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1 Research Objectives

The aim of the research was to expand the development of chemi$tpplycyclic heteroaromatics

(PHAS)in particular to explorehe followingissues

applicability othexapyrrolylbenzengaldehyde condensatioreaction,
possibility ofmodification of azacoronene care
palladiuminduced double CH bond activatiorprocess

tandem palladiurrcatalyzedreactionsfor the synthesis of fused oligopyrroles

= =4 4 -4 -

methods for thesynthesis of new (chiral) dg and fluorescent materials

The research on hexapyrrolylbenzene reactivity covered the condensation with aldehydes and
subsequent oxlative fusion of the resulting condensation productwime versaThe efforts were directed
towards developing methods of successful bridging of the sterically congested, elpctoon
hexapyrrolylbenzene, thereby generating expanded azacoronenes vatlified peripheral structures.

The possibiliesof intramolecula and intermolecular bridging werthe targets of the study

Another section of the workvas devoted to expanding the synthetic chemistry of highly conjugated
oligopyrrole systems through éhapplication of Pdnduced double CH bond activation. The project
integrated methodological advancements with the development of novel structural motifs. Through
judicious substitution and fusion patterns, it was planned to enhance the photophysicartiespof the
resulting donofracceptor chromophores, specifically their absorption and emission, fluorescence quantum
yields, and photostability. Synthesis of biédidpipyrroles with a range of connecting units and substituents
with the objective of changi the shape and pusgbull properties of the chromophore wdargeted. The
reaction conditions were planned to be carefully tweaked to impritnesgpractical feasibilityf the double
C H bond activationlt was planned to enlarge the scope of applicatirtandem palladiunmediated

processes, sucais bisannulative ring closures aridoxygenations



2 Abbreviations

Ac acetyl

ACID anisotropy of induced current density

APEX Iy y dzf kextensibs -

BAHA tris(4-bromophenyl)aminium hexachloroantimonate
BCOD bicyclo[2.2.2]octadiene

BODIPY 4,4-difluoro-4-bora-3a,4a-diazas-indacene

Bpin 4,4 5 5tetramethyl1,3,2dioxaborolan2-yl

CD circular dichroism

COF covalent organic framework

Cosy correlation spectroscoly (NMR)

CSA camphorsulfonig(7,7-dimethyl2-oxobicyclo[2.2.1]heptari-yl)methanesulfonic) acid
CT charge transfer

Ccv cyclic voltammetry

dba transtrans-dibenzylideneacetone

(o-)DCB (ortho-)dichlorobenzene

DBU 1,8-diazabicyclo(5.4.0)undegtene

DCE 1,2-dichloroethane

DCM dichloromethane

DCTB trans-2-[3-(4-tert-butylphenyl}2-methyt2-propenylidene]malononitrile
DDQ 2,3dichlora5,6-dicyanal,4-benzoquinone

DFT density functional theory

DIPA 2,6-diisopropylaniline

dipp 2,6-diisopropyphenyl

DMA, DMAc N,N-dimethylacetamide

DMF N,N-dimethylformamide

DMM dimethoxymethane

DMSO dimethyl sulfoxide

DOSY diffusion-ordered spectroscopfNMR)

dppb 1,1-bis(diphenylphosphino)butane

DSSC dye-sensitized solar cell

10



ESR
Et
EXSY
Fc
FET
GNR
GQD
HBC
HFB
HLG
HMBC
HOMO
HPHAC
HPLC
HSQC
KS
LC
LUMO
MALDI
MCD
Me
Mes
MO
NBS
NDA
NDI
NHC
NICS
NIR
NIS
NMI
NMP

electron spin resonance

ethyl

exchange spectroscopy (NMR)
ferrocene

field-effect transistor

graphene nanoribbon

graphene quantum dot
hexaperihexabenzocoronene
hexafluorobenzene

HOMQ;LUMO gap

heteronuclear multiple bond coheren¢dlMR)
highest occupied molecular orbital
hexapyrrolohexaazacoronene
high-performance liquid chromatography
heteronuclear single quantum correlatighlMR)
KohrgSham orbital

liquid crystal otiquid-crystalline

lowest unoccupied molecular orbital
matrix-assisted lasetlesorption ionization
magnetic circular dichroism

methyl

mesityl

molecular orbital

N-bromosuccinimide
naphthalenediamide

naphthalene diimide

N-heterocyclic carbene
nucleusindependent chemical shift

near infrared

N-iodosuccinimide

naphthalene monoimide

N-methylpyrrolidone
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NMR
NOESY
ovn
PAH
PCy
PDI

Ph

PHA
Piv
ROESY
rt

SCE
SEM
sm
SPhos
TADF
TBHP
TDDFT
TDADFT
TEA
TEM
Tf

TFA
TFT
THF
Tip
TOF
Tol
p-TSA
XRD

nuclear magnetic resonance
nuclearOverhauser effect spectroscogiMR)
overnight

polycyclic aromatic hydrocarbon
tricyclohexylphosphine

perylene diimide

phenyl

polycyclic heteroaromatic (system)

pivalate

rotation frame nucleaOverhauser effect spectroscogMR)
room temperature

standard calomel electrode

scanning electron microscope

starting material
2-dicyclohexylphospho-2',6'-dimethoxybiphenyl
thermally activated delayed fluorescence
tert-butyl hydroperoxide

time-dependent DFT

time-dependent DFT with TanuDancoff approximation
triethylamine

transition electron microscopy
trifluoromethanesulfonyl

trifluoroacetic acid

thin-film transistor

tetrahydrofuran

2,4 ,6triisopropylphenyl

time of flight

tolyl

p-toluenesulfonic acid

X-ray diffraction
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3 Literature Review

The chemistry of heteroaromatic compounds is a large field of switty nearly two centuriesof
history.22The scope of heterocyclic chemistry teen changingver timg and nowcoverdiversetopics,
such asorganic synthesis and phgal chemistry, natural product research, molecular biology, and
materials science. Thaeginning ofpolycyclic heteroaromatic compounds (Phdates back to the early
investigations ofhatural and manufactured dyes However early development of the discipline was

generallyhinderedby the lack of proper analytical methods

Chart1. Examples oEarlyPolycyclic Heteroaromatic Compounds Obtaibgdhemists

xylindein coerulein flavanthrone tricycloquinazoline
isolation 1868 Baeyer 1871 Bohn 1901 Jacobson & Huber 1908

The field gradually expanded beyond dyestuff research in the ensuing years to encompass additional
areas of theoretical and practical significance. In the 1950s, interest in thehamism of PAH
carcinogenesfbecame a prominent research impetus. Over the next two decades, a remarkable number
of novelPHA structures were discovere8ubsequent work on large polyheterocycles was motivated by
supramolecular chemistry requirements, increased interegtarphyrin analogues, and advancentgin

natural product chemistry

This developmenof the field haseen facilitated by significant advances in synthetic methods, which
have effectivelyresolved the problem oharsh reaction conditions associated withrigavork on PHAs
and allowed the production of highly functionalized, solutjmocessable derivatives. Transition metal
catalyzed coupling reactions are undoubtedly the most significant recent addition to the synthetic toolbox,
having found widespread afipation in current PHA chemistr€atalyzed coupling reactions are not only
used for the installation of functional groups far annulation reactionsbut they can also be used to
elaborate oligoaryl precursors that can later be cyclized to PHA targetsethods such asxidative
coupling reaction§.Newly developed y y dzf kektensiof (APEXgactionis also consideretb have
aprofound impact on materials science, as it allows direct actedssed aromatic systems from very

simple aromatic moleculesAdvances in macrocyclic chemistry, particularly in the synthesis of porphyrin
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analogues, have also altered the field of PHA chemistry, allowing access to structures of extraordinary

complexity.

At the turn of the21lst century, the discovery of graphene and the promise of its application in
molecular ekctronics rekindled interest irpolycyclic heteroaromtics. The use of graphene as
asemiconductor in postsilicon electronicscisnstrained by its manufacture and handling difficulties, as
currently, available technology does not enable easy accesa structurally homogeneous material.
Additionally,the requirement for a nonzero bandgap precludes laagea graphene from being ed in
certain critical applications, shas fieldeffect transistor$ The bandgap can be expanded in graphene
nanoribbons (GNRs) or nanographenes (graphammtym dots, GQDs) by lateral or tvdimensional
confinement. Bottoraup synthetic techniques can produce materials vatbmiclevel homogeneity, as

evidenced by several solution chemistgsedsyntheseof extended PAHS?

In molecular electronicsheteroatom doping of graphene is significant because it modifies the
electronic structure othe molecule, hence enabling novel device applicatiBris.Till 2015 the most
widely used manufacturing processes for the synthesis on heteroadloped nanomaterials were based
on imprecise vapor deposition and adtscharge techniques, which result in random dopant inclusion, and
fine structural control overheteroatom dopings frequently lacking3* Additionally, there are intrinsic
limitations on the amount and pattern of doping that may be achieweith hightemperature
procedures!® Meanwhile, heteroatom indision in graphene can induce or improve desirable traits such
as electrochemical activity, charge polarization, bandgap opening, amat p-type semiconductor
characteristics?!®1"This approach holds true for other carbdoh materialsheteroatom doping is used
to tune the bandgap in graphene nanoribbd&? & ¢ St t | a-cofj®atedl oy landS -

smallmolecule semiconductorg®®

Chart2. Examples oHeteroatom-Doped PolycyclicMaterials

CioH21 OC12H2s

aUal, Ny
S
Ve 909
—
zigzag-shaped O O
! S
s l O“O )

N-shaped
organic semiconductors heteroatom-doped
Ci12Has  conjugated copolymer  OC12H2s Okamoto 2020 graphene nanoribbon
— Duan, Zhan 2012 —n Kawai, 2018
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Extensively fused heterocyclic systems are viewed in this perspective as doped nanographenes, which
combine structural homogeneity with tunable electronic structure. The-tlioensional extension of the
~-conjugated framework, which is a characteristictiea of nanograpkne structures, can result in
amore efficient reduction of the HOMQQLUMO gap than is observed in stuclly equivalent linear
(i.e.,one-dimensionally extended) moleculéslt is possible to control important properties such as the
band gap, optical absorption spectrum, photoluminescence, or redox activity by varying the topology and
hete2 I G2Y 02y O0SYy iconjugatedsystemd. Dueltdii® flexibility with which these properties
can be modified, various families of PHAs have been investigated asctNIR dyes!?2 two-photon
absorbers’*3® and fluorescence sensors. The presence of heteroatoms enables the construction of stable
aromatic cations® high-spin organic molecule¥, and transition metal ligand$. PHAs can provide
monodentate, chelating, or macrocyclic coordination, resulting in the production of mamol
polynuclear complexes with photophysical characteristics, biological activity, and supramolecular

behavior.

Nitrogen has been the dominant "dopant” element in PHA chemistry since its inception, a choice driven
by the availability of synthetic techniques atitk stability of Ncontaining compounds. Nevertheless,
nowadays the chemistry of PHA has been significantly expanded by the efforts to generate big
heteroaromatics including boron, chalcogens phosphorusThese'suitable" heteroatoms add another

dimenson to the construction of functional PHA molecules.

Thus, PHA molecules combine unigedectronic structures with exceptional selassembling
characteristics, which is extremely desirable in materials research. Rldpde customized into both
p-and ntype semiconductors through careful selection of ring fusion, heteroatom doping, and
substitution, and have found widespread usage in organic-&élett transistors and organic ligletmitting
diodes. PHAs are used in photovoltaic applications in both ketérdjunction and dyesensitized solar
cells (DSSCs).

Recentdevelopmentin PHA chemistry have been spurred by technological advances and the
application possibilities of heteroatomoped ™ -conjugated structures. Chagthighlights representative
recent examples of PHAased materialsNumerous bayannulated perylene diimide (PDI) derivatives,
frequently with nonplanar cores, have emerged as hjggrformance bulk heterojunction photovoltaic
materialsand as effective DSSC dyBg using a -extended PDIsa functional liganda highly efficient

phosphorescent emittewascreated. The advancement of azaacene chemistry enabled the development
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of solutionprocessable nitrogedoped nanoribbons. Several of these molecules have been studied for

use as semicondttors inthin-film transistor(TF7 devices.

Numerous significant advances have resulted from the investigation of kwpad PHAsThe
applicability of Bdoping in the construction of novel materials was demonstrated by the synthesis of
emitters based on thermally induced delayed fluorescence. Hole transporters for gidtewsolar cells,
composed ofoxygenbridged triphenylamines are an example of how diverse the chemistry of PHAs
became during last few years. PHA motifs have also been intrddnte a variety of covalent organic

frameworks (COFs), which demonstrate advancement in macrocyclic PHAs

Chart3. Recent PHAs for\éaiety of Applications

R2
n
R2 NIR-active BHJ OPV
o BHJ OPV materials Liu, Chen, Jen 2018
Huo, Sun, Wang 2015
S 7
. 3 0
———— L } o
= N=cN-=N <
R tg N o O,
Ng 4N O
COF materials < > O
Rwith high intrinsic conductivityR 6.6 R

- NS
M|r|caR2019 Q\ CgH170
.= N—“N"N CgHi7Q O

phosphorescent emitter
Steffen, Wirthner 2015

Swe
oUo
TADF emitter fluorescent probes

for G-quadruplexes
Vilar, Kuimova 2015

hole-transporting material
for perovskite solar cells
Wakamiya, Murata 2015

DSSC dye s—N CO,H

Hatakeyama 2016 Wang 2015
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3.1 Synthetic strategies

As n the caseof any other class afrganiccompoundsthe most importantissue in PHA chemistry is
the development okffective synthetic strateigs The synthesis of PAHSs is largely based on efficient ring
formation processescrucial forthe production of keterocycle rings macrocycles and carbocyclic blocks
Due to the structural variety of PHA systems and the intricacy of existing ring fusion patterns, numerous
distinct synthetic techniques that are applicable to specific classes of compagrdsdevelogd, albeit
in a somewhat limited form. The fundamental ring building procedures are characterized generically as
ortho- andperi-annulations(the literature examples of differerdgrtho- and periannulationsare shownn
Scheme 1524 ortho-Annulations are often employed to extend the fused structure in a lateral or
peripheral direction.ortho-Annulations involving more than two polycyclic molecules can be used to

generate cyclic branahg points in fused structures.

Schemel. ChoserExamples of theBasicRing Forming Operations

ortho-

ortho- and peri-
annulation

linear

direct
t-Bu annulation

Due to the inherent intricacy, incremental annulation is rarely used to construct a PHA system. While
there are exceptions to thirend, complete syntheses of naturally occurring PHAs frequently rely on
customized tandem annulationsThe preferred method, which is usually more sedficient, is to
synthesize an aromatic oligomer that is usually directly linkedt(sgp’, Schemel, 1.5) and can have
alinear or branching topology. The inclusion of "cove" and "fjord" regiortaase oligomers provides
accessiblertho- and periannulation sites, making thempplicablefor the synthesis of extremely large

PHA41.6). Numerous brancheoligoaryls with a structure similar to hexaphenylbenzene have been used
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to synthesize coronenoid systems. The usage of linear oligomers is critical for a variety of applications,

including the poduction of rylene derivatives and porphyrin tapes

Alternaively, ortho-annulations can be utilized to join two ring systems together, dramatically
increasing structural complexitgrtho-Diamine condensation with 1;8iones is particularly advantageous
for the latter aim, as it results in pyrazine (quinoxalilrjagegScheme2, 2.2). Similar fused connections
can be formed by condensing aromatic diamines with cyclic anhydrides, resulting in imidazole
pyrimidine-containing junctiongScheme2, 2.4akb), or by performing additional specialized arations,

resulting in pyrrolg2.6) or thiophenerings(2.8).

Scheme. Linking ofFused Systemsa ortho-Annulation?

O R R R
—_— Cc
—
g () o (YIy Q)
21 R 2.5 R S R
2.6

0w 0. .0 Ne_N.__O 0 _.N_,N £Bu t-Bu t-Bu
b ) . O O
QO = ' O
82% O N 94% O 7\ O
Cl t-Bu N t-Bu
0”0 Yo 0" N"°N 07 NIy tBu cl
S O
2.7

2.4a 2.4b
Pigment Orange 43 Pigment Red 194

2.8

aReagents and conditiong)*! o-phenylenediamine, AcOH, reflux; {b)-phenylenediamine, glaci&lcOHovn, reflux; (c}*DDQ,
TFA, toluenert, 1 h; (d}* sulfur, DMF, reflux, 2 h

Due tothe strategic importancef macrocycless reactive building bl&s, macrocyclization reactis
are frequently conducted early in the synthesis, followed ditho- and periannulation processes.
Nonetheless, macrocyclizations can result in branobrtido-fusiorf>4® or even in the formation opert
fusion points(Schemes, 3.3b4).4 peri-Annulations are occasionally carried out within macrocycles, such
as those used in grphyrinoid Nfusiorf® chemistry and foldn syntheses (3.6).*%%! Typical
macrocyclization reactions include electholic substitution reaction8**® biaryl couplings(such as
Suzuki®®! (3.9), Stillé? or Ullmand® couplings), and acetylene coupling3.16).6* Glaser acetylene
couplingsmacrocyclizations are frequently followed by the conversion of the diémetybridges to

pyrrole or thiophene ring€3.17).%° Additionally, specifi classes of macrocyclic rings aynthesized using

18



oxidative couplings,olefination processesand other nucleophilic resztions (3.13).°6 Even certain

annulation reactions can be ergyed to construct macrocyclg8.11).5768

Scheme3. MacrocyclizatiorReactions?

xCHO EtOOC COOEt
%
3.10
Z ‘N e
S —

EtOOC
»COOB EtOOC COOEt
m
I saa N
+
/
O O
oS 345 es 3.16 es

a Reagents and condition@) (1) p-nitrobenzaldehyde, BF h 9GHG] 2 h,(2) DDQ, 10 min; (BRI h Dtdluene, TEA reflux,
90 min; (cY°51THFds, air,rt, 253.7 nm{d)®? (1) Pd(dba), SPhos, CsF,.C&, reflux, 48 h(2) MnQ; (e’ NHJOAG EtOH, reflux,
ovn; (f) n-BuLi, THFCT v c/ U2 ; Hgpst CUIOAGH eb®, oyridine, toluene, airst; (h) Naf{ i ) toluene,
2-methoxyethanol, reflux; (iPbQ, DCMt.

The annulation operifusion points in PHA frameworks can be accomplished in a variety of ways
(Schemed). perirAnnulations can be characterized according to their location inside the substrate
molecule (zigzag4.1), fjord (4.2), cove(4.4), or bay (4.7) region) and according to their topology of

cyclization. Fjord and cove regions can be annulated dirétihy, yieldirg six or fiveemembered rings

19



For zigzag and bay regions, the presence of a substituent or an incoming reactantrisd-¢éggjenerate

a ring with five or more members.

Schemed. Annulation ofperiFusion Points in PHA Framaks?

intermolecular O O
2N

annulation zigzag

o
®
41aR=OMe
41bR=H R
42 R =OMe 43bR=H

Me ring-substituent

O S O annulation
cove

(L :

S
\
e

=

»
kS

direct
annulation

—
93%

aReagents and conditiong@)°(1)trA 6 dzii @ f F YAY S3 5 a{ h ID.ChEcpsm ncn/ 3 /! TNJTO GO0H UA Y5 5430 de2 2 Y
HTn CEYL,TCH@OOM K 4 Ttn c/ = ™ (dR?1,8 5benygenetribotoRic asish trisgpinacal)estds,Pd(BEh T

NaCQ, THF/HO 2:1, reflux, 48 h(e) b, toluene,K AHg lamp), rt, 24 h(f) HNQ (fuming), DCM, rt, 12;Hg) selenium powder,

NMPZ md¢pn .c/ X MH K

Dehydrogenation (ogliation) reactionsare one of the most versatile and commonly employed in PHA
(and PAH) chemistrgScheme 53 Typically, the transformation is direcincluding the productiorof
anew ring throughthe intramolecular coupling of two aromatic subunits. Although dehydrogenative
annulations were created in the early stages of aromatic chemistry (most notably by Scholl and coworkers),
they continue to be of interest due to their lity in the synthesis of large fusedstgms such as HBC
derivativesor peripherallyfused porphyrinoidsThe chemistry is typically carried out via oxidative coupling
with a stoichiometric oxidant (e.g. FeCDDQ, etd, Scholl conditions (ACbr AICYNaC| 5.6),"* or

photocyclization (Mallory reactigrb.4), and several other approaches have been investigateduiting
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radicatanion couplind5.2), catalytic dehydrogenatioar evensolventfree ball milling of with potassium

metal (5.8).”

Schemeb. Dehydrogenation (Oxidation)eRctionsin PHASynthesis

5.6

aReagents and condition@y66 m 0 LJ2 (i | & & A dzY =17 &, &] a8,\4 §(BY7 lvpopylene/ ofide, nmaium-pressure Hg
lamp (125 W), toluend)#AICk~. b | / £ £ (d)® potassidngballmilliKgTi(3Hz), rt, 2h.

Though the conventional dehydrogenative annulatioot onlytwo benzene ringgan be onnected
direct couplings of heterocyclic rings, such fag-membered: pyrrole (C04.),”® imidazole (C045),”®
triazole (C047),2° thiophene (C04.3,2 or sixmembered: pyridine (C043),2%8% pyrazine (C04.4 and
C046),%* and pyimidine®™ are also possibléChart 4, red lines show new bond€)ehydogenative
couplings between rings andilsstituents are also feasibf€ The viability of these reactions is highly
dependent on the charactetiss of the units being linked, and electrdionating substituents on the rings
are frequently necessary to achieve the required reactivity and selectiityermolecular couplings may
be involved in competing poesses® The mos common type of bondoeing created is a €C bond,
however other types of bondscan also be formed. The new ring, which may be casbbeterocyclic, is
typically sixmembered, thoughfive-membered rings® sevenmembered rings! and eightmembered
rings2*® have been prepared as welNonetheless, when nesixmembered rings are taejed,
rearrangement¥* may occur At least in part, the feasibility of closingertain ring size is dictated by the

internal strain of the resulting fused ring system.
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Chart4. PHASSynthesizediaDirect Couphg of Heterocyclic Rings

C14H2g C14Hpg
O t-Bu O
/] [
S S
t-Bu C04.2
Cl
N N

a’ T
C04.5 Co4.6

One of the primary advantages tiie dehydrogenative annulatidh strategy is the potential of
executing tandem annulations on anatic oligomers, which result in the formation of many (typically six
(6.4° or more (6.5°) bonds simulineously. Individual annulations are typically topologically
independent (i.e. they can be performed in any order), while zigiger multtannulations (Scheme,
6.2)% can be devisedn sufficiently largeprecursors Additionally, couplings inside macrocycles are
feasible®® Dehydrogenative annulations apredominantlyintramoleculari® as intermolecular variations
typically exhibit low regioselesity.'®* Nonetheless, relatively selective intermolecular couplings have
been found on occasion, but their yields are typically modést).f® Rings of other sizes than six
memberedare rarely formed in this manner; a notable exception is the porphggetylene coupling that

results in dehydropurpuring(3).192193

22



Schemeb. Tandem Dehydrogenativénnulations®

6.5 tBu
R@S R
R S R b N ;
oy N
y )¢
R S R
6.6 6.7

aReagents and condition@)°® (1)} + A NNJ RA I G A 2 y 3(2) 0\BisfddiStignS O, & h, RIIbFoNLI DD/ DM, t,
2 h, (2) DDQ, Sc(OFfleflux, 18 h

Dehydrohalogenative anrations (GH + ©X, X = halogen, sulfonate) do not result in a change in the
substrate oxidation state. Typically, this chemistry is based on ratalyzed Heckke coupling
reactions'® and less frequently on radicalduced?®® thermal/basepromoted,°%1% or electrochemical
couplingst® Apart from the most common sixmembered rings, closures of fit¢’ and seven
membered!rings have been observed. An interesting example of photoinduced radical cyclization used
for the synthesis of fireand severmembered ring embedded nanographene was presented recently
(Scheme7).112 Typically, reductive annulations are done via Ullm&mpe couplings, most notably the
Ni(O)}based Yamamotapproacht**which is advantageoudue to its ability tampart internal strain into
fused ring structures. Intramolecular synthesis ehémbered and bigger rings are examples of such

reductive cyclizationécf. Schemé6).!1
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Scheme’. Nanographene Embedded with Heptagdynthesizediia Cascade Radical Dehydrogenative
Photocyclizatior?

aReagents and conditions: {8DMSO{-BuOKhA (455 nm), 12 h, rt

Annulations in bay regions facilitate the lateral expansion of perylenaittsving for the production
of coronene and benzghilperylene analogas!® Bay regions in aromatic stems are typically inactive
as dienes in cycloaddition reactiartdowevert is possible¢o obtainbenzené!’ or pyridaziné!® ringsin
abay region vidielsAlder addition(Schemes, 8.2¢3). Intermolecular benzannulations of bay areas have
also been accomplished vigclization of acetylene(Schemes8, 8.10).11° Fve-membered rings such as
pyrrole or thiophene can be closed in bay areas usingriety of synthetic methodditroarenes are
extensively used in theynthesis ofrings containing oxygen, sulfur, and seleniumbay regiows of
perylenoids (8.5¢7).12%1% Alternatively, bay areas can be annulated via a variety of intramolecular
substituentring cyclzations, includig the PictetSpengler reactiorfScheme8, 8.12)13%134 or Friedet,
Crafts cyclizationsThere have also been reports of b@gion cyclizations of ethynyand nitrile
substituents. A tandem construction of a quinoline component was accomplished using an intramolecular

cycloaddition of a &tenimine.
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SchemeB. Bay RegionAnnulatons®?
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perirAnndations based on FriedgCrafts alkylatiomndacylation are extremely useful for the synthesis
of sixmembered ringgSchemed, 9.2),13%1%3put they are also relevant for the closure of fit¥8andseven
membered rings omacrocycled®*+1% While alkylations often require an aromatizatistep (e.g., in
pyrrolecaldehyde condensationsdehydration, or reductive dehydxylation, acylations may result in the
aromatic product visspontaneous tautomerizatianBy electrophilic cyclization of diazonium salts; six
membered®® and severmembered ringscan be produced®’ The cyclization of nitrene intermediates
results in the formation operi-fused pyridine ringsBoth five!®® and sixmembered ringsan beclosed
via electrophilic heterocyclizatiods’ Forinstance, dehydrativecidcatalyzedcyclization of thioamide
Soxide results in the formation of peri-fused sulfurcontaining heterocycléScheme, 9.4).1°8 Using an
intramolecular variatiorof the VilsmeiegHaack reactionperi-fused pyridine ringgan also be formed
(Scheme?, 9.6).16°

Scheme9. ElectrophilicCordensationan PHASynhesis?
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Heteroatom bridges can also be formeia electrophilic replacements of;H, &Si(Schemel0, 10.2),
or @M bonds using boroiil0.2 and 10.4),'%* phosphorust®?1¢3sulfur (10.9¢10),1%* selenium(10.7) 5 or
tellurium (10.6) %¢reagents. S, SandTe cyclizations can BEcomplishedhot only by the use of formally
electrophilc chemicals, but also through direeiactionswith elemental chalcogen&Schemel 0).7216%169
Borylative annulations have established themselves as a significant method for gengrathfigsed
boron-containing sixnembered rings from olefii™and alkynesubstituted’* precursorst®! This strategy
was also extended to double annulations, resulting in the simultaneous formation of tlgie@eo@hds

(10.4),1">175 or to borylation of both aromatic carbon atoms and heteroatom substitugf#s°

Schemel0. Syntheses o€hdcogen and BoronContainingPHA?
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h; (fysulfurpowder, CsCQX 5 a{ h X wmn sulfupordermMGsCQET 5@f b = vy )3LBg, b-DCBwefluxKlZ.h 6 K

Nucleophilic condensations are a broad class of annulagiactionsthat are particularly beneficial for
hetero ring synthesi¢Scheme 11 These reactions were widely employed in the classical synthesis of
nitrogenrich PHAZ8%18 as well as in subsequent wo on pyridoacridine alkaloid® and
heteratriangulenes® The most importanperiannulation techniques are Schiike condensations that
result in pyriding(11.4),*°! pyridazine(11.5'?and pyrimdine ringst® Pyridiné®* or pyrylium®rings can
also be generated via cyclization of ethyaybstituted precursors. Sevéff°’and eightmembered®1%°
rings can also be closeda nucleophilic condensationgind a variety of bicyclic systems have been
assembled via tandem bannulations®® Nucleophilic substitution of haloarenes and aryl sulfonates can

occur under bas@romoted or catalyzed (P€u) conditiong11.2).2%
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Schemell. PHAs viducleophilicCondensation8

aReagents and conditiong&)%! 1,2-benzendithiol, NaHGODMF, 3 h, RTb)1%2 benzylamine, pyridine, 1.5 h, reflux; {&85%
NoHs hydrate, pyridine, 1 h, reflux

An annulatiorof azigzag pattern creates an additioraéri-fusion point and is frequently accomplished
via electrophilic onucleophilic chemistry. Additional zigzeegionspecific cyclization techniques include
[3+2] and [3+3] cycloadditions of azomethine ylf#&and other systems, as well as transformations using

cumuene or acetylene substituenf8429

Thefield of PHAencompasses a vast range of interrelated but distinct topibe developmentsare
constantly enlarginghe repertory ofsynthetic processes and resultingthe emergence of aariety of
novel molecules. These accomplishments are significant from a fundamental standpoint, as they advance
the understanding of the physical properties of aromatic molecules and open up previously unexplored
structural motifs. These novel structurésequently exhibit remarkable properties, such as inherent
curvature, threedimensional aromaticity, or an open shetfitucture. Simultaneously, by adjusting the ring
fusion and heteroatom arrangement in PHA molecules, it is feasible to modify theirriedéct
characteristics and solistate behavior quite precisely. As a result, practically useful propegies

induced even in structurally basic motifs, which has obvious implications for materials research.

Cyclizations based on oxidative, reductive, arahsition-metal catalyzed protocols are among the
most fundamental methods in the synthetic toolbox, and their future improvemeitit havea direct
impact on the scope of structures thare created as well as their larggeale availabilityAnnulative
techniques which enable the building of complex targets via several components are a significant
alternative to direct cyclizations and play a growing role in heteroaromatic chemistry. The extraordinary
advancement of orsurface synthesis over the last @ele has created unique preparative options. While
these approaches do not now enable access to large quantitipsodficts they can provide exceptional
chemical selectivity. Given the possibility of siAglelecule structural characterization, esurface

synthesis undoubtedly remains a critical technique for chemical discovery
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3.2 Palladiumn the synthesis of PHAs

Coupling of aromatic subunits, the critical step in the synthesis of polycyclic aromatics, is often
accomplished using oxidative methods, asas discussed before. However, oxidative couplings are beset
by low yields, unpredictable selectivity, and occasional failures in otherwise uncomplicated conditions.
Additionally, these procedures are frequently incompatible with the synthesis of straimedatic£°-207
and may fail when using electrateficient precursoré®® Someof these constraints can bavercome by
the use of reductive Ullmantype chemistry’®2°%?11 dehydrohalogenative coupling$?1%2> and
nucleophilic oxidative arylatiorfd®?17 but at the cost of selective prefunctionalization of at least one
reactant. This hindrance is solveloy transition metalY SRA I G SR R2dzomftS / | 062yR |
effective synthetic approach with a rapidly expanding range of applicatié#$Particular attention has
been paid to palladiurtatalyzed oxidative carbocyzation as a technique of ring closuféwith recent
instances of fivé?%?34and sixmembered?®23%241ring closures in moderately sized poyglic aromatics.
2 KAEfS Ylye 2F GKS NBLRENISR NBIFOGA2ya KIFGS + fAYAL
0§SOKYAIldzS Aa |y | LIISI t Agbrjugated tddgts &hd @ay Evenihll iecome NI G A 2
aflexible tool in synthetic aromatichemistry. The advantage of metajHCactivation is thatunlike the
classic methodologyrefunctionalization of the starting materia not neededthusthe economy of the

synthesids improved.

Palladium dominates fine organic synthesis over othetatsedue to its predictable antunable
catalytic characteristics and tolerance for a wide variety of functional grég%' Pd compounds can be
used as efficient catalysts in hydrogenation/dehydrogenation, hydrogenolysis, and dehydrogenative
coupling reactias, in the MizorokHeck and related reactions, Suzbkiyaura, Negishi, Sonogashira,
Buchwaldl NI gA3IZ | yR | g NASGe 2F 20KSNJ /1 / FyR /
functionalization reactions. With the advent of transitiometal catalysis, novel tbéoiques for the
aeyiuKSaAra 2F Keanfufafe@ polikfcle halelibBdR established, includig§ Gond
formation, and electrophilic aromatizatiofg€>%?%” Environmenal concerns have recently had
aconsiderable impact on the way organic synthesis is practigeckduiring the development of novel
sustainable transformation$%2¢1 Direct @H bond functionalization catalyzed by transition metalhis
preferentialdue to the possibility of using of unfunctionalized substrates amdrédduction of chemical
wastes. Among other methods, palladitzatalyzed intraand intermolecular €H bond activation has
NBEOSyidfe 3IINYSNBR O2yaARSNIoftS I GGSy i Aegjugdicdl NJ A G &

polycycles, including some wel compounds. The scope of palladigatalyzed reactions is incredjbl
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huge, that is why it was decided just to summatize few reactionghat servedas an inspiration for the
I dzd K2 NR& NBaSINOKZ |yR (2 akKz2g¢ (l&dbm catalizEdonidattvé | Y LI S

coupling reactions.

One of the first example of palladiubatalyzed cyclization reaction was reported in 1985 by Watanabe
et al. The work describe@n aerobic oxidative carbocyclization ofdlylamino)1,3-dialkylpyrimidine
2,4(1H,3H)-diones using Pdg€1%2 Their strategy relied on stoichiometric quantities of CuCl and molecular
oxygen in aqueous DMF to sustain an active catalyst. Despitesthef stoichiometric quantities of copper

salt and high catalyst loadings, yields of pyrimidines were often moderate to poor (Sd2pme

The mostintense exploration of palladiurrcatalyzed reactions for ring closure started with the
beginning of21st century. The Tius group reported an aerobic Nazaype reaction catalyzed by
palladium in 2003 This techniquepusing Pd(OAg)in DMSO, produced synthetically valuable cross
conjugated cyclopentenones (like2.4) underrelatively mild conditions (Scheni). The most plausible
mechanisticroute includes carbopalladation of the electraieficient alkene by the electrench vinyt

ether (through an oxonium ion intermediate), followedibyydride elimination to produce produd2.4.

Widenhoefer and colleagues used a similar technique for ldgiteg an intramolecular palladium
catalyzed oxidative alkylation of unactivated olefins using stabilized carbon nucleophiles to create
substituted cyclohexenones like.6(Scheme 123°42%The obvious limitation of this methodologytisat
only stabilized carbon nucleophiles are capable of efficient carbocyclization. This phenomerplained
by the fact that adequate enolization &2.5, resulting in the formation af2.5b, is required for reactivity.

The suggested mechanism of the transformation involves the carbopalladation of the pendant olefin in
the enol form, which leads tdtS T 2 N | {-paBagiunglFcomplgxSf 12.5¢ Thenl2.5cundergoes

i K $hydride elimination to yield an exocyclic double bond. Under these conditions, the exocyclic olefin
rapidly isomers to the endocyclic olefib2.6 via a hydropalladatiomlehydiopalladation pathway

0 A ¥ & SHlimkhaighk Catalytic turnover is accomplishedder theseconditions by reoxidtion of

Pd(0) with stoichiometric quantities of CuClrhe Yang group performed a comparable intramolecular
aerobic oxidative carbocyclizaty XK (S5 NP |-Ketpatides fon the basis of Widenhoefer's work
(Scheme 1212.8).%%6 The reactionwent smoothly in THF at room temperature with good to outstanding
yields when fairly high pallagin catalyst loadings (10 mol%) are used. Notably, this technique eliminates
the need for coppebased oxidants in favor of molecular oxygen. Along with the palladium catalyst
[PACHCHCN)], Yb(OTHg | & NBIj dzA NBR {2 LIkRahddésSbosingzhe dubseqiientz y 2 ¥
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intramolecular nucleophilic attack on the-coordinated olefin. This process is effective at forming

heterocycles with a broad variety of ring sizes

Schemel2. Intramolecular PalladiurCatalyzed Oxidativeyclization$
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aReagents and conditions: t4 PdC}, CuCl (1 equiv),01 atm), DMF/HO (10:1), rt, 3 h (b®3Pd(OAG) (20 mol%), @(1 atm)
5a{hz yn ¥PYPIEHTHAINY], COGDDCE (dP®[PACHCHCN)Y], Yb(OTH, O; (1 atm), THF, rt

Due to the abundance of naturally occurring compounds having indolearbazolebased backbones,
considerable attention has been paid to oxidative mechanisms that provide access to these critical
moieties. For instance, Stoltz and colleagues devisg@adimodulated cyclization of indoles through the
Pd(OAg)catalyzed cyclizatiomsing oxygen as the oxidant and ethyl nicotinate as the ligand (Scheme
13).26” To obtain acceptable yields of indoles, rather large volumes of ethyl nicotinate and Pdé@Ac)
required; nonetheless, the reaction proceeds smoothly under 1 atm.ofT@ese reactions are quite
fascinating mechnistically, particularly from a stereochemical standpoint, because multiple mechanistic
routes may be involved. Indeed, examinatiori8f4reveals that the reaction is initiated by & activation
of indole 13.1to create the intermediatel 3.2, followed ly ciscarbopalladationl3.3and syni -hydride
elimination (Schemd 3).2%8 Imilar reactionswith the same type of substrates were further studiey

severalresearch group$%273
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Schemel 3. PalladiumCatalyzedCyclization of Indolé
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In 1980 Kibayashi et al. reported the first catalytic exangflehe synthesis of carbazoles from
N-vinylanilines (Schem#4, 14.2.24 Catalytic quantities of Cu(OA€)L0 mol%), Pd(OA)10 mol%), and
O in acetonitrile were used. ter, Li group reported a similar techniquehererelatively high catalytic
quantities of Cu(OAg}40 mol%) and Pd(OAgL5 mol%) were required to convett.1to 14.2in ethanol
with moderate to excellent yield€® Glorius and colleagues presentedsianilar approach (Schenik4,
14.4).276277The critcal distinction is thathis method uses stoichiometric amounts of Cu(QAadher than
catalytic amounts of Cu(OAtholecular oxygen. In general, the two distinct techniques genesatalar
indole derivatives (about 50880%). Wang et al. later expanded on this technolmginclude aryl vinyl
ethers278Surprisingly, the reaction conditions for this transformation turned out to be rather dissimilar to
those used in earlier protocol€)¢3-Phenoxyacrylatel4.5cyclized efficiently in benzene indlpresence
of Pd(OA¢)PPh and AgCELR; as the oxidant. These conditions resulted in the production of a variety of
benzofurans likd4.6with good to excellent yields (Scherhd).

Schemel4. Synthesis ofndoles and Benzofurans through Palladi@atalyzed Intramolecular Oxidative
Carbocyclizatioh
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aReagents andonditions: (23’ Pd(OAg) (10 mol%)Cu(OAg) O, CHCN, 12 h, reflux; (B)277Pd(OAg) (10 mol%), Cu(OAg)
K:CQ, DMF, 8emv n n; (cE’IPd(OAc)(5 mol%), PRhATE benzeeE mMmn .c/ X HnNn K

Ames et al. reported one of the earliest examples of palladoatalyzed intramolecular ¢E1 bond
arylation for the production of nitrogewontaining PHA in 1982 (Schetts).2”° They discovered that the
Heck reaction of ®dromo-4-phenoxycinnoline or -Bromo-4-phenylaminocinnoline with ethyl acrylate in
the presence of Pd(OAdpgether WIthTEM Yy | OSG 2y AGNARAE S 40 mpn ¢/ AY

formation of the Heckype products15.3acbh. The cyclized benzofurocinnoline and indolocinnoline
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15.2ab were formed instead. Notably, the condensed heterocycles were not produced in Hemed of

ethyl acrylate which is thought to beecessary for the reduction of Pd(Il) to Pd(0)

Schemel5. 3-Halogenocinnolines vidalladiumCatalyzed Intramolecularc@ Bond Arylaton 2
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a carbazoloquinone from theocresponding aminoquinorabtaining 16.2 in 34% vyield using 12 mol%
Pd(OAg) and 1.1 equivalent®f Cu(OAe)as oxidant, with 56% recovery of the starting mateffal.
Following that,) kermark and coworkers demonstratedetformation of carbazoloquinon&6.2 using
similar aminoquinones as starting materials in @dillm-catalyzed oxidations. Two distinct methods
utilizing Pd(OAghs the preferred palladium catalyst were established for this transformation: one using
TBHP and another using simply molecular oxygen (Sch&6&8282 Both conditions yielded
carbazoloquinonel6.2 Ay 3JI22R (G2 SEOSttSyid @&AStRad Yyl 1SN |
advantageous carbocycliman to complete the whole synthesis of the antibiotic carbazole alkaloids
carbazoquinocin &3 carbazomycin G and ¥ murrayaquinone A, koeniginequinone A and B (Scheme
16).2%° The carbocyctation was catalyzed by palladium using Pd(@@c) mol%) as the catalyst and
Cu(OAg)as the oxidant. Using Pd(OACCU(OTSE YR ! 3C Ay 5 a {énvirbninenmnn ¢/
benzotriazinonel6.3wascyclized to triazafluoranthenon&6.4in a similar fahion (Schemé6).22> Two

equivdents of AgF were determined to be required in this oxidatreasformation

The process of intramolecular oxidatideuble arylation using palladium catalysis is well established.
) kermark and colleagues reported a stoichiometric palladpnamoted cyclization of diphenyl ether,
diphenylamine, and related chemicals in 1¥%Later, in 1999 ) kermark created the first catalytic
verdon of this oxidative arylatio®! This method, which included the use of Bdf,, Sn(OAe¢) and
molecular oxygen, produced biaryl§.6g-c in good to excellent yields (Scherth6). The Fagnou group
extended thigprocess by substituting pivalic acid for acetic acid as the soff€fhis approach does not
require additional ceoxidants such asenzoquinone®r copper salts; pure air in combination with a base

is sufficient to achieve satisfactory catalyst turnover. Fagnou used this strategy in thietmsymtheses
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of murrayfoline A, clauseniie ' YR YdzZl 2y Ay ST 6KAES Yyl f1SN dzaSR A
clausine R8and murrayastin®®(Schemeléd @ a SY Sy RST | OKASOSR (KS Sy iAiNE
A and glycozolidineuA y 3 YA ONR gl @S GSOKy2ft23e3x dziAft AT Ay3a | &R
However, their technique needed extremely high catalytic loadings of Pd{@Azx)to 40%), which

considerably reduces the attractiveness of this procedtfte.

The carbocyclization of arene to arene has also been extended to apiitlesan example provided
by Dong and colleague’! They developed a method for the direct synthesis ofnsembered lactams
like 16.6cusing NaSQs, trifluoroacetic acid (TFA), and Pd(QASchemel6). Hectronrich substituents
are required forthis reaction toproceedsmoothly.It wasdemonstrated that under the same oxidative
reaction conditions, intermolecular agdryl bond formation is quite effective. Tdlustrate the
importance of carbocyclizatiotN-methylcrinasiadine, a natural produisblated fromLapiedra martinezii

andHippeastrum equestrevas obtained using this method

DeBoef devised another palladivcatalyzed oxidative carbodyzation between an arene and
aheteroarene in 2007?* To ensureefficient carbocyclization dfl-benzoylindoles (Schentks, 16.9) to
6H-isoindolo[2,1-a]indol-6-ones 16.1Q this approach employs 2Mol% Pd(OAg)and stoichiometric
guantities of CuOAc in refluxing acetic acidder high @ pressure. This approach was eventually
demonstrated to be applicable to compounds other than anilines, anilides, and indoles. Ackermann and
colleagues were able tactivatea triazole CH bond using Cu(OA@nd air as the oxidant (Scheré,
16.8).2%2
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Schemel6. Carbocyclization throughArene;Arene Coupling
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In 2014, indolo[1,Z]phenanthridine derivativesl7.1 were synthesized via intramolecular¢ie
arylation of o-brominated indoles(Scheme17).2 A coppermediated domino reaction involving
2-alkynylanilines and boronic acids was usedltain o-brominated indoé precursorsl7.2. Then, the
conventional conditions for intramolecular direct arylation were used, namely 5 mol% Pd(QAujl
10 mol% Rgtol)z in toluene at 110c / Ay (G KS 10RFBESAtSeybEsS. Inferéstingly tandem
synthesis of indolo[1;2]phenanthridinesl7.1 from alkynylanilines and boronic acids viarse-pot two-

step processvas also describefbchemel?).

Scheme 17. Synthesis of Indolo[1;fphenanthridines via Palladiw@atalyzedIntramolecular GH
Arylation?

( ; BH,
=0
86% 72%
/ NH,
Br 17.1
17.2

17.3

aReagents and conditions: {95 mol% Pd(OAg)10 mol% Ri-tol)s, CsCQ, toluene, 110c¢ { (b) (1) Cu(OAg)decanoic acid,
CsCQ, 2,6-utidine, toluene, 120 ¢ /(2)Pd(OAg) P(-tol)s, CsCQ, toluene, 110c /

The most recent and the most interesting examples of extended PHAs obtamedlladium mediated

reactions are discussed b&lo The following part of the chapter was divided into thmésectionsThe
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first one shows the formation of simembered rings via palladium catalyzed reactions. Latter ones, thus,

are presenting fiveand seven/eightimembered ring formation, respectively.

Ito, Tokimaru, and Nozaki published a paper in 2015 describing the synthesis of quintuphfusestzo
6b%-azacorannulen&8.2(Scheme 183 Their technique involved the [3+2] cycloaddition of a substituted
diarylacetylene to the fusedaBazaphenalae ylide, which wasbtainedin situ from18.1. The resulting
fused pyrrole derivative 1,23, 45Sy G | NBf LENNRES AYOISNYSRAFGS 6 a ¢
presence of 20% PdCy), as catalyst and @SQ as base to generate -@rt-butyl-6b*
azapatabenzopc,ef,hi,kl,noJcorannulene18.3 in 14% vyield. Interestingly, the bowl shape 183 is
AAIYATFAOLYyGte RAAG2NISR RdzS (2 GKS LINBaSsackig 2F YA
interactions, and conveto-concave aggregationas observed in both the sol&tate and the liquiestate
packing pattern. In solutior8.3 has a bright yellow color with a ma®um absorption at 466 nm and
ablue-green fluorescence<gax= 490 nmp pL= 24%). According to NICS calculations, the conjugation in
18.3 is mostly defined by assigning Clar sextets to all of the outermost benzene rings, with small
contributions from carbazolike resonances. Although the bowl inversion barrierl3 was not
established experimentally, DFT simulations produced a value of 17 kcal/mol. In 2018, Nozaki, Ito, et al.
also reported the preparation of liquicrystalline (LC) fivefold functionalized azapentabenzocorannulene

derivatives, which were synthesized vialpdium-catalyzed threefold cyclization in a similar mar 2

A different approach for a similab&azapentabenzdic,ef,hi,kl,nojcorannulene was later discovered
by the Shinokubo grouff. Their synthesis began with an oxidative ssfipling of phenanthrenoamine
184, resulting in the bis(phenanthrdlised pyrrole intermediatd8.5. Intramolecular €H bond arylation
with a stoichiometric quatity of Pd(OAg)PCy produced a singly fused produiB.6 in 63%. The tris
brominated productl8.7 was thenobtainedin 56% yieldupon treatment with anexcess of bromine in
carbon tetrachloride. Interestingly, the bromo substituents were inserted in the correct location to
facilitate the cyclization reaction, which was carried out using 2 equiv of Pd(P@g) resulting in the
formation of nitrogenembedded buckybowl 8.8 in 46% yield. Thi-aryl group was similarly brominated
under these conditions, but fortunatelgrotodehalogenationoccurred during the palladiuroatalyzed
CcH bond arylation step. In 2017, Shinokubo, Hiroto, et al. reported the egigh of
azapentabenzocorannulene dim#8.9 in which the two buckybow! units are linked through @bond
(Schemel 8).2° The synthesis involved subjecting the known polyaromatic ynsar 18.7 to palladium
catalyzed intraand intermolecular €C bond formation using the catalyst system of Pd(&{@c2 equiv)
and PCy | 4 (G4 equiy.
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Schemel 8. 6b*-Azapentabenzdic,ef,hi,kl,no]corannulene?

O t-Bu
Cl Cl
©
e K
o QIO
g ;

18.1

t-Bu t-Bu

31%

aReagents and conditiontf?* DMSON,N-diisopropylethylamine, 10 ¢ / Xb) Rd(PGKCE, CsCQ, DMA; (c)*DDQ, TFA,
toluene, RT, 1 h; (d) P(OAC), RCy 4, KCQSE 5a! I mMon »,COEX 7o /T Pdd@ePeyNK 7 IgEQF BDMA,
MO N ¢ /(@PCRIEAO0.2 equiv), PGy | 4(C4equiv), LQS6Y SljdzA dos 5a! X mon c/ 3 Hop K

Gryko and cworkers reported the synthesis blitterfly-shaped pyrrolo[3,2]pyrroles containing dual
[6]helicene substructures using an intramoleculamémbered ring €H bond arylation catalyzed by
palladium (Schem#9).2°” Compoundd4.9.4¢5 were obtained in a threstep procedure, involvig efficient
intramolecular oxidative aromatic couplingwofoldcyclization reactions of tetraarylpyrrolopyrroi®.2
possessing two-bromoaryl units at the 2 and 5 positions were carried out utilizing Pd¢PRt} as the
catalytic system. Additionallyusing the conventional Scholl reaction;extensions on the third
(hetero)aromatic were carried outresulting in formation of19.4. The introduction of heterocycles
enabled finetuning of the energy barriers and precluded structural planarity due to d&nWaals
overlapping between spatially adjacent hydrogen atoms from distinct aromatic rings. This forced
conformation resulted in the production of intriguing optical characteristics. These nanographenoids were
emissive in solutiomypLup to 32%) with obervable solvatochromism. The synthesis of a ksivelped
nitrogendoped nanographend96 g & NBLR2 NI SR o0& {202fSgapPhEs /&Nt Z

synthesis involvedthe multicomponent tetraarylpyrrolopyrrole synthesis, the Scholl reaction, and
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intramolecular direct arylation. In that casesequence ointramolecular direct arylation reactions that
involved the differing reactivity of @Br andCcCl bonds was used. Two central pentagons confined
betweenthe two adjacent heptagons in the target compound, forming the inverse SfbmeowerWales
topology. The final structure contains both fhend severmembered rings, which results in interesting
properties such as a perpendicularly aligned dipole moment, absorption and fluorescence in the-orange
red region, weak emission due to the chattgensfer character of a lovenergy absorption band, and

a hightlying HOMO. The solid state is dominated by stinvexto-convex stacking

Schemel9. ™ -Extended Pyrrolopyrroles with a Doukielicene Structuré

19.5 3 g 19.6 t-Bu

aReagents and conditions: {&)p-TsOH, AcOH, 9© / Z; (bpPd@Ac), PPh, CsCQ, toluene, 120c / Z (c)oFeG{ DCM, MeNg@
rt, 0.5 h.

Li and colleagues established an efficient -pa¢ N¢H/CcH coupling technique for the synthesis of
benzokllacridines in 2016, ireding the N,S and N,OGcontaining benzoperylene20.3 and 204,
respectively (Schen0).2** This methodology involves a reactioniyB-dihalonaphthalene20.1aor 20.1b
with a secondary aromatic aminhich is believed to proceed \BachwaldHartwig amination followed
by intramolecular €H arylation The catalyst system employed in this study wesply a blend of Pd
sources and ligands previously identified as effective for these two transformatios{sl§Bg/ P(t-Bu) for
amination and Pd(OAZPCy: for G;H arylation). The same palladiuratalyzed domino strategy facilitated
the synthesis of adtonal benzokllacridine derivativesHigh yields were achieved wh&0.2 and other

cyclic and acyclidiarylamines were used as substrates; carbazoles, on the other hand, were not suitable.
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Scheme20. Synthesis ofN,S andN,O-Containing Benzoperylene Derivatives

+©§p;© J@

20.1a (X = Br) 20.3 20.4
20.1b (X = 1) (85% from20.1a,
89% from 20.1b)

aReagents and conditions: §9t-BuONg Pd(OAe) Pag(dbak, PCy, Pt-Buss (2t dzSy S dn ¢/ 2 mn Ko

Park, Shin, et al. reported theynthesisof B:Ny-ixenein 2020(21.2, Scheme21).3°° The palladium
catalyzeccyclization of the phenyl groups and the@ bonds resulted of the targeti-ixene @1.2). This
compoundexhibited a twisted structure in the solid state, with the four exterior benzene rings deviating
from planarity. The molecules were arranged inrge-dimensional columnar arrangement with a short
AYGSNY2tSOdzE I NJ RA&AdGFYyOS 2F odcyp )I 6KAOK Yle& KI@

Scheme21. B,N-Doped Pyrenoid

211 21.2

aReagents and condition&)3%° Pd(OAg), PCy, CsCQ,onE& f Sy & NB T f dzE =

Twistacenes (also known asistarenes) have been investigated as functional dyesafwariety of
applications. Thesemolecules are composed of 9:dphenyldibenzafegritetracene and a fused
heterocyclic subunit. A pyragontaining systen22.2 was synthesized through a ostep Pdcatalyzed
annulation of 22.1 and Xnaphthol. (Scheme22).3%! 22.2 organized into a variety of morphologies
(nanowires or nanospheres) under controlled conditions, as indicated by SEMisWsorption, and
emisgon measurements. The electroluminescent devices produced on the baa’2diada maximum

brightness of 4355 ¢dh? (bias voltage set to 9.0 V) and a CIE coordinate of (0.14, 0.53).
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Scheme22. Synthesis of ©&ygen and NitrogerDoped Twistacenes

Ph
Br a
COOCL,
Br 42%
Ph

aReagents and conditions: ¢8)1-naphthol, PP CsCQ, Pd(OAcE 5aCXZ wmnn ¢/ X Hn Ko

221 22.2

In 2020 Murakami and Itami described a method for synthesizing thiopHeised PAHSs via palladium
catalyzedannulative dimerization of phenylene triflate via bimoleculajHCactivation(Scheme 233%
Palladium chloride, tributylphosphonium tetrafluoroborateQ, and pivak acid in cyclopentyl methyl
SGKSNI G mnn ¢/ 6SNB dzaSR | & 2duliishiures phSriglen®RiflAtR A (1 A 2 v 2

23.1was transformed t®3.2aand23.2b asa 4:1 mixture of regioisomeScheme23).

Scheme23. Annulative Dimerization of Phenylene Trifl&te

23.2b

aReagents and conditions: $8PdC), P0-Buki | 4 KCQ, PivOHcyclopgy i 8 f YSiKeatf SGKSNE wmnn c/ X Hn

Li et al. demonstratethat the onepot N¢H/CGcH coupling process was also applicable to the annulation
of 5H-dibenzop,f] azepine 24.1).*° As illustrated in Scheme&4, using either 1,8libromo or
1,8-diiodonaphthalene as the couplj partner under optimum reaction conditions results in a formation
of [delannulated dibenzoazepin@4.2. Xray crystallography was used to determine the nonplanar
geometry 0f24.2. Jiao et al. reported the annulation of the dibenzoazegiased carbamichtoride 24.3
with 2-iodotoluene in 41% vyield in 20£6> Norbornene was required in addition the precatalyst, the
phosphine ligand, and the base. DFT calculations indicated that thenme=s# norbornene facilitated
aPd(OxPd(lIxPd(IV) catalytic cycle. The two neg@bonds were generated by acylation ébdotoluene
at the C3 positon and By o6& | NEBfIFGA2Yy 2F RAOSYyT2FT SLIAYS I
colleagues demonstrated that dibenbgflazepines can be pentannulated via palladinatalyzed direct

C1Garylation with aryl bromides (Schen2d).2**In one casgthe diazepin€4.5and 1,2dibromobenzene
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were heated in DMA in the presence of Pdeitdppb) and KOAc under optimal conditiofisvo

consecutive §H bond activationsed to the indenofused product24.6, whichwas isolated in 50% yield.

Scheme?4. Dibenzoazepines via Palladiv®atalyzed Annulatioh

o0 >
4 b o
a N 543 @M — Me
2 2 ¢ 41% N
79% O‘ =/ ! O
B

N.c 24.3
b : or T 24
N
= T

a /‘7-Pr
24.1 n-Pr N
83% 242 N c O O
a o - R -
_ B’ Br 0%

245

r

24.6

aReagents and conditions: 9t-BuONa, Pd(OAc)3 mol%), Pgdba) (3 mol%), PGY7 mol%)P¢-Bu)s (7 mol%), dry toluene,
n c/ I 3% RA(ORG (100ndolle), PRh(20 mol%), norbornene (1 equiv),.C& 6 n  SljdzA B0 X 68 dzSy Sz
(CPO*PACI(GHs0 6 RLILID O O6H Y22 0%X Yh! O 060n SljdzAgd0X 5a!'s mpn ¢/ I TH Ko

The most recent examples of formationfofe-membered ringsvia palladium catalyzed reactions are
shown here.ln 2018, Xu, Tan, and colleagues described ttidative cyclization of -Biphenylthiols to
yield the corresponding dibenzothiophenes using PdSlthe catalyst and DMSO as the solvent and
oxidant3%® This sebf conditions was also appropriate for the threefold cyclizatdrriphenylenel,5,9
trithiol 25.1, which resulted in th formation of trithiasumanen@5.2(2%), in addition to the itompletely
fused 25.3 (5% Scheme 25). The low yield 5.2 was attributed to the molecul&olatility under the
reaction conditions. Even though the yield was low, this was the first example of synthesis of

trithiasumanene by a direct "stitching" procesather than thetypical desulfurative ring formatian

Scheme2b. Synthess of Trihiasumanendrom Triphenylengithiol 2

]
neee

H

25.1 25.2 25.3
(2%) (5%)

aReagents and conditiong)f®>PdClé pn Y22 0% 5a{hX MHANn ¢/ X HRNn KO

Li, Hartl, Yang, et al. reporteid 2017 improvedconditions for a palladiurcatalyzed GH activation
reaction of benzdj]thiophene with 1,8dibromonaphthalene, yielding thacenaphthylene produc26.1

in 69% yield(Scheme 263% It was also possible to uskis approach to react fused dithiophenes in a 1:2
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ratio with 1,8dibromonaphthalene to get compound26.2a;c and 26.3 in 26¢72% vyield. When
concentrated solutions were subjected to an anodic potential, it was discovered that the neutral molecules

of 26.2a,c interacted with their own radical cations to produce dimers

Scheme26. FiveMembered Ring Closures Involving a Thiophene Ring

Pd-catalyzed cyclopentannulation

Br Br A s O
+ — —
S
OO . 69% II 26.3 (90%)

26.2a—c (26-72%)

a: R=0CgH,7

b: R = (2-ethylhexyl)oxy
261 c:R=CyHy

aReagents and conditions: (8Pd(OA) t-But a ST 4KkCQ,5a! = mMnn c/ X Hn Ko

In 2021, Zhang et al. reported on the synthesis of buckyd@8lin combination wih thiazine and its
derivatives (Scheme27).3® The cyclodimerization of dibromophenothiazir®.1 was catalyzed by
copper(l). Under BuchwattHartwig conditions, the identical transformation resulted in a complicated
product mixture. The resulting compou2d.2 was then cyclized in 49% yield under palladium catalysis to
give the target buckybow7.3. Chemical oxidation df7.3 with 1 or 2 equialentsof AgSbEresults in the
radical catior27.3°*and the dicatior27.3%, respectivelyThe bowl depth of the neutral compour?.3
(0.59) ) was greater than that of the radical cation (0)37 according tesingle crystal XRD data, although

the dicationhada planar geometry.

Scheme27. Synthesis oThiazineFused Buckybowl’

R S R S R
R s R R O
a N Br b N
N 77% Br il 49% N
Br Br R
S R R S
27.3

27.1 R
R = t-Bu 27.2

aReagents and conditionG@)% Cul, KCQ, 18crown6,0-DCE My n c/ I , POy IKJIKCQROBAOE mrtn c¢c/ I ny

In 2018, Gulevskaya et al. reported a cascade reaction between ethybslituted proton sponge
derivatives and 18liiodonaphthalendhat resulted in the formation of acenaphtho[t#lbenzof]indole
skeleton (Scheme 28Y° For example, under Sonogashira coupling conditions, comp@8rtreacted
with 1,8-diiodonaphthalene toprovide 28.2 in 46% vyield. The hypothesized mechanism involves the
intermediate 28.4, whichis thought to formupon activation ofthe first diarylacetylene product by

palladium. The nucleophilic dimethylamino group promoted a bicyclization reaction, resulting in the
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palladacycle8.5 which, after reductive elimination and removal of methyl iodide, led to the formation

of the final product

Scheme28. Formation ofBenzofg]indole Skeleton via Cascade Reaction
M

e\
MeN  N=\

28.3
(12%)

28.5

aReagents and conditions: $Pd(dba), Cul, PPhIkCQ, DMFArL 6cT p c¢lOR vy

Hamura et al. publieed in 2019 a new method for synthesizing the benzo[5,6]indeno[1,2,3
fgJtetracene skeleton that involves intramolecular benzoallesikyne cycloadditiod!® Diacetylene
derivatives such a&9.1were synthesized and employed as precursors to pyracylene derivatives (Scheme
29).Secifically, the palladiurcatalyzed bicyclization @@.1with aniline under known conditions resulted

in the 45% yield of the pyrrolused pyracylene derivative9.2

Scheme29. ™ -ExtendedPyrroleFused Pyracylerfe

aReagents andonditions: §)3°PhNH, PAGLTEAXA 5a{ hX dn c/ X y Ko

The pyrrolo[3,2,3hilindole structure is most frequently encountered in issd]-dibenzannulated form,
namely the indolo[3,2,dk]carbazole structure. The two most frequently used strategies for constructing
this extended skeleton are intramolecular direct arylation and oxidatwapling, both of which are

catalyzed by palladium. Scheme 30 illustrates recent examples of the former technique in action.
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Lee et al. presented sky blue to violet emitt&@& 33! 30.5312 and 30.633which were synthesized from

carbazole precursors witbrtho-bromoaryl groupdinked to the nitrogen atoms.

Kautny demonstrated that using (NHC)Pd(allyl)Cl as a catalyst allowed for the synthesis of a series of
azasubstituted indolocarbazole®? For example, under optimal conditior3).8 was produced in good
yield from the 9(2-halo-3-pyridyl)carbazole80.7a;b. For the unsymmetrical carbazoB®.9, the @&Br
bond preferentiallyreactedwith the benzocoreto form 30.10(61% vyield), with the regioisomé&0.11
(16% vyield) as a minor product. Interestingly, when tit@xide 30.12 was subjected to the same
cyclization followed by reduction, the yields 89.10and 30.11increased to 12 and 57%, respectively,

implying electronic control during cyclization.

Langer et al. reported the palladiunatalyzed annulation of 2;8ibromo-1,4-naphthoquinone 80.13

with carbazole, yielding the produdd.14and the twdold &N coupling producB0.15in 28% yield*®

43



Scheme30. Pentannulated Carbazoles via Direct Arylatiatalyzed by Palladiufn

t-Bu

0 LD oot
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aReagents and conditions: {85312 Pd(OAg), PPh, [BNNE4]CI, KCQ, DMA, reflux, 6 h; (b) NBS, DMF, rt, 12 h; (c) diphenylamine,
Pd(dba), P¢-Bu)s, t-BuONa, xylene, reflux, 12 h; Y NHC)Pd(allyl)Cl (5 mol%)CK} (2 equiv), DMAAZ ™ o g6 hr(d)irbn n
L2 6 RSNE | &h2lhJffePa(OAy PPRt-. dzhb X (2f dzSyS> dn ¢/ X Hn Ko

Patureau et al. (2015) reported improved conditions for the oxidative cyclizatioraofl®@arbazoles
such as31.1&ac to obtain the correspondingndolocarbazole$1.2acin a 3&70% yield (Scheme 3%.
In addition to palladium(ll) pivalate, it wassdovered that the presence of A3 CuO, and an oxygen
environment were required for conversion. Additionally, the trisubstituted produgis3acc were
synthesized from their precursors. Howeveite dimethoxysubstituted indolocarbazol81.3dcould not

be producedunder these conditions. Following that, the same group discovered a method for direct
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synthesiof N-arylsubstituted™ -extended carbazole compounds suctBassa;d from the corresponding
aryl(2naphthyl)amines. (Scheme 3%§.The authors demonstrated that by substituting Pd(QAo}
palladium(ll) pivalate, a modified set of reaction conditions successfully induced pentannulation of
31.5a;d to yield31.6a¢d in isolated yields of 162%.

Schene 31. Annulated Carbazoles via Palladi@atalyzed Oxidative Cyclization

oo | ey

R R v
31.1a—c 31.2a (R = H, 70%) 31.3
31.2b (R = Me, 37%) a(X=Cl Y= OMe, 38%)
31.2¢ (R = OMe, 38%) b (X =OMe, Y = CF3, 40%)

¢ (X =OMe, Y = Cl, 10%)
d (X = OMe, Y = H, 0%)

i —_— N
© 48-58%

31.4a-d 31.5a-d 31.6a (R'=H, 62%)
31.6b (R' = Me, 50%)
31.6¢ (R'= OMe, 17%)
31.6d (R' = Cl, 41%)

aReagents and conditions: g)PdOPivp, AgO, CUQPIVOH Q0 m | (i YU I ™ &9Ag@, tolEeneicamerie/AcOdl Gais,
cn ¢/ I H KAGOSODOPWVOROKARE mMon ¢/ I o RO

Miura et al. used palladium(ll) trifluoroacetate as the catalyst and silver(l) acetate as the oxidant for
the oxidative cyclization of é-carbazolysubstitutedderivaives32.1and32.3(Schemes2).°! Thepara-
dicarbazolyl substrat@82.3gave the isomeric doubly cyclized produgd&4and32.5in yields of 28% and
18%, respectively. Theneta-dicarbazolyl substituted benzen82.1la and pyridine 32.1b gave the
corresponding double fusion produ@2.2a;b in yields of 49% and 30%, respectively. Interestingiger
the sameconditions, the correspondingrtho-dicarbazolylbenzene formechaightmembered ring The
fused 1,4diazocine32.7was isolated in 13% yield, and its twisted molecular structure was unambiguously
defined via Xay crystallography. The capability of closing an eigeimberedring was attributed to the

closeness of the two carbkale units ir32.6.

45



Scheme32. Annulated Carbazoles via Palladi@atalyzed Oxidative Cyclizatibn

R

R
32.1a-b

32.2a (Z = CH, 49%)
32.2b (Z = N, 30%)

R R
32.6 32.7

7z

aReagents and conditions: fafCECOO)Pd(30 mol%), AGOAc (6.0 equiR)yOlE mcn c/ X ny Ko

Plunkett et aldescribedin 2018the cyclopentannulated anthracenedithiopheB8.3 (Schemes3).3’
The fivemembered rings incompound 33.3 were formed in 3% vyield by palladiuntatalyzed

cyclopentannulation of dibromid&3.1 and diarylacetylen83.2.

Scheme33. Synthesis of a Polyareng Cyclopentannulatiod

3341

MeO OMe
33.2

aReagents and conditions: &)Pd(dbak, PO-Tolp, KQ O [ A/ X 5aCki2fdSyS:E mon c/

Wang, Han, and colleaguegscribed a palladiumatalyzed @H annulation process of mon@nd
disubstituted coumarin derivatives employing diaryliodonium cations as coupling partners in*2015
When benzafjcoumarin34.1 was heated \ith diphenyliodonium triflate342Ay 5aC G0 wmnn c/
presence of Pd(OAg)the diarylation produat 34.3 was produced in 70% vyield (ScheB®W. Preliminary

mechanistic studies indicated that multiple PafRgi(IVV) catalytic cycles were involved.
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Scheme34. Diarylation with Diaryliodonium Salts

TfOe

N © . )

+ — 8

- Slleqe

341 34 [ e]
343

benzo[g]coumarin 2

aReagents and conditions: #Pd(OAgd mn Y2z 00X 5aCXZ wmnn ¢/ X Hn Ko

Rare examples obfmation ofseven and eightmembered ringsvia palladium catalyzed reactioase
shown in the followingparagraphsin 2017, Kwong et al. reported a palladinoatalyzed threecomponent
reaction involving aryl iodide, -Bromo-1-naphthoic acid, and norbornadiene that resulted in the
formation of carbe and heterocyclic frameworks with sewemembered rings ($eme 35).32° For
example, under optimized conditions;i@obenzop]thiophene may be transformed to compourdh.1
with a 95% vyield. Similarly-iddodibenzofuran can be converted 85.2 in an 8%cyield. The authors

hypothesized a Pd(@Pd(I1;Pd(IV) catalytic cycle for the reaction based on DFT calculations.

Scheme3s. ThreeComponent Synthesis of Fused Cycloheptatriénes

H
o}
SE/; =l H O H O H
a
+ — S H H
95%
1L 90 90
35.1 35.2

aReagents and conditions: $9Pd(OAG)(5 mol%), PGY15 mol%), GEQ, 1,4RA 2 El yS§S mMon ¢/ £ mMy Ko

The Pecatalyzed intramolecular cyclization of a pendant phenyl ether substituent restitis finsion
of the benzoxepindused PDI framework (Scher36).1* CcH activation of this substituent at thertho

position facilitates its attachment to a bdorominated PDI core. This approach was attempted on PDIs

36.1acd and was found to be ineffectivier the corresponding perylene tetraesters. While thelgls of

the cyclized compound86.2acb were low, a higher efficiency was obtained with the brominated
substrates36.1a;d, resulting in36.2a;d. The reaction conditions had no effect on the Br substituents on
the electronrich phenyl ether groups. Thus, ltHogenation of36.2c was a more efficient method of

preparing36.2a than direct synthesis frol36.1a The cyclized producexhibited a curved shape with

al g Aadad Fy3tS 2F HuHc AY GKS LISNERtSYyS O2NB®d® ¢KAa

absence ofargesolubilizing imide substituents
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Scheme36. Benzoxepind-used PerylenBiimides?

Me 36.2a R = 2-ethylhexyl, X = H, 28%
36.1a-d 36.2b R = cyclohexyl, X = H, 26%
36.2c R = 2-ethylhexyl, X = Br, 66%
36.2d R = Mes, X =Br, 74%

aReagents and conditions: {#)Pd(OAg), PCyl | 4 KCQ, DMA, 10evH n & h X H

Igarashi, Tobisu, and Chatani reported the synthesis of a series of cyclic diarylborinic acids on a gram

scale in 2017, including the cyasabstituted analogu&7.1(Scheme 37%° Compound37.1underwent

an unexpected ringpeningannulation with 1,8dibromonaphthalene, giving the fused oxocine derivative
37.2in 48% vyield. Kumar et al. demonstratiimation of a fused oxocine ring an annulation reaction

of the iodonium sal87.3(Scheme 37¥*When diphenyleneiodonium triflatd7.3and quinolin4(1H)-one
37.4were heated in the presence of Pd(OAg)elds of the €H arylation produc87.5and the annulation
product37.6were 20% and 70%, respectively. NMR andsrspectral data established the identity of the
oxocine37.6, and this product was assumed to result from the creation of t® Gond in the minor

product37.5.

Scheme37. Syntheses gberi-Fused Oxocineda Annulative Couplirty
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aReagents and conditions: $)Pd(dba), t-Bust 1 15,.CE&Q, HO/Mt-I Y&t | & 02 K2 f RPd(@Aw)(Senbl%), AcQH, KT 66 0
Man ¢/ X MH K&

Generally, the application of palladivoatalyzed ¢H bond activation has had a considerable impact
on the synthesis of diverse planar, curved, dnd A a icéhjdgatéd polycycles in recent years. As

compared to recognized organic synthetic procedures that need multiple steps and/or harsh conditions
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with stoichiometric quantities of metallic salts, direatfCbond activation enabled the creation dfiRs,

and other important organic molecules, in higher yields and with a greater functional group tolerance.
Intramolecular GH functionalizations were carried out in the majority of cases utilizing simple palladium
salts and affordable bases, allowing 0K S F I OA f S-cosjuyafdd Kddyaysles in 2igh yields and
with a high degree of selectivity. Intramolecular palladicatalyzed ¢H arylations are frequently carried

out in polar solvents such as DMF or DMA utilizing Pd(ll)tegktherwith phosphineligands The nature

of the phosphine may be irrelevaint some casedts primary function is to facilitate the reduction of Pd(ll)

to Pd(0) and, in some situations, to accelerate the oxidative addition of deactivated aryl (pseudo)halides
to palladum. Previously, preparation of thbeavily functionalizedsubstrates was fairly difficult and
remained a significant disadvantage. With the development of highly selecfitd@nd activationfacile

F 2 NI I (i keéhjigatBdpolycycles from simple subsésvia successivecB bond functionalizations

became possible.

The cascade Bl bond annulation enabled the odgl2 (i R Aeki#h€in of a variety of
heteroaromatics. Palladiuroatalyzed ¢H bond activation has been used to synthesize not only known
PHAsp dzii I f & 2conflmyated; paicycles via the formation of extremely strained cycles. However,
numerous difficulties remain in the application of palladigatalyzed ¢H bond activation reactions for
0 KS LINE R deOnjugadey pogcycles. Severalaexples necessitated the use of stoichiometric
concentrations of palladium catalysts. As a result, it is important to find better catdiystsore

economically viable methods. Additionally, the development of more selective catalysts will enable the

prepaNd GA2Y 2F LINBJA 2 dzaf e-conpgdied poldygieS, Rvhich ZnayKindaddiichal G S R

applications in the fabrication of novel optoelectronic devices
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3.3 Azacoronenes and related structures

Recent interest in nanographene chemistry has resultethé development of a variety of extended
~ -conjugated coronenoid systems, the majority of which contain heterocyclic ¥fi@athe day of writing
there were over 130 research papers describing synthesis and properties of heteroaromatic systems
containing the seveming framework of coronene. Here the author describes the newly discovered
chemistry of pyrroldused coronene compies, which now present a quickly growing family of internally
doped, peripherally enlarged azacoronenes, so called hexapyrrolohexaazacoronene (HPHAC). HPHAC is
the prototype nanographene comprisipgrifused pyrrole rings. HPHACs are commonly producésidn
phases, first by thendr reaction of hexafluorobenzene with the appropriate pyrrole and then via oxidative
cyclodehydrogenation of the resultant hexapyrrolylbenzene. This method sflovess to a vast array of

structurally varied compounds.

In a prdiminary work published in 2003, Jouini et al. attempted to synthe3&&2aby oxidation of
hexapyrrolylbenzene in the presence of iron(lll) perchlof&®IALDITOF mass spectrometry detected
only partial coupling products 88.13 possibly due to limited solubility in organic solvents. In comparison,
oxidation 0f38.1b which contains soluble octyl groups, produced a soluble product with a mass spectrum
congstentwith complete peripheral coupling. The expected product was not examined further because it
most likely formed as a combination of regioisomers. The oxidation of hexapyrrolylbenzenes was
demonstrated to proceed via a radical cation/substrate proc@ssontrast to oxidative polymerizations
of pyrroles, which often resuftom radical cation dimerization. Lazerges et?dand Jouini et al?’ later
investigated the electrosynthesis and magnetisn88Ra. It was synthesized as a soft homogenous thin
layer on the electrode surface videctrochemical oxidation in organic solutions. In situ electrocheiical
ESR experiments demonstrated that this material was strongly paramagnetic and underwent reversible
oxidation processes. Additionally, the film demonstrated a continuously controligddteconcentration

of 0 to 1 per charge at ambient temperature by electrochemical potential control.

Ly I €FGSN) alidzReé Lzt AAKSR AY Hnnt3 aNftif@W | yR
substituted HPHAGB.2d, in its neutral and oxidied dicationic form$2 The cyclodehydrogenation of the
suitable hexapyrrolylbenzene in the ence of iron(lll) chloride was followed by quenching with
hydrazine to yiel®8.2d. In contrast to Jouini's findings, the unsubstitutégl2awas found using MALDI
TOF, but the predicted dodecabron88.2c derivative had a mass spectrum compatible with partial
debromination of the oxidized product. Singlgystal Xray diffraction validated the molecular structure

of 38.2d, revealing that the HPHAC core is fully planar, with the centers of the periphenmylgreups
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producing a wavelike pattern above and below the molecular plane. In comparison, DFT models projected
a bowkshaped structure for38.2a, resulting from the rings tight annular fusion. Compoudgi2d
fluoresced at 570, 617, and 673 nm, whereasCHfBioresces at substantially shorter wavelengths
(465, 484, 492, 517, and 528 nm). Electrochemical studies revealed3&fd went through four
reversible oneelectron oxidation processes. Chemical oxidation with antimony pentachloride yielded the
radical monocation38.2d* and the dication38.2d** sequentially. By adding tetrabutylammonium iodide

to the cationic forms, the oxidation can be reversed. The structural data acquired for the dication, as well

as the NICS computations, were comptitvith theoxidized HPHAC coo@erall aromaticity

Scheme38. Synthesis oHexapyrrolohexaazacoronenés

R1 R?

381aR'=R2=H 38.2a (via a or b)

38.1b R' = H, R = octyl 38.2b (isomer mixture, via a)
38.1cR'=R2=Br 38.2¢ (83%, via b)

38.1d R" = R? = 4-trifluoromethylphenyl 38.2d (53%, v-ia b)

38.1e R' = R? = 4-butoxyphenyl 38.2e (46%, via b)

aReagents and conditionéaf2> Fe(ClQ)s, MeCN; (b¥8 (1) Fed, CHNG,, DCM, 1 hrt, (2) NoHa.

¢F1FasSzs aNffSys bAaKAyYCHPHAC hypiiRs in(2218 AtiNdng dedpar@oelS | G S F
oxidative coupling processes using mixed pyatene precrsors3* |t was discovered that the addition
of two alkoxy groups to the meta positions of the peripheral phenyl substituents significantly promotes
the oxidative coupling of precursors, effectively closing the perighearcuit. This procedure resulted in
the formation of the pentaazatetraaza, and triazacoronene derivativ€3051¢3 (Chart5). The stepwise
substitution of pyrroles for dialkoxybenzene rings significantly altered the optical characteristics of the
hybrids. As with the parent HPHAC systé&f51ac3aallows for some lowenergy electronic transitions,
with a tenfold increase in extinction coefficients f8053a compared toC051aand C052a. Emissions of
these compounds rangddom red to yellow to deeped to green as the number of pyrrole rings fell from
38.2dto C05.3aThe Xray crystal structures d€052b andC053ain their neutral states corroborated the
planarization of the azacoronene core. Fluorescence and phosphorescence measurements at ambient
temperature and 77 K enabled the estimation of the modagiSgaps fiEst < 0.36 eV). On the basis of

theoretical cédculations, dications of hexaazacoronef8.2d and pentaazacoronen€05.1laexhibited
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aclosedshell structure, whereas dications of tetraazacorone@65.2cand triazacoroneneC05.3c

exhibited an opershell structure

Chart5. PyrroleFusedAza®mroneneDerivative$®

R'O OR'

a: R = 4-trifluoromethylphenyl
R' = n-dodecyl

b: R = 4-trifluoromethylphenyl
R' = n-butyl

c:R=H
R' = methyl

Co05.1a—c C05.2a-c C05.3a—c

The introduction of ethyl substitution by Uno, Takase, and colleagues enables the synthesis of more
electrondense and potentially more reactive HPHAC derivatives, sucB94s’* which is readily
oxidizable to the typical globally aromatic dicatiBf.1?* with | H-electfon conjugation pathway. The
NIR absorption band identified for the dication but not for the parent cyclo[6]pyrrole macrocycle is
attributable to a CT transition between the core bene and peripheral pyrrole moieties, as determined
by magnetic circular dichroism (MCD) analysis and DFT calculations. The oxidatiansobstituted
HPHACS89.2 with silver(l) nitrite resultd neitherin the reversible creation of the matching dicatiomr
in the oxidative dimerization predicted by the known reactivity of corroles or porphyrins. Rather than that,
the nitrated derivative39.3 was obtained which shares redox characteristiobthe parent systeni3!
bSOSNIKSt Saasz GKS Ay iNEPRdzConugaed Kstem Bdphignly prfising 3 NP c
strategy for modulating its chemical and physical properties. DinitroHRB4AG~hich contains two trio
groups attached to the same pyrrole ring was also synthesized by the same3¢dug. dinitroHPHAC
molecule exhibits a significant dipole momenty(11.7 D at B3LYRB&L.G(d,p)) and solvatochromism with
a decreased HOMERUMO energy gap. Surprisingly, the solid seems to be black to the hsighanThe

dication state has a lower global aromaticity than pristine HPHAC and mononitroHPHAC
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Scheme39. The"Smallest HFHAC?

aReagents and condition@)*3° NOSbEF(2.0 equiv) and DCM, rt, 10 mif)*32 AgNQ (9.7 equiv), DCM, rt

In 2019, Uno, Takase, and callgies published the synthesis of HiBydrothieno[3,4a]- and 1,3,8,10
tetrahydrothieno[3,4a;3',4-m]-HPHACs40.3 and 40.7, respectively) by sequentiah® reactions of
hexafluorobenzene with 1;8ihydrothieno[3,4c]pyrrole and 3,4dihexylpyrrole, fotbwed by oxidative
coupling®*? 1,3-Dihydrothieno[3,4a] HPHAGI0.3 was synthesized stiing with 1,3dihydrothieno[3,4
Clpyrrole. First, the pyrrole was deprotonated with NaH followed by the treatment with
hexafluorobenzene, which resulted in the formation of tRepentafluorophenyl derivativel0.1in 47%
yield, along with a trace of,N-(tetrafluoro-1,4-phenylene)bis(1,2lihydrothienc[3,4-c]-pyrrole) 40.5.
AsubsequentSJAr reaction of40.1 with 3,4-dihexylpyrrole produced hexapyrrolylbenzed8.2 Scholl
oxidation 0f40.2 resulted in the formatia of 1,3dihydrothieno[3,4a]HPHAQI0.3 in a 4246yield. When
two molar equivalents of dihydrothienopyrrole were utilized in thGreaction with hexafluorobenzene,
N,N-bis(tetrafluoro-1,4-phenylene)bis(dihydrothienopyrrole)405 was produced preferenti. In
asimilar fashion, via Scholl oxidation, hexapyrrolyloenzene 406 was converted to
bis(dihydrothieno)HPHA®O.7. The dehydrogenation of dihydrothienoHPHAI.3 could not be
accomplished vian-CPBA oxidation to sulfoxide followed by Pummerearrangement or by NBS
oxidation 40.3 produced a dehydrogenated dicationic specist upon oxidation with diiodine, which
was not isolatedn its neutral form. The dication was stable, and its NMR spectrum indicated global

diatropicity, compatible wittan aromatic route in the periphery. A CV measuremefrigih concentration
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and slow scan speed revealed the formation of a mixalénce dimer composed of the neutd.3 and

its radical cation.

Schemet0. DihydrothieneFusedHPHACS
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— —
. E 59% R@ NQ'R 30%
S
3 H R

S S
40.5 40.6 40.7

aReagents and condition&@)*3 3,4-dihexylpyrrole, NaH, DMF,; itb) FeG, CHNO,, rt; (c) b (excess), reflux, under.fow.

Heteroaromatic "56-7" nanographenesvere also synthesized in 2015 in our grotip.This new
structure features an assembly of five six, and severmembered rings (Schem#l). The oxidative
coupling of an indoleontaining precursor 41.3a (Scheme 41) with 12 equialents of
tri(4-bromophenyl)lammoniumyl hexachloroantimonate (BAHA) resllin the direct formation of
adicationic 56-7 nanographene 41.44%*, which was separated as a hexafluoroantimonate salt.
Interestingly, the reaction with BAHA Isstantially favored the production oftL.44%*, and even when
2 equivalents of the oxidant was applied, trace amounts of the salt could be separated. By reducing
[41.44[Sbd]. with zinc amalgam, the neutral specié$.4awasobtainedquantitatively. Wken the same
BAHAiInduced oxidation was performed on the bensubstituted derivative41.3b the result was
different. Theresultinggreen precipitate contained primarily the partially coupled prodddt 5[SbCd]2,
which was easily reduced to the equimat neutral specied1.5bby zinc amalgam. At all oxidation levels,
peripheral expansion and ring fusidioosted the nanographene coreearinfrared absorption and
emission capabilities. The dicationic stateld.f) exhibited global aromaticity, indicating that they

originated from a peripheral-conjugated cycle. The partially linked intermediadé.p[SbCd]., which
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was trapped during the synthesis of th&6% nanographene, was investigated as a reference systad

revealed an unexpected decrease in the optical band gap due to intramolecular charge transfer.

Schemetl. Synthesis of eripherally Conjugated-&7 Nanographené

41.2

—
a:67% —C> -
b: 50% 62% e
411
F
a:R'=Me 2 2
b: R"=Bn R R
ib Z/ \S
N [41.4a][SbClg],
R" ~ [41.4b][SbClel; ~
N .
R2 \ \) R
S QT ey
N N
a: 62%
b: 63%
R ND-r2
N
R? \/ R? f
—
R2 R? 42%

R2 = p-chlorophenyl

[41.5b][SbClg], 41.5b

aReagents and conditiong)}3* AgCQ, Pd(OA@) pentafluorobenzene, DMBMSG@ mMHn ¢/ T 660 om0 bl1l I RALF
bath, (2)41.2a0or41.2b,p n ¢/ T Ex@Q UHF, rt (txincamalgam ozincpowder, DCM o€DG} () BAHA, NOShst DDQ
DCM or MeCN; (f) BAHBLO, THF, rt.

Although various azulereontaining systems have been reported, PAH analogues containing azulene
are uncommon, with the exceptiorf porphyrinoids42.3 an HPHAC counterpart with an azulene moiety
in place of one of the pyrroles, was synthesifean a Bpinsubstituted azulene derivativia three steps
ending with FeGbxidation3°42.3 like its parent HPHAC, exhibited stable oxidized forms, and its dication
was isolated and described. The presence of a-2kctron conjugation surrounding the azacoronene
core and a tropyliumike conjugation in the outer sevemembered ring was demonstted structurally
and theoretically. Precurs@?2.1was synthesized via Suzgidiyaura crossoupling of Bpirazulene with
bromopentafluorobenzene, vyielding coupling addudf.2, followed by its nucleophilic aromatic
substitution with 3,4diethylpyrrole. The Scholl reaction @f2.2 with Fed resulted in the formation of
42.3in moderate yield.The fivemembered ring of azulene can be regarded asaebon analogue of
pyrrole due to its electronrich charactey and behaves similarly in the oxidative couglireaction
Additionally, the oxidized form of42.3F* is stabilized by the electrodeficient severmembered ring of

azulene by creating an aromatic tropylium cation.

55



Schemed2. AzuleneFused Azacoronerfe

t-Bu t-Bu

Et—¢ N NTXEt Et Et
e _ N -
Et Et

42.1 Et Et Et Et
422 423 [42.31**

aReagents and condition@)*3° 3,4-diethylpyrrole NaH, DMF, rt(b) FeG, CHNO,, rt; (c)AgPEor SbG, DCM, rt

Non-planar coreexpanded HPHAC homologue comprising twdoded severmembered ring43.3
was synthesized by & and oxidative coupling processes from commercially available
octafluoronaphthalene and 3;diethylpyrrole33 3,4-Dialkylpyrrole was used in this investigation to
reduce steric hindraree andthus facilitate the production of a corexpanded analogue. As illustrated in
Schemet3, the SAr reaction was carried out using 3jiethylpyrrole, yielding 1,2,3,4,5,6, 7#®takis(3,4
diethylpyrrotl-yl)naphthalene 43.2). The naphthalene skeletamas slightly deformed as a result of the
steric hindrance between peripheral pyrrolyl groups. The oxidative cyclodehydrogenati& 2ofvith
DDQ and TfOH followed loypienching withhydrazine resulted in fully fusetB.3as a dark brown powder
in good yietl. Despite its high HOMO levdB.3was isolated as a neutral molecule with a good solubility
in common organic solvents, including hexane. Duth#&oD,-symmetry of the molecule in solution, the
H and®*C NMR spectra of3.3 revealed simple signals irDC4. Xray diffraction investigations of the
neutral 43.3and the dication43.3%[PK]. (prepared with AgPRfrrevealed deformed structures. Despite
the twisted structure, the nucleumdependent chemical shift (NICS) dd&a3* suggested a considerable
increase in aromaticity in the dicationic state, while the anisotropy of induced current density (ACID) plot
NEGSIFESR Fy FYLXAFTASR OdaNNByld RSyaade 2@0SN) (KS

aromaticity of43.3in the dicationic sta¢, which corresponds to peripheral 3€electron conjugation

56

LIS



Schemet3. TwistedCoreExpanded Azacoronene Analogue
R

R
oy
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R R
B Wy e
E F a NN N/ b
L, I pog
F F 80% R\@N NQ_,R 79%

R
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zL,
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431 R \ 7\ R

R R R R

43.2 43.3

aReagents and conditions: #893,4-diethylpyrrole NaH, DMF, rovn; (b)5 5vZ ¢ F¥hl X 5/ aX n ¢/ Z H K

By introducing extra bridges or rings into the rim of theonjugated framework, it is possible to
drastically modify theelectronic characteristics of HPHACs. Our group reported in 2014 a family of
extended hexapyrrolohexaazacoronerd4.3 and 44.6 including one or two saturated bridges at the
periphery3*” Additional carbon bridges between the pyrrole subunits were used to expand the peripheral
circuit of these nanographenesi4.3 and 44.6 were synhesized by a twatep condensatioQ
aromatization method from substituted hexapyrrolylbenzenes (Schéd)eCompoundi4.1was initially
reacted withp-nitrobenzaldehyde, resulting in the formation of two consecutive bridging speéieg:
and 44.4, respectvely. The oxidative coupling af4.2 mediated by DDQ, followed by reductive workup
with aqueous hydrazine, resulted in the formation 4.3 In the case of the more congestdd .4,
oxidation with DDQ followed by acidic workup resulted in the isolatiom @ionocationic molecule,

[44 5][BF]. In contrast to44.3 which included one fully conjugated sewverembered ring connected by

a saturated benzylidene bridge between two pyrroles, catighd]* contained one fully conjugated seven
membered ring. Steric effects on the nucleophilic additions to4#é cation facilitated stereocontrolled
synthesis otis andtrans-44.6. The oxidative dehydrogenation of benzylidene bridge®tis, [44.5]*, and
stereoisomers 0f44.6 was found to be stereochemically controlled: it was kinetically hindered in the
predominant endo configuration of the $pridges but proceeded freely in thexoconfiguration. Despite

the disrupted conjugation on the perimeter, enlad) azacoronenes have readily accessibigher
oxidation statesElectrochemical study of the bridging systems revealed that the@amgigated system
canreachup to six oxidation level (faris44.6) and one reversible orelectron reduction (for445]"). For
cis44.6, a chemical reaction with SeQ@roduced a diamagnetic, quadruply charged species. Oxidized
KSEFLRBNNRE 2KSEL I T I O2 NRefe&rgnScanjugttol and Aré efféciilzd BNECNIR G A | €
absorbers with an active wavelength of around0OR nm. Comptational studies demonstrated

apreference for biradicaloid electron configurations in the doubly oxidized spetiegT.
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Schemet4. SyntheticRoutesto Expanded Hexapyrrolohexaazacoronehes
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h
R2
_NH — -
N 2
H
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aReagents and conditionga)33” p-nitrobenzaldehyde, BF 904 DCMt, 1 h; (b)(1) DDQ, DCMtrt, 1 h, (2) H0, (3) NaHs;
(c) p-nitrobenzaldehyde, BF 9QJCHGVEtOH,rt, 1 h; (d)(1) DDQ, DCMt, 2 h,(2) H.0, (3) 12% HBHFaq); (e) NaCN, THF, DMF,
N, rt, 1 h; (f) NaCQ, DCMMeOH,1t, 1 h; (g) NaBKITHF, i rt, 1 h; (h)1) No2Hs, DCM/t, 5 min (2) QuSQ, DMF, rtovn.

This strategy was also used to synthesize an antiaromatic extended azacoronene4@a@inwhich
was reported in 2019 by the Uno group (SchetBg**e The synthesis of partially unfused HPHBSQ was
carried out using Scholl reaction, but withcareful control of the amounbf oxidant. As illustrated in
Scheme45, the VilsmeiegHaack reaction of15.1 with DMF andPOd resulted inthe formation of
intramolecular cyclized compoundd.2d*. NMR and IR analyses were used to verify the formation of
[45.29". There were no vibrations in the IR spectra that might be attributed to C=0O stretching.
Additionally, LBTOF M analysis determined an accurate massw¥#= 805.5041, which corresponds to
[45.24". A possible mechanism is as follwnitially, an electrofrich carbon at the pyrrolé position
attacks the Vilsmeier reagent, forming an iminium intermediate. Duringatbekup of the reaction, that

sort of intermediate is normally hydrolyzed to the appropriate aldehyde or ketone. Howeubisicase
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intramolecular cyclizatiomvas prefeential to hydrolysis due to thelose proximityof another electron
rich pyrrole moiety to the active iminium group. The cationic salt of expanded azacorctie2dIClwas
produced as a 2Z4 antiaromatic molecule following elimination of dimethylamine. &vh
N,N-dimethylbenzamide was substituted for DMF, theesophenyl analogue 45.20* was likewise
produced in 88% yield\lthough §5.29* was a monocation, ittH NMR spectrum exhilgitl upfield shifts
of around 1 ppm for the ethyl groups in comparisonite precursor4d5.1 This provides compelling
evidence for the paratropic ring current and antiaromatic properties 45.2d* resulting from
24 -electron conjugation. The antiaromatic monocatio#5[2d* converted rapidly to the aromatic
trication [45.28> upon oxidation withNOSbEor BAHA.

Schemed5. Antiaromatic Azacoronenga VilsmeierType Reactio?

[45.2a*]PFg R = H (96%)
[45.2b"]PFg R = Ph (88%)

aReagents and conditiong)33¢ DMF orN,N-dimethylbenzamide, PO KPE, DCE;lf) NOSbfor BAHA, DCM

lt1 !t/ a OFly SlLaiate oS $Ehis&pyRrEdbuiNihgfks Out I8 repadteddzi A £ A T
the first such system, the massive electideficient heterocyclel6.2, which was synthesized through the
conventional twestep process from the naphthalenemonoimitiesed NMI" pyrrole (Schemet6).3%° An
XRD examinationf 46.2 revealed a "monkey saddle" shape, with the peripheral helicene fragments
alternating in handednesg6.2 exhibited a strong band in the visible area with a vibronic pattern typical
of several rylene imide derivatives. In solutidg,2exhibits sgnificant solvatochromism, shifting hue from
purple in toluene to bluish in dichloromethane to bluish gray in methanol. WiBil2oxidized similarly to
its HPHAC parent, the novel ring system demonstrated an outstanding ability to take 10 electrons
conseatively at widely accessible potentials, resulting in anions with minimal electronic band gaps and
panchromatic UgvigNIR absorption. The nanographenoidesistance to decomposition was

demonstrated by its efficient aerial reoxidation
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Schemel6. Radidly ™ -ExtendedElectrorDeficient Azacoroneng
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Uno's group produced?.5 an electrondense counterpart of6.2with tert-butyl groupsreplacingthe
peripheral imide moieties (Scheme 479 CaH was found to be an effective promoter of the complete
SWAr reaction of g/ with the bulky 2,5di-tert-butyl-8H-acenaphtho[l1,Z]pyrrole in that synthesis. As
with previous azacoronene derivative47.5 was stable in its oxidized state, and NICS calculations

established the global aromaticity of the dication form.

By incorporating helical motifs into polyaromatic structures, curved and multilayered aromatic
compounds with remarkable chiroptical charactedstand the potential for usage in organic electronics
can be obtain. However, such alterations are rarely attempted to the difficulty of synthesiHPHAC
systems are formed via oxidative annulation of hexapyrrolylbenzene, a progbbgred molecule tht
assumes a chiral (albeit naigid) Ds symmetry conformation. However, HPB chirality is typically lost
during oxidation: the unsubstituted HPHAC is predicted to have a shallow bow! structure, whereas its
dodecaaryl derivatives have a completely planagrsystem. A sixfold helicene moisf presentin the
hybrid HPHAC system liké.2or 47.5 however, because the molecule possessesDhesymmetry, it is
achiral. The change in relatitelical configuratiorupon oxidation is induced by a lack of stenindrance
in the helicene regions ¢6.2 and 47.5, which allows for rapid inversion ttie individual helices and
eventual production of the most stabl®:+-symmetrical conformer. Our group showed that by blocking
the NMI units "bay" positions i#6.2, it is possible to preserve the propeller shape of the precursor HPB,
thereby stereospecifically producing the configurationally stdbesymmetrical hexapole helicene. For

the synthesis of azacoronene propellers, "fsapstituted" NMEpyrrole hybrids47.1acc were used®*:342
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Pyrroles47.1acc easily reacted with & to form hexapyrrolylbenzened7.2a;c. However, the final
cyclodehydrogenation was difficult: the Fe@fidation previously employed to synthesi@ 2failed with

the hindered HPB47.2&c, resulting in mixtures of #llefined, probably polymeric products rather than
the predicted47.3&c. In contrast,treatment of 47.2a;c with palladium(ll) acetate underc& bond
activation conditions resulted in practically complete recovery of the stgrithaterials. These failures
suggested that steric barrier and internal strain may operate as limiting factors during the
cyclodehydrogenation phase. However, when the respective HPBx&b were heated with NBS in
dioxaneor in lactic acid the formation of 47.3ab was observed. NMR spectroscopy revealed the
Ds molecular symmetry o#7.3b, as well as the stereospecificity of the couplidgiditionally,an
unanticipated change in stereoselectivity occurtettier different reaction conditions hE lowsymmetry
isomer47.4bwas obtainedas the primary produatipon treatment of47.2bwith bromine or under acid

free conditionswith NBS The relatively low oxidation potentials of NBS and, Bis well as the
extraordinary stereoselectivity switching found with these two chemicals, appear to be incompatible with
the radicaication process commonly observed under usual oxidative coupling conditions. The propeller
HPHAC47.3ac and 47.4bare thefirst chiral nanographene analogues with deeply embedded nitrogen

atoms. They exhibit narrow band gaps, dgaanchromatic absorption, and multedox behavior
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Schemet7. Synthesis oAzacoronend’ropellers
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A method for synthesizing bicyclo[2.2.2]octadiene (BGBilged HPHAC dimdB.3 with a rigid wing
shaped threedimensional conformation starting withN,N-bispentafluorophenylated dipyrrole was
recently described by Uno grodf? This newly synthesized BC@B3ed48.3 is a potent fourelectron
donor with a low €0.50 V) first oxidation pential. Its stable biradical dication and aromatic tetracation
were easily obtained. -y diffraction measurements were used to determine the geometrical and
structural properties of dime#8.3 in various oxidation states. Interestingly, two HPHAC flakesadopt
a variety of distinct conformations (planar vs besklaped) and packingrrangementgboth ™ & Stacking

vs nonstacking) in the single crystal structure, resulting in a variety of packing patterns at various oxidation
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levels. Schemda8illustratesthe synthesis 0f8.3. TheN,N-bispentafluorophenylated dipyrrolé8.1was
synthesized in 45% vyield by theA® reaction of BCOlused dipyrrolewith excess hexafluorobenzene.
Then, using 3:iethylpyrrole, another $Ar reaction 0f48.1 was carried outyielding compoundt8.2 as
acolorlesssolid (67%)Oxidative annulatioof 48.2 with Fe&in DCM solutiorand subsequent quenching

with hydrazine resuédin the formation of the fully fused8.3 as an orange solid in high yield (88Wgjth

a BCOD bridgi was possible to isolate its stable highlence cations, including radical dicati$8.32*

and aromatic tetracatiom8.3* of HPHAC dimet8.3. Dimer48.3 retained the redox properties of the
HPHAC monomer in solution, but exhibited distinct solid packing patterns in single crystal structures at
varied oxidation states. Fa¥8.3 and 48.3%, the distinctive oneflakegstacking dimeric structures were
disclosed For48.3*, the two HPHAC walls have an additive effect on their aromaticity, resulting in specific
areas of enhanced magnetic shielding and deshielding. This synthetic technique may be used to construct
3D nanographene oligomers and nanocages, with maé applications in material science and

supramolecular chemistry

Schemel8. Synthesis oBicyclo[2.2.2]OctadienrEused BiHPHAC

aReagents and condition&)342 3,4-diethylpyrrole, NaH, DMF; \treG, CHNG,, DCM then NaHs.
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4 Bridged Azacoronenesvia Electrophilic Condensations with
Aldehydes

4.1 Initial synthetic attempts

Hexapyrrolohexaazacoronene@HPHAC)and related hybridsare structurally and synthetically
comparable tchexaperihexabenzocoronenddBCs in that they may also be generated from-staped
precursos, specifically substituted deatives of hexapyrrolylbenzerf& Due to their potential use as
precursors tohuge fused heteroaromatics,hie synthetic chemistry of hexapyrrolylbenzenes bhagn
widely explored, including not onlyoxidative coupling reactianbut also attempts to modify the
azacoronene core structures NJ»  DsAd#védlthat peripheral bridges exhibit an extraordinarily
stereogecific resistance to oxidative dehydrogenation. When the bridg#ehydrogenated, it becomes
areactive site for nucleophilic addition. Thehemical and electrochemicalxidation of extended
azacoronenegdemonstratal their potential as optical redox sweles active over a broad rangd

wavelengthsthat is why it was decided &xpand this research topic

In principle the synthesis of extended PHA systems can be simplified by using a modular approach in
which appropriately designed monomers are covalently combined to form bigger fused structures.
Bandgap engineering should be undertaken at the building block levelatdamize design flexibility.
However, such a method necessitates not jeBective bandgap tuning strategies, but also a thorough
understanding of the link between thelectronicstructure of building blocksand the properties of its
oligomeric counterpas. For these molecules to be used in organic electronics, precise regulation of their

" -conjugation is required, most notably their frontier orbital energies and electronic bandgaps.

The design otthosen monomer building bloak NMI® pyrrole ¢ wasreasonel by DFT calculations,
which provided theoretical estimates of HOMIQJMO gaps (HLGSs), from KgBham(KSprbital energies
and TDDFT excitegtate calculations. It waknown thatthe HLG could be progressively reduced by
structural elaboration of the acgtor end of the fused pyrrole. INMI" pyrrole, the reduction of the
bandgapin compare with similar electrerich systemslike the unsubstituted acenaphthopyrrole and its
2,5di-tert-butyl derivative (3.89 and 3.97 eV, respectivelg) achievedprincipally by the increasing
electronwithdrawing effect of the functional groups, which is demonstrated by decrease of the KS HOMO

and LUMO energies and by the increase of the partial charge residing on the pyrrole ring.

The NMifused pyrrole bearing a bulky dipp group on the imide nitrogen was chosen as the ideal

building block because of its electrgoor behavior and strong chemical stabilithis modular technique
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wassuccessfully useih our group forthe azacoronenehemistry in nucleophilic substitutiogoxidative
couplingsequence. This strategy enabl#tk rapid synthesis of a novelarge radially fused HPHAC

(Scheme 4646.2) derivative with an extended redox behavior encompassing at least 13 oxidationi&vels.

One of the deas of the work was to extend the huge radiallyextended azacoronend6.2into even
larger conjugated motifd9.4. As the precursor fothe study46.1was chosen, because exkcitingcited

electrochemical properties dran by the pyrrole structure.

Dr. D2Z1F AY KSNJ a0GdzRASE& didutoSyphenil)pyirole rehcts. withg A (i K
p-nitrobenzaldehyde, resulting in the formation of two bridging speéié3he trifluoromethanesulfonic
acid and BFELO activated the reactants enough at ambient temperatures, with the latter catalyst
providing better yields. The condensation reaggntitrobenzaldehyde was chosen because it exhibited
significant reactivity toward that HPB while exhibiting high bridging selectivity. However, in that case, the
electrondonating butoxyl groups attached to the &substituents in HPB were shown to be critical for

the proper activation of the pyrroles toward electrophilic substitution.

Considering all thipreviously successful chemistryarfid-catalyzed condensation reactions between
the HPB and aldehydeand pomising properties of NMiused systemsthe following strategy was
developed:)introducethe parasubstituted phenyl aldehyde into HPB ca2goxidize the HPB to HPHAC,
3) functionalizepara position of phenyl4) connect the two molecules via condetisa or coupling

reactions(Schemet9).
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Schemet9. Initial Ideaof the Development of Bridged Azacoronene Chemistry

0”7 'N” "0 46.1
R = 2,6-diisopropylphenyl R R

The initial step of the research was the synthesis of the key (W®B) according to the procedure
reported by our group® Synthesis othe penultimateNMI" pyrroleencompasss8 steps. In the first step,
acenaphthene50.1 was subjected to the double electrophilic acylation via the classical Fij€dafts
reaction, yielding theé\®,N°,Né Né-tetramethyt1,2-dihydroacenaphthylené,6-dicarboxamides0.2 Then
50.2almost quantitatively undergoes brominationtime presence of NBS, yielding.3 whichwas later
reduced by refluxing in ethanol with zinc powder. Next, the suitable for Battod reaction &ctron
withdrawing group is introduced via iodosulfonylatidrheelimination of hydrogenodide conducted on
505 in the presence of DBU base led tlee formation of 50.6. Latter,50.6 was used for a pyrroteng
forming reaction with ethyl isocyanoacetate, which resultedhie formation of NDAFpyrrole. Next, the
imide-groupwas introduced via the condensation reaction betw@dDAFLIE NNt S | yR 5Lt ! i1/

in such a wayNMI" pyrrole was subjected to saponification and decarboxylation reactions, yieltitig
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pyrrole. Finally, the nucleophilic aromatic substitution reaction set in wated oxygerfree condition in

glovebox for hexafluorobenzene aiMI pyrrole led to the formaibn ofthe desiredHPB46.1

Schemeb0. Synthesis of th&ey Precursat

Me,N NMe,  MeoN— PO NMe,
Me,N NM92 Me,N NMez g
' OO OO OO L
_s?
o
50.1 Q
0.5 50.6

R
OUN_O fl

Me,N— PO, NMe,
= QO
c,c co ‘o
N
/\ H o

NDAEE

H
NMI NMIEE

aReagents and conditions:)t4 Me;,NCOCI, Al t K/ £ = vy, 8 h (b)/NBS| @hOQPFEHG|d=Hux 2 h (c)zinc powder

EtOH, reflux1 h (d)p-TolSGNa, b, DCMH;O (1:1)st, 17 h () DBUDCMrt, 1 h (f)t-BuOK, ethyisocyanoacetatE ¢ | C& n1 ¢/
h;(@)26RAAAZ2LINRLIE F yAT AYS KéRNEROKf 2N R Mxih (FH (1) NaHiRMF, rig I5min,2 KT 60 K
G HT .c/ X m K

First attempts toobtain 49.2like molecules were based dporphyrin stylé condensation reaction.
Firstly, p-nitrobenzaldehyde was considered as the best option the reaction, due to the electron
withdrawing nitro group in thepara position, which was shown to work smooghilor this type of acid
catalyzed condensation reactio¥.However, this step appeared to be a hugenstraintto overcome.

The numerousysthetic attempts with varying conditions (such as aldehyde coupling partners, catalysts,

solvents, temperatures) are collected in Table 1.

In efforts to synthesize the new bulky bridged NMI azacorordi®estructure the author initially
followed the grolJQa S| NI AngrgJto Ditail-biid§ed &exapyrrolylbenzenes by acadalyzed

condensation between various aldehydes and the naphthalenekhised 46.1 bearing bulky
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2,6-diisopropylphenyl (dipp) substituentsThus the reaction conditions, which were developed by
Dr.D2 Z1 | test&Nd the46.1 In that case thBRIELO was usedas an acidic catalyst, DCM as
asolvent, the reaction was set under nitrogen condition for one hour in room temperature. No any
formation of a desid product was observed. Thenther catalysts, such ag-toluenesulfonic acid
camphorsulfonicacid, scandium(lll) triflate and so amere used for the reactiartHowever,that did not
result in any improvement. It was previously known, that solvent amttentration of starting material
have crucial influence on the outcome of the reactitrerefore various solvent (DCM, DCE, chloroform,
AcOH, MeCN) and concentration(10* to 1.01103%) were checked. By drying of all the staring set of
reagents and glassware, by introducing of all of that in@Gl@vebox it was tried to set the reaction in as
much waterfree conditions, as it is only possible, becaiiseas considered, that, in casetlile reaction

is reversiblethe equilibrium of the reactiomight beshiftedto the formation of starting material when

the water is present in the reaction mixture. But that also did not result in the formation of the desired

product.

Than it was consated, that, sincethe HPB possess electronpoor NMI parts, maybe some less
electrondeficient aldehyde will workp-Cyanobenzaldehydes-methyl-2-thiophenecarboxaldehyde and
p-(dimethylaminobenzaldehydavere used, and again, it did not improve the résuAlso theincreasen
reaction temperature and elongation of the reaction time did not give any better resaltsases, when
the reaction temperature was high, the formation of partially oxidized HPB was obseamddhat was

the onlynoted change

Since, no any attempt witH'big" benzaldehydeswere successful, it was mulled to use the
paraformaldehyde as a bridge source, because of the fact,464tis sterically congested and, simply,
there might be not enough space for an additdribenzene ring.However all the attempts with
paraformaldehyde gave the same result: no formation of the desired product was obséiléayether

32 different conditions were check, but none of those was successful.
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Schemeéb1. Initial Synthetic StrategfyowardBridged Azacoronenes

R
N

Tablel. Tested reaction conditions for the reaction between different aldehydes4dni

Entry Aldehyde (equiv) Catalyst Solvent Reaction Results
(equiv) [M]2 conditions
1. p-nitrobenzaldehyde BRIELO DCM Nz, rt, 1 h Mainly starting material was
(1 equiv) (32 equiv) (1.010?) recovered, some slight
decomposition was observed
2. p-nitrobenzaldehyde p-TsOH DCM Nz, rt, 1 h  Starting material was recovere:
(1 equiv) (12 equiv) (4.010°9)
3. p-nitrobenzaldehyde p-TsOH CHd N2 cp Mainly starting material was
(1.2 equiv) (11 equiv) (1.010? recovered, some slight
decomposition was observed
4, p-nitrobenzaldehyde p-TsOH DCM Nz, rt, 1 h Mainly starting material was
(5 equiv) (12 equiv) (1.210?) recovered, some side reactivit)
observed, no product identified
5. p-nitrobenzaldehyde p-TsOH CHd N, rt, 2 h Mixture of inseparable,
(2 equiv) (12 equiv) (1.510?) unidentified products
6. p-nitrobenzaldehyde p-TsOH CHd N2Z TN Mainly starting material was
(1 equiv) (4 equiv) (1.510?) recovered, some side reactivit)
observed, no product identified
7. p-hitrobenzaldehyde p-TsOH CHG N2>~ p n Starting material was recovere!
(1.2 equiv) (4 equiv) (2.610?) 1.5h
8. p-nitrobenzaldehyde p-TsOH HO/MeOH N, rt,ovn  Starting material was recovere:
(1.2 equiv) (4 equiv) (1:2)
(1.510%)
9. p-nitrobenzaldehyde p-TsOH HO/EtOH N2X TN Mainly starting material was
(2.5 equiv) (4 equiv), (1:2) ovn recovered
DEA (8 equiv, (2.510%)
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)

p-nitrobenzaldehyde
(1 equiv)
p-nitrobenzaldehyde
(1 equiv)
p-nitrobenzaldehyde
(1 equiv)
p-cyano
benzaldehyde
(1 equiv)
5-methy}2-
thiophenecarbox
aldehyde(1 equiv)

5-methy}2-
thiophenecarbox
aldehyde (1 equiv)
p-(dimethylamino)
benzaldehyddg1
equiv)

p-TsOH
(4 equiv)

p-TsOH
(4 equiv)

p-TsOH
(4 equiv)

p-TsOH
(12 equiv)

p-TsOH
(12 equiv)

p-TsOH
(14 equiv)

CSA
(2 equiv)
p-TsOH
(2 equiv)

Sc(0OTH
(2 equiv)
p-TsOH
(2 equiv)
Pd(CAQ®
(0.5 equiv)
p-TsOH
(2 equiv)

FeCGi(0.1
equiv)
FeC(0.1
equiv)

p-TsOH
(2 equiv)

CHdG
(5.710?)

CHGJ
(5.7102)

CHdG
(5.710?)

CHGJ
(5.9102)

CHG

(1i10%)

CHG
(1.310%)

CHG
(1.310Y)
DCM
(5.0102)

DCM
(5.0102)
AcOH
(5.0102)
DCM
(5.0102)
DCM
(5.0102)

MeCN
(8.0103)
MeCN
(1.310?)

DCM
(5.010?)

Arz T fih

Arz yp

ArZ yp
ovn

Az cn

Glovebox
dn own :
Glovebox
dn own 2

Glovebox
dn own 2
Glovebox
nt c¢/ 2

Glovebox
nt c¢/ 2
Glovebox
nt c¢/ 2
Glovebox
47¢ | =~ 1
Glovebox
nt c¢/ 2

Nz, rt, 1.5 h

N2,c n ,2ch/

N2 cn

Mainly starting material was
observed in the reaction
mixture with small conversion

to unidentifiedproducts
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Partial decomposition of
starting material to pyrrte and
lower substituted
pyrrolylbenzenes
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Partially oxidized HPBs and
other unidentified products
Quadruple and quintuple
coupled HPB and other
unidentified products
Mixture of inseparable,
unstable, unidentified products
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Recovery of starting material

Recovery of starting material
Recovery of starting material
Recovery of starting material
Mainly starting material with
partial decomposition to pyrrole
and lower substituted

pyrrolylbenzenes
Mainly starting material

Mainly starting material
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25.

26.

27.

28.

29.

30.

31.

32.

paraformaldehyde
(4 equiv)

paraformaldehyde
(2 equiv)

paraformaldehyde
(1 equiv)

paraformaldehyde
(1 equiv)

paraformaldehyde (1
equiv)

paraformaldehyde
(1 equiv)

paraformaldehyde
(1 equiv)

paraformaldehyde
(1 equiv)

p-TsOH
(4 equiv)

p-TsOH
(2 equiv),
DEA (4 equiv.

p-TsOH

(2 equiv)

Sc(OTH
(2 equiv)

AIC}
(2 equiv)

Pd(OAQ)
(2 equiv)

sndl
(2 equiv)

p-TsOH
(2 equiv)

CHJ
(4i103)

HO/EtOH
(1:1)
(2.510%)

DCM
(5.010?)

DCM
(5.0102)

DCM
(5.010?)

DCM
(5.0102)

DCM
(5.010?)

AcOH
(5.010?)

N2 cn

N2 T n
ovn

Glovebox
nt c/

Glovebox
nt c/

Glovebox
nt c/

Glovebox
nt c¢/

Glovebox
nt c¢/

Glovebox
nt c¢/

Mainly starting material was
observed in the reaction
mixture withsmall conversion
to unidentified products
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Mainly starting material was
observed irthe reaction
mixture with small conversion
to unidentified products
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentifiedproducts
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products
Mainly starting material was
observed in the reaction
mixture with small conversion
to unidentified products

aConcetration of starting material.

Since46.1showed insufficient selectivitgnd reactivityin its reactionswith aldehydes to be used for
efficient bridging the strategy had to be modifiedConsidering the formation of mainly unstable,
inseparable, thus impossible to identify, products in some of the awekclaction conditions, it was
decided to change the plaway to 49.3. The two different synthetic strategies were evaluated. One
plausible approach included the steyise nucleophilic substitution of benzene with different pyrroles.
Suchwise, the first step might be the formation of pentapyrrsiybstituted kenzenes, using
pentafluoroiodobenzene. The second step might be either Ullmann coupling or substitution with

previously modified NMI pyrroléAnother considezd option was motivated by the fact, that in cases,
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when some reactivity of thd6.1was detectedit was almost impossible to separate the reaction mixture
and analyze theobtained structures. It was decidett reverse the stepsfirstly, oxidize the46.1to
quintuple couplel product and then use it for the condensati reaction. In that way there isnly one

active position.

It was attempted to reach the same target via sequential substitutiodfB This way also appeared
insufficient At a first glance,ite pathway via different pyrroldsoked Ike more promisingsince it could
givea better corrol overthe outcome of eaclstep, but it quickly appeared to ba bit complicatedvay.
The greatest limitation was the formation of mixed HPBs, since no any felicitous conditions for thenUliman
reaction ofiodobenzeneand NMI pyrrole were found at thdaime. The experience of the author of the
dissertation, as well as the experience of colleges in the group showed no good results in all of the attempts
to use the NMI pyrrole for Ullmann reaction. The stepwise substitution of hexafluorobenzene wag yet no
developed in our group argeemedess possible for contraEspecially gullible looked an idea of possibility
of obtaining mone or pentasubstituted product of @Arreaction with hexafluorobenzene. The previous
experience with the substitution reactiarsf hexafluorobenzene with different pyrroles, mostly, detra-
and hexasubstituted products were observed. It was considered, that after the first substitution of
hexafluorobenzene with pyrrole, theara-position is activated and the following substitwn occurred
almost immediately. An unexpected formation of pentasubstituted HFB was observed only once, and it
was not possible to reproduce the reaction. The following attempts to perform the substitution on the last
fluorene atom led to the replacememif it with hydrogen $cheme 5252.3). The method of synthesis of
HPB constructed using various pyrroles was an essential and challenging research endeavor accomplished
in our laboratory for many years, and only recently an enhanced, efficient andwaeding approach was

developed.
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Schemeb2. AnAlternative Pathwayo the Key Precursor

52.4
was not obtained

Therefore,anattention was turnedto the quintuply coupled syste3.1, whichcan beeasily obtained
in high yields by mild oxidation d6.1with ferric chloride.lt wasanticipated that the presence of only
G2 NBFOUGAGBS Lk SANPshouldimprovel tie dsaldactivig/ yofi condleyisation reactions.
However53.1would not react vith aromatic aldehydes, presumably because of the combined steric bulk
of the NMI units in53.1and the ayl substituent of the aldehydeAll the efforts to obtain the desired
structure using3.1andbenzaldehydes didot succeedinstead 53.1underwentintramolecular oxidative

coupling to the fully fuse#iPHAGystemor recovery of starting materiainder these conditions
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Schemeb3. AdditionalAlternativeWay for theSynthesis ofBridged HPHAT

R
N

aReagents and conditions: (&) equiv Fe@|5% CBENG in DCM 18cC, 1 h (b)various conditions

It wasreasoned that efficient condensation might be achievable by reducing steric bulk of the aldehyde
reactant.That is why it was decided to use paraformaldehyde as the bridging source. Initially,"atifthe
condition resulted in the recovery of starting material. It was decided to set the reaction in glovebox and
to use an access of aldehyde, catalyst, loractien time and high temperature. Surprisingly, after six
months of absolutelineffectual experiments, the formation of a new, highly asymmetrical compound
along with the oxidation of starting materitd fully fused HPHA®as observedThe brief summanrgf
screened reaction conditions for these approach is shown in the Table 2.

Table2. Screening of reactioconditions for the acid catalyzed condensation reaction between verious
different aldehydes an83.1

Entry Aldehyde (equiv) Catalyst Solvent Reaction Results
(equiv) [M]2 conditions

1. p-nitrobenzaldehyde BRIELO DCM Nz, rt, 1 h Mainly starting material
(1 equiv) (4 equiv) (4.010%)

2. p-nitrobenzaldehyde BRIELO DCM Nz, rt, 1 h Mainly starting material witlpartial
(1 equiv) (12 equiv) (8.0i10°9) oxidation to HPHAC

3 p-nitrobenzaldehyde BRIELO DCM Nz, rt, 1 h Mainly starting material with small
(3 equiv) (12 equiv) (8.0i10%) conversion to unidentified products

4. p-nitrobenzaldehyde BRIELO DCM Arrt, 1 h Mainly starting material with small
(1 equiv) (4 equiv) (1.0i10?) conversion to unidentified products

5. p-nitrobenzaldehyde BRIELO D& Ar,c n , Ich/ Mainly starting material with small
(1 equiv) (4 equiv) (1.0i10?) conversion to unidentifiegoroducts

6. p-nitrobenzaldehyde p-TsOH DCM Nz, rt, 1 h Mainly starting material with small
(1 equiv) (12 equiv) (8.0i109) conversion to unidentified products
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7. p-nitrobenzaldehyde Sc(OTH CHd N2> 71 1 Decompositiorof starting material

(2 equiv) (2 equiv) (1.310? 2h

8. p-nitrobenzaldehyde p-TsOH CHd N2X y n Conversion to unidentified products
(6 equiv) (12 equiv) (8.010°9) 2h

9. p-nitrobenzaldehyde p-TsOH CHd N2X yp Oxidation to HPHAC
(8 equiv) (48 equiv) (8.010?) 1h

10.  p-nitrobenzaldehyde p-TsOH CHd N2Z  dpn Mainly starting material
(1 equiv) (12 equiv) (5.810?) 5h

11.  p-nitrobenzaldehyde p-TsOH CHd N2X mprs Oxidation to HPHAC
(1 equiv) (8 equiv) (5.810?) ovn

12.  p-nitrobenzaldehyde p-TsOH H-O/EtOH Nz, Mainly starting material
(2.5 equiv) (4 equiv), DEA (1:2) Tn own :

(8 equiv) (2.510%)
13. 5-methyl-2- Fed MeCN Nz, rt, 1.5 h Unidentified products

thiophenecarboxalde (0.1 equiv) (8.010°9)
hyde (1 equiv)

14. paraformaldehyde p-TsOH CHG Nz, Formation of highly asymmetrical
(4 equiv) (4 equiv) (8.010°9) cn c¢l: product was observed

15. paraformaldehyde p-TsOH H-O/EtOH Nz, Mainly starting material
(2 equiv) (2 equiv), (1:1) TN own .

DEA (4 equiv) (2.51109)

16. paraformaldehyde p-TsOH CHG Glovebox Mainly starting material
(2 equiv) (2 equiv) (8.010°9) cn c/:

17. paraformaldehyde p-TsOH CHG Glovebox Formation ofa new,highly
(4 equiv) (6 equiv) (5.810?) don c/ : asymmetrical product

18. paraformaldehyde CSA CHG Glovebox Formation ofa new,highly
(4 equiv) (6 equiv) (1.310Y dbn c/: asymmetrical product

aConcetration of starting material

The further experiment showed the reproducibility of the results. After the optimization of reaction
conditions, it was found,when paraformaldehyde was reactedith 53.1 in the presence of
10-camphorsulfonic acid as the catalysty OKf 2 NP T shiyle welliefinddiprodutt in a 73%

isolated yields formed
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Schemeb4. Expected Reativity of Quintuply Couped Sysem 53.12

53.1 54.1, expected, not found

unexpected product

aReagents and conditions: (&) equiv FeGl5%CHNG; in DCMm Yy , kh/(b) 6 equiv CSA, 4 equiv paraformaldehyde, £HCI
LINB&&adzNS (d2oSTX dn c/ = mt K
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4.2 TheDimerg synthesis and properties

On the basis of thorough structural and spectroscopic date,ntbw product was, toa surprise,
recognized as thé-dimer 55.1 (Schemebb5). The expected principal product of condensation between
53.1 and a formaldehyde equivalent54.1l, contains a saturated methylene bridge that can be
dehydrogenated to generateadical. However,54.1 was not observedn any of the products, probably
due to its quick oxidation to the dimeAs the characterization of thstructure was complicated he
labeledwith carbon13 (55.1-¢;) and deuterated%5.1-d) bridges were introduced via the same reaction

using a proper paraformaldehyde.

Schemes5. NanosandwictByrthesis vigElectrophilidBridging?

531 —>

aReagents and conditions: @equiv 18camphorsulfonic acid, 4 equiv paraformaldehyde, GHCILINB & 4 dzZNB {1dzo0 S ¢n ¢

An Xray diffraction (XRD) investigation indicated ti#.1 has a dimeric structure (Figude?2). The
molecule resembles an unevenly ruffled disk studded with bulky dipp groups and has a van der Waals
diameter of around 3.5 nm. The two monomer subunits are connected by an exter@:dddd (1.64(1)
)) and form a relative gauche configurationwith &t A 2y | y 3t S 2 FAsk tehuNBaEnoY | (G St @
subunitscore benzene rings are 5.14 apart. Nonetheless, there is significant overlap between the
aromatic surfaces, resulting in widespread interdigitation of the tilted NMI subunits. Althougkeitierg

distance cannot be specified uniquely due to the severepianar distortion of the surfaces, interatomic
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lengths between subunits as small as 3)1&n be found irihe solidstate geometry. The two subunits

van der Waals envelopes overlap ateel spots (Figurd.B), indicating a significant dispersive contact
between the surfaces, which may be increased by contributions from the bulky dipp substituents. By
comparison, a recently published bilayer nanographene demonstrated a grdijdaitantedayer
separation of approximately 3.56 **Interplanar distances were found to be shorter in phenalene dimers
(3.2¢3.3) ) *% and antiaromatic norcorrole dimers (3.@3.09) ),3#7-348a result of 3Bconjugation effects.

As shown below, the local compression of interlayer distancBS.ihis more likely due to the interaction

of dispersive and steric forces than to extra bonding interactions between the systems.

Figue 1. Molecular structureof dimer determinedusing theX-ray diffraction. An arrow indicates the
location of the C(sPqC(sp) linking bond (A) Van der Waals representation with the tvsubunits
indicated in red and blue, respectivelyg) (Structure with the top subunit deleted and red suén der
Waals contacts.

Each monomer subunit exhibits a considerable-ofuplane distortion as a result of steric congestion
of the outer NMI fragmerg and contacts with the other monomer subunit. This property is similar to the
monkeysaddle distortion observeaithe original NMIHPHAC systemwhich exhibited alternate helicities
of the bay areas surrounding the HPHAC core with a relativeateemisry of (P,M,P,M,P,M). Each
subunit in55.1contains only five regions with definite helicity, as the insertetbsidlge expands the sixth
bay. The front subunit @&5.1has relative helicities oP(P,M,P,M), however the back subunit has a distinct
stereochemistry, thusRM,P,P,M). The two subunits 055.1are stereochemically incompatible in the solid
state, and none bthem retains the parent HPHAs@iernating helicity patternTo explore stability of this

conformations, the DFT calculation wererformed. The structures of alen possible conformations
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monomer subunitwere optimized using B97XD/631g(d,p) level of theory and its energies were

compared(Figure24). This research showed, that the energetically lowest conformation was not adopted
in the solid state, which might be due to the strong interactions between two monomers in the dimeric
structure. It might be, that the combination of the second and third most stable conformation of monomer

results in a more stable global conformation afiener.

Figure2. X-ray crystal structure d85.1 Hydrogensdipp substituent&nd solventnoleculesvere omitted
for clarity.
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An analysis of NMR spectra 5.1 revealed that55.1 has an effectives molecular symmetry, as
indicated by the presence of NMI signals (12 AB spin systems) dddsiGnals from thel2 dipp
substituents Thus, the symmetry measured in solutiorhigherthan that obtained in the crystaly),
indicating tha the two subunits are completely equikat. Thus, either both subunihelical
stereochemistry is similar in solution or, more likely, their helicities are dynamically averaged to generate
a more symmetrical spectrum. However, rotation around the &¢€i{sp) bond is sluggish on the NMR
time scale, as rapidly rotating subunits would exhibhliigher symmetry spectrum@, or Gn). A DOSY
spectrum o65.1revealed a decreased diffusion coefficient in comparisdsBtd, indicating theormation
of a dinmeric structure. Although signal overlaps in thd NMR spectrum hindered comprehensive
assignment of resonances, a partial study using 2D correlation methods was possible &-enatés.

The sp bridge C(sp)¢H resonance occurs as a singlet at 6.88 pand its identity was confirmed by
correlation with a*C signal at 47.9 ppm in the HSQC spectrum. The bridge signal was similarly absent from
the deuterated derivatives5.1-d, 'H NMR spectra. ThéClabeled dimer55.1-c; exhibited a distinctive
AALM spn system in both itdH and*C NMR spectra, the latter of which was obtained with controlled

H decoupling (Figure3.D-F. The splitting pattern was effectively replicated using a strong coupling
between the two3C centers{.c = 132 Hz), which is consistent with the development of a dire& C

bond between the two bridges.

A pf,—|dipp,—|midipp E m, “C{'H}NMR
‘ 55.1

L N RN B B B B B S S B B B R B B S B B B B B S R B B B R T T T
9.0 8.5 2.0 7.5 7.0 [ppm] 48 47
B A A" C-F B-l B"|G-I' J-K J-K'" L L' " ' F 13 NMR
55.1-c, 55.1-c,

A B CF Gl JK L - .
1

/ / / / \ exp. exp.
JLM A A\ S Asim. sim.

T I T T T T T I T T T T T | T L T T I T T T T T I T T T L I T T T I T T T T | T T T T T T T | T T T T |
3.0 25 2.0 15 1.0 [ppm] 7.0 6.8 [ppm] 48 47

Figure3. (AandB) *H NMR spectrum &5.1(600 MHz, CD£I300 K)(C through F) The appearance of the
C(sp)cH resonancesn() in the *H and**C NMR spectra d85.1 and 55.1-c,. Simulated(red) spectra
correspond to an AA'LMpin system (A *H, X =°C) with’kn= 132 HZ kc= 28 HZ2kn=¢5.8 Hz =
3.4 Hz
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Figure4. NMRspectroscopic analysis f66.1 (A)'H NMR connectivities established56.10on the basis
of 2D spectra(B and C¥elected regions of HMBC correlation spectrurmi.
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9.0 8.5 8.0 7.5 7.0
Figure5. Overlaid COSY (blue/green) and NOESY (red/pink) correlation spectra recor8édLf@lue
lines show the COSY correlations, red lines show selected NOESY correlations

The positivéon MALDI mass spectrum &5.1 obtained using theDCTB tfans-2-[3-(4-tert-
butylphenyl}2-methyl2-propenylidene]malononitrile) matrix is shown in Figure6. The MALDI
experiments showed, thab5.1 dimer is splitting into monomeric form durinhje measurement.The
strongest signal,MI/2]*, correlates to the azacoronene monomer fragment cati66.{’, Figure6.B).
However, a significant Msignal corresponding to the radical cati&@®b[1]* twas found as well (FigufeC).

The MALDI spectrum &b5.1-c; revealed an equivalent pair oMf2]" and M ions, each with a predicted
mass kift of one and two mass unit?As DCTB acts as an electron transfer matrix, the production of the

radical cation$6.1]*%s expected*® The MALDI experiment extensive productiorb6f1 is due to either
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(a) direct photodissociation 055.1 followed by ionization omonomer radicato monomer cationor (b)
dissociation of the previouslgroduced p5.1]®5nto monomer radicab6.1®and monomer56.1" cation.
Surprisingly55.1generated a large amount of the sodium add[Mt+ Na]* (Figure6.C). Sodiation is more
likely to occur in this case via the binding of adventitiou$s dising sample preparation than during the
MALDI procedure in the gas phase. A pair of spatially aomiigimide CO groups positioned on the edge
of the stacked azacoronenes5b.1is thought to chelate the sodium catiomhe azacoronene monomer
radicatsodium ion adduct §6.1°+ Ng*) peak shows only 2.6% intensity relative to the monomer cation
([56.1]") peak.This apparent decreased proclivity 56.1°for Na addition is consistenwith the lack of

chelating sitesn monomet

n
A (% 55.1
/M+(56-2) MNa*t
[ na LAy
]
2000 3000 4000 5000 m/z
B 2589.96 c 518095 MNat  55.1-c,
(M) 56.1-c,
2 m*e 520‘3.95
exp. exp. Mo
2588.97 5201.95
| 5178.98 \
| 55.1
56.1
oo )1, oo, A
258?-97 5178.95 5201.94
\ 1 55.1
M B M h
o WM | Lo allll ...
2585 2595 5170 5180 5190 5200 5210

Figure6. (A)MALDImass spectrum db5.1 positive ions andB and C)lsotopic signatures for important
ions. In thefirst row the mmparative isotopic profiles fds5.1-c;is shown

Due to thesizeof dimer55.1(652 atoms, 1918 electrons), a comprehensive #égtel DFT investigation
was not possible. Grimmegxtended tightbinding model (GFNZTB)%*which incorporates dispersion
and solvation corrections, was thus chosen as a more-aifsttive alternative. At this level of theory,
reoptimization of the soliestate geometry resulted in just modest structural nifightions (Figurer),
while keeping all of the essential propertie§ the dimer The calculation, in particular, recreated the
extended C(sPcC(sp) bond (1.601) ). This value is consistent with the observed bond lengths for the
neutral " -dimers of 2,6di-tert-butyl-4-methoxyphenoxyl (DBMP2, 1.606 XRD¥? and C59N (1.609 =
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DFT)®* and islonger than the comparable distance inT70i-1,3,5cycloheptatriene (1.533, XRDY>*
which is officially a fragment d&85.1 Torsion between subunits i65.1 is reduced to 62 in the xXTB
geometry, resulting in a slightly shorter distance between the centroids of the inner benzene rings
(4.954) ). Between the two subunits, the region of suéin der Waals contacts is greater tharthe XRD

geometry. It extends close to the CIEC(sp) connection, implying a predominantly steric origin.

Figure7. Comparison of the experimental (XRD, blue), and calculated gHB|2edyeometries 065.1

55.1has an absorption spectnm very similato that of the bridgefree precursoi53.1, with a virtually
identical maximum in the lowest energy band (600 vs.1@@lin DCMrespectively. These characteristics
imply that the dimer has a neglble effect on the chromophorelectronic structure. Similarly t63.1,
55.1F f d2 NBaOSR Ay G(GKS RSSLI NBR NIy3ST odzi pgRAWK | &A:
vS. 40% in toluenesex = 360 N CA JdzNBE  y 0 & § 2aé deenihed fof6S1 may be
underestimated due to the partial photodissociation of the structure during testing, which was is discussed

later.
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Figure 8. Normalized &sorption and emission spectra 68.1 and 55.1 (measured in 293 Kpluene,
excitation at 360 nm)

55.1could beseparatedinto enantiomers usinghiral HPLCdemonstrating tlat the configurationally
rigid G conformer identified by NMR existBigure9). Tre enantiomerCD spectra were much less intense

than those of comparable propellshaped HPHACSE.

[\
|
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Figure 9. CD spectraor enantiopure55.1 CD intensities normalized according ¢e. Black: faster
migrating enantiomer, red: slower migrating enantiomer.

Voltammetric analysis &35.1 revealed two oxidations at 0.60 and 0.85 V and at least eight reduction
events betweergl.37 and;1.99 V (vskc/F¢, FigureslOb13). Thisenhanced ability to receive electrons is

a typical property of multNMI-fused nanocarbon systeni®339.341.34855.35% However, electroreduction
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was patrtiallyirreversible for55.1, resulting in the formation of a new species when kept at potentials less
than ¢1.37 V. Atc0.75 V, an emerging redox couple recognized the latter unnamed species.
Electrooxidation 0b65.1 above its initialoxidation potential (0.60 V) resulted in the formation of minor

amounts of another new species with distinctive redox couple®dtl andg1.13 V.

10 4

T T T T T T T
-2.5 -2.0 -15 -1.0 -0.5 0.0 0.5 1.0

T T T
E (V) vs. ferrocene
Figure10. Two consecutive cyclic voltammograms5&.1 were measured under following conditions:

[BuNjJPF in dichloromethane, saarate: 100 m\&; the voltammograms were referenced wibt/F¢
couple as an internal standard
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Figurell. Differential pulsevoltammograms 065.1 measuredin dichloromethaneThe potential scans
directions are indicated by arrowBeak potentials in volts are shown by the number associatedtivith
cathodic scan (black trace)
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Figurel2. A ries of cycliwoltammograms fob5.1recorded withn different reduction potential limits.
The orange box indicates a reversible couple(a?5 Vthat can be observed after cathodic scan down to
¢l.6V
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Figurel3. A series of cyclic voltammograms recorded36r1 within different oxidation potential limits.
The orange box indicates a reversible couple@ill V that can be observed after anodic scan up to
0.6 V.

The spontaneouformation of 55.1is comparabléo the formal dimerizations previously observed for
some macrocyclic oligopyrrolégs6! and it was hypothesized that it could é the result of a radical
recombination process. Although theng C(sg)cC(sp) distance found if5.1is often indicative of weak
covalent bonding, such extended interactions are not always easily disséh&&d1 samples consistently
produced a moderately bright BSsignal in bothhe solution and solid state§he strength of the ESR
signal increased only little upon heating in toluene between 300 and 420 K, indicating that thermal
cleavage 065.1did not occur. Subsequentlit, was discovered that wherb5.1 was &posed to UV or
visible light, it dissociated in toluene solutions. Notably, the reaction did not occur in other common
solvents, such as methanol, dichloromethane, benzene, or cyclohe&gmegressive conversion 66.1
into a new species under optimabnditions(3.810*° M in degassed toluene, 365 nm UV soureaps
observed Absorption spectroscopy was used to monitor the process (Figlaed15), which resulted in

well-defined isosbestic sites when irradiation was performed in short intervals.
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Schene 56. LightInducedDissociation, Recombinati@nd Oxidaion of the Dimer 2
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Figure 14. Photodissociation of55.1 into 56.1° (365 nm irradiation toluene, rt) and subsequent
recombination.
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Figurel5. Changes of UVis absorption spectra observed 5.1 during the second cycle of irradiation
with a UV lamp (365 nm, in toluene)

The photoproduct exhibits a narrower optical bandgap (ca. 1.01 eV) and absorptions in the near
infrared region between 700 and 1200 nm. It was recognized as the r&éitdbased on the substantial
rise in ESR signal strength recorded following irramfiatin a TEDFT calculation, the electronic spectrum
of 56.1°was replicated sermjuantitatively (Figure 6). Interestingly, the radicaptical bandgap matches
the electrochemical gap calculated for t&.1oxidation product observed in voltammetric tasimplying
that the radicab6.1*may arise spontaneously from the radical cation dintér. ] ® This is analogous to

the pathway (b) outlined previously for the productionifi.1* detected in MALDI spectra.
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Figure16. TDADFT spectra fo56.1° (B3LYP/&1G(d,p)). Individual transitions are shown as red sticks.
The blue envelope is a sum of Gaussian profiles with halfwidths of 1580 cm

The'H NMR spectrum of ariB)*® M solution 0f55.1in tolueneds revealed a 64% reduction in signal
intensities after irradiation with a 365 nm UV light. Because the sample was partially recovered prior to
the NMR test, this number underestimates the actual conversioB@d® Thus, even if the degree of
photodissociation cannot be determined precisely, substantial conversions can be expected in dilute
solutions. Irradiation of degassed toluene solution56f1 with a variety of UV and visible light sources
generated a similar first absorption spectra,plying that either the dissociation is completed or the
photostationary state is wavelength independent. When samples were held in the dark¢b2 hours,
the photogenerated56.1° quantitatively recombined intd65.1, provided that dioxygen was strictly
eliminated. As a result, the exponential decline of the photogenerated radical ESR signal was seen, showing
well-defined recombination dynamics. Irradiating solutions that had been exposed to air gave
asignificantly different effect. AtiB0%’ M, there was no discernible buildup $6.1%, a property previously
seen for other benzylic radical®.Instead 0f56.1% a new species emerged with an absorption spectrum
similar to that of55.1 and somewhat enhanced fluorescence (Figure 17). This intermediate, whikh
assume to be peroxidé6.1¢0Oc0c56.1, then decayed to écome ketone56.2 as theend product of
oxidation. The oxygenation sequence described above is similar to that predicted for oxophlorin

radicals®®”’
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Figurel7. Normalizedabsorption and emission spectia the dimer recorded before (violet) and after
(green) irradiation with UV light (365 nm) in the presence of atmospheric oxygen. An increase of emission
intensity was observe@oluene, 293K, excitation at 360 nmEmissiorspectra were normalized to the
largest point of both data sets, to illustrate the difference in the emission intensities.

56.2was also synthesized on a preparative scale by expos&® bolutions to air and ambient light.
It was attempted to obtaira suitable crystal for crystal structure analysis, however, all the attempts were
unsuccessful. This is most probably due to presence of two conformers in the solution and their active
transformation into each other. Thus, the structure was completely attarized using spectroscopic
methods.The highresolution mass spectrum ¢dined (HRMS, MALDIOF)pf 56.2 showed thelM + N&|*
ion peak aim/z2610.9803, which similar to the calculated one foldi6N:120:2Na": 2610.9543The two
sets of peaks with aonstant ratio have been detectazh the NMR spectra of the6.2 (Figure 18) This
observation suggested the presence of two conformers, which was later confirmed by ROESY NMR

measurements. The EXSY peaks can be identifidDES Ypectrum (Figure 19)
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Figurel18. Aromatic region ofH NMR spectrum ahonomer56.2 (500 MHz, 300 K, chlorofornd).
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Figure 19. Overlaid selected regions of NOESY (blue/green for positive/negative contours), ROESY
(red/pink for positive/negative contours) and COSY (orange) correlspiectra for56.2. EXSX¥rosspeaks
are observable between signals of ttveo conformes.
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The DFDptimizations of all conformers of this ketone were also performed to elucidate the possible
structure of the molecule (Figure 20). Unlike the parental HPHAC s¥été@rpossesses onfjve regions
with definite helicity, similarlyd the dimer 55.1 discussd before. According to the calculations, the
lowest-energy conformers ard>M,P,M,P) and P,M,P,P,M), however, it can be only speculated, that these
conformers are present in the solution, since the crystal structure of the dieveraled P,P,M,P,Nland
(P,M,P,P,Niconfirmations in a solid state. None of those was the lowest energy one. It was also tried to
separate them using the chiral HPLC, however, the exchange constant was low enough to make it simply

impossible to obtain angure conformer

R
NE=2.17kcal/mol NE=0.59kcal/mol NE=3.40kcal/mol
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NE=0.00kcal/mol

Figure 20. Conformers of56.2 (- B97XD/631g(d,p)). Energies are given relative to the most stable
conformation

The absorptiorspectraof 56.2 alsorevealed the similarity to the dimés5.1and its bridgefree starting
53.1 The lowest energy band was found at 615 nm in DThM TEDFT showed thahe lowest energy
bands originated from HOMO to LUMO, LUMO+1, LUMO+2, LUMO+3, LUMO+4 and ltdhKDiehs
The fluorescence d6.2 in toluene (Figure 2Was much weaker (only 10%) than that &3.1(40%)
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Figure21. Absorption and emission spectra and fluorescent quantum yiekb&measured in toluene.

56.1“gives an ESR spectrum wiglr 2.00292 and hyperfine coupling wiah= 6.8 G in toluene solution,
which was ascribed to the proton of the methine bridge (Figk#e Indeed, the deuterated radical
56.1“d produced by splittings5.1-d» exhibits no resolvable splittingad < 1 G, consistent with the
assignment given abov@he ESR spectra of th&Glabeled radicab6.1%c contains an extra splitting

(ac=12.3 @, showing that the methine carbon possesses a large amount of spin density
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Figure22. ESR spectra 66.1°and its isotopdabeled derivatives (toluene, 300 K).

The computed spin density distribution (Figu28) reveals that the unpaired electron is largely
distributed in one half of the system surrounding the methine bridge, with amm@guih the imide
fragments. Mulliken spin densities of the methine C and H atoms are 0.498(082, respectively.

Interestingly, the spimf 56.1“is ddocalized in a negligible way into the core benzene ring.
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Figure23. Spin density of monoradic&6.1° (- B97XD/631g(d,p), dipp substituentsvere omitted for
clarity).

According to computational evidencg6.1® prefers a monkeysaddle configuration with alternate
helicities of adjacent bay sections (Figa#. This conformer has a structure comparable to that of the
parent HPHAGIMI hybrid. However, because the subunit®bflexhibit distinct stereochemistriy their
solidstate structure, the radical appears to be sufficiently adaptable to change its shape during
dimerization.56.1°has a fairly massive systecomprising 139 electrons in total. However, this system is
only partially implicated in spin delolezation, as the methine bridge functions as a "spin defect" in the
"~ -conjugated framework. Due to the lack of steric protection on this methine bridge, the radical remains
susceptible to dimerization and addition of dioxygen. Both of these mechanismasaoeiated with

arather low degree of radical stabilization.
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Figure24. Conformers ob6.1°monomerradical(- B97XD/631g(dp)). Energies are given relatite the
most stable conformation
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