (d), 115.2 (d), 114.9 (d), 114.6 (d); m/z
(APCI) 306 (MH+1, 20%), 305 (MH", 100).
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8.3.3 Synthesis of dinitrobenzenetetramines 177

83.3.1 [(4,6-Dinitro-1,3-phenylene)bis(azanediyl)] bis[3-(phenylamino)-4, I -
phenylene] dibenzoate 177a

To a stirred suspension of 4-amino-3-(phenylamino)phenyl benzoate 175b (304 mg, 1.0
mmol) in EtOH (10 mL) at ca. 20 °C, was added in one portion 1,5-difluoro-2,4-
dinitrobenzene 109 (51.0 mg, 0.25 mmol) and the mixture was then heated to ca. 78 °C for
48 h until the reaction was complete (TLC). The hot reaction mixture was then filtered to
collect the precipitate, which was then washed (cold EtOH, 2 x 5 mL) and recrystallized to
afford the title compound 177a (141.2 mg, 73%) as red needles; mp (hot stage) 248.6-250.7
°C (EtOH), mp (DSC) onset: 252.4 °C, peak max: 253.2 °C, decomp. onset: 268.8 °C,
decomp. peak max: 281.6 °C (EtOH); Rt 0.33 (n-hexane/DCM, 20:80); found: C, 68.25; H,
3.98; N, 10.94. C44H3:NsOs requires C, 68.39; H, 4.17; N, 10.88%; Amax(DCM)/nm 277 inf
(log £ 4.61), 284 (4.61), 330, (4.53), 400 inf (4.08); vmax/cm ' 3375w and 3343w (N-H),
3061w (Ar C-H), 1736s (C=0), 1620s, 1612s, 1593s, 1566s, 1518s, 1495m, 1485m, 1449m,
1422m, 1404m, 1337m, 1323m, 1310m, 1281s, 1261s, 1248s, 1190m, 1163s, 1109w,
1078m, 1063s, 1024m, 1003w, 980w, 966w, 930w, 905w, 878w, 856w, 833w, 745s, 700s;
ou(500 MHz, DMSO-ds) 9.40 (2H, br s, NH), 8.99 (1H, br s, Ar H), 7.92 (4H, dd, J 8.5, 1.5,
Ar H),7.73 (2H, s, NH), 7.66 (2H, dd, J 7.5, 7.5, Ar H), 7.40 (4H, dd, J 7.8, 7.8, Ar H), 7.18
(4H, dd, J 8.0, 8.0, Ar H), 7.12 (2H, d, J 8.5, Ar H), 7.04 (2H, d, J 2.5, Ar H), 6.90 (4H, d, J
7.5, Ar H), 6.86 (2H, dd, J 7.3, 7.3, Ar H), 6.80 (2H, dd, J 8.5, 2.5, Ar H), 5.89 (1H, s, Ar
H); 6c(125 MHz, DMSO-ds) 164.0 (s), 149.8 (s), 146.8 (s), 141.7 (s), 140.8 (s), 133.7 (d),
129.5 (d), 128.9 (d), 128.8 (s), 128.7 (d), 128.6 (d), 127.3 (d), 125.0 (s), 123.1 (s), 121.3 (d),
119.3 (d), 113.1 (d), 109.2 (d), 95.4 (d); m/z (ESI) 796 (MH"+Na, 5%), 795 (M"+Na, 10),
381 (100), 353 (60), 339 (25), 181 (16).

8.3.3.2 4-[(2,4-Dinitro-5-{[2-(phenylamino)phenyl] amino}phenyl)amino]-3-
(phenylamino)phenyl benzoate 177b

To a stirred suspension of 4-amino-3-(phenylamino)phenyl benzoate 175b (304 mg, 1.0
mmol) in EtOH (10 mL) at ca. 20 °C, was added in one portion N-(5-fluoro-2,4-
dinitrophenyl)-N'-phenylbenzene-1,2-diamine’*® 176a (184 mg, 0.5 mmol) and the mixture
was then heated to ca. 80 °C for 48 h until the reaction was complete (TLC). The hot reaction
mixture was then filtered to collect the precipitate, which was then washed (cold EtOH, 2 x
5 mL) and recrystallized to afford the title compound 177b (248 mg, 76%) as red needles;
mp (hot stage) 219.2-222.0 °C (EtOH); mp (DSC) onset: 221.6 °C, peak max: 222.2 °C,
decomp. onset: 259.8 °C, decomp. peak max: 274.0 °C (EtOH); Rr 0.43 (n-hexane/DCM,

189



20:80); found: C, 67.96; H, 4.23; N, 12.67. C37H2sN¢O¢ requires C, 68.09; H, 4.32; N,
12.88%; Amax(DCM)/nm 242 (log ¢ 4.43), 285 (4.54), 333 (4.45), 395 inf (4.14); Vmax/cm™!
3385w and 3331w (N-H), 1736m (C=0), 1620s, 1591s, 1576w, 1564s, 1535m, 1514s,
1497m, 1479m, 1422m, 1408s, 1344m, 1314m, 1290s, 1261s, 1246s, 1225s, 1194w, 1177w,
1163s, 1152w, 1134w, 1107w, 1082m, 1065s, 1024m, 883m, 818m, 767m, 752s, 743m,
735s, 710s; ou(500 MHz, DMSO-ds) 9.46 (1H, br s, NH), 9.43 (1H, br s, NH), 8.99 (1H, s,
Ar H),8.12 (2H, d, J 7.5, Ar H), 7.77-7.73 (2H, m, Ar H), 7.62-7.59 (3H, m, Ar H), 7.22—
7.11 (8H, m, Ar H), 7.98 (1H, d, J 2.5, Ar H), 6.92 (1H, dd, J 7.8, 7.8, Ar H), 6.89-6.85 (3H,
m, Ar H), 6.81 (3H, d, J 8.0, Ar H), 6.76 (1H, dd, J 8.5, 2.5, Ar H), 5.97 (1H, s, Ar H);,
0c(125 MHz, DMSO-ds) 164.2 (s), 149.8 (s) 146.8 (s), 146.4 (s), 142.8 (s), 141.7 (s), 140.9
(s), 138.9 (s), 134.0 (d), 129.7 (d), 129.0 (d), 128.9 (d), 128.84 (d), 128.82 (s), 128.7 (d),
127.5 (d), 127.4 (d), 127.0 (d), 126.8 (s), 125.1 (s), 124.9 (s), 123.3 (s), 121.4 (d), 120.7 (d),
120.3 (d), 119.3 (d), 118.1 (d), 118.0 (d), 113.0 (d), 109.2 (d), 95.0 (d); m/z (APCI) 654
(MH"™+1, 5%), 653 (MH", 10), 359 (80), 341 (100), 331 (55), 313 (75), 102 (28).

8.34 Synthesis of oxo-protected fluorindines 178

83.4.1 3,9-Dibenzoyloxy-isodiphenylfluorindine 178a [aka 3,9-bis(benzoyloxy)-35,7-
diphenyl-5H-quinoxalino[2,3-b]phenazin-7-ium-12-ide]

To a suspension of Pd/C (5 mol %) (100 mg, 0.94 mmol) in EtOH (10 mL) in a Parr
hydrogenation flask (250 mL) at ca. 20 °C was added [(4,6-dinitro-1,3-phenylene)bis-
(azanediyl)]bis[3-(phenylamino)-4,1-phenylene] dibenzoate 177a (100 mg, 0.13 mmol).
The flask was connected to a Parr hydrogenator, evacuated, and flushed with H three times.
The mixture was then shaken under H> atmosphere (3 bar, 0.3 MPa) for 4 h. The
hydrogenation was judged complete after the pressure of H» stabilized, the yellow color of
the solution was gone and the complete consumption of the starting material 177a (TLC).
The catalyst was removed by filtration through Celite® that was then rinsed with hot EtOH
(3 x 20 mL). The combined EtOH solution, which slowly turned from colorless to deep red,
was heated at reflux under an air atmosphere until the color became deep green. The solvent
was concentrated to ca. 20 mL and left at ca. 20 °C for 12 h to afford a crystalline precipitate
which was collected by filtration, rinsed with EtOH (2 x 5 mL) and dried in vacuo to give
the title compound 178a (55.1 mg, 63%) as green needles; mp (hot stage) not observed, mp
(DSC) decomp. onset: 316.0 °C, decomp. peak max: 351.0 °C (EtOH); (TGA) decomp.
onset: 310.0 °C, decomp. peak max: 344.3 °C, 26.8% mass loss at 375.9 °C (EtOH); found:
C, 77.87; H, 4.25; N, 8.28. C44H2sN4O4 requires C, 78.09; H, 4.17; N, 7.28%; Rr 0.55
(DCM/MeOH, 90:10 + 30 mg 37% HCI); Amax(DCM)/nm 236 (log ¢ 4.58), 286 inf (4.71),
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297 (4.93), 324 inf (4.08), 386 inf (4.16), 405 (4.48), 426 (4.83), 449 inf (4.01), 478 (4.06),
500 inf (3.57), 515 inf (3.29), 578 inf (3.04), 644 (3.81), 714 (4.28), 791 (4.43); Vinax/om™!
3049w (Ar C-H), 1726m (C=0), 1593w, 1566m, 1543w, 1516m, 1493m, 1449s, 1406w,
1372w, 1352w, 1306w, 1261s, 1234s, 1188s, 1173s, 1150m, 1138m, 1119m, 1078s, 1063s,
1022s, 1003w, 937w, 870w, 808m, 802m, 773w, 752w, 727w, 702w; Su(500 MHz, TFA-d)
8.11 (4H, d, J 7.5, Ar H), 7.72 (4H, dd, J 7.5, 7.5, Ar H), 7.66 (6H, br s, Ar H), 7.52 (6H,
dd, J 7.8, 7.8, Ar H), 7.45 (1H, br s, Ar H), 7.34 (4H, br s, Ar H), 6.82 2H, s, Ar H), 5.47
(1H, s, Ar H); 5c(125 MHz, TFA-d) 169.8 (s), 153.6 (s), 146.6 (), 143.3 (s), 137.3 (d), 136.1
(s), 134.3 (s), 133.9 (d), 133.6 (d), 132.0 (d), 130.5 (d), 129.5 (s), 128.3 (s), 127.8 (d), 127.3
(d), 121.8 (d), 113.7 (d), 99.8 (d), 97.5 (d); m/z (MALDI-TOF) 679 (MH'+2, 22%), 678
(MH"+1, 100), 594 (14), 572 (42).

8.3.4.2  3-Benzoyloxy-isodiphenylfluorindine 178b [aka 3-(benzoyloxy)-5,7-diphenyl-
SH-quinoxalino-[2,3-b] phenazin-7-ium-12-ide]

To a suspension of Pd/C (5 mol %) (100 mg, 0.94 mmol) in EtOH (10 mL) in a Parr
hydrogenation flask (250 mL) at ca. 20 °C was added 4-[(2,4-dinitro-5-{[2-(phenyl-
amino)phenyl]amino} phenyl)amino]-3-(phenylamino)phenyl benzoate 177b (100 mg, 0.15
mmol). The flask was connected to a Parr hydrogenator, evacuated, and flushed with H»
three times. The mixture was then shaken under H> atmosphere (3 bar, 0.3 MPa) for 4 h. The
hydrogenation was judged complete after the pressure of H stabilized, the yellow color of
the solution was gone and the complete consumption of the starting material 177b (TLC).
The catalyst was removed by filtration through Celite® that was then rinsed with hot EtOH
(3 x 10 mL). The combined EtOH solution, which slowly turned from colorless to deep red,
was heated at reflux under an air atmosphere until the color became deep green. The solvent
was concentrated to ca. 20 mL and left at ca. 20 °C for 12 h to afford a crystalline precipitate
which was collected by filtration, rinsed with EtOH (2 x 5 mL) and dried in vacuo to give
the title compound 178b (47.8 mg, 56%) as olive green needles; mp (hot stage) not observed,
mp (DSC) decomp. onset: 313.0 °C, decomp. peak max: 335.6 °C (EtOH); (TGA): decomp.
onset: 289.6 °C, decomp. peak max: 310.4 °C, 18.8% mass loss at 371.3 °C (EtOH); Rr0.50
(DCM/MeOH, 90:10 + 30 mg 37% HCl); found: C, 79.86; H, 4.56; N, 9.97. C37H24N40>
requires C, 79.84; H, 4.35; N, 10.07%; Amax(DCM)/nm 287 inf (log € 4.72), 297 (4.92), 383
inf (4.21), 402 (4.51), 424 (4.77), 450 inf (4.00), 479 (4.12), 499 inf (3.67), 513 (3.58), 578
inf (3.41), 636 (3.97), 705 (4.39), 775 (4.50); vmax/cm ™' 3051w (Ar C-H), 1738w (C=0),
1562w, 1514s, 1493w, 1462w, 1452w, 1443s, 1366w, 1348w, 1304w, 1261m, 1238s,
1194m, 1177m, 1167m, 1144m, 1111w, 1078m, 1059s, 1024m, 1001w, 935w, 876w, 812w,
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7455, 704s; u(500 MHz, TFA-d) 8.29 (2H, d, J 7.5, Ar H), 7.91-7.79 (10H, m, Ar H), 7.70
(2H, dd, J 8.0, 8.0, Ar H), 7.65-7.62 (2H, m, Ar H), 7.57 (1H, br s, Ar H), 7.50-7.46 (4H,
m, Ar H), 7.03 (1H, d, J 8.5, Ar H), 6.95 (1H, d, J 1.5, Ar H), 5.64 (1H, s, Ar H); 5c(125
MHz, TFA-d) 169.9 (s), 153.3 (s), 146.4 (s), 146.3 (s), 143.4 (s), 143.3 (s), 137.3 (d), 136.3
(s), 136.2 (s), 134.3 (s), 133.81 (d), 133.77 (d), 133.7 (d), 133.51 (s), 133.47 (d), 133.4 (d),
132.7 (d), 132.0 (d), 131.3 (s), 130.5 (d), 129.3 (s), 128.3 (s), 127.9 (d), 127.8 (d), 126.8 (d),
121.7 (d), 120.4 (d), 120.3 (d), 113.6 (d), 99.5 (d), 97.3 (d); m/z (APCI) 558 (MH+1, 40%),
557 (MH", 100).

8.3.5 Synthesis of isodiphenylfluorindone 112 and isodiphenylfluorindinone 172

8.3.5.1 Isodiphenylfluorindone 112 [aka 5,7-diphenylquinoxalino[2,3-b]phenazine-
3,9(5H, 7H)-dione)]

A stirred suspension of 3,9-dibenzoyloxyisodiphenylfluorindine 178a (20.4 mg, 0.03 mmol)
in HFIP (2 mL) in a sealed vial was inserted in a CEM Discovery microwave reactor and
irradiated (100 W) to ca. 120 °C for 6 h at 80 PSI(0.55 MPa). Upon completion, the reaction
vessel was air cooled down to ca. 20 °C and the solvent was evaporated under a stream of
air. The solid residue obtained was dissolved in DCM (50 mL), filtered and then loaded onto
a dry-flash silica column and chromatographed (DCM/acetone, 60:40) to afford the title
compound 112 (13.2 mg, 94%) as dark blue needles with a metallic copper luster; mp (hot
stage) not observed, mp (DSC) stable up to 500 °C (DCM/acetone); (TGA) decomp. onset:
437.8 °C, decomp. peak max: 474.3 °C, 34.8% mass loss at 495.7 °C (DCM/acetone); R¢
0.65 (DCM/acetone, 60:40); found: C, 76.86; H, 4.27; N, 11.87. C30H18N4O> requires C,
77.24; H, 3.89; N, 12.01%); Amax(DCM)/nm 276 (log € 4.71), 321 (4.03), 337 (4.08), 362 inf
(4.35), 379 (4.54), 434 inf (3.73), 462 inf (3.90), 490 inf (4.00), 527 inf (4.32), 567 (4.67),
613 (4.71); vmax/cm ! 3059w (Ar C-H), 1599s, 1589m, 1541s, 1533s, 1514s, 1491m, 1460s,
1422w, 1414w, 1379m, 1360w, 1348w, 1337w, 1260m, 1234w, 1209w, 1179m, 1169m,
1142w, 1115w, 1070w, 1028w, 1003w, 961w, 930m, 889w, 854m, 833w, 822w, 806m,
773w, 733w, 704m; 6u(500 MHz, HFIP-d>) 9.04 (1H, s, H13), 7.99 (2H, d, J 9.0, H1), 7.63—
7.63 (6H, m, Ar H), 7.26 (2H, d, J 9.5, H2), 7.13-7.13 (4H, m, Ar H), 6.20 (1H, s, H6), 5.97
(2H, s, H4); 6c(125 MHz, HFIP-d>) 185.4 (s, C=0), 146.4 (s), 138.7 (s), 134.9 (s), 134.0 (d,
C1), 133.9 (s), 133.0 (s), 132.7 (d, C2), 131.2 (d, C13), 130.5 (d, Ar CH), 130.3 (d, Ar CH),
125.3 (d, Ar CH), 101.3 (d, C4), 100.7 (d, C6); m/z (MALDI-TOF) 468 (MH"+1, 44%), 467
(MH", 100), 466 (M", 31).
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8.3.5.2 Isodiphenylfluorindinone 172 [aka 35,7-diphenylquinoxalino[2,3-b]phenazin-
3(5H)-one/

A stirred suspension of 3-benzoyloxyisodiphenylfluorindine 178b (55.7 mg, 0.1 mmol) in
HFIP (2 mL) in a sealed vial was inserted in a CEM Discovery microwave reactor and
irradiated (100 W) to ca. 120 °C for 6 h at 80 PSI (0.55 MPa). Upon completion, the reaction
vessel was air cooled to ca. 20 °C, the solvent was concentrated down to ~ 0.5 mL and the
mixture was vacuum filtered to afford the title compound 172 (41.5 mg, 91%) as dark blue
needles with a metallic copper luster; mp (hot stage) not observed, mp (DSC) 1* endotherm
onset: 154.6 °C, 1* endotherm peak max: 174.4 °C, 2" endotherm onset: 383.4 °C, 2"
endotherm peak max: 404.3 °C, decomp. onset: 405.3 °C, decomp. peak max: 407.4 °C
(HFIP); (TGA) decomp. onset: 146.4 °C, decomp. peak max: 161.5 °C, 34.8% mass loss at
225.6 °C (HFIP) (theoretical loss of 2 x HFIP is 42.6%); found: C, 54.66; H, 3.06; N, 7.26.
C30H20N40-2(C3H2F60) requires C, 54.83; H, 3.07; N, 7.10%; Amax(DCM)/nm 264 inf (log
€4.37),287 (4.59), 375 (4.14), 413 inf (3.73), 493 (3.35), 520 (3.38), 573 inf (3.83), 631 inf
(4.31), 683 (4.47); vmax/cm™' 3320brw (N-H), 3078w (Ar C-H), 2687brw and 2589brw (O-
H), 1605m, 1586m, 1530w, 1512w, 1487s, 1451m, 1377w, 1341m, 1337m, 1323m, 1307m,
1260s, 1225m, 1211m, 1179s, 1152m, 1136m, 1117s, 1101m, 1074w, 1026w, 1003w, 986w,
953w, 937w, 981m, 843s, 831s, 826m, 772m, 743s, 721w; ou(500 MHz, DCM-d>)
fluorindinone NH and HFIP OH resonances missing, 7.55-7.38 (7H, m, Ar H), 7.10 (2H, d,
J 7.5, Ar H), 7.05-7.03 (2H, m, Ar H), 6.97 (1H, dd, J 9.0, 2.5, Ar H), 6.70 (1H, dd, J 6.5,
Ar H), 6.57 (1H, s, H6), 6.47-6.41 (2H, m, Ar H), 5.84 (1H, dd, J 8.0, 1.0, H2), 5.60 (1H, d,
J 2.0, H4), 4.72 (1H, s, H6), 4.44 [2H, sept, *Jur 6.0, (F3C)2CHOH]; 5u(500 MHz, TFA-d)
HFIP OH resonance missing 7.97-7.93 (7H, m, Ar H), 7.82-7.78 (2H, m, Ar H), 7.74 (1H,
dd, J 8.5, 1.0, H2), 7.59 (1H, dd, J 8.0, 8.0, Ar H), 7.53-7.49 (6H, m, Ar H), 7.01 (1H, d, J
8.5, H1), 6.59 (1H, d, J 2.5, H4), 5.71 (1H, s, H6), 4.78 [2H, sept, >Jur 6.0, (F3C)CHOH];
oc(125 MHz, TFA-d) 160.8 (s), 146.6 (s), 145.8 (s), 142.7 (s), 141.8 (s), 136.8 (), 136.7 (s),
135.8 (s), 134.0 (d), 133.79 (d), 133.76 (d), 133.7 (d), 133.3 (s), 133.0 (d), 131.8 (d), 131.6
(s), 128.1 (d), 128.0 (d), 126.5 (s), 123.3 (d), 122.5 (d), 120.3 (d), 120.0 (d), 105.3 (d), 99.7
(d), 97.1 (d), 71.7 (quint, 2Jcr 33.8, (F3C)CHOH]; m/z (ESI) 454 (MH'+1, 35%), 453 (MH",
100).
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8.3.6 Synthesis of 13,13'-bi(isodiphenylfluorindone) 159, 13-methoxy-isodi-
phenylfluorindone 180 and 3-hydroxy-isodiphenylfluorindinediium
bisperchlorate 181

8.3.6.1 13,13"-Bi(isodiphenylfluorindinone) 159 [aka 12,12' 14,14 "-tetraphenyl-[6,6'-
bigquinoxalino[2,3-b]phenazine]-2,2',10,10'(12H, 12'H,-14H, 14'H)-tetraone]

To a stirred solution of isodiphenylfluorindinone 172 (36.2 mg, 0.08 mmol) in DCM (10
mL) at ca. 20 °C, was added in one portion MnO> (348 mg, 4.0 mmol). After 24 h the starting
material 172 was consumed (TLC) and the mixture was filtered through a short pad of
Celite®, which was rinsed with a solution of DCM/THF (50:50) (50 mL). The collected blue
solution was then evaporated in vacuo to afford a residue, chromatography of which (silica)
(DCM/THF, 50:50) gave the title compound 159 (22.3 mg, 60%) as blue needles with a
metallic copper luster; mp (DSC) decomp. onset: 466.0 °C, decomp. peak max: 473.8 °C
(PhMe); Rr 0.54 (DCM/THEF, 50:50); Amax(DCM)/nm 275 (log € 5.37), 364 inf (5.02), 382
(5.22), 464 inf (4.56), 493 inf (4.66), 530 (4.97), 572 (5.33), 620 (5.47); Vmax/cm™' 1628w,
1597m, 1530s, 1526s, 1493m, 1452s, 1410w, 1356s, 1331w, 1285w, 1256m, 1227m, 1207w,
1179w, 1142m, 1109m, 1074w, 1024w, 1001w, 947m, 858m, 845m, 810m, 789m, 772m,
737m; ou(500 MHz, CDCl3) 7.58-7.51 (12H, m, Ar H), 7.28-7.25 (12H, m, Ar H,
overlapping with CDCls, Ar H), 6.77 (4H, dd, J 10.0, 2.0, H2), 5.81 (2H, s, H6), 5.56 (4H,
d, J 2.0, H4); ou(500 MHz, HFIP-d>) 7.71 (12H, br s, Ar H), 7.43 (4H, d, J 9.5, H1), 7.32
(8H, d, J 3.0, Ar H), 7.06 (4H, d, J 9.5, H2), 6.56 (2H, s, H6), 6.03 (4H, s, H4); identical to
that described in Sect. 8.2.1.3.

8.3.6.2 13-Methoxy-isodiphenylfluorindone 180  [aka  13-methoxy-5,7-diphenyl-
quinoxalino[2,3-b]phenazine-3,9(5H, 7H)-dione]

To a stirred suspension of isodiphenylfluorindone 112 (46.7 mg, 0.1 mmol) in DCM (10 mL)
at ca. 20 °C was added in one portion a freshly prepared methanolic solution of NaOMe
(54.0 mg, 1.0 mmol in 0.5 mL MeOH) and the mixture was stirred at ca. 20 °C for 1 h. Upon
completion (TLC) the reaction mixture was further diluted with DCM (20 mL), filtered and
loaded onto a dry-flash silica column and chromatographed (DCM/acetone, 60:40) to afford
the title compound 180 (47.3 mg, 95%) as dark blue needles with a metallic copper luster;
mp (hot stage) not observed, mp (DSC) stable up to 500 °C (DCM/acetone); (TGA)
sublimation onset: 169.9 °C, sublimation peak max: 199.1 °C, 12.7% mass loss at 270.6 °C
(DCM/Vacetone); Rr 0.58 (DCM/acetone, 60:40); found: C, 75.33; H, 4.46; N, 11.28.
C31H20N403 requires C, 74.99; H, 4.06; N, 11.28%; Amax(DCM)/nm 277 (log ¢ 4.48), 387
(4.35), 463 inf (3.78), 483 inf (3.85), 526 inf (4.12), 563 (4.44), 608 (4.56); vmax/cm ' 2961w,
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2924w and 2857w (Alk C-H), 1597m, 1530s, 1476m, 1450s, 1408m, 1358m, 1287w,
1261m, 1233w, 1211w, 1180w, 1142w, 1126w, 1113m, 1072w, 1028w, 972w, 949w, 916w,
851m, 814m, 775m, 735w, 706w; ou(500 MHz, CDCls) 7.67 (2H, d, J 9.5, H1), 7.49-7.44
(6H, m, Ar H), 7.05 (4H, dd, J 7.8, 1.8, Ar H), 6.93 (2H, dd, J 10.0, 2.0, H2), 5.48 (2H, d, J
2.0, H4), 5.21 (1H, s, H6), 4.67 (3H, s, H3CO); oc(125 MHz, CDCl3) one C (s) resonance
missing 184.9 (s, C=0), 145.9 (s), 138.0 (s), 136.1 (s), 135.9 (s), 135.0 (d, C1), 134.7 (d,
C2), 131.1 (d, Ar CH), 130.1 (d, Ar CH), 127.5 (d, Ar CH), 125.9 (s), 103.5 (d, C4), 93.1 (d,
C6), 65.4 (q, H3CO); m/z (MALDI-TOF) 498 (MH"+1, 32%), 497 (MH", 100), 496 (M",
31), 483 (29).

8.3.6.3 3-Hydroxy-isodiphenylfluorindinediium bisperchlorate 181 [aka 3-hydroxy-
12, 14-diphenyl-7, 14-dihydroquinoxalino[2,3-b] phenazine-5, 1 2-diium
bisperchlorate]

To a stirred suspension of isodiphenylfluorindinone 172 (36.2 mg, 0.08 mmol) in MeCN (2
mL) at ca. 20 °C was added 70% HCIO4 (60.0 mg). After 1 min the suspension was then
passed through a short pad of Celite®, which was then rinsed with MeCN (2 mL). The
combined MeCN filtrates were triturated with Et2O (15 mL) and to afford the title compound
181 (45.5 mg, 87%) as dark blue needles with a metallic copper luster; mp (hot stage) not
observed, mp (DSC) decomp. onset: 305.0 °C, decomp. peak max: 328.7 °C (MeCN/Et,0);
(TGA) decomp. onset: 312.9 °C, decomp. peak max: 324.9 °C, 33.4% mass loss at 456.0 °C
(MeCN/Et20); found: C, 55.49; H, 3.14; N, 8.77. C30H22C12N4O9 requires C, 55.14; H, 3.39;
N, 8.57%; R:0.37 (DCM/MeOH, 90:10 + 30 mg 37% HCI); Amax (DCM)/nm 283 (log ¢ 4.12),
301 (4.04), 414 inf (2.84), 511 inf (3.92), 560 inf (3.36), 609 (3.89), 666 (4.36);
Amax(MeCN)/nm 232 (log € 4.27), 244 inf (4.04), 269 inf (4.26), 281 (4.58), 298 (4.65), 401
inf (3.38), 503 inf (3.42), 545 inf (3.93), 592 (4.43), 644 (4.84); Vmax/cm ' 3188brw, 3078w
(Ar C-H), 1607s, 1537m, 1518s, 1514s, 1506m, 1468m, 1462m, 1315m, 1252s, 1153m,
1115s, 1036s, 1003m, 959w, 924m, 847w, 814w, 785m, 770m, 760w; on(500 MHz, CD3CN)
12.12 (1H, br s, OH), 11.39 (1H, br s, NH), 8.06 (1H, br s, NH), 7.61-7.56 (6H, m, Ar H),
7.49 (1H, d, J 9.0, H1), 7.44 (1H, ddd, J 7.5, 7.5, 1.0, H9), 7.40 (1H, dd, J 8.0, 1.5, HY),
7.24-7.22 (5H, m, Ar H + H10), 7.10 (1H, dd, J 9.0, 3.0, H2), 6.94 (1H, s, H13), 6.62 (1H,
dd, J 8.5, 0.5, H11), 6.09 (1H, d, J 2.5, H4), 5.00 (1H, s, H6); ou(500 MHz, CD3CN+D>0)
7.62 (1H, d, J 9.0, H1), 7.56-7.49 (6H, m, Ar H), 7.20-7.17 (4H, m, Ar H), 7.12-7.08 (2H,
m, H2 & H9), 6.97 (1H, dd, J 8.0, 1.0, H8), 6.83 (1H, ddd, J 8.0, 8.0, 1.0, H10), 6.66 (1H, s,
H13),6.24 (1H, dd, J 8.5, 1.0, H11), 6.06 (1H, d, J 2.5, H4), 4.79 (1H, s, H6); dc(125 MHz,
CDsCN) one C (s) and one C (d) resonances missing, 160.2 (s), 146.1 (s), 145.0 (s), 142.0
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(s), 141.0 (s), 136.01 (s), 135.99 (s), 135.1 (s), 132.5 (d), 132.4 (d), 132.3 (d), 131.0 (d),
130.9 (s), 129.6 (d), 127.5 (d), 127.3 (d), 125.3 (s), 121.6 (d), 121.5 (d), 119.3 (d), 118.8 (d),
103.5 (d), 97.8 (d), 94.6 (d); m/z (ESI) 454 [((M—H)"+1, 35%], 453 [(M-H)*, 100)], 227
(M2, 23).

8.4 Compounds Related to Chapter 4

8.4.1 Synthesis of tetraphenylhexaazaanthracenes 195, 205, and 206
84.1.1 Synthesis of N,N"'-(1,3-phenylene)bis(N'-phenylbenzohydrazonamide) 196

To a stirred solution of N',N"-(1,3-phenylene)dibenzimidoyl chloride 197 (124.0 mg, 0.351
mmol) in dry petroleum ether (bp 30-60°) (10 mL) at ca. 0 °C was added dropwise
phenylhydrazine 198 (152.0 mg, 1.406 mmol). The stirred mixture was allowed to warm
slowly to ca. 20 °C, forming a cream colored precipitate and worked-up in accordance to the

procedures described below:

Work-up No. 1: Simple filtration and vacuum drying of the reaction precipitate: Mass
recovery: 170 mg, 98%; mp (hot stage) 83.6—111.3 °C; ou(500 MHz, DMSO-ds) 9.41 (1H,
br s, NH), 9.21 (2H, br s, NH), 7.56-7.53 (6H, m, Ar H), 7.45 (2H, d, J 6.5, Ar H), 7.32—
7.27 (14H, m, Ar H), 7.23-7.17 (33H, m, Ar H), 7.15-7.13 (8H, m, Ar H), 7.11-7.10 (4H,
m, Ar H), 7.00 (1H, d, J 7.0, Ar H), 6.92-6.90 (15H, m, Ar H), 6.83-6.80 (7H, m, Ar H),
6.77-6.70 (4H, m, Ar H), 6.34 (1H, br s, NH), 6.26 (3H, br s, NH>), 6.18 (1H, s, Ar H), 5.94
(2H, d, J 8.5, Ar H); Vmax/cm ! 3206m (N-H), 3055m, 3026m and 3005m (Ar C-H), 2951m,
2926m, 2847m and 2698m, (br, Ar C-H), 1636w, 1597s, 1570m, 1559w, 1539w, 1522w,
1491s, 1456w, 1447m, 1354w, 1304m, 1254m, 1215w, 1180w, 1167m, 1142m, 1105w,
1076w, 1059w, 1045w, 1026w, 995w, 959w, 918w, 889s, 862m, 768s, 752s, 725m.

Work-up No. 2: Simple filtration and 3% AcOH wash: The precipitated solids were collected
by filtration, suspended in 3% AcOH (50 mL), sonicated for 20 min, filtered, washed (3%
AcOH, 5 mL) and dried. Mass recovery: 108.5 mg, 62%; mp (hot stage) 124.6-142.8 °C
(color change: colorless to orange/red); ou(500 MHz, DMSO-ds) 9.32 (1H, br s, NH), 9.19
(2H, br s, NH), 8.17 (1H, br s, NH), 7.98 (2H, br s, NH), 7.54 (5H, d, J 7.0, Ar H), 7.46 (2H,
d,J5.0, Ar H), 7.32-7.27 (11H, m, Ar H), 7.19-7.10 (27H, m, Ar H), 7.05 3H, d, J 7.5, Ar
H), 6.98 (1H, s, Ar H), 6.86 (6H, d, J 7.5, Ar H), 6.73 (5H, s, Ar H), 6.29 (1H, br s, NH),
6.18 (2H, s, Ar H), 5.95 (2H, d, J 7.5, Ar H); vmax/cm ™! 3341w and 3302w (N-H), 3053w
and 3024w (Ar C-H), 1647w, 1597s, 1562m, 1493s, 1445m, 1429w, 1379w, 1339w, 1317m,
1300m, 1244s, 1200w, 1180w, 1161m, 1148m, 1090w, 1074m, 1061w, 1024m, 995m,
920w, 885m, 844w, 770s, 752s.
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Work-up No. 3: Simple filtration and H>O wash: The precipitated solids were collected by
filtration, suspended in H,O (50 mL), sonicated for 20 min, filtered, washed (H>O, 5 mL)
and dried. Mass recovery: 97.2 mg, 56%; mp (hot stage) 129.8-141.0 °C (color change:
colorless to orange/red); ou(500 MHz, DMSO-ds) 9.36 (1H, s, NH), 9.18 (2H, s, NH), 8.25
(1H, s, NH), 7.97 (2H, s, NH), 7.54 (5H, d, J 7.0, Ar H), 7.45 (3H, d, J 5.0, Ar H), 7.33-7.28
(12H, m, Ar H), 7.22-7.10 (29H, m, Ar H), 7.00 (2H, s, Ar H), 6.90-6.88 (2H, m, Ar H),
6.82-6.70 (6H, m, Ar H), 6.36 (1H, d, J 6.5, Ar H), 6.26 (2H, br s, NH>), 6.17 (1H, s, Ar H),
5.95 (2H, d, J 7.5, Ar H); vmax/cm ! 3339w and 3233w (N-H), 3053w (Ar C-H), 1643w,
1597s, 1566m, 1557m, 1491s, 1445m, 1429w, 1354m, 1302m, 1252s, 1180w, 1161m,
1144m, 1074m, 1061m, 1024m, 995m, 918w, 884w, 843w, 770s, 752s, 725w.

Work-up No 4: Chromatography: The precipitated solids were collected by filtration, dried
and then taken up in a minimum volume of DCM and chromatographed (DCM) to afford the
title compound 196 (49.0 mg, 28%), as colorless needles, mp (hot stage) 177.4-181.3 °C
(color turns red), mp (DSC) onset: 213.1 °C, peak max: 214.5 °C, decomp. onset: 268.3 °C,
peak max: 287.8 °C (n-pentane/DCM); Rr 0.66 (DCM, 100%); found: C, 77.12; H, 5.52; N,
17.01; C32H28Ng requires C, 77.39; H, 5.68; N, 16.92%; Amax(DCM)/nm 300 (log € 4.46), 337
(4.67); vmax/cm ™! 3345w and 3271w (N-H), 3055w (Ar C-H), 1597s, 1585m, 1558m, 1539w,
1497s, 1452m, 1445m, 1433m, 1379w, 1348s, 1321m, 1302w, 1287w, 1248s, 1196m,
1169s, 1146s, 1107w, 1074m, 1065w, 1049w, 1024m, 995w, 922w, 885m, 881m, 833m,
827m, 768s, 745s; ou(500 MHz, DMSO-ds) 9.10 (2H, s, NH), 7.86 (2H, s, NH), 7.55 (4H,
d,J7.5,Ar H),7.31 (4H,dd, J 7.5, 7.0, Ar H), 7.27 (2H, dd, J 7.0, 7.0, Ar H), 7.20 (4H, dd,
J8.0,7.5, Ar H), 7.14 (4H, d, J 8.0, Ar H), 6.79 (1H, dd, J 8.0, 8.0, Ar H), 6.72 (2H, dd, J
7.0,7.0, Ar H), 6.15 (1H, s, Ar H), 5.95 (2H, dd, J 7.5, 1.0, Ar H); 6c(125 MHz, DMSO-dbs)
one C (d) resonance missing, 145.6 (s), 143.8 (s), 137.1 (s), 135.2 (s), 128.8 (d), 128.0 (d),
127.9 (d), 126.5 (d), 118.4 (d), 112.5 (d), 108.2 (d), 104.6 (d). m/z (MALDI-TOF) 498
(MH™+1, 7%), 497 (MH", 21), 405 (100), 389 (55), 303 (44), 298 (14).

8.4.1.2 1,3,7,9-Tetraphenylhexaazaanthracene 195 [aka 1,3,7,9-tetraphenyl-1H-
benzo[l,2-e:5,4-€'|bis([1,2,4]triazine)-9-ium-6-ide] from pure N/N"-(1,3-
phenylene)bis(N'-phenylbenzohydrazonamide) 196 and Ag>O

To a stirred solution of N,N'"-(1,3-phenylene)bis(N'-phenylbenzohydrazonamide) 196
(124.2 mg, 0.250 mmol) in DCM (10 mL) at ca. 20 °C, was added Ag,O (127.5 mg, 0.550
mmol). After 24 h the reaction mixture was filtered through Celite®, rinsed with THF (40
mL) and the solvent was evaporated in vacuo to leave a purple colored solid residue.

Recrystallization of the residue gave the title compound 195 (120.2 mg, 98%) as purple
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needles, mp (DSC) onset: 376.0 °C, peak max: 379.0 °C, decomp. onset: 382.3 °C, peak
max: 399.9 °C (PhMe) (lit.**® 376 °C); R¢ 0.43 (n-hexane/Et20, 50:50); Amax(DCM)/nm 252
(loge4.39),313 (4.87),324 (4.90), 393 (3.75),466 (3.77), 501 (4.29), 531 (4.46), 552 (4.46),
589 (4.23); vmax/cm ! 3063w, 3048w and 3038w (Ar C-H), 1593w, 1508s, 1504s, 1493s,
1468m, 1452m, 1433m, 1402s, 1354w, 1317s, 1310m, 1281m, 1273m, 1238m, 1211m,
1171m, 1115w, 1065m, 1026m, 1001m, 984s, 928w, 860s, 841m, 833m, 812m, 800s, 781m,
770m, 762m, 750m, 746m, 706m; ou(500 MHz; CDCls) 8.05 (4H, dd, J 7.5, 1.0, Ar H),
7.43-7.34 (16H, m, Ar H), 6.37 (1H, s, HS5), 5.17 (1H, s, H10); dc(125 MHz; CDCl3) 158.7
(s), 156.7 (s), 142.2 (s), 141.0 (s), 135.3 (s), 130.1 (d), 129.6 (d), 129.4 (d), 128.1 (d), 126.7
(d), 125.1 (d), 107.3 (d), 85.3 (d); m/z (MALDI-TOF) 491 (MH", 31%), 490 (M*, 100);

identical to an authentic sample.

84.1.3 Quinoidal  1,3,7,8-Tetraphenylhexaazaanthracene 205  [aka 1,3,7,8-
Tetraphenyl-1,8-dihydrobenzo[1,2-e:5,4-¢'| bis[(1,2,4)triazine]  from crude
N,N"'-(1,3-phenylene)bis(N'-phenylbenzohydrazonamide) 196 and DBU

To a stirred solution of a non-chromatographed (Sect. 8.4.1.1, work-up no. 1) N,N""-(1,3-
phenylene)bis(N'-phenylbenzohydrazonamide) 196 (124.2 mg, 0.250 mmol) in MeOH (10
mL) at ca. 20 °C was added DBU (95.2 mg, 0.625 mmol). After 1 h the mixture was filtered
and washed with MeOH (10 mL). The collected solid was recrystallized to afford compound
195 (26.0 mg, 21%) as purple prisms; mp (DSC) onset: 376.0 °C, peak max: 379.0 °C,
decomp. onset: 382.3 °C, peak max: 399.9 °C (PhMe) (lit.**® 376 °C); identical to that
described in Sect. 8.4.1.2. The methanolic solution was evaporated in vacuo to leave a purple
colored solid residue. Chromatography of the residue on silica (n-hexane/Et,O, 50:50) gave
the title compound 205 (4.0 mg, 3.3%) as dark red prisms, mp (hot stage) 282283 °C; mp
(DSC) onset: 284.0 °C, peak max: 284.7 °C (PhH); Rr 0.53 (n-hexane/Et;0O, 50:50); found:
C, 78.49; H,4.56; N, 17.24. C3;H22Ng requires C, 78.35; H, 4.52; N, 17.13%; Amax(DCM)/nm
250 inf (log ¢ 4.34), 315 (4.82), 359 inf (4.33), 379 (4.43), 401 (4.31), 436 inf (3.82), 467
(4.14), 496 (4.35), 540 (4.00), 580 (3.86), 624 (3.48); Vmax/cm ! 3059w and 3038w (Ar C-
H), 1593w, 1570w, 1549m, 1512s, 1493s, 1462m, 1445m, 1425w, 1406m, 1391w, 1354m,
1333w, 1312m, 1285s, 1263m, 1236m, 1211w, 1190m, 1169m, 1161w, 1117w, 1070w,
1061w, 1053w, 1024w, 1001w, 982m, 974m, 930w, 912w, 854s, 820w, 777m, 772m, 758m,;
ou(300 MHz, CDCls) 8.04-7.97 (2H, m, Ar H), 7.54-7.46 (4H, m, Ar H), 7.33-7.40 (4H, m,
Ar H), 7.30-7.18 (8H, m, Ar H), 7.14-7.07 (2H, m, Ar H), 6.18 (1H, s, HS), 5.26 (1H, s,
H10); 6c(125 MHz, CDCl3) 162.2 (s), 155.6 (s), 153.9 (s), 150.4 (s), 147.5 (s), 142.9 (s),
141.6 (s), 141.0 (s), 135.2 (s), 133.6 (s), 130.1 (d), 129.9 (d), 129.4 (d), 129.1 (d), 128.7 (d),
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128.5 (d), 128.20 (d), 128.18 (d), 128.1 (d), 126.1 (d), 125.7 (d), 125.5 (d), 110.1 (d), 89.6
(d); m/z (MALDI-TOF) 491 (MH", 59%), 490 (M, 100).

84.14 Zwitterionic  1,3,7,8-Tetraphenylhexaazaanthracene 206 [aka 1,3,7,8-
tetraphenyl-1H-benzo[1,2-e:4,5-¢'| bis([1,2,4] triazine)-7-ium-4-ide] from crude
N,N"'-(1,3-phenylene)bis(N'-phenylbenzohydrazonamide) 196 and HgO

To a stirred solution of a non-chromatographed (Sect. 8.4.1.1, work-up no. 1) N,N"'-(1,3-
phenylene)bis(N'-phenyl-benzohydrazonamide) 196 (124.2 mg, 0.250 mmol) in EtOH (10
mL) at ca. 20 °C, was added yellow HgO (541.7 mg, 2.50 mmol). After 1 h the reaction
mixture was filtered through Celite® and rinsed with EtOH (10 mL). A subsequent THF (40
mL) extraction of the Celite® afforded a THF fraction that on evaporation gave a purple
residual solid, recrystallization of which afforded compound 195 (49.0 mg, 40%) as purple
prisms, mp (DSC) onset: 376.0 °C, peak max: 379.0 °C, decomp. onset: 382.3 °C, peak max:
399.9 °C (PhMe) (lit.>*® 376 °C); identical to that described in Sect. 8.4.1.2. Evaporation of
the remaining ethanolic solution in vacuo gave a dark brown residue which was dissolved in
DCM (5 mL) and chromatographed on silica (DCM) to remove side-products and traces of
195. Further elution (n-hexane/Et,0, 30:70) gave the title compound 206 (16.0 mg, 13%) as
brown needles; mp (hot stage) 285.1-288.2 °C; mp (DSC) onset: 283.3 °C, peak max:
290.2 °C, decomp. onset: 295.8 °C, peak max: 311.0 °C (PhH), Rr 0.60 (n-hexane/Et,0,
30:70); found: C, 78.28; H, 4.46; N, 17.00. C32H22Ng requires C, 78.35; H, 4.52; N, 17.13%;
Amax(DCM)/nm 254 inf (log € 4.30), 315 (4.77), 367 inf (4.28), 386 (4.38), 407 (4.33), 473
(4.09), 503 (4.32), 571 (3.70), 624 (3.83), 687 (3.66); Vmax/cm ! 3059w (Ar C-H), 1655w,
1593w, 1578w, 1570w, 1560w, 1541s, 1522s, 1489s, 1460s, 1439s, 1422m, 1404s, 1393s,
1362w, 1341w, 1323w, 1310w, 1283w, 1254w, 1234m, 1204w, 1169m, 1144m, 1113w,
1099w, 1070w, 1059w, 1049m, 1026w, 1001w, 988w, 974w, 922w, 899w, 883w, 860m,
843m, 831m, 818m, 795w, 770s; on(300 MHz, CD2Clz) 7.97 (2H, dd, J 7.9, 1.7, Ar H);
7.61-7.46 (SH, m, Ar H); 7.44-7.32 (3H, m, Ar H), 7.32-7.23 (4H, m, Ar H), 7.22-7.13
(6H, m, Ar H), 5.63 (1H, s, HS), 5.47 (1H, s, H10); 6c(75 MHz, CDCl3) 161.0 (s), 155.9 (s),
154.4 (s), 152.0 (s), 149.4 (s), 146.2 (s), 142.6 (s), 141.0 (s), 135.6 (s), 133.3 (5), 129.99 (d),
129.95 (d), 129.5 (d), 129.0 (d), 128.5 (d), 128.4 (d), 128.2 (d), 127.9 (d), 126.6 (d), 125.7
(d), 125.4 (d), 100.1 (d), 98.6 (d); m/z (MALDI-TOF) 491 (MH", 100%), 490 (M*, 95).

8.4.2 Improved synthesis of 1,3,7,9-tetraphenylhexaazaanthracene 195
84.2.1 N'-(5-Fluoro-2,4-dinitrophenyl)-N'-phenylbenzohydrazide 213

A solution of 1,5-difluoro-2,4-dinitrobenzene 109 (51.0 mg, 0.25 mmol), N'-phenyl-
benzohydrazide 212 (64.0 mg, 0.30 mmol) and Hiinig's base (33.0 mg, 0.30 mmol) in i-PrOH
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(2 mL) was stirred at ca. 20 °C for 1 h and the solvent was removed in vacuo. The residue
was dissolved in DCM (2 mL) and chromatographed (n-hexane/Et,O, 30:70) to give the title
compound 213 (90.0 mg, 91%) as yellow needles; mp (hot stage) 160.9-162.7 °C (n-
hexane/DCM); mp (DSC) onset: 162.1 °C, peak max: 164.9 °C, decomp. onset: 165.0 °C,
peak max: 166.3 °C (n-hexane/DCM); Rr 0.67 (n-hexane/Et2O, 30:70); found: C, 57.56; H,
3.37; N, 14.08. C19H13FN4Os requires C, 57.58; H, 3.31; N, 14.14%; Amax(DCM)/nm (log &),
240 (log ¢ 4.40), 353 (4.10); vmax/cm™' 3227m (N-H), 3073w (Ar-H), 1665s, 1624s, 1591s,
1530s, 1526s, 1508m, 1493m, 1456m, 1364m, 1343s, 1323s, 1302m, 1263m, 1236m, 1219s,
1146w, 1136m, 1094m, 1074w, 1042w, 1026w, 1001w, 910m, 893w, 862m, 830s, 800m,
758s, 723m; ou(500 MHz, CDCls) 8.82 (1H, NH), 8.63 (1H, d, J 7.5, Ar H), 7.73 (2H, dd, J
7.5,1.0, Ar H), 7.58 (1H, dd, J 7.5, 7.5, Ar H), 7.46 (2H, dd, J 8.0, 7.5, Ar H), 7.41 (2H, dd,
J8.0,8.0,Ar H), 7.31-7.28 (3H, m, Ar H), 7.12 (1H, d, J 12.0, FCCH); 6c(125 MHz, CDCls)
one C (s) resonance missing, 166.0 (s), 157.8 (q, 'Jrc 271.25, CF), 147.2 (q, *Jrc 11.25,
O>NCCF), 142.6 (s), 135.1 (s), 133.3 (d), 130.3 (s), 130.2 (d), 129.2 (d), 127.4 (d), 127.3
(d), 126.1 (d), 122.3 (d), 111.3 (d, 2Jrc 26.25, CHCF); m/z (MALDI-TOF) 397 (M*+1, 24%),
396 (M', 100).

84.2.2 N',N"'-(4,6-Dinitro-1,3-phenylene)bis(N'-phenylbenzohydrazide) 214

Method A: A solution of 1,5-difluoro-2,4-dinitrobenzene 109 (51.0 mg, 0.250 mmol), N'*-
phenylbenzohydrazide 212 (159.2 mg, 0.750 mmol) and Hiinig's base (97.0 mg, 0.750
mmol) in i-PrOH (2 mL) was stirred at ca. 20 °C for 1 h and then at ca. 82 °C for 20 h. The
reaction mixture was cooled down at ca. 20 °C and the volatiles were removed in vacuo. The
residue was dissolved in DCM (2 mL) and chromatographed (n-hexane/Et>O, 30:70) to give
the title compound 214 (132.0 mg, 90%) as yellow needles; mp (hot stage) 253.6-255.8 °C
(CHCI3), 255.0-258.0 °C (i-PrOH), decomp. onset: 252.8 °C, peak max: 254.0 °C; Rr 0.64
(Et20, 100%); found: C, 65.21; H, 3.94; N, 14.18. C32H24N¢O¢ requires C, 65.30; H, 4.11;
N, 14.28%; Amax(DCM)/nm 267 inf (log & 4.28), 363 (4.19); vmax/cm™' 3273w, 3256w and
3238w (N-H), 3063w (Ar C-H), 1666s (C=0), 1612s, 1591s, 1572s, 1514s, 1487s, 1456m,
1423w, 1358m, 1327s, 1302s, 1287s, 1269s, 1182w, 1157w, 1140w, 1090w, 1072w, 1040w,
1026w, 1001w, 986w, 976w, 955w, 924w, 908m, 897w, 845w, 829m, 800w, 779w, 772w,
756m; ou(500 MHz, CDCl3) 8.63 (1H, s, Ar H), 8.57 (2H, s, NH), 7.71 (4H, dd, J 7.0, 1.0,
Ar H), 7.57 (2H, dd, J 7.5, 7.5, Ar H), 7.54 (1H, s, Ar H), 7.45 (4H, dd, J 8.0, 7.5, Ar H),
7.24 (4H,d, J 7.5, Ar H), 7.15 (4H, d, J 7.5, Ar H), 7.07 (2H, d, J 7.5, 7.5, Ar H); oc(125
MHz, CDCIl3) one C (d) resonance missing, 166.0 (s), 144.6 (s), 143.5 (s), 135.8 (s), 132.9
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(d), 131.0 (s), 129.6 (d), 129.0 (d), 127.3 (d), 125.5 (d), 125.4 (d), 119.9 (d); m/z (MALDI-
TOF) 590 (MH", 86%), 587 (100), 571 (72), 544 (46), 105 (50).

Method B: A solution of N'-(5-fluoro-2,4-dinitrophenyl)-N'-phenylbenzohydrazide 213
(99.0 mg, 0.250 mmol), N'-phenylbenzohydrazide 212 (80.0 mg, 0.375 mmol) and Hiinig's
base (48.5 mg, 0.375 mmol) in i-PrOH (2 mL) was stirred at ca. 82 °C for 20 h. The reaction
mixture was cooled down at ca. 20 °C and the volatiles were removed in vacuo. The residue
was dissolved in DCM (2 mL) and chromatographed (n-hexane/Et>O, 30:70) to give the title
compound 214 (132.0 mg, 90%) as yellow needles; mp (hot stage) 253.6-255.8 °C (CHCl3),
255.0-258.0 °C (i-PrOH); Rr 0.64 (Et20, 100%); identical to that described above.

84.2.3 1,3,7,9-Tetraphenylhexaazaanthracene 195 [aka 1,3,7,9-tetraphenyl-1H-
benzo[l,2-e:5,4-¢'[bis([1,2,4] triazine)-9-ium-6-ide]

To a suspension of Pd/C (5 mol %) (78.5 mg, 0.114 mmol) in EtOH (10 mL) in a Parr
hydrogenation flask (250 mL) at ca. 20 °C was added N',N""-(4,6-dinitro-1,3-phenylene)bis-
(N'-phenylbenzohydrazide) 214 (80.0 mg, 0.136 mmol). The flask was connected to a Parr
hydrogenator, evacuated, and flushed with H» three times. The mixture was then shaken
under H> atmosphere (3 bar, 0.3 MPa) for 3 h. The hydrogenation was judged complete after
the pressure of H» stabilized, the yellow color of the solution was gone and the complete
consumption of the starting material 214 (TLC). The catalyst was removed by filtration
through Celite®, rinsed with EtOH (3 x 10 mL) and the solution was acidified with concd.
HCI (1 mL). The mixture (turned from colorless to deep red) was concentrated until
crystallization was observed and then neutralized with (2 M) NaOH. The precipitated
product was filtered off, rinsed with H>O and dried on vacuum to give the title compound
195 (46.7 mg, 70%) as purple needles; mp (DSC) onset: 376.0 °C, peak max: 379.0 °C,
decomp. onset: 382.3 °C, peak max: 399.9 °C (PhMe) (lit.%® 376 °C); Rr 0.43 (n-
hexane/Et,O, 50:50); identical to that described in Sect. 8.4.1.2.

8.4.3 Oxidation of 1,3,7,9-tetraphenylhexaazaanthracene 195

8.4.3.1 Synthesis  of  5,5"-Bi(l,3,7,9-tetraphenylhexaazaanthracene) 215 [aka
1,1'3,3',7,7',9,9"-octaphenyl-1H, 1 'H-[5,5"-bibenzo[1,2-e:5,4-
e'/bis([1,2,4]triazine)]-9,9"-diium-6,6"-diide]

Method A — From Manganese Dioxide: To a stirred solution of 1,3,7,9-tetraphenyl-
hexaazaanthracene 195 (0.100 g, 0.204 mmol) in DCM (10 mL) at ca. 20 °C, was added in
one portion MnO» (0.887 g, 10.2 mmol) and the reaction was stirred at ca. 20 °C for 10 min.
The mixture was filtered (Celite®), washed with DCM (100 mL) and the solvent was
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removed in vacuo. Recrystallization (PhMe) of the residue gave the title compound 215
(0.997 g, 100%) as dark purple cubes with metallic luster; no melting point was observed
(DSC): stable up to 400 °C, decomp. onset: 415.9 °C, peak max: 417.6 °C (PhMe), Rr 0.25
(n-hexane/Et,0, 50:50); found: C, 78.45; H, 4.56; N, 17.27. Cs4H42N12 requires C, 78.51; H,
4.32; N, 17.17%; Amax(DCM)/nm 256 (log € 4.75), 282 (4.81), 320 inf (5.07), 325 inf (5.09),
332 (5.02), 402 (4.21), 435 (4.08), 500 inf (4.52), 539 inf (4.70), 557 (4.68), 600 inf (4.44);
Vmax/ecm ! 3065w (Ar C-H), 1593w, 1537w, 1518w, 1483s, 1447m, 1425w, 1393m, 1346m,
1315m, 1292m, 1238w, 1204w, 1171w, 1128w, 1088w, 1069w, 1026w, 1017w, 1007m,
924w, 878s, 872s, 810w, 802w, 793w, 775w, 762m, 746w, 733w, 702w; ou(500 MHz,
CD2Cly) 7.94 (8H, dd, J 8.0, 1.5, Ar H), 7.53-7.47 (16H, m, Ar H), 7.43-7.41 (4H, m, Ar
H), 7.13-7.26 (12H, m, Ar H), 5.33 (2H, s, H10); ou(500 MHz, CDCl3) 7.92 (8H, d, J 7.0,
Ar H), 7.48-7.43 (16H, m, Ar H), 7.39-7.37 (4H, m, Ar H), 7.25-7.20 (12H, m, Ar H), 5.29
(2H, s, H10); oc(125 MHz, CDCIl3) 158.9 (s), 154.3 (s), 142.8 (s), 141.5 (s), 136.5 (s), 129.74
(d), 129.69 (d), 129.4 (d), 128.1 (d), 127.1 (d), 125.6 (d), 112.3 (d), 85.2 (d); m/z (MALDI-
TOF) 981 (MH'+2, 12%), 980 (MH+1, 25), 979 (MH", 84), 978 (M+, 98).

Method B — From Phenyliodine Bis(trifluoroacetate) (PIFA): To a stirred solution of 1,3,7,9-
tetraphenylhexaazaanthracene 195 (0.100 g, 0.204 mmol) in DCM (10 mL) at ca. 20 °C, was
added in one portion PIFA (0.105 g, 0.245 mmol) and the reaction was stirred at ca. 20 °C
for 10 min. The solvent was removed in vacuo. Chromatography (DCM) of the residue gave
the title compound 215 (0.88 g, 88%) as dark purple cubes with metallic luster; no melting
point was observed (DSC): stable up to 400 °C, decomp. onset: 415.9 °C, peak max: 417.6 °C
(PhMe); Rt 0.25 (n-hexane/Et20, 50:50); ou(500 MHz, CD,Cl,) 7.94 (8H, dd, J 8.0, 1.5, Ar
H), 7.53-7.47 (16H, m, Ar H), 7.43-7.41 (4H, m, Ar H), 7.13-7.26 (12H, m, Ar H), 5.33
(2H, s, H10); identical to that described above.

8.5 Compounds Related to Chapter 5

8.5.1 Synthesis of hydrazides 235f-h
85.1.1 N'-Phenyl-(norborn-5-ene)-2-carbohydrazide 235f

To a solution of phenylhydrazine 198 (4.14 g, 38.3 mmol) in dry DCM (20 mL) at ca. 20 °C
was added EtsN (4.26 g, 42.4 mmol). The solution was then cooled to ca. 0 °C (ice bath) and
under vigorous stirring, was added dropwise 5-norbornene-2-carbonyl chloride (6.00 g, 38.3
mmol). The reaction mixture was allowed to slowly (12 h) warm to ca. 20 °C, diluted with
DCM (50 mL) and washed with H>O (2 x 50 mL). The organic phase was separated, dried

(Na2S04) and the volatiles were removed in vacuo. The residue was recrystallized (PhH) to
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afford the title compound 235f (7.87 g, 90%) as colorless needles; mp (hot stage) 145.7—
152.1 °C (PhH); Rr 0.87 (Et20); found: C, 73.51; H, 7.20; N, 12.18. C14H16N20 requires C,
73.66; H, 7.06; N, 12.27%; Amax(DCM)/nm 235 (log & 3.03), 280 (2.19); vmax/cm™' 3254m
(N-H), 3057w (Ar C-H), 2980w, 2941w and 2868w (Alk C-H), 1665s and 1651s (C=0),
1605s, 1547m, 1497s, 1433m, 1377w, 1337m, 1281m, 1254w, 1223s, 1179m, 1130m,
1107w, 1076w, 1047m, 1028m, 990w, 964w, 930w, 916w, 883m, 862m, 839w, 813w, 779w,
746s; ou(500 MHz, DMSO-ds) mixture of endo- and exo-isomers: endo-isomer: 9.50 (1H,
d,J3.0,NH), 7.53 (1H, d, J 3.0, NH), 7.13-7.10 (2H, m, Ar H), 6.68-6.66 (3H, m, Ar H),
6.12 (1H, dd, J 5.5, 3.0, =CH), 5.86 (1H, dd, J 5.5, 3.0, =CH), 3.26 (1H, s, Alk H), 2.92—
2.84 (2H, m, Alk H), 1.81-1.78 (1H, m, Alk H), 1.32-1.29 (3H, m, Alk H); exo-isomer: 9.67
(0.2H, d, J 3.0, NH), 7.64 (0.2H, d, J 3.0, NH), 7.26-7.23 (0.2H, m, Ar H), 6.74—6.70 (0.6H,
m, Ar H), 6.17-6.17 (0.4H, m, exo- =CH), 3.26 (0.2H, s, Alk H), 3.08-3.03 (0.3H, m, Alk
H), 2.92-2.84 (0.2H, m, Alk H), 1.69—-1.66 (0.2H, m, Alk H), 1.23-1.19 (0.6H, m, Alk H);
oc(125 MHz; DMSO-ds) mixture of endo- and exo-isomers: endo-isomer 172.9 (s, C=0),
149.7 (s), 137.0 (d), 132.0 (d), 128.6 (d), 118.2 (d), 112.1 (d), 49.5 (), 45.8 (d), 42.0 (d),
41.6 (d), 28.3 (t); exo-isomer 174.6 (s, C=0), 149.5 (s), 137.8 (d), 136.2 (d), 128.7 (d), 118.3
(d), 112.0 (d), 46.8 (d), 45.7 (t), 40.98 (d), 40.95 (d), 29.8 (t); m/z (MALDI-TOF) 229 (MH",
87%), 211 (43), 163 (100), 121 (4).

85.1.2 N'-(4-Cyanophenyl)benzohydrazide 235g (Typical Procedure).

To a suspension of 4-hydrazinylbenzonitrile hydrochloride (0.509 g, 3 mmol) in DCM (5
mL) EtsN (0.668 g, 6.6 mmol) was added. The mixture was immersed in an ice-salt bath (ca.
0 °C), benzoyl chloride (0.422 g, 3 mmol) was added dropwise under vigorous stirring. The
reaction mixture was allowed to slowly (12 h) warm to ca. 20 °C, diluted with DCM (50
mL) and washed with H>O (2 x 50 mL). The organic phase was separated, dried (Na;SO4)
and the volatiles were removed in vacuo. Trituration of the residue with PhH (10 mL)
precipitated the title compound 235g (0.513 g, 72%) as colorless needles; mp (hot stage)
187-188 °C (PhH); Rr 0.88 (~-BuOMe); found: C, 70.91; H, 4.61; N, 17.60. C14H11N3O
requires C, 70.87; H, 4.67; N, 17.71%; Amax(DCM)/nm 267 (log & 4.00); vmax/cm ' 3316w
and 3260m (N-H), 2216s (C=N), 1628s, 1607s, 1578m, 1541m, 1512s, 1481m, 1447w,
1346w, 1296m, 1267m, 1176m, 1167m, 1157m, 1069w, 1024m, 1002w, 914w, 831s, 818m,
799m; ou(500 MHz, DMSO-ds) 10.53 (1H, s, NH), 8.78 (1H, s, NH), 7.91 (2H, d, J 7.5, Ar
H),7.60 (1H,dd,J7.5,7.5, Ar H), 7.56 (2H, d, J 8.5, Ar H), 7.51 (2H, dd, J 7.5, 7.5, Ar H),
6.83 (2H, d, J 9.0, Ar H); 6c(125 MHz, DMSO-ds) 166.5 (s), 153.1 (s), 133.6 (d), 132.6 (s),
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132.1 (d), 128.7 (d), 127.5 (d), 120.2 (s), 111.9 (d), 99.1 (s); m/z (MALDI-TOF) 238 (M",
41%), 220 (15), 195 (8), 117 (10), 105 (100).

8.5.1.3 N'-(4-Cyanophenyl)thiophene-2-carbohydrazide 235h

Similar treatment of 4-hydrazinylbenzonitrile hydrochloride (0.509 g, 3 mmol) with EtzN
(0.668 g, 6.6 mmol) and dropwise addition of thiophene-2-carbonyl chloride (0.440 g, 320.8
uL, 3 mmol) gave the title compound 235h (0.511 g, 70%) as colorless plates; mp (DSC)
onset: 236.3 °C, peak max: 237.5 °C (PhH); Rr 0.63 (+~-BuOMe); found: C, 59.47; H, 3.69;
N, 17.42. C12H9N3OS requires C, 59.24; H, 3.73; N, 17.27%; Amax(DCM)/nm 268 (log ¢
4.03); vmax/em ! 3207w and 3113w (N-H), 2984w, 2224m (C=N), 1663s (C=0), 1632s,
1601w, 1530m, 1497s, 1414s, 1358s, 1337m, 1325w, 1302s, 1267m, 1221w, 1171w, 1101w,
1072w, 1040w, 1040w, 961w, 889s, 862s, 840w, 814w, 756s, 739s; ou(500 MHz, DMSO-
ds) 10.55 (1H, s, NH), 8.79 (1H, s, NH), 7.88 (1H, d, /4.0, Ar H), 7.85 (1H, d, J 5.0, Ar H),
7.56 (2H, d, J 9.0, Ar H), 7.21 (1H, dd, J 4.5, 4.5, Ar H), 6.80 (2H, d, J 8.5, Ar H); oc(125
MHz, DMSO-ds) 161.5 (s), 153.0 (s), 137.6 (s), 133.6 (d), 131.9 (s), 129.1 (d), 128.3 (d),
120.1 (s), 111.9 (d), 99.2 (s); m/z (MALDI-TOF) 244 (MH", 30%), 242 (M*-1, 30), 231 (96),
225 (11), 199 (20), 158 (6), 133 (8), 115 (9), 109 (100).

8.5.2 Synthesis of N'-(het)aryl-N'-[2-nitro(het)aryl]hydrazides 236
85.2.1 N'-(2-Nitrophenyl)-N'-phenylbenzohydrazide 236a

Method A (Typical Procedure): To a stirred solution of N'-phenylbenzohydrazide 212 (1.167
g, 5.5 mmol) and 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5 mmol) in EtOH (4 mL) at ca.
20 °C was added powdered K>CO3 (0.760 g, 5.5 mmol). The reaction mixture was then
sealed in a glass pressure tube and heated at ca. 110 °C for 48 h, then allowed to cool to ca.
20 °C, diluted with DCM (10 mL), filtered through Celite®, rinsed with additional DCM and
the volatiles were removed in vacuo. The residue was dissolved in DCM (2 mL) and
chromatographed (DCM) to give the title compound 236a (1.667 g, 62%) as yellow needles;
mp (hot stage) 170-172 °C (EtOH), (lit.*’* 171-172 °C); Rt 0.27 (DCM); Vmax/cm ™' 3283w
(N-H), 3082w, 3059w and 3040w (Ar C-H), 1657s (C=0), 1593m, 1530s, 1487s, 1477m,
1456w, 1447w, 1352s, 1306m, 1263m, 1248m, 1167w, 1155w, 1097w, 1076w, 1061w,
1026w, 980w, 932w, 893m, 853m, 804w, 773m; ou(300 MHz, CDCI3) 8.65 (1H, br s, NH),
8.05 (1H, dd, J 8.2, 1.4, Ar H), 7.93 (1H, dd, J 8.1, 1.1, Ar H), 7.88-7.79 (2H, m, Ar H),
7.68 (1H,ddd,J7.9,7.9, 1.5, Ar H), 7.57 (1H, ddd, J 7.3, 7.3, 1.3, Ar H), 7.53-7.37 (3H, m,
Ar H), 7.25-7.19 (3H, m, Ar H), 6.95 (1H, dd, J 7.4, 7.4, Ar H), 6.90-6.82 (2H, m, Ar H);
oc(75 MHz, CDCIl3) 166.5 (s), 145.7 (s), 145.0 (s), 138.8 (s), 134.7 (d), 132.5 (d), 131.8 (s),
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131.1 (d), 129.2 (d), 128.8 (d), 127.3 (d), 127.1 (d), 126.2 (d), 121.7 (d), 114.9 (d); identical

to an authentic sample.

Method B (Typical Procedure): To a stirred solution of 1-(2-nitrophenyl)-1-phenylhydrazine
237 (0.500 g, 2.183 mmol) and EtsN (0.340 mL, 2.401 mmol) in DCM (10 mL) at ca. 0 °C,
was added dropwise benzoyl chloride (0.280 mL, 2.401 mmol). The reaction mixture was
allowed to slowly (12 h) warm to ca. 20 °C, diluted with DCM (50 mL) and washed with
H>0 (2 x 50 mL). The organic phase was dried (Na,SO4) and concentrated in vacuo. The
residue was dissolved in DCM (1 mL) and chromatographed (DCM) to give the title
compound 236a (0.710 g, 98%) as yellow needles; mp (hot stage) 170-172 °C (EtOH),
(1it.*”? 171-172 °C); Rr 0.27 (DCM); du(300 MHz, CDCl3) 8.65 (1H, br s, NH), 8.05 (1H,
dd, J 8.2, 1.4, Ar H), 7.93 (1H, dd, J 8.1, 1.1, Ar H), 7.88-7.79 (2H, m, Ar H), 7.68 (1H,
ddd, J7.9,79, 1.5, Ar H), 7.57 (1H, ddd, J 7.3, 7.3, 1.3, Ar H), 7.53-7.37 (3H, m, Ar H),
7.25-7.19 BH, m, Ar H), 6.95 (1H, dd, J 7.4, 7.4, Ar H), 6.90-6.82 (2H, m, Ar H); identical

to an authentic sample.
85.2.2 N'-/2-Nitro-5-(trifluoromethyl)phenyl]-N'-phenylbenzohydrazide 236b

Method A: Similar treatment of N'-phenylbenzohydrazide 212 (1.167 g, 5.5 mmol) with 2-
fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and K>CO;3 (0.760 g,
5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for
24 h, gave upon chromatography (DCM) the fitle compound 236b (1.203 g, 60%) as yellow
needles; mp (DSC) onset: 165.3 °C, peak max: 166.2 °C (MeOH), Rr 0.59 (DCM); found:
C, 60.00; H, 3.41; N, 10.58. CxoHi14F3N30;3 requires C, 59.85; H, 3.52; N, 10.47%;
Jmax(DCM)/nm 263 (log & 3.13), 410 (2.37); vmax/cm ' 3215m (N-H), 3063w (Ar C-H),
1670s (C=0), 1618m, 1589m, 1524s, 1499m, 1487m, 1431m, 1371m, 1346s, 1323m, 1306s,
1294s, 1265m, 1234m, 1179s, 1163m, 1155m, 1123s, 1103m, 1076m, 1065m, 1028m,
962m, 895m, 872m, 849m, 833s, 800m, 779m, 756w, 735m; ou(500 MHz, DMSO-ds) 11.51
(1H, s, NH), 8.07 (1H, d, J 8.5, Ar H), 7.87 (2H, dd, J 8.5, 1.3, Ar H), 7.71 (1H, s, Ar H),
7.67-7.60 (2H, m, Ar H), 7.53 (2H, dd, J 7.6, 7.6, Ar H), 7.33 (2H, dd, J 8.0, 8.0, Ar H),
7.12-7.04 (3H, m, Ar H); 6c(125 MHz, DMSO-ds) 165.9 (s), 144.4 (s), 144.0 (s), 139.3 (s),
133.0 (q, 2Jrc 32.2, CCF3), 132.4 (d), 131.5 (s), 129.3 (d), 128.6 (d), 127.6 (d), 126.8 (d),
123.7 (d), 122.9 (q, 'Jec 272.9, CF3), 120.4 (q, *Jrc 2.7, CHCCF3), 120.2 (q, *Jrc 3.6,
CHCCF3), 118.3 (d); m/z (MALDI-TOF) 402 (MH", 25%), 354 (16), 297 (21), 280 (53), 235
(28), 104 (100).
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8.5.2.3 4-Fluoro-N'-(2-nitrophenyl)-N'-phenylbenzohydrazide 236¢

Method A: Similar treatment of 4-fluoro-N'"-phenylbenzohydrazide 235a (1.266 g, 5.5 mmol)
with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs (0.760 g, 5.5 mmol)
in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 48 h, gave
upon chromatography (DCM) the title compound 236¢ (1.106 g, 63%) as yellow needles;
mp (DSC) onset: 169.9 °C, peak max: 170.8 °C (EtOH), Rr 0.39 (DCM); found: C, 65.08;
H, 3.95; N, 12.13. C19H14FN303 requires C, 64.95; H, 4.02; N, 11.96%; Amax(DCM)/nm 235
(log & 3.44), 265 (3.18), 407 (2.27); vmax/cm ™! 3269w (N-H), 1659s (C=0), 1605m, 1595m,
1530s, 1497s, 1477m, 1456w, 1408w, 1352s, 1329w, 1300w, 1263m, 1252m, 1238m,
1159m, 1155m, 1094w, 1059w, 1013w, 970w, 930w, 897m, 854m, 849m, 814w, 773s,
764m, 750s, 731m; ou(500 MHz, DMSO-ds) 11.36 (1H, s, NH), 7.95 (2H, dd, J 8.8, 5.5, Ar
H),7.87 (1H, dd, J 8.2, 1.3, Ar H), 7.68 (1H, ddd, J 7.8, 7.8, 1.3, Ar H), 7.57 (1H, d, J 7.4,
Ar H), 7.40-7.31 3H, m, Ar H), 7.26 (2H, dd, J 8.0, 8.0, Ar H), 6.98 (1H, dd, J 7.3, 7.3, Ar
H), 6.91 (2H, d, J 8.0, Ar H); 5¢(125 MHz, DMSO-ds) 164.8 (s), 164.3 (q, 'Jrc 249.8, CF)
145.6 (s), 143.1 (s), 138.2 (s), 133.9 (d), 130.3 (d, *Jrc 9.1, CHCHCF), 129.0 (d), 128.4 (d,
4Jrc 2.7, CCHCHCF), 125.1 (d), 124.8 (d), 122.1 (d), 116.8 (d), 115.6 (d, %Jrc 21.8, CHCF);
m/z (MALDI-TOF) 352 (MH", 53%), 334 (14), 324 (14), 304 (49), 212 (100), 184 (10), 167
(32), 122 (27).

Method B: Similar treatment of 1-(2-nitrophenyl)-1-phenylhydrazine 237 (0.500 g, 2.183
mmol) and Et3N (0.340 mL, 2.401 mmol) with 4-fluorobenzoyl chloride (0.284 mL, 2.401
mmol) for 4 h, gave upon chromatography (DCM) the title compound 236¢ (0.736 g, 96%)
as yellow needles; mp (DSC) onset: 169.9 °C, peak max: 170.8 °C (EtOH), R 0.39 (DCM);

identical to that described above.
8524 N'-(2-Nitrophenyl)-N'-phenyl-2-thiophenecarbohydrazide 236d

Method A: Similar treatment of N'-phenylthiophene-2-carbohydrazide 235b (1.200 g, 5.5
mmol) with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K»,COs (0.760 g, 5.5
mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 48
h, gave upon chromatography (DCM) the fitle compound 236d (1.034 g, 61%) as yellow
needles; mp (DSC) onset: 170.8 °C, peak max: 171.7 °C (i-PrOH); Rr 0.20 (DCM); found:
C, 60.11; H, 3.89; N, 12.31. C17H13N303S requires C, 60.17; H, 3.86; N, 12.38%;
Jmax(DCM)/nm 239 (log ¢ 3.43), 264 inf (3.37), 410 (2.06); vmax/cm ! 3262w (N-H), 3084w
(Ar C-H), 1645s (C=0), 1609w, 1593m, 1526s, 1495m, 1477m, 1456w, 1449w, 1416m,
1352s,1323m, 1304m, 1265m, 1244m, 1167w, 1146w, 1092w, 1061w, 1030w, 928w, 903w,
876m, 849s, 773m, 745s, 729m; ou(300 MHz, DMSO-ds) 11.36 (1H, s, NH), 7.94 (1H, d, J
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3.6, Ar H), 7.91-7.85 (2H, m, Ar H), 7.70 (1H, ddd, J 7.9, 7.9, 1.3, Ar H), 7.58 (1H, d, J 7.4,
Ar H), 7.35 (1H, ddd, J 7.8, 7.8, 0.8, Ar H), 7.31-7.18 (3H, m, Ar H), 6.97 (1H, dd, J 7.3,
7.3, Ar H), 6.89 (2H, d, J 7.9, Ar H); 6¢(75 MHz, DMSO-ds) 160.8 (s), 145.7 (s), 143.1 (s),
138.2 (s), 136.3 (s), 134.0 (d), 132.3 (d), 129.6 (d), 129.0 (d), 128.2 (d), 125.3 (d), 125.2 (d),
125.0 (d), 122.1 (d), 116.6 (d); m/z (MALDI-TOF) 340 (MH", 28%), 339 (M", 100), 322
(12), 287 (21), 256 (55), 228 (17), 216 (31), 212 (18), 181 (8), 167 (5).

8525 N'-(2-Nitrophenyl)-N'-phenylpicolinohydrazide 23 6e

Method A: Similar treatment of N'-phenylpicolinohydrazide 235¢ (1.173 g, 5.5 mmol) with
1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs (0.760 g, 5.5 mmol) in
EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 24 h, gave
upon chromatography (DCM) the title compound 236e (1.420 g, 85%) as yellow needles;
mp (DSC) onset: 178.3 °C, peak max: 182.8 °C (n-pentane/EtOAc), Rr 0.70 (--BuOMe);
found: C, 64.80; H, 4.29; N, 16.89. CisH14N4O3 requires C, 64.66; H, 4.22; N, 16.76%;
Jmax(DCM)/nm 261 inf (log & 2.99), 266 (3.03), 273 inf (2.99); Vmax/cm ' 3233m (N-H),
3059w and 3009w (Ar C-H), 1659s (C=0), 1603m, 1589m, 1570w, 1537m, 1495s, 1466m,
1431m, 1323w, 1308w, 1290w, 1256w, 1244m, 1177w, 1101w, 1090w, 1049w, 999m,
970w, 918m, 872m, 818m, 758s, 743s; ou(500 MHz, acetone-ds) 10.46 (1H, s, NH), 8.68
(1H,d,J4.5, Ar H), 8.13 (1H, d, J 8.0, Ar H), 8.06-8.03 (2H, m, Ar H), 7.89 (1H, d, J 8.0,
Ar H), 7.81 (1H, dd, J 8.0, 8.0, Ar H), 7.68-7.66 (1H, m, Ar H), 7.54 (1H,dd, J 7.5, 7.5, Ar
H),7.23 (2H, dd, J 8.5, 8.5, Ar H), 6.92 (1H, dd, J 7.5, 7.5, Ar H), 6.87 (2H, d, J 8.0, Ar H);
oc(75 MHz, acetone-ds) 163.8 (s), 150.0 (s), 149.6 (d), 147.3 (s), 146.3 (s), 139.2 (s), 138.7
(d), 135.4 (d), 130.6 (d), 129.9 (d), 128.2 (d), 128.0 (d), 126.7 (d), 123.3 (d), 122.2 (d), 115.8
(d); m/z (MALDI-TOF) 335 (MH", 22%), 334 (M", 100), 317 (60), 288 (43).

Method C: A stirred mixture of 1-iodo-2-nitrobenzene 238 (0.249 g, 1.0 mmol), N'™-
phenylpicolinohydrazide 235¢ (0.256 g, 1.2 mmol), Cul (19 mg, 10 mol %) and K>COs
(0.276 g, 2.0 mmol) in DMSO (2.5 mL) under an argon atmosphere was heated to ca. 90 °C
for 20 h. After which time, the reaction mixture was allowed to cool to ca. 20 °C and then
partitioned between EtOAc (20 mL) and H>O (20 mL). The organic layer was separated and
the aqueous layer was further extracted with EtOAc (2 x 20 mL). The combined organic
layers were washed with brine, dried (MgSOs4) and the volatiles were removed in vacuo. The
remaining residue was dissolved in DCM (2 mL) and chromatographed (DCM) to give the
title compound 236e (0.245 g, 73%) as yellow needles; mp (DSC) onset: 178.3 °C, peak
max: 182.8 °C (n-pentane/EtOAc), Rr 0.70 (+~-BuOMe); identical to an authentic sample.
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8.5.2.6 N'-(2-Nitro-5-(trifluoromethyl)phenyl)-N'-phenylpicolinohydrazide 236f

Method A: Similar treatment of N'-phenylpicolinohydrazide 235¢ (1.173 g, 5.5 mmol) with
2-fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and K>COs (0.760
g, 5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C
for 24 h, gave upon chromatography (n-hexane/t-BuOMe, 50:50) the title compound 236f
(1.350 g, 67%) as yellow needles; mp (hot stage) 138.2—139.9 °C (c-hexane/PhH); Rr 0.87
(DCM); found: C, 56.80; H, 3.15; N, 13.78. Ci9H13F3N4O3 requires C, 56.72; H, 3.26; N,
13.93%; Amax(DCM)/nm 235 (log & 4.79), 272 (4.81), 409 (3.76); vmax/cm ! 3288w (N-H),
3092w and 3059w (Ar C-H), 1688s (C=0), 1682s, 1620m, 1591m, 1585m, 1522s, 1487s,
1466m, 1456m, 1437s, 1362w, 1341s, 1319m, 1302m, 1283s, 1244w, 1231m, 1173s, 1155s,
1144m, 1130s, 1101m, 1082m, 1074w, 1057w, 1040m, 1030m, 997m, 968m, 962m, 912m,
905m, 872s, 856s, 845w, 824w, 797s, 787m, 783m, 752m, 748s, 737m; ou(500 MHz,
CDCl) 10.12 (1H, s, NH), 8.57 (1H, d, J 4.5, Ar H), 8.12 (1H, d, J 8.0, Ar H), 8.00 (1H, s,
Ar H),7.95 (1H, d, J 8.5, Ar H), 7.84 (1H, ddd, J 7.5, 7.5, 1.5, Ar H), 7.50-7.46 (2H, m, Ar
H),7.24 (1H,d, J 1.0, Ar H), 7.22 (1H, d, J 4.0, Ar H), 7.01 (1H, dd, J 7.5, 7.0, Ar H), 6.96
(1H, d, J 8.0, Ar H); oc(125 MHz, CDCl3) 163.3 (s), 148.6 (d), 148.3 (s), 145.5 (s), 144.6
(s), 139.9 (s), 137.5 (d), 135.6 (°*Jec 37.5, CCF3), 129.5 (d), 127.2 (d), 126.7 (d), 125.7 (CJkc
12.5, CHCCF3), 123.5 (d), 122.8 (d), 122.7 ("Jrc 275.0, CF3), 122.3 (CJrc 12.5, CHCCF3),
116.9 (d); m/z (MALDI-TOF) 404 (MH"+1, 4%), 403 (MH", 80), 402 (M, 100%), 357 (20),
356 (78).

8527 N'-(2-Nitrophenyl)-N'-phenylacetohydrazide 236g

Method A: Similar treatment of N'-phenylacetohydrazide 235d (0.826 g, 5.5 mmol) with 1-
fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>CO3 (0.760 g, 5.5 mmol) in EtOH
(4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 48 h, gave upon
chromatography (DCM/t-BuOMe, 50:50) the title compound 236g (0.312 g, 23%) as yellow
needles; mp (DSC) onset: 140.9 °C, peak max: 141.7 °C (i-PrOH); Rr 0.45 (¢~-BuOMe);
found: C, 62.11; H, 4.76; N, 15.56. C14H13N303 requires C, 61.99; H, 4.83; N, 15.49%;
Jmax(DCM)/nm 236 (log € 3.38), 264 (3.22), 404 (2.32); vmax/cm ' 3256w (N-H), 3084w and
3026w (Ar C-H), 1697w, 1672s (C=0), 1595m, 1574w, 1526s, 1495s, 1479m, 1458w,
1354s, 1329m, 1317m, 1302m, 1258w, 1234m, 1182w, 1165w, 1132w, 1082w, 1040w,
1032w, 997w, 957w, 899w, 874w, 853w, 777s, 752m; ou(500 MHz, DMSO-ds) mixture of
major and minor prototautomers: major 10.54 (1H, s, NH), 7.87 (1H, d, J 8.0, Ar H), 7.68
(1H, dd, J 7.7, 7.7, Ar H), 7.54 (1H, d, J 7.9, Ar H), 7.36 (1H, dd, J 7.6, 7.6, Ar H), 7.22
(2H, dd, J 7.9, 7.9, Ar H), 6.91 (1H, dd, J 7.3, 7.3, Ar H), 6.77 (2H, d, J 8.0, Ar H), 1.91
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(3H, s, CH3); minor 10.12 (1H, s, NH), 7.93 (1H, d, J 8.0, Ar H), 7.78 (1H, dd, J 7.7, 7.7, Ar
H),7.59 (1H,d,J 8.2, Ar H), 7.41 (1H, dd, J 7.6, 7.6, Ar H), 7.29 (2H, dd, J 7.9, 7.9, Ar H),
7.03 (1H, dd, J 7.3, 7.3, Ar H), 6.83 (2H, d, J 8.0, Ar H), 1.96 (3H, s, CH3); oc(125 MHz,
DMSO-ds) mixture of major and minor prototautomers: major 169.3 (s), 145.7 (s), 143.7 (s),
138.2 (s), 134.2 (d), 129.1 (d), 126.6 (d), 125.6 (d), 125.3 (d), 121.6 (d), 115.7 (d), 20.3 (q);
minor 174.6 (s), 146.7 (s), 142.9 (s), 138.6 (s), 134.8 (d), 129.4 (d), 125.8 (d), 125.5 (d),
124.7 (d), 123.3 (d), 117.2 (d), 19.4 (q); m/z (EI): 271 (M", 55%), 229 (100), 212 (58), 196
(4), 181 (62), 167 (92), 152 (18), 140 (9), 128 (9), 115 (5), 105 (6), 77 (74), 65 (7), 51 (29).

Method B: Similar treatment of 1-(2-nitrophenyl)-1-phenylhydrazine 237 (0.500 g, 2.183
mmol) and EtN (0.340 mL, 2.401 mmol) with acetic anhydride (0.170 mL, 2.401 mmol) for
12 h, gave upon chromatography (DCM/-BuOMe, 50:50) the title compound 236g (0.570
g, 96%) as yellow needles; mp (DSC) onset: 140.9 °C, peak max: 141.7 °C (i-PrOH); R¢0.45
(z-BuOMe); identical to that described above.

85.2.8 N'-/2-Nitro-5-(trifluoromethyl)phenyl] -N'-phenylacetohydrazide 236h

Method A: Similar treatment of N'-phenylacetohydrazide 235d (0.826 g, 5.5 mmol) with 2-
fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and K>COs3 (0.760 g,
5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for
24 h, gave upon chromatography (DCM/t-BuOMe, 50:50) the title compound 236h (0.322
g, 19%) as yellow needles; mp (DSC) onset: 156.3 °C, peak max: 157.2 °C (c-hexane); R
0.16 (DCM); found: C, 52.89; H, 3.39; N, 12.22. CsH12F3N303 requires C, 53.10; H, 3.57;
N, 12.39%; Amax(DCM)/nm 236 (log € 3.13), 267 inf (2.94), 407 (2.24); Vmax/cm ! 3167w (N-
H), 2994w (Alk C-H), 1663m (C=0), 1614w, 1591m, 1537m, 1493m, 1458w, 1429m,
1371m, 1344s, 1312s, 1300s, 1256m, 1233w, 1177s, 1167s, 1128s, 1094m, 1070m, 1026w,
1003w, 976w, 872m, 854m, 837w, 829m, 820m, 772m, 752w; ou(500 MHz, DMSO-dp)
mixture of major and minor prototautomers: major 10.78 (1H, s, NH), 8.07 (1H, d, J 8.4, Ar
H), 7.69 (1H, s, Ar H), 7.65 (1H, d, J 8.7, Ar H), 7.29 (2H, dd, J 7.9, 7.9, Ar H), 7.03 (1H,
dd,J 73,73, Ar H), 6.97 (2H, d, J 8.2, Ar H), 1.93 (3H, s, CH3); minor 10.23 (1H, s, OH),
8.15 (1H, d, J 8.4, Ar H), 7.90 (1H, s, Ar H), 7.76 (1H, d, J 8.5, Ar H), 7.33 (2H, d, J 8.0,
Ar H),7.11 (1H, dd, J 7.4, 7.4, Ar H), 2.01 (3H, s, CH3); dc(125 MHz, DMSO-ds) mixture
of major and minor prototautomers: major 144.5 (s), 144.3 (s), 169.2 (s), 139.1 (s), 133.0 (q,
2Jrc 32.2, CCF3), 129.2 (d), 126.8 (d), 123.2 (d), 122.9 (q, 'Jrc 273.4, CF3), 121.1 (q, *Jrc
3.6, CHCCF3), 120.8 (q, *Jrc 3.6, CHCCF3), 117.4 (d), 20.1 (q); minor (5 C signals missing)
174.2 (s), 145.7 (s), 139.3 (s), 129.4 (d), 127.0 (d), 124.3 (d), 118.2 (d), 19.3 (q); m/z
(MALDI-TOF) 340 (MH", 44%), 297 (100), 280 (29), 235 (23).
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8.5.2.9 2,2, 2-Trifluoro-N'-(2-nitrophenyl)-N'-phenylacetohydrazide 236i

Method A: Similar treatment of 2,2,2-trifluoro-N'-phenylacetohydrazide 235e (1.123 g, 5.5
mmol) with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs3 (0.760 g, 5.5
mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 48
h, gave upon chromatography (DCM) the fitle compound 236i (0.276 g, 17%) as yellow
needles; mp (DSC) onset: 90.5 °C, peak max: 91.5 °C (n-hexane), Rf 0.61 (DCM); found: C,
51.69; H, 3.16; N, 12.82. CisHi0F3N3O3 requires C, 51.70; H, 3.10; N, 12.92%;
Jmax(DCM)/nm 259 inf (log ¢ 3.13), 325 (2.51), 382 (2.07); Vmax/cm ! 3319w (N-H), 3103w
and 3044w (Ar C-H), 1740s (C=0), 1595w, 1578w, 1514m, 1497s, 1456w, 1350m, 1310m,
1298m, 1254w, 1207s, 1192m, 1175s, 1163s, 1113w, 1099w, 1067w, 934w, 901m, 878w,
853w, 793m, 775w, 766w, 741s; ou(300 MHz, DMSO-ds) 12.46 (1H, s), 7.95 (1H, dd, J 7.9,
1.1),7.76 (1H, ddd, J 8.4, 7.2, 1.1), 7.55-7.41 (2H, m), 7.31 (2H, dd, J 7.9, 7.9), 7.04 (1H,
dd, J 7.4, 7.4), 6.84 (2H, d, J 7.9); 6c(75 MHz, DMSO-ds) 155.6 (q, 2Jrc 36.5, COCF3),
144.9 (s), 144.2 (s), 136.9 (s), 134.4 (d), 129.2 (d), 126.5 (d), 126.7 (d), 125.3 (d), 122.8 (d),
116.8 (d), 115.5 (q, 'Jrc 289.0, CF3); m/z (EI): 325 (M*, 23%), 278 (41), 228 (18), 207 (6),
181 (46), 167 (29), 154 (40), 140 (10), 128 (8), 115 (4), 105 (7), 91 (7), 77 (100), 69 (22),
63 (13), 51 (83).

Method B: Similar treatment of 1-(2-nitrophenyl)-1-phenylhydrazine 237 (0.500 g, 2.183
mmol) and Etz:N (0.340 mL, 2.401 mmol) with trifluoroacetic anhydride (0.34 mL, 2.401
mmol) for 4 h, gave upon chromatography (DCM) the title compound 236i (0.580 g, 82%)
as yellow needles; mp (DSC) onset: 90.5 °C, peak max: 91.5 °C (n-hexane); Rf0.61 (DCM);

1dentical to that described above.

Method C: Similar treatment of 1-iodo-2-nitrobenzene 238 (0.249 g, 1.0 mmol) with 2,2,2-
trifluoro-N'-phenylacetohydrazide 235e (245 mg, 1.2 mmol), Cul (19 mg, 10 mol %) and
K2CO3 (276 mg, 2 mmol) in DMSO (2.5 mL), gave upon chromatography the title compound
236i (0.286 g, 88%) as yellow needles; mp (DSC) onset: 90.5 °C, peak max: 91.5 °C
(n-hexane); Rr0.61 (DCM); identical to that described above.

8.5.2.10  2,2,2-Trifluoro-N'-(2-nitro-5-(trifluoromethyl)phenyl)-N'-phenylaceto-
hydrazide 236j

Method A: Similar treatment of 2,2,2-trifluoro-N'-phenylacetohydrazide 235e (1.123 g, 5.5
mmol) with 2-fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and
K2CO3 (0.760 g, 5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated
at ca. 110 °C for 24 h, gave upon chromatography (DCM) the title compound 236j (0.688 g,
35%) as yellow needles; mp (DSC) onset: 106.1 °C, peak max: 107.5 °C (n-hexane); Rr0.61
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(DCM); found: C, 45.70; H, 2.29; N, 10.60. Ci1sHoF¢N3O3 requires C, 45.81; H, 2.31; N,
10.69%; Amax(DCM)/nm 249 inf (log & 2.94), 389 (2.05); vinax/cm ™' 3204w (N-H), 3036w (Ar
C-H), 1713s (C=0), 1614w, 1591m, 1541m, 1493m, 1458w, 1427m, 1352m, 1331m,
1314m, 1296m, 1271m, 1250m, 1217s, 1161s, 1142s, 1130s, 1109w, 1084s, 1072m, 1028w,
1005w, 951w, 905w, 878m, 851m, 827m, 810w, 770m, 754w, 745w; on(300 MHz, DMSO-
de) 12.59 (1H, s, NH), 8.15 (1H, d, J 8.5, Ar H), 7.80 (1H, d, J 8.9, Ar H), 7.72 (1H, s, Ar
H),7.36 (2H, dd, J 7.9, 7.9, Ar H), 7.13 (1H, dd, J 7.4, 7.4, Ar H), 6.98 (2H, d, J 7.7, Ar H);
dc(75 MHz, DMSO-ds) 155.8 (q, 2Jrc 36.8, COCF3), 145.2 (s), 143.9 (s), 137.8 (s), 133.4
(q, 2Jrc 32.9, CCF3), 129.5 (d), 126.9 (d), 124.3 (d), 122.7 (q, 'Jrc 273.4, CF3), 122.5 (q, *Jrc
3.6, CHCCF3), 121.1 (q, *Jrc 3.6, CHCCF3), 118.2 (d), 115.4 (q, 'Jrc 288.2, CF3); m/z (El):
393 (M*, 33%), 346 (9), 296 (22), 279 (6), 249 (53), 235 (15), 154 (13), 145 (8), 77 (100),
69 (19), 63 (10), 51 (54).

8.5.2.11  N'-(2-Nitro-5-(trifluoromethyl)phenyl)-N'-phenyl-(norborn-5-ene)-2-
carbohydrazide 236k

Method A: Similar treatment of N'-phenyl-(norborn-5-ene)-2-carbohydrazide 235f (1.256 g,
5.5 mmol) with 2-fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and
K>CO3 (0.760 g, 5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated
at ca. 110 °C for 18 h, gave upon chromatography (DCM) the title compound 236k (0.605
g, 29%) as yellow needles; mp (DSC) onset: 174.40 °C, peak max: 174.42 °C, decomp.
onset: 176.6 °C, peak max: 178.6 °C (PhH); Rr 0.67 (DCM); found: C, 60.56; H, 4.30; N,
9.90. C21H18F3N303 requires C, 60.43; H, 4.35; N, 10.07%; Amax(DCM)/nm 237 (log ¢ 3.99),
255inf(3.79), 273 inf (3.52), 282 inf (3.30), 412 (2.29); Vmax/cm ' 3258m (N-H), 3105w and
3067w (Ar C-H), 2965w and 2868w (Alk C-H), 1674s (C=0), 1620m, 1593m, 1526s, 1514s,
1495s, 1435s, 1344s, 1319m, 1285m, 1252w, 1229w, 1175s, 1157s, 1125s, 1092s, 1074m,
1047w, 1032w, 961w, 930w, 860s, 831s, 816w, 795w, 766w, 752s; ou(500 MHz; CDCls)
mixture of endo- and exo-isomers (30:70) 7.97 (1H, d, J 8.5, Ar H), 7.80 (2H, s, Ar H), 7.44
(1H, dd, J 8.5, 1.0, Ar H), 7.29 (2H, dd, J 8.0, 7.5, Ar H), 7.07 (1H, dd, J 7.5, 7.5, Ar H),
6.94 (2H, d, J 7.5, Ar H), 6.26 (1H, dd, J 5.5, 3.0, Ar H), 5.89 (1H, s, Alk H), 3.16 (1H, s,
Alk H), 2.95 (1H, s, Alk H), 2.89 (1H, dt, J 9.0, 4.0, Alk H), 1.95 (1H, dtt, J 6.0, 3.5, 3.0,
Alk H), 1.48 (1H, dd, J 8.5, 1.5, Alk H), 1.39 (1H, ddd, J 12.0, 4.0, 3.0, Alk H), 1.30 (1H, d,
J 8.5, Alk H); oc(125 MHz; CDCIl3) mixture of endo- and exo-isomers (29 of a theoretical
38 resonances recorded): 173.3 (s, C=0), 173.2 (s, C=0), 144.5 (s), 144.4 (s), 140.5 (s),
140.4 (s), 138.5 (d), 135.6 (d), 135.4 (q, 2Jrc 33.8), 131.6 (d), 129.6 (d), 129.5 (d), 126.7 (d),
124.6 (d, *Jrc 3.4), 123.9 (d), 122.6 (q, 'Jrc 271.3), 121.3 (d, *Jrc 3.4), 117.8 (d), 117.7 (d),
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50.1 (t), 47.1 (d), 46.4 (d), 46.3 (t), 42.9 (d), 42.6 (d), 42.1 (d), 41.6 (d), 30.5 (t), 29.5 (t); m/z
(MALDI-TOF) 417 (M", 25%), 416 (M*—1, 32), 415 (100), 394 (10), 382 (51), 380 (48),
371 (94), 368 (40), 343 (70), 326 (13), 313 (19).

8.5.2.12  N'-(4-Cyanophenyl)-N'-(2-nitrophenyl)benzohydrazide 236l

Method A: Similar treatment of N'-(4-cyanophenyl)benzohydrazide 235g (1.305 g, 5.5
mmol) with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs3 (0.760 g, 5.5
mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 48
h, gave upon chromatography (DCM) the title compound 2361 (1.150 g, 64%) as yellow
needles; mp (DSC) decomp. onset: 260.7 °C, peak max: 262.7 °C (c-hexane); Rr 0.30
(DCM); found: C, 67.12; H, 4.08; N, 15.53. C20H14N4O3 requires C, 67.03; H, 3.94; N,
15.63%; Amax(DCM)/nm 270 (log ¢ 3.48), 374 (2.33); vmax/cm ™! 3289w (N-H), 3067w (Ar
C-H), 2220m (C=N), 1686m (C=0), 1667m, 1597s, 1526s, 1504s, 1483m, 1342s, 1300m,
1285m, 1260m, 1246m, 1179m, 1148w, 1078w, 1059w, 1026w, 928w, 893w, 851m, §27m,
800w, 783m; ou(500 MHz, DMSO-ds) 11.46 (1H, s, NH), 8.05 (1H, d, J 7.9, Ar H), 7.88
(2H, d, J 7.3, Ar H), 7.83 (1H, ddd, J 7.9, 7.9, 1.0, Ar H), 7.79 (1H, d, J 7.1, Ar H), 7.67
(2H, d, J 8.8, Ar H), 7.64-7.56 (2H, m, Ar H), 7.52 (2H, dd, J 7.6, 7.6, Ar H), 6.86 (2H, d,
J 8.8, Ar H); 6c(125 MHz, DMSO-ds) 165.9 (s), 150.1 (s), 145.7 (s), 136.1 (s), 134.8 (d),
133.4 (d), 132.4 (d), 131.5 (s), 128.8 (d), 128.5 (d), 128.3 (d), 127.7 (d), 125.3 (d), 119.3
(s), 114.4 (d), 101.7 (s); m/z (MALDI-TOF) 359 (MH", 72%), 343 (20), 331 (45), 239 (37),
208 (30), 105 (100).

8.5.2.13  N'-(4-Cyanophenyl)-N'-(2-nitrophenyl)thiophene-2-carbohydrazide 236m

Method A: Similar treatment of N'-(4-cyanophenyl)thiophene-2-carbohydrazide 235h
(1.340 g, 5.5 mmol) with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs
(0.760 g, 5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca.
110 °C for 48 h, gave upon chromatography (DCM) the title compound 236m (1.040 g,
57%) as yellow needles; mp (DSC) decomp. onset: 266.7 °C, peak max: 267.5 °C (c-
hexane), Rr 0.30 (DCM); found: C, 59.45; H, 3.17; N, 15.28. CisH12N4Os3S requires C,
59.33; H, 3.32; N, 15.38%; Amax(DCM)/nm 271 (log & 3.58), 374 (2.21); Vmax/cm™ ' 3281w
(N-H), 3092w (Ar C-H), 2220m (C=N), 1672m and 1666m (C=0), 1597s, 1526s, 1508s,
1480m, 1416m, 1352s, 1287m, 1260m, 1246m, 1202w, 1177m, 1144w, 1080m, 1065w,
1020w, 849s, 827m, 781m, 754w; ou(500 MHz, DMSO-ds) 11.49 (1H, s, NH), 8.05 (1H,
dd, J8.2,1.3, Ar H), 7.94 (1H, d, J 3.3, Ar H), 7.91 (1H, d, J 4.9, Ar H), 7.84 (1H, ddd, J
8.0,8.0,1.3, Ar H), 7.77 (1H, dd, J 8.1, 1.0, Ar H), 7.67 (2H, d, J 9.0, Ar H), 7.59 (1H, ddd,
J8.0,8.0,1.3, Ar H), 7.22 (1H, dd, J 4.3, 4.3, Ar H), 6.84 (2H, d, J 9.0, Ar H); oc(125 MHz,
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DMSO-ds) 160.8 (s), 150.0 (s), 145.6 (s), 136.0 (s), 135.8 (s), 134.9 (d), 133.4 (d), 132.7
(d), 130.0 (d), 128.9 (d), 128.4 (d), 128.3 (d), 125.4 (d), 119.3 (s), 114.3 (d), 101.8 (s); m/z
(MALDI-TOF) 364 (M*, 11%), 325 (26), 271 (5).

8.5.2.14  N'-(2-Nitrophenyl)-N'-(pyrid-2-yl)benzohydrazide 236n

Method A: Similar treatment of N'-(pyrid-2-yl)benzohydrazide 235i (1.170 g, 5.5 mmol)
with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs3 (0.760 g, 5.5 mmol)
in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 24 h, gave
upon chromatography (#-BuOMe) the fitle compound 236m (1.290 g, 77%) as yellow
needles; mp (DSC) onset: 178.6 °C, peak max: 180.3 °C (PhH), R¢ 0.76 (--BuOMe); found:
C, 64.86; H, 4.33; N, 16.87. CisH14aN4Os requires C, 64.66; H, 4.22; N, 16.76%;
Jmax(DCM)/nm 259 inf (log & 4.47), 278 inf (4.39), 288 (4.33); vmax/em ' 3269m (N-H),
1660s (C=0), 1589s, 1522s, 1487w, 1464s, 1433s, 1343s, 1300m, 1287m, 1262s, 1153w,
1078w, 1022w, 986w, 932w, 897w, 849w, 802w, 785m, 775m, 762s, 743w, 732w; ou(500
MHz, CDCI3) 8.88 (1H, s, NH), 8.08 (1H, dd, J 5.0, 1.0, Ar H), 8.06 (1H, dd, J 8.0, 1.5, Ar
H), 8.01 (1H, dd, /8.0, 1.5, Ar H), 7.88 (2H, dd, J 7.0, 1.5, Ar H), 7.72 (1H, ddd, J 7.8, 7.8,
1.5, Ar H), 7.58-7.52 (2H, m, Ar H), 7.50-7.46 (3H, m, Ar H), 6.84 (1H, d, J 8.0, Ar H),
6.79 (1H, dd, J 7.0, 5.0, Ar H); 6c(500 MHz, CDCl3) 166.8 (s), 156.9 (s), 147.8 (d), 146.1
(s), 138.1 (d), 137.1 (s), 134.9 (d), 132.58 (d), 132.56 (d), 131.9 (s), 128.8 (d), 128.4 (d),
127.4 (d), 125.6 (d), 116.4 (d), 107.2 (d); m/z (MALDI-TOF) 336 (MH'+1, 10%), 335
(MH", 89), 317 (12), 288 (100), 200 (27), 174 (11).

8.5.2.15  N'-(2-Nitro-5-(trifluoromethyl)phenyl)-N'-(pyrid-2-yl)benzohydrazide 2360

Method A: Similar treatment of N'-(pyrid-2-yl)benzohydrazide 235i (1.170 g, 5.5 mmol)
with 2-fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and K>CO3
(0.760 g, 5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca.
110 °C for 24 h, gave upon chromatography (n-hexane/r~-BuOMe, 50:50) the title compound
2360 (1.388 g, 69%) as yellow needles; mp (hot stage) 138.2—-139.9 °C (c-hexane/PhH); Ry
0.87 (DCM); found: C, 56.80; H, 3.15; N, 13.78. Ci19H13F3N4O3 requires C, 56.72; H, 3.26;
N, 13.93%; Amax(DCM)/nm 235 (log ¢ 4.79), 272 (4.81), 409 (3.76); Vmax/cm™' 3288w (N-
H), 1688s (C=0), 1682s, 1620m, 1591m, 1585w, 1522s, 1487s, 1466m, 1456m, 1437s,
1362w, 1341s, 1319m, 1302m, 1283s, 1244w, 1231w, 1173s, 1155s, 1144m, 1130s, 1101m,
1082m, 1074w, 1057w, 1040m, 1030m, 997m, 968m, 962m, 912m, 905m, 872s, 856s,
845w, 824w, 797s, 787m, 783m, 752m, 748s, 737m; ou(500 MHz, CDCI3) 10.12 (1H, s,
NH), 8.57 (1H, d, J 4.5, Ar H), 8.12 (1H, d, J 4.0, Ar H), 8.00 (1H, s, Ar H), 7.95 (1H, d, J
8.5, Ar H),7.84 (1H, ddd, J9.5, 7.5, 1.5, Ar H), 7.50-7.46 (2H, m, Ar H), 7.24 (1H, d, J 1.0,
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Ar H), 722 (1H, d, J 4.0, Ar H), 7.01 (1H, d, J 7.5, 7.0, Ar H), 6.96 (1H, d, J 8.0, Ar H);
dc(125 MHz, CDCls) 163.3 (s), 148.6 (d), 148.3 (s), 145.5 (s), 144.6 (s), 139.9 (d), 137.5
(d), 135.6 (3Jrc 37.5, CCF3), 129.5 (d), 127.2 (d), 126.7 (d), 125.7 CJrc 12.5, CHCCF3),
123.5 (d), 122.8 (d), 122.7 ("Jrc 275.0, CF3), 122.3 (Jrc 12.5, CHCCF3), 116.9 (d); m/z
(MALDI-TOF) 404 (MH'+1, 4%), 403 (MH", 80), 402 (M", 100), 357 (20), 356 (78).

8.5.2.16  N'-(2-Nitrophenyl)-N'-(pyrid-2-yl)picolinohydrazide 236p

Method A: Similar treatment of N'-(pyrid-2-yl)picolinohydrazide 235j (1.180 g, 5.5 mmol)
with 1-fluoro-2-nitrobenzene 234a (0.527 mL, 5.0 mmol) and K>COs3 (0.760 g, 5.5 mmol)
in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 24 h, gave
upon chromatography (n-hexane/t-BuOMe, 50:50) the title compound 236p (1.260 g, 75%)
as yellow needles; mp (DSC) decomp. onset: 256.6 °C, peak max: 297.4 °C (c-hexane); R¢
0.44 (--BuOMe); found: C, 61.01; H, 3.84; N, 20.76. C17H13N503 requires C, 60.89; H, 3.91;
N, 20.89%; Amax(DCM)/nm 259 (log € 3.24), 288 inf (2.99), 376 (2.14); Vmax/cm ! 3341w (N-
H), 1703m (C=0), 1589s, 1572m, 1526s, 1485m, 1468s, 1433s, 1352m, 1300w, 1281w,
1236w, 1152w, 1107w, 1088w, 1069w, 1040w, 997w, 988w, 903w, 853w, 820w, 779m,
770m; ou(300 MHz, CDCI3) 10.34 (1H, s, NH), 8.63 (1H, d, J 4.7, Ar H), 8.22 (1H, d, J 7.9,
Ar H), 8.11-8.04 (2H, m, Ar H), 8.01 (1H, dd, J 8.0, 1.2, Ar H), 7.89 (1H, ddd, J 7.7, 7.7,
1.6, Ar H),7.72 (1H,ddd, J 7.7, 7.7, 1.3, Ar H), 7.59-7.44 (3H, m, Ar H), 6.88 (1H, d, J 8.1,
Ar H), 6.78 (1H, dd, J 7.2, 4.9, Ar H); c(75 MHz, CDCI3) 164.2 (s), 158.0 (s), 149.9 (s),
149.6 (d), 148.1 (d), 146.9 (s), 139.0 (d), 138.7 (d), 138.0 (s), 135.3 (d), 130.9 (d), 128.5 (d),
128.2 (d), 125.9 (d), 123.4 (d), 117.2 (d), 108.5 (d); m/z (EI): 335 (M", 27%), 318 (22), 289
(87), 271 (6), 257 (27), 210 (4), 197 (16), 185 (17), 168 (43), 154 (7), 106 (22), 78 (100), 51
(22).

8.5.2.17  N'-[2-Nitro-5-(trifluoromethyl)phenyl]-N'-(pyrid-2-yl)picolinohydrazide 2364

Method A: Similar treatment of N'-(pyrid-2-yl)picolinohydrazide 235j (1.180 g, 5.5 mmol)
with 2-fluoro-1-nitro-4-(trifluoromethyl)benzene 234b (0.700 mL, 5.0 mmol) and K>COs3
(0.760 g, 5.5 mmol) in EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca.
110 °C for 24 h, gave upon chromatography (DCM) the title compound 236q (1.733 g, 86%)
as yellow needles; mp (DSC) decomp. onset: 197.7 °C, peak max: 226.1 °C (c-hexane); Rt
0.60 (--BuOMe); found: C, 53.75; H, 2.94; N, 17.27. C1sH12F3N503 requires C, 53.60; H,
3.00; N, 17.36%; Amax(DCM)/nm 261 (log ¢ 3.29), 273 inf (3.23), 291 inf (3.04), 379 (2.28);
Vma/em ! 3343w (N-H), 3061w (Ar C-H), 1701m (C=0), 1591m, 1572w, 1535s, 1483m,
1468s, 1437s, 1337s, 1310s, 1263w, 1256w, 1236m, 1206w, 1177s, 1152s, 1132s, 1099m,
1065m, 1040w, 997w, 988w, 964w, 908w, 858m, 847w, 841w, 820w, 804w, 773m; ou(500
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MHz, DMSO-ds) 11.94 (1H, s, NH), 8.77 (1H, d, J 4.7, Ar H), 8.19 (1H, d, J 8.4, Ar H),
8.11-8.06 (2H, m, Ar H), 8.01 (1H, dd, /4.9, 1.1, Ar H), 7.96 (1H, d, J 1.6, Ar H), 7.77 (1H,
dd, J 8.6, 1.6, Ar H), 7.75-7.69 (2H, m, Ar H), 6.99 (1H, d, J 8.5, Ar H), 6.95 (1H, dd, J 7.0,
5.1, Ar H); oc(125 MHz, DMSO-ds) one C (d) signal missing 163.8 (s), 155.6 (s), 148.9 (d),
148.6 (s), 146.6 (d), 145.6 (s), 138.8 (d), 138.0 (d), 137.1 (s), 133.3 (q, 2Jrc 32.7, CCF3),
127.6 (d), 126.2 (d), 122.83 (d), 122.75 (q, 'Jec 273.4, CF3), 122.0 (q, *Jrc 3.6, CHCCF3),
117.7 (d), 109.5 (d); m/z (EI): 403 (M, 9%), 386 (7), 357 (36), 325 (10), 253 (8), 236 (14),
197 (6), 106 (21), 78 (100), 51 (23).

8.5.2.18  N'-(3-Nitropyrid-2-yl)-N'-phenylbenzohydrazide 236r

Method A: Similar treatment of N'-phenylbenzohydrazide 212 (1.167 g, 5.5 mmol) with 2-
chloro-3-nitropyridine 234¢ (0.793 g, 5.0 mmol) and K>COs3 (0.760 g, 5.5 mmol) in EtOH
(4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 24 h, gave upon
chromatography (-BuOMe) the title compound 236r (1.400 g, 84%) as yellow needles; mp
(DSC) onset 205.1 °C, peak max 206.3 °C (PhH); Rt 0.80 (~-BuOMe); found: C, 64.77; H,
4.28; N, 16.66. Ci1gH14N4O3 requires C, 64.66; H, 4.22; N, 16.76%; Amax(DCM)/nm 278 inf
(log & 4.17), 395 (3.36); Vmar/em ! 3250m (N-H), 1663s (C=0), 1589s, 1564m, 1559m,
1518s, 1491s, 1449s, 1431s, 1356s, 1341m, 1321m, 1300w, 1275m, 1258s, 1146w, 1098w,
1028m, 930w, 907m, 856s, 851m, 804m, 773w, 752s; ou(500 MHz, CDCl3) 8.58 (1H, s,
NH), 8.45 (1H, dd, J 3.5, 1.0, Ar H), 8.13 (1H, dd, J 8.0, 1.5, Ar H), 7.81 (2H, d, J 7.5, Ar
H),7.57 (1H,dd, J7.5,7.5, Ar H),7.47 (2H, dd, J 7.5, 7.5, Ar H), 7.38-7.32 (4H, m, Ar H),
7.20 (1H, dd, J 7.0, 7.0, Ar H), 7.05 (1H, dd, J 8.0, 5.0, Ar H); 6c(500 MHz, CDCl3) 166.5
(s), 151.9 (d), 150.3 (s), 143.6 (s), 135.1 (s), 135.0 (d), 132.6 (d), 131.5 (s), 129.3 (d), 128.9
(d), 127.4 (d), 126.0 (d), 122.1 (d), 117.5 (d); m/z (MALDI-TOF) 336 (MH"+1, 6%), 335
(MH", 82), 317 (9), 288 (100), 200 (26), 174 (12).

8.5.2.19  N'-(3-Nitropyrid-2-yl)-N'-(pyrid-2-yl)picolinohydrazide 236s

Method A: Similar treatment of N'-(pyrid-2-yl)picolinohydrazide 235j (1.180 g, 5.5 mmol)
with 2-chloro-3-nitropyridine 234c¢ (0.793 g, 5.0 mmol) and K>COs3 (0.760 g, 5.5 mmol) in
EtOH (4 mL) in a glass pressure tube, was sealed and heated at ca. 110 °C for 24 h, gave
upon chromatography (DCM/THF, 80:20) the title compound 236s (1.360 g, 81%) as yellow
flakes; mp (DSC) decomp. onset: 220.3 °C, peak max: 254.2 °C (PhH), Rr 0.74 (THF);
found: C, 57.26; H, 3.64; N, 24.88. C16H12N¢O3 requires C, 57.14; H, 3.60; N, 24.99%;
Amax(DCM)/nm 246 inf (log & 4.39), 273 (4.32), 297 (4.32), 374 (3.52); Vmax/cm ' 3334w (N-
H), 3076w (Ar C-H), 1701m (C=0), 1589s, 1574m, 1526s, 1487m, 1472m, 1427s, 1356s,
1329m, 1279w, 1238m, 1148w, 1109w, 1090w, 1040w, 997w, 962w, 907w, 858m, 818w,
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787w, 772w, 752m; 5u(500 MHz, CDCl3) 10.52 (1H, s, NH), 8.60 (1H, d, J 4.5, Ar H), 8.49
(1H, dd, J 4.5, 1.5, Ar H), 8.25 (1H, dd, J 8.0, 1.5, Ar H), 8.19 (1H, d, J 8.0, Ar H), 8.06
(1H, d, J 4.0, Ar H), 7.87 (1H, ddd, J 8.3, 8.3, 1.5, Ar H), 7.62 (1H, ddd, J 8.3, 8.3, 2.0, Ar
H), 7.49 (1H, dd, J 7.0, 5.0, Ar H), 7.21 (1H, d, J 8.5, Ar H), 7.16 (1H, dd, J 8.0, 4.5, Ar H),
6.90 (1H, dd, J 7.0, 5.0, Ar H); 5¢(500 MHz, CDCl3) 163.7 (s), 155.3 (s), 151.6 (d), 148.6
(s), 148.45 (d), 146.9 (d), 146.6 (s), 138.5 (d), 138.3 (s), 137.4 (d), 133.8 (d), 127.1 (d), 122.9
(d), 119.4 (d), 119.0 (d), 111.6 (d); 6u(500 MHz, DMSO-ds) 11.71 (1H, s, NH), 8.74 (1H, d,
J4.5, Ar H), 8.56 (1H, dd, J4.5, 1.5, Ar H), 8.37 (1H, dd, J 8.0, 1.5, Ar H), 8.07-8.03 (2H,
m, Ar H), 7.99 (1H, dd, J 4.5, 1.0, Ar H), 7.75 (1H, ddd, J 7.8, 7.8, 1.5, Ar H), 7.69 (1H,
ddd, J 9.0, 5.0, 2.5, Ar H), 7.34 (1H, dd, J 8.5, 5.0, Ar H), 7.14 (1H, d, J 8.5, Ar H), 6.99
(1H, dd, J 6.5, 5.0, Ar H); 5c(125 MHz, DMSO-de) 163.8 (s), 155.4 (), 151.9 (d), 149.1 (s),
148.9 (d), 146.4 (d), 145.8 (s), 138.9 (d), 138.0 (d), 137.6 (s), 134.1 (d), 127.4 (d), 122.8 (d),
119.5 (d), 118.9 (d), 112.0 (d); m/z (MALDI-TOF) 337 (MH", 94%), 328 (16), 312 (15), 290
(100), 271 (13).

8.5.2.20  N'-(2-Nitrophenyl)-N'-phenyl-1-adamantanecarbohydrazide 236t

Method B: Similar treatment of 1-(2-nitrophenyl)-1-phenylhydrazine 237 (0.500 g, 2.183
mmol) and Et;N (0.340 mL, 2.401 mmol) with 1-adamantanecarbonyl chloride (0.340 mL,
2.401 mmol) for 12 h, gave upon chromatography (DCM) the title compound 236t (0.500 g,
58%) as yellow needles; mp (DSC) onset: 161.0 °C, peak max: 162.8 °C (c-hexane); Rr0.24
(DCM); found: C, 70.62; H, 6.40; N, 10.66. C23H25N303 requires C, 70.57; H, 6.44; N,
10.73%; Amax(DCM)/nm 240 (log & 2.98), 268 (2.89), 413 (2.07); Vmax/cm ! 3314w and
3265w (N-H), 2905m and 2851w (Alk C-H), 1659s (C=0), 1593s, 1574w, 1535s, 1526s,
1493s, 1477m, 1452m, 1350m, 1315w, 1300m, 1254w, 1227m, 1182w, 1165w, 1107w,
1086w, 1059w, 1049w, 916w, 853m, 831w, 781m, 741s, 731m; ou(500 MHz, DMSO-dp)
10.40 (1H, s, NH), 7.81 (1H, d, J 8.0, Ar H), 7.63 (1H, dd, J 7.8, 7.8, Ar H), 7.43 (1H, d, J
8.4, Ar H), 7.30-7.18 (3H, m, Ar H), 6.94 (1H, dd, J 7.2, 7.2, Ar H), 6.82 (2H, d, J 8.0, Ar
H), 1.98 3H, s, Ad H), 1.84 (6H, s, Ad H), 1.67 (6H, s, Ad H); oc(125 MHz, DMSO-ds) one
C (s) signal missing 175.7 (s), 145.6 (s), 142.4 (s), 138.6 (s), 133.7 (d), 128.8 (d), 125.1 (d),
124.5 (d), 124.0 (d), 121.9 (d), 116.7 (d), 39.6 (s), 38.0 (t), 35.9 (1), 27.4 (d); m/z (MALDI-
TOF) 392 (MH", 68%), 391 (M*, 6), 374 (7), 358 (11), 353 (6), 346 (53), 330 (8), 212 (100),
196 (6), 181 (31), 167 (38).
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8.5.3 Synthesis of N'-(2-aminophenyl)hydrazides 239
85.3.1 N'-(2-Aminophenyl)-N'-phenylbenzohydrazide 239a

Method A — Using Pd/C-H> in EtOH: To a suspension of Pd/C (10 mol %) (33 mg) in EtOH
(10 mL) in a Parr hydrogenation flask (250 mL) at ca. 20 °C was added N'-(2-nitrophenyl)-
N'-phenylbenzohydrazide 236a (0.333 g, 1.0 mmol). The flask was connected to a Parr
hydrogenator, evacuated, and flushed with H» three times. The mixture was then shaken
under H» atmosphere (3 bar, 0.3 MPa) for 4 h. The hydrogenation was judged complete after
the pressure of H» stabilized, the yellow color of the solution was gone and the complete
consumption of the starting material 236a (TLC). The catalyst was removed by filtration
through Celite® that was then rinsed with EtOH (3 x 10 mL). The combined EtOH solution
was concentrated in vacuo. The mixture was filtered through a short pad of Celite® and the
volatiles removed in vacuo. The residue was chromatographed (n-hexane/Et;0O, 50:50) to
give the title compound 239a (0.294 g, 97%) as colorless needles; mp (DSC) onset: 176.6 °C,
peak max: 178.2 °C (Et20); Rr0.71 (n-hexane/Et20, 50:50); Amax(DCM)/nm 239 (log ¢ 3.80),
294 (3.19); vmax/em ' 3387w and 3219w (N-H), 3057w (Ar C-H), 1651s (C=0), 1612m,
1593m, 1582m, 1530m, 1460w, 1310m, 1256m, 1157w, 1136w, 1024w, 939w, 924w, 893w,
849w, 802w, 746s; ou(500 MHz, CDCl3) 8.15 (1H, s, NH), 7.85 (2H, d, J 7.5, Ar H), 7.56
(1H, dd, J 7.5, 7.5, Ar H), 7.46 (2H, dd, J 7.5, 7.5, Ar H), 7.23 (2H, dd, J 7.0, 7.0, Ar H),
7.14 (2H, dd, J 7.5, 7.5, Ar H), 6.88 (1H, dd, J 7.0, 7.0, Ar H), 6.81 (1H, dd, J 8.5, 1.0, Ar
H), 6.78 (2H, d, J 8.0, Ar H), 6.73 (1H, ddd, J 7.5, 7.5, 1.5, Ar H), 4.72 (2H, br s, NH>);
oc(125 MHz, CDCI3) 167.4 (s), 147.0 (s), 145.9 (s), 132.4 (d), 132.2 (s), 130.4 (s), 129.2 (d),
129.1 (d), 128.8 (d), 128.0 (d), 127.3 (d), 120.2 (d), 118.4 (d), 116.6 (d), 113.3 (d); identical

to an authentic sample.**®

Method B — Using In in AcOH: To a vigorously stirred suspension of N'-(2-nitrophenyl)-N'-
phenylbenzohydrazide 236a (0.333 g, 1.0 mmol) in AcOH (5.0 mL), was added in one
portion In powder (0.459 g, 4.0 mmol) and the mixture was stirred at ca. 20 °C for 0.5 h,
filtrated and washed with Et,O (50 mL). The organic phase was washed with HO (2 x 50
mL), dried (NaxSO4) and the volatiles were removed in vacuo. Chromatography (n-
hexane/Et2O, 50:50) of the residue gave the title compound 239a (0.289 g, 95%) as colorless
needles; mp (DSC) onset: 176.6 °C, peak max: 178.2 °C (Et2O); Rr 0.71 (n-hexane/Et20,
50:50); identical to that described above.

Method C— Using Sn in AcOH: To a vigorously stirred suspension of N'-(2-nitrophenyl)-N'-
phenylbenzohydrazide 236a (0.333 g, 1.0 mmol) in AcOH (5.0 mL), was added in one
portion Sn powder (0.475 g, 4.0 mmol) and the mixture was stirred at ca. 20 °C for 0.5 h,
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filtrated and washed with Et2O (50 mL). The organic phase was washed with H>O (2 x 50
mL), dried (NaxSO4) and the volatiles were removed in vacuo. Chromatography (n-
hexane/Et;0, 50:50) of the residue gave the title compound 239a (0.291 g, 96%) as colorless
needles; mp (DSC) onset: 176.6 °C, peak max: 178.2 °C (Et20); Rr 0.71 (n-hexane/Et;0,
50:50); identical to that described above.

8.5.3.2 N'-(2-Aminophenyl)-N'-(pyrid-2-yl)picolinohydrazide 239b

Method C: Similar treatment of N'-(2-nitrophenyl)-N'"-(pyrid-2-yl)picolinohydrazide 236p
(0.335 g, 1.0 mmol) in AcOH (5 mL) with Sn powder (0.475 g, 4.0 mmol) gave upon
chromatography (CHCl3/MeOH, 95:5) the title compound 239b (0.300 g, 98%) as colorless
flakes; mp (DSC) onset: 138.0 °C, peak max: 144.2 °C (c-hexane); Rr 0.28 (CHCIz/MeOH,
95:5); found: C, 66.82; H, 5.06; N, 22.85. C17H15N50 requires C, 66.87; H, 4.95; N, 22.94%;
Jmax(DCM)/nm 260 inf (log & 3.06), 294 (3.01); vmax/cm ™' 3451w and 3341w (N-H), 3059w
and 3009w (Ar C-H), 1695m, 1680m, 1620m, 1589s, 1566m, 1530m, 1503s, 1470s, 1429s,
1342m, 1337m, 1308m, 1285m, 1240m, 1152m, 1040m, 997m, 986m, 903m, 885m, 860m,
818m, 773m, 748s; ou(500 MHz, DMSO-ds) 11.25 (1H, s, NH), 8.71 (1H, d, J 4.6, Ar H),
8.10-8.00 (3H, m, Ar H), 7.67 (1H, ddd, J 5.9, 5.9, 1.9, Ar H), 7.50 (1H, ddd, J 8.0, 8.0, 1.7,
Ar H),7.39 (1H, dd, J 7.9, 1.4, Ar H), 7.05 (1H, ddd, J 7.7, 7.7, 1.6, Ar H), 6.78-6.70 (2H,
m, Ar H), 6.56 (1H, ddd, J 8.0, 8.0, 1.3, Ar H), 6.36 (1H, d, J 8.5, Ar H), 5.49 (2H, s, NH>);
0c(125 MHz, DMSO-ds) 164.2 (s), 157.1 (s), 149.2 (s), 148.6 (d), 147.4 (d), 146.6 (s), 137.9
(d), 137.3 (d), 130.1 (d), 128.7 (d), 127.8 (s), 127.1 (d), 122.5 (d), 116.0 (d), 115.4 (d), 114.4
(d), 107.1 (d); m/z (MALDI-TOF) 305 (M", 3%), 303 (M"-2H, 100), 198 (49), 183 (95), 105
9).

8.5.4 Synthesis of 1,3-diaryl-1,4-dihydro-1,2,4-benzotriazines 219

8.5.4.1 1,3-Di(pyrid-2-yl)-1,4-dihydro-1,2,4-benzotriazine 219b

To a vigorously stirred suspension of N'-(2-nitrophenyl)-N'-(pyrid-2-yl)picolinohydrazide
236p (0.335 g, 1.0 mmol) in AcOH (5.0 mL), was added in one portion Sn powder (0.475 g,
4.0 mmol) and the mixture was stirred at ca. 20 °C for 0.5 h and then heated at ca. 118 °C
for 3 h, filtrated and washed with Et;O (50 mL). The organic phase was washed with H>O
(2 x 50 mL), dried (Na;SO4) and the volatiles were removed in vacuo. Chromatography
(Et20) of the residue gave the title compound 219b (0.282 g, 98%) as yellow needles; mp
(DSC) onset: 118.5 °C, peak max: 119.3 °C (EtOH); Rr 0.24 (Et2O); found: C, 71.15; H,
4.44; N, 24.31. C17H13Ns requires C, 71.06; H, 4.56; N, 24.37%; Amax(DCM)/nm 273 (log ¢
3.37), 342 (3.12), 426 (2.42); vmax/cm ' 3352w (N-H), 3055w and 3009w (Ar C-H), 1585m,
1562w, 1503m, 1476m, 1460m, 1431s, 1416m, 1368m, 1310m, 1294m, 1269w, 1247w,
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1192w, 1150m, 1105w, 1057w, 1042w, 995m, 980w, 930w, 891w, 853w, 800m, 762m,
745m; 6u(300 MHz, DMSO-ds) 9.17 (1H, s, NH), 8.69 (1H, d, J 4.7, Ar H), 8.27-8.15 (2H,
m, Ar H), 7.97 (1H, ddd, J 7.7, 7.7, 1.7, Ar H), 7.80-7.66 (2H, m, Ar H), 7.63-7.52 (2H, m,
Ar H), 7.03 (1H, dd, J 7.4, 1.7, Ar H), 6.96-6.75 (3H, m, Ar H); dc(75 MHz, DMSO-ds)
155.5 (s), 148.5 (s), 148.3 (d), 147.7 (s), 146.6 (d), 138.0 (d), 137.3 (d), 133.9 (s), 128.6 (5),
125.5 (d), 124.2 (d), 122.6 (d), 120.9 (d), 117.3 (d), 116.0 (d), 114.6 (d), 109.9 (d); m/z (EL):
287 (M*, 83%), 209 (100), 181 (9), 154 (5), 143 (4), 127 (4), 105 (14), 78 (34), 51 (13).

8.5.4.2 1,3-Di(pyrid-2-yl)-7-(trifluoromethyl)- 1,4-dihydro-1,2,4-benzotriazine 219c

Similar  treatment of  N'-[2-nitro-5-(trifluoromethyl)phenyl]-N'-(pyrid-2-yl)picolino-
hydrazide 236q (0.403 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5.0 mL)
at ca. 20 °C for 0.5 h and then at ca. 118 °C for 3 h, gave upon chromatography (--BuOMe)
the title compound 219¢ (0.313 g, 88%) as yellow needles; mp (DSC) onset: 132.6 °C, peak
max: 133.6 °C (n-hexane), Rr 0.20 (DCM); found: C, 60.81; H, 3.51; N, 19.68. Ci1sH12F3Ns
requires C, 60.85; H, 3.40; N, 19.71%; Amax(DCM)/nm 266 (log ¢ 3.40), 326 (3.15), 429
(2.26); vma/em™! 3358w (N-H), 3076w, 3059w and 3013w (Ar C-H), 1661w, 1585m,
1568m, 1528w, 1518w, 1481w, 1470m, 1462m, 1433s, 1414s, 1368m, 1327s, 1315s,
1306m, 1300m, 1287m, 1267w, 1161s, 1152s, 1136w, 1111s, 1076m, 1055m, 1045w,
1038m, 999w, 986w, 966w, 930w, 910m, 872m, 856w, 820m, 814m, 791m, 777s, 750w,
743w, 735m, 727w; ou(500 MHz, DMSO-ds) 9.60 (1H, s, NH), 8.71 (1H, d, J 4.6, Ar H),
8.26 (1H,dd,J4.7, 1.1, Ar H), 8.22 (1H, d, J 7.9, Ar H), 8.09 (1H, s, Ar H), 7.99 (1H, ddd,
J 84,84, 1.5, Ar H), 7.80 (1H, ddd, J 7.8, 7.8, 1.9, Ar H), 7.65-7.58 (2H, m, Ar H), 7.20
(1H,d,J 8.4, Ar H), 7.14 (1H, d, J 8.2, Ar H), 7.00 (1H, dd, J 6.8, 5.2, Ar H); dc(125 MHz,
DMSO-ds) 155.2 (s), 148.3 (d), 147.8 (s), 147.2 (s), 146.5 (d), 138.2 (d), 137.7 (s), 137.3
(d), 129.3 (s), 125.7 (d), 124.3 (q, 'Jrc 271.6, CF3), 122.8 (q, 2Jrc 31.8, CCF3), 121.5 (q, *Jrc
3.6, CHCCF3), 120.9 (d), 116.9 (d), 114.4 (d), 113.2 (q, *Jrc 3.6, CHCCF3), 110.3 (d); m/z
(MALDI-TOF) 356 (MH", 18%), 355 (M*, 10), 354 (51), 343 (17), 342 (100).

8.5.4.3 1,3-Di(pyrid-2-yl)-1,4-dihydro-1,2,4-pyridotriazine 219d

Similar treatment of N'-(3-nitropyrid-2-yl)-N'-(pyrid-2-yl)picolinohydrazide 236s (0.336 g,
1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5.0 mL) at ca. 20 °C for 0.5 h and
then at ca. 118 °C for 3 h, gave upon chromatography (EtOAc/THF, 90:10) the title
compound 219d (0.262¢g, 91%) as orange needles; mp (DSC) onset: 152.2 °C, peak max:
154.9 °C (PhH); Rr 0.20 (EtOAc); found: C, 66.57; H, 4.37; N, 29.02. CisH12N¢ requires C,
66.66; H, 4.20; N, 29.15%; Amax(DCM)/nm 239 (log £ 4.14), 267 (4.09), 312 (3.95); Vmax/cm !
3343w (N-H), 3053w and 3012w (Ar C-H), 1585m, 1566m, 1547w, 1487w, 1464s, 1418s,
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1360w, 1304m, 1288m, 1225m, 1192w, 1150w, 1096w, 1069w, 1049w, 997m, 893w, 853w,
783s, 760m, 743m; Su(500 MHz, CDCls) 8.53 (1H, d, J 5.0, Ar H), 8.49 (1H, dd, J 3.5, 1.5,
Ar H), 8.19 (1H, d, J 8.0, Ar H), 7.76-7.69 (3H, m, Ar H & NH), 7.65 (1H, dd, J 5.0, 1.5,
Ar H), 7.62 (1H, d, J 8.5, Ar H), 7.34 (1H, dd, J 5.0, 1.5, Ar H), 7.03 (1H, dd, J 5.0, 1.5, Ar
H), 6.68-6.63 (2H, m, Ar H); 6c(125 MHz, CDCls) 154.1 (s), 147.8 (d), 147.8 (d), 147.2 (s),
145.2 (s), 145.2 (s), 141.4 (d), 137.4 (d), 136.6 (d), 128.3 (s), 124.9 (d), 121.0 (d), 119.3 (d),
119.2 (d), 118.8 (d), 116.3 (d); m/z (MALDI-TOF) 290 (MH", 13%), 289 (M", 100), 247 (6),
210 (22), 185 (100), 170 (30).

8.5.5 Synthesis of 1,4-dihydro-1,2,4-benzotriazin-4-yls 218
8.5.5.1 1,3-Diphenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218a

Typical procedure: To a vigorously stirred suspension of N'-(2-nitrophenyl)-N'-
phenylbenzohydrazide 236a (0.333 g, 1.0 mmol) in AcOH (5.0 mL) at ca. 20 °C, was added
in one portion Sn powder (0.475 g, 4.0 mmol), the mixture was stirred at ca. 20 °C for 0.5 h
and then heated at ca. 118 °C for 10 min. The mixture was then allowed to cool to ca. 20 °C,
diluted with DCM (50 mL), washed with 2.0 M NaOH (2 x 50 mL), and the organic phase
was separated. To the organic phase was added 2.0 M NaOH (50 mL) and the biphasic
mixture was stirred at ca. 20 °C for 12 h. The organic phase was separated, washed with
H,O0, filtered (Celite®), rinsed with additional DCM and the volatiles were removed in vacuo.
Chromatography of the residue (Al.O3, DCM) gave the title compound 218a (0.274 g, 96%)
as black needles; mp (hot stage) 109—111 °C (EtOH) (1it.*®° 109-110 °C); R¢ 0.56 (AL,O3, n-
hexane/DCM, 50:50); Amax(DCM)/nm 271 (log & 3.63), 322 (2.93), 372 (2.82), 429 (2.56),
494 (2.17); vmax/cm ! 3061w and 3003w (Ar C-H), 1585w, 1481w, 1450m, 1395s, 1317w,
1252w, 1206w, 1175w, 1082w, 1065w, 1024w, 984w, 916w, 880w, 841w, 785m, 750s;

identical to an authentic sample.
8.5.5.2 1,3-Diphenyl-7-(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218¢

Similar treatment of N'-[2-nitro-5-(trifluoromethyl)phenyl]-N'-phenylbenzohydrazide 236b
(0.401 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for
0.5 h and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12
h gave upon chromatography (Al203;, DCM) the title compound 218¢ (0.286 g, 81%) as black
needles; mp (hot stage) 149-152 °C (c-hexane) (1it.*®° 149-153 °C); R¢ 0.56 (Al2Os, n-
hexane/DCM, 50:50); Amax(DCM)/nm 259 inf (log ¢ 4.04), 273 (4.21), 284 inf (4.03), 323
(3.55), 373 (3.40), 431 (3.17), 495 (284); vmax/cm ' 1593w, 1506w, 1489m, 1452w, 1422m,
1395m, 1356m, 1337w, 1314m, 1281w, 1261m, 1248w, 1204w, 1150m, 1117s, 1063m,
1024w, 905m, 870m, 841m, 793w, 78 1m, 768m; identical to an authentic sample.
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8.5.5.3 3-(4-Fluorophenyl)-1-phenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218d

Similar treatment of 4-fluoro-N'-(2-nitrophenyl)-N'"-phenylbenzohydrazide 236¢ (0.351 g,
1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h and
then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h gave
upon chromatography (Al2O3, DCM) the title compound 218d (0.266 g, 88%) as black
needles; mp (DSC) onset: 112.5 °C, peak max: 113.1 °C (c-hexane); R 0.69 (Al,O3, DCM);
found: C, 75.31; H, 4.28; N, 13.91. Ci9H13FN3 requires C, 75.48; H, 4.33; N, 13.90%;
Amax(DCM)/nm 271 (log ¢ 3.67), 282 inf (3.47), 323 (2.99), 372 (2.87), 426 (2.62), 494
(2.24); vmax/cm ! 3055w (Ar C-H), 1601w, 1582w, 1508w, 1481m, 1450w, 1416w, 1393s,
1325w, 1292w, 1246w, 1215m, 1155m, 1096w, 1082w, 1065w, 1042w, 1024w, 1016w,
1001w, 984w, 924w, 918w, 881w, 841m, 810w, 775m, 762s, 746m, 729s; m/z (MALDI-
TOF) 303 (MH", 11%), 302 (M", 100), 290 (2).

8.5.5.4 1-Phenyl-3-(thien-2-yl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218e

Similar treatment of N'-(2-nitrophenyl)-N'-phenyl-2-thiophenecarbohydrazide 236d (0.339
g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h
and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h
gave upon chromatography (Al2O3, DCM) the title compound 218e (0.253 g, 87%) as dark
green needles; mp (DSC) onset: 133.7 °C, peak max: 134.6 °C (EtOH), Rr 0.63 (Al20;3,
DCM); found: C, 70.52; H, 4.24; N, 14.29. C17H12N3S requires C, 70.32; H, 4.17; N, 14.47%;
Amax(DCM)/nm 259 inf (log ¢ 3.38), 290 (3.74), 303 inf (3.57), 380 (2.85), 409 inf (2.77),
507 (2.34); vmax/cm ' 3103w, 3071w, 3063w and 3055w (Ar C-H), 1533m, 1493m, 1479s,
1452s, 1435s, 1389s, 1360w, 1350w, 1327w, 1287m, 1252w, 1219m, 1206m, 1148w,
1121w, 1076m, 1055w, 1036w, 1024w, 1003w, 972w, 934w, 916w, 847m, 839m, 831m,
814w, 770m, 752s, 743s; m/z (MALDI-TOF) 291 (MH", 18%), 290 (M", 100), 272 (6).

85.5.5 1-Phenyl-3-(pyrid-2-yl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218f

Similar treatment of N'-(2-nitrophenyl)-N'-phenylpicolinohydrazide 236e (0.334 g, 1.0
mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h and then
at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 72 h gave upon
chromatography (Al.O3, DCM/t-BuOMe, 50:50) the title compound 218f (0.235 g, 82%) as
black needles; mp (DSC) onset: 179.7 °C, peak max: 181.7 °C (PhH); Rr0.40 (Al,O3, DCM);
found: C, 75.89; H, 4.44; N, 19.58. CigHi3N4 requires C, 75.77; H, 4.59; N, 19.64%;
Amax(DCM)/nm 257 inf (log ¢ 3.31), 276 (3.39), 320 (2.79), 363 (2.74), 424 (2.43), 493
(2.08); Vmax/em ! 3065w, 3044w and 3036w (Ar C-H), 1587m, 1580m, 1570m, 1562m,
1495m, 1481m, 1474m, 1454m, 1435m, 1385s, 1331m, 1308m, 1260m, 1211m, 1163m,
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1099m, 1082m, 1072m, 1047m, 1026m, 995m, 937m, 891m, 881m, 845m, 837m, 797m,
789s, 758s, 739s; m/z (MALDI-TOF) 286 (MH", 35%), 285 (M", 100), 267 (1), 185 (1).

8.5.5.6 1-Phenyl-3-(pyrid-2-yl)-7-(trifluoromethyl)- 1,4-dihydro-1,2,4-benzotriazin-4-yl
218g

Similar treatment of N'-(2-nitro-5-(trifluoromethyl)phenyl)-N'-phenylpicolinohydrazide
236f (0.402 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C
for 0.5 h and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for
12 h gave upon chromatography (silica, n-hexane/t-BuOMe, 70:30) the title compound 218g
(0.304 g, 86%) as brown needles; mp (hot stage) 147.3—148.2 °C (n-hexane); R¢ 0.67
(DCM/t-BuOMe, 60:40); found: C, 64.69; H, 3.55; N, 15.82. C19H12F3N4 requires C, 64.59;
H, 3.42; N, 15.86%; Amax(DCM)/nm 252 (log € 4.37), 277 (4.46), 319 (3.84), 362 (3.78), 424
(3.48), 490 (3.18); vmax/cm ' 3057w (Ar C-H), 1584m, 1566w, 1491m, 1422m, 1389s,
1358s, 1339m, 1315s, 1275s, 1263s, 1248m, 1204w, 1159m, 1146m, 1123s, 1157s, 1088w,
1065s, 1045w, 1026w, 991w, 908s, 864m, 841w, 826m, 801m, 772m, 740m; m/z (MALDI-
TOF) 354 (MH", 21%), 353 (M", 100).

8.5.5.7 3-Methyl-1-phenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218h

Similar treatment of N'-(2-nitrophenyl)-N"-phenylacetohydrazide 236g (0.271 g, 1.0 mmol)
with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h and then at ca.
118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h gave upon
chromatography (Al2O3, DCM) the title compound 218h (0.140 g, 63%) as deep red oil; Rt
0.56 (ALO3, DCM); found: C, 75.56; H, 5.32; N, 18.92. C14H12N3 requires C, 75.65; H, 5.44;
N, 18.91%; Amax(DCM)/nm 241 (log ¢ 3.22), 259 inf (2.93), 286 (2.61), 318 (2.73), 348
(2.69), 424 (2.23), 548 inf (1.81); vmax/cm ' 3061w (Ar C-H), 2924w (Alk C-H), 1659w,
1585m, 1489s, 1452m, 1406m, 1327m, 1294m, 1271m, 1202w, 1171w, 1157w, 1124w,
1074w, 1026w, 999w, 935w, 912w, 853w, 746s; m/z (MALDI-TOF) 223 (MH", 69%), 222
(M*, 100), 210 (4), 181 (5).

8.5.5.8 3-Methyl-1-phenyl-7-(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218i

Similar treatment of N'-[2-nitro-5-(trifluoromethyl)phenyl]-N'-phenylacetohydrazide 236h
(0.339 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for
0.5 h and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12
h gave upon chromatography (Al.O3, DCM) the title compound 218i (0.186 g, 64%) as dark
red needles; mp (DSC) onset: 120.9 °C, peak max: 121.6 °C (n-hexane); Rr 0.57 (Al203,
DCM); found: C, 62.18; H, 3.76; N, 14.59. CisH11F3N; requires C, 62.07; H, 3.82; N,
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14.48%; AmaxDCM)/nm 241 (log & 3.40), 259 inf (3.04), 285 (2.71), 318 (2.81), 346 (2.76),
428 (2.33), 528 inf (1.86); vmax/cm ™! 3103w (Ar C-H), 2982w and 2928w (Alk C-H), 1678w,
1591m, 1504m, 1491m, 1418s, 1371m, 1356m, 1337m, 1315s, 1265s, 1256m, 1198m,
1163s, 1157s, 1128s, 1103s, 1072s, 1028w, 1001m, 926w, 918m, 870m, 816s, 779w, 762m,
733w; m/z (MALDI-TOF) 291 (MH*, 40%), 290 (M*, 100), 277 (4), 132 (9).

8.5.5.9 1-Phenyl-3-(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218j

Similar treatment of 2,2,2-trifluoro-N'-(2-nitrophenyl)-N'"-phenylacetohydrazide 236i (0.325
g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h
and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h
gave upon chromatography (Al,O3, DCM) the title compound 218j (0.174 g, 63%) as dark
red needles; mp (DSC) onset: 109.7 °C, peak max: 110.8 °C (n-pentane); Rt 0.46 (Al2O3, n-
hexane/t-BuOMe, 50:50); found: C, 61.03; H, 3.35; N, 15.08. C14HoF3N3 requires C, 60.87;
H, 3.28; N, 15.21%; Amax(DCM)/nm 245 (log € 3.50), 296 inf (2.65), 314 (2.98), 345 (2.92),
414 (2.38), 481 (2.19), 543 inf (1.84); vma/em ! 3075w (Ar C-H), 1587w, 1570w, 1489w,
1462w, 1452w, 1422w, 1371w, 1333w, 1323w, 1300w, 1287w, 1260m, 1194s, 1175s,
1159m, 1132s, 1094s, 1070w, 1032w, 993m, 945w, 926w, 887w, 858w, 839w, 775s, 760s,
752s; m/z (MALDI-TOF) 277 (MH", 14), 276 (M", 91), 264 (32), 222 (100), 181 (5).

Alternative Method: Employing Ma's Cu-catalyzed C-N coupling®” conditions: A stirred
mixture of 2-iodoaniline 240 (0.219 g, 1.0 mmol), 2,2,2-trifluoro-N"-phenylacetohydrazide
235e (0.245 g, 1.2 mmol), Cul (19 mg, 10 mol %) and K>CO3 (0.276 g, 2.0 mmol) in DMSO
(2.5 mL) under an argon atmosphere was heated at ca. 90 °C for 20 h. The reaction mixture
was allowed to cool at ca. 20 °C, partitioned between EtOAc (20 mL) and H20 (20 mL) and
the organic layer was separated. The aqueous layer was further extracted with EtOAc (2 X
20 mL) and all organic layers were combined, washed with brine and the volatiles were
removed in vacuo. The residue was dissolved in AcOH (5 mL) and immersed in a pre-heated
Wood's metal bath at ca. 140 °C for 10 min. The mixture was then allowed to cool at ca.
20 °C, diluted with DCM (50 mL), washed with 2M NaOH (2 x 50 mL) and the organic
phase was separated. To the organic phase was added 2M NaOH (50 mL) and the biphasic
mixture was stirred at ca. 20 °C for 12 h. The organic phase was separated, washed with
H>0, dried (MgSOs4) and the volatiles were removed in vacuo. Chromatography of the
residue (Al,O3, DCM) gave the title compound 218j (0.221 g, 80%) as dark red needles; mp
(DSC) onset: 109.7 °C, peak max: 110.8 °C (n-pentane); Rr0.46 (Al2O3, n-hexane/t-BuOMe,
50:50); identical to that described above.
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8.5.5.10  1-Phenyl-3,7-bis(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218k

Similar treatment of 2,2,2-trifluoro-N'-(2-nitro-5-(trifluoromethyl)phenyl)-N'-phenylaceto-
hydrazide 236j (0.393 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL)
at ca. 20 °C for 0.5 h and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH
(50 mL) for 12 h gave upon chromatography (Al,O3, DCM) the title compound 218k (0.286
g, 83%) as dark red needles; mp (DSC) onset: 126.0 °C, peak max: 127.5 °C (n-hexane); R¢
0.61 (AL2O3, n-hexane/DCM, 50:50); found: C, 52.46; H, 2.32; N, 12.15. C15HgFsN3 requires
C, 52.34; H, 2.34; N, 12.21%; Amax(DCM)/nm 244 (log ¢ 3.44), 261 inf (3.07), 318 (2.87),
340 (2.76), 414 (2.38), 478 (2.21); vmadem ' 3067w (Ar C-H), 1591w, 1493w, 1456w,
1441w, 1416w, 1379w, 1341m, 1317m, 1275s, 1198s, 1175m, 1165m, 1150s, 1128s,
1096m, 1065s, 1026w, 999w, 910s, 870w, 862m, 835m, 802w, 768m, 737m; m/z (MALDI-
TOF) 345 (MH", 10%), 344 (M", 86), 316 (4), 290 (100).

8.5.5.11  3-(Norborn-5-ene-3-yl)-1-phenyl-7-(trifluoromethyl)-1,4-dihydro-1,2,4-

benzotriazin-4-yl 2181 (endo- & exo- isomers)

Similar treatment of N'-(2-nitro-5-(trifluoromethyl)phenyl)-N'"-phenyl-(norborn-5-ene)-2-
carbohydrazide 236k (0.417 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5
mL) at ca. 20 °C for 2 h and then at ca. 118 °C for 10 min, followed by stirring with 2M
NaOH (50 mL) for 12 h gave upon chromatography (silica, n-hexane/Et>O, 90:10) the exo-
isomer of the title compound 2181 (0.080 g, 22%) as dark red needles; mp (DSC) onset:
76.0 °C, peak max: 81.2 °C, decomp. onset: 182.5 °C, peak max: 212.7 °C (n-pentane,
—40.0 °C); Rr 0.60 (n-hexane/Et20, 80:20); found: C, 68.54; H, 4.72; N, 11.32. C21H17F3N3
requires C, 68.47; H, 4.65; N, 11.41%; Amax(DCM)/nm 245 (log € 4.01), 272 inf (3.78), 283
inf (3.49), 321 (2.86), 350 (2.66), 431 (2.44), 533 inf (1.92); vmax/cm ' 3063w (Ar C-H),
2980w, 2967w and 2872w (Alk C-H), 1593w, 1489m, 1456w, 1425m, 1398m, 1362m,
1344s, 1315s, 1271m, 1260m, 1213m, 1155s, 1117s, 1069s, 1032w, 1007w, 912m, 868m,
824s, 772s, 735s; m/z (MALDI-TOF) 370 (MH*+1, 41%), 369 (MH", 74), 368 (M*, 93), 367
(32), 353 (12), 340 (11), 303 (73), 302 (100), 290 (10). Further elution (n-hexane/Et;0,
80:20) gave the endo-isomer of the title compound 2181 (0.110 g, 30%) as dark red needles;
mp (DSC) onset: 90.4 °C, peak max: 93.4 °C, decomp. onset: 135.9 °C, peak max: 141.6 °C
(n-pentane, —40.0 °C); Rr 0.47 (n-hexane/Et,0, 80:20); found: C, 68.53; H, 4.72; N, 11.39.
C21H17F3N;3 requires C, 68.47; H, 4.65; N, 11.41%; Amax(DCM)/nm 245 (log € 4.02), 272 inf
(3.79), 283 inf (3.50), 320 (2.98), 347 (2.80), 431 (2.58), 533 inf (2.05); vmax/cm ! 3055w
(Ar C-H), 2965w, 2940w and 2874w (Alk C-H), 1591w, 1487m, 1458w, 1425m, 1408m,
1360m, 1335m, 1310s, 1279m, 1265s, 1192m, 1169s, 1157m, 1157s, 1070s, 1024m, 924w,
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910w, 872m, 824s, 797w, 772w, 760s, 747w, 725s; m/z (MALDI-TOF) 370 (MH'+1, 28%),
369 (MH", 69), 368 (M, 85), 367 (21), 353 (12), 341 (10), 303 (70), 302 (100), 290 (8).

8.5.5.12  3-(Adamant-1-yl)-1-phenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218m

Similar treatment of N'-(2-nitrophenyl)-N'-phenyl-1-adamantanecarbohydrazide 236t (0.391
g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 2 h and
then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h gave
upon chromatography (Al,O3, DCM/-BuOMe, 50:50) the title compound 218m (0.271 g,
79%) as dark red needles; mp (DSC) onset: 171.0 °C, peak max: 172.1 °C (MeOH), R 0.71
(Al203, DCM); found: C, 80.58; H, 7.17; N, 12.18. C23H24N3 requires C, 80.67; H, 7.06; N,
12.27%; Amax(DCM)/nm 242 (log ¢ 3.40), 320 (2.87), 348 (2.84), 429 (2.48), 538 inf (1.74);
Vmax/em ' 3092w, 3075w and 3038w (Ar C-H), 1597w, 1591w, 1533s, 1487m, 1456w,
1368m, 1344w, 1333w, 1315w, 1298m, 1287m, 1256w, 1188w, 1175w, 1157w, 1113s,
1084w, 1076m, 1030w, 962w, 945w, 910w, 901w, 876w, 853m, 829w, 781m, 762w, 750m,
727w; m/z (MALDI-TOF) 343 (MH", 20%), 342 (M", 100).

8.5.5.13  1-(4-Cyanophenyl)-3-phenyl-1,4-dihydro-1,2,4-benzotriazin-4-yl 218n

Similar treatment of N'-(4-cyanophenyl)-N'-(2-nitrophenyl)benzohydrazide 2361 (0.358 g,
1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h and
then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h gave
upon chromatography (Al.O3, DCM) the title compound 218n (0.263 g, 85%) as dark green
needles; mp (DSC) onset: 137.5 °C, peak max: 140.0 °C (n-hexane); Rr 0.64 (ALO3, n-
hexane/DCM, 50:50); found: C, 77.52; H, 4.26; N, 17.95. CooH13N4 requires C, 77.65; H,
4.24; N, 18.11%; Amax(DCM)/nm 270 (log ¢ 3.59), 345 (3.05), 370 (2.91), 461 (2.8), 503 inf
(2.38); vma/em ! 3061w and 3028w (Ar C-H), 2222m (C=N), 1597m, 1501m, 1483s,
1450m, 1414w, 1398s, 1327w, 1315m, 1296w, 1288w, 1252w, 1206w, 1175m, 1152w,
1126w, 1065w, 1024w, 984w, 928w, 880w, 845m, 837m, 781w, 758s, 741m; m/z (MALDI-
TOF) 310 (MH", 15%), 309 (M", 100), 297 (2).

8.5.5.14  1-(4-Cyanophenyl)-3-(thien-2-yl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 2180

Similar treatment of N'-(4-cyanophenyl)-N"-(2-nitrophenyl)thiophene-2-carbohydrazide
236m (0.364 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C
for 0.5 h and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for
12 h gave upon chromatography (Al2O3, DCM) the title compound 2180 (0.223 g, 71%) as
dark green needles; mp (DSC) onset: 166.8 °C, peak max: 168.8 °C (EtOH); Rr0.67 (Al2Os3,
n-hexane/DCM, 50:50); found: C, 68.42; H, 3.56; N, 17.68. Ci1sH11N4S requires C, 68.55;
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H, 3.52; N, 17.77%; Jmax(DCM)nm 292 (log & 3.52), 346 (3.00), 378 inf (2.80), 396 inf
(2.71), 469 (2.74), 499 inf (2.49), 602 (1.84); vmar/cm™! 3088w and 3063w (Ar C-H), 2226m
(C=N), 1599m, 1585w, 1533m, 1501m, 1481s, 1456w, 1433s, 1391s, 1331m, 1288m,
1254w, 1217w, 1207w, 1180w, 1152m, 1115w, 1094w, 1055w, 1038w, 1018w, 970w,
932w, 851m, 841s, 829m, 750m, 743s, 729s; m/z (MALDI-TOF) 316 (MH", 15%), 315 (M,
100), 303 (8), 123 (9).

8.5.5.15  3-Phenyl-1-(pyrid-2-yl)-1,4-dihydro-1,2,4-benzotriazin-4-yl 218p

Similar treatment of N'-(2-nitrophenyl)-N'"-(pyrid-2-yl)benzohydrazide 236n (0.334 g, 1.0
mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h and then
at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 12 h gave upon
chromatography (Al,O3, DCM) the title compound 218p (0.220 g, 77%) as dark green
needles; mp (DSC) onset: 146.7 °C, peak max: 147.4 °C (n-hexane/n-heptane, 50:50); R
0.71 (Al2O3, n-hexane/DCM, 50:50); found: C, 75.62; H, 4.60; N, 19.48. Ci1sH13N4 requires
C, 75.77; H, 4.59; N, 19.64%; Amax(DCM)/nm 273 (log ¢ 4.68), 315 (4.10), 380 (3.94), 429
(3.79); vmax/cm ™! 3065w (Ar C-H), 1584m, 1568w, 1485m, 1466m, 1449m, 1433s, 1398s,
1333w, 1314m, 1275w, 1256w, 1200w, 1175w, 1161w, 1150m, 1121w, 1028w, 989w,
922w, 863w, 849w, 785s, 772m, 760m, 752s, 745s, 737m, 731m; m/z (MALDI-TOF) 286
(MH", 22%), 285 (M*, 100).

8.5.5.16  3-Phenyl-1-(pyrid-2-yl)-7-(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazin-4-yl
218¢q

Similar treatment of N'-(2-nitro-5-(trifluoromethyl)phenyl)-N'-(pyrid-2-yl)benzohydrazide
2360 (0.402 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C
for 0.5 h and then at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for
12 h gave upon chromatography (silica, n-hexane/t~-BuOMe, 70:30) the title compound 218q
(0.220 g, 77%) as black needles; mp 118.1-120.5 °C (n-hexane); R 0.72 (n-hexane/t-
BuOMe, 50:50); Rr0.80 (DCM); found: C, 64.42; H, 3.33; N, 15.71. C19H12F3N4 requires C,
64.59; H, 3.42; N, 15.86%; Amax(DCM)/nm 273 (log ¢ 4.58), 321 (3.81), 372 (3.69), 428
(3.46), 494 (3.14); vma/cm™' 3127w and 3059w (Ar C-H), 1578s, 1505w, 1464m, 1427s,
1416s, 1356m, 1300s, 1306s, 1281m, 1267s, 1242m, 1186m, 1153s, 1132w, 1115s, 1078w,
1067s, 1047w, 1028m, 991w, 905s, 901m, 849w, 827s, 788s, 750m, 735s; m/z (MALDI-
TOF) 355 (MH+1, 34%), 354 (MH", 67), 353 (M", 100).
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8.5.5.17  1,3-Diphenyl-1,4-dihydro-pyrido[3,2-e]-1,2,4-triazin-4-yl 218r

Similar treatment of N'-(3-nitropyrid-2-yl)-N'"-phenylbenzohydrazide 236r (0.334 g, 1.0
mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5 mL) at ca. 20 °C for 0.5 h and then
at ca. 118 °C for 10 min, followed by stirring with 2M NaOH (50 mL) for 3 h gave upon
chromatography (Al.O3, DCM) the ftitle compound 218r (0.220 g, 77%) as dark maroon
needles; mp (DSC) onset: 147.8 °C, peak max: 141.4 °C (n-hexane/n-heptane, 50:50), Rr
0.66 (Al203, n-hexane/DCM, 50:50); found: C, 75.78; H, 4.63; N, 19.49. Ci3H13N4 requires
C,75.77; H,4.59; N, 19.64%; Amax(DCM)/nm 265 (log € 4.49), 303 inf (4.17), 329 inf (4.01),
367 (3.87), 432 (3.83); vmax/em ! 3061w (Ar C-H), 1643m, 1624w, 1591w, 1541w, 1489m,
1468m, 1445m, 1423s, 1383m, 1319m, 1306m, 1283m, 1263m, 1242m, 1179w, 1109w,
1026w, 980w, 926w, 887w, 849w, 800m, 766m, 741m; m/z (MALDI-TOF) 286 (MH",
20%), 285 (M, 100).

8.6 Compounds Related to Chapter 6

8.6.1 Synthesis of 1,2,4-Benzotriazin-7(1H)-ones 221
8.6.1.1 1-Phenyl-3-(pyrid-2-yl)-1,2,4-benzotriazin-7(1H)-one 221b

To a vigorously stirred solution of 1-phenyl-3-(pyrid-2-yl)-1,2,4-benzotriazin-4(1H)-yl 218f
(0.285 g, 1.0 mmol) in DCM (10 mL) at ca. 20 °C, was added in one portion MnO> (0.870
g, 10.0 mmol) and the reaction mixture was stirred at ca. 20 °C for 48 h. The mixture was
filtered (Celite®), rinsed with DCM (50 mL) and the volatiles were removed in vacuo. The
residue was chromatographed (acetone) to give the title compound 221b (0.138 mg, 46%)
as purple needles; mp (hot stage) decomp. 199.8-204.0 °C (PhH); mp (DSC) decomp. onset:
205.76 °C, decomp. peak max: 210.79 °C (PhH); Rr 0.69 (CHCl3/MeOH 80:20); found: C,
71.85; H, 4.13; N, 18.48. C13H12N4O requires C, 71.99; H, 4.03; N, 18.66%; Amax(DCM)/nm
300 (log € 4.46), 310 inf (4.41), 338 inf (4.02), 351 inf (4.05), 374 inf (3.75), 534 (3.64), 572
(3.60), 628 inf (3.24); Vmax/cm ' 3040w (Ar C-H), 1624m, 1611m, 1589m, 1584m, 1541s,
1537s, 1522m, 1493m, 1477m, 1456m, 1435m, 1395m, 1331m, 1304m, 1233m, 1200m,
1150w, 1117m, 1096w, 1072w, 1045w, 1026w, 995w, 978w, 928w, 907w, 856s, 822m,
814m, 800m, 779s, 764m, 745m; ou(500 MHz, CDCl3) 8.84 (1H, d, J 4.4, Ar H), 8.31 (1H,
d, J 7.9, HS), 7.88-7.83 (2H, m, Ar H), 7.65-7.55 (5H, m, Ar H), 7.41 (1H, dd, J 6.9, 5.2,
Ar H), 7.32 (1H, dd, J 9.8, 1.9, H6), 6.09 (1H, d, J 1.7, H8); dc(125 MHz, CDCl3) 182.3 (s,
C=0), 155.3 (s), 151.6 (s), 150.2 (d), 149.8 (s), 142.5 (d), 140.7 (s), 137.0 (d), 136.6 (s),
132.4 (d), 130.3 (d), 130.1 (d), 125.7 (d), 124.7 (d), 122.3 (d), 98.4 (d); m/z (MALDI-TOF)
302 (MH'+1, 13%), 301 (MH", 100), 300 (M", 19), 285 (19), 273 (28), 242 (35).
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8.6.1.2 1-Phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-7(1H)-one 221c

Similar treatment of 1-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-4(1H)-yl 218j (0.276
g, 1.0 mmol) in dry 1,4-dioxane (15 mL) with MnO: (4.350 g, 50.0 mmol) at ca. 20 °C for
3 h, gave upon chromatography (n-hexane/Et,0O, 50:50) the title compound 221¢ (0.270 g,
93%) as dark purple shiny needles; mp (DSC) onset: 140.5 °C, peak max: 144.9 °C (n-
hexane); Rr 0.58 (¢-BuOMe); found: C, 57.65; H, 2.67; N, 14.35. C14HsF3N3O requires C,
57.74; H, 2.77; N, 14.43%; Amax(DCM)/nm 281 (log ¢ 3.36), 291 inf (3.25), 481 inf (2.40),
528 (2.56), 561 (2.48), 607 inf (2.12); vma/cm ' 3061w (Ar C-H), 1620m, 1605m, 1597m,
1549s, 1495m, 1466w, 1458w, 1422w, 1400s, 1356s, 1333m, 1319w, 1304w, 1294w,
1246w, 1217s, 1200s, 1177m, 1150s, 1136s, 1113m, 1096s, 1074w, 1030w, 1001w, 984m,
926w, 908w, 853s, 824m, 775m, 733w; on(300 MHz, CDCI3) 7.72 (1H, d, J 9.8, HS), 7.67—
7.58 (3H, m, Ar H), 7.56-7.48 (2H, m, Ar H), 7.33 (1H, dd, J 9.8, 2.1, H6), 6.12 (1H, d, J
1.9, HR); 6c(75 MHz, CDCl3) 182.6 (s, C=0), 156.3 (s), 143.1 (d), 142.4 (q, 2Jrc 39.0,
CCF3), 139.9 (s), 136.6 (s), 132.2 (d), 130.8 (d), 130.3 (d), 125.2 (d), 119.2 (q, 'Jrc 273.6,
CF3), 100.0 (d); m/z (MALDI-TOF) 293 (MH"+1, 4%), 292 (MH", 100), 264 (7), 257 (70),
239 (1), 209 (6), 196 (2), 172 (1), 133 (3).

8.6.1.3 3-Phenyl-1-(pyrid-2-yl)-1,2,4-benzotriazin-7(1H)-one 221d

Similar treatment of 3-phenyl-1-(pyrid-2-yl)-1,2,4-benzotriazin-4(1H)-yl 218p (0.285 g, 1.0
mmol) in dry DCM (10 mL) with MnO: (0.870 g, 10.0 mmol) at ca. 20 °C for 48 h, gave
upon chromatography (+~-BuOMe) the title compound 221¢ (0.270 g, 90%) as purple needles;
mp (hot stage) 210.1-213.8 °C (PhH); mp (DSC) onset: 209.9 °C, peak max: 210.5 °C,
decomp. onset: 225.8 °C, decomp. peak max: 227.7 °C (PhH); Rr 0.58 (--BuOMe); found:
C, 71.87; H, 4.12; N, 18.70. CisHi2N4O requires C, 71.99; H, 4.03; N, 18.66%;
Amax(DCM)/nm 295 (log ¢ 4.58), 310 inf (4.46), 339 inf (3.91), 356 inf (3.91), 544 (3.75),
582 (3.70), 635 inf (3.33); vma/cm ' 3073w (Ar C-H), 1624s, 1599s, 1587s, 1570m, 1547s,
1526m, 1497w, 1468m, 1437s, 1398w, 1385w, 1333w, 1310w, 1281w, 1238m, 1192m,
1150w, 1115w, 1103w, 1094w, 1072w, 1028w, 995w, 974w, 905w, 856s, 787s,781m, 760s,
737s; ou(500 MHz, CDCls) 8.63 (1H, d, J 3.5, Ar H), 8.26-8.25 (2H, m, Ar H), 8.02 (1H,
ddd, J 8.0, 8.0, 1.5, Ar H), 7.80 (1H, d, J 8.0, Ar H), 7.66 (1H, d, J 9.5, HS), 7.48-7.46 (4H,
m, Ar H), 7.25 (1H, H6, overlap with CDCls), 6.78 (1H, d, J 2.0, H8); dc(125 MHz, CDCls)
183.2 (s, C=0), 156.5 (s), 154.6 (s), 150.0 (s), 148.5 (d), 141.5 (d), 139.5 (d), 134.3 (s), 133.7
(s), 132.7 (d), 130.6 (d), 128.8 (d), 126.7 (d), 124.3 (d), 120.0 (d), 99.9 (d); m/z (MALDI-
TOF) 302 (MH™+1, 16%), 301 (MH", 100), 300 (M", 21), 299 (M*-1, 39), 272 (16).
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8.6.1.4 1-(Perfluorophenyl)-3-phenyl-1,2,4-benzotriazin-7(1H)-one 221e

Similar treatment of 1-(perfluorophenyl)-3-phenyl-1,2,4-benzotriazin-4(1H)-yl 218s (0.374
g, 1.0 mmol) in dry DCM (10 mL) with MnO> (0.870 g, 10 mmol) at ca. 20 °C for 1 h, gave
upon chromatography (n-hexane/Et;0, 50:50) the fitle compound 221e (0.343 g, 88%) as
dark purple cubes; mp (hot stage) decomp. 218.9-220.1 °C (PhMe); mp (DSC) decomp.
onset: 208.6 °C, decomp. peak max: 215.3 °C (PhMe); Rr 0.58 (n-hexane/r-BuOMe, 50:50);
found: C, 58.83; H, 2.11; N, 10.85. C19HgFsN3O requires C, 58.62; H, 2.07; N, 10.79%;
Amax(DCM)/nm 278 inf (log ¢ 4.47), 293 (4.56), 305 inf (4.47), 340 inf (3.86), 485 inf (3.54),
520 (3.63), 562 inf (3.52), 611 inf (2.94); vmax/cm ™! 1624m, 1611m, 1555m, 1518s, 1460m,
1443m, 1381w, 1327m, 1244m, 1190w, 1175w, 1105m, 1069m, 1028w, 1009m, 991s,
934w, 918s, 866m, 831w, 785m, 766m, 746w, 725m, 700s; on(500 MHz, CDCl3) 8.21-8.19
(2H, m, Ar H), 7.70 (1H, d, J 10.0, HS), 7.52-7.48 (3H, m, Ar H), 7.25 (1H, dd, J 10.0, 2.0,
HG6, overlap with CDCls), 5.66 (1H, d, J 1.5, H-8); oc(125 MHz, CDCIl3) one C (s) resonance
missing, 182.5 (s, C=0), 156.3 (s), 151.3 (s), 143.5 (dm, 'Jcr 270.0, Ar CF), 143.1 (dm, 'Jcr
258.8, Ar CF), 142.2 (d), 138.4 (dm, 'Jcr 246.3, Ar CF) 135.7 (s), 133.0 (d), 131.1 (d), 128.9
(d), 126.8 (d), 115.1 (s), 97.6 (d); m/z (MALDI-TOF) 390 (MH", 47%), 389 (M", 5), 374
(27), 242 (100).

8.6.1.5 1,3-Di(pyrid-2-yl)-1,2,4-benzotriazin-7(1H)-one 221f

Similar treatment of 1,3-di(pyrid-2-yl)-1,2,4-benzotriazine 219b (0.287 g, 1.0 mmol) in dry
DCM (10 mL) with MnO> (0.870 g, 10.0 mmol) at ca. 20 °C for 48 h, gave upon
chromatography (acetone) the fitle compound 221f (0.159 g, 53%) as dark blue flakes; mp
(DSC) decomp. onset: 175.9 °C, decomp. peak max: 197.7 °C (acetone); Rf 0.65
(CHCl3/MeOH, 80:20); found: C, 67.70; H, 3.71; N, 23.12. C17H11N5O requires C, 67.77,
H, 3.68; N, 23.24%; Amax(DCM)/nm 243 inf (log € 3.22), 298 (3.54), 308 inf (3.45), 342
(3.04), 355 inf (3.03), 489 inf (2.56), 536 (2.72), 575 (2.66), 623 inf (2.33); Vmax/cm ' 3071w
(Ar C-H), 1626m, 1614m, 1601m, 1585s, 1570m, 1545s, 1470m, 1427m, 1396w, 1339w,
1292w, 1234m, 1198w, 1153w, 1117w, 1101w, 1090w, 1078w, 1049w, 997w, 974w, 908w,
851s, 822w, 793m, 764w, 741w; ou(500 MHz, CDCls) 8.83 (1H, d, J 4.4, Ar H), 8.65 (1H,
d, J 3.8, Ar H), 8.30 (1H, d, J 8.0, Ar H), 8.03 (1H, ddd, J 7.9, 7.9, 1.5, Ar H), 7.86 (1H,
ddd,J7.9,7.9,1.3, Ar H), 7.84-7.79 (2H, m, H5 & H6),7.49 (1H, dd,J 7.3, 5.0, Ar H), 7.41
(1H, dd, J 7.1, 5.0, Ar H), 7.29 (1H, d, J 1.9, Ar H), 6.68 (1H, d, J 1.9, H8); oc(125 MHz,
CDCI3) 183.2 (s, C=0), 156.8 (s), 154.1 (s), 151.5 (s), 150.2 (d), 149.2 (s), 148.8 (d), 141.7
(d), 139.7 (d), 137.1 (d), 134.5 (s), 133.0 (d), 124.8 (d), 124.7 (d), 122.4 (d), 120.4 (d), 100.2

229



(d); MALDI-TOF (m/z): 304 (MH'+2, 9%), 303 (MH'+1, 33), 302 (MH", 100), 301 (M,
40), 299 (31), 288 (6), 274 (47).

8.6.2 Synthesis of 1,2,4-benzotriazin-7(1H)-ylidenemalononitriles 248
8.6.2.1 2-[1,3-Diphenyl-1,2,4-benzotriazin-7(1H)-ylidene]malononitrile 248a

To a stirred solution of 1,3-diphenyl-1,2,4-benzotriazin-7(1H)-one 221a (60.0 mg, 0.2
mmol) in PhMe (2 mL) at ca. 20 °C was added TCNEO (43.3 mg, 0.3 mmol) and the reaction
mixture was then immersed into a pre-heated (~ 115 °C) oil bath. The reaction mixture was
heated at reflux for 1 h, cooled to ca. 20 °C, poured over a silica dry flash column and
chromatographed (DCM) to afford the title compound 221a (34.8 mg, 50%) as blue needles;
mp (hot stage) not observed; mp (DSC) onset: 320.0 °C, peak max: 320.3 °C (PhMe) (lit.***
306311 °C); Rr 0.48 (DCM); Jmax(DCM)/nm 258 (log € 4.45), 277 inf (4.40), 337 (4.47),
359 (4.65), 376 inf (4.69), 418 (4.22), 586 inf (4.05), 644 (4.26), 698 (4.30), 780 (4.05);
Vmax/em ! 3061w (Ar C-H), 2203s (C=N), 1612m, 1584w, 1551m, 1508s, 1489s, 1449w,
1377s, 1364m, 1341m, 1306s, 1267s, 1209w, 1188m, 1152m, 1136m, 1069w, 1026w,
1003m, 980w, 887w, 841s, 833m, 816w, 787w, 781m, 766w, 752s; ou(500 MHz, CDCI3)
8.26 (2H, d, J 6.5, Ar H), 7.94 (1H, dd, J 9.5, 1.5, H6), 7.70-7.59 (6H, m, Ar H), 7.52-7.46
(3H, m, Ar H), 6.59 (1H, d, J 1.5, H8); ou(500 MHz, 80 °C, DMSO-ds) 8.24-8.22 (2H, m,
Ar H), 7.92 (1H, d, J 9.5, H6), 7.85-7.81 (3H, m, Ar H), 7.78-7.71 (3H, m, Ar H), 7.58—
7.57 3H, m, Ar H), 6.32 (1H, d, J 1.0, H8); dc(125 MHz, 80 °C, DMSO-ds) 155.2 (s), 153.0
(s), 152.1 (s), 140.2 (s), 136.5 (d), 135.4 (s), 132.9 (d), 130.6 (d), 130.5 (d), 130.3 (d), 129.7
(d), 128.5(d), 126.3 (d), 125.3 (s), 115.9 (s, C=N), 115.8 (s, C=N), 93.8 (d), 58.6 [s, C(CN)2];
m/z (MALDI-TOF) 348 (MH", 21%), 347 (M", 100); identical to an authentic sample.

8.6.2.2 2-[1-Phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-7(1H)-ylidene] malono-
nitrile 248b

Similar treatment of 1-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-7(1H)-one 221¢ (58.3
mg, 0.2 mmol) with TCNEO (43.3 mg, 0.3 mmol) gave upon chromatography (DCM) the
title compound 248b (17.0 mg, 25%) as green-blue needles; mp (hot stage) 242.2-245.3 °C
(n-hexane); mp (DSC) onset: 245.8 °C, peak max: 247.1 °C (n-hexane); Rr 0.65 (DCM);
found: C, 60.15; H, 2.28; N, 20.51. Ci7HsF3Ns requires C, 60.18; H, 2.38; N, 20.64%;
Jmax(DCM)/nm 253 (log € 4.12), 309 inf (4.23), 325 (4.32), 342 (4.38), 358 (4.37), 401
(3.84), 569 inf (3.85), 627 (4.03), 682 (4.02), 762 inf (3.73); Vma/em ! 3103w and 3057w
(Ar C-H), 2203m (C=N), 1607w, 1593w, 1555m, 1530s, 1493s, 1470w, 1416s, 1371s,
1352s, 1306w, 1275w, 1233s, 1206m, 1190s, 1167s, 1152s, 1134s, 1105s, 1074w, 1030w,
995s, 924w, 893m, 845s, 829m, 799m, 762s, 716s; ou(500 MHz, CDCl3) 7.95 (1H, dd, J 9.5,
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1.0, H6), 7.69-7.62 (3H, m, Ar H), 7.55-7.51 (3H, m, Ar H), 6.56 (1H, d, J 1.5, H8); dc(125
MHz, CDCl3) 157.9 (s), 153.2 (s), 145.5 (q, Jrc 38.8, CCF3), 139.2 (s), 138.7 (d), 134.7 (s),
131.4 (d), 130.7 (d), 130.4 (d), 124.8 (d), 118.8 (q, 'Jrc 272.5, CF3), 114.4 (s, C=N), 114.3
(s, C=N), 96.4 (d), 70.2 [s, C(CN):]; m/z (MALDI-TOF, pencil matrix) 340 (MH", 14%),
339 (M", 100), 301 (11), 242 (19), 128 (95).

8.6.2.3 2-[1-(Perfluorophenyl)-3-phenyl-1,2,4-benzotriazin-7(I1H)-ylidene] malono-
nitrile 248¢

Similar treatment of 1-(perfluorophenyl)-3-phenyl-1,2,4-benzotriazin-7(1H)-one 221e (77.8
mg, 0.2 mmol) with TCNEO (43.3 mg, 0.3 mmol) gave upon chromatography (DCM) the
title compound 248¢ (35.0 mg, 40%) as blue needles; mp (hot stage) 277.0-278.1 °C (PhMe);
mp (DSC) onset: 275.4 °C, peak max: 278.8 °C (PhMe); Rr 0.75 (DCM); found: C, 67.80;
H, 3.37; N, 11.87. CxHgFsNs-1.5 PhMe requires C, 67.82; H, 3.50; N, 12.17%;
Amax(DCM)/nm 259 (log ¢ 4.54), 280 inf (4.50), 334 inf (4.71), 353 (4.82), 370 (4.78), 402
inf (4.07),427 inf (3.91), 515 inf (3.89), 563 inf (4.22), 612 (4.37), 661 (4.35), 730 inf (4.04);
Vmax/em ' 2207s (C=N), 1514s, 1470w, 1389m, 1385m, 1337m, 1331m, 1302m, 1277m,
1248w, 1179m, 1148m, 1123m, 1074m, 1030w, 1015m, 995s, 920s, 876w, 837s, 785m,
760m, 735m, 721m; ou(500 MHz, CDCls) 8.18 (2H, dd, J 7.0, 2.0, Ar H), 7.93 (1H, dd, J
9.5,2.0, H6),7.57 (1H, d, J 9.5, HS5), 7.55-7.48 (3H, m, Ar H), 7.27-7.24 (2.6H, m, overlap
with CDCls, PhMe), 7.18-7.14 (1.8H, m, PhMe), 6.09 (1H, d, J 1.5, HS), 2.36 (1.8H, PhMe);
oc(125 MHz, CDCI3) one C (s) and one CF resonance missing, 157.3 (s), 154.2 (s), 152.9
(s), 143.5 (dm, 'Jcr 254.4, Ar CF), 137.9 (s, PhMe), 138.6 (dm, 'Jcr 215.8, Ar CF), 137.8
(d), 133.9 (s), 132.4 (s), 131.7 (d), 131.2 (d), 129.0 (d, PhMe), 129.0 (d), 128.2 (d, PhMe),
127.1 (d), 125.3 (d, PhMe), 114.8 (s, C=N), 114.4 (s, C=N), 90.3 (d), 70.4 [s, C(CN).], 21.4
(t, PhMe); m/z (MALDI-TOF) 438 (MH", 17%), 437 (M", 100).

8.6.3 Synthesis of 1,2,5-Thiadiazolo-1,2,4-benzotriazin-4(6H)-ones 251, 6-Amino-
1,2,4-benzotriazin-7(1H)-ones 252 and 1,2,5-Thiadiazolo-1,2,4-

benzotriazino-1,6,5-phenothiazin-7-ones 253

8.6.3.1 6,8-Diphenyl[1,2,5] thiadiazolo[3',4":5,6] benzo[1,2-e] [ 1,2,4] triazin-4(6H)-one
251a

To a stirred solution of 1,3-diphenyl-1,2,4-benzotriazin-7(1H)-one 221a (60.0 mg, 0.2

mmol) in DMF (4 mL) at ca. 20 °C was added S4N4 (73.7 mg, 0.4 mmol) and the reaction

mixture was heated at ca. 153 °C. Over a 5 h period at ca. 153 °C, to the reaction mixture

was added an additional four portions of S4N4 (4 x 73.7 mg). The reaction mixture was

heated for a total of 7 h, allowed to cool to ca. 20 °C and then extracted with 50:50 H,O/DCM
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(100 mL). The organic layer was separated, washed with additional H,O (20 mL), dried
(MgSO0sy), filtered and the volatiles were removed in vacuo. Chromatography (DCM/Et;0,
95:5) gave 2-phenyl-7H-[1,2,5]thiadiazolo[3,4-b][1,2,4]triazino[ 1,6,5-mn]phenothiazin-7-
one 253a (5.4 mg, 7%) as pink needles; mp (hot stage) not observed; mp (DSC) onset: 327.2
°C, peak max: 327.4 °C; decomp. onset: 328.0 °C, decomp. peak max: 329.6 °C (PhMe); R
0.78 (n-hexane/DCM/t-BuOMe, 30:60:10); found: C, 58.95; H, 2.26; N, 18.18. C19H9Ns0S>
requires C, 58.90; H, 2.34; N, 18.08%); Amax(DCM)/nm 257 inf (log € 4.30), 301 (4.55), 320
inf (4.42), 375 inf (3.98), 515 (3.76), 812 (3.10); vmax/em ™' 3067w (Ar C-H), 1609s (C=0),
1582s, 1566s, 1518s, 1497m, 1472m, 1458s, 1433s, 1404s, 1368m, 1348m, 1331s, 1317m,
1308w, 1275m, 1236s, 1165s, 1121m, 1109m, 1076w, 1044w, 1032w, 1020w, 945m, 920w,
883s, 864w, 829s, 792w, 777m, 760s, 733s; ou(500 MHz, TFA-d) 9.09 (1H, d, J 8.5, Ar H),
8.58 (2H,d,J 7.5, ArH), 8.37 (1H,d,J 7.5, Ar H), 8.13 (1H, dd, J 7.8, 7.8, Ar H), 7.99 (1H,
dd,J7.8,7.8, Ar H), 7.63—7.58 (3H, m, Ar H); oc(125 MHz, TFA-d) 175.7 (s, C=0), 159.1
(s), 157.6 (s), 155.6 (s), 152.0 (s), 138.2 (d), 137.7 (s), 135.8 (d), 135.4 (d), 135.3 (d), 134.7
(s), 133.7 (s), 131.7 (d), 130.5 (d), 126.0 (s), 123.7 (d), 106.7 (s); m/z (MALDI-TOF) 388
(MH", 100%), 387 (M", 30), 373 (14), 372 (23), 371 (100). Further elution (DCM/Et,0,
80:20) afforded the title compound 251a (57.4 mg, 80%) as brown needles; mp (hot stage)
not observed; mp (DSC) onset: 313.6 °C, peak max: 314.9 °C (PhC) (lit.>**285-290 °C); Ry
0.34 (DCM/t-BuOMe, 90:10); Amax(DCM)/nm 269 (log € 4.01), 309 (4.18), 406 (3.75), 499
inf (2.98), 540 (3.09), 580 (3.04), 636 inf (2.73); vmax/cm ' 3067w (Ar C-H), 1612s, 1601s,
1591s, 1574m, 1516s, 1499s, 1466m, 1458m, 1441m, 1406m, 1350m, 1317w, 1279m,
1236s, 1159m, 1119m, 1092w, 1072w, 1024w, 1016w, 999w, 932w, 905m, 854w, 831m,
783m, 773s, 746m, 723m; ou(500 MHz, CDCls) 8.39-8.37 (2H, m, Ar H), 7.69-7.60 (5H,
m, Ar H), 7.55-7.51 (3H, m, Ar H), 6.26 (1H, s, HS8); identical to an authentic sample.
Further elution (DCM/Et,0, 50:50) afforded 6-amino-1,3-diphenyl-1,2,4-benzotriazin-7-
one 252a as yellow needles; mp (hot stage) 279-281 °C (PhH), (lit.>*¢ 279-282 °C); R¢0.21
(n-hexane/t-BuOMe, 25:75); ou (500 MHz; TFA-d) NH peak missing, 8.09 (2H, d, J 7.6, Ar
H), 7.79-7.65 (TH, m, Ar H), 7.58-7.48 (3H, m, Ar H); m/z (MALDI-TOF) 316 (MH"+1,
34%), 315 (MH", 100), 314 (M", 4); identical to an authentic sample.

8.6.3.2 6-Phenyl-8-(trifluoromethyl)-[1,2,5] thiadiazolo[3'4':5,6] benzo[1,2-¢][1,2,4]-
triazin-4(6H)-one 251b

Similar treatment of 1-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-7(1H)-one 221a (58.3
mg, 0.2 mmol) with S4Ns (5 x 73.7 mg, 5 x 0.4 mmol) for a total of 7 h, gave upon
chromatography (DCM/Et;O, 95:5) the 2-(trifluoromethyl)-7H-[1,2,5]-thiadiazolo[3,4-
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b][1,2,4]triazino[1,6,5-mn]phenothiazin-7-one 253a (13.7 mg, 18%) as red needles; mp (hot
stage) not observed; mp (DSC) onset: 309.7 °C, peak max: 310.8 °C (PhH); Rr 0.83 (n-
hexane/DCM/t-BuOMe, 30:60:10); R 0.30 (n-hexane/DCM/t-BuOMe, 60:30:10); found: C,
44.46; H, 0.62; N, 18.82. CisH4F3Ns0S2 requires C, 44.33; H, 1.06; N, 18.46%;
Jmax(DCM)/nm 282 (log € 4.62), 336 (4.35), 500 (3.64), 819 (3.18); Vmax/cm ! 3055w (Ar C-
H), 1613s (C=0), 1586s, 1533s, 1491m, 1468s, 1412m, 1385s, 1375m, 1354m, 1335m,
1302m, 1206s, 1153s, 1142s, 1125s, 1115s, 1078m, 1043m, 1038m, 949m, 891s, 868m,
839m, 829w, 776s, 768s, 748m, 735s, 718s; on(500 MHz, TFA-d) 8.24 (1H, d, J 9.0, Ar H),
7.48 (1H, dd, J 6.8, 6.8, Ar H), 7.36 (1H, brs, Ar H), 7.16 (1H, d, J 7.5, Ar H); m/z (MALDI-
TOF, DHB matrix) 380 (MH", 21%), 379 (M", 100). Further elution (DCM/-BuOMe,
80:20) afforded the title compound 251b (34.3 mg, 49%) as purple needles; mp (hot stage)
230.2-232.2 °C (PhH); mp (DSC) onset: 235.1 °C, peak max: 236.0 °C (PhH); Rr 0.64
(DCM/t-BuOMe, 90:10); found: C, 48.27; H, 1.75; N, 20.04. Ci14HeF3NsOS requires C,
48.14; H, 1.73; N, 20.05%; Amax(DCM)/nm 259 (log ¢ 4.35), 298 (4.33), 311 (4.32), 324
(4.21), 372 (3.82), 390 (3.77), 457 inf (3.22), 492 inf (3.39), 526 (3.45), 571 inf (3.33), 624
inf (2.91); vmax/em ! 3061w (Ar C-H), 1626s, 1586m, 1547s, 1491m, 1456w, 1412w, 1396s,
1350m, 1323w, 1287w, 1260w, 1240s, 1206s, 1180w, 1138s, 1115m, 1103s, 1076w, 1049s,
1024w, 1001w, 908s, 858m, 839m, 829s, 799w, 791m, 773s; ou(500 MHz, CDCl3) 7.68—
7.61 (3H, m, Ar H), 7.54-7.53 (2H, m, Ar H), 6.19 (1H, s, H8); 6c(125 MHz, CDCl3) 173.6
(s, C=0), 157.3 (s), 151.9 (s), 151.3 (s), 142.4 (q, 2Jrc 38.8, CCF3), 140.1 (s), 139.7 (s),
131.1 (d), 130.7 (d), 125.1 (d), 119.0 (q, 'Jrc 272.5, CF3), 100.6 (d); m/z (MALDI-TOF) 350
(MH", 100%). Further elution (DCM/Et;O, 50:50) gave 6-amino-1-phenyl-3-
(trifluoromethyl)-1,2,4-benzotriazin-7-one 252b (10.5 mg, 17%) as orange needles; mp (hot
stage) not observed (PhH); mp (DSC) onset: 349.4 °C, peak max: 352.1 °C (PhH); Rr 0.65
(DCM/t-BuOMe, 50:50); found: C, 54.84; H, 2.92; N, 18.38. C14HoF3N4O requires C, 54.91;
H, 2.96; N, 18.29%; Amax(DCM)/nm 266 (log ¢ 3.97), 284 inf (3.81), 323 inf (3.18), 374 inf
(3.19), 396 inf (3.56), 416 (3.66), 495 inf (2.68); Vma/em ' 3381w, 3300w, 3233m and
3196m (N-H), 1578s, 1574s, 1551s, 1505m, 1493m, 1458w, 1416m, 1393m, 1339w, 1310w,
1285s, 1227w, 1198s, 1155s, 1130s, 1092m, 1063m, 1028w, 995s, 918w, 855m, 830m, 772s,
756m, 737w; ou(500 MHz, DMSO-ds) 8.62 (1H, br s, NH), 7.80 (1H, br s, NH), 7.70-7.64
(5H, m, Ar H), 6.73 (1H, s, H8), 5.64 (1H, s, H5); 6c(125 MHz, DMSO-ds) 173.2 (s, C=0),
155.3 (s), 151.7 (s), 142.6 (q, 2Jec 35.0, CCF3), 140.8 (s), 136.3 (s), 130.2 (d), 129.9 (d),
126.1 (d), 119.8 (q, 'Jrc 272.5, CF3), 98.0 (d), 95.0 (d); m/z (MALDI-TOF) 308 (MH'+1,
9%), 307 (MH", 100).
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8.6.4 Synthesis of 1,2,5-Thiadiazolo-1,2,4-triazino-1,6,5-carbazol-7(1H)-ones 254

(1,2,5-Thiadiazolo-1,2,4-triazafluoranthenones)

8.6.4.1 2-Phenyl-7H-[1,2,5]thiadiazolo[3,4-b] [1,2,4]triazino[1,6,5-1m] carbazol-7-one
254a

Method A — Thermolysis: A stirred mixture of 2-phenyl-7H-[1,2,5]thiadiazolo|[3,4-
b][1,2,4]triazino[1,6,5-mn]phenothiazin-7-one 253a (38.7 mg, 0.1 mmol) and m-terphenyl
(115.2 mg, 0.5 mmol) under an argon atmosphere was immersed into a preheated (~ 270 °C)
Wood's metal bath for 3 h. The mixture was left to cool down at ca. 20 °C, diluted with DCM
(2 mL) and poured onto a short silica pad, washed with DCM to remove the remaining m-
terphenyl and by-products and then chromatographed (DCM/-BuOMe, 80:20) to afford the
title compound 254a (34.8 mg, 98%) as maroon needles; mp (hot stage) not observed; mp
(DSC) onset: 304.9 °C, peak max: 307.7 °C (c-hexane/PhMe, 90:10); Rr 0.43 (n-
hexane/DCM/t-BuOMe, 60:30:10); Rr0.87 (n-hexane/DCM/t-BuOMe, 30:60:10); found: C,
64.49; H, 2.46; N, 20.14. C19HoN;sOS requires C, 64.22; H, 2.55; N, 19.71%); Amax(DCM)/nm
247 (log € 4.19), 273 (4.26), 299 (4.41), 317 (4.22), 378 (3.82), 392 (3.77), 413 (3.67), 466
inf (3.11), 496 (3.17), 530 (3.13), 572 inf (2.85); vma/em ' 1661s, 1649s, 1613m, 1586w,
1530m, 1503m, 1493m, 1466s, 1449s, 1437m, 1408w, 1371w, 1343m, 1335m, 1321w,
1263m, 1236m, 1177w, 1161s, 1148m, 1115m, 1017m, 934m, 912m, 847m, 818s, 783m,
770m, 758m, 747s, 743s; ou(500 MHz, 50 °C, CD2Cl,) 8.68-8.67 (2H, m, Ar H), 8.56 (1H,
d,J7.5, Ar H), 8.48 (1H, d, J 8.0, Ar H), 7.79 (1H, dd, J 7.5, 7.0, Ar H), 7.74 (1H, dd, J 8.0,
7.5, Ar H), 7.65-7.63 (3H, m, Ar H); m/z (MALDI-TOF) 356 (MH", 100%), 355 (M", 11),
339 (34), 333 (37).

Method B — Reaction with S4N4: To a stirred solution of 2-phenyl-6H-[1,2,4]triazino[5,6,1-
Jjk]carbazol-6-one 255 (59.5 mg, 0.2 mmol) in DMF (4.0 mL) at ca. 20 °C under an argon
atmosphere, was added S4Ns (73.7 mg, 0.4 mmol) and the reaction mixture was then
immersed into a preheated (~ 153 °C) Wood's metal bath. Additional S4N4 (4 x 73.7 mg)
was added portion wise over a period of 5 h. After a total of 7 h heating, the reaction was
allowed to cool at ca. 20 °C and extracted with 50:50 HO/DCM (100 mL). The organic
layer was separated, washed with additional H,O (20 mL), dried (MgSQOs4), filtered and
volatiles were removed in vacuo. Chromatography (DCM/t-BuOMe, 80:20) gave the title
compound 254a (56.1 mg, 79%) as maroon needles; mp (hot stage) not observed; mp (DSC)
onset: 304.9 °C, peak max: 307.7 °C (c-hexane/PhMe, 90:10); Rr 0.87 (n-hexane/DCM/t-
BuOMe, 30:60:10); Amax(DCM)/nm 247 (log € 4.19), 273 (4.26), 299 (4.41),317 (4.22), 378
(3.82),392(3.77), 413 (3.67), 466 inf (3.11), 496 (3.17), 530 (3.13), 572 inf (2.85); Vmax/cm !
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1661s, 1649s, 1613m, 1586w, 1530m, 1503m, 1493m, 1466s, 1449s, 1437m, 1408w,
1371w, 1343m, 1335m, 1321w, 1263m, 1236m, 1177w, 1161s, 1148m, 1115m, 1017m,
934m, 912m, 847m, 818s, 783m, 770m, 758m, 747s, 743s; ou(500 MHz, 50 °C, CD:Cl,)
8.68-8.67 (2H, m, Ar H), 8.56 (1H, d, J 7.5, Ar H), 8.48 (1H, d, J 8.0, Ar H), 7.79 (1H, dd,
J1.5,7.0, Ar H), 7.74 (1H, dd, J 8.0, 7.5, Ar H), 7.65-7.63 (3H, m, Ar H); m/z (MALDI-
TOF) 356 (MH", 100%), 355 (M, 11), 339 (34), 333 (37); identical to that described above.

8.6.4.2 2-(Trifluoromethyl)-7H-[1,2,5] thiadiazolo[3,4-b] [1,2,4] triazino[ 1,6, 5-1m/ -
carbazol-7-one 254b

Method A. Similar treatment of 2-(trifluoromethyl)-7H-[1,2,5]-thiadiazolo[3,4-b][1,2,4]-
triazino[ 1,6,5-mn]phenothiazin-7-one 253b (37.9 mg, 0.1 mmol) with m-terphenyl (115.2
mg, 0.5 mmol) gave upon chromatography (DCM/-BuOMe, 80:20) the title compound 254b
(33.7 mg, 97%) as maroon needles; mp (hot stage) not observed; mp (DSC) onset: 274.7 °C,
peak max: 277.9 °C (c-hexane/PhMe, 90:10); R¢ 0.89 (n-hexane/DCM/t-BuOMe, 30:60:10);
found: C, 48.29; H, 1.44; N, 20.13. Ci4H4F3NsOS requires C, 48.42; H, 1.16; N, 20.17%;
Amax(DCM)/nm 247 inf (log € 4.38), 270 (4.55), 295 inf (4.32), 305 (4.39), 317 (4.38), 345
inf (3.81), 366 (4.01), 386 inf (3.97), 407 (4.00), 469 inf (3.24), 499 (3.33), 531 (3.29), 578
inf (2.97); vmax/cm ! 1659s, 1620w, 1597m, 1530m, 1467m, 1413m, 1379s, 1352m, 1335m,
1306m, 1263m, 1246m, 1204s, 1144s, 1113s, 1103m, 1040s, 941s, 889m, 862w, 826s, 777s,
758s, 729s; ou(500 MHz, CDCl3) 8.63 (1H, d, J 8.0, Ar H), 8.44 (1H, d, J 8.5, Ar H), 7.86
(1H, ddd, J 8.0, 8.0, 1.0, Ar H), 7.79 (1H, dd, J 7.8, 7.8, 1.0, Ar H); 6c(125 MHz, CDCl)
170.0 (s, C=0), 161.1 (s), 153.6 (s), 149.2 (s), 148.0 (q, *Jcr 38.8, CCF3), 134.7 (s), 130.5
(d), 128.3 (s), 128.0 (d), 126.1 (s), 123.7 (d), 119.4 (q, 'Jcr 273.8, CF3), 113.5 (d), 108.1 (s);
m/z (MALDI-TOF) 349 (MH"+1, 69%), 348 (MH", 100).

8.6.5 Synthesis of 1,2,5-Thiadiazolo-1,2,4-benzotriazin-4(6H)-ylidenemalono-
nitriles 256

8.6.5.1 2-(6,8-Diphenyl[1,2,5]thiadiazolo[3",4":5,6] benzo[1,2-e][1,2,4] triazin-4(6H)-

vlidene)malononitrile 256a

To a stirred solution of 6,8-diphenyl[1,2,5]thiadiazolo[3',4":5,6]benzo[1,2-¢][1,2,4]triazin-
4(6H)-one 251a (71.5 mg, 0.2 mmol) in PhMe (2 mL) at ca. 20 °C was added TCNEO (43.3
mg, 0.3 mmol) and the reaction mixture was then immersed into a pre-heated (~ 115 °C) oil
bath. The reaction mixture was then heated at reflux for 1 h, cooled at ca. 20 °C, poured over
a silica dry-flash column and chromatographed (DCM) to afford the title compound 256a
(24.3 mg, 30%) as brown shiny needles; mp (hot stage) not observed; mp (DSC) onset: 392.6
°C, peak max: 394.6 °C (PhMe); Rr0.83 (DCM/t-BuOMe, 90:10); found: C, 64.99; H, 2.68;
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N, 24.15. C22H11N7S requires C, 65.17; H, 2.73; N, 24.18%; Amax(DCM)/nm 279 (log £ 4.07),
311 (4.02), 320 (4.01), 352 inf (3.86), 403 (3.46), 477 inf (3.96), 503 (4.08), 583 inf (3.43),
631 (3.47), 687 inf (3.40), 772 inf (3.04); vma/em ! 3067w (Ar C-H), 2205s (C=N), 2193m
(C=N), 1530s, 1526, 1493s, 1460m, 1439w, 1423m, 1385s, 1358m, 1314w, 1281s, 1244m,
1209w, 1165w, 1159w, 1123w, 1101w, 1070w, 1043w, 1022w, 1001w, 945m, 910w, 853m,
843m, 824w, 787m, 764w, 743m; 5u(500 MHz, CDCl3) 8.35 (2H, dd, /8.0, 1.0, Ar H), 7.73
(2H, dd, J 7.3, 7.3, Ar H), 7.68-7.64 (3H, m, Ar H), 7.56-7.51 (3H, m, Ar H), 6.70 (1, s,
HB); 5c(125 MHz, DMSO-de) 153.9 (s), 152.4 (s), 150.9 (s), 150.5 (s), 145.0 (s), 140.8 (),
138.5 (s), 132.7 (5), 131.5 (d), 131.1 (d), 130.5 (d), 129.2 (d), 126.7 (d), 125.6 (d), 116.6 (s,
C=N), 116.5 (s, C=N), 93.9 (d), 58.2 [s, C(CN),]; m/z (MALDI-TOF, DHB matrix) 407
(MH"+1, 21%), 406 (MH", 100), 405 (M", 56).

8.6.5.2 2-[6-Phenyl-8-(trifluoromethyl)[1,2,5] thiadiazolo[3'4':5,6] benzo[ 1, 2-
e/[1,2,4]triazin-4(6H)-ylidene]malononitrile 256b

Similar treatment of 6-phenyl-8-(trifluoromethyl)[1,2,5]thiadiazolo[3',4":5,6]benzo[1,2-
e][1,2,4]triazin-4(6H)-one 251b (69.9 mg, 0.2 mmol) with TCNEO (43.3 mg, 0.3 mmol)
gave upon chromatography (DCM) the title compound 256b (20.7 mg, 26%) as green plates;
mp (hot stage) sublimation 279.1-285.3 °C; mp (DSC) onset: 288.2 °C, peak max: 288.5 °C
(PhMe); Rr 0.88 (DCM/t-BuOMe; 90:10); found: C, 51.28; H, 1.48; N, 24.57. C17HsF3N7S
requires C, 51.39; H, 1.52; N, 24.68%; Amax(DCM)/nm 271 inf (log € 3.69), 298 (3.84), 369
(3.35), 390 (3.32), 446 (3.68), 473 (3.80), 524 inf (1.98), 573 (3.11), 623 (3.17), 679 (3.09),
762 inf (2.72); vmax/cm™ ' 3044w (Ar C-H), 2214s (C=N), 1545s, 1522w, 1508m, 1491m,
1472w, 1464w, 1456w, 1420s, 1371s, 1344w, 1277s, 1263m, 1221m, 1198s, 1179m, 1157m,
1148s, 1117s, 1065s, 1030w, 1003w, 949m, 920w, 858s, 845m, 829m, 799m, 772m, 754w,
739s; ou(500 MHz, CDCls) 7.73-7.65 (3H, m, Ar H), 7.58-7.56 (2H, m, Ar H), 6.70 (1H, s,
HS); dc(125 MHz, CDCls) 154.3 (s), 152.7 (s), 149.8 (s), 144.9 (s), 144.7 (q, “Jrc 39.6,
CCF3), 139.6 (s), 136.4 (s), 131.8 (d), 131.0 (d), 124.7 (d), 118.7 (q, 'Jrc 272.9, CF3), 114.5
(s, C=N), 114.2 (s, C=N), 96.4 (d), 70.9 [s, C(CN)2]; m/z (MALDI-TOF) 399 (MH"+1, 20%),
398 (MH", 57), 397 (M", 100), 153 (57).

8.7 Compounds Related to Chapter 7
8.7.1 Synthesis of 1,3-diaryl-1,4-dihydro-1,2,4-benzotriazines 219

8.7.1.1 1-Phenyl-3-(pyrid-2-yl)-1,4-dihydro-1,2,4-benzotriazine 219e

To a vigorously stirred suspension of N'-(2-nitrophenyl)-N'-phenylpicolinohydrazide 236e
(0.334 g, 1.0 mmol) in AcOH (5.0 mL), was added in one portion Sn powder (0.475 g, 4.0
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mmol) and the mixture was stirred at ca. 20 °C for 0.5 h and then heated at ca. 118 °C for
10 min, filtrated and washed with ~-BuOMe (50 mL). The organic phase was washed with
H>0 (2 x 50 mL), dried (Na>S0Os) and the volatiles were removed in vacuo. Chromatography
(z-BuOMe) of the residue gave the title compound 219e (0.243 g, 85%) as red cubes; mp
(DSC) onset: 126.9 °C, peak max: 127.5 °C (EtOH); Rr 0.57 (n-hexane/t-BuOMe, 50:50);
found: C, 75.30; H, 4.79; N, 19.47. CisH14N4 requires C, 75.50; H, 4.93; N, 19.57%;
Amax(DCM)/nm 269 (log & 3.28), 309 inf (2.97), 426 (2.40); vmax/cm ™! 3368w (N-H), 3061w
and 3011w (Ar C-H), 1587m, 1499m, 1491m, 1481m, 1470m, 1447m, 1420m, 1352w,
1323w, 1306w, 1296m, 1267m, 1248w, 1236w, 1182m, 1171w, 1146w, 1117w, 1076w,
1047w, 1016w, 995w, 918w, 891w, 854w, 831w, 787m, 750s, 737s; ou(500 MHz, DMSO-
ds) 8.86 (1H, s, NH),8.66 (1H, d, J 4.7, Ar H), 8.06 (1H, d, J 7.9, Ar H), 7.91 (1H, ddd, J
15.5,7.8, 1.5, Ar H), 7.53 (1H, ddd, J 12.2, 5.8, 0.7, Ar H), 7.47 (2H, d, J 7.6, Ar H), 7.42
(2H, dd, J 7.8, 7.8, Ar H), 7.13 (1H, dd, J 7.2, 7.2, Ar H), 6.96 (1H, dd, J 7.6, 1.1, Ar H),
6.75 (1H, ddd, J 15.1, 7.6, 1.0, Ar H), 6.68 (1H, ddd, J 15.4, 7.7, 1.2, Ar H), 6.42 (1H, d, J
7.7, Ar H); oc(125 MHz, DMSO-ds) 148.2 (d), 147.8 (s), 146.4 (s), 143.5 (s), 137.0 (d),
133.5(s), 133.1 (s), 129.0 (d), 124.9 (d), 123.5 (d), 123.4 (d), 123.0 (d), 121.2 (d), 120.5 (d),
114.4 (d), 111.4 (d); m/z (MALDI-TOF) 287 (MH", 10%), 286 (M", 100), 285 (1).

8.7.1.2 1-Phenyl-3-(pyrid-2-yl)-7-(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazine
219f

Similar treatment of N'-[2-nitro-5-(trifluoromethyl)phenyl]-N'-phenylpicolinohydrazide
236f (0.402 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5.0 mL) at ca.
20 °C for 0.5 h and then at ca. 118 °C for 10 min, gave upon chromatography (n-hexane/s-
BuOMe, 70:30) the title compound 219 (0.329 g, 93%) as red needles; mp (hot stage) 132.3—
134.7 °C (n-hexane); Rr 0.60 (n-hexane/t-BuOMe, 50:50); found: C, 64.34; H, 3.62; N,
15.72. Ci9H13F3N4 requires C, 64.40; H, 3.70; N, 15.81%; Amax(DCM)/nm 264 (log ¢ 4.24),
314 (3.95), 438 (3.28); vmax/cm ' 3348m (N-H), 3061w (Ar C-H), 1589m, 1568m, 1518m,
1491m, 1481m, 1462m, 1437m, 1414s, 1366m, 1320s, 1312s, 1298s, 1278s, 1165s, 1126s,
1099s, 1071s, 1044m, 1034s, 1024m, 999m, 905s, 874s, 806s, 787s, 754s, 743s; ou(500
MHz, DMSO-ds) 9.32 (1H, s, NH), 8.67 (1H, dd, /4.0, 1.0, Ar H), 8.03 (1H, d, J 8.0, Ar H),
7.92 (1H, ddd, J 8.0, 7.5, 2.0, Ar H), 7.55 (1H, ddd, J 7.5, 5.0, 1.0, Ar H), 7.51-7.46 (4H, m,
ArH),7.24-7.21 (1H, m, Ar H), 7.07 (2H, s, Ar H), 6.38 (1H, s, Ar H); 6c(125 MHz, DMSO-
de) 148.2 (d), 147.3 (s), 145.9 (s), 142.8 (s), 137.4 (s), 137.1 (d), 134.5 (s), 129.3 (d), 125.2
(d), 124.8 (d), 124.0 (q, 'Jcr 269.63, CF3), 123.3 (q, 2Jcr 31.75, CCF3), 122.2 (d), 120.8 (q,
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3Jcr 4.25, CHCCF3), 120.6 (d), 113.9 (d), 106.5 (g, *Jcr 3.63, CHCCF3); m/z (MALDI-TOF)
354 (M*, 100%), 353 (13).

8.7.1.3 3-Phenyl-1-(pyrid-2-yl)-1,4-dihydro-1,2,4-benzotriazine 219g

Similar treatment of N'-(2-nitrophenyl)-N'"-(pyrid-2-yl)benzohydrazide 236n (0.334 g, 1.0
mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5.0 mL) at ca. 20 °C for 0.5 h and
then at ca. 118 °C for 10 min, gave upon chromatography (-~-BuOMe) the title compound
219g (0.246 g, 86%) as yellow needles; mp (hot stage) 155.0-157.2 °C (n-hexane/t-
BuOMe); Rr0.83 (n-hexane/t-BuOMe, 30:70); found: C, 75.39; H, 4.86; N, 19.49. C1sH14N4
requires C, 75.50; H, 4.93; N, 19.57%; Amax(DCM)/nm 241 (log ¢ 4.40), 254 (4.40), 294
(4.13), 345 (4.07), 423 inf (3.20); vmax/cm ' 3245 (N-H), 1589m, 1566w, 1495m, 1485s,
1470s, 1449m, 1429s, 1352w, 1296s, 1260m, 1182w, 1146m, 1074w, 1055m, 1045m,
1017m, 991w, 978m, 918w, 881m, 876m, 772s, 750s, 743s; ou(500 MHz, DMSO-ds) 9.14
(1H, br s, NH), 8.18 (1H, d, J 3.6, Ar H), 7.94 (2H, dd, J 7.5, 2.0, Ar H), 7.75-7.69 (2H, m,
Ar H), 7.55-7.50 (4H, m, Ar H), 6.89-6.87 (4H, m, Ar H); oc(125 MHz, DMSO-ds) 155.4
(s), 150.3 (s), 146.4 (d), 137.9 (d), 134.0 (s), 131.0 (s), 130.6 (d), 128.8 (s), 128.5 (d), 126.6
(d), 124.1 (d), 122.6 (d), 117.5 (d), 115.6 (d), 114.0 (d), 109.5 (d); m/z (MALDI-TOF) 287
(MH", 25%), 286 (M, 100).

8.7.1.4 3-Phenyl-1-(pyrid-2-yl)-7-(trifluoromethyl)- 1,4-dihydro-1,2,4-benzotriazine
219h

Similar treatment of N'-[2-nitro-5-(trifluoromethyl)phenyl]-N'-phenylpicolinohydrazide
236f (0.402 g, 1.0 mmol) with Sn powder (0.475 g, 4.0 mmol) in AcOH (5.0 mL) at ca.
20 °C for 0.5 h and then at ca. 118 °C for 10 min, gave upon chromatography (n-hexane/#-
BuOMe, 70:30) the title compound 219h (0.297 g, 84%) as yellow needles; mp (hot stage)
150.8-152.2 °C (n-hexane); Rr 0.50 (n-hexane/t-BuOMe, 50:50); found: C, 64.53; H, 3.77,
N, 15.69. Ci9H13F3N4 requires C, 64.40; H, 3.70; N, 15.81%; Amax(DCM)/nm 242 (log ¢
4.32), 256 (4.30), 306 (4.09). 353 (3.77); Vmax/'em ' 3277w (N-H), 1599m, 1591m, 1560m,
1504m, 1487m, 1474s, 1433s, 1418s, 1371w, 1319s, 1296w, 1267w, 1256m, 1184w, 1159s,
1152s, 1130w, 1107s, 1070m, 1055w, 1039w, 1022s, 991w, 978m, 907s, 891s, 881w, 864w,
845w, 824s, 768s, 733s; on(500 MHz, DMSO-ds) 9.43 (1H, s, NH), 8.24 (1H, dd, J 4.5, 1.0,
Ar H), 8.13 (1H, d, J 1.5, Ar H), 7.92 (2H, dd, J 8.5, 1.5, Ar H), 7.77 (1H, ddd, J 8.5, 7.0,
1.5, Ar H), 7.57-7.51 (4H, m, Ar H), 7.21 (1H, dd, J 8.5, 1.0, Ar H), 6.97-6.94 (2H, m, Ar
H); 6c(125 MHz, DMSO-ds) 155.3 (s), 149.5 (s), 146.4 (d), 138.1 (d), 137.8 (s), 130.8 (d),
130.4 (s), 129.5 (s), 128.5 (d), 127.2 (d), 122.1 (q, 'Jcr 276.6, CF3), 122.8 (q, *Jcr 31.5,
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CCFs), 121.3 (q, *Jcr 4.13, CHCCF3), 116.5 (d), 113.9 (d), 113.3 (g, 37 3.8, CHCCF3), 110.0
(d); m/z (MALDI-TOF) 356 (MH2*, 21 %), 355 (MH" 71), 354 (M", 100).

8.7.2 Synthesis of 4,5'-bi(1,4-dihydro-1,2,4-benzotriazin-4-yl) dimers 257

8.7.2.1 4,5-Bi[1,3-di(pyrid-2-yl)-7-trifluoromethyl- 1,4-dihydro-1,2,4-benzotriazin-4-
vi] 257a

Method A — Using MnQO>: To a vigorously stirred solution of 1,3-di(pyrid-2-yl)-7-
(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazine 219¢ (0.355 g, 1.0 mmol) in DCM (10
mL) at ca. 20 °C, was added in one portion MnO> (0.869 g, 10.0 mmol) and the reaction
mixture was stirred at ca. 20 °C for 48 h. The mixture was filtered (Celite®), rinsed with
DCM (50 mL) and the volatiles were removed in vacuo. The residue was chromatographed
(ALLO3, DCM/t-BuOMe, 50:50) to give the title compound 257a (0.173 g, 49%) as black
needles; mp (DSC) onset: 218.1°C, peak max: 222.9 °C (MeCN); Rr 0.49 (ALLO3, DCM);
found C, 60.93; H, 3.07; N, 19.89. C3sH21FsNio requires C, 61.11; H, 2.99; N, 19.79%;
Amax(DCM)/nm 267 (log & 4.66), 282 inf (4.63), 328 inf (4.36), 436 (3.78), 510 (3.31);
Vmax/cm” ! 3061w and 3011w (Ar C-H), 1585m, 1568w, 1514w, 1466m, 1429s, 1402m,
1375m, 1344s, 1325s, 1290m, 1271s, 1233w, 1190w, 1161s, 1115s, 1088m, 1061m, 1043w,
991w, 947w, 912m, 878m, 822m, 800m, 775m, 743m, 733w; m/z (MALDI-TOF) 709
(MH"+1, 39%), 708 (MH", 100), 696 (24), 630 (8), 617 (20), 603 (9), 588 (17), 354 (8), 342
(9), 339 (6).

Method B - Using Ag:0: To a vigorously stirred solution of 1,3-di(pyrid-2-yl)-7-
(trifluoromethyl)-1,4-dihydro-1,2,4-benzotriazine 219¢ (0.355 g, 1.0 mmol) in DCM (10
mL) at ca. 20 °C, was added in one portion Ag>O (0.463 g, 2.0 mmol) and the reaction
mixture was stirred at ca. 20 °C for 48 h. The mixture was filtered (Celite®), rinsed with
DCM (50 mL) and the volatiles were removed in vacuo. The residue was chromatographed
(AlLO3, DCM/t-BuOMe, 50:50) to give the title compound 257a (0.290 g, 82%) as black
needles; mp (DSC) onset: 218.1°C, peak max: 222.9 °C (MeCN); Rr 0.49 (ALLO3, DCM);
vma/em ' 3061w and 3011w (Ar C-H), 1585m, 1568w, 1514w, 1466m, 1429s, 1402m,
1375m, 1344s, 1325s, 1290m, 1271s, 1233w, 1190w, 1161s, 1115s, 1088m, 1061m, 1043w,
991w, 947w, 912m, 878m, 822m, 800m, 775m, 743m, 733w; m/z (MALDI-TOF) 709
(MH™+1, 39%), 708 (MH", 100); identical to that described above.
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8.7.2.2 4,5'-Bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl-1,4-dihydro-1,2,4-
benzotriazin-4-yl] 257b

To a vigorously stirred solution of 3-phenyl-1-(pyrid-2-yl)-7-(trifluoromethyl)-1,4-dihydro-
1,2,4-benzotriazine 219h (0.354 g, 1.0 mmol) in DCM (10 mL) at ca. 20 °C, was added DBU
(0.150 mL, 1.0 equiv) and Pd/C (10% w/t, 0.017 g, 0.16 mmol) and the reaction mixture was
stirred at ca. 20 °C for 96 h. The mixture was filtered (Celite®), rinsed with DCM (50 mL)
and the volatiles were removed in vacuo. The residue was chromatographed (silica, n-
hexane/DCM, 50:50) to give the 3-phenyl-1-(pyrid-2-yl)-7-(trifluoromethyl)-1,2,4-
benzotriazin-4(1H)-yl 218q (0.148 g, 42%) as black needles; mp 118.1-120.5 °C (n-hexane);
R$0.80 (DCM); vmax/cm ™! 3127w and 3059w (Ar C-H), 1578s, 1505w, 1464m, 1427s, 1416s,
1356m, 1300s, 1306s, 1281m, 1267s, 1242m, 1186m, 1153s, 1132w, 1115s, 1078w, 1067s,
1047w, 1028m, 991w, 905s, 901m, 849w, 827s, 788s, 750m, 735s; m/z (MALDI-TOF) 355
(MH"+1, 34%), 354 (MH", 67), 353 (M", 100); identical to that described in Sect. 8.5.5.15.
Further elution (DCM) gave the title compound 257b (0.155 g, 44%) as black needles; mp
(hot stage) 143.5-144.7 °C (n-hexane); Rr 0.40 (DCM); found C, 64.79; H, 3.21; N, 15.64.
C3sH23FsNg requires C, 64.68; H, 3.29; N, 15.88%; Amax(DCM)/nm 266 (log ¢ 4.94), 278
(4.96), 324 (4.60), 348 inf (4.45), 390 inf (4.19), 435 (4.11), 511 (3.68), 571 inf (3.46), 608
inf (3.34); vmax/cm ™! 3061w (Ar C-H), 1584m, 1514m, 1464s, 1431s, 1404s, 1371m, 1342s,
1325s, 1283m, 1267s, 1190m, 1163s, 1128s, 1090s, 1072m, 1055m, 1044w, 1026m, 993w,
945w, 908m, 887m, 820m, 777m, 768s, 733s; m/z (MALDI-TOF) 707 (MH"+1, 24%), 706
(MH", 46), 705 (M", 100), 704 (78).

8.7.3 Synthesis of 2,5'-bi(1,4-dihydro-1,2,4-benzotriazin-4-yl) dimer 258

8.7.3.1 2,5'-Bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl- 1,4-dihydro-1,2,4-
benzotriazin-4-yl] 258

To a vigorously stirred solution of 3-phenyl-1-(pyrid-2-yl)-7-(trifluoromethyl)-1,2,4-
benzotriazin-4(1H)-yl 218q (0.353 g, 1.0 mmol) in DCM (10 mL) at ca. 20 °C, was added
DBU (0.150 mL, 1.0 equiv) and Ag>O (0.232 g, 1 equiv) and the reaction mixture was stirred
at ca. 20 °C for 48 h. The mixture was filtered (Celite®), rinsed with DCM (50 mL) and the
volatiles were removed in vacuo. The residue was chromatographed (silica, n-hexane/DCM,
50:50) to give the 3-phenyl-1-(pyrid-2-yl)-7-(trifluoromethyl)-1,2,4-benzotriazin-4(1H)-yl
218q (0.148 g, 42%) as black needles; mp 118.1-120.5 °C (n-hexane); Rr 0.80 (DCM);
Vmax/cm ' 3127w and 3059w (Ar C-H), 1578s, 1505w, 1464m, 1427s, 1416s, 1356m, 1300s,
1306s, 1281m, 1267s, 1242m, 1186m, 1153s, 1132w, 1115s, 1078w, 1067s, 1047w, 1028m,
991w, 905s, 901m, 849w, 827s, 788s, 750m, 735s; m/z (MALDI-TOF) 355 (MH'+1, 34%),
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354 (MH", 67), 353 (M*, 100); identical to that described in Sect. 8.5.5.15. Further elution
(DCM) gave the title compound 258 (0.109 g, 31%) as black cubes; mp (hot stage) 170.0—
171.8 °C (c-hexane); Rt 0.77 (DCM); found C, 64.55; H, 3.18; N, 15.80. C3sH23FsNs requires
C, 64.68; H, 3.29; N, 15.88%; Amax(DCM)/nm 258 inf (log ¢ 4.87), 278 (4.89), 318 (4.67),
348 inf (4.46), 404 inf (3.87), 466 (3.67), 546 inf (3.34), 607 inf (3.25); vmax/cm™' 3055w,
2957w, 2926w and 2880w (Ar C-H), 1587m, 1541m, 1537m, 1493w, 1466m, 1427s, 1404s,
1377m, 1331s, 1306w, 1290m, 1285m, 1267w, 1244m, 1165s, 1226s, 1125s, 1063m,
1026w, 991w, 974w, 951w, 930w, 907m, 895w, 864m, 845w, 773s, 760m, 745m, 737m,;
m/z (MALDI-TOF) 707 (MH'+1, 13%), 706 (MH", 22), 705 (M", 100). Further elution
(DCM) gave 4,5'-bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl-1,2,4-benzotriazin-4(1H)-yl]
257b (0.134 g, 38%) as black needles; mp (hot stage) 143.5-144.7 °C (n-hexane); Ry 0.40
(DCM); vmax/cm!' 3061w (Ar C-H), 1584m, 1514m, 1464s, 1431s, 1404s, 1371m, 1342s,
1325s, 1283m, 1267s, 1190m, 1163s, 1128s, 1090s, 1072m, 1055m, 1044w, 1026m, 993w,
945w, 908m, 887m, 820m, 777m, 768s, 733s; m/z (MALDI-TOF) 707 (MH"+1, 24%), 706
(MH", 46), 705 (M", 100), 704 (78); identical to that described in Sect. 8.7.2.2.

8.8 X—Ray Crystallography

8.8.1 General procedure and instrumentation

Data were collected on an Oxford-Diffraction Supernova diffractometer, equipped with a
CCD area detector utilizing Mo-Ka radiation (A = 0.71072 A) for compounds 104, 206, and
248b, and Cu-Ka radiation (4 = 1.5418 A) for compounds 155, 158, 159, 172, 195, 205, 215,
221¢, 221d, 256b, and 258. A suitable crystal was attached to glass fibers using paratone-N
oil and transferred to a goniostat where they were cooled for data collection. Unit cell
dimensions were determined and refined by using 3360 (3.31° < 6 < 25.00°) reflections for
104, 4642 (4.22° < 0 < 66.99°) reflections for 155, 1433 (4.76° < 0 < 68.84°) reflections for
158, 10543 (4.90° < 6 < 72.40°) reflections for 159, 3504 (4.86° < 0 < 76.49°) reflections
for 172, 2100 (3.33° < 0 < 67.24°) reflections for 195, 3484 (3.71° < 0 < 67.18°) refelctions
for 205, 4816 (3.12° < 0 < 28.88°) reflections for 206, 7605 (3.33° < 6 < 72.42°) reflections
for 215, 1983 (6.74° < § < 72.24°) reflections for 221¢, 3152 (4.06° < 0 < 74.14°) reflections
for 221d, 2189 (3.06° < O < 28.82°) reflections for 248b, 2992 (4.72° < 6 < 66.99°)
reflections for 256b, and 11004 (6.42° < 6§ <67.06°) reflections for 258. Empirical absorption
corrections (multi-scan based on symmetry-related measurements) were applied using
CrysAlis RED software.*’” The structures were solved by direct method and refined on F>

using full-matrix least squares using SHELXL97*® or SHELXL2014 Software packages
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used: CrysAlis CCD*"7 for data collection, CrysAlis*’’ for cell refinement and data
reduction, WINGX for geometric calculations,*”” and DIAMOND** for molecular graphics.
The non-H atoms were treated anisotropically. The hydrogen atoms were placed in

calculated, ideal positions and refined as riding on their respective carbon atoms.
8.8.2 Crystal refinement data
8.8.2.1 Crystal refinement data for isodiphenylfluorindine 104

CCDC-1471912. Purple plates. C31H22CloNs. M =521.43; Triclinic, space group Pl; a =
10.696(5) A, b = 10.736(5) A, ¢ = 11.035(5) A; a = 79.390(5)°, B = 88.543(5)°, y =
78.656(5)°; V = 1221.1(10) A3; Z = 2; T = 100(2) K; peatca = 1.418 g-cm>; 20max = 25.
Refinement of 334 parameters on 4290 independent reflections out of 16675 measured
reflections (Rint = 0.0215) led to R1 = 0.0378 [I > 20(1)], wR> = 0.1149 (all data), and S =
0.978.

8.8.2.2 Crystal refinement data for 13-oxo-isodiphenylfluorindinium perchlorate 155

CCDC-1471911. Green polygons. C31H21C12N4Os. M = 600.42; Monoclinic, space group
P2i/c; a=15.2431(19) A, b =14.4514(5) A, ¢ = 11.8650(8) A; a = 90°, B = 92.196(9)°, y =
90°; V'=2611.8(4) A%; Z=4; T =100(2) K; peatea = 1.527 g-cm>; 26max = 66.99. Refinement
of 397 parameters on 4642 independent reflections out of 4627 measured reflections (Rint =

0.0624) led to R1 = 0.0804 [1 > 2a(I)], wR> = 0.2271 (all data), and S = 0.997.
8.8.2.3 Crystal refinement data for 13,13"-bi(isodiphenylfluorindine) 158

CCDC-1489508. Purple plates. CsoH3sNg. M =870.98; Orthorhombic, space group Ccca; a
=11.3972(8) A, b =26.908(3) A, c = 18.5326(10) A; o = S =y =90° V = 5683.6(8) A*; Z
=4; T=100(2) K; pealed = 1.018 g-cm>; 20max = 67. Refinement of 157 parameters on 2537
independent reflections out of 10098 measured reflections (Rint = 0.0397) led to R1 = 0.0773
[I>20(D)], wR2 = 0.2706 (all data), and S = 1.005.

8.8.2.4 Crystal refinement data for 13, 13"-bi(isodiphenylfluorindone) 159

CCDC-1489509. Orange plates. Cs1H36CINgOs. M =980.43; Orthorombic, space group
Pcca; a=31.3796(6) A, b=9.2968(2) A, c =35.9731(7) A; a= =y =90°, V= 10494.4(4)
A3 Z=4,T=1002)K; Pealed = 1.239 g'cm_3; 20max = 72.75. Refinement of 667 parameters

on 10324 independent reflections out of 10543 measured reflections (Rin: = 0.0452) led to R
=0.0762 [1>20(I)], wR2> = 0.2320 (all data), and S = 1.070.
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8.8.2.5 Crystal refinement data for isodiphenylfluorindinone 172

CCDC-1812205. Green plates. C3sH20F12N4O3. M = 784.56; Triclinic, space group Pl; a =
9.637(3) A, b=13.663(6) A, c=14.998(7) A; a = 116.82(5)°, B =91.45(3)°, y = 106.44(3)°;
V=1663.1(13) A%, Z=2; T = 100(2) K; peaicd = 1.567 g-cm>; 20max = 25. Refinement of
496 parameters on 3504 independent reflections out of 3962 measured reflections (Rint =

0.1270) led to R1 = 0.2394 [1 > 20(I)], wR2 = 0.4953 (all data), and S = 0.978.
88.2.6 Crystal refinement data for 1,3,7,9-tetraphenylhexaazaanthracene 195

CCDC-1062987. Red rods. C3xH»Ne. M = 490.56; Triclinic, space group P2i/c; a =
13.4407(11) A, b = 21.762(2) A, c = 8.4346(8) A; a = 90°, B = 99.174(9)°, y = 90°; V =
2435.5(4) A3, Z=4; T = 100(2) K; peaica = 1.338 g-cm™>; 20max = 67. Refinement of 344
parameters on 4289 independent reflections out of 8791 measured reflections (Rine = 0.0377)

led to R1 =0.0622 [I > 2s(I)], wR2 = 0.2166 (all data), and S = 0.919.

8.8.2.7 Crystal refinement data for quinoidal 1,3,7,8-tetraphenylhexaazaanthracene
205

CCDC-1062989. Red crystals. C32H22Ns. M = 490.56; Monoclinic, space group P2i/c; a =
15.6612(13) A, b =9.6881(8) A, ¢ = 16.3377 (10) A; a=90°, B = 96.112(7)°, y = 90°; V =
2464.8 (3) A3; Z=2; T =100(2) K; peatcd = 1.322 g-cm>; 20max = 67. Refinement of 343
parameters on 3529 independent reflections out of 9363 measured reflections (Rint = 0.0268)

led to R1 = 0.0423 [1> 2s(I)], wR2 = 0.1202 (all data), and S = 1.043.

8.8.2.8 Crystal refinement data for zwitterionic 1,3,7,8-tetraphenylhexaazaanthracene
206

CCDC-1062988. Green crystals. C3aHosN6Clo. M = 589.51; Triclinic, space group Pl; a =
8.8511(5) A, b = 9.8863(4) A, c = 16.5742 (6) A; a = 107.267(3)°, B = 92.876(4)°, y =
90.368(4)°; V' =1382.87(11) A3; Z=2; T = 100(2) K; peated = 1.416 g-cm>; 20max = 25.
Refinement of 379 parameters on 4291 independent reflections out of 8574 measured
reflections (Rint = 0.0302) led to R1 = 0.0412 [1 > 2s(I)], wR> = 0.1206 (all data), and S =
1.088.

8.8.2.9 Crystal refinement data for 5,5"-bi(1,3,7,9-tetraphenylhexaazaanthracene) 215

CCDC-1446791. Dark brown polygons. Cs4sHaoN12. M = 979.10; Monoclinic, space group
P2i/n; a=15.1361(3) A, b = 14.6365(3) A, c = 22.0466(4) A; a = 90°, f = 98.281(2)°, y =
90°; V'=4833.27(17) A%; Z=4; T=100(2) K; pcaica = 1.345 g-cm >; 20max = 67. Refinement
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of 685 parameters on 32646 independent reflections out of 8617 measured reflections (Rint

= 0.0246) led to R1 = 0.0396 [I> 24(I)], wR> = 0.1129 (all data), and S = 1.054.

8.8.2.10  Crystal refinement data for I-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-
7(1H)-one 221c

CCDC-1840989. Purple cubes. C14HgF3N30. M =291.23; Orthorhombic, space group Pbca,;
a=15.4804(4) A, b=7.6884(2) A, ¢ =20.7339(6) A; a = = y = 90°; V' =2467.74(12) A3,
Z=8; T =100Q2) K; peatcd = 1.568 g-cm>; 20max = 67. Refinement of 190 parameters on
2198 independent reflections out of 15140 measured reflections (Rinc = 0.0340) led to R =
0.0366 [1> 2a(I)], wR2 = 0.1035 (all data), and S'= 1.106.

8.8.2.11  Crystal refinement data forl-(perfluorophenyl)-3-phenyl-1,2,4-benzotriazin-
7(1H)-one 221e

CCDC-1840980. Dark blue polygons. Ci19HsFsN3O. M = 389.28; Monoclinic, space group
P21/n; a=12.1586(7) A, b = 6.2942(4) A, ¢ = 20.7512(12) A; a = 90°, B = 95.028(5)°, y =
90°; V'=1581.95(16) A%; Z=4; T =100(2) K; peatca = 1.634 g-cm>; 20max = 67. Refinement
of 253 parameters on 2086 independent reflections out of 3152 measured reflections (Rint =

0.0294) led to R1 = 0.0585 [I> 2a(I)], wR> = 0.2158 (all data), and S = 1.081.

8.8.2.12  Crystal refinement data for2-[1-phenyl-3-(trifluoromethyl)-1,2,4-benzotriazin-
7(I1H)-ylidene] malononitrile 248b

CCDC-1840990. Blue rods. Ci7HgF3Ns. M = 339.22; Triclinic, space group Pl; a =
6.7763(9) A, b = 8.5591(7) A, c = 13.2125(14) A; a = 95.469(8)°, B = 100.076(10)°, y =
99.918(9)°; ¥ = 736.98(14) A3; Z =2; T = 100(2) K; peatca = 1.671 g-cm>; 20max = 25.
Refinement of 226 parameters on 2585 independent reflections out of 4562 measured
reflections (Rint = 0.0305) led to R1 = 0.0485 [1 > 20(I)], wR> = 0.1291 (all data), and S =
1.006.

8.8.2.13  Crystal refinement data for 2-[6-phenyl-8-(trifluoromethyl)[1,2,5]thiadiazolo-
[34":5,6]benzo[1,2-e][1,2,4] triazin-4(6H)-ylidene] malononitrile 256b
CCDC-1840979. Brown plates. C17HsF3N7S. M =397.35; Monoclinic, space group P2i/c; a
=9.7769(7) A, b = 27.140(3) A, ¢ = 6.6499(7) A; o = 90°, B = 106.914(9)°, y = 90°; V =
1688.2(3) A%, Z=4; T = 100(2) K; peatca = 1.563 g-cm™>; 20max = 67. Refinement of 253

parameters on 2992 independent reflections out of 5880 measured reflections (Rin = 0.0607)

led to R1 = 0.0715 [1> 20(I)], wR2 = 0.2159 (all data), and S = 0.940.
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8.8.2.14  Crystal refinement data for 4,5-bi[l,3-di(pyrid-2-yl)-7-trifluoromethyl-1,4-
dihydro-1,2,4-benzotriazin-4-yl] 257a

CCDC-1419062. Dark brown crystals. C77H4ClF12N16. M = 707.63; Cubic, space group la;
a=8.9164(4) A, b=14.0457(4) A, c = 25.1685 A; a = 90°, B = 98.149(4)°, y = 90°; V =
3120.2(2) A% Z =4; T = 123(2) K; peaicd = 1.506 g-cm>; 20max = 73.9. Refinement of 514
parameters on 3570 independent reflections out of 6324 measured reflections (Rine = 0.0501)

led to R1 = 0.0592 [1>20(I)], wR> = 0.1663 (all data), and S = 1.107.

8.8.2.15  Crystal refinement data for 2,5'-bi[3-phenyl-1-(pyrid-2-yl)-7-trifluoromethyl-
1,4-dihydro-1,2,4-benzotriazin-4-yl] 258

Brown rods. C77HasCLF12N16. M = 1496.21; Triclinic, space group P1; a = 10.7280(3) A, b
=10.7280(3) A, ¢ = 22.2789(8) A; a = 99.044(3)°, B = 100.834(3)°, y = 92.686(3)°; V =
3545.8(2) A3, Z=2; T = 100(2) K; peatca = 1.401 g-cm™>; 20max = 67. Refinement of 964
parameters on 12630 independent reflections out of 23961 measured reflections (Rint =

0.0207) led to R1 = 0.0912 [1> 20(1)], wR> = 0.2380 (all data), and S = 1.082.
8.9 Computational Methods

The spin polarized density functional theory (RDFT or UDFT) and the reliable hybrid
B3LYP method*! were employed for all calculations. The basis set used for each compound

can be found in the corresponding chapter and in Appx. 1.

The geometries of the open-shell singlet and triplet states of 104, 158, 178a, 178b, 195, 205,
206, and 215, the open-shell singlet state of 155 (as cation), the open and closed-shell singlet
states of 112, 159, 172, 180, 181, 219, 221, 248, 251, 253, 254, and 256 and the open-shell
doublet states of 218a, 257, and 258 were fully optimized and analytical second derivatives
were computed using vibrational analysis to confirm each stationary point to be a minimum
by yielding zero imaginary frequencies. The open shell singlet states are reported where open
and close-shell singlet states gave identical results. Closed-shell singlet states of 104, 158,
178a, 178b, 195, 205, 206, and 215, were not calculated since previous studies have shown
that ground state zwitterionic singlets of polyazaacenes were contaminated by low-lying
higher multiplicity states.?8-286:308346482 Internal instabilities in the open-shell wave
functions of ground states were investigated using stability calculations and no instabilities
were observed. All the energies were corrected after zero-point energies (ZPE) were scaled

by 0.981%3 or 0.9887%% according to the equation*®*

SSEror = Egs + (ZPE x SF)
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TD-DFT calculations were performed to calculate the vertical excitation energy for the first
20-40 excited states by mixing both singlet and triplet states for all studied molecules. The
latter in combination with the HOMO energy taken from the optimization calculations

provide a more accurate energy for the LUMO orbital according to the equation:

Evrumo = Enomo + EnomosLuMO

Nucleus Independent Chemical Shift (NICS) values (in ppm) were measured in the plane
[NICS(0)] above [NICS(1)] and below [NICS(—1)] the plane at the center of each ring to
estimate the local currents for each individual ring. While NICS(0) are often affected by the
o electrons of neighboring bonds, the most accurate NICS values [NICS(1) and NICS(—1)]
are the ones measured 1 A above and below the molecular plane where 7 electron density is
mainly situated.*** All the above computations were performed using the Gaussian 03*% or

9486

the Gaussian 0 suite of programs. Dipoles of the excited states where performed using

the Gaussian 09 suite of programs.*36-4%7

8.10 Cyclic Voltammetry

The concentrations of all compounds stydied by CV were 1.0 mM in dry (over CaHz), HPLC
grade DCM containing n-BusNPFs (0.1 M) or n-BusNBF4 (0.1 M) as an electrolyte. All
solutions were sonicated (10 min) to facilitate the solubility of the compounds. A three-
electrode electrochemical cell was used with either a glassy carbon disk (¢ 3 mm) or a Pt
disk (¢ 3 mm) as working electrode, Pt wire as counter electron and Ag/AgCl (1.0 M KCl)
as reference electrode. The scan rate was 50 or 100 mV-s . The temperature was kept at ca.
20 °C. The ferrocene couple (Fc/Fc") was used as an internal reference where Ercrct (n-
BusNPFe) = 0.475 V vs SCE*®® and Erere+ (n-BusNBF4) = 0.585 V vs SCE**® was used as
an internal reference. All samples were measured without ferrocene once and then

continuously cycled (x10) and then ferrocene was added and measured once.
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APPENDIX I

Bond Lengths (A) and Bond Orders

Isodiphenylfluorindine 104 bond lengths (A) and bond orders from experimental (XRD) and
theoretical data [DFT UB3LYP/6-31G(d)]. Numbering of the ring system in red is according

to IUPAC while experimental bond orders are shown in blue.

Ph Ph

6

8 17 |5 4
ol INE N 1818 N 18N8,
13 15 15 13
1.8 1.8
10 15 1.6 16 1.5 5

1917 N 1818 N 1719
1 12 14 1

104
; UB3LYP/6-31G(d)
Experimental - -
Bond Singlet Triplet
Bond Bond Bond Bond Bond Bond
Length Order Length Order Length Order
Cl-C2 1.369(3) 1.9 1.382 1.8 1.385 1.8
C2-C3 1.394(7) 1.8 1.406 1.7 1.402 1.8
C3-C4 1.382(7) 1.8 1.390 1.8 1.395 1.8
C4-C4a 1.389(8) 1.8 1.402 1.7 1.400 1.8
C4a-N5 1.403(2) 1.3 1.409 1.3 1.401 1.3
N5-C5a 1.360(7) 1.5 1.369 1.5 1.406 1.3
C5a-C6 1.387(7) 1.8 1.399 1.8 1.398 1.8
C6-Coba 1.391(0) 1.8 1.399 1.8 1.398 1.8
C6a-N7 1.359(2) 1.5 1.369 1.5 1.406 1.3
N7-C7a 1.396(7) 1.3 1.409 1.3 1.401 1.3
C7a-C8 1.393(7) 1.8 1.402 1.7 1.400 1.8
C8-C9 1.373(7) 1.9 1.390 1.8 1.395 1.8
C9-C10 1.395(6) 1.8 1.406 1.7 1.402 1.8
C10-C11 1.372(8) 1.9 1.382 1.8 1.385 1.8
Cl1-Clla 1.407(5) 1.7 1.418 1.7 1.416 1.7
Clla-N12 1.369(0) 1.5 1.356 1.5 1.360 1.5
N12-Cl12a 1.340(7) 1.6 1.343 1.6 1.363 1.5
Cl12a-C13 1.398(7) 1.8 1.401 1.8 1.407 1.7
C13-Cl3a 1.392(2) 1.8 1.401 1.8 1.407 1.7
Cl3a-N14 1.344(9) 1.6 1.343 1.6 1.363 1.5
N14-Cl4a 1.363(9) 1.5 1.356 1.5 1.360 1.5
Cl4a-C1 1.412(6) 1.7 1.418 1.7 1.416 1.7
C4a-Cl4a 1.418(6) 1.7 1.426 1.6 1.434 1.6
C5a-Cl3a 1.458(4) 1.5 1.463 1.5 1.431 1.6
C6a-Cl2a 1.456(4) 1.5 1.463 1.5 1.431 1.6
C7a-Clla 1.415(7) 1.7 1.426 1.6 1.434 1.6
N5-Ph 1.452(0) 1.1 1.444 1.1 1.437 1.1
N7-Ph 1.453(1) 1.1 1.444 1.1 1.437 1.1
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13-Oxo-isodiphenylfluorindinium perchlorate 155 bond lengths (A) and bond orders from
experimental (XRD) and theoretical data [DFT UB3LYP/6-31G(d)]. Numbering of the ring

system in red is according to [IUPAC while experimental bond orders are shown in blue.

) UB3LYP/6-31G(d)
Experimental Singlet
Bond

Bond Bond Bond Bond

Length Order Length Order
Cl-C2 1.368(1) 1.9 1.380 1.9
C2-C3 1.405(3) 1.7 1.409 1.7
C3-C4 1.379(2) 1.9 1.388 1.8
C4-C4a 1.402(6) 1.7 1.404 1.7
C4a-N5 1.395(4) 1.3 1.396 1.3
N5-C5a 1.365(7) 1.5 1.375 1.4
C5a-C6 1.393(2) 1.8 1.401 1.8
C6-Coba 1.385(8) 1.8 1.401 1.8
Cé6a-N7 1.365(1) 1.5 1.375 1.4
N7-C7a 1.393(4) 1.3 1.396 1.3
C7a-C8 1.404(3) 1.7 1.404 1.7
C8-C9 1.379(7) 1.9 1.388 1.8
C9-C10 1.405(5) 1.7 1.409 1.7
C10-Cl11 1.370(6) 1.9 1.380 1.9
Cl1-Clla 1.406(8) 1.7 1.413 1.7
Clla-N12 1.368(6) 1.5 1.362 1.5
N12-Cl12a 1.292(4) 1.9 1.304 1.8
Cl12a-C13 1.505(8) 1.3 1.506 1.3
C13-Cl13a 1.501(7) 1.3 1.506 1.3
C13a-N14 1.300(5) 1.8 1.304 1.8
N14-Cl4a 1.365(2) 1.5 1.363 1.5
Cl4a-C1 1.415(6) 1.7 1.413 1.7
C4a-Cl4da 1.410(2) 1.7 1.425 1.6
C5a-Cl3a 1.451(7) 1.5 1.451 1.5
C6a-Cl2a 1.462(1) 1.5 1.451 1.5
C7a-Clla 1.417(0) 1.7 1.425 1.6
N5-Ph 1.453(0) 1.1 1.453 1.1
N7-Ph 1.455(3) 1.1 1.453 1.1
C13=0 1.207(0) 2.1 1.212 2.1

254



13,13'-Bi(isodiphenylfluorindine) 158 bond lengths (A) and bond orders from experimental
(XRD) and theoretical data [DFT UB3LYP/6-31G(d)]. Numbering of the ring systems in red

is according to [IUPAC while experimental bond orders are shown in blue.

) UB3LYP/6-31G(d)
Experimental X ;
Bond Singlet Triplet
Bond Bond Bond Bond Bond Bond
Length Order Length Order Length Order
C1-C2 1.348(8) 2.0 1.382 1.8 1.385 1.8
C2-C3 1.415(4) 1.7 1.406 1.7 1.403 1.7
C3-C4 1.343(2) 2.1 1.390 1.8 1.394 1.8
C4-C4a 1.388(5) 1.8 1.402 1.8 1.400 1.8
C4a-N5 1.385(5) 1.4 1.408 1.3 1.404 1.3
N5-C5a 1.368(7) 1.5 1.371 1.4 1.389 1.4
C5a-C6 1.386(0) 1.8 1.396 1.8 1.396 1.8
C6-Coba 1.386(0) 1.8 1.396 1.8 1.396 1.8
C6a-N7 1.368(7) 1.5 1.371 1.4 1.389 1.4
N7-C7a 1.385(5) 1.4 1.408 1.3 1.404 1.3
C7a-C8 1.388(5) 1.8 1.402 1.8 1.400 1.8
C8-C9 1.343(2) 2.1 1.390 1.8 1.394 1.8
C9-C10 1.415(4) 1.7 1.406 1.7 1.403 1.7
C10-Cl11 1.348(8) 2.0 1.382 1.8 1.385 1.8
Cl1-Clla 1.420(3) 1.7 1.419 1.7 1.416 1.7
Clla-N12 1.361(6) 1.5 1.353 1.5 1.357 1.5
N12-Cl2a 1.346(4) 1.6 1.344 1.6 1.345 1.6
Cl12a-C13 1.402(2) 1.7 1.409 1.7 1.422 1.7
C13-Cl3a 1.402(2) 1.7 1.409 1.7 1.422 1.7
Cl3a-N14 1.346(4) 1.6 1.344 1.6 1.345 1.6
N14-Cl4a 1.361(6) 1.5 1.353 1.5 1.357 1.5
Cl4a-Cl 1.420(3) 1.7 1.419 1.7 1.416 1.7
C4a-Cl4a 1.430(1) 1.6 1.426 1.6 1.428 1.6
C5a-Cl3a 1.450(7) 1.5 1.461 1.5 1.447 1.5
C6a-Cl2a 1.450(7) 1.5 1.461 1.5 1.447 1.5
C7a-Clla 1.430(1) 1.6 1.426 1.6 1.428 1.6
N5-Ph 1.457(7) 1.0 1.443 1.1 1.440 1.1
N7-Ph 1.457(7) 1.0 1.443 1.1 1.440 1.1
C13-C13' 1.494(5) 1.3 1.486 1.4 1.472 1.4
cr-c2' 1.348(8) 2.0 1.382 1.8 1.385 1.8
C2'-C3' 1.415(4) 1.7 1.406 1.7 1.403 1.7
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C3'-C4' 1.343(2) 2.1 1.390 1.8 1.394 1.8
C4'-C4'a 1.388(5) 1.8 1.402 1.8 1.400 1.8
C4'a-N5' 1.385(5) 1.4 1.408 1.3 1.404 1.3
N5'-C5'a 1.368(7) 1.5 1.371 1.4 1.389 1.4
C5'a-Cé6' 1.386(0) 1.8 1.396 1.8 1.396 1.8
C6'-C6'a 1.386(0) 1.8 1.396 1.8 1.396 1.8
C6'a-N7' 1.368(7) 1.5 1.371 1.4 1.389 1.4
N7'-C7'a 1.385(5) 1.4 1.408 1.3 1.404 1.3
C7'a-C8' 1.388(5) 1.8 1.402 1.8 1.400 1.8
C8'-C9' 1.343(2) 2.1 1.390 1.8 1.394 1.8
C9'-C10' 1.415(4) 1.7 1.406 1.7 1.403 1.7
C10'-Cl11 1.348(8) 2.0 1.382 1.8 1.385 1.8
Cl1'-Cll'a 1.420(3) 1.7 1.419 1.7 1.416 1.7
Cl1'a-N12' 1.361(6) 1.5 1.353 1.5 1.357 1.5
N12'-C12'a 1.346(4) 1.6 1.344 1.6 1.345 1.6
Cl12'a-C13' 1.402(2) 1.7 1.409 1.7 1.422 1.7
C13'-C13'a 1.402(2) 1.7 1.409 1.7 1.422 1.7
Cl13'a-N14' 1.346(4) 1.6 1.344 1.6 1.345 1.6
N14'-C14'a 1.361(6) 1.5 1.353 1.5 1.357 1.5
Cl4'a-Cl' 1.420(3) 1.7 1.419 1.7 1.416 1.7
C4'a-Cl4'a 1.430(1) 1.6 1.426 1.6 1.428 1.6
C5'a-C13'a 1.450(7) 1.5 1.461 1.5 1.447 1.5
C6'a-C12'a 1.450(7) 1.5 1.461 1.5 1.447 1.5
C7'a-Cl1'a 1.430(1) 1.6 1.426 1.6 1.428 1.6
N5'-Ph 1.457(7) 1.0 1.443 1.1 1.440 1.1
N7'-Ph 1.457(7) 1.0 1.443 1.1 1.440 1.1

13,13'-Bi(isodiphenylfluorindone) 159 bond lengths (A) and bond orders from experimental
(XRD) and theoretical data [DFT UB3LYP/6-31G(d)]. Numbering of the ring systems in red

is according to [IUPAC while experimental bond orders are shown in blue.

) UB3LYP/6-31G(d)
Experimental X
Singlet
Bond

Bond Bond Bond Bond
Length Order Length Order

C1-C2 1.341(6) 2.1 1.349 2.0

C2-C3 1.454(6) 1.5 1.480 1.4

C3-C4 1.434(0) 1.6 1.459 1.5
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C4-Cda 1.368(0) 1.9 1.366 1.9
C4a-N5 1.378(2) 1.4 1.401 1.3
N5-C5a 1.377(3) 1.4 1.387 1.4
C5a-C6 1.393(6) 1.8 1.397 1.8
C6-C6a 1.386(8) 1.8 1.397 1.8
C6a-N7 1.388(0) 1.4 1.387 1.4
N7-C7a 1.388(2) 1.4 1.401 1.3
C7a-C8 1.358(1) 2.0 1.366 1.9
C8-C9 1.431(6) 1.6 1.459 1.5
C9-C10 1.472(1) 1.4 1.480 1.4
Cl10-C11 | 1.348(4) 2.0 1.349 2.0
Cl1-Clla | 1.449(2) 1.5 1.450 1.5
CllaN12 | 1.310(7) 1.8 1.307 1.8
NI12-Cl2a | 1.380(5) 1.4 1371 1.4
C12a-CI13 | 1.403(9) 1.7 1.404 1.7
C13-Cl13a | 1.403(0) 1.7 1.404 1.7
C13aN14 | 1.378(0) 1.4 1371 1.4
N14-Clda | 1.309(2) 1.8 1.307 1.8
Cl4a-C1 1.451(0) 1.5 1.450 1.5
C4a-Clda | 1.458(0) 1.5 1.468 1.4
C5a-Cl3a | 1.414(0) 1.7 1.431 1.6
C6a-Cl2a | 1.420(8) 1.7 1.431 1.6
C7a-Clla | 1.456(0) 1.5 1.468 1.4
N5-Ph 1.452(8) 1.1 1.444 1.1
N7-Ph 1.450(9) 1.1 1.444 1.1
C3=0 1.252(2) 1.8 1.236 1.9
C9=0 1.247(8) 1.8 1.236 1.9
CI3-C13' | 1.500(2) 1.3 1.491 1.3
C1'-C2' 1.347(0) 2.0 1.349 2.0
C2'-C3' 1.461(0) 1.5 1.480 1.4
C3'-C4' 1.427(0) 1.6 1.459 1.5
C4-C4a | 1.363(1) 1.9 1.366 1.9
C4'a-N5' | 1.378(7) 1.4 1.401 1.3
N5-C5'a | 1.377(5) 1.4 1.387 1.4
C5'2-C6' | 1.377(1) 1.9 1.397 1.8
C6'-C6'a | 1.380(9) 1.9 1.397 1.8
C6a-N7' | 1.381(2) 1.4 1.387 1.4
N7-C7a | 1.385(4) 1.4 1.401 1.3
C72-C8 | 1357(3) 2.0 1.366 1.9
C8'-CY' 1.436(3) 1.6 1.459 1.5
C9-C10' | 1.454(5) 1.5 1.480 1.4
Cl10-CI1 | 1.330(5) 2.1 1.349 2.0
CIICll'a | 1.448(7) 1.5 1.450 1.5
Cl1'a-N12' | 1.308(2) 1.8 1.307 1.8
NI12'-C12'a | 1.384(1) 1.4 1371 1.4
C12'a-C13' | 1.398(2) 1.8 1.404 1.7
C13-C13a | 1.406(1) 1.7 1.404 1.7
Cl13a-N14' | 1.364(0) 1.5 1.371 1.4
N14'-Cl4a | 1.310(4) 1.8 1.307 1.8
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Cl4'a-C1' 1.441(9) 1.6 1.450 1.5
C4'a-Cl4'a 1.460(6) 1.5 1.468 1.4
C5'a-Cl13'a 1.426(2) 1.6 1.431 1.6
C6'a-C12'a 1.425(5) 1.6 1.431 1.6
C7'a-Cl1'a 1.457(5) 1.5 1.468 1.4
N5'-Ph 1.444(6) 1.1 1.444 1.1
N7'-Ph 1.445(8) 1.1 1.444 1.1
C3'=0 1.251(6) 1.8 1.236 1.9
C9'=0 1.259(6) 1.8 1.236 1.9

1,3,7,9-Tetraphenylhexaazaanthracene 195 bond lengths (A) and bond orders from
experimental (XRD) and theoretical data [DFT UB3LYP/6-311G(2d)]. Numbering of the

ring system in red is according to [IUPAC while experimental bond orders are shown in blue.

Ph Ph
9l 10 11
8l1\I4/N151s 1.816N132
1'71615 1.5 1617
Ph” 7 N 137 "N Ph
6 5 4
195
] UB3LYP/6-311G(2d)
Experimental Singlet
Bond
Bond Bond Bond Bond
Length Order Length Order
NI1-N2 1.388 1.3 1.369 1.4
N2-C3 1.327 1.7 1.319 1.7
C3-N4 1.349 1.6 1.346 1.6
N4-C4a 1.352 1.5 1.338 1.6
C4a-C5 1.401 1.8 1.394 1.8
C5-C5a 1.393 1.8 1.394 1.8
C5a-N6 1.352 1.5 1.338 1.6
N6-C7 1.351 1.6 1.346 1.6
C7-N8 1.320 1.7 1.319 1.7
N8-N9 1.374 1.4 1.369 1.4
N9-C9a 1.354 1.5 1.355 1.5
C9a-C10 1.387 1.8 1.394 1.8
C10-C10a 1.385 1.8 1.394 1.8
C10a-N1 1.351 1.6 1.355 1.5
C4a-C10a 1.436 1.6 1.457 1.5
C5a-C9a 1.443 1.6 1.457 1.5
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Quinoidal 1,3,7,8-tetraphenylhexaazaanthracene 205 bond lengths (A) and bond orders from
experimental (XRD) and theoretical data [DFT UB3LYP/6-311G(2d)]. Numbering of the

ring system in red is according to [UPAC while experimental bond orders are shown in blue.

Ph
Ph\1.sz 1.7101.9 [1]11.4
sN™ 17 14 2
1.5] 17 1;‘; 15 1.8
Ph” 7N 1947 "N Ph
6 5 4
205
. UB3LYP/6-311G(2d)
Experimental Sinolet
Bond mngre
Bond Bond Bond Bond
Length Order Length Order
N1-N2 1.379 1.4 1.369 1.4
N2-C3 1.309 1.8 1.30