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Abstract

This thesis focuses on the synthesis and characterization of azaacenes and stable azaacene

radical cations (see Figure 1):

In Chapter 2, the synthesis, properties, and solid state X-ray single crystal structures of two new
rubrene derivatives, viz diazarubrene DAR and tetraazarubrene TAR, are reported. Both the
azarubrenes are more oxidatively stable than rubrene itself and show similar optical properties

but differ in their crystal packing from that of rubrene.

In Chapter 3, the synthesis, property evaluation, and single crystal X-ray structures of
5,7,12,14-tetrafunctionalized diazapentacenes (TDAPs) are presented. Starting from
tetrabromo-N,N ’-dihydrodiazapentacene, Pd-catalyzed coupling gave the precursors that
furnished, after further redox reactions, the diazapentacenes as stable crystalline materials.
The performance of the tetraphenylated compound as n-channel semiconductor was evaluated

in organic field-effect transistors.

Chap. 5

‘ ‘ TDAP X=HorN
Azarubrenes
N

Figure 1. Target chemical structures in the thesis.

In Chapter 4, a series of quinoidal N,N’-diaryl-N,N’-dihydrodiazapentacenes (Quinos) were
prepared in a two-step reaction, starting from quinacridone. Oxidation of Quinos furnished
stable radical cations, isoelectronic to the radical anions of the azaacenes, whereas the
dicationic species are isoelectronic to neutral azapentacenes. The spectroscopic properties of
the diaryldiazapentacenes and their oxidized mono- and dications are equivalent to that of the

dianion of tetraazapentacene TAP, its radical anion, and the neutral TAP.
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In Chapter 5, three stable N, N’ -diarylated dihydroazaacene radical cations (DDAs") were
prepared by oxidation of neutral N,N’-diarylated dihydroazaacenes (DDAS), synthesized
through Buchwald-Hartwig aminations of aryl iodides with N,N’-dihydroazaacenes
employing a palladium catalyst. The spectroscopic properties, single crystal X-ray structures,
and DFT calculations of these neutral compounds and their radical ions were systematically
investigated. All the radical cations are stable and their absorption spectra in dichloromethane

remained unchanged in ambient conditions for at least 24 hours.
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Zusammenfassung

Diese Arbeit besch&tigt sich mit der Synthese und Charakterisierung von Azaacenen und

stabilen Azaacen-Radikalkationen (siehe Abbildung 1):

In Kapitel 2 werden die Synthese, Eigenschaften, und Kristallstrukturen von zwei neuen
Rubrenderivaten, namlich Diazarubren (DAR) und Tetraazarubren (TAR), diskutiert. Beide
Azarubrene sind oxidativ stabiler als Rubren, zeigen &bnliche optische Eigenschaften,

unterscheiden sich jedoch in der Kristallpackung von der Rubrens.

In Kapitel 3 werden die Synthese, und Eigenschaften, sowie die Kristallstrukturen von
5,7,12,14-tetrafunktionalisierten Diazapentacenen (TDAP) diskutiert. Ausgehend von
Tetrabrom-N,N'-dihydrodiazapentacen ergab die Pd-katalysierte Kupplung die Vorl&ufer, die
nach weiteren Redoxreaktionen die Diazapentacene als stabile kristalline Materialien lieferten.
Ferner wurde die Eignung der Tetraphenyl-substituierten Verbindung als n-Kanal-Halbleiter

in organischen Feldeffekttransistoren evaluiert.

Chap. 5

‘ ‘ TDAP X=HorN
Azarubrenes
N

Figure 1. Chemische Zielstrukturen in der Arbeit.

In Kapitel 4 wurde eine Reihe chinoider N,N'-Diaryl-N,N'-dihydrodiazapentacene (Quinos) in
einer zweistufigen Reaktion ausgehend von Chinacridon hergestellt. Die Oxidation des Quinos
liefert stabile Radikalkationen, die isoelektronisch zu den Radikalanionen der Azaacene sind,
wérend die dikationischen Spezies isoelektronisch zu neutralen Azapentacenen sind. Die

spektroskopischen Eigenschaften der Diaryldiazapentacene und ihrer oxidierten Mono- und
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Dikationen entsprechen denen des Dianions von Tetraazapentacen TAP, seines Radikalanions

und des neutralen TAP.

In Kapitel 5 wurden drei stabile N,N'-diarylierte Dihydroazaacen-Radikalkationen (DDAs "),
durch Oxidation von neutraler N,N'-diarylierter Dihydroazaacene (DDAS) hergestellt. Diese
wurden durch palladiumkatalysierte Buchwald-Hartwig-Aminierung von Aryliodiden mit
N,N'-Dihydroazaacenen synthetisch zugénglich. Die spektroskopischen Eigenschaften,
Kristallstrukturen und DFT-Berechnungen dieser neutralen Verbindungen und ihrer
Radikal-lonen wurden systematisch untersucht. Alle Radikalkationen sind stabil und ihre
Absorptionsspektren in Dichlormethan bleiben unter Umgebungsbedingungen mindestens 24

Stunden unveré&ndert.
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Chapter 1. Introduction



1.1 Acene and Azaacene Semiconductors

1.1.1 A Brief Introduction of Organic Field-Effect Transistors

Organic field-effect transistors (OFETS), a research focus over the past decades, have great
potential in applications in smart labels, chemical and biological sensors, as well as large-area
flexible electronic devices.'™ In comparison with inorganic transistors, OFETS are of low cost,
low weight, and easy to prepare. As shown in Figure 2, an OFET is made up of a source
electrode, a drain electrode, a semiconductor layer, a dielectric layer, and a gate electrode.
The modulation of the source-drain current in transistors is realized by tuning the density of
charge carriers in the thin organic semiconductor layer, generated by an electric field applied
between the semiconductor and the gate electrode. The charge carrier mobility (p, cm?V's™)
of OFETSs is the most important device parameter for many of their target applications, and
higher carrier mobilities allow switching transistors between on and off states at higher
frequencies. So far, impressive improvements have been achieved for OFET performances
with the charge carrier mobilities over 10 cm?V's™, " which have been comparable to that

of polycrystalline silicon.

Organic Semiconductor

Dielectric Layer

Figure 2. Schematic diagram of top contact/bottom gate OFET architecture.

There are two main families of organic semiconductors that are employed in OFETS: (i)
conjugated  polymers  (e.g.,  polyphenylene,®  poly(3-hexylthiophene)  (P3HT),
poly(triarylamine))*®: and (ii) small conjugated molecules (e.g., rubrene (5,6,11,12-
tetraphenyltetracene),™  pentacene,® oligothiophenes™). Compared to polymer
semiconductors, small molecule semiconductors, with well-defined chemical structures, are
easier to purify. They form crystalline films for the fabrication of high performance OFETS.

Small conjugated molecules have no synthetic batch-to-batch variance, which provides



adequate assurance of a stable device performance, thus having higher potential for
commercial applications. As a result, we discuss small conjugated molecules employed in

OFETs in this dissertation.

In terms of charge transport characteristics, organic semiconductors can also be divided into
hole-transporting p-type materials and electron-transporting n-type materials. The typical
p-typet™ 14! and n-type!®*® molecules used in OFETs are shown in Figure 3. Less n-type
organic semiconductors, required to make complementary metal-oxide-like logic circuits
together with p-channel OFETSs, have been exploited, and their mobility values are on

average still lower in comparison to p-type organic semiconductors.™*%

p-type organic semiconductors n-type organic semiconductors

=<

Y Y
OO A
OO0 Oy | | XD T,

s
\Y_ 7\ —Y/

| O Q Il oZ "o

i—< >—Si—< R o7 "o

"~ R
TIPSPEN Rubrene BTBT TAP Cl,-NDI PDIF-CN,

Figure 3. Representative p- and n-type organic semiconductors (TIPSPEN,"¥ Rubrene,™ BTBT,!
TAP,¥ C1,-ND1,%™ and PDIF-CN,™®).

1.1.2 Acenes

Acenes (see Figure 4) are p-type semiconductors and show excellent transistor behaviors in
OFETSs. OFETSs based on anthracene single crystals have been fabricated and characterized by
Aleshina et al. and exhibited a mobility of 0.02 cm®V's™ at low temperatures between
170-180 K.2I A mobility of 2.4 cm?V?'s™ was achieved in single crystal OFETs containing
tetracene using a poly(dimethylsiloxane) polymer as the dielectric layer.? The OFETs of
polycrystalline pentacene demonstrated mobilities as high as 5 cm*V's™ with on/off ratios
over 10%. |t seems that the field-effect mobilities increase from anthracene to pentacene
with the extension of the m-conjugated systems, which might be ascribed to larger
intermolecular m-orbit overlaps, increasing transfer integrals and reducing reorganization

energies.
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Anthracene Tetracene Pentacene Hexacene
Figure 4. Representative acenes (Anthracene,® Tetracene,? Pentacene,™ and Hexacene®).

However, the larger acenes are highly sensitive to oxygen and light due to their high highest
occupied molecular orbital (HOMO) energy levels and narrow energy gaps between HOMO
and lowest unoccupied molecular orbital (LUMO). For instance, pentacene is easily oxidized
into 6,13-pentacenequinone,®” or it forms dimers?®! under ambient conditions (see Scheme 1).
In addition, extended acenes without side chains, such as hexacene, are difficult to purify
because of their extremely poor solubility. Actually, pure hexacene can only be obtained by
vacuum sublimation in the dark./®! Substitution in the peri- (or side-) positions of acenes not
only protects them from photooxidation, but also increases their solubility.”? As seen in
Scheme 1, tri-iso-propylsilylethinyl-pentacene (TIPSPEN) was synthesized by a double
nucleophilic addition reaction of 6,13-pentacenequinone with the organolithium compound
formed from tri-iso-propylsilyl (TIPS) acetylene and n-butyllithium (n-BuLi), followed by

treatment with stannous chloride (SnCl,) under acidic condition.*!

Introducing
TIPS-acetylene in the 6, 13- positions makes TIPSPEN stable enough to be purified under
ambient conditions and improves its solubility such that solution processing can be employed.

-s< “_p

Il =S

); I dati o QQMQG
COCC0 = COO00 <= QU000 =
|| HCI2 0o g@ QQ

>_ _< 6, 13-Pentacenequinone Pentacene Dimer
i

TIPSPEN
Scheme 1. Oxidation® and dimerization™™ of pentacene (right, middle); the synthetic route to

TIPSPEN® (left).

1.1.3 Azaacenes

Azaacenes, formed from replacement of C-H by nitrogen atoms, are fascinating molecules
with respect to structural and electronic properties. They have been applied in organic
electronics.B*% Interestingly, their reduced forms, the N, N'-dihydro compounds (see Scheme

2a), are electron-rich and anti-aromatic, while after oxidation, the pyrazinic compounds are



electron-poor aromatic species, useful as n-type semiconductors in OFETs.B
6,13-Bis(triisopropylsilyl-ethinyl)-5,7,12,14-tetraazapentacene (TAP) was first reported by
Bunz et al. in 2009.'® As shown in Scheme 2b, reacting dione 1 with the anion of
TIPS-acetylene formed an intermediate diol, followed by treatment with sodium
hypophosphite (NaH,PO,) and potassium iodide (K1) under acid condition to furnish 2. 2 was
then oxidized by manganese dioxide (MnO,) to give TAP as a dark-green crystalline material.
In 2011, Miao et al. reported the vacuum deposited OFETs based on TAP, which showed
spectacular electron transporting mobilities in the range of 1.0-3.3 cm?V's™.B* *I |n 2018,
they further fabricated solution-processed OFETs containing 2,3,9,10-tetrachloro-
6,13-bis[(tripropan-2-ylsilyl)ethynyl]quinoxalino[2,3-b]phenazine (CI-TAP, see Scheme 2b),
exhibiting an unprecedented electron mobility value of 27.8 cm®V's™*¥ CI-TAP was
obtained from reaction of 6 with the Grignard reagent of TIPS-acetylene, followed by

treatment with SnCl, in the presence of HCI.?”]

(@)
@[ :@ o><|dat|on @ D
reductlon
N,N -Dihydro-like Pyrazine-like
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OH o AcOH 2304 Cl 2. SnClz
3 CI TAP

Scheme 2. a) Reduced and oxidized forms of azaacenes; b) Synthetic routes to TAP™® and CI-TAPE™),

1.1.4 Rubrene and Rubrene Analogues

Rubrene is a state-of-the-art semiconductor and has been studied extensively in the field of
organic electronics.®® *! Its crystals exhibit three different polymorphs: orthorhombic,
monoclinic, and triclinic.*? Among them, the orthorhombic crystals, grown by physical vapor
deposition (PVD) method, display herringbone packing (see Figure 5), exhibing the best

hole-transporting ability because of large m-m overlap between adjacent molecules.*]



Carrier mobilities between 15-40 cm?V's™ have been reported for orthorhombic rubrene
crystals in different OFET device structures and measurement conditions.™ “4 In 2007,
Takeya et al. reported the fabrication of high performance OFETs with a maximum mobility
value of 40 cm?V's™ by attaching purified rubrene crystals on SiO, gate insulators coated

with a high-density self-assembled perfluorotriethoxysilane layer.["

Figure 5. Herringbone packing motif of orthorhombic rubrene crystals. Adapted with permission from
ref. 39 © 2018, American Chemical Society.

dimerization

— I
& O

Rubrene

Method 2:

Br
Method 3: — O
PTSA

Br n-Buli

Scheme 3. Three synthetic routes to rubrene (method 1, method 2,4 and method 3*1).
Until now, several methods have been developed for synthesizing rubrene. Commercial

rubrene was prepared by treating 1,1,3-triphenylpropargyl alcohol 8 with thionyl chloride



(SOCI,) (see Scheme 3, method 1)."¥ The resulting chloroallene 9 underwent dimerization
and dehydrochlorination to give rubrene. Rubrene can also be obtained via nucleophilic
addition of phenyllithium to naphthacenequinone 15 followed by hydroiodic acid (HI)
mediated aromatization, and 15 was acquired from Diels-Alder cycloaddition of
isobenzofuran 13 with 1,4-naphthoquinone (see Scheme 3, method 2).** Besides, rubrene
could be prepared according to method 3 in Scheme 3.1*! Precursor 17 was obtained from 13
by [4 + 2] cycloaddition with dibromoethylene in xylene followed by p-toluenesulfonic acid
(PTSA) catalyzed dehydration of the oxo-bridged intermediate. Treatment of 17 with n-BuLi
initially, followed by adding isobenzofuran 13 gave the corresponding oxo-bridged adduct 18.

Rubrene formed by reducing 18 with a large excess of cesium iodide (Csl).

Ph  Ph Stage 1 Ph  Ph Stage 2
v, 0,, 1 da H*, 4 days
OO0 O D=
Ph Ph Ph Ph

Rubreng%% Rubrene-Ox1 Rubrene-Ox2

Figure 6. Molecular structures and colors in chloroform of rubrene, rubrene-Ox1, rubrene-Ox2.
Adapted with permission from ref. 45 © 2018 the Royal Society of Chemistry.

Rubrene oxidizes readily in both solution and amorphous thin films, hampering its practical
applications. As shown in Figure 6, rubrene in chloroform can be oxidized to rubrene-Ox1
easily under ambient conditions, with the color changing from red to colorless.*! Prolonged
photo-oxidation in chloroform converts the endo-peroxide irreversibly to rubrene-Ox2.
Hence, various rubrene analogues have been prepared and investigated to exploit stable
materials with excellent charge mobilities. Novel rubrene derivatives, such as 19-24 (see
Scheme 4),* % %71 have been synthesized using the classic one-pot approach (similar to
method 1 in Scheme 3). It seems that compounds 19-24 are more stable against oxidation in
solution. Looking at Figure 7a, the integral area of characteristic absorption for rubrene
solution rapidly decreases from 100% to 4% after the first 20 minutes (min) exposure to light
and air, while for 19-22 solutions they decrease more slowly under the same conditions.®!

For example, the integral area reaches the same value 4% after 7.5 hours (h) for 19 (see



Figure 7b), much longer than that of rubrene. In addition, it should be mentioned that all the
rubrene derivatives 19-22 display herringbone crystal structures (see Figure 8), similar to
those of orthorhombic rubrene crystals, where both n-r-stacking distances and the width of
herringbone angles are slightly smaller than those in rubrene, indicating they have great

potential charge-transporting ability.
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i Ar
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Scheme 4. Synthesis of rubrene analogues using a one-pot approach (19-22,1*%1 23-24 %3 and 26“%1).
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Figure 7. Absorption spectra of (a) rubrene and (b) 19 in solution. The spectra were collected
immediately after preparation (continuous line), after 20 min (dashed line), after 2 h (dotted lines), and
after 6 h (dash-dotted line) of exposure time under light and air. Inset: molecular structures of (a) rubrene
and (b) 19. Adapted with permission from ref. 46 © 2014 the Royal Society of Chemistry.



3
23

—22

Figure 8. Packing motif of 19, 20, 21, and 22. Adapted with permission from ref. 46 © 2014 the Royal
Society of Chemistry.

The fully isotope-labelled rubrene, **C-rubrene 26, was synthesized successfully and
characterized by Ren et al. in 2017.1"8! As shown in Scheme 4, carbinol 25 was treated with
triethylamine (TEA) and methanesulfonyl chloride (MesCl) to generate a chloroallene
intermediate, which dimerized upon heating to give (**C,,)-rubrene 26 in one pot. Single
crystals of 26, cultivated by the well-developed horizontal physical vapor transport, revealed
an orthorhombic solid-state packing essentially identical to that of native rubrene. The OFETSs
based on 26 single crystals showed the average hole-transporting mobilities over 10 cm?*v''s™*
at room temperature (r.t.) and the band-like transport was observed at very low temperature

with a maximum mobility of 45 cm?v's™,

¢ o RS\ —SnBus
0 A%
Pd,(dba)s
&8 P(t-Bu);
27

28:X=S,R=H

29:X=S,R=CH,

30: X=0,R=H

CsF 31:X=0,R=CH,

Scheme 5. Synthesis of rubrene analogues 28-31.1

Rubrene analogues with the same four side groups can be synthesized based on
5,6,11,12-tetrachlorotetracene 27 by Stille coupling. As shown in Scheme 5, the
straightforward C-C bond-forming cross-coupling reactions between 27 and trialkylstannyl
chalcogenophenes afforded 28-31 in high yields.*?! Figure 9 shows higher photooxidation
stability for 28-31 in comparison to rubrene. The absorption peaks at around 500 nm for the

rubrene solution disappear after a few hours, while the absorption spectra of 28-30 remain
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unchanged after 24 h. There are small absorption spectra changes for 31, which occur much

more slowly than that of rubrene.
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Figure 9. Ultraviolet-visible spectrophotometry (UV-vis) absorption spectra as a function of time for (a)
28, (b) 29, (c) 30, (d) 31, and (e) rubrene in dichloromethane (DCM). Adapted with permission of ref. 49
© 2015, American Chemical Society.

Douglas et al. have reported a variety of fluorinated rubrenes.™® *!! Substitution of hydrogen by
electron-withdrawing fluorine significantly impacts both the physical and chemical properties
of rubrene, such as lowering the HOMO and LUMO energies of rubrene, which enhances its
stability against oxidation. As shown in Scheme 6, the Suzuki-Miyaura coupling of
dichloroquinone 32 with phenylboronic acids provided diarylquinones 33 in good yields. The
nucleophilic addition of pentafluorophenyl lithium with 33, followed by reduction with
SnCI,/HClI, gave partially fluorinated rubrene 34.°% The synthesis of rubrene derivative 37
with peri-perfluorophenyl groups required a modified synthesis because the Suzuki-Miyaura
coupling of dichloride 32 with pentafluorophenyl boronic acid failed.®® The double
nucleophilic  addition reactions of 6,11-dimethoxytetracene-5,12-dione 35 with

pentafluorophenyl lithium, followed by treatment of the resulting diol with HCI, generated
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Scheme 6. Synthesis of fluoro-substituted rubrenes 34,5% 37, and 4314,

guinone 36. Addition of the second set of perfluorophenyl rings required more strict reacting
conditions. The mixture of diastereomeric diols formed by treating quinone 36 with
pentafluorophenyl lithium was heated with SnCl, and trifluoroacetic acid (TFA) to yield
rubrene analogue 37. The synthesis of perfluororubrene 43 appeared more challenging since
both the tetracene backbone and the peripheral phenyls of rubrene should be substituted by
fluorine atoms.®™™ The Friedel-Crafts acylation between tetrafluorophthalic anhydride 38 and
1,2,3,4-tetrafluoro-5,8-dimethoxy-naphthalene 39 formed naphthacenedione 40, whose
hydroxyl groups were then protected by dimethylsulfate (Me,SO,) under basic conditions to
give the corresponding dimethoxytetracenedione 41. Nucleophilic addition of perfluorophenyl
lithium to the dione 41, followed by treating with methanesulfonic acid (MeSOzH) formed a

6,11-diaryltetracene-5,12-dione 42. Addition of the second set of perfluorophenyl rings was
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the same as the procedures towards 40. As expected, perfluororubrene 43 exhibits a much
lower lying LUMO value of -4.05 eV measured in DCM in comparison with rubrene which
has a LUMO value of -3.36 eV, suggesting its potential applications in n-type organic

semiconductors.

(a) Br
O I)
N Pd(PPhy)a, sz(dba)s
Br K,CO3 (t-Bu)3P,
t BUOK

44

(b)

C-N:
1.42~1.44 A

Figure 10. (a) Synthesis and (b) single crystal structures of 50. Adapted with permission of ref. 52 ©
2017, Wiley-VCH.

In 2017, Miao et al. reported the synthesis and properties of a novel N-embedded rubrene
derivative, viz 5,6,11,12-tetraphenyl-5,12-dihydrobenzo[b]phenazine 50.°2 As shown in
Figure 10a, the Suzuki coupling of 47 with phenylboronic acid produced
6,11-diphenyl-5,12-diazatetracene 48. The nucleophilic addition of phenyl lithium to 48 gave
49, which underwent Buchwald-Hartwig coupling with iodobenzene later, affording 50 as a
yellow solid. Unlike the orthorhombic rubrene crystals, the crystal structure of 50 exhibits a
significantly bent backbone with a dihedral angle of 143° between the naphthalene plane and
the benzene plane (see Figure 10b), in agreement with sp® hybridized nitrogen atoms,
indicating a poor conjugation of nitrogen atoms in diazatetracene backbone. Not surprisingly,

50 behaves as an insulator in OFETSs due to the lack of n-z-interactions in the solid state.
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Scheme 7. Synthesis of n-extended rubrene derivatives 53,°%! 56,1*4 and 575,

5,6,11,12-Tetrakis(phenylethynyl)tetracene 53,°*1 57,12 14-tetrafunctionalized pentacenes
56,54 and 5,7,12,14-tetrakis(phenylethynyl)pentacene 57°% can be regarded as m-extended
rubrene derivatives in terms of chemical structures. The synthetic route to 53 is shown in
Scheme 7.5 The double nucleophilic additions of phenylethynyl lithium to naphthoquinone
48 were followed by the reduction reaction using SnCl,,  producing
dibromodialkynylnaphthalene  49. Another reactive precursor, bis(phenylethynyl)-
isobenozofuran 51, was synthesized by the nucleophilic additions of phenylethynyl lithium to
o-phthalaldehyde 50, and subsequent acid-promoted cyclization of the resulting keto-alcohol.
Treatment of 49 with n-BuLi in the presence of 51 generated epoxytetracene 52, which
underwent aromatization after treating with H,SO, to give 53. Nevertheless, 53 was so
unstable that it was subjected easily to pericyclic reactions to form 54 when heated to 80 °C.
56 and 57 were synthesized by reacting tetraone 55 with an excess of the lithium salt of
benzene or phenyl acetylene and then treatment of the intermediates with SnCl,.** %! Neither
56 nor 57 has been employed as semiconductors in OFETS, which might be ascribed to their

unstability against oxidation.
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1.2 Acene-Based Radicals

1.2.1 Introduction of Organic Radicals

Organic radicals, with unpaired electrons, are open-shell electronic structures, exhibiting
particular electronic, magnetic, and optical properties. They have potential applications in
spintronics,®® organic electronics,*"! energy storage and conversion devices,®*® etc.
Generally, organic radicals are reactive and easily form closed-shell compounds by hydrogen
abstraction, dimerization, or disproportionation.’® Undoubtedly, stability is the prerequisite
for the applications of organic radicals. There are several strategies to stabilize organic
radicals. (i) Stable organic radicals can be obtained by introducing bulky substituents around
the radical centers to disturb intermolecular interactions. The perchlorotriphenylmethyl
radical 58 (see Figure 11) is an example,® the chlorine atoms at the meta-positions prevents
dimerization of 58 — it’s stable in solution open to air over months. (ii) Spin delocalization,
e.g., enlarging m-conjugated systems, is another effective method to stabilize radicals since it
leads to the decrease of reactivities by dilution of spin densities. Porphyrins and
porphyrinoids exhibit superb abilities to stabilize radicals by spin delocalization.'® In 2016,
Osuka et al. developed the porphyrin-based radical 59,1 which is stable in air, on silica gel,
in the presence of hydrogen-atom donors (such as tributyltin hydride (n-BusSnH)), and
concentrated H,SO,. (iii) Either electron-donating or electron-withdrawing groups directly
connecting to radical centers contribute to stability of radicals due to their conjugative and
inductive effects. Okino et al. explored the radical 60 (see Figure 11) with strong
electron-withdrawing dicyano groups,® which is stable in spite of the absence of bulky
protecting groups. Usually, the above-mentioned strategies are combined to obtain stable
organic radicals. For instance, N-heterocyclic carbenes, possessing bulky and strong
electron-donating units, have been applied intensively to synthesize stable organic radicals

(e.g., radical 61 in Figure 11).[°%!
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Figure 11. Representative organic radicals (58,2 59,1%1 60,1l and 61%)).

Nowadays, diversified stable organic radicals have already been developed and characterized.
In this thesis, we focus on the synthesis, properties, and applications of acene-based neutral

radicals and radical ions.

1.2.2 Side-Chain Radical Acenes

As mentioned in Chapter 1.1.2, the mobility of pentacene in OFETs can reach up to 5
cm?V's™ with on/off ratios over 10°, while the instability of pentacene in the presence of light
and air prevents its practical applications. In recent years, Teki et al. reported the synthesis of
three side-chain radical substituted pentacenes 66,1 68,°! and 721" (see Scheme 8) and
discovered that the phenylverdazyl and phenyl nitronyl nitroxide radical side chains protected

pentacene from photodegradation and enhanced its solubility in solvents. Differing from
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Scheme 8. Synthesis of side-chain radical pentacenes 66,°! 68, and 72[5"),
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pentacene, insoluble in DCM, 66, 68, and 72 dissolve in DCM readily. The absorption bands
of precursors 65, 67, and 71 at around 460-610 nm, the characteristic of pentacene moiety,
decayed rapidly in tetrahydrofuran (THF) within a few minutes, while the corresponding
absorption bands of 66, 68, and 72 remained unchanged under the same conditions,

demonstrating remarkable protection provided by the radicals from photodegradation.

1.2.3 Fluorenyl-based Radicals

Fluorenyl radicals can be considered as a simple member of acene radicals and have been
studied since they are readily synthesized and modified. Only several stable fluorenyl radicals
are reported because of their high spin density at the fluorenyl center, resulting in high
reactivity there. In 2012, Wu et al. reported the synthesis of stable fluorenyl radical 76 (see
Scheme 9)! through the nucleophilic addition of fluorenone with an organolithium formed
from 10-aryl-9-bromoanthracene 74 and n-BuLi, followed by the reduction reaction using
SnCl,. The bulky anthryl protecting group makes 76 stable enough to be purified by silica gel
column chromatography. Benzannulation of fluorenyl radicals forms three different types

n-extended  dibenzofluorenyl radicals 81, 86, and 91 (see Scheme 11),[69]
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Scheme 9. Synthesis of fluorenyl-based radicals 76,1 81,1% 86,1 and 91
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which were reported by Kubo and co-workers in 2014. The radicals 81, 86, and 91 exhibited
good stabilities with half-lives of 7, 3.5, and 43 days respectively in toluene under ambient

conditions.

1.2.4 Azaacene Radical-Anions

Stable azaacene radical anions (SAARS) are quite rare, and so far only few SAARs have been
reported. It is of interest to investigate their preparation, properties, and potential applications.
TAP, an n-type transporting material, exhibits electron mobilities of over 11 cm?V?s™ in
OFETs.[™ For charge transport process in the OFETs, TAP reduces to TAP “at the electrode
and then the injected electrons hop through adjacent molecules.l” The synthesis of TAP and
investigating its unpaired spin density contribute to the understanding of the charge transport
mechanism of n-type transporting materials in OFETSs. In 2016, Marder et al. reported the
synthesis of anionic radical TAP and dianion TAP? (see Scheme 10) by reducing TAP with
one and two equivalent (eq.) potassium anthracenide respectively.™ TAP displayed an
absorption spectrum with a Amax at 675 nm (See Figure 12). Upon reduction into its radical
anion, a large redshift to 1400 nm was observed. The dication on the other hand displayed an
absorption spectrum with a Anax of 592 nm. In addition, TAP "is stable with respect to

disproportionation into TAP and TAP?

— — e _ —a-
TIPS TIPS TIPS
X N N X Ppotassium X N N X potassium % N N X
]@[ S \ji:[ anthracenide j@ N \:©: anthracenide :@[ B j::[
A e
o~ Z Z ~Z
X N N X X N N X X N7 N7 X
TIPS L TIPS i TIPS
X=H TAP TAP™ TAPZ
X=Br Br,TAP Br,TAP™* Br,TAPZ

Scheme 10. Reduction of TAPY® ™ and Br,TAP into their radical anions and dianions using

potassium anthracenide.

In 2018, Bunz et al. reported an improved synthetic approach for Br,TAP,"? whose OFETs
displayed electron-transporting mobilities of over 0.56 cm?V™'s™, around 50 times higher than
those of TAP under the identical conditions. The authors further reduced Br,TAP to its
radical anion Br,TAP "and dianion Br,TAP* by potassium anthracenide. The absorption

spectra of Br,TAP, Br,TAP ’ and Br,TAP? (see Figure 12) are similar to those of TAP,
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TAP™, and TAP? respectively. The spectrum of the radical anion is the most red-shifted
while the spectrum of the dianion is opposite, that is, the most blue-shifted. Notably,

Br,TAP is stable in dry diethyl ether (Et,O) under air for at least several weeks.
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Figure 12. UV-vis spectra of the neutral (black), singly negatively charged (green), and doubly
negatively charged (red) of TAP (left) and Br,TAP (right). Left panel adapted with permission of ref.
71 © 2017, American Chemical Society, and right panel adapted with permission of ref. 72 © 2018,
Wiley-VCH.

1.2.5 Heteroacene Radical-Cations

Stable unpaired heteroacene radical cations exhibit unique optoelectronic and electrochemical
properties, inaccessible to closed shell compounds. In 2019, Chen et al. reported the synthesis
and properties of 991" and 10418, As shown in Scheme 11, reacting 92 with sec-butyllithium
(sec-BuL.i)/ tetramethylethylenediamine (TMEDA), followed by adding phenalenone 93 and

2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), furnished 94. Treatment of 94 with

1. sec-BuLi, TMEDA

Scheme 11. Synthesis of heteroacene cationic radicals 96 and 1011"®!,
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trifluoromethanesulfonic acid (TfOH) easily deprotected the methyl ether, which
subsequently underwent dual cyclization to generate dipyrilium 95. Reducing 95 using
sodium dithionite (Na,S,0,) furnished isolable and characterizable oxygen embedded cationic
radical 96, a dark blue solid, which was stable for multiple days in ambient conditions. On the
other hand, condensation of 97 and hydroxylamine (NH,OH), followed by acetylation,
provided 98, which was treated with tris(acetylacetonato)iron (I1l) (Fe(acac)s) to form 99.
Then 99 was alkylated with methyl triflate (TFOCH,3) to afford 100, followed by reduction
with TEA to generate an air stable nitrogen-embedded cationic radical 101. Interestingly, 101
in DCM exhibited a red emission with a Amax Of 592 nm, achieving a photoluminescence

guantum yield of 9.3%.
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1.3 Objective

Rubrene is a representative p-type semiconductor in organic electronics with carrier
mobilities ranging between 15-40 cm?V7's™. At the same time, it is unstable and easily
oxidized. Introducing nitrogen atoms into z-System to form pyridine-like species lowers the
HOMO and LUMO energies of molecules and converts the parent hydrocarbon structures from
p-type to n-type heterocyclic semiconductors. Hence, in Chapter 2, we propose azarubrenes
(see Scheme 12) through embedding nitrogen atoms into the phenyl peripheries of rubrene.
These azarubrenes should be more stable compared to rubrene, at the same time maintaining
its charge-transporting capability. To exploit more high-performance charge-transporting
materials, a series of TDAPs (see Scheme 12) are designed and synthesized in Chapter 3. In
terms of chemical structures, TDAPs can be seen as “homoazarubrenes” with the tetracene

backbone substituted by 6,13-diazapentacene.
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Scheme 12. Target molecular structures in this work.

In addition, quinoidal conjugated Quinos (see Scheme 12), the derivatives of TDAPs, have

never been reported yet. Therefore, in Chapter 4, we are interested in investigating the
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synthesis and properties of Quinos. Moreover, their radical cations (Quinos*) and dications
are further prepared by oxidation. Finally, in Chapter 5, DDAs and their monocations

(DDAs", see Scheme 12) are designed and synthesized to exploit more stable radical cations,

the rare species.
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Chapter 2. Synthesis and Characterization of Two Different

Azarubrenes

Figure 13. Molecular structures of 5,11-di(4-pyridyl)-6,12-diphenyltetracene (DAR) and 5,6,11,12-
tetra(4-pyridyl)tetracene (TAR). Reproduced with permission of ref. 77 © 2018, the Royal Society of
Chemistry.
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2.1 Introduction and Research Purpose

Rubrene is a benchmark semiconductor and has been studied extensively in the field of organic
electronics.[’®® So far, the highest reported hole-transporting mobility for rubrene has reached
40 cm?visM - Also, rubrene promises powerful performance in next-generation solar cells
with its high singlet fission quantum efficiency of nearly unity.®® Nevertheless, rubrene
oxidizes easily in ambient surroundings,® ®! hampering its practical applications. Thus,
various substituted rubrenes have been prepared and investigated. Sakamoto and coworkers
have reported half-fluorinated and perfluorinated rubrenes.™> ®: ®l The replacement of
hydrogen atoms by electron-withdrawing fluorine atoms lowers the HOMO and LUMO
energies, thus enhancing stability of rubrene against oxidation. Mamada and coworkers have
developed and characterized a series of rubrene analogues with thienyl or furyl substituents, "}
which show increased photooxidation stability. However, to our knowledge, azarubrenes are
unknown at the present. Introducing nitrogen atoms into -System to form pyridine-like species
stabilizes the frontier molecular orbitals (FMOs) of molecules and potentially converts the
parent hydrocarbon structures from p-ype to n-type heterocyclic semiconductors.!®* & 8

Therefore, we designed and synthesized two novel azarubrenes by introducing nitrogen atoms

into the phenyl peripheries of rubrene.

2.2 Synthesis of Azarubrenes

The classic one-pot approach to synthesize rubrene using the allene protocol has been applied
extensively. Some new derivatives of rubrene, such as 5,11-bis(3-thienyl)-6,12-diphenyltetracene
and 5,11-bis(4-cyanophenyl)-6,12-diphenyltetracene, were synthesized using this approach.l To
access DAR (see Scheme 13) we prepared the carbinol 103. However, mesylation followed by
heating in o-xylene to synthesize DAR from 103, according to the allene method failed.
Fortunately, when 1,1,2,2-tetrachloroethane was used as solvent, DAR was obtained in a yield of
14%. The simplicity of the synthesis rendered the poor yield acceptable, but unfortunately this
scheme did not work for TAR, so an alternative route was developed, starting from literature

known tetrachlorotetracene 27 (see Scheme 14).% 27 had been employed to synthesize thienyl and
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Scheme 13. Synthetic route to DAR. i) K,COs;, THF/CH;OH = 1:1, r.t.,, 30 min; ii) benzophenone,
n-BuLi, THF, 0 ‘C to r.t, 12 h; iii) MesCl, TEA, 1,1,2,2-tetrachloroethane, 146 °C, 12 h; iv) air,
DCM, r.t., 5 d. Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.

furyl substituted rubrene derivates by Stille coupling.*) From 27, TAR was easily obtained by the
coupling of 27 to 4-pyridinylboronic acid, through a fairly efficient Suzuki reaction, employing a
Buchwald-type catalyst.”™ ) The desired TAR formed in 48% after column chromatography.
Interestingly, in previous work, Douglas et al. found that 27 and phenyl magnesium bromide by

Kumada-Tamao-Corriu cross-coupling underwent an indene annulation reaction.’” However,

similar types of transformation did not occur under our conditions.

Scheme 14. Synthetic route to TAR. i) 4-Pyridinylboronic acid; tris(dibenzylideneacetone)
dipalladium(0) (Pd,dbas), 2-dicyclohexylphosphino-2°,4°,6’-triisopropyl-biphenyl (Xphos), KsPQy,
1,4-dioxane, 100 °C, 72 h; ii) air, DCM, r.t.,, 5 d. Reproduced with permission of ref. 77 © 2018, the
Royal Society of Chemistry.

2.3 Results and Discussion

As shown in Figure 14, DAR and TAR exhibit absorption and emission spectra similar to
each other and to those of rubrene; this result is expected, as the chromophore, tetracene, is
identical in all cases. Despite the presence of two or four nitrogen atoms in the periphery, DAR
and TAR are still easily oxidized in air into 5,12-dihydro-5,11-di(4-pyridyl)-6,12-diphenyl-

5,12-epidioxynaphthacene (DARO2) and 5,12-dihydro-5,6,11,12-tetra(4-pyridyl)-5,12-
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epidioxynaphthacene (TAROZ2); both emit blue-shifted as expected by the breakup of the

tetracene system (see Figure 15).
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Figure 14. Normalized absorption and emission spectra of rubrene, DAR and TAR measured in DCM.
Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.
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Figure 15. Normalized absorption and emission spectra of rubrene and designed compounds measured
in DCM. Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.

Figure 16 shows a comparison of fluorescence intensity for solutions of rubrene, DAR, and
TAR as a function of time in ambient air. After 24 h, the fluorescence intensity of rubrene,
DAR, and TAR have decreased by 52%, 24%, and 10% respectively. Both DAR and TAR
therefore are less sensitive towards oxidation in solution, but by no means air-stable for

prolonged periods of time.
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Figure 16. Normalized time-dependent emission spectra of rubrene, DAR, and TAR measured in
DCM. Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.

Table 1. Photophysical, experimental and calculated electrochemical properties of rubrene, DAR, and
TAR. Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.

Abs o EMpad®  En Erg™ HOMO (eV) LUMO (eV) gap (eV)
Comp.

(hm) (nm) (V) V) mes.Ycal.  mes.CYcal. ™ mes.Flcal.
rubrene 527 556 0.37 -2.11 -5.17/-4.95 -2.69/-2.52 2.48/2.43
DAR 525 558 0.54 -1.98 -5.34/-5.24 -2.82/-2.82 2.52/2.42
TAR 525 561 0.71 -1.73 -5.51/-5.54 -3.07/-3.13 2.44/2.41

[a] Absorption peaks and maximum emissions in DCM. [b] Oxidation and reduction potentials
measured in CV using ferrocene/ferrocenium as the reference redox system and internal standard
(—4.8 eV). [c] Calculated from CV measurements (Exomo = —4.80 eV — Eqy (0/+); E ymo = —4.80 eV —
Ereq (0/-)). [d] Calculated by Gaussian 09 B3LYP/6-311++G**//BP86/def2-TZVP.®*¥ [e] Estimated

from Eromo and Evumo (Egap = ELumo — Eromo)-

We were able to grow single crystals for XRD analysis of all of the four products, i.e. the
azarubrenes but also their oxidized products. Single crystals of DAR, DARO2, and TARO2
were obtained by slow evaporation of saturated DCM solutions under ambient conditions;
TAR single crystals were grown by slow evaporation of THF solution in the glovebox.
Rubrene displays three different polymorphs, orthorhombic (a = 26.78, b = 7.17, ¢ = 14.26),
monoclinic (a = 8.74, b = 10.13, ¢ = 15.64, f = 919, and triclinic (a = 7.02, b = 8.54, c =
11.95, o = 935 B = 106< y = 1069.7 As shown in Table 2, DAR (a = 7.07, b = 8.27,
c=11.86, o = 90 B = 106< y = 989 crystallizes in the triclinic crystal system and its
molecular packing (see Figure 17a and 17¢) is close to isomorphic to that of triclinic rubrene
crystals, grown by the solvent diffusion method. Both of them exhibit a planar tetracene

backbone with slanted stacks. Noticeably, DAR crystal exhibits a n-n stacking distance of 3.6
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A (0.2 A shorter than that of rubrene®®), a long-axis displacement of 6.1 A, and the absence
of short-axis displacement along crystal a direction (see Figure 17e and Figure 18), indicating
it might have more efficient cofacial m-stacking interactions and electronic coupling than
rubrene.®® This is further supported by a Hirshfeld surface analysis®®! (see Figure 17g and
17h): similar to triclinic rubrene,® the main feature is a large, light blue colored region that
corresponds to w-stacking of the tetracene core. However, the red regions on dnom result
exclusively from C-H-- -t close contacts — H-- *H close contacts are less prominent and N-- *H

close contacts contribute only 5.4% to the total surface area.

More interesting is the structure and the packing of triclinic TAR (see Table 2). Contrary to
DAR, the tetracene nucleus is somewhat twisted in this structure. Unfortunately, the
compound crystallizes as a solvate and THF is part of the structure. As a consequence, the
packing of the molecules is not rubrene-like anymore, and there is no appreciable overlap of
the m-systems of different molecules. Attempts to grow single crystals from other solvents

only led to very small crystals.

We could also obtain specimens of the oxidized species, which are, as expected, the oxygen
adducts formed through a formal [4 + 2]-cycloaddition of DAR or TAR with O,. The
molecular packing of these species is complicated (see Figure 19).

Table 2. Unit cell data of DAR, TAR, and rubrene. Reproduced with permission of ref. 77 © 2018, the
Royal Society of Chemistry.

crystal space a b c a B Y \Y
Comp.

system group  (A) A) (A) (deg) (deg)  (deg) (A3)
Rubrene®  triclinic P1 7.02 854 11.95 93 106 96 684
DAR triclinic P1 7.07 827 11.86 90 106 98 660
TAR triclinic P1 7.76  18.66  21.77 98 90 101 3068

[a] Triclinic rubrene crystal data is reported by Huang et al.[*”
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Figure 17. Different views of single crystal structures of DAR (a), TAR (b), DARO2 (c), and TARO?2
(d). Visualization of overlap and packing of DAR (e) and TAR (f). THF molecules are omitted for
clarity in the TAR crystal structures. g) dnorm Hirshfeld surface for DAR. h) Fingerprint plot for DAR.
Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.
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displacement

displacement da=4.417A
d3=6.072A

d2=5.638A
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Figure 18. Illustration of the lattice parameters within ab layer of DAR crystal. The n- stacking
distances along a and b direction are estimated to be around 3.6 A and 5.6 A respectively; the long-axis
displacements of adjacent molecule along a and b direction are estimated to be around 6.1 Aand 4.4 A
respectively. Reproduced with permission of ref. 77 © 2018, the Royal Society of Chemistry.

Figure 19. Examples for the visualization of packing of DARO2 (a) and TARO?2 (b). Reproduced with
permission of ref. 77 © 2018, the Royal Society of Chemistry.

Quantum chemical calculations show the influence of the pyridine units on the energetic
position of HOMO and LUMO (see Figure 20). Optimized geometries of rubrene, DAR, and
TAR are twisted as reported for rubrene.®® The FMOs are stabilized by 0.3 eV (DAR) and
0.6 eV (TAR) each in comparison to rubrene, pointing to an effect of around 0.15 eV per

nitrogen atom, fairly additive.
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rubrene DAR TAR

LUMO ’\

HOMO

Figure 20. Quantum-chemical calculations of the FMOs (LUMOs Top, HOMOs bottom) for rubrene,
DAR, and TAR (Gaussian 09 B3LYP/6-311++G**//BP86/def2-TZVP).**! Reproduced with
permission of ref. 77 © 2018, the Royal Society of Chemistry.

2.4 Conclusion

We have introduced two or four pyridine substituents to rubrene and have modulated its frontier
orbital positions, without touching the tetracene unit, working on the peripheral aromatic
substituents. While this concept is not new, pyridine-substituted rubrenes have to our
knowledge never been prepared and 27 is a versatile starting material for the introduction of
different substituents to rubrene. In future we will exploit this concept further and introduce
other electron accepting substituents into the rubrene core and investigate their structure,
optical and electronic properties with the final goal to develop a high mobility n-channel

material based on the rubrene framework.



32




33

Chapter 3. 5,7,12,14-Tetrafunctionalized

6,13-Diazapentacenes

Figure 21. Chemical structures of 5,7,12,14-tetrafunctionalized diazapentacenes (TDAPSs). Adapted
with permission of ref. 97 © 2020, Wiley-VCH.
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3.1 Introduction and Research Purpose

Azaacenes™ ' have aroused great interest, starting with the synthesis of the superb n-channel
semiconductor TAP.!® 1 Thjs interest was further stoked by new syntheses to construct
azapentacenes’® to azaheptacenes,"® by Pd-catalyzed formation of embedded
N,N’-dihydropyrazines,™® %! and the availability of several privileged, TIPS-substituted
aromatic ortho-diamines."®? These approaches lead to disubstituted azaacenes. The synthesis
of higher substituted azaacenes (tetrasubstituted, hexasubstituted, etc.) is not common,
although for their hydrocarbon analogues,™ " some derivatives have recently been explored,
including per-substituted species furnishing twistacenes.’®**?l Herein, we decorate the

diazapentacene framework by fourfold Suzuki-Miyaura coupling.

3.2 Synthesis of 5,7,12,14-Tetrafunctionalized 6,13-

Diazapentacenes

Reaction of the literature known tetrabromide 104" with different boronic acids under
standard palladium catalysis conditions gave the crude N,N’-dihydro-intermediates 2a-c, which
were not further characterized but immediately oxidized by MnO, into the target compounds
3a-c (53-79% overall yield). The dihydro-species 104 is much more soluble (and does not
re-oxidize the intermediately formed Pd° species) than its oxidized heteroacene counterpart and
was employed in our coupling reactions. Attampts to synthesize 3d from 104 through the
Sonogashira reaction failed (see Scheme 16 for conditions). Fortunately, my colleague,

Hendrik Hoffmann, synthesized tetrayne 3d successfully by reacting tetraone 105 with an

R
Br H Br HO
O O (20— O e
N Pd(PPh3),, 1,4-dioxane, DCM, r.t., 6h
g M B KoCO3, 70 °C, 4 days
O (= Y Q

R 2a.¢c R R 3ac

R= -§-O (3a, 53% (two steps))

$£H  (3b, 59% (two steps))

F
%—QF (3¢, 79% (two steps))
F

Scheme 15. Synthesis of substituted diazapentacenes 3a-c.
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excess of the lithium salt of TIPS acetylene and then treating the intermediate with SnCl, (see

Scheme 17).[14 1%

Y <L A
Br H Br 7jl\4< YS\\ H S
N u N nO, Na
COLUC0 ot COLID = GOl

Y

Br Br X-Phos, dioxane, )\ // \\ /4 )\ // \\ /<
70°C, 48 h i i i i
104 PA(PPhy),Cl, 4{; T 8)7 _5 T 3d \<S)_

THF/diisopropylamine,
70°C, 48 h

Scheme 16. Failed synthetic route to alkynylated 3d.
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Scheme 17. Synthesis of alkynylated 3d.
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3.3 Results and Discussion

Figure 22 displays the normalized absorption spectra of nonfluorescent 3a-d (see Table 3).

We note that 3a-c display almost identical UV-Vis spectra despite the significant electronic
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Figure 22. Normalized absorption spectra of 3a-3d measured in DCM. Adapted with permission of ref.
97 © 2020, Wiley-VCH.
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differences in the substituents of 3a-c. The substituents only exert an inductive effect but do
not increase the conjugation — not unexpected, because the arene groups are heavily twisted
with respect to the diazapentacene backbone. Compound 3d with the four alkyne groups
displays a 70-80 nm red-shifted absorption at 743 nm, a consequence of the conjugation of

the four alkyne groups with the diazapentacene nucleus (see Scheme 17).1¢]

Table 3. Photophysical and electrochemical properties. Adapted with permission of ref. 97 © 2020,
Wiley-VCH.

Comp. Abspa®  Epd™  En™  lonization Electron Gap
(nm) V) V) potential (eV) affinity (eV)
meas.Ycal.!  (ev) meas./cal !

meas.Ycal.l  /opt.

3a 664 0.64 133 -5.44/-508  -3.47/-2.98  1.97/2.10/1.69
3b 668 0.63 -1.32  -5.43/-533  -3.48/-3.25  1.95/2.08/1.68
3c 674 1.13 -1.14  -593/-6.27  -3.66/-4.23  2.27/2.04/1.72
3d 743 0.77 -0.96 -5.57/-- -3.84/-- 1.73/--/1.59

56 62154 - - --/-4.80P4 /2594 _2.21/1.885%4

[a] Absorption peaks in DCM; [b] The first oxidation and reduction potentials measured in CV using
ferrocene/ferrocenium as the reference redox system and internal standard (—4.8 eV); [c] Calculated
from CV measurements (Epomo = —4.80 €V — Eoy; ELumo = —4.80 eV — Eq1); [d] Calculated with
Gaussian 09 B3LYP/6-311++G**//DFT/B3LYP/6-31+G**;I**] [e] Estimated from Enomo and Eiumo
(Eqgap = ELumo — Enomo); [f] Estimated from absorption onset measured in DCM.

Compounds 3a-d were investigated by cyclic voltammetry (see Table 3). They can be both
oxidized and reduced, suggesting ambipolar behavior.*****1 As expected, 3c and 3d display
the highest oxidation potentials. The effect is particularly strong for 3c, featuring eight CF;
groups. The same trend is observed for the reduction potentials, which are -1.14 V for 3c and
-0.96 V for 3d. The electron affinity for 3c and 3d are estimated to be -3.7 and -3.8 eV,
respectively. Although the alkyne substituents influence HOMO and LUMO position
differently and lead to a decreased electrochemical and optical gap, electron withdrawing
substituents on the aryl groups in 3c stabilize both FMOs similarly. In comparison to
5,7,12,14-tetraphenylpentacene 56 (see Figure 23),®" nitrogen substitutions lead to the

decreased FMO energy levels, as was expected.
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Figure 23. Chemical structures of 5,7,12,14-tetraphenylpentacene 56.
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Figure 24. Molecular structures and solid-state packings of (a) 3a, (b) 3b, and (c) 3c. Adapted with
permission of ref. 97 © 2020, Wiley-VCH.

Compounds 3a-c formed suitable specimens useful for X-ray single crystal analysis (see
Figure 24). The diazapentacene backbone of 3a-c is planar, and the four aryl groups are
oriented parallel to each other and considerably twisted with respect to the diazapentacene

(dihedral angles: 63° and 65° for 3a; 57° and 61° for 3b and 66° and 71° for 3c). The
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molecules of 3a and 3c pack in a herringbone pattern with no n-n overlap between the
molecules. The molecules of 3b pack in - stacked dimers with an interplanar distance of

3.60 A, which are arranged in one-dimensional slipped stacks.

124
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Figure 25. Normalized time-dependent absorption spectra of 3a-d measured in DCM. Adapted with
permission of ref. 97 © 2020, Wiley-VCH.

Next issue to address was stability of the diazapentacenes compared to their hydrocarbon
analogues. The stability of 56 was assessed through UV-Vis measurements in dilute solution
— it photooxidizes in toluene™” or DCM™* under ambient conditions (light and air) in less
than 20 min via endo-peroxide formation. Nitrogen substitutions protect the system. As
displayed in Figure 25, the absorption profile of alkynylated 3d remains unchanged for 24 h,
photooxidation of 3a-c depends on the electronic demand of the aryl substituents.
Electron-deficient trifluoromethyl groups stabilize the system most (14% absorption loss after
24 h), but even electron-rich, dimethoxy-substituted 3a is still fairly stable (50% loss after 24

h).
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Figure 26. HOMOs and LUMOs of 3a, 3b, and 3c calculated at DFT/B3LYP/6-311++G**//
DFT/B3LYP/6-311+G** level of theory.l® Adapted with permission of ref. 97 © 2020, Wiley-VCH.

Figure 26 displays the FMOs of 3a-c. The backbones of 3a-c are planar in computationally
optimized geometries. Interestingly, similar to rubrene and azarubrenes, both HOMOs and
LUMOs are distributed on the acene cores for all three compouds, regardless of their different
side groups. Among three compounds, 3a exhibits the shallowest calculated HOMO (-5.08 eV,
see Table 3) and LUMO (-2.98 eV) energies due to the electron-donating ability of eight
OCHg; groups, while 3c shows the lowest-lying HOMO (-6.27 eV) and LUMO (-4.23 eV)

energies because of the strong electron-withdrawing ability of eight OCF; groups.

To initially evaluate the potential of the newly synthesized tetrasubstituted diazapentacenes as
n-channel organic semiconductors, OFETs were fabricated by PVD method of 3b. The
compound showed n-type charge transport behavior with a maximum electron mobility of 3.2
x10 cm?V''s™, a threshold voltage of 30 V and an on/off ratio on the level of 10°. The average
charge carrier mobilities calculated for twelve transistors were 1.76x10°+0.51 cm*V’s™. In
contrast, for the parent unsubstituted 6,13-diazapentacene hole mobilities in a range of 10°

were reported.™™ This finding highlights beneficial impact of the 5,7,12,14-substitution
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pattern on n-channel device performance and constitutes an asset for our future efforts in this

area.

3.4 Conclusion

In conclusion, we developed symmetrically tetrafunctionalized 6,13-diazapentacenes starting
from the N,N’-dihydro-tetrabromide 104. The compounds are stabilized with respect to
photooxidation, and the tetraphenyl-substituted representative 3b shows n-channel behavior. In
the future, we will expand this concept to 6,7,14,15-tetraazahexacene and to
7,16-diazaheptacene. Herein, the solubility of the precursors might be a problem, but the

prospect of stable diazaheptacenes is particularly attractive.
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Chapter 4. Stable Radical Cations of
7,14-Dimesityl-5,12-Dihydro-5,12-Diaryldiazapentacenes

stable radical cation

Figure 27. Single crystal structure of Quino-CF;". Adapted with permission of ref. 120 © 2020,
Wiley-VCH.
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4.1 Introduction and Research Purpose

Acenes and N-heteroacenes!®® 121124

play a fundamental role in chemistry, material science and
organic electronics, particularly as charge transport materials.'*! Larger N-heteroacenes are
easily reduced into their N,N’-dihydro-compounds, much longer known and more stable than
the N-acenes themselves. Yet, the chemistry of the reduced compounds is much less explored,
even though some data were reported by Miao,®* **®! Beckert,*"! and Koutentis,"?®! but the

redox-chemistry of these materials is surprisingly sparse.

Noeeee

Diene-type conjugation Quinoidal conjugation

109 '

This work

Figure 28. a) Structure patterns of Diene-like conjugation and Quinoidal conjugation; b) Chemical
structures of 107, 108, and 1009.

Chi et al. investigated sulfur- and oxygen-embedded quinoidal conjugated acene analogues,
107 and 108 (see Figure 28).'%*3! They demonstrated that their dications display properties
similar to those of the acenes with similar length, but for the larger representatives these
dications are — contrary to the isoelectronic acenes themselves — isolable, stable and can be

characterized. In this contribution, we extend this concept to N-heterocycles.

Herein we describe the synthesis and characterization of novel N,N’-diaryldiazapentacenes in
their neutral, radical cation, and closed-shell dication states, spectroscopically matching the

dianion, radical anion, and neutral TAP.I'Y]
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4.2 Synthesis of Neutral Compounds, Radical Cations, and
Dications of 7,14-Dimesityl-5,12-Dihydro-5,12-Diaryldiaza-

pentacenes

Starting from quinacridone, copper catalyzed N-arylation with different 4-iodoarenes gave
QA-tBu, -OMe, and -CF; in excellent yields. A double nucleophilic addition reaction of the
organolithium compound formed from bromomesitylene and n-BuLi followed by treatment
with SnCl, in THF furnished three Quino-structures in 32-39% vyield. Oxidation with AgSbFs
(1 eq.) gave the monocations Quinos®as the dark brown solids. To obtain the dications

Quinos?, the stronger oxidant NO*PFg is employed.

R

o H o} i

COCO0 - CLCC

N <)
H
110 ° R ©
R

R= %é (tBu)

QA-tBu (96%) Quino-tBu (36%)
é—o/ (OMe) QA-OMe (94%) Quino-OMe (32%)
QA-CF; (96%) Quino-CF; (39%)
F
$+£F (CFy
F
ii Quino-tBu** (90%)
—>
Quino-CF3** (97%)
Quino-tBu
or —]
Quino-CF;
iv Quino-tBu?* (quant.)
—

Quino-CF32*(98%)

Scheme 18. Synthetic details towards nitrogen-embeded quinodial pentacenes and their corresponding
radical cations and dications. i) 2,2,6,6-Tetramethyl-3,5-heptanedione, K,CQOs, Cul, DMF, 146 °C, 36 h;
ii) (&) n-BuLi, THF, -78 <C to r.t., 12 h; (b) SnCl,, THF, r.t. 1 h iii) AgSbFs, DCM, r.t., 12 h; iv)
NO'PFs, DCM, r.t., 12 h. Adapted with permission of ref. 120 © 2020, Wiley-VCH.
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4.3 Results and Discussion

As shown in Figure 29, the Quinos™ " display intense electron spin resonance (ESR) spectra
without fine-structures (g, = 2.0017).

Quino-tBu**
@) - - - Quino-CF;™

(b)

T T T 1
336 337 338 339
Magnetic Field (mT)

Figure 29. ESR spectra of a) Quino-tBu*~and b) Quino-CF;* recorded in DCM at r.t.. Adapted with
permission of ref. 120 © 2020, Wiley-VCH.
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Figure 30. Absorption spectra of a) Quino-tBu, Quino-tBu*, and Quino-tBu®* (dotted arrows:
maximum absorptions of TAP, TAP™; and TAP?); b) Quino-CF;, Quino-CF;"’, and Quino-CF;**
measured in DCM; c) Comparison of the electronic properties of Quinos and of TAP. Adapted with
permission of ref. 120 © 2020, Wiley-VCH.

Figure 30a and 30b display the UV-vis spectra of the three oxidation states of Quino-tBu and
Quino-CF;. They are very similar, as expected. The neutral Quino-tBu displays an
absorption spectrum with a maximum at 574 nm. Upon oxidation into the radical cation, a
large red-shift to 1026 nm is observed. The dication on the other hand displays an absorption

spectrum with a Amax OF 672 nm. These spectra resemble the UV-vis spectra that are observed

for other azaacenes but in the sequence dianion-radical anion-neutral species (cf. absorption
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maxima sketched for TAP in Figure 30a). Apparently, these species are isoelectronic (see

Figure 30c; Quino/TAP? 24 e, Quino"7TAP 23 e, Quino®/TAP 22 e per

backbone).32134

Table 4. Comparison of most significant single excitation contributions of the bright states (BS) for
Quino-CF; versus TAP?, Quino-CF;" " versus TAP*, and Quino-CF5** versus TAP. The molecular
orbital (MO) numbers are indicated below the MO pictures, where the MO numbers in respective neutral
specie are written in parentheses. The Quino-CF; and TAP species were computed at G16
B3LYP/6-311G**/DCM and CAM-B3LYP/6-311++G**/THF level of theory,™® respectively.
Adapted with permission of ref. 120 © 2020, Wiley-VCH.

State Most Significant Single Excitation Contribution
Quino-CF; TAP~
BS1 y —
(4 (4]
HOMO LUMO LUMO
(HOMO) (LUMO) (LUMO+1)
Quino-CF;"
BS1 N 3
(4
¢ Lo
HOMOB LUMOB LUMOB
(HOMO-1) (HOMO) (HOMO) (LUMO)
BS2 5 — k —
, ;%: ¥
HOMOa LUMOa HOMOu LUMOa
(HOMO) (LUMO) (LUMO) (LUMO+1)
BS3 3 N : g E N
© ¢ < ?
HOMOB-6 LUMOB HOMOB-2 LUMOB
(HOMO-7) (HOMO) (HOMO-3) (LUMO)
2 TAP
g
BS1 Ry —
4
HOMO-4 LUMO
(HOMO-1) (HOMO) (LUMO)
g
BS2 — | § —
(4
HOMO-8 LUMO HOMO-3
(HOMO-7) (HOMO) (HOMO-3) (LUMO)
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Table 5. (TD)-DFT results at B3LYP/6-311G** level using a PCM model for DCM solvation for neutral,
cationic, and dicationic Quino-CF3.'*! Adapted with permission of ref. 120 © 2020, Wiley-VCH.

Molecules | Quino-CF, | Quino-CF5" | Quino-CFy*
Ground State
E -2714.9418664 -2714.7860648 -2714.5917678
IP 0 4.2396 9.5267
Enowmo -4.353 -5.393 (a), -6.414 (B) -7.437
ELumo -2.007 -3.145 (), -4.124 (B) 5.179
= 2.346 2.247 (0), 2.597 (B) 2.258
Excited State
Bright state State eV nm f State eV nm f State eV nm f
BS1 S1 2.22 | 559 | 0.9445 D1 1.48 840 0.1263 S5 1.90 | 653 | 0.1055
Contribution HOMO -> LUMO, 97% HOMO-B -> LUMO-B, 79% HOMO-4 -> LUMO, 79%
BS2 | | \ D2 | 163 | 761 | 02554 | S12 | 3.07 | 404 | 0.6858
Contribution HOMO-a -> LUMO-a, 78% HOMO-8 -> LUMO, 92%
BS3 D10 [ 283 | 437 | 0.3435
Contribution HOMO-B-6 -> LUMO-B, 78%
140000 - 1
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Figure 31. Simulated absorption spectra of neutral, cationic, and dicationic Quino-CF; computed at
TD-DFT/B3LYP/6-311G** level of theory."*! All spectra were broadened using Gaussian functions
with a full-width at half maximum of 0.2 eV. Adapted with permission of ref. 120 © 2020, Wiley-VCH.

To rationalize the experimental results, we performed quantum chemical calculations of the
vertical excited states at TD-DFT/B3LYP/6-311G** level of theory. As can be seen from
Figure 31, the simulated absorption spectra of the Quino-CF; species are consistent with the
experiments. The lowest electronic transition of Quino-CF; is a HOMO->LUMO transition
with the excitation energy of 2.22 eV located at 559 nm in the simulated absorption spectrum.
Due to neglect of vibrational effects, the broadening of absorption bands is not reproduced. The
lowest absorption band of Quino-CF;" is red-shifted to the near-infrared region with
contributions from two electronic transitions of HOMOa->LUMOa and HOMOB->LUMOp
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character. Furthermore, the first bright state (BS1) of Quino-CF3** lies in between those of
Quino-CF; and Quino-CF;" " with a Ama of 653 nm. Therefore, the first absorption band of
Quino-CF; is blue-shifted compared to that of its cationic and dicationic species. A similar
blue-shift feature also exhibits in dianionic TAP?, when compared with TAP and TAP™.
Hence, the character of each vertical transition for Quino-CF; and TAP is compared and
shown in Table 4. It can be easily found that Quino/TAP*, Quino* 7TAP, and Quino®/TAP
share common transition characters. For example, the most important contribution to the BS1
of Quino-CF; is a HOMO to LUMO transition, the BS1 of TAP* is analogously also mainly a
HOMO-LUMO transition with similar molecular orbital shapes. Thus, the resemblance of the
peak position in the absorption spectra and the similar characteristics of the electronic
transitions corroborate the isoelectronic properties of Quino/TAP?, Quino*/TAP™;, and

Quino®/TAP.
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Figure 32. Time-dependent absorption spectra of Quino-tBu, Quino-OMe, and Quino-CF; measured
in DCM under ambient conditions. Adapted with permission of ref. 120 © 2020, Wiley-VCH.
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Figure 33. Time-dependent absorption spectra of a) Quino-tBu™ and b) Quino-CF;™ measured in DCM
under ambient conditions. Adapted with permission of ref. 120 © 2020, Wiley-VCH.

In addition, all three neutral Quino compounds are stable in the solid state. In DCM, under
ambient conditions, the electron-rich Quino-OMe is the least stable (decomposition after 3 h,
see Figure 32), while Quino-CF; is much more persistent with around 20% absorption
intensity loss after 9 h. Surprisingly, the Quino® “species are stable and their absorption spectra
(see Figure 33) in DCM remain unchanged under ambient conditions for at least 24 h.

The Quino-compounds are easily and reversibly oxidized at very similar potentials (see
Figure 34). For Quino-CF;, the first oxidation potential to the radical cation is located at
-0.11 V and the second one to the dication is at +0.51 V (both vs. Fc/Fc*). The more
interesting experiment is the consecutive cyclovoltammetric reduction of the dications
(example of Quino-CF3**, see Figure 36). The first reduction potential of Quino-CF5*" is at
-0.28 V and the second one is at -0.83 V vs. Fc/Fc*. This reduction is analogous to the
reduction of TAP into the TAP "at -0.79 V and the second step is analogous to the reduction
of TAP "into TAP? (-1.23 V). As expected, the Quino®* species are more electron-accepting
than the neutral compounds, in the case of the CFjz-species about 0.51 V. The second
reduction is easier for the Quino series than for TAP, even if one starts from the radical

cation ->neutral compound and for TAP from the radical anion -> dianion.
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Figure 34. CVs of a) Quino-tBu, b) Quino-OMe, and c) Quino-CF; using a gold working electrode, a
platinum/titanium wire auxiliary electrode, and a silver wire reference electrode in degassed
0.1 M NBusPFs DCM solution. The electrode potential was externally calibrated by Fc/Fc*™ couple.
Adapted with permission of ref. 120 © 2020, Wiley-VCH.
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Figure 35. CVs of a) Quino-tBu®" and b) Quino-CF;"" using a gold working electrode, a
platinum/titanium wire auxiliary electrode, and a silver wire reference electrode in degassed
0.1 M NBu,PFs DCM solution. The electrode potential was externally calibrated by Fc/Fc* couple.
Adapted with permission of ref. 120 © 2020, Wiley-VCH.



50

2 _.
1 _.
0 _.
e
2]
3] E g2 = -0.92

-4

(b)

Current (uA)

E,eqr = -0.28
-5 E,eqp = -0.83

T T T T T T T T T
2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Potential (vs. Fc / Fc*, V)

Figure 36. CVs of a) Quino-tBu?** and b) Quino-CFs** using a gold working electrode, a
platinum/titanium wire auxiliary electrode, and a silver wire reference electrode in degassed
0.1 M NBu,PFs DCM solution. The electrode potential was externally calibrated by Fc/Fc* couple.
Adapted with permission of ref. 120 © 2020, Wiley-VCH.

Figure 37. NICS(1),, values of Quino-CF; (top), Quino-CF;"" (middle), and Quino-CF3** (bottom)
calculated at B3LYP/6-311G** level employing a PCM model for DCM solution.™*! Adapted with
permission of ref. 120 © 2020, Wiley-VCH.

This facile oxidation is a testament to the formation of an aromatic system, i.e. Quino-CF3*".
To shed further light on this issue we performed nucleus-independent chemical shift (NICS)
calculations (see Figure 37). In the neutral Quino-CF3;, NICS-values of the three interior rings
are positive with the maximum value up to +9.5, yet smaller than those reported for the
formally antiaromatic ring in N,N’-dihydrotetrazapentacene (+23, NICS (0),,).** "1 Upon

monooxidation, the overall aromaticity of the system increases, and all the rings now display
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negative NICS-values, with the outer ones and the middle one being more aromatic than the
formal pyridine-like ones. Further oxidation to Quino-CF** results in a fully aromatic system
with large negative NICS values. The *H-NMR spectra of Quino-CF; and Quino-CF3** also
support this conclusion. As shown in Figure 38, all the peaks of Quino-CF;** are largely

downfield-shifted, which indicates the formation of a more aromatic compound.
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Figure 38. H* nuclear magnetic resonance (NMR) spectra of a) Quino-CF; and b) Quino-CF3*" in
aromatic region. Adapted with permission of ref. 120 © 2020, Wiley-VCH.

We obtained single crystalline specimens of Quino-CF; and its radical cation by slow
evaporation of THF and acetone respectively. Figure 39 displays the ORTEP and the bond
distances of the neutral and the radical cation of Quino-CF;. The neutral specimen displays a
significant bond alternation, in accordance with the DFT-optimized geometry, that strongly
suggests quinoidal character, as expected from the simple resonance structures. The quinoidal
character decreases when going from the neutral compound to the radical cation, as expected.

In the calculated structures (see Figure 39) this is also observed.
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Figure 39. Single crystal structures and bond lengths (blue: derived from the crystal structures; red:
calculated at the DFT/B3LYP/6-31+G** level of theory™®) of neutral Quino-CF;compound (top) and
its radical cation (bottom). Adapted with permission of ref. 120 © 2020, Wiley-VCH.

4.4 Conclusion

The structural spectroscopic and quantum chemical data for the Quinos and their radical
cations and dications display a significant resemblance to the data collected for the series of
TAP dianion, radical anion and TAP as neutral compound. The resemblance is the most
striking if one looks at the spectroscopic data, and while the TAP dianion does not feature a
distinct quinoidal structure, Quinos do so. Yet the spectra are very similar. More remarkable is
that the TAP radical anion and the Quino radical cations display red shifted spectra similar to
each other suggesting an extensive isoelectronic relationship (see Figure 30). Over all, we
prepared the neutral, N,N’-diaryldiazapentacenes and showed that they behave as neutral
analogues of the known dianions of the diazapentacenes. They are easily oxidized and the
radical cation is environmentally stable. In the future we will prepare
N,N’-diaryldiazapentacenes with tailored packing behavior that should function as attractive

“Ersatz”-tetraazapentacenes.**®
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Chapter 5. Synthesis and Characterization of Stable
N,N’-Diarylated Dihydrodiazaacene Radical Cations
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Figure 40. Chemical structures and normalized absorption spectra of N,N’-diarylated
dihydrodiazaacene radical cations (DDAs").
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5.1 Introduction and Research Purpose

Acene-based radicals,®™ %! with open-shell electronic characteristics, exhibit particular
electronic, magnetic, and optical properties, which have potential applications in
spintronics,™™* ** organic electronics,™**** organic superconductors,™****° and energy
storage devices.™™" '3 The prerequisite for the applications of acene-based radicals is stability,
since they are fairly reactive and easily form closed-shell compounds by oxidation,
dimerization, and disproportionation.® At present, only a few stable acene-based radicals
have been exploited and characterized successfully.

TAP is a state-of-the-art n-type semiconductor with the electron mobilities up to 10 cm?V's™
in OFETs.[” In 2016, Marder and coworkers reported the synthesis of the radical anion
TAP “(see Scheme 19)" by reducing TAP with one equivalent of potassium anthracenide.
TAP is stable in Et,O solution under air for several hours. Later, our group reported an
improved synthetic approach for Br,TAP and then further reduced it to the radical anion
Br,TAP (see Scheme 19)I" employing a potassium anthracenide as well. Br,TAP is stable
in dry Et,O under air for at least several weeks. Recently, we described the preparation and
characterization of the novel N,N’-diaryldiazapentacenes Quino-CF; and radical cation
Quino-CF;" (see Scheme 19).12% Surprisingly, the neutral Quino-CF; is unstable in DCM
with around 20% absorption intensity loss after 9 h in ambient surroundings, where
Quino-CF;" " is so stable that its absorption spectra remain unchanged for at least 24 h under
the same conditions. In this contribution, we continue to exploit novel acene-based radical
ions, and a sequence of stable N,N’-dihydroazaacene-based radical cations were synthesized

and well characterized.

TIPS TIPS
X N, N, X potassium X N, N, X
N N anthracenide N N
—_—
7 z z ~
X N N X X N N X
TIPS TIPS
X=H TAP TAP-e
X =Br Br,TAP Br,TAP-e

AgSbFg

CF3
Quino-CF; Quino-CF3**

Scheme 19. Preparation of TAP [ Br,TAP @ and Quino-CF," %!,



55

5.2 Synthesis of N,N’-Diarylated Dihydrodiazaacenes and
Their Radical Cations

l@ﬁ

-BuOK, toluene, 110 °C, 48 h

__NO'SbFg IO SbE
6
RuPhos Pd G1, RuPhos, DCM rt, 12 h

F F
FF FOF

m =0, n = 0: PNZ (83%) m =0, n = 0: PNZ** (92%)

m =1, n = 0: BPNZ (96%) m =1, n=0: BPNZ** (95%)

m=1,n=1: DPNZ (56%) m=1,n=1: DPNZ* (92%)

Scheme 20. Synthetic route to N,N’-diarylated dihydrodiazaacenes (DDAs) and their corresponding
radical cations (DDAs™).

As outlined in Scheme 20, PNZ, BPNZ, and DPNZ were prepared by the Buchwald-Hartwig
amination of 4-iodobenzotrifluoride and »N,N’-dihydroazaacenes employing a palladium
catalyst under N, atmosphere. Treating PNZ, BPNZ, and DPNZ with 1 eq. NO'PFg
respectively furnished PNZ*, BPNZ", and DPNZ""in excellent yields of 92-95%, while
further oxidation of the three radical cations using excess equivalents of NO*PFg failed to

form the corresponding dications.

5.3 Results and Discussion

Figure 41 shows the EPR spectra of DDAs"“in DCM. PNZ"* and DPNZ""display the intense
doublets with the g-values of 2.0022 and 2.0021 respectively, whereas BPNZ""exhibits a
defined triplet spectrum with a g-value of 2.0019.

GY (b) (c)

— PNzt —BPNZ** —DPNZ**®

g =2.0022 g =2.0019 g =2.0021

335 336 337 338 339 340 335 336 337 338 339 340 335 336 337 338 339 340
Magnetic Field (mT) Magnetic Field (mT) Magnetic Field (mT)

Figure 41. EPR spectra of (a) PNZ"", (b) BPNZ"", and (c) DPNZ"" recorded in DCM under ambient
conditions.
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Figure 42. Normalized absorption spectra of (a) DDAs and (b) their radical cations measured in DCM.
(Notice: The characteristic absorption (from 1200 nm to 2200 nm) intensity of DPNZ" " is extremely
weak, thus a high concentration solution was measured to obtain a good absorption spectrum without
disturbing noise. However, the intensity of the absorption peak at around 590 nm was beyond
measurement range under this concentration. As a consequence, there is a platform, rather than a peak
at around 590 nm.)

UV-vis absorption spectra of DDAs and their radical cations in DCM were measured, and
TD-DFT calculations of the vertical excited states were further employed to gain insight into
their electronic transitions. As expected, PNZ displays the most hypsochromic absorption

with a maximum absorption peak (Amax) at 369 nm (see Figure 42a), a result of the shortest

azaacene backbone in comparison to those of BPNZ and DPNZ. The absorption spectra of

BPNZ and DPNZ are quite similar, exhibiting the A\n.xs at 409 and 417 nm respectively.

Upon oxidation into the corresponding radical cations, bathochromic-shifted absorption
spectra are observed (see Figure 42b). PNZ" displays the most blue-shifted characteristic
absorption band with the three peaks at 635, 692, and 769 nm, and the absorption band of
BPNZ"" peaks at 955, 1095, and 1291 nm, while DPNZ"'" exhibits the most red-shifted
characteristic absorption band with the peaks at 1281, 1527, and 1986 nm. The significant
characteristic absorption differences of the radical cation species indicate that the length of
azaacene backbones defines their spectroscopic properties. The results are consistent with the
TD-DFT calculations (see Figure 43 and Table 7). The simulated absorption spectra of PNZ"",
BPNZ", and DPNZ" " display the \m.sat 673, 1166, and 1839 nm respectively, which are
mainly contributed by the HOMO (B) -~ LUMO () transitions. In addition, Figure 44 shows
the absorption intensity of the radical cation species as a function of time in DCM. All of the
three radical cations are fairly stable and their absorption spectra remain unchanged under

ambient conditions for at least 24 h.
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Figure 43. Simulated absorption spectra of @) PNZ; b) PNZ*: ¢) BPNZ; d) BPNZ"* e) DPNZ; f)
DPNZ*" calculated with Gaussian 16 at B3LYP/6-311++G**//DFT/B3LYP/6-311+G**/DCM level of
theory.™®! The spectra were broadened using Gaussian functions with a full-width at half maximum of
0.2eV.
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Table 6. Photophysical, experimental and calculated electrochemical properties of DDAs and their
radical cations.

E.™ HOMO(eV) LUMO(ev) 92 (EY)

Comp. Abs(nm)  E, (V) ) mescalld  mesFcal nc]Zf[[‘;]/

PNZ 318, 369 0.06, 0.83 -- —4.86/-4.86 -/-1.71 --/3.15
BPNZ 394, 409 0.51,1.18 - -531/-504 -/-175 ~/3.29
DPNZ 395, 417 0.26, 0.83 -- —5.06/-5.19 --/-1.79 --13.40
PNZ* 635, 692, 769 0.14 -0.63 -- -- 0.77/--
BPNZ*" 955, 1095, 1291 0.21 —0.46 -- -- 0.67/--
DPNZ* 1281, 1527, 1986 0.26 -0.34 -- -- 0.60/--

[a] Absorption peaks in DCM. [b] Oxidation and reduction potentials measured in CV using
ferrocene/ferrocenium as the reference redox system and internal standard (—4.8 eV). [c] Calculated
from CV measurements (Exomo = —4.80 eV — Eox (0/+); ELumo = —4.80 €V — Ereq (0/-); Egap = Eox (0/+)
— Ereq (0/-)). [d] Calculated by Gaussian 16 B3LYP/6-311++G**//DFT/B3LYP/6-311+G**,

Table 7. Selected TD-DFT (Gaussian 16 B3LYP/6-311++G**//[DFT/B3LYP/6-311+G**/DCM)1***!
calculated energies, oscillator strengths, and compositions of major electronic transitions of DDAs and
their radical cations.

Comp. Abs. (nm) Osc. Strengths (f) Major Transition Contributions
PNZ 329 0.3481 HOMO -> L+5 (69.1%)
422 0.0398 HOMO -> L+2 (70.4%)
307 0.6425 H-1 -> L+3 (68.4%)
BPNZ 374 0.2805 HOMO -> L+4 (68.9%)
415 0.2552 HOMO -> L+2 (69.1%)
323 0.8932 H-1 -> L+3 (69.3%)
DPNZ 365 0.2662 HOMO -> L+1 (69.7%)
416 0.6623 HOMO -> L+1 (69.0%)
349 0.1120 HOMO (o) -> L+3 (o) (94.3%)
PNZ*" 457 0.3146 H-1 (B) -> LUMO (B) (97.8%)
673 0.0448 HOMO (B) -> LUMO (B) (99.0%)
387 0.2190 HOMO (o) > LUMO (a) (92.6%)
BPNZ"" 524 0.4145 H-1 (B) > LUMO (B) (98.7%)
1166 0.0219 HOMO (B) -> LUMO (B) (99.1%)
395 0.3366 HOMO (o) -> LUMO () (94.7%)
DPNZ*" 586 0.5862 H-2 (B) -> LUMO (B) (99.0%)

1839 0.0184 HOMO (B) -> LUMO () (99.5%)
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Figure 45. CVs of a) PNZ; b) PNZ" 3 ¢) BPNZ; d) BPNZ** e) DPNZ; f) DPNZ" "using a glass-carbon
working electrode, a platinum/titanium wire auxiliary electrode, and a silver wire reference electrode in
degassed 0.1 M NBu,PFs DCM solution. The electrode potential was externally calibrated by Fc/Fc*
couple.

The cyclic voltammograms (CVs) of DDAs and their radical cations are shown in Figure 45.
As expected, all the three neutral species exhibit two reversible oxidation waves, attributed to
the formation of their radical cations and dications respectively. PNZ and DPNZ oxidize to
their radical cations easily with the first oxidation potentials at 0.06 V and 0.26 V (versus
Fc/Fc") respectively, whereas BPNZ is the most stable with the first and second oxidation
potentials at 0.51 V and 1.18 V (versus Fc/Fc*). Unfortunately, the reduction waves of the
neutral species are not observed, indicating they are difficult to be reduced due to the
electron-rich 4n m-electron N,N’-dihydroazacene nuclei. More interesting is the CVs of the
radical cation species, which display a reversible oxidation wave and a reversible reduction
wave, attributed to the generation of the corresponding dications and neutral compounds
respectively. From PNZ*to DPNZ", the oxidation potentials increase from 0.14 V t0 0.26 V,
while the absolute values of reduction pontentials decrease from 0.63 V to 0.34 V. The radical
cationic species become much more difficult to oxidize and easier to reduce due to the

extension of the n-conjugated systems.

NICS(1),, calculations™®” ***1 were performed to study the aromaticity of the neutral
compounds and their radical cations. For the neutral compounds, the NICS-values of the inner
N,N’-dihydropyrazine (see Figure 46) are positive, all the values surpassing +19.8, indicating
their strong antiaromaticity. The values decrease from PNZ to DPNZ due to continually

increased m-conjugation of the azaacene backbones. On the contrary, the NICS-values of
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peripheral benzene rings are negative, they are aromatic. Upon oxidation, the overall
aromaticity of the azaacenes increases dramatically, and both the rings of BPNZ"" and
DPNZ" now are aromatic, with the NICS-values of N, N -dihydropyrazine rings decreasing to
-2.02 and -4.55 respectively.
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Figure 46. NICS(1),, values of a) PNZ; b) PNZ*: c¢) BPNZ; d) BPNZ': e) DPNZ; f)
DPNZ"" calculated with Gaussian 16 at B3LYP/6-311++G**//DFT/B3LYP/6-311+G** level of
theory. %]
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Figure 47. HOMOs and LUMOs (top) of a) PNZ; c) BPNZ; e) DPNZ calculated at
DFT/B3LYP/6-311++G**//DFT/B3LYP/6-311+G** level of theory. Spin-density distributions

(bottom) of b) PNZ'; d) BPNZ': f) DPNZ' calculated at DFT/UB3LYP/6-311++G**
/IDFT/B3LYP/6-311+G** level of theory.[*!
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Figure 47 shows the FMOs of DDAs and DDAs" . Surprisingly, for the neutral species, their
HOMOs are distributed over the whole dihydrodiazaacene nuclei, while the LUMOs are
mainly located on the electron-withdrawing para-trifluoroaryl side groups, different from
aryl-substituted acenes such as azarubrenes,””” whose HOMOs and LUMOs are all distributed
on the acene backbones. For DDAs"’, their SOMOs (singly occupied molecular orbitals) are

mostly distributed on the dihydrodiazaacene cores, as expected.

(a) c) o (e) 2 e

Figure 48. Single crystal structures (top) and bond lengths (bottom, blue: derived from the crystal
structures; red: calculated at the DFT/B3LYP/6-311+G** level of theory™™) of a) PNZ; b) PNZ"* c)
BPNZ; d) BPNZ"; e) DPNZ; f) DPNZ""
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We obtained single crystals of neutral DDAs for XRD analysis by slow evaporation of the
saturated solutions of DCM under ambient conditions. The single crystals of PNZ*, BPNZ",
and DPNZ" "were also grown successfully by slow evaporation of acetone solutions under air.
For all the six compounds, their N,N’-dihydrodiazaacene backbones are planar (see Figure 48),
with the para-trifluoroaryl side groups almost orthogonal to the azaacene backbones. Upon
monooxidation, the neutral specimens display the more pronounced bond length alternations,
which are in accordance with the DFT calculations. Noticeably, for the radical cation species,
C-N bond lengths in N,N’-dihydropyrazine rings are shorter compared to those of the neutral
species, which indicates stronger conjugation between nitrogen atoms and the adjacent phenyl
rings in the oxidized diazaacene backbones, consistent with the NICS(1),, calculations that
N,N’-dihydropyrazine rings of the radical cations are much more aromatic.

5.4 Conclusion

In conclusion, a series of N,N’-diarylated dihydroazaacenes, viz PNZ, BPNZ, and DPNZ,
were synthesized through the Buchwald-Hartwig amination of aryl iodides with
N,N’-dihydroazaacenes. Upon monooxidation of the neutral compounds, radical cations
PNZ", BPNZ"", and DPNZ"" formed, and they are all stable in DCM for at least 24 h. In
comparison with the neutral species, the radical cation species display the

bathochromic-shifted absorption spectra with a A\n.x0f 769, 1291, and 1986 nm respectively.

The alternation of bond lengths between the neutral compounds and their corresponding
radical cations in single crystal structures, as well as the NICS(1),, calculations, indicate the
N,N’-dihydropyrazine rings of the radical cations to be less antiaromatic. The current findings
validate a practical strategy to exploit stable radical cations based on N,N’-dihydropyrazine
units. In the future, we would like to prepare more N,N’-dihydrodiazaacene radical cations
with longer backbones, such as N,N’-dihydrodiazahexacene and N,N’-dihydrodiazapentacene

radical cations.
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Summary and Outlook

In Chapter 2, we described the synthesis and properties of diazarubrene DAR and
tetraazarubrene TAR (see Figure 49). Though DAR and TAR are much more stable in
solution compared to rubrene, they are still somewhat sensitive towards oxidation since
introducing nitrogen atoms into the phenyl peripheries does not lower HOMO and LUMO
energies of rubrene sufficiently. Given that the reactive sites of rubrenes are on the tetracene
backbone, if electron-deficient units are introduced into the backbones, the stability of rubrene
should be greatly improved. As a consequence, novel azarubrenes such as 115 (see Scheme
21) containing azatetracene backbones, are promising stable semiconductors, worthy to be
prepared in the future. Besides, the replacement of hydrogen atoms by electron-withdrawing
halogen atoms in the backbones is another efficient approach to exploit stable rubrene
anologues. Herein, fluoro-, chloro-, and bromo-substituted molecular structures 121 in
Scheme 21 are proposed to be synthesized.

o O

Figure 49. Chemical structures of DAR and TAR.
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Scheme 21. Proposed synthetic route to target molecules 115 and 121.
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Scheme 22. Proposed synthetic route to target molecules 122, 124, and 130.

Introducing chlorine atoms into acenes has been reported to be more effective to lower
LUMO energies than that of fluorine, even if the latter has more electron-withdrawing ability,
ascribed to the lack of a +M effect in the chloride substituents."*! Chlorine-substituted
semicondutors possess reduced reorganization energies and enhanced electron transfer
integrals, thus exhibiting higher charge-transporting capabilities.®® Hence, it’s of great

interest to develop chloride-substituted rubrenes such as 122, 124, and 130 (see Scheme 22).

\o o/ CF;  FiC _(s i J\ /(&)\
O O O O s O TN\ as
secoollivecocllicoses N:
2 O O O =0 O= y/ N\

» o CF3  FsC —<\|/ \()—

3a 3b c

Figure 49. Chemical structures of 3a-d.

In Chapter 3, the stability, optoelectronic and electrochemical properties of 5,7,12,14-
tetrafunctionalized diazapentacenes 3a-d (see Figure 49) were investigated. Interestingly,

3a-c underwent photooxidation in solution under ambient conditions, while 3d displayed no
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sign of decomposition for 24 h, illustrating the alkynyl groups protect the diazapentacene
backbone from oxidation. Hence, syntheses of stable 5,7,14,16-tetraalkynylized
diazahexacene 140 and 7,9,16,18-tetraalkynylized diazaheptacene 141 (see Scheme 23) are of

great interest.

QCCL, | SO O] - ﬁ@

n=1 132 n=1 136

n=2 133 : ; :g: n=2 137
—(J\ /< )\ 2.8nCl,
\\ \\
OCCC Ol ] OO OI
// //
&y \()— 2t %f
n=1 140 n=1 138
n=2 141 n=2 139

Scheme 23. Proposed synthetic route to target molecules 140 and 141.

In Chapter 4, we reported a series of nitrogen-embeded quinodial pentacenes (Quinos, see
Figure 50) and their radical cations (Quinos*), as well as the dications (Quinos*). The
Quinos are easily oxidized, while the Quinos”"are environmentally stable. It is attractive to
exploit neutral compounds 145, monocations 146, and dications 147 of
5,7,14,16-tetramesityl-9,18-dihydro-9,18-diaryldiazaheptacenes diazaheptacenes (see Scheme
24) in the future.

Quino-tBu Quino-tBu** Quino-tBu?*
Quino-OMe Quino-CF3** Quino-CF32*
Quino-CF;

Figure 50. The neutral compounds, radical cations, and dications of 7,14-dimesityl-5,12-dihydro-5,12-
diaryldiazapentacenes.
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Scheme 24. Proposed synthetic route to target molecules 145, 146, and 147.

In Chapter 5, we prepared the three stable radical cations (PNZ*, BPNZ"", and DPNZ"

Figure 50) and found that the length of N,N’-dihydroazaacene cores greatly influences their
spectroscopic and aromatic properties. The radical cations exhibit tremendously absorption
spectra in comparison with those of the neutral compounds. PNZ*" displays the most
blue-shifted characteristic absorption band with the three peaks at 635, 692, and 769 nm, and
the absorption band of BPNZ" " peaks at 955, 1095, and 1291 nm, while DPNZ" “exhibits the
most red-shifted characteristic absorption band with the peaks at 1281, 1527, and 1986 nm.
Besides, the radical cations are much more aromatic than the corresponding neutral
compounds. Therefore, it is attractive to further synthesize and characterize compounds 152

(see Scheme 25), which are of longer backbones.

C[*:D {sors} ED {sors} : {sors}

S

F7OF F7OF
PNZ** BPNZ** DPNZ**

Figure 49. Chemical structures of PNZ", BPNZ"", and DPNZ"".
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Scheme 25. Proposed synthetic route to target molecules 152.
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Chapter 6. Experimental Section
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6.1 General Remarks

Chemicals were either purchased from the chemical store at the Organisch-Chemisches
Institute of the University of Heidelberg or from commercial laboratory suppliers. Chemicals
were purchased from Sigma-Aldrich, Abcr, TCI or Acros. Reagents were used without further

purification unless otherwise noted.

Solvents were purchased from the store of the Theoretikum or chemical store at the
Organisch-Chemisches Institute of the Heidelberg University and distilled prior use if
necessary. All of the other absolute solvents were dried by an MB SPS-800 using drying

columns.

Flash column chromatography was carried out using neutral silica gel S (0.032 mm-0.062
mm), purchased from Sigma Aldrich. Basic aluminum oxide, ranging 70-290 mesh (50-200
um), was purchased from Sigma Aldrich and applied to separate the target molecules when
necessary. As noted, Celite 545 (Fluka) was used for filtration.

Thin layer chromatography (TLC) was performed on Macherey & Nagel Polygram® SIL
G/UV254 pre-coated plastic sheets. Components were visualized by observation under UV
light (254 nm or 365 nm).

Gas chromatography-mass spectrometry (GCMS) chromatograms were recorded using a
HP 5890 Series Il Plus model, coupled with a HP 5972 Mass Selective Detector. As the
capillary column, a HP 1 Crosslinked Methyl Silicone (25 m x 0.2 mm x 0.33 pum) was
employed, with helium as carrier gas. The acquired data were analyzed using ACD/Labs

Spectrus Processor 2012.

NMR spectra were recorded at r.t. on the following spectrometers: Bruker Avance 111 300 (300
MHz), Bruker Avance 111 400 (400 MHz), Bruker Avance |11 500 (500 MHz) or Bruker Avance
11 600 (600 MHz). Chemical shifts (8) and coupling constants are reported in ppm and Hz,
respectively, and are referenced to the peak of the residual protonated solvent.**® Multiplicities
are denoted at the centre of the signal as s (singlet), bs (broad singlet), d (doublet), bd (broad
doublet), dd (doublet doublet), t (triplet), or m (multiplet).

High resolution mass spectra (HRMS) were obtained from electron impact (El), electrospray
ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI) on a Bruker ApexQe
hybrid 9.4 TFT-ICR-MS at the Organisch-Chemisches Institut der Universit& Heidelberg.

Elemental analyses were carried out at the Organisch-Chemisches Institut der Universit&

Heidelberg.
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IR spectra were recorded on a JASCO FT/IR-4100. Substances were applied as a film. The

obtained data were processed with the software JASCO Spectra Manage II.

Melting points (Mps) were determined in open glass capillaries with a Melting Point
Apparatus MEL-TEMP (Electrothermal, Rochford, UK).

Absorption spectra were recorded on a JASCO UV-VIS V-660 or JASCO UV-VIS V-670 and
processed with the software JASCO Spectra Manage II. ASClI-files were exported and
visualized by Origin.

Fluorescence spectra were recorded on a Jasco FP6500 spectrometer. Raw data were
processed using JASCO Spectra Manage 1l. ASCII-files were exported and visualized with
Origin.

Cylic Voltammetry experiments were carried out using a gold or glass carbon working
electrode, a platinum/titanium wire auxiliary electrode, a silver wire reference electrode, a 0.1
M NBu4PF; solution in degassed DCM, and ferrocene/ferrocenium as the reference redox

system and internal standard (—4.8 eV).'>®

Crystal Structure Analysis was performed on Bruker Smart CCD or Bruker APEX
diffractometers with Mo Ka radiation source (0.71073 A), under direction of Dr. F. Rominger.
Intensities were corrected for Lorentz and polarization effects; an empirical absorption
correction was applied using SADABS based on the Laue symmetry of the reciprocal space. All
structures were solved by direct methods and refined against F=3with a Full-matrix least-squares
algorithm using the SHELXTL (Version 2008/4) software package.

Device Fabrication Substrate modification: Si/SiO, substrates (300 nm) were modified by
self-assembled monolayer of octadecyltrichlorosilane (OTS). Prior to functionalization
substrates were cleaned in piranha solution. The process was carried out in a mixture of
chloroform and n-hexane in a ratio of 1 : 4 and in the presence of OTS in relation to the volume
of the mixture of 1 : 200. The substrates were kept in the solution for 30 min and then rinsed
three times with chloroform in an ultrasonic cleaner and then dried under a nitrogen flux.
Solvents (AR grade) and OTS were purchased from Sigma-Aldrich and used without further

purification.

Thin film deposition: Both materials were deposited in the same conditions. Thin films of 50
nm (indication of quartz weight calibrated on pentacene) were thermally evaporated under high
vacuum with the growth rate of 0.1 A s™ and substrate temperature of 60 <C. Process was
carried out in MBraun MBProVap-7 evaporation chamber (BioNanoPark in Lodz, Poland).
Electrodes deposition: Transistors were prepared in top-contact/bottom gate configuration. The

50 nm thick source and drain electrodes were thermally evaporated under high vacuum with the
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growth rate of 1.0 nm s™. Silver electrodes were used. Ossila E325 Linear shadow source-drain
masks with variable channel length from 10 pm to 30 pm and channel width of 1 mm were

used.

Field effect measurements: OFET measurements were performed by using a Keithley 2634B
source meter. Transfer characteristics were measured under a nitrogen atmosphere in the range
of Vs from 0 V to 80 V. The same range of changes was used for Vps during output
characteristics measurements. The charge carrier mobility was derived from transfer
characteristics (VDS = 80V|) in the saturation regime. For each sample twelve transistors were

measured.
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6.2 Synthesis Details and Analytical Data

6.2.1 Synthesis of Azarubrenes (Chapter 2)
4-((Trimethylsilyl)ethynyl)pyridine (102)**" and 5,6,11,12-tetrachlorotetracene (27)®" were

synthesized according to the reported literatures.

1,1-Diphenyl-3-pyridyl-2-propyn-1-ol (103)

N//—\\ _ SI/_ K2C03 o N//—\\ nBULI @_
\—/

-

THF/ CH30H

— = H =
\ , = THF, 0 °C->rt,,
r.t., 30 min 12h
102

93%

A solution of 102 (4.92 g, 28.1 mmol, 1.00 eq.) in THF:CH5;OH (28:28 mL) was treated with
K,CO; (8.73 g, 63.2 mmol, 2.25 eq.). After 30 min of stirring at r.t., the mixture was filtered to
remove inorganic salts and the solvent was evaporated under reduced pressure. Then the crude
product was purified by a flash column chromatography (silica gel, petroleum ether (PE)/ethyl
acetate (EE) = 5:1) to give a colorless solid. The fresh prepared 4-ethynylpridine (2.72 g, 26.3
mmol, 1.20 eq.) was dissolved into 32 mL dry THF, followed by adding n-BuL.i (22.0 mmol,
8.78 mL, 2.50 M in hexane, 1.00 eq.) dropwise at -10 <C. The solution was first stirred at -10 C
for 20 min and then at r.t. for 20 min. After that, benzophenone (4.00 g, 22.0 mmol, 1.00 eq.),
dissolved in 32 mL THF, was added dropwise at r.t. and the mixture was stirred for 12 h. The
mixture was quenched with water (8 mL) and dealt with a short column chromatography using
THF as eluent. After evaporation of the solvent, the mixture was separated by a short column
chromatography (silica gel, PE/EE = 5:1) to attain a white powder 103. Yield: 5.85 g, 20.5
mmol, 93%, Rf = 0.35 (SiO,, PE/EE = 1: 1). Mp: 183 <. 'H-NMR (CDCls;, 500 MHz, 298 K):
§=28.55 (bs, 2H), 7.65 (d, J= 7.32 Hz, 4H), 7.40-7.34 (m, 6H), 7.33-7.29 (m, 2H), 3.55 (bs, 1H)
ppm. *C{*H} NMR (CDCl;, 125 MHz, 298 K): & = 149.3, 144.4, 131.1, 128.4, 128.0, 126.0,
125.8, 97.0, 84.2, 74.7 ppm. IR: v = 3068, 2783, 1700, 1597, 1490, 1445, 1411, 1171, 1046,
996, 829, 753, 692, 643, 605, 552, 418 cm™. HRMS (ESI*) m/z: [M+H]": calcd. for C,0H3sNO:
286.1226; found 286.1229 correct isotope distribution. Elemental analysis calcd. (%) for
CH1sNO: C 84.19, H 5.30, N 4.91; found: C 84.05, H 5.48, N 4.82.
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DAR

N=
O N N( \_7 Q

N )
— - (0]
HO —\ /N >
O 1,1,2,2-tetrachloroethane
146°C, 12h
O O

103 —N
DAR

14%

Under nitrogen atmosphere, 103 (0.20 g, 0.70 mmol, 1.00 eq.) was dissolved in 6 mL
1,1,2,2-tetrachloroethane and the solution was cooled to 0 <C. Anhydrous TEA (0.20 mL) and
MesCl (0.25 g, 98%, 2.10 mmol, 3.00 eq.) were added to this solution and stirred for 1 h at
0 <C. Then it was heated to 146 <C and stirred for 5 h. After removal of the solvent through
reduced pressure distillation, the mixture was first purified using a SiO, column
chromatography (DCM/EE = 10:1), followed by an alumina column chromatography (DCM/
EE = 3:1). Then the crude product was recrystallized by methanol and hexane to obtain DAR
as a red powder. Yield: 0.26 g, 0.05mmol, 14%. Rf =0.20 (SiO,, DCM/EE = 1:1).
Mp: 338 T (decomposition). *H-NMR (cyclohexane-d;,, 300 MHz, 300 K): &= 8.28-8.19
(m, 4H), 7.46-7.37 (m,2H), 7.31-7.25 (m,2H), 7.16-7.11 (m, 2H), 7.06-6.69 (m, 8H),
6.86-6.76 (m, 4H), 6.67-6.60 (m, 4H) ppm. IR: v = 3060, 3027, 1581, 1396, 1068, 1024, 817,
757, 692, 586, 514, 460 cm™. HRMS (EI*): m/z: [M]": calcd. for C4HN,": 534.2096; found
534.2081 correct isotope distribution.

DARO2
s_/ Q s_/ Q

OO0 s COED
Ty () a

—N
DAR DARO2
83%

DAR (0.03 g, 0.06 mmol) was dissolved in 30 mL DCM and stirred at r.t. for 5 d. The solvent
was removed under reduced pressure and the crude product was recrystallized by DCM to
attain DARO2 as a colorless powder. Yield: 0.03 g, 0.05 mmol, 83%. Rf = 0.20 (SiO,, DCM/
EE = 1:1). Mp: 207 <C. *H-NMR (CD,Cl,, 600 MHz, 295 K): & = 8.45 (bs, 1H), 8.27 (bs, 2H),
8.12 (bs, 1H), 7.54-7.38 (m, 3H), 7.36-7.32 (m, 1H), 7.31-7.13 (m, 12H), 7.12-7.08 (bd, J=
3.85 Hz, 1H), 7.07-6.96 (m, 2H), 6.92-6.87 (m, 1H), 6.74-6.96 (d, J= 7.70 Hz, 1H), 6.61-6.53
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(bd, J= 4.13 Hz, 1H) ppm. *C{*H} NMR (CD,Cl,, 150 MHz, 295 K): & = 149.8, 148.7, 148.4,
147.1, 142.7, 140.0, 139.3, 138.2, 137.0, 134.9, 133.9, 133.8, 133.6, 133.2, 132.6, 132.2,
131.9, 128.8, 128.8, 128.5, 128.4, 128.0, 127.7, 127.5, 127.2, 127.1, 127.0, 126.9, 125.3,
124.6 ppm. IR: v = 3041, 2927, 1589, 1463, 1411, 1270, 1184, 1051, 914, 821, 765, 730, 696,
605, 566 cm™. HRMS (ESI") m/z: [M+H]": calcd. for CsH»N,0,": 567.2067; found
567.2061; m/z: [M+Na]": calcd. for C,HyN,O,Na": 589.1886; found 589.1880 correct
isotope distribution.

TAR
OH
N N—g
cl clI — \OH
Oe O Pdadbas, K3sPOy, Xphos
1,4-dioxane,100 °C,72 h
Ccl cCl

27

Under nitrogen atmosphere, 27 (0.20 g, 0.55 mmol, 1.00 eq.), 4-pyridinylboronic acid (0.48 g,
90%, 3.50 mmol, 6.40 eq.), Pddba; (0.04 g, 0.04 mmol, 0.07 eq.) and XPhos (0.08 g, 0.16
mmol, 0.28 eq.) were added into a 50 mL flask. 16 mL 1,4-dioxane and 4 mL potassium
phosphate solution (1.02 g, 4.80 mmol, 8.80 eq., 1.20 M) were degassed for 20 min and added
into the flask. The resulting mixture was stirred at 100 °C for 72 h. The crude product was
extracted with 50 mL DCM and washed three times with 50 mL water. After evaporation of
the solvent under reduced pressure, the solid was purified by column chromatography (DCM/
CH;OH =40: 1 > 10: 1) to attain TAR as a red powder. Yield: 0.14 g, 0.26 mmol, 48%. Rf
= 0.30 (SiO,, DCM/CH;O0H = 10:1). Mp: 338 <T. 'H-NMR (THF-ds, 500 MHz, 298 K): & =
8.38-8.25 (m, 8H), 7.43-7.29 (m, 4H), 7.28-7.16 (m, 4H), 6.94-6.80 (m, 8H) ppm. “*C{'H}
NMR (THF-dg, 125 MHz, 298 K): § = 150.1, 149.5, 135.8, 130.7, 128.4, 127.1, 126.7 ppm.
IR: v = 3031, 1936, 1589, 1540, 1467, 1403, 1209, 1064, 981, 817, 746, 582, 518, 460 cm™.
HR-MS (EI"): m/z: [M]": calcd. for CssHzN,: 536.2001; found 536.2002 correct isotope

distribution.
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Y

DCM, rt, 5d

TAR (0.03 g, 0.06 mmol) was dissolved in 30 mL DCM and stirred at r.t. for 5 d. The solvent
was removed under reduced pressure and the crude product was recrystallized by DCM to
attain TARO2 as a colorless powder. Yield: 0.02 g, 0.04 mmol, 67%. Rf =0.30 (SiO,,
DCM/CH;OH = 10:1). Mp: 220 <. *H-NMR (CD,Cl,, 300 MHz, 300 K): & = 8.56 (d, J=5.0,
2H), 8.34 (s, 4H), 8.15 (d, J=4.9, 2H), 7.40-7.26 (m, 10H), 7.18 (d, J=3.8, 2H), 7.09 (dd,
J=6.6, 3.3, 2H), 6.64 (d, J=3.7, 2H) ppm. *C{*H} NMR (CD,Cl,, 150 MHz, 300 K): & =
150.1, 149.2, 148.7, 146.3, 141.8, 138.3, 134.2, 133.4, 132.2, 128.8, 127.7, 127.0, 126.9,
124.7, 83.9 ppm. IR: v = 3423, 3035, 2911, 1712, 1592, 1407, 1197, 973, 914, 821, 757, 727,
605, 566 cm™. HRMS (ESI") m/z: [M+H]": calcd. for CsHsN,O,": 569.1972; found
569.1973; m/z: [M+Na]": calcd. for CssH,4N,O,Na™: 591.1792; found 591.1793 correct

isotope distribution.
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6.2.2 Synthesis of 5,7,12,14-Tetrafunctionalized Diazapentacenes
(Chapter 3)

5,7,12,14-Tetrabromo-6,13-dihydro-6,13-diazapentacene (104) was synthesized according to

the literature procedures.™
General Synthesis Procedure for 3a-3c:

104 (200 mg, 0.33 mmol), arylboronic acid (8.00 eq.), Pd(PPh3)4 (76.0 mg, 65.8 pmol, 0.20 eq.),
and K,COj3 (462 mg, 3.34 mmol, 10.0 eq.) were added into the flask under N,. 1,4-Dioxane (16
mL) and water (4 mL) were purged with N, for 20 min and then added into the flask. The
resulting mixture was stirred at 70 °C for 4 days. After cooling to r.t., a pale green precipitate
formed. It was collected by filtration and washed with water and ethanol. The crude product
was dissolved in DCM (20 mL), followed by treatment with MnO, (872 mg, 10.0 mmol, 30.0

eq.) atr.t. for 6 h.

5,7,12,14-Tetra(3,5-dimethoxylphenyl)-6,13-diazapentacene (3a)

o~ ) s
N\
COrs
~ O
b RN
3,5-Dimethoxylphenylboronic acid (487 mg, 2.56 mmol, 8.00 eq.) was employed. After
reaction, DCM was evaporated under reduced pressure and the crude product was purified by
flash column chromatography (SiO,, EE) to give a dark green solid. Further washing with PE
gave pure 3a. Yield: 146 mg, 0.18 mmol, 53%. Mp: > 400 <T (decomposition). 'H-NMR
(CDCls, 500 MHz, 295 K): & = 8.15-7.98 (m, 4H), 7.42-7.32 (m, 4H), 6.67-6.47 (m, 12H),
3.78-3.66 (m, 24H) ppm. “*C{*H} NMR (CDCls;, 126 MHz, 295 K): & = 160.2, 138.1, 133.2,
127.8,127.2,110.2, 100.2, 55.4 ppm. IR: v = 3073, 2993, 2932, 2829, 1594, 1449, 1206, 1137,
1057, 757 cm™. MS (MALDI) m/z: [M]*: calcd. for Cs,H4N,Og: 824.9300; found 825.3180;

correct isotope distribution.
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5,7,12,14-Tetraphenyl-6,13-diazapentacene (3b)

< O
OO0
< O

Phenylboronic acid (326 mg, 2.56 mmol, 8.00 eq) was employed. After reaction, DCM was
evaporated under reduced pressure and the crude product was purified by flash column
chromatography (SiO,, DCM) to give a dark green solid. Subsequent washing with EE gave
pure 3b. Yield: 116 mg, 0.20 mmol, 59%. Mp: > 400 < (decomposition). *H-NMR (CD,Cl,,
600 MHz, 295 K): 6 = 8.00-7.94 (m, 4H), 7.50-7.46 (m, 8H), 7.45-7.40 (m, 12H), 7.33-7.29 (m,
4H) ppm. BC{*H} NMR (CD.Cl,, 151 MHz, 295 K): & = 138.9, 138.8, 137.4, 133.2, 132.8,
128.1, 128.0, 127.5, 126.7 ppm. IR: v = 3080, 3053, 3023, 1730, 1434, 1392, 761, 697, 476 cm™.
MS (ESI) m/z: [M+H]": calcd. for C4sH»oN™: 585.7300; found 585.2330; m/z: [M+Na]™: calcd.

for Cy44H,sN,Na™: 607.7118; found 607.2149; correct isotope distribution.

5,7,12,14-Tetra(3,5-bis(trifluoromethyl)phenyl)-6,13-diazapentacene (3c)

3,5-Bis(trifluoromethyl)phenylboronic acid (690 mg, 2.56 mmol, 8.00 eq.) was employed.
After reaction, DCM was evaporated under reduced pressure and the crude product was
purified by a flash column chromatography (silica gel, PE/DCM = 3:1) to give a dark green
solid. Washed by PE, pure 3c was obtained. Yield: 298 mg, 0.26 mmol, 79%. Mp: > 400 <
(decomposition). *H-NMR (CD,Cl,, 600 MHz, 295 K): & = 8.00-7.97 (m, 4H), 7.86-7.84 (m,
8H), 7.80-7.76 (m, 4H), 7.49-7.45 (m, 4H) ppm. *C{*H} NMR (CD,Cl,, 126 MHz, 295 K): § =
139.0, 138.7, 136.5, 133.7, 132.5, 131.6, 128.7, 127.0, 124.8, 123.0, 122.2, 121.2 ppm. IR: v =
2920, 2844, 1609, 1502, 1263, 1008, 974, 826, 552 cm™. MS (MALDI) m/z: [M]": calcd. for

CsoHyoNoF24: 1128.7007; found 1128.1257; correct isotope distribution.
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6.2.3 Synthesis of Neutral Compounds, Radical Cations, and
Dications of  7,14-Dimesityl-5,12-Dihydro-5,12-Diaryldiaza-
pentacenes (Chapter 4)

The radical cations and dications are synthesized in glove box under N..

R

R
o o
2 H M i
N N
—_—
N K>COj, Cul, DMF, N
H i 0

o 146 °C, 36 h

R

E
R= %QA-tBu (96%) %—o/ QA-OMe (94%) $F QA-CF4 (96%)
F

General procedure: Quinacridone (200 mg, 0.64 mmol, 1.00 eq.), 4-iodoarenes (2.56 mmol,
4.00 eq.), K,CO; (354 mg, 2.56 mmol, 4.00 eq.), copper(l) iodide (48.8 mg, 0.26 mmol, 0.40
eq.), 2,2,6,6-tetramethyl-3,5-heptanedione (94.4 mg, 0.51 mmol, 0.80 eq.) and 20 mL dimethyl
formamide (DMF) were added into a 100 mL flask under N,. The mixture was stirred and
heated to 146 <C for 36 h. After that, the mixture was allowed to cool to r.t. and an orange solid

precipitated. The precipitate was filtered and then washed by water and ethanol.
N,N'-Bis(4-tert-butylphenyl)quinacridone (QA-tBu)

4-tert-Butyliodobenzene (666 mg, 2.56 mmol, 4.00 eq.) was used and QA-tBu was obtained as
an orange powder. Yield: 354 mg, 0.62 mmol, 96%. Mp: > 400 < (decomposition). *H-NMR
(CD,Cl,, 400 MHz, 295 K): & = 8.44-8.38 (m, 2H), 8.01-7.96 (m, 2H), 7.83-7.79 (m, 4H),
7.55-7.48 (m, 2H), 7.40-7.36 (m, 4H), 7.24-7.18 (m, 2H), 6.84-6.78 (m, 2H), 1.52 (s, 18H) ppm.
BC{*H} NMR (CD,Cl,, 100 MHz, 295 K): § = 178.3, 153.7, 144.6, 138.5, 136.7, 134.3, 130.0,
128.9,127.6,126.1,121.6,121.2,117.5, 115.4, 35.6, 31.8 ppm. IR: v = 2953, 1630, 1602, 1481,
1435, 1286, 900, 755, 560, 490 cm™. MS (MALDI) m/z: [M]*: calcd. for C4H3sN,0,: 576.278;

found 576.306 correct isotope distribution.
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N,N'-Bis(4-methoxylphenyl)quinacridone (QA-OMe)

4-Methoxyliodobenzene (599 mg, 2.56 mmol, 4.00 eg.) was used and QA-OMe was obtained
as an orange powder. Yield: 316 mg, 0.60 mmol, 94%. Mp: > 400 <C (decomposition).
'H-NMR (CD.Cl,, 600 MHz, 295 K): § = 8.45-8.37 (m, 2H), 8.00-7.96 (s, 2H), 7.56-7.51 (m,
2H), 7.38-7.35 (m, 4H), 7.31-7.27 (m, 4H), 7.25-7.18 (m, 2H), 6.89-6.82 (m, 2H), 4.03-3.98 (s,
6H) ppm. *C{*H} NMR (CD,Cl,, 151 MHz, 295 K): 5 = 178.3, 161.0, 144.7, 138.6, 134.3,
131.8, 131.6, 127.5, 126.0, 121.5, 121.1, 117.4, 116.9, 115.3, 56.3 ppm. IR: v = 2962, 2913,
2863, 1525, 1312, 738, 571 cm™. MS (MALDI) m/z: [M]": calcd. for Ca4H,4N,0,: 524.576;

found 524.204 correct isotope distribution.
N,N'-Bis(4-trifluoromethylphenyl)quinacridone (QA-CF3)

4-Trifluoromethyliodobenzene (697 mg, 2.56 mmol, 4.00 eq.) was used and QA-CF; was
obtained as an orange powder. Yield: 370 mg, 0.62 mmol, 96%. Mp: > 400 <C (decomposition).
'H-NMR (CD,Cl,, 400 MHz, 295 K): & = 8.40-8.29 (m, 2H), 8.13-8.04 (m, 4H), 7.91-7.83 (s,
2H), 7.70-7.64 (m, 4H), 7.57-7.51 (m, 2H), 7.27-7.17 (m, 2H), 6.78-6.67 (m, 2H) ppm. *C{*H}
NMR (CD,Cl,, 151 MHz, 295 K): 6 = 177.9, 143.9, 142.8, 138.0, 134.7, 131.7, 129.3, 127.8,
126.0,122.2,121.2,117.0, 115.1 ppm. IR: v = 3084, 2943, 1609, 1483, 1320, 1096, 1062, 754,
609 cm™. HRMS (MALDI) m/z: [M]": calcd. for CaH1sFsN,O,: 600.5204; found 601.1353

correct isotope distribution.

N
O O O n-BuLi, THF, -78 °Ctort, 12h
-

N (b) SnCI2, THF, r.t. 1h

%

F
R= %é Quino-tBu (36%) §-o/ Quino-OMe (32%) 4-{F Quino-CF; (39%)
F

General procedure: 2-Bromomesitylene (552 mg, 0.42 mL, 2.77 mmol, 8.00 eq.) was
dissolved in 20 mL dry THF under protection of N,. n-BuLi (0.83 mL, 2.08 mmol, 2.5 M,
6.00 eq.) was added dropwise at -78 <C. Three hours later, N,N'-diphenylquinacridone
derivatives (0.35 mmol, 1.00 eq.) were added and the temperature was allowed to increase to

r.t.. After stirring for another 12 h, the reaction was quenched by 1 mL water fllowed by



83

adding SnCl, (3.61 g, 19.0 mmol, 50.0 eq.) into the flask directly. After that, the mixture was
stirred at r.t. for 1 h. The mixture was poured into 100 mL ethanol and a red precipitate

appeared. The precipitate was filtered and washed by water and ethanol.
7,14-Dimesityl-5,12-dihydro-5,12-bis(4-tert-butylphenyl)diazapentacene (Quino-tBu)

QA-tBu (200 mg, 0.35 mmol, 1.00 eq.) was used and Quino-tBu was obtained as a red
powder. Yield: 97.9 mg, 0.13 mmol, 36%. Mp: > 400 < (decomposition). "H-NMR (THF-ds,
600 MHz, 295 K): & = 7.55-7.47 (m, 4H), 7.06-7.03 (m, 4H), 6.75-6.72 (s, 4H), 6.52-6.47 (m,
2H), 7.37-6.32 (m, 2H), 6.07-6.02 (m, 2H), 5.88-5.83 (m, 2H), 4.15-4.10 (s, 2H), 2.24-2.20 (s,
6H), 1.99-1.93 (s, 12H), 1.38-1.34 (s, 18H) ppm. BC{*H} NMR (THF-dg, 150 MHz, 295 K):
6 =151.9, 144.2, 141.5, 137.7, 137.4, 136.3, 133.4, 131.6, 129.6, 128.7, 128.2, 126.5, 126.0,
123.4,122.7, 121.4, 113.8, 35.1, 31.6, 21.3, 19.7 ppm. IR: v = 2962, 2913, 2863, 1525, 1312,
738, 571 cm™. HRMS (MALDI) m/z: [M]*: calcd. for CsgHsgN,: 782.4600; found 782.4604

correct isotope distribution.
7,14-Dimesityl-5,12-dihydro-5,12-bis(4-methoxylphenyl)diazapentacene (Quino-OMe)

QA-OMe (184 mg, 0.35 mmol, 1.00 eqg.) was used and Quino-OMe was obtained as a red
powder. Yield: 81.9 mg, 0.11 mmol, 32%. Mp: > 400 <T (decomposition). *H-NMR (THF-ds,
300 MHz, 300 K): & = 7.01-6.94 (m, 8H), 6.77-6.73 (m, 4H), 6.56-6.48 (s, 2H), 6.42-6.34 (m,
2H), 6.23-6.14 (m, 2H), 6.00-5.91 (m, 2H), 3.87-3.85 (s, 2H), 3.85-3.82 (s, 6H), 2.28-2.24 (s,
6H), 1.97-1.92 (s, 12H) ppm. BC{*H} NMR (THF-ds, 101 MHz, 295 K): & = 160.5, 144.8,
141.9, 137.6, 136.9, 133.7, 133.1, 132.0, 131.4, 128.8, 126.8, 126.2, 123.8, 121.7, 116.7,
114.0, 96.6, 55.8, 21.1, 19.9 ppm. IR: v = 2913, 2852, 1506, 1324, 1236, 830, 738, 548 cm™.
HRMS (MALDI) m/z: [M]": calcd. for CsHiN,O,: 730.3559; found 730.3572 correct

isotope distribution.
7,14-Dimesityl-5,12-dihydro-5,12-bis(4-trifluoromethylphenyl)diazapentacene (Quino-CF;)

QA-CF3 (210 mg, 0.35 mmol, 1.00 eq.) was used and Quino-CF3 was obtained as a red powder.
Yield: 110 mg, 0.14 mmol, 39%. Mp: > 400 < (decomposition). "H-NMR (THF-dg, 600 MHz,
295 K): & = 7.84-7.78 (m, 4H), 7.43-7.36 (m, 4H), 6.77-6.71 (m, 4H), 6.60-6.52 (m, 2H),
6.48-6.41 (m, 2H), 6.27-6.18 (m, 2H), 5.89-5.81 (m, 2H), 3.89-3.79 (M, 2H), 2.24-2.21 (s, 6H),
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1.96-1.93 (s, 12H) ppm. “C{*H} NMR (THF-dg, 151 MHz, 295 K): & = 144.2, 144.1, 141.0,
137.4,133.1,131.9, 131.4,131.2, 131.0, 129.0, 128.9, 126.8, 126.6, 126.0, 124.2, 123.8, 122.3,
113.8, 96.7, 21.0, 19.8 ppm. IR: v = 3423, 3035, 2911, 1712, 1592, 1407, 1197, 973, 914, 821,
757, 727, 605, 566 cm™. HRMS (MALDI) m/z: [M]": calcd. for Cs,H,0FsN,: 806.3096; found

806.3099 correct isotope distribution.

AgSbFg

£
R= % Quino-tBu** (Yield: 90%) §—ep Quino-CF3** (Yield: 97%)
F

General procedure: To a stirring solution of Quino-tBu or Quino-CF; (63.9 mol, 1.00 eq.)
in 10 mL DCM, AgSbF¢ (22.0 mg, 63.9 pmol, 1.00 eq.) in 1 mL CH5CN solution was added
dropwise and the reaction mixture was stirred for 12 h at r.t.. After that, the mixture was
filtered and the solvent was removed under vacuum to give the radical cations without further

purification.
Quino-tBu™

Quino-tBu (50.0 mg, 63.9 pmol, 1.00 eq.) was used and Quino-tBu™ was obtained as a dark
brown powder. Yield: 58.5 mg, 57.5 pmol, 90%. IR: v = 3057, 2958, 2917, 2867, 1556, 1385,

1248, 1160, 761, 643, 564, 503 cm™.
Quino-CF;"

Quino-CF; (50.6 mg, 63.9 pmol, 1.00 eq.) was used and Quino-CF;" was obtained as a dark
brown powder. Yield: 64.6 mg, 62.0 mol, 97%. IR: v = 3065, 2924, 2852, 1560, 1316, 1248,

1062, 1160, 746, 643 cm™.
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NOPF

3
R= }Lé Quino-tBu?* (Yield: 100%) §—€F Quino-CF32*(Yield: 98%)
F

General procedure: To a stirring solution of Quino-tBu or Quino-CF; (63.9 pmol, 1.00 eq.)
in 10 mL DCM, NOPF; (22.3 mg, 128 pmol, 2.00 eq.) in 1 mL CH3CN solution was added
dropwise and the reaction mixture was stirred for 12 h at r.t.. After that, the mixture was
filtered and the solvent was removed under vacuum to give the dications without further

purification.
Quino-tBu®

Quino-tBu (50 mg, 63.9 pmol, 1.00 eq.) was used and Quino-tBu®* was obtained as a deep
green solid. Yield: 68.5 mg, 63.8 pmol, 100%. *H-NMR (acetonitrile-ds, 600 MHz, 295 K): &
= 8.33-8.28 (m, 2H), 8.26-8.22 (m, 2H), 7.87-7.81 (m, 8H), 7.71-7.68 (m, 2H), 7.60-7.55 (m,
4H), 7.16-7.12 (m, 4H), 2.47-2.39 (s, 6H), 1.78-1.71 (m, 12H), 1.51-1.48 (s, 6H) ppm. “*C{*H}
NMR (acetonitrile-ds, 151 MHz, 295 K): & = 167.1, 157.1, 147.5, 144.5, 141.9, 138.0, 137.3,
134.9, 130.8, 130.4, 129.8, 129.3, 129.2, 129.1, 128.2, 123.4, 121.5, 36.0, 31.6, 21.8, 20.3

ppm. IR: v = 2958, 2920, 2867, 1609, 1533, 826, 765, 560 cm™.
Quino-CF3**

Quino-CF; (51.6 mg, 63.9 pmol, 1.00 eq.) was used and Quino-CF4** was obtained as a deep
green solid. Yield: 68.7 mg, 62.6 pmol, 98%. ‘H-NMR (acetonitrile-ds, 600 MHz, 295 K): § =
8.40-8.32 (m, 2H), 8.20-8.11 (m, 4H), 8.07-8.01 (m, 2H), 7.94-7.83 (m, 8H), 7.79-7.72 (m,
2H), 7.13 (s, 4H), 2.45-2.42 (m, 6H), 1.76-1.71 (m, 12H) ppm. *C{*H} NMR (acetonitrile-ds,
151 MHz, 295 K): & = 168.5, 147.5, 145.7, 142.8, 140.9, 137.8, 137.7, 134.9, 131.4, 131.2,
130.5, 130.0, 129.6, 129.4, 127.7, 125.8, 124.0, 123.2, 121.6, 21.5, 20.6 ppm. IR: v = 3095,

2920, 2852, 1316, 1065, 830, 552 cm'™.
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6.2.4 Synthesis of Stable N,N’-Diarylated Dihydrodiazaacenes

and Their Radical Cations (Chapter 5)

The radical cations are synthesized in glove box under N,. 5,10-Di(4-trifluoromethylphenyl)
5,10-dihydrophenazine (PNZ),'*® 5 12-dihydrobenzo[b]phenazine,*¥ and 6,13-dihydro-

dibenzo[b,i]phenazine*®” were synthesized according to the reported literatures.

General procedure (GP1): To a stirring solution of N,N “disubstituted dihydrophenazine
(1.00 eq.) in 15 mL DCM, NO'SbFs (1.05 eq.) in 1.5 mL CH;CN solution was added
dropwise and the reaction mixture was stirred for 12 h at r.t.. After that, the mixture was
filtered and the solvent was removed under reduced pressure to give the corresponding radical

cations.

General procedure (GP2): Dihydrophenazine (1.00 eq.), 4-iodobenzotrifluoride (4.00 eq.),
RuPhos Pd G1 (0.05 eq.), t-BuOK (6.00 eq.), and RuPhos (0.10 eg.) were added into 100 mL
flask under N,. After bubbled with a flow of N, for 30 min, 20 mL of toluene was added into
the abovementioned flask. The mixture was allowed to heated to 100 °C and stirred for 36 h.
Thereafter, the solution was filtered through a silica pad with EE, and then concentrated under

reduced pressure.

F F
FLF FLF

N NO*SbF Ny ]
—h> Lt { SbFg }
N DCM, rt., 12 N

F F
F F F
PNZ PNZ**  (92%)
+e
PNZ

PNZ (50.0 mg, 106 pmol) was used with GP1, and PNZ" was obtained as a deep green solid.
Yield: 69.1 mg, 97.8 pmol, 92%. IR: v = 3086, 2920, 2851, 1604, 1559, 1466, 1319, 1060,

649 cm™.



87

F F
H R
N F%; < > ! N
ND Ruphos Pd G1, RuPhos, Nj@

H t-BuOK, toluene, 110 °C, 48 h
F

BPNZ (96%)

5,12-Di(4-trifluoromethylphenyl)-5,12-dihydrobenzo[b]phenazine (BPNZ)

5,12-Dihydrobenzo[b]phenazine (500 mg, 2.15 mmol), 4-iodobenzotrifluoride (2.34 g, 8.61
mmol), RuPhos Pd G1 (88.0 mg, 108 pmol), t-BuOK (1.45 g, 12.9 mmol), and RuPhos (100
mg, 215 pmol) were used with GP2. The crude product was washed by PE and a faint yellow
solid was obtained. Yield: 1.08 g, 2.07 mmol, 96%. Mp: 305 <C. 'H-NMR (CD,Cl,, 600 MHz,
295 K): & = 8.05-7.92 (m, 4H), 7.66-7.60 (m, 4H), 7.09-7.03 (m, 2H), 7.00-6.95 (m, 2H),
6.42-6.33 (m, 2H), 5.85-5.80 (s, 2H), 5.75-5.67 (m, 2H) ppm. **C {*H} NMR (CD,Cl,, 151
MHz, 295 K): 6 = 143.7, 136.6, 134.7, 132.5, 131.0, 129.3, 126.0, 125.5, 124.7, 123.7, 121.6,
113.4, 108.0 ppm. IR: v = 3059, 1475, 1332, 1120, 1060, 843, 732 cm™. MS (MALDI) m/z:

[M]": calcd. for CsoH1gN,Fs: 520.478; found 520.098; correct isotope distribution.

FF FOF

N N
NO*SbFg 7 R
—h> Lt { SbFg }

N DCM, r.t., 12 N

F F
F7F F7F

BPNZ BPNZ** (95%)

BPNZ™

BPNZ (50.0 mg, 96.1 pmol) and NO*SbFs (26.8 mg, 101pmol) were used with GP1, and
BPNZ" was obtained as a dark red solid. Yield: 69.0 mg, 91.3 pmol, 95%. IR: v = 3063,
2980, 2915, 1600, 1435, 1323, 1065, 645 cm™.
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H t-BuOK, toluene, 110 °C, 48 h
F

DPNZ (56%)

6,13-Di(4-trifluoromethylphenyl)-6,13-dihydrodibenzo[b,i]phenazine (DPNZ)

6,13-Dihydrodibenzo[b,i]phenazine (200 mg, 703 pmol), 4-iodobenzotrifluoride (765 mg,
2.81 mmol), RuPhos Pd G1 (28.7 mg, 35.2 mol), t-BuOK (474 mg, 4.22 mmol), and RuPhos
(32.8 mg, 70.3 pmol) were used with GP2. After having a column chromatography (silica gel,
DCM), the residue was washed by PE to give a yellow solid. Yield: 226 mg, 395 pmol, 56%.
Mp: > 400 <T (decomposition). *H-NMR (CD,Cl,, 400 MHz, 295 K): § = 8.10-8.01 (m, 4H),
7.74-7.67 (m, 4H), 7.18-7.12 (m, 4H), 7.06-6.99 (m, 4H), 6.02-5.97 (s, 4H) ppm. *C {*H}
NMR (CD,Cl,, 151 MHz, 295 K): 6 = 143.7, 136.6, 134.7, 132.5, 131.0, 129.3, 126.0, 125.5,
124.7,123.7, 121.6, 113.4, 108.0 ppm. IR: v = 3059, 1614, 1457, 1305, 1129, 1060, 843, 746
cm?. MS (MALDI) m/z: [M]": calcd. for CzHigNoFg: 520.478; found 520.098; correct
isotope distribution.
5 5

N NO*SbFg ,'N\ R
T EE— Lt { SbFg }
N DCM, r.t., 12 h N

F F
F7 F F7 F
DPNZ DPNZ** (92%)

DPNZ™

DPNZ (50.0 mg, 87.6 pmol) and NO*SbFs (25.6 mg, 96.4 pmol) were used with GP1, and
DPNZ™ was obtained as a brown solid. Yield: 65.0 mg, 80.6 pmol, 92%. IR: v = 3054, 2925,

2856, 2754, 1591, 1314, 1055, 645 cm™.
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6.3.1 NMR spectra (Chapter 2)

'H-NMR and *C{*H} NMR of 1,1-diphenyl-3-pyridyl-2-propyn-1-ol
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'H-NMR and “*C{*H} NMR of DAR
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| Acquisition Time (sec) 36351 | Comment 2104275_0201 (PA BBO 30081 BBF-H-D-052) | D 01 o1 01
| DE 65 | DS 2 _ Date 24 Apr 2017 13:30:54 Date Stamp 24 Apr 2017 13:30:54
File Name G:\a170424ubxgz05507\1\PDATAVMr . Frequency (MHz) 300.5100 GB 0 INSTRUM <spect>
L8 03 NS 128 _ Nucleus 1H Number of Transients 128 Origin spect
| Original Points Count 32768 | Owner ns PC 1 | PROBHD <Z2104275_0201 (PA BBO 30081 BBF-H-D-05 Z)>
| PULPROG <zg30>= | Points Count 65536 | Puise Sequence 2930 | Receiver Gain 724.00 SF 30051
| sFo1 300.51150255 st 65536 | ssB o SW(cyclical) (Hz) 9014.42
| SWH 9014.42307692308 _ Solvent ceD12 | Spectrum Offset (Hz) 1488.0273 | Spectrum Type standard
| Sweep Width (Hz) 901428 | TD 65536 _TDo 16 TE 300.0014 Temperature (degree C) 27.001
| unct <1H>
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Because DAR can be oxidized easily, there is still a little amount of DARO?2 in final product
after recrystallization. Fortunately, the solubility of DAR is quite better than that of DARO2
in cyclohexane-d;, so that we can get unambiguous ‘H-NMR spectrum of DAR in this
deuterated solvent. However, the dissolved amount of DAR is not sufficient enough to reach
the requirement of **C{*H} NMR measurement.
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'H-NMR and *C{*H} NMR of DARO2

OriginalDateForRelativeTime 2017-07-07T21:10:32 Multiplets Integrals Sum 22 80 | Number of Nuclei 24 Hs
Acquisition Time (sec) 3.6351 Comment XGZO055 | D 0.1 D1 0.1 | DE 12
21 2 Date 07 Jul 2017 21:10:32 Date Stamp 07 Jul 2017 21:10:32
File Name Wbunz22\Mitarbeiter\Gaozhan XIEV03_analyticsi01-NMRe17070 (g \fid Freg :y (MHz) 600.2438 GB 1]
INSTRUM <spect> LB 03 NS 128 Nucleus 1H Number of Transients 128
Origin spect Original Points Count 65536 Owner ns PC 1
PROBHD <Z132808_0001 (CP QCI 600S3 H/P/C-N-D-05 Z LT)> PULPROG <zg30> Points Count 65536
Pulse Sequence 2g30 Receiver Gain 15.35 SF 600.243829 | SFO1 600.246830219145

81 65536 SSB 0 | SW(cyclical) (Hz) 1802885 | SWH 18028.8461538482
Solvent DICHLOROMETHANE-d2 | Spectrum Offset (Hz)  2807.9971 Spectrum Type standard | Sweep Width (Hz) 18028.57
™ 131072 D0 18 |1 204.0497 | Temperatura (degree C) 21950 | unet <1H>
wow 1
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['Acquisition Time (sec) 10795 Comment XGZO 055 | D 003 ‘bt 2 TbE 18
| DS 4 Date 07 Jul 2017 21:01:22 | Date Stamp 07 Jul 2017 21:01:22
| File Name C:Usersibunz\Application Data\SSHitemp! 1iPDATANIr Frequency (MHz) 1509314 | GB 0
INSTRUM <spect> LB 1 NS 4096 _ Nucleus 13C | Number of Translents 4096
Origin spect Original Points Count 49066 Owner ns 1 1.4 |
| PROBHD <Z132808_0001 (CP QCI 600S3 H/P/C-N-D-05 ZLT)> PULPROG <zgpg30> | Points Count 65536
| Pulse Sequence zgpg30 Receiver Gain 205000 | SF 150.931431  SFO1 150.94803345741
£ 65536 558 0 | SWicyciical) (Hz) 4545455  SWH 45454.5454545455
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz)  16626.6035 Spectrum Type standard | Sweep Width (Hz) 45453.85
|10 98132 | TDo 512 TE 294.9497  Temperature (degree C) 21,950 UNC1 <13C>
wow 1
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'H-NMR and “*C{*"H} NMR of TAR

OriginalDateForRelativeTime 2017-12-06T00:07:28 Multiplets integrals Sum 24.25 Number of Nuciei 3T H's
Acquisition Time (sec) 32768 Comment 2810701_0032 (PA BBI 50052 H-BB-D-05 2) D 0.1 D1 0.1
| DE 65 Ds 2 Date 08 Dec 2017 00:07.28 Date Stamp 06 Dec 2017 00:07:28
File Name it Gaozhan XIE'03 _: 1-NMR1d 17 1205ubxgz TARWPDATA T Frequency (MHz) 500.1299 _GB ']
INSTRUM <spect> | LB 03 NS 1024 Nucieus 1H _Number of Transients 1024
| origin spect | Original Points Count 48152 | owner ns | PC 1
PROBHD <Z810701_0032 (PA BBI 50052 H-BB-D-05 Z)> PULPROG <2g30> Points Count 65536 Pulse Sequence 2930
Receiver Gain 256.00 500.129953368799 SFO1 500.13250065
SI 65536 | 8sB Qo SWcyclical) (Hz) 15000.00 SWH 15000 _ Solvent THF
Spectrum Offset (Hz)  3411.5051 | Spectrum Type standard Sweep Width (Hz) 1499977 D 98304 _TDO 128
TE 298.0014 | Temperature (degree C) 25.001 UNC1 <1H> wow 1
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OriginalDateForRelativeTime 2017-12-06T02:01:26 Multiplets Integrals Sum 0.00 Number of Nuclei 4C's
Acquisition Time (sec) 1.7302 Comment ZB10701_0032 (PA BBI 50052 H-BB-D-05 Z) D 15 | D1 15 |
DE 20 Ds 4 Date 06 Dec 2017 02:01:26 | Date Stamp 06 Dec 2017 02:01:26 |
File Name \ibunz2 Gaozhan XIE\03_: 1-NMRId171205ubxgzTARI2IPDATAVI W Frequency (MHz) 125.7578 GB 0
INSTRUM <spect> LB 0.5 IS 2048 Nucleus 13C Number of Transients 2048
| Origin spect Original Points Count 65536 | owner ns | PC 14 |
PROBHD <Z810701_0032 (PA BBI 500S2 H-BB-D-05 Z)> PULPROG <zgpg30> | Points Count 65536 | Pulse Sequence 2gpg30
| Receiver Gain 2050.00 | sF 125757789 | SFO1 125.77162235679 | 81 65536
SsB 1] SWcyciical) (Hz) 37878.79 SWH 37878.7878787879 Solvent THF
Spectrum Offset (Hz)  14197.8975 | Spectrum Type standard Sweep Width (Hz) 37878.21 ) 131072 DO 256
TE 298.0056 Temperature (degree C) 25.006 UNC1 <13C> wow 1
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'H-NMR and *C{*H} NMR of TARO2

Acquisition Time (sec) 3.6351 | Comment Z104275_0201 (PA BBO 30081 BBF-H-D-05 Z) D 01 D1 0.1
DE 6.5 | bs 2 Date 16 Jun 2017 20:08:50
Date Stamp 16 Jun 2017 20:08:50 ‘
File Name ibunz2: \Gaozhan XIE103_: i 1 papertal706: white\1'"PDATAV\Ir | Frequency (MHz) 300.5100
GB 1] | INSTRUM <spect> L8 . NS 128 Nucleus 1H
Number of Transients 128 | origin spect Original Points Count 32768 | Owner ns | PC 1
PROBHD <Z2104275_0201 (PA BBO 30081 BBF-H-D-05 Z)> PULPROG =2030> Points Count 65536 Pulse Sequence 2930
Receiver Gain 1030.00 SF 300.510036133872 SFo1 300.51150255 | S/ 65536
SsB 1] SWicyclical) (Hz) 9014.42 SWH 9014.42307692308
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz) 14910892 Spectrum Type standard | sweep width (Hz) 9014.29
D 85536 | TDO 18 TE 299.9984 Temperature (degree C) 26.998 UNC1 =<1H=
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QriginalDateForRelativeTime 2017-07-21T21:43:52 \ Muitiplets Integrals Sum 0.00 | Number of Nuclel 0C's
Acquisition Time (sec) 1.0795 | comment x84 D 003 [ o1 2 [ oe 18
DS 4 | Date 21 Jul 2017 21:43:52 | Date Stamp 21 Jul 2017 21:43:52
File Name \bunz22\MitarbeiterGaozhan XIE'03_analytics\01-NMR'e17072 1ubxg. 084 -oxidization\ 1\PDATAVIMr Frequency (MHz) 1509314
GB [1] | INSTRUM <spect> B 1 NS 4096 Nucleus 13C
Number of Transients 4096 | origin ot Original Points Count 43066 Owner ns PC 14
PROBHD <Z132808_0001 (CP QCI 800S3 H/P/C-N-D-05 Z LT)> | PULPROG (ngglﬂ) Points Count 65536 Pulse SI!DEUI:G ZQEJU
Receiver Gain 2050.00 [sF 150931431 | SFO1 150.94803345741 st 65536
SSB 1] | SWcyclical) (Hz) 4545455 SWH 45454 5454545455
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz) 16642.1660 Type standand Sweep Width (Hz) 45453.85 ‘
™ 98132 TDO 512 TE 2949489 | Temperature (degree C) 21949 UNC1 <13C> |
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6.3.2 NMR spectra (Chapter 3)

'H-NMR and *C{*H} NMR of 3a

Acquisition Time (sec) 32768 Comment 2810701_0032 (PA BBI 50082 H-BB-D-05 Z) D 0.1 b1 01
DE 65 DS 2 Date 29 Oct 2018 16:57:12 Date Stamp 28 Oct 2018 16:57:12
File Name Ci\Usersibunz\Application Data\SSHitemp\ 1\PDATAU I Frequency (MHz) 5001301  GB [
INSTRUM <spect= | LB 03 Ns 512 Nucleus H Number of Transients 512
Origin spect Original Points Count 49152 Owner ns PC 1
PROBHD <Z810701_0032 (PA BBI 50052 H-BB-D-05 Z)> PULPROG <zg30> Points Count 65536 Pulse Sequence 2930
Recelver Gain 322,00 SF 500.130050707952 SFo1 500,13250065
sl 65536 ssB 0 SW(cyclical) (Hz) 1500000 | SWH 15000 Solvent CHLOROFORM-d
Spectrum Offset (Hz)  2488.5029 | Spectrum Type standard | Sweep Width (Hz) 1498877 | TD 98304 TDO 64
TE 2949841 | Temperature (degree C) 21994 UNCT <1H> wow 1
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Acquisition Time (sec) 1.7302 Comment ZB10701_0032 (PA BBI 50052 H-BB-D-05 Z) o 15 D1 15
DE 20 DS 4 Date 29 Oct 2018 21:49:10 Date Stamp 29 Oct 2018 21:49:10
File Name CAUsersibunz\Application Data\SSHtempl2\PDATAVMr Frequency (MHz) 1257578 GB 0
INSTRUM <spect> LB 05 NS 3200 Nucleus 13C Number of Transients 3200
Origin spect Original Points Count 65536 Owner ns PC 14
PROBHD <2810701_0032 (PA BBI 5002 H-BB-D-05 Z)> PULPROG <2gpg30> | Points Count 65536 Pulse Sequence 2gpg30
Receiver Gain 2050.00 SF 125757789 | SFO1 125.77162235679 sl 65536
ss8 0 SWcyclical) (Hz) 37878.79 SWH 37878.7878787879 Solvent CHLOROFORM-d
Spectrum Offset (Hz) ~ 13850.2148 | Spectrum Type standard Sweep Width (Hz) 37878.21 ™ 131072 TDO 400
TE 285.0027 Temperature (degree C) 22.003 UNC1 <13C> wow 1
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'H-NMR and “*C{*H} NMR of 3b

Multiplets Integrals Sum 286.29 | Number of Nuclei 28 H's
Acquisition Time (sec) 3.6351 Comment GZ 273 D 01 D1 0.1 \ DE 12
Ds 2 Date 13 Apr 2019 21:57:39 Date Stamp 13 Apr 2019 21:57:39
File Name Weunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMRinmr02\e190412ubgz 273\2\PDATAVVr | Frequency (MHz) 600.2438 GB 0
INSTRUM =spect> | LB 03 NS 128 Nucleus 1H Number of Transients 1
Origin spect | Original Points Count 65536 Owner ns 1
PROBHD <Z132808_0001 (CP QCI 60053 H/PIC-N-D-05 Z LT)> PULPROG <2g30> Points Count 65536
Puise Sequence 2930 | Receiver Gain 16.84 SF 600.243829 | SFO1 600.246830219145
s! 65536 | ss8 0 | SWicyclical) (Hz) 18028.85 | SWH 18028 8461538462
Soivent DICHLOROMETHANE-d2 Spectrum Offset (Hz) 2807.2170 Spectrum Type standard Sweep Width (Hz, 18028.57
™ 131072 TDO 16 TE 295.0002 Temperature (degree C) 22.000 UNC1 <1H=
wow 1
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Acquisition Time (sec) 10795 Comment GZ 273 ‘ D 0.03 D1 2 | DE 18
Ds 4 Date 13 Apr 2019 21:48:39 Date Stamp 13 Apr 2019 21:48:38
File Name \ibunz22\Mitarbeiter\Gaozhan XIE03_analytics'\01-NMRInmr02\e190412ubgz 2731 1\PDATAMr | Frequency (MHz) 150.8314 GB 0
INSTRUM <spect> | LB 1 NS 3200 Nucleus 13C Number of Translents 3200
Origin spect | Original Points Count 49066 ‘Owner ns PC 1.4
PROBHD <Z132808_0001 (CP QCI 60053 H/PIC-N-D-05 ZLT)> | PULPROG <zgpg30> Points Count 63536 Puise Sequence zgpg30
Recelver Gain 2050.00 SF 150931431 | SFO1 150.94803345741 SI 65536
ssB 0 | SWcyclical) (Hz) 4545455 | SWH 45454 5454545455
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz)  16644.2480 | Spectrum Type standard Sweep Width (Hz) 45453.85
™ 98132 —[ TDO 400 TE 295.0001 | Temperature (degree C) 22.000 UNC1 <13C>
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'H-NMR and “*C{*H} NMR of 3c

Mutltiplets Integrals Sum 19.81 | Number of Nuclel 20H's
Acquisition Time (sec) 3.6351 | Comment GZ 399 D 0.1 ‘D1 01 DE 12
Ds 2 | Date 25 Apr 2019 02:14:00 | Date Stamp 25 Apr 2019 02:14:00
| File Name \Gaozhan XIE\03_analy 1-NMRir 0424ubgz, 399\ 2PDATAV\Ir  Frequency (MHz) 6002438 | GB 0
| INSTRUM <spect> LB 0.3 | NS 128 _ Nucieus 1H Number of Transients 128
| Origin spect Original Points Count 65536 | Owner ns _PC 1
| PROBHD <Z132808_0001 (CP QCI| 600S3 H/P/C-N-D-05 Z LT)> _PULPROG <2q30> Paints Count 65536
| Puise Sequence 2930 | Receiver Gain 16.84 | SF 600243829 SFOT 600.246830218145
s! 65536 ssB 0 | SW(cyclical) (Hz) 18028.85 SWH 18028.8461538462
Solvent DICHLORCMETHANE-d2 Spectrum Offset (Hz) 28072170 Spectrum Type standard Sweep Width (Hz) 18028.57
O 131072 _TDo 16 TE 294.9995 Temperature (degree C) 22.000 UNC1 <1H=
wow 1
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Time (sec) 1.0795 [ Comment 6Z389  [D 0.03 o1 2 [DE 18
DS 4 [ Date 30 Apr201918:58.38 Dale Stamp 30 Apr 2019 18:58:38
File Name Wounz2AM tarbeitenGaozhan XIEW3 anahticsi01-NMRinm2e150430ubgz 39X 1\PDATAV\Ir Frequency (MHz) 150.9314 GB 0
INSTRUM =spects ‘ LB 1 NS 4095 Nuckus 13C Number of Transients 4096
Origin spect ‘ Ovriginal Points Count 45086 Owner ns PC 14
PROBHD 7132808 0001 (CP QCI60053 HIPIC-N-D05 Z L T)> | PUI PROG =7apg30= Points Gount 65536 Fuilse zqpa30
Receiver Gain 2050.00 SF 150531431 | SAOT 150.94503345741 Si 65536
SSB o ‘ S| (Hz) 45454.55 SWH 45454 54545454855
Sokent DICHLOROMETH ANE -d2 Offset{Hz) 165448277 | Type standard Sweep Width (Hz)
iil 96132 ‘ TD0 512 TE 2949996 fdegree C) 22.000 UNCT <13C=
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6.3.3 NMR spectra (Chapter 4)

'H-NMR and *C{*H} NMR of QA-tBu

Multiplets integrals Sum 37.05  Number of Nuciei 66 Hs |
Acquisition Time (sec) 27263 | Comment Gzass D 05 b1 05 DE 10
| DS 2 | Date 27 Mar 2018 23:33:43 | Date Stamp 27 Mar 2019 23:33:43
File Name C:\Users\bunz\Application Data\SSHitemp'c190327ubgz 3591 2\PDATANVIr Frequency (MHz) 400.3300 GB Q
INSTRUM <spect= 0.3 I 128 Nucleus 1H Number of Transients 128
Origin spect. Original Points Count 32768 | Owner ns PC 1
| PROBHD <Z130030_0004 (CPP BBO 400S1 BE-H&F-D-05 LT)> PULPROG <zg30> | Points Count 65536
Pulse Sequence 2930 | Receiver Gain 724.00 _SF 400.33004886814 SFO1 400.3320009
st 65536 | ssB 0 | SWicyclical) (Hz) 1201923 | SWH 12019 2307692308
Solvent DICHLOROMETHANE-d2 | Spectrum Offset (Hz) 19855005 | Spectrum Type standard Sweep Width (Hz) 12019.05
| TD 65536 | DO 16 TE 294,999 | Temperature (degree C) 21.999 UNC1 <1H>
wow 1
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Integrals Sum 0.00 | Number of Nuclei 0C's
[ Acquisition Time (sec) 1.5897 | comment GZ359 D 15 D1 15 [ oE 18
DS 2 Date 27 Mar 2019 23:25:52 Date Stamp 27 Mar 2019 23:25:52
| File Name \\bunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr02\c 190327ubgz. 35\ 1\PDATA\\1r Frequency (MHz) 100.6631 GB 0
INSTRUM <spect> LB 1 NS 4096 Nucleus 13C Number of Ti 4096
| origin spect | Original Points Count 43066 | Owner ns PC 14
PROBHD <Z130030_0004 (CPP BBO 40051 BB-H&F-D-05 LT)> | PULPROG <zgpg30> Points Count 65536 Pulse Sequence 2gpg30
Receiver Gain 2050.00 SF. 100.663059 | SFO1 100.67413193649 s/ 65536
| §sB 0 SW(cyclical) (Hz) 30864.20 | SWH 30864.1975308642
Solvent DICHLOROMETHANE-d2 Offset (Hz) 11135.0059 Type standard Sweep Width (Hz) 30863.73
| 96132 | D0 512 \TE 2950014 | Temperature (degree C) 22.001 UNC1 <13C>
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'H-NMR and “*C{*H} NMR of QA-OMe

Multiplets integrals Sum 81.87 | Number of Nuclel 86 H's
Acquisition Time (sec) 3.6351 | comment GZ 376 D 0.1 bt 0.1 | be 12
os 2 | Date 13 Mar 2018 18:18:45 Date Stamp. 13 Mar 2019 19:19:45
File Name \lbunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMRinmr02e190313ubgz. 376\2WPDATAVI\Ir | Frequency (MHz) 600.2438 GB i
INSTRUM <spect> Le 0.3 NS 80 Nucleus 1H Number of Transients 80
QOrigin spect \ Original Points Count 65536 Owner ns PC 1
PROBHD <Z132808_0001 (CP QCI 60083 HP/C-N-D-05 Z LT)> PULPROG <2g30> Points Count 65536
Pulse Sequence 2g30 ‘ Receiver Gain 15.35 SF 600.243829 | SFO1 600.246830219145
st 65536 | ssB 0 SWicyclical) (Hz) 18028.85 | SWH 18028.8461538462
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz) 28063765 pectrum Type standard Sweep Width (Hz) 18028.57
D 131072 [ 70 10 TE 295.0004 Temperature (degree C) 22.000 unct <1H>
wow 1 |
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Multiplets Integrals Sum 0.00 | Number of Nuclel ocs |
Acquisition Time (sec) 1.0795 Comment GZ 378 ] 0.03 D1 2 DE 18
. bs 4 | Date 13 Mar 2019 19:13:31 | Date Stamp 13 Mar 2019 19:13:31
| File Name \ibunz22 aozhan XIE\03_analytics\01-NMRInmr02\e190313ubgz.376\1\PDATAW s Frequency (MHz) 1509314 | GB 0
INSTRUM <spect> L8 1 NS 3200 Nucleus 13¢ Number of Transents 3200
| Origin spect Original Points Count 49066 | Owner ns  PC 14 |
PROBHD <Z132808_0001 (CP QCI 60083 H/P/IC-N-D-05 Z LT)> | PULPROG <zgpg30> Points Count 65536 Pulse Sequence 2gpgd0 |
Receiver Gain 2050.00 SF 150.931431 SFo1 150.94B03345741 Sl 65536 |
5B 0 (eyclical) (Hz) 4545455 | SWH 45454,6454545455
Solvent DICHLOROMETHANE -d2 Spectrum Offset (Hz) 16643.5547 Type standard Sweep Width (Hz) 45453.85 |
™ 98132 TDO 400 TE 294.9997 Temperature (degree C) 22 D00 UNC1 <13C> |
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-
o
2
3
3
~,
8 8 ?
b =

144 142 140 138 136 134 132 130 128 126 124 122 120 118 Chemical Shift (ppm)

216 208 200 192 184 176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 a2 Chemical Shift (ppm)
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'H-NMR and *C{*H} NMR of QA-CF,

Multiplets intearals Sum 17.82 | Number of Nuclei DH
Time(sec) 27263 [ Comment cz®e D 0.5 D1 0.5 [oe 10
DS 2 | Date 02 Apr 2019 19:17:32 Date Stamp 02 Apr 2119 19.17:2
File Neme WbunzZ2\M tarbeitenGaozhan XIEV3 analyics\01-NM R\nmr2\c190402uboz 385\2\P DAT AV (MHz) 4003300 [GB 0
INSTRUM <spect- | 1B 0.3 [ ns 128 Nucles 1H Number of Transients 128
Origin spect | Origingl Points Count 32758 [ owner ns PC 1
PROBHD <Z130030 0004 (CPP BBO 40051 BB-H&F-D-05 LT} PULPROG <230 Points Count 85536
Pulse Sequence 230 Receiver Gain 645.00 SF 400.33004918049 SFO1 400.3320009
si 65536 [ ss8 o ical) (Hz) 1201923 | swH 12019 2307697308
Sowent DICHLOROMETHANE g2 Offset (Hz) 1985 5085 Type standard Sweep Witth (Hz) 12019.05
0 65536 D0 16 e 2949981 | Temperature (degree C) 21998 [unct <>
wow 1 I
E
FLF
o]
N
D HLOROMETHANE-G2 O N O O
o o
o
200 188 401 27 158 1568 o
i h 2L i L
! ! ! | T T T
8.0 75 7.0 Chemical Shift (ppm) F
F7OF
o
b
x kK L M * ¥ A
200 as0 1msaozle s 136
il vy it
e L A R e Bt S i
105 100 95 9.0 85 8.0 75 7.0 8.5 8.0 55 5.0 45 35 3.0 25 20 15 Chemical Shift (ppm
Multiplets Integrals Sum 0.00_| Number of Nuclel oCs
Acquisition Time (sec) 1.5897 Comment GZ 386 D 15 D1 15 DE 18
DS 2 Date 02 Apr 2019 19:09:41 Date Stamp 02 Apr 2019 19:09:41
File Name \\bunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMRinmr02\c190402ubgz. 386\1\PDATAVI I | Frequency (MHz) 1006631 | GB 0
INSTRUM =spect> LB 1 _Ns 4096 Nucleus 13C | Number of Transients 4096
Origin spect Original Points Count 49065 Owner ns [ pc 14 |
PROBHD <Z130030_0004 (CPP BBO 40081 BB-H&F-D-05 LT)>  PULPROG <zgpgd0> | Points Count 65536 Puise Sequence 29pg30
Receiver Gain 1620.00 SF 100663059 | SFO1 100.67413193649 sl 65536
ssB 0 SWeyclical) (Hz) 3086420  SWH 30864.1975308642 |
Solvent DICHLOROMETHANE-d2 | Spectrum Offset (Hz) 111345430 | Spectrum Type standard | Sweep Width (Hz) 3086373
™ 98132 D0 512 TE 204,993 Temperature (degree C) 21,999 unct <13C>
wow 1 DICHLOROMETHANE-d2
2
g
3
F
FLF

=
o

-

144 142 140 138 136 134 132 130 128 126 124 122 120 Chemical Shift (ppm) F

192 184 176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 3z 24 Chemical Shift (ppm)
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'H-NMR and *C{*H} NMR of Quino-tBu

Acquisition Time (sec) 3.6351 | comment Gzws | D 0.1 b1 01 [ bE 12
| bs 2 Date 04 Mar 2019 17:1144 | Date Stamp 04 Mar 2019 17:11:44
File Name Wbunz22' aozhan XIE\03 1-NMRinmr02'e190304ubgz 3691 2WPDATAIr juenc H: 600.2438
] 0 INSTRUM <spect> LB 03 NS 128 Nucleus 1H
Number of T 128 QOrigin spect Original Points Count  §5536 Owner ns PC 1
PROBHD <Z132808_0001 (CP QCI 60083 H/P/C-N-D-05 Z LT)> PULPROG <zg30> Points Count 65536
Pulse Sequence 7930 Receiver Gain 1385 SF 600243829 | SFO1 600.246830219145
S 65536 SsB 0 SWicyclical) (Hz) 18028.85 SWH 18028 8461538462
Solvent THF Offset (Hz) 2808.0774 Type standard Sweep Width (Hz) 18028 57 ™ 131072
TDO 16 TE 295.0003 | Temperature (degree C) 22.000 unct <1H> | wow 1
THF-dB
y
o
2
_u L. Ll L. Lo ——— #
75 70 65 6.0 55 50 Chemical Shift (ppm) 2
o
l 3
1 [ J J .
G0 a0 en w200 m 1w age 12y e
- . . o LN N A — S - B e u
105 100 95 2.0 85 8.0 75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 20 1.5 Chemical Shift (ppm)
Mutltipiets Integrals Sum 000 | Number of Nuciei 0C's
Time (sec) 10795 | comment GZ 369 I 0.03 D1 2 | bE 18
Ds 4 | Dare 04 Mar 2019 17:02:37 Date Stamp 04 Mar 2019 17:02:37
File Name Wbunz22'Mitarbeiter\Gaozhan XIEV03 NMR! 02'e190304ubgz. 369\1'\PDATA\I\Ir | Frequency (MHz) 1509314 GB 1]
INSTRUM <spect> | LB 1 [ ns 4098 Nucleus 13¢ Number of Transients 4095
Origin spect | original Points Count 43066 | owner ns PC 14
PROBHD <Z132808_0001 (CP QC| 60083 H/P/IC-N-D-05 Z LT)> PULPROG <zgpg30> Points Count 65536
Pulse Sequence Zgpg30 Receiver Gain 2050.00 SF 150.931431 | SFOT 150.94803345741
Si 65538 SSB 0 (Hz) 4545455 SWH 45454.5454545455
Solvent THF Spectrum Offset (Hz) _ 16678.6387 | Spectrum Type standard Sweep Width (Hz) 4545385 | TD 98132
TDO 512 TE 2948988 | Temperature (degree C) 21939 uNC1 <13C> [ wow 1
User Notes GZ 369 |
[THF] [THF]
J.’/ /
@
8
3 8¢
@ @
88
o
g
-
@
- o o 5 3 2 2
@ Sy o oo 38 a8 o bl
b 2l 8 s & 3 T =
n
I I N " J I
140 135 130 125 120 Chemical Shift (ppm)
2
2
=
o k4
@
I&:
o @
o
g 1 &
. P = S
22m axd g o £
¢ 8Bl s |lBers o s T
2 3F2|8g (et = i
Ll \IM | | | )L
192 184 176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 3z 24 Chemical Shift (ppm)
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'H-NMR and “*C{*H} NMR of Quino-OMe

Muitpiets infograls Sum Number of Nuclei 4T H
Time {sec) 36351 ‘ Gomment 7104275 0201 (PA BBO 30051 BBF-H-0-057) ‘ D 01 D1 01
DE 65 | bs 2 [ Date 15 Mav201901:03.45 Dale Stamp 15 May 2019 (1:03.45
File Name bunz22\W tarbeiteGaozhan XIEV03 anahticsV01-W M Rinmrd24al9051 dubxnz3 78V 1\PDAT AVIVIC iMHz) 300.5100 GB 0
INSTRUM <spects . Nuclous 1H Number of Transients 128
Origin spect [ Original Points Count 327628 Owner ns PG 1
PROBHD 7104275 0201 (P4 BBO 30051 BBF-H-0-05 Z)» PULPROG <Zg30> Points Couint 65536 Pulse zg30
Receiver Gain 724 00 SF 300 510043559377 SFQT 30051150255
Si 65536 S58 o S| (Hz) 9014.42 SWH S014.42307692308
Solent THF Offset{Hz) 1492.0177 Spectrum Type standard Sweep Width (Hz) 91429 0 65536
TDO h[] TE 300.0031 T (degree C) 27.003 uNCT <1H= | Wwow 1
@
31
T y
)
©
ml-’h/ LLL
2oz 1 2 20 ae 122 2{\»
e} o o uu
T T T T T T T T T T T T T T T
70 65 6.0 55 50 45 Chemical Shift {ppm}
a2 p
o @
&
2z 408 zzzoo s 1m e 1zoe
[Ty ] U u
LARaa) Radasnssos inse T T T T T T e e T T T T T e e e e
105 10.0 9.0 85 30 75 70 65 6.0 55 50 30 25 20 15 Chemical Shift (ppm)
Multiplets Integrals Sum 000 | Number of Nuclei 0C's
Acquisition Time (sec) 1.5897 | Comment GZ 378 D 1.5 D1 1.5 DE 18
Ds 2 | Date 28 Mar 2018 05:20:49 Date Stamp 29 Mar 2019 05:20:49
File Name \bunz22\Mitarbeiter\Gaozhan XIE\03_analyticsi01-NMR\nmr02c180328ubgz. 378\1\PDATAUr | Frequency (MHz) 1006631 | GB 0
INSTRUM <spect> LB 1 _Ns 4096 Nucieus 13C Number of Translents 4096
Origin ot Original Points Count 49066 | Owner ns PC 14
PROBHD <Z130030_0004 (CPP BBO 40051 BB-H&F-D-05 LT)> PULPROG <zgpg30> | Points Count 65536
Pulse Sequence 2gpg30 | Receiver Gain 2050.00 _SF 100663059 | SFOT 100 67413193649
st 65536 | 558 0 SW(cyclical) (Hz) 30864.20 SWH 30864.1975308642
Solvent THF Spectrum Offset (Hz)  11177.6270  Spectrum Type standard Sweep Width (Hz) 30863.73 ™ 98132
DO 512 TE 2950005 Temperature (degree C) 22.000 uNnct <13C> wow 1
User Notes GZ 378
THF-d8 THF-d&
¥ 5
- 0
@ &
b ©
2 4 &
= = -
3w 0 @
= e = = < &
g B &g g d 3¢ & = E
ER S L gy ¢ F =
e L 1 Y | 1
145 140 135 130 125 120 Chemical Shift (ppm
@
&
E
@
= o
B @ 8 =
g b il
-
L i J a
192 184 176 168 160 152 144 136 128 120 112 104 96 a8 a0 72 64 56 48 40 32 24 Chemical Shift (ppm)
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'H-NMR and *C{*H} NMR of Quino-CF;

Muitiplets Integrals Sum 33.87 | Number of Nuclei 40 H's
Acquisition Time (sec) 3.6351 | Comment GZ 388 o Q1 | D1 0.1 DE 12
DS 2 | Date 07 Apr 2019 17:45:36 | Date Stamp 07 Apr 2019 17:45:36
| File Name \bunz2! Gaozhan XIE103_: 1-NMRINmr02'e190405ubgz 388\2\PDATAVIVT | Frequency (MHz) 600.2440 | GB 0
INSTRUM <spect= LB 03 NS 128 Nucleus 1H Number of Transients 128
| Origin spect Original Points Count 65536 Owner ns | PC 1 |
PROBHD <Z132808_0001 (CP QCI 800S3 H/P/C-N-D-05 Z LT)>_ | PULPROG <zg30> Points Count 65536
Pulse Sequence 2g30 | Receiver Gain 15.35 _SF 600.243944334864 SFO1 600.246830219145
si 65536 | ssB | SWcyclical) (Hz) 1802885 | SWH 18028.8461538462
Solvent THF | Spectrum Offset (Hz) 39243643 Spectrum Type standard Sweep Width (Hz) 1802857 | TD 131072
TDO 16 TE 285.0005 Temperature (degree C) 22.000 UNC1 =<1H> wow 1
THF-d8 T
- ! THF-d8
@
w i
L ~
water |
@
et
_l k ok K 8 L T
o7 208 400 200 zor e 18 191
st} [ [ i i —
75 7.0 6.5 6.0 65 50 45  Chemical Shift (ppm)
l I l P S S L
[V (¥ [y o S i} U
105 10.0 95 9.0 85 8.0 75 7.0 65 6.0 5.5 5.0 45 40 35 30 25 20 1.5 Chemical Shift (ppm)
Multiplets Integrals Sum 0.00 | Number of Nuclei 0cC's
| Acquisition Time (sec) 1.0785 | Comment GZ 388 ] 0.03 D1 2 DE 18
| DS 4 Date 07 Apr 2019 17:36.36 Date Stamp 07 Apr 2019 17:36:36
| Fite Name \ibunz22\MitarbeiteriGaozhan XIE\03_analytics\01-NMRinmr02ie190405ubgz 388\1\PDATAV\Ir | Frequency (MHz) 1508314 GB 0
INSTRUM <spect> LB 1 NS 4096 Nucleus 13C _ Number of Transients 4096
Origin spect Original Points Count 49066 Owner ns PC 14 |
PROBHD <Z132808_0001 (CP QCI 600S3 H/P/C-N-D-05 Z LT)> | PULPROG <zgpg30> | Points Count 65536
| Pulse Sequence zgpg30 Receiver Gain 2050.00 | SF 150.831431 | SFO1 150.94803345741
sl 65536 sSB 0 SWicyclical) (Hz) 4545455 | SWH 45454 5454545455
| Soivent THF Spectrum Offset (Hz)  16995.7363 | Spectrum Type standard Sweep Width (Hz) 4545385 | TD 98132
TDO 512 TE 2950006 | Temperature (degree C) 22.001 UNC1 <13C> _wow 1
THF-d8 |THF-a8]
0 ~
2 &
= w
S q
~
@
=
&
2 &
s
I 3 _ ol
g £ s
08 8 g |F_ gg  #g  F
3 3 g |33 &3 &
T e o
I | i L
144 142 140 138 136 134 132 130 128 126 Chemical Shift (ppm} o
. 2
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N Sle ndH = 5
0235 gfsniy o s g
LR l g e - #
Ll J l
216 208 200 192 184 176 168 160 152 144 136 128 120 112 104 98 88 80 72 64 56 48 40 32 Chemical Shift (ppm)
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'H, 'H COSY and *H, 'H ROESY of Quino-CF;

Acquisition Time (sec)
| Date

(0.2908, 0.0364)
21 May 2018 15:16:00

Comment

Gral COSYGPSW THF foptitopspin oci 42

File Name ibunzZ2\Mitarbeiter\Gaozhan X\E\Dﬂ_ahz\yl\cslm—NanmN]?\:‘\QDSQButh 38BMOD19\PDATANN2T
Frequency (MHz) (399.8900, 399.8900) | Nucleus (1H, 1H)
Number of Transfents 1 Origin spect
Original Points Count {1024, 128) Owner auto
Points Count (1024, 1024) Pulse Sequence cosygpppql
Solvent THF Spectrum Type cosY
Sweep Width (Hz) (3517.69, 3517.69) Temperature (degree C) 22.148
Titte Gral COSYGPSW THF /optitopspin oci 42
a
L P s l k
\ e
0
_— ®
as
e 10
P o
' 15
—_— &
_— i 4 20
_ . ol
——— . 25
30
& as
—_ o
40
45
5.0
55
- o @
60
=
-] ° 65
R —
70
° & 75
=] o
8.0
UL AN T T T T RARRRARARY T T
F2 Chemical Shift (ppm) 6 5 4 3 2 1 (1]
Acquisition Time (sec) (0.2556, 0.0319)  Comment GZ 388 Date 20 May 2019 01:23:14
ile Name \Gaozhan XIE\03_analy 1-NMF 16ubgz. 368\ PDATAN 211
Frequency (MHz) (400.1800, 400.1800) Nucleus (1H, 1H)
Number of Transients 16 | origin spect Original Points Count  (2048_256)
Owner ns | Points Count (2048, 2048) Puise Sequence roesyetgp.2
Solvent THF Spectrum Type ROESY | Sweep Width (Hz) (8008.91, 8008.91)
Temperature (degree C) 21.938 Titte GZ 388

F2 Chemical Shift (ppm) 382 381

380 are

Quino-CF,
are a7 376 378

374.5

375.0

375.5

376.0

376.5

377.0

377.5

378.0

378.5

379.0

379.5

380.0

380.5

381.0

381.5

382.0

-382.5

383.0

383.5

384.0
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'H, *F NOESY and *H, **F COSY of Quino-CF;

Acquisition Time (sec) (0.2561, 0.0021) Comment Graf A_19F_HOESY THF /opttopspin oci 42
| Date 21 May 2019 15:45:08 |
| File Name han XIE\03_analytics\01 388002 1'\PDATAI2m
| Frequency (MHz) (3998300, 276.2726) | Nucleus (1H. 19F)
| Number of Transients & | origin spect

Original Polnts Count (1024, 64) | owner auto

Points Count (1024, 512) Pulse Sequance hoesyph

Solvent THE Spectrum Type NOESY

Sweep Widith (Hz) (3993.96, 30061.65) | Temperature (degree C) 22.148

Title Graf A_18F_HOESY THF /opttopspin oci 42

g

T

A MAM A
F2 Chemical Shift (pp

. N L )
E-126
E-120
E-110
E-105
E-100
E-95
E -80
E -85
E -80
E-75
E-70
I3 E -85
0 F E
' E 60
F =55
LML S e s S S L b e S
F2 Chemical Shift {ppm) ] 5 4 3 2 1 0
Acquisition Time (sec) (0.2135, 0.0057) Comment Gral A_19F_helCOSY THF foptitopspin oci 42
Date 22 May 2019 09:57:38
| File Name XIEV03_anal, 1 DATAVI2m
| Frequency (MHz) (399.8900, 376.2726) Nucleus (1H, 19F}
| Number of Transients 8 Origin spect
| Original Points Count (1024, 128) Owner auto
| Paints Count (2048, 1024) Puise Sequence cosygphiglan jg
Solvent THF Spectrum Type COsY
Sweep Width (Hz) (473,08, 22602.34) Temperature (degree C) 22.148
Title Graf A_19F_hetCOSY THF /optftopspin oci 42
-130
-125
-120

10
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'H-NMR and *C{*H} NMR of Quino-tBu**

Muitiplets Integrals Sum 57.91 | Number of Nuclei 58H's
Acquisition Time (sec) 3.6351 Comment GZ 389 | D 0.1 D1 0.1 | DE 12
DS 2 Date 15 Apr 2019 02:20:46 Date Stamp 15 Apr 2019 02:20:46
File Name \bunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr02\e190412ubgz.389\2\PDATAVMr | Frequency (MHz) 600.2438 GB (1]
INSTRUM =spect> | LB 0.3 | NS 128 Nucleus 1H Number of Transients 128
Origin spect | Original Points Count 85536 | owner ns PC 1
PROBHD <Z132808_0001 (CP QCI 60083 H/P/C-N-D-05 Z LT)> PULPROG <2g30> Paoints Count 65536
Pulse Sequence 2930 | Receiver Galn 15.35 SF 600.243829 | SFO1 600.246830219145
st 85536 | ssB 0 SWicyclical) (Hz) 18028.85 | SWH 18028.8461538462
Solvent ACETONITRILE-d3 Spectrum Offset (Hz) 28129792 Spectrum standard Sweep Width (Hz) 18028.57
D 131072 | TDO 16 TE 294 9998 Temperature (degree C) 22.000 UNCT <1H>
wow 1 I
ACETONITRILE-d3
- L -
{ 2PFg } -
3
200 vee oo 210 a4 38
[ — [Bal [
83 8.2 81 8.0 79 78 77 76 75 74 7.3 7.2 Chemical Shift (ppm)
dichlorometh
e ——
(o "
A p
& 8 L
«
N L 1
S bk o
[T ¥ (W] u
10.5 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 40 35 3.0 25 20 15 1.0 0.5  Chemical Shift (ppm)
Muitiplets Integrals Sum 0.00 | Number of Nuclei 0C's
Acquisition Time (sec) 1.0795 ‘ Comment GZ 389 ‘ D 0.03 b1 2 DE 18
bs 4 Date 15 Apr 2019 02:11:46 Date Stamp 15 Apr 2019 02:11:46
File Name bunz22\Mitarbeiter\Gaozhan XIE'03_analytics\01-NMRinmr02'e190412ubgz 388\ 1\PDATAI\Ir | Frequency (MHz} 150.8314 . GB a
INSTRUM <spect> LB 1 NS 4096 Nucleus 13C Number of Ti 4096
igin spect ‘ Original Points Count 49086 Owner ns _PC 14
PROBHD <=Z132808_0001 (CP QC| 80053 H/P/C-N-D-05Z LT)> PULPROG =zgpg30> Points Count 65536 Pulse Sequence 2gpg30
Receiver Gain 2050.00 SF 150931431 | SFO1 150.84803345741 81 65536
SSB 0 SWcyclical) (Hz) 45454.55 SWH 45454 5454545455 Solvent ACETONITRILE-d3
ectrum Offset (Hz)  16718.0684 Type standard Sweep Width (Hz) 45453.85 ™ 98132 TDO 512
TE 294.9891 Temperature (degree C) 21999 UNC1 =13C> wow 1
ONITRILE-d3
- ACETONITRILE-d3
L
8
o
- §
5 & g
2 5 5 T 8 5
8 3 k2 g 58 [23 2 b
5 N T F 5T lag = o
147 146 145 144 143 142 141 140 139 138 137 136 135 134 133 132 1 1300 129 128 127 126 125 124 Chemical Shift (ppm)
P
@
=
g
8
b 2
z g 3 s
5 b 8 7
Ll . [l |
192 184 176 168 160 152 144 136 128 120 112 104 96 a8 80 72 84 56 48 40 32 24 16 Chemical Shift (ppm)
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'H-NMR and *C{*H} NMR of Quino-CF;*"

Multiplets Integrals Sum 39.97 | Number of Nuclei 40H's
Acquisition Time (sec) 3.6351 Comment GZ 397 b 0.1 [:]] 0.1 DE 12
DS 2 Date 18 Apr 2019 13:21:21 Date Stamp 18 Apr 2019 13:21:21
File Name Wbunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr02\e 190418ubgz.397\2\PDATA\Ir | Frequency (MHz) 600.2438 GB 0
INSTRUM <spect> LB 0.3 NS 128 Nucleus 1H Number of Transients 128
Origin spect Original Points Count 65536 \ Owner ns PC 1
PROBHD <2132808_0001 (CP QC| 60083 H/P/C-N-D-05 Z LT)> PULPROG <2g30> Points Count 65536
Puise Sequence 2930 Recelver Gain 15.35 SF 600.243820 | SFOT1 600.246830219145
SI 65536 | ssB 0 SWcyclical) (Hz) 18028.85 SWH 18028.8461538462
Solvent ACETONITRILE-d3 Spectrum Offset (Hz, 2813.2793 Type standard Sweep Width (Hz) 18028.57
™ 131072 | Toe 186 TE 295.0009 T (degree C) 22.001 UNC1 <1H>
wow 1

|ACETONITRILE-d3

3

200 403 202 783 20 ase
L i L i i L i L

8.4 83 82 8.1 80 78 78 77 786 75 74 73 7.2 Chemical Shift (ppm)

110 105 100 95 90 85 8.0 7.5 70 65 60 55 50 45 40 35 30 25 20 15 Chemical Shift (ppm)
Muﬂipfﬂls fn!egrals Sum 0.00 Number of Nuclei 0C's

Acquisition Time (sec) 1.0795 Comment GZ 397 D 003 D1 2 [ DE 18

Ds 4 Date 18 Apr 2019 13:12:19 Date Stamp 18 Apr 2019 13:12:19

File Name Wbunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr02\e180418ubgz 397\1\PDATAW\Ir | Frequency (MHz) 1509314 | GB [

INSTRUM <spect> LB 1 NS 4096 Nucleus 13C Number of Transi 4096

Origin spect Original Points Count 49066 Owner ns PC 14

PROBHD <2132808_0001 (CP QC| 60053 H/P/C-N-D-05 Z LT)> | PULPROG <zgpg30> | Points Count 65536 Pulse 2gpg30

Receiver Gain 205000 | SF 150.831431 | SFO1 150.8480334574 1 st 65536

ss8 0 | SW(cyclical) (Hz) 4545455 | swH 45454,5454545455 Solvent ACETONITRILE-d3
Specirum Offset (Hz) 167637422 | Spectrum Type standard | Sweep Width (Hz) 4545385 | TD 98132 D0 512

TE 2049997 | Temperature (degree C) 22.000 | unet <13C> wow 1

ACETONITRILE-d3

13045
130.02

P |ACETONITRILE-d3
@ ""v»
g
e - 8
3 =8 g g
i) @ -
Ba g =
o
g
ga
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o
3 2
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~ T T
o
. \Sy, SR W W
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g
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e
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'H, 'H COSY and 'H, *H ROESY of Quino-CF3**

-

Time sec) (0.2272, 00284) | Comment 6z 357 [Date 30 Apr 2019 20:16:16.
File Name WounzZ2 W tarbeitenG aozhan XIEW3 anahtics\1-HMR\nm (2 STOPD ATAZT
Frequency (MHz) (600.2425, 600.2433) Nucleus (1, 1H)
Number of 8 [ Origin spect Original Points Count (2048, 256)
Owner ns | Points Gount (2048 2045) Pulse Sequence cosvopm opaf
Solvent ACETONITRILE-d3 Spectrum Type cosy
Sueep Width (Hz) 801002, 2004 61) | {degree C) 22.000 Title GZ 397

g [

Time (sec) (0.1136, 0.0284) | Comment. BZ 3597

[ pate 30 Apr 2018 22:1828

File Name

Mbunz22M itarbeiteGaozhan XIEV03 NN R Wnmil;

INANPDATAT

Frequency (MHz)

500.2438, 600.2438)

Nuclous

(1H. 1H)

Number of Transients 16 | Origin spect

Original Points Count (1024, 256)

Owner

ns | Points Count (2045, 1024)

Puise Sequern

io

Sokent

ACETONITRILE-d3

Sweep Width (Hz)

(9010.02, 900021) | (degree ) 21999

Spectrum Type ROESY
Title GZ 397

9 chf
d e

Qi 3

T T
F2 Chemical Shift (ppm) 7 3 5
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'H, N HMBC of Quino-CF3**

Acquisition Time (sec] (0.1704,0,0052) | Comment Gz 397 | Constant (Hz) 80
Date 7 May 2019 23.07:22
File Name \ibunz22iMitarbeiteriGaozhan XIE\D3_analytics\01-NMRinmrOZ\c180507ubgz 387 2IPDATAT\2rr
Frequency (MHz) (400.3300, 40.5651) Nucleus (14, 15N)
Number of Transients 128 | origin spect | Original Points Count {1024, 128)
Owner ns Paints Count (2048, 2048 Pulse Sequence hmbegpndgt
Solvent ACETONITRILE-d3 | Spectrum Type HMBC
Sweep Width (Hz) (600G 68, 24378.33) Temperature (degree C) 21.95%
Titie 6z 397
" I - ‘ "
E so
F 100
E 150
L] f 3
E 200
hll e E
E” F U Quino-CFy2* E 250
130 E
E 300
140
150
E 350
160 E
170 E 400
B E
0 -
E 450
190
200 F 500
210 E
1 E 550
= 220
T T T T T T E
F2 Chemical Shift (ppm) 75
L e e e R S

frrTEETT——y
F2 Chemical Shift (spm) 8 8 7 [ 5 4 3
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6.3.4 NMR spectra (Chapter 5)

'H-NMR and *C{*H} NMR of BPNZ

Multiplets Integrals Sum 18.07 ‘ Number of Nuclei 18H's
Time (sec) 3.6351 [ comment Gz 475 D 0.1 [p1 0.1 DE 12
DS 2 ‘ Date 07 Oct 2019 14:25:26 ‘ Date Stamp 07 Oct 2019 14:25:26
File Name \\bunz2 \Gaozhan XIE\03_analytics\01-NMR\nmr-biradical01\e191007ubgz.475\2PDATA T Frequency (MHz) 600.2438
GB 0 [INSTRUM <spect> LB 03 NS 128 Nucleus 1H
Number of Transients 128 [ origin spect Original Points Count__ 65536 Owner ns PC 1
PROBHD <7132808_0001 (CP QCI 600S3 H/P/C-N-D-05 Z LT)> | PULPROG <zg30> Points Count 65536 Pulse 2930
Receiver Gain 15.35 [sF 600.243829 | SFO1 600.246830219145 sl 65536
SsB 0 ‘ SW(cyclical) (Hz) 18028.85 SWH 18028.8461538462
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz) _ 2807.2170 | Spectrum Type standard Sweep Width (Hz) 18028.57 |
D 131072 DO 16 TE 2050004 | Temperature (degree C) 22.000 UNC1 <1H> |
WDW 1 |
DICHLOROMETHANE-d2
F o
FLF o
It
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N
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Multiplets Integrals Sum 0.00 ‘ Number of Nuclei 0C's
1 Time (sec) 10795 [ comment Gz 475 D 0.03 [D1 2 [oE 18
DS 4 [ pate 07 Oct 2019 14:16:15 [ Date stamp 07 Oct 2019 14:16:15
File Name \\bunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr-biradical01\e191007ubgz.475\1\PDATA\I\Lr Frequency (MHz) 150.9314
GB 0 [INSTRUM <spect> LB 1 NS 3160 Nucleus 13C
Number of Transients 3160 [ origin spect Original Points Count__ 49066 Owner ns PC 14
PROBHD <7132808_0001 (CP QCI 600S3 H/P/C-N-D-05 Z LT)> | PULPROG <zgpg30> Points Count 65536 Pulse 2gpg30
Receiver Gain 2050.00 ‘ SF 150.931431 | SFO1 150.94803345741 Sl 65536
SSB 0 [ swieyclical) (Hz) 45454.55 SWH 45454.5454545455
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz) 16644.2480 ‘ Spectrum Type standard Sweep Width (Hz) 45453.85 ‘
D 98132 [Too 512 TE 2949991 | Temperature (degree C) 21.999 UNC1 <13C> |
wDwW 1 |
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'H, 'H COSY and 'H, *H ROESY of BPNZ

Time (sec) (0.2272,0.0284) | Comment Gz 475 [ Date 07 Oct 2019 15:28:56
File Name \\bunz22\Mitarbeiter\Gaozhan XIE\03; NMR! €191007ubgz.475\3\PDATAVL\2IT
Frequency (MHz, 600.2438, 600.2438) Nucleus (1H, 1H)
Number of Transients 8 [origin spect Original Points Count (2048, 256)
Owner ns [ Points Count (2048, 2048) Pulse Sequence
Solvent DICHLOROMETHANE-d2 Spectrum Type cosy
Sweep Width (Hz) (9010.02, 9004.61) | Temperature (degree C) 22.001 Title Gz 475

a

b

T
F2 Chemical

T T
shift (ppm)

7.5 7.0 6.5 60
Time (sec) (0.1136,0.0284) | Comment Gz 475 [Date 07 Oct 2019 18:31550
File Name \\bunz22\Mitarbeiter\Gaozhan XIE\03 NMR\mr-bi \191007ubgz 475\A\PDATAVL\IT
Frequency (MHZ (600.2438, 600.2438) Nucleus (1H, 1H)
Number of Transients 16 [origin spect Original Points Count (1024, 256)
Owner ns | Points Count (2048, 1024) Pulse Sequence
Solvent DICHLOROMETHANE 02 Spectrum Type NOESY
‘Sweep Width (Hz) (9010.02, 9000.21) | T (degree C) 22,001 Title Gz 475
a b f
¢ d e g
L 6o
. L
FF
a Fes
6.05,6.69
F 70
g 6.15,7.36 r
Ls
6.05,7.96 n
6.15,7.96
L eo
Fes

T T T
F2 Chemical Shift (ppm)

6.5
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'H-NMR and *C{*H} NMR of DPNZ

Multiplets Integrals Sum 20.13 | Number of Nuclei

s

Time (sec) 2.7263 [ comment GZ 446 D 05 D1 05 [oE 10
DS 2 | Date 10 Oct 2019 18:50:17 | Date Stamp 10 Oct 2019 18:50:17
File Name \\bunz2; \Gaozhan XIE\03_analytics\01-NMR\nmr-biradical01\c191010ubgz.446\2\PDATA\I\1r Frequency (MHz) 400.3300
GB 0 [INSTRUM <spect> LB 03 NS 128 Nucleus 1H
Number of Transients 128 [ origin spect Original Points Count 32768 Owner ns PC 1
PROBHD <2130030_0004 (CPP BBO 400S1 BB-H&F-D-05 LT)> | PULPROG <2g30> Points Count 65536 Pulse 2930
Receiver Gain 812.00 ‘ SF 400.330049193387 SFO1 400.3320009 | SI 65536
ssB 0 [swicyclical) (Hz) 1201923 | SWH 12019.2307692308
Solvent DICHLOROMETHANE-d2 | Spectrum Offset (Hz) _ 1985.4963 | Spectrum Type standard Sweep Width (Hz) 12019.05 |
D) 65536 DO 16 [ Te 2950004 | Temperature (degree C) 22.000 UNC1 <1H> |
WDW 1
FLF i
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Multiplets Integrals Sum 0.00 ‘ Number of Nuclei 0C's
Time (sec) 15897 [ comment GZ 446 D 15 [b1 15 DE 18
DS 2 ‘ Date 10 Oct 2019 18:42:25 ‘ Date Stamp 10 Oct 2019 18:42:25
File Name \bunz22\Mif \Gaozhan XIE\03_analytics\01-NMR\nmr-biradical01\c191010ubgz.446\1\PDATA\1\1r Frequency (MHz) 100.6631
GB 0 ‘ INSTRUM <spect> LB 1 NS 4096 Nucleus 13C
Number of Transients 4096 ‘ Origin spect Original Points Count 49066 Owner ns PC 14
PROBHD <7130030_0004 (CPP BBO 400S1 BB-H&F-D-05 LT)> | PULPROG! <2gpg30> Points Count 65536 Pulse Sequence. 29pg30
Receiver Gain 2050.00 ‘ SF 100.663059 SFO1 100.67413193649 Sl 65536
SSB 0 ‘ SW(cyclical) (Hz) 30864.20 SWH 30864.1975308642
Solvent DICHLOROMETHANE-d2 Spectrum Offset (Hz) 11135.0059 ‘ Spectrum Type standard Sweep Width (Hz) 30863.73 ‘
D) 98132 [0 512 TE 295.0007 | Temperature (degree C) 22.001 UNCL <13C> |
WDW 1 |
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'H, 'H COSY and 'H, 'H ROESY of DPNZ

Time (sec)

[ comment

(0.3408, 0.0426) GZ 446

[ Date

10 Oct 2019 19:14:22

File Name

\\bunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr-biradical01\

c:

191010ubgz.446\3\PDATAV\2rT

Frequency (MHz) (400.3300, 400.3300) Nucleus (1H, 1H)
Number of Transients 8 [ origin spect Original Points Count (2048, 256)
Owner | Points Count (2048, 2048) Pulse Sequence
Solvent DICHLOROMETHANE-d2 Spectrum Type cosy
Sweep Width (Hz) (6006.68, 6006.68) ‘ (degree C) 22.000 Title GZ 446

a b c d
e
A

6.0

6.5

7.0

75

8.0

T T
F2 Chemical Shift (ppm)

75 7.0 6.5 6.0
Time (sec) (0.3408,0.0426) | Comment Gz 446 Date 11 Oct 2019 08:01:30
File Name \\bunz22\Mitarbeiter\Gaozhan XIE\03_analytics\01-NMR\nmr-biradicalo1\c191010ubgz 446\A\PDATALA2IT
Frequency (MHz) (400.3300, 400.3300) Nucleus (AH, 1H)
Number of Transients 16 [ origin spect Original Points Count (2048, 256)
Owner ns [Points Count (2048, 2048) Pulse Sequence roesyetgp
Solvent DICHLOROMETHANE-d2 Spectrum Type ROESY
Sweep Width (Hz) (6006.68, 6006.68) | T (degree C) 22.000 Title Gz 446
a b c e
A d
EFss
E
FUF
a
b k60
e C
N
N
Fes
F L
FOF
F7o
6.04,7.18
F7s
- 8.0

F2Cl

T T
hemical Shift (ppm) 75 7.0 65

6.0

55
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6.4 CV Spectra

Rubrene with ferrocene (a):

6
1(a)
44 E " (Fc)
—~ 21 E =21V
N
-
c
g 2 E =037V
5 & D ox
-4
99ee
7 o O
-8 T T T T T T T T T T T T T T
-2.5 -2.0 -1.5 -1.0 -05 0.0 0.5 1.0

Potential (V)

DAR with ferrocene (b):

J(b)
44 E. ™ (Fc)

E,%'=-198V

E, =054V

Current (pA)

-2.0 -1.5 ' —1l,0 I —OI.S I 0.0 05 ' 1.0
Potential (V)

TAR with ferrocene (c):

1(c)
N E ) (Fo) (0.71, 3.16)

E  '=173V

Current (pA)

Potential (V)
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CVs of a) 3a, b) 3b, c¢) 3c, and d) 3d with ferrocene:
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6.5 Single Crystal Structure Data

DAR

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Y4

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

gxi2

CaoH26N>

534.63

100(2) K
1.54178 A
triclinic

P1

1

a= 7.0727(7) A
b= 8.2696(8) A
c = 11.8550(10) A
659.84(11) A®
1.35 g/cm?®

0.60 mm™
irregular

0.070 x 0.064 x 0.045 mm*®
red

3.9t0 61.8 deg.

-7<h<7, -9<k<9, -13<I<13
7917

1985 (R(int) = 0.0387)

998 (I > 25(1)

Semi-empirical from equivalents
1.72 and 0.61

Full-matrix least-squares on F
7917/0/191

0.79

R1 =0.041, wR2 = 0.086

0.31 and -0.37 eA®

o = 90.402(7) deg.
 =106.039(7) deg.
y= 97.605(8) deg.
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DARO2

Identification code gxil

Empirical formula C40H26N>0,

Formula weight 566.63

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system monoclinic

Space group P2:/n

z 4

Unit cell dimensions a= 13.9299(7) A o = 90 deg.
b= 11.2010(5) A B = 96.8662(14) deg.
c = 18.2839(9) A y= 90 deg.

Volume 2832.4(2) A®

Density (calculated) 1.33 g/cm3

Absorption coefficient 0.08 mm™

Crystal shape irregular

Crystal size 0.146 x 0.105 x 0.067 mm®

Crystal colour yellow

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

1.7 to 25.1 deg.

-16<h<16, -13<k<13, -21<I<21
26610

5024 (R(int) = 0.0392)

3757 (I > 25(1)

Semi-empirical from equivalents
0.96 and 0.92

Full-matrix least-squares on F?
5024 /0/ 397

1.06

R1=0.042, wR2 = 0.101

0.17 and -0.21 eA®
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TAR

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

VA

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices (I>2sigma(l))
Largest diff. peak and hole

oxi5

C42H32N4O
608.71

100(2) K
1.54178 A
triclinic

P1

4

a= 7.7635(16) A
b= 18.657(4) A
c= 21.765(5) A
3067.7(12) A®
1.32 glem®

0.62 mm™

plate

0.184 x 0.142 x 0.022 mm*®
red

3.4 t0 63.2 deg.

-8<h<4, -20<k<21, -24<I<24
31146

9492 (R(int) = 0.1020)

5709 (I > 20(1))

Semi-empirical from equivalents
1.97 and 0.58

Full-matrix least-squares on F?
9492 / 1664 / 892

1.08

R1=0.111, wR2 =0.263

0.44 and -0.37 eA*®

o = 97.536(17) deg.
B = 90.005(17) deg.
vy =100.929(17) deg.



Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

VA

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

gxi3sqg

CBSH24N4OZ

568.61

200(2) K

0.71073 A

tetragonal

P4/n

16

a= 29.9853(18) A o = 90 deg.
b= 29.9853(18) A B = 90 deg.
c = 14.2542(9) A y= 90 deg.
12816.2(17) A

1.18 glcm?®

0.07 mm™

plate

0.15 x 0.10 x 0.03 mm?®

colourless

1.0 to 20.4 deg.

-29<h<29, -29<k<29, -13<I<13
52616

6330 (R(int) =0.1772)

3410 (I > 20(1))

Semi-empirical from equivalents
0.96 and 0.91

Full-matrix least-squares on F?
6330/780/793

1.04

R1=0.070, wR2 =0.177

0.30 and -0.33 eA*
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3a

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

VA

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices (I>2sigma(l))
Largest diff. peak and hole

oxi8

CGOHGONZOIO
969.10

110(2) K

1.54178 A
monoclinic

P2./n

2

a= 12.0746(6) A
b= 8.6963(3) A
c = 24.0293(12) A
2476.5(2) A®
1.30 g/cm®

0.71 mm™

brick

0.162 x 0.065 x 0.057 mm®
green

4.51t0 62.1 deg.

-13<h<12, -9<k<9, -27<I<16
12244

3763 (R(int) = 0.0196)

3214 (1 > 20(1))

Semi-empirical from equivalents
2.21 and 0.57

Full-matrix least-squares on F?
3763 /236/ 375

1.03

R1 =0.037, wR2 = 0.094

0.25 and -0.27 eA*

o = 90 deg.

y= 90 deg.

B =101.040(4) deg.
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3c

Identification code gxil6

Empirical formula CsoHooF24N>

Formula weight 1128.70

Temperature 200(2) K

Wavelength 1.54178 A

Crystal system monoclinic

Space group P2:/n

Z 2

Unit cell dimensions a= 12.859(3) A o = 90 deg.
b= 7.9086(16) A B = 103.83(3) deg.
c= 23.298(5) A vy = 90 deg.

Volume 2300.8(8) A®

Density (calculated) 1.63 glcm®

Absorption coefficient 1.48 mm™

Crystal shape plank

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices (I>2sigma(l))
Largest diff. peak and hole

0.126 x 0.041 x 0.015 mm®
blue

3.9 to 57.9 deg.

-12<h<14, -6<k<8, -25<I<24
11891

3181 (R(int) = 0.0731)

1842 (1 > 20(1))

Semi-empirical from equivalents
1.49 and 0.61

Full-matrix least-squares on F?
3181/1316/ 464

1.04

R1 =0.053, wR2 = 0.097

0.19 and -0.24 eA*
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Quino-tBu

c281
&

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

VA

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices (I>2sigma(l))
Largest diff. peak and hole

gxil4

CsgHsgN>

783.06

200(2) K
1.54178 A
monoclinic

P2./n

2

a= 9.4682(3) A
b= 13.7037(3) A
c = 17.4850(6) A
2248.72(12) A®
1.16 g/cm®

0.50 mm™

plank

0.076 x 0.075 x 0.045 mm®
purple

5.1to 72.1 deg.

-11<h<10, -16<k<7, -19<I<21
15084

4319 (R(int) = 0.0229)

3192 (I > 20(1))

Semi-empirical from equivalents
1.33 and 0.69

Full-matrix least-squares on F?
4319/0/277

1.03

R1 =0.049, wR2 =0.118

0.26 and -0.19 eA*

o = 90 deg.

y= 90 deg.

B = 97.603(3) deg.
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Quino-CF;

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

VA

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

gxil2

CsoHaoFeN,
806.86

200(2) K

1.54178 A
triclinic

P1

2

a= 12.8417(4) A
b= 13.0652(4) A
c = 15.1490(5) A
2055.50(12) A®
1.30 g/cm®

0.78 mm™

plank

0.219 x 0.048 x 0.028 mm*

red

3.2 10 69.6 deg.

-15<h<15, -15<k<13, -16<I<18
19919

7408 (R(int) = 0.0194)

5644 (1 > 25(1))

Semi-empirical from equivalents
1.43 and 0.64

Full-matrix least-squares on F?
7408 /297 /573

1.04

R1 =0.049, wR2 =0.117

0.24 and -0.30 eA*®

o = 78.588(3) deg.
B = 67.275(2) deg.
y= 61.268(2) deg.
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Quino-CF;"

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Y4

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

gxil3
CssHasF12N20SDb
1100.69

200(2) K
0.71073 A
orthorhombic
Pccn

4

a= 20.8537(6) A a = 90 deg.
b = 15.2043(4) A B = 90 deg.
c= 15.7519(5) A y= 90 deg.

4994.4(3) A®

1.46 g/cm?®

0.64 mm™*

plank

0.159 x 0.070 x 0.026 mm®
brown

1.7 to 25.1 deg.

-24<h<24, -18<k<18, -18<I<18
58204

4427 (R(int) = 0.0926)

2585 (1 > 25(1))

Semi-empirical from equivalents
0.96 and 0.88

Full-matrix least-squares on F
4427196 / 340

1.03

R1 =0.055, wR2 =0.143

0.70 and -0.55 eA™®
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PNZ™

Identification code gxi24

Empirical formula C,7H15ClF15N,Sbh
Formula weight 791.08
Temperature 200(2) K
Wavelength 0.71073 A
Crystal system monoclinic
Space group C2/c

VA 4

a= 15.7925(10) A o = 90 deg.
b= 23.3446(15) A B = 92.9869(19) deg.

Unit cell dimensions

c= 8.0504(5) A y= 90 deg.
Volume 2963.9(3) A®
Density (calculated) 1.77 g/cm®
Absorption coefficient 1.21 mm™
Crystal shape plate
Crystal size 0.132x 0.111 x 0.022 mm®
Crystal colour green

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

1.6 to 30.5 deg.

-22<h<22, -31<k<33, -11<IK11
18810

4530 (R(int) = 0.0270)

3811 (1 > 25(1))

Semi-empirical from equivalents
0.96 and 0.89

Full-matrix least-squares on F?
4530/8/213

1.06

R1 =0.038, wR2 = 0.094

0.57 and -0.51 eA™
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BPNZ

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Y4

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Absolute structure parameter
Largest diff. peak and hole

gxi20

C3oH1gFeN2

520.46

200(2) K

1.54178 A

monoclinic

P2,

4

a= 13.0758(11) A o = 90 deg.
b= 9.4675(6) A B =100.142(6) deg.
c= 19.5081(13) A y= 90 deg.
2377.3(3) A®

1.45 glcm?®

1.02 mm™

?

0.097 x 0.068 x 0.042 mm*®

pale yellow

3.4t0 57.9 deg.

-14<h<14, -10<k<10, -12<I<21
16536

6204 (R(int) = 0.0565)

3445 (I > 25(1))

Semi-empirical from equivalents
1.42 and 0.71

Full-matrix least-squares on F
6204 /835/711

0.99

R1 =0.096, wR2 = 0.231

0.2(2)

0.58 and -0.37 eA”
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BPNZ™

Identification code gxi22

Empirical formula C3150H21F15N200 50Sb
Formula weight 785.25

Temperature 200(2) K
Wavelength 1.54178 A

Crystal system orthorhombic

Space group Aba2

Y4 8

a= 46.518(4) A a = 90 deg.
b= 16.4075(15) A B = 90 deg.

Unit cell dimensions

c= 8.0281(6) A y= 90 deg.
Volume 6127.4(9) A®
Density (calculated) 1.70 g/cm?®
Absorption coefficient 8.07 mm™
Crystal shape plate
Crystal size 0.125 x 0.071 x 0.020 mm?®
Crystal colour orange

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Absolute structure parameter
Largest diff. peak and hole

5.7 t0 63.7 deg.

-52<h<54, -18<k<8, -8<I<9
9129

4182 (R(int) = 0.0895)

2513 (1 > 205(1)

Semi-empirical from equivalents
3.60 and 0.62

Full-matrix least-squares on F
4182 /1062 / 481

0.97

R1=0.070, wR2 =0.170
0.00(2)

0.49 and -0.87 eA*®
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DBPNZ

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Y4

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on F
Final R indices (I>24(1))
Largest diff. peak and hole

gxil7

Ca4H20FeN2
570.52

200(2) K
0.71073 A
Monoclinic

P2./c

2

a= 13.0273(7) A
b= 9.5645(5) A
c = 10.6532(6) A
1317.53(12) A®
1.44 glcm?®

0.11 mm™

brick

0.132 x 0.072 x 0.053 mm*®
yellow

1.6 to 31.5 deg.

-19<h<18, -14<k<13, -15<I<15
18491

4357 (R(int) = 0.0567)

2592 (I > 2\s(1))

Semi-empirical from equivalents

o = 90 deg.

y= 90 deg.

Full-matrix least-squares on F
4357 /0/190

1.03

R1=0.061, wR2 =0.148

0.44 and -0.41 eA®

B = 96.985(1) deg.
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DBPNZ™

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

VA

Unit cell dimensions

Volume

Density (calculated)
Absorption coefficient
Crystal shape

Crystal size

Crystal colour

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F

Final R indices (I>2sigma(l))
Largest diff. peak and hole

gxil8

CBAHZOFIZNZSb

806.27

200(2) K

1.54178 A

triclinic

P1

1

a= 8.4529(8) A a = 97.542(8) deg.
b= 8.4694(8) A B = 91.735(8) deg.
c= 11.8279(13) A  y= 113.939(7) deg.
763.97(14) A®

1.75 glem®

8.10 mm™

plate

0.077 x 0.060 x 0.012 mm®

violet

3.8t0 67.0 deg.

-10<h<5, -9<k<10, -14<I<13

6402

2603 (R(int) = 0.0397)

2086 (I > 20(1))

Semi-empirical from equivalents

1.41 and 0.67

Full-matrix least-squares on F?

2603 /79 /251

1.15

R1 =0.048, wR2 = 0.094

0.74 and -0.86 eA”
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