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Abstract in English

In the quest for innovative materials, non-planar polycyclic aromatic hydrocarbons
(PAHs) and their heterocyclic analogues with new molecular topologies are emerging as
an important candidate. Particularly, introduction of non-hexagonal rings such as
pentagons and heptagons into completely planar hexagonal backbone leads to the
formation of uniquely curved architectures, acquiring distinct electronic, magnetic and
mechanical properties that are significantly different from their planar counterparts.
Moreover, doping of heteroatom to this framework is a direct approach to tune their
inherent physical and chemical properties to enable novel applications. Considering the
purely benzenoid structure, intramolecular alkyne benzannulation is one among the key

reactions for C-C bond formation.

The main goal of my PhD dissertation is to design pathways to synthesize aza-doped
non-planar polycyclic aromatic systems featuring unique curvature and to study their
photophysical properties. [ started my research with synthesizing tetraaryl-1,4-
dihydropyrrolo[3,2-b]pyrroles (TAPPs) bearing alkynyl moieties as precursors by using
optimized reaction conditions reported in our lab. In the first part of the thesis, several
conditions to perform alkyne annulation reaction on the precursors were explored. It
turned out that only cationic gold(I) complexes catalyze this reaction, albeit accompanied
by 1,2-aryl shift leading to the formation of S-shaped polycyclic n-system (Scheme 1).
The scope of this 6-endo-dig type annulation was further explored on electronically
different substituents for tunability with respect to the photophysical properties, as well
as creating additional sites for functionalization. Additional optimization experiments to
determine the factors affecting the reaction were also carried out. Steady state UV/Vis
spectroscopy shows that the synthesized aza-doped PAHs primarily undergoes radiative
relaxation upon photoexcitation resulting in high fluorescence quantum yields. The
optical properties of both precursors and products were rationalized by density functional

theory (Prof. Denis Jacquemin, France).
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Scheme 1. Gold-catalyzed double 6-endo-dig alkyne annulation accompanied by 1,2-
aryl shift.

In the second part of my thesis, I worked on the same TAPP precursors to induce 7-endo-
dig type alkyne annulation to synthesize unique 7-5-5-7 type cyclized system.
Exceptionally strong Brensted acid HNTf: facilitated the 7-membered ring formation
(Scheme 2). The scope studies revealed that this reaction is highly selective towards
certain substrates where electron-donating and electron-withdrawing substituents are
arranged in a specific manner. Additionally, I found that subsequent intramolecular direct
arylation led to the formation of N-doped nanographene possessing four seven-
membered rings with 7-7-5-5-7-7 type cyclic system. Newly synthesized dyes showed
weak red emission. The presence of conjugated ring systems 7-5-5-7 and 7-7-5-5-7-7

causes the bathochromic shift of absorption and emission.
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Scheme 2. HNTf2-mediated double 7-endo-dig alkyne annulation.



Abstract in Polish

Nieplanarne ~ wielopierScieniowe weglowodory —aromatyczne (WWA) 1 ich
heterocykliczne analogi wylaniajg si¢ jako wazni kandydaci w poszukiwaniach
innowacyjnych materiatow. Zastgpienie niektorych sze$ciocztonowych pierscieni w
planarnych czasteczkach WWA pierscieniami pigcio- lub siedmioczionowymi, powoduje
zakrzywienie ich struktury, co w istotny sposob wptywa na ich wlasciwosci elektronowe,
magnetyczne oraz mechaniczne. Dodatkowo, wprowadzenie heteroatoméw do tych
uktadow, pozwala dostraja¢ ich wtasciwosci fizyczne oraz chemiczne do odpowiednich
aplikacji. Jedng z najistotniejszych reakcji wykorzystywanych do tworzenia wigzania C—
C w syntezie wielopierscieniowych wegglowodorow — aromatycznych  jest

wewnatrzczasteczkowa benzannulacja alkinow.

Gléwnym celem mojej rozprawy doktorskiej jest zaprojektowanie §ciezek do syntezy
aza-domieszkowanych, nieplanarnych wielopierscieniowych ukladéw aromatycznych,
charakteryzujacych si¢ wunikalng krzywizng oraz zbadanie ich wlasciwosci
fotofizycznych. Swoje badania rozpoczetam od syntezy alkinylowych pochodnych
tetraarylo-1,4-dihydropirolo[3,2-b]piroli (TAPP), wykorzystujac w tym celu optymalne
warunki reakcji opracowane w Zespole X IChO PAN. W pierwszej czg$ci pracy
przetestowalam szereg zestawow warunkow benzannulacji alkinow na ww.
prekursorach. Okazalo si¢, ze jedynie kationowe kompleksy ztota(I) sa zdolne do
katalizowania tej reakcji, a dodatkowo towarzyszy jej przesunigcie 1,2-arylowe,
prowadzace do powstania wielopierscieniowego uktadu n w ksztatcie litery S (Schemat
1). Nastgpnie przeprowadzitam dodatkowe eksperymenty optymalizacyjne w celu
okreslenia czynnikow wplywajacych na reakcje oraz zbadalam zakres stosowalnosci
nowoopracowanej benzannulacji typu 6-endo-dig dla prekursorow wyposazonych w
rozne podstawniki, co pozwolito na dostrojenie wtasciwosci fotofizycznych produktow,
a takze ich dalsze przeksztalcenie. Spektroskopia UV/Vis pokazuje, ze zsyntetyzowane
aza-WWA po wzbudzeniu ulegaja przede wszystkim relaksacji radiacyjnej, co skutkuje
wysoka wydajnoscia kwantowa fluorescencji. Dodatkowo wlasciwosci optyczne
prekursoréw i produktow zostaty uzasadnione za pomoca obliczen DFT. (prof. Denis

Jacquemin, Francja).
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Schemat 1. Katalizowana kationowym kompleksem zlota podwdjna 6-endo-dig

annulacja z przesunieciem 1,2-arylowym.

W drugiej czesci mojej pracy pracowalam nad annulacja typu 7-endo-dig ww.
prekursoréw w celu syntezy unikalnego ukladu sprzezonych pierscieni 7-5-5-7-
cztonowych, co udalo si¢ osiggna¢ wykorzystujac wyjatkowo silny kwas Bronsteda —
HNTf: (Schemat 2). Badania zakresu stosowalno$ci metody wykazaly, Zze jest ona
wysoce selektywna w stosunku do substratow o okre§lonym ulozeniu podstawnikoéw
elektronodonorowych i elektronoakceptorowych. Ponadto odkrytam, ze nastepcze
wewnatrzczasteczkowe bezposrednie arylowanie prowadzi do powstania N-
domieszkowanego nanografenu posiadajacego cztery siedmioczionowe pierscienie w
uktadzie 7-7-5-5-7-7. Obecno$¢ sprzgzonych pierscieni 7-5-5-7 1 7-7-5-5-7-7-
czlonowych powoduje batochromowe przesuni¢cie absorpcji i emisji, a nowo

zsyntetyzowane barwniki wykazuja slaba, czerwong emisj¢.
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Schemat 2. Podwojna annulacja 7-endo-dig alkinu z wykorzystaniem HNTf2.
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1. Introduction

1.1 Planar and non-planar nanographenes (NGs)

Nanographenes (NGs) as well-defined cut-outs from graphene sheets, serve as an
ideal bridge between the molecular and bulk carbon material realms.[!! The main
advantages of such molecules is that their electronic and optical properties can be
elegantly tuned by rationally designed bottom up synthesis, which in turn allows variety
of NGs with varying shapes, size and functionality.”?" ] Their potential applications span
across various domains of material chemistry including electronic devices,* sensors,?!,
biomedical analysis!®), polymer films!”) etc. NGs can be generally divided into two types,
planar and non-planar. While completely fused planar systems possess all hexagonal rings
(e.g. Coronene and hexabenzocoronene), introduction of non-benzenoid systems such as
5, 7 or 8 membered rings can induce curvature to the polycyclic system due to the
geometric mismatch of adjacent rings. Embedding NGs with ring size less than 6 give
rise to a positive Gaussian curvature as in the case of corannulene, B! symanenel!!H12]
and their m-extended derivatives, while ring size larger than 6 can induce negative
Gaussian curvature to have a saddle type geometry (e.g. isocoronene,!'?

[7]circulene!'*'31). The chemistry of such contorted NGs continues to evolve not only

as a result of their aesthetic appeal, but also due to their unexpected redox, optical, charge

16]

transport and self-assembly properties which arises from the geometry.!

a) Planar NGs b) Non-planar NGs

—

Hexaperibenzocoronene Corannulene [7]1Circulene

Figure 1. Representative examples of planar and non-planar NGs



1.2  Alkyne benzannulation towards nanographenes (NGs)

A comparatively simple and efficient method for the bottom-up synthesis of
polycyclic systems is still a well-sought area in synthetic organic chemistry. Methods
such as aryl-aryl oxidative coupling reaction (Scholl reaction),!” transition-metal
catalyzed!'®) or light induced direct arylation reactions have been mostly used for such
synthesis. Recently, there has been growing interest in exploring the ability of alkynes to
act as versatile and efficient building blocks for the synthesis of carbon nano-structures.
This is associated with the fact that a large thermodynamic gain act as a driving force
enabling the formation of conjugated cyclic ring system from high energy alkyne
precursors.'”) Historically, the first attempt of alkyne benzannulation towards PAHs was
reported by Scott and co-workers in 1991 by utilizing Flash Vacuum Pyrolysis (FVP).!!]
Under FVP conditions, two-fold alkyne benzannulation occurred smoothly to form
curved nanographene, corannulene (Scheme 1). However, this method became more
popular after the discovery of electrophilic activation of alkynes reported by

Swager,?}21 which paved way to a variety of similar transformations involving

Bronsted acids, n-Lewis acids, transition metals and radical reagents as catalysts.

Scheme 1. FVP conditions towards corannulene !

1.2.1 Alkyne benzannulation mediated by electrophilic reagents.

1.2.1.1 Iodonium salt or iodine monochloride mediated alkyne benzannulation

Activation of alkynes using electrophilic reagents is a powerful tool to deliver
access to a broad range of nanographenes with varying functionalities and complexities.
Electrophilic iodine reagents were primarily used for this transformation where the iodine
source was used either in the form of iodonium salt or iodine monochloride.??! This

approach offers an added value by creating a functional handle within the product,
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allowing for post functional modifications. Barluenga and co-workers first developed
this methodology using I(py)2BF4 as electrophilic reagent along with TfOH to undergo
iodine substituted cyclohexene ring formation from corresponding alkyne bearing
precursor (Scheme 2a).[** Later, Swager group used the same conditions on terphenyl
systems bearing internal alkynes to obtain completely fused halogenated analogues."!
During the investigation, they observed that TfOH itself catalyzes the reaction
quantitatively, which led to the invention of milder and more efficient conditions

(Scheme 2b).

I(py),BF4 O‘
I on, -60°c |
Ph Ph
3 4,91 %

b)

DCM, r.t

6a, R = OCH3, 100%
6b, R = H, 100%

CHs ) )
I(py)2BF4 (2 equiv.), TfOH (2 equiv.)

DCM, -40 to 10°C

7, 96%

Scheme 2. a) Electrophilic benzannulation using iodonium salt in presence of TfOH. b)

Electrophilic benzannulation using either TFA or iodonium salt.

A facile synthesis of differentially substituted dibenzo[g,p]chrysenes was
reported by Liu group using ICl-induced alkyne benzannulation as the first step to
synthesize 9-iodophenanthrene intermediate 9.12*%5] They took advantage of the iodine

functionality to perform further Pd-catalyzed intramolecular direct arylation to form the

16



final product (Scheme 3a). Interestingly, in the case of substrates with p-methoxy group,
the reaction exclusively underwent 5-endo-dig cyclisation to obtain corresponding
spirocyclic product. This unique behavior of the substrate 11 to induce ipso-cyclisation
is ascribed to the directing effect of p-methoxy group (Scheme 3b). They have also
demonstrated the tunability of photophysical and electronic properties of
dibenzo[g,p]chrysenes by varying the substituents to electron-rich and -deficient. While
electron-withdrawing groups did not change the HOMO-LUMO energy gap from that of
parent system, electron-rich substituents lowered the energy gap. Compounds with

methoxy substituents also showed larger fluorescence quantum yields.!?’!

;
) O ‘ R
| O
5% PdC,(PPh); _ O
" DMA NaOAc O O
O R’

8a-f 9af 10a,R'=R2=R3=H, 71%
10b, R' = H, R? = R® = OMe = 85%
10c, R' = OMe, R?=R®=H = 69%
10d,R'= R2=OMe R®=H = 68%
10e,R'=H, R?=F, R®=H=72%
10f, R' =H, R%?=CF3 R%=H=69%

b) OMe R QMe MeO

R

® . (2
O ICI O < '

X T — A S [
N CH,Clp, -78 °C - O O‘ O
O ¢ J .
R R O

OMe OMe

e}

12a,R=H, 87%

11a,b 12b, R = OMe, 88%

Scheme 3. a) Synthetic route toward dibenzo[g,p]chrysenes from bis(biaryl)acetylenes.
b) ICI induced ipso-cyclisation of bis(biaryl)acetylenes with p-methoxy substituents.

Miillen and co-workers reported a novel synthetic route towards D2n symmetric
zigzag shaped nanographenes involving ICl catalyzed annulation as one among the key
steps.l?®) They showcased the cross-coupling versatility of the compound 13 by
synthesizing intermediates 14, which was then followed by Suzuki coupling and Scholl
reaction leading to the final fused polycyclic system. This synthetic protocol allowed the

strategical modification of symmetry and substitution pattern around aromatic core,
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facilitating the control over molecular packing. Such alterations in packing arrangements

for a system are anticipated to have distinct electronic device performance.

ICI
CH,Cl,, -78 °C

14a, 86%
13a-c 14b, 91%
14c, 86%

p-R2CgH4B(OH),

Pd(PPh3)4, THF
K,CO3, EtOH, H,0, reflux )
R

15a, 89% 16a, R" = H, R? = n-C4,H,5, 66%
15b, 91% 16b, R" = t-Bu, R? = n-C1,H,s, 87%
15¢, 76% 16¢, R = R? = n-Cy,Hps 37%

Scheme 4. Synthetic pathway towards zigzag nanographene.

Incorporation of curvature into aromatic compounds act as a novel design
factor in regulating their packing arrangements in 3D crystal lattice.l*”] As already
mentioned before, by employing a non-planar core, aromatic systems can display
unconventional behaviors that are not typical for planar molecules. Therefore, it is
crucial to understand the impact of subtle modifications made on the molecular
structure, on the photophysical and electrochemical properties of the bulk material.
Alabugin group investigated the packing behavior of non-planar fused [5]helicenes
obtained by a two-step synthetic route (Scheme 5).28) The ICl catalyzed
benzannulation reaction followed by photocatalyzed cyclisation and
dehydroiodination. The X-ray crystallographic result showed that the crystal packing
altered significantly based on the placement of functional group in [5]helicenes

scaffold, while their HOMO/LUMO energy gap remained consistent.
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‘ ‘ O R® CH,Cl,, -78°C I R2 benzene, rt ‘O

o¢ 998 948

R!

17a,b 18a,b 19a, R' = CH;, R? = H, 89%

19b, R' = H, R? = CN, 93%

e g )

SO S 909e
/ﬁ /‘

SN AENGE

19¢, 90% 19d, 35% 19e, 80%
Scheme 5. Synthetic route towards fused [5]helicenes.

Larock and co-workers demonstrated the utility of this annulation reaction in
heteroaromatic systems bearing oxygen or sulphur atoms (Scheme 6 ).[*! Although,
the final products were obtained in high yields in most cases, the positioning of alkynyl
moiety on heteroaromatic skeleton showed a marked effect on its reactivity. While 3-
(2-(phenylethynyl)phenyl)benzofuran underwent the reaction smoothly, the regio-
isomer with alkyne moiety substituted in furan ring gave only electrophile addition
product. Evidently, the electron-withdrawing effect of adjacent oxygen atom inhibits

the coordination of electrophile to the triple bond, thus preventing the cyclization.

ICI

- = > 7

CH,Cl,, -78 °C .

20

0 21 :

21a, Ar = Ph, 48% 21c, 65% 21d, 91% 21e, 50% 21f, 37%
21b, Ar = 4-OMe-CgHy, 97% g Y

~

Products obtained from one reaction
Scheme 6. Synthetic route towards polycyclic aromatics and hetero-analogues

Electrophilic iodine mediated benzannulation of alkynes have been

demonstrated as a powerful method for the synthesis of planar or non-planar
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301,31

nanographenes with various functionalities.*®*31321 This methodology is typically

high yielding and offers a convenient handle for further chemical modifications.

1.2.2 Alkyne benzannulation mediated by acids.

The ability of electrophilic reagents to induce 6-endo-dig cyclization is highly
valued in synthesizing nanographenes with heretofore unknown geometries. Acids are
one among the commonly used reagents for alkyne activation reactions over the last three

decades.
1.2.2.1 Brensted acid catalyzed alkyne benzannulation.

Considering the previously mentioned benzannulations, iodine as electrophile
always gets incorporated with the final cyclized product, where it requires multiple steps
to obtain the protonated analogue. The simplest way to afford the protonated final product
would be to use a proton source itself as the electrophilic reagent. The earliest work on
benzannulation began with the discovery of Swager group in 1994. They noted the ability
of TfOH or TFA to catalyze the annulation, while performing the iodonium-salt based
cyclization reactions (Scheme 2b).*°! The hypothesized reaction mechanism involves
the formation of carbocation as a result of the electrophilic attack of proton, which is
resonance stabilized by the electron rich aryl ring attached to the alkyne moiety. Presence
of electron rich arene ring was proven to be essential for this 6-endo-dig pathway to

occur.l?!]

In 1997, the same group investigated the efficiency of two-fold alkyne
benzannulation reactions by changing the substitution patterns of bis-ethynyl aryl
moieties on terphenyl rings. The benzene rings involved in the annulation were placed
para, meta and ortho to each other to obtain nanographenes 23, 25 and 27 with varying
architectures (Scheme 7).*!) While performing the reaction on more sterically
demanding ortho-fused benzene rings, the general procedure led to only traces of final
products. The authors had to rely on a more reactive form of I" source using iodine with
silver triflate to obtain the desired product. Intriguingly, they did not observe iodine

incorporation in the final cyclized system.
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a) para b) meta

Ar

CIoC
W O ) CQO Q ;‘\/‘ m

Ar
22 Ar= OC12H25 23,00% OC12H25 25, 96%

sy
AgOTH, I,
=z
e X

26 Ar= §@oc4H9 27, 20%

Scheme 7. TFA catalyzed two-fold alkyne benzannulation of a) para (22) b) meta (24)

and iodonium induced annulation of ¢) ortho (26) substituted tri-phenyl systems.

Chalifoux and co-workers furthermore broadened the scope of this elegant
method to synthesize pyrene and their n-extended trimeric and tetrameric analogues via
a double or quadruple type alkyne benzannulation!*¥] Inspired by Swager’s method, the
key idea was to employ two-fold annulation of alkynyl moieties on the ortho positions
of the same aryl ring to afford nanographene with extended lateral conjugation.
Nonetheless, the standard conditions using TFA led to mono-annulation product 29 albeit
quantitatively, with the triple bond intact (Scheme 8). Authors anticipated that the
planarization caused by the first annulation to form the molecule 29 affects the efficacy
of orbital overlapping between the alkyne and free ortho position of arene leading to
higher activation energy. To overcome this, a stronger acid TfOH was used to afford
pyrene derivative 30. This method was then successfully employed on more elaborated
derivatives to obtain peropyrenes and teropyrenes. As mentioned previously, electron-
rich character of arene offered by alkoxy substituent is essential for the reaction to occur.
In addition, thiophene rings are also tolerated.**) All synthesized pyrene analogues
displayed good solubility which made it possible to measure their photophysical
properties. The UV/Vis absorption and emission spectra showed a gradual bathochromic
shift owing to the m-extension. X-ray structure of both peropyrene and teropyrene
showed slight twist from the molecular plane owing to the steric repulsion of hydrogens
at the bay regions, which is thought to be the reason for their solubility. This twist made
the peropyrene to exhibit axial chirality in solid-state, while teropyrene possesses a
pseudo plane of symmetry. This method realized the synthesis of first ever soluble as

well as functionalized pyreneacenes.
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32¢,R'=¢,R%=H, 65%
32d,R"' =d, R? = t-Bu, 72%

TFA /| TfOH C'Q. 6
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TfOH only

CH,Cl,, 0 °C

34b, 61%
34c, 67%
34d, 56%

R'= a: E«i%om3 b: E%;yocw13 c: §@OC10H21 d: §ﬁ

CeH1s

Scheme 8. TFA or TfOH catalysed two-fold and four-fold benzannulation for the rapid

access to pyrencacences.

The same group later took advantage of the twisting of peropyrene due to the
steric repulsion at the bay region, via substitution to increase the barrier of inversion.**]
To explore the possibility of creating consistently chiral peropyrenes with larger
inversion energies, they used tetrayne 35 as the precursor (Scheme 9). The subsequent
TFA catalyzed two-fold alkyne annulation interestingly led to the formation of chiral
picene intermediate 36, via cyclization occurring on the same side. According to the
calculations, authors report that this mode of cyclization is favored by a lower energy
barrier 2 kcal/mol. Final step by treating the intermediate with TfOH led to the
completely cyclized chiral peropyrene product 37. The molecule possesses an end-to-end
twist with an angle of 28° making it enantiomerically separable by chiral HPLC. The
final peropyrene emits green light and display circularly polarized luminescent

properties, similar to other chiral helical type nanographenes. %]
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Ar Ar,

OO
\ 7 CH,Cly, rt CH,Cl,, -40 °C
Ar  Ar Ar  Ar (M,M) & (P.P) chiral peropyrene
36a, 97% 37a, 28%
35a-d 36b, 94% 37b, 40%
36¢, 96% 37c, 38%
36d, 95% 37d, 35%

Ar= a:§@ocm b:g@oc6m3 c:g%}oji/\/ d:§@ocmm1

Scheme 9. Synthetic route towards chiral peropyrene 37.

Graphene nanoribbons (GNRs) are fascinating category of quasi one-dimensional
materials derived from definite termination of a graphene sheet possessing smooth
edges.’”! Their intrinsic magnetic, electronic and conduction properties allow them for
various device applicability via doping or functional modifications. Although, the first
bottom-up synthesis towards GNRs are reported by Stille and co-workers early in 1970,
the obtained ladder type polymeric structures exhibited significant solubility issues.[*®!
Further studies on these architectures were dormant until 1994 when Swager group made
use of the Brensted-acid based annulation to synthesize soluble and functionalized
GNRs. The authors used strategically designed monomers by incorporating them with
electron donating groups to allow efficient cyclization and placing alkyl groups on the
scaffold for controlling the regioselectivity (Scheme 10).2° The synthesized GNRs

showed absorption band edge at 468 nm with maxima at 340 nm and large molecular

weights ranging from Mn = 45000 — 55000 g/mol.

TFA

R=CyHos

38 39, 100%
Scheme 10. Synthetic route towards GNRs via alkyne benzannulation.

Later in 2015, Wu, Zhao and colleagues reported the Breonsted-acid
catalyzed synthesis of GNRs based on m-extended and rigid pyrene subunits (Scheme
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11).*] They exhibited the general features of the ladder type polymers, including the

broad absorption band blue-green emission in solution state.

TFA

CHaCly, rt
R=0C16Has

R 40, 85% R 41, 96%

Scheme 11. Synthetic route towards GNRs possessing pyrene subunits via alkyne

benzannulation

Chalifoux and co-workers expanded the potential of this reaction by designing
the bottom-up approach towards very narrow (ca. 0.5 nm) and soluble GNRs via TFA /
TfOH promoted benzannulation.[*”! Authors used Suzuki reaction to obtain the poly(2,6-
dialkynyl-p-phenylene) precursor followed by acid catalyzed cyclization which occurred
efficiently on the side ethynylaryl chains (Scheme 12). The synthesized GNRs exhibited
excellent solubility in common organic solvents, facilitating their characterization by IR,

Raman, and UV/Vis/NIR spectroscopy. They displayed significant red shift in absorption

compared to previously synthesized GNRs 39 and 40 and showed significant flexibility
as proved by STM and TEM analysis.

1) TFA

_CHyClp, it
2) TfOH

CH,Cly, -40 °C

42a, 70%, Mw = 8.9 kg mol!, PDI = 1.6 (X = toluene) R =31 43a, 79%
42b, 82%, Mw = 37.6 kg mol™", PDI = 1.4 (X = THF) /\C\/\ 43b, 87%
Scheme 12. Synthesis of soluble NGs by Chalifoux et.al.

The alkyne activation catalyzed by Brensted acids has emerged as a
convenient method to synthesize NGs and GNRs. However, in this case, the presence of
electron-donating groups on the aryl ring connected to the triple bond is crucial for the

6-endo-dig cyclization to occur. This factor narrows the scope of reactions catalyzed by
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Bronsted-acids, thereby limiting the synthesis of polycyclic systems with diverse

functional groups, which are important for tuning optical and electronic properties.

1.2.2.2 n-Lewis acid catalyzed alkyne benzannulation.

Over the years, the area of alkyne benzannulation reactions has evolved
substantially fueled by thorough optimization trials leading to the invention of new
reagents that are viable for obtaining cyclized product with high yields and complexity.
As aresult, several m-Lewis acids have been emerged as the potential candidates for such
transformations.!*!~*! Here, the 6-endo-dig cyclization is reported to be initiated via the
complexation of alkyne with the metal center to form n? -metal species followed by the
nucleophilic attack of the adjacent arene ring.[**! In most instances, the electron-
withdrawing groups directly attached to the alkyne unit favor 5-exo-dig pathway while

electron donating groups solely promote 6-endo-dig type annulation.
1.2.2.2.1 Transition metal catalyzed alkyne benzannulation.

Ru-catalyst was the first metal-based catalyst reported in literature for alkyne
annulation reaction. Merlic ef al. discovered this method where the triple bond is initially
activated through the formation of a vinylidene intermediate, followed by 6mx-
electrocyclization to afford the cyclized product (Scheme 13).16! Consequently, this
limits the scope of the reaction only to terminal alkynes. The efficiency of this
transformation was found to be higher for substrates bearing external alkene as a part of
heterocyclic ring to form polycyclic heteroaromatic system. Same catalytic conditions

have been used to obtain nanographenes containing silicon and boron atoms.*”]

5 mol% RuCl,(p-cymene)PPh;

o
or N 4
5 mol% RuCly(CgHg)PPh3
NH4PFg

DCE, reflux

45a, X = O, 86%
45b, X = NMe, 18%

Scheme 13. Ru metal catalyzed alkyne annulation via vinylidene intermediates.

Scott and co-workers extended the utility of the Ru(Il) catalytic system by
performing two and four-fold cyclization reaction.[*¥! The reaction was performed on

precursor 46 which was readily synthesized from anthraquinone via Corey-Fuchs
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reaction followed by Sonogashira coupling and desilylation. This methodology provides
an alternative synthetic pathway towards coronene (Scheme 14). Liu group later

improved the reaction efficiency by using more active Ru(Il) based catalyst.[*’]

(p-cymene)RuCl,PPh3 OO
909
DCE, reflux OO

46 47, 20%

Scheme 14. Four-fold benzannulation reaction towards coronene.

Liu and co-workers made use of this approach to synthesize an array of GNRs
with varying lengths.*% Subsequently they demonstrated the compatibility of substrates
possessing PhoN groups in this transformation to access second-generation ribbons
possessing the fluorescence quantum yields as high as 96% (Scheme 15).5!! The trends
observed in their optical properties including absorption values, photoluminescence and

HOMO/LUMO gap were in accordance with extended m-conjugation.

NPh, NPh,
TpRuPPh;L,SbFg 0
_ P T e9 e
DCE, 80 °C
L = CH3CN
Tp = tris(pyrazolyl)borate O
NPh,
49,71%
NPh,
TpRuPPh;L,SbFg
DCE, 80 °C
L = CH3CN

Tp = tris(pyrazolyl)borate

Scheme 15. Two-fold alkyne benzannulation towards GNRs bearing NPhz substituents.
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Although Ru catalysis has contributed to the synthesis of NGs and their extended
derivatives, the transformation is limited to only precursors possessing terminal alkynes.
In broadening the scope and utility of polycyclic systems, it is essential to functionalize
them to fine-tune their electronic properties and to incorporate groups which enhance
solubility. The inability to attach any functional group or arenes to the alkyne moiety

remains as the disadvantage of this reaction.

Pt(Il)-catalysis has emerged as an efficient methodology to promote
benzannulation of precursors bearing both terminal and internal alkynes. Fiirstner and
co-workers performed an extensive optimization study of the annulation process of
ortho-ethynyl substituted biphenyl derivatives using variety of soft Lewis acids, in which

PtCl> was found to be the most effective one (Scheme 16).[44]

They expanded the scope
to the heterocyclic systems including m-expanded indoles, carbazoles, thiophenes and

bridgehead nitrogen heterocycles.

R' R
PtCI2 (5 mol%) PtCIz (5 mol%) 'O
toluene, 80 °C toluene 80 °C X

X=$,NH ;

52a-d 53a, R = Me, RZ— H, 73% 54 5%2,X =S, R=H, 54%
53b, R' = Me, R? = Me, 89% ac 85b.X =NH, R = H, 63%
53¢, R' = Me, R2 = Ph, 82% 55¢, X=NH, R = Me, 76%

53d, R' = OMe, R> = H, 76%

Me,
c) \\
PtCI2 (5 mol%)
O A _PtCla (5 mol%) toluene, 80 °C
N toluene 80 °C
I\VIe
56

7,93% 58 59, 56%

Scheme 16. Pt(II) catalyzed synthesis of a) phenanthrenes, b) and c) polycyclic

heteroaromatics, d) bridge head aza-doped heterocycle.

Liu and co-workers later proved that the efficiency of this approach is comparable
to that of Ru(Il) catalyst, for the synthesis of GNRs possessing diverse lengths.>5! The
same group exploited this method to develop an easier pathway towards unsubstituted
chrysene from readily accessible starting materials."?! The molecule was further
functionalized via bromination followed by Suzuki, Buchwald-Hartwig or Sonogashira
coupling to obtain the tetrasubstituted derivatives bearing aryl, amine or alkynyl groups
(Scheme 17). The substitution gives rise to an increase in the fluorescence quantum

yields along with bathochromic shift in both UV/Vis absorption and photoluminescence
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spectra. The performance of diarylamino-substituted chrysene 62 was tested as a blue
emitter in OLED, showing a remarkable external quantum efficiency accompanied by

blue emission.

bromination
1) K,CO;, ‘O R R
O MeOH, CH,Cl, r.t OO Pd cross-coupling OO
2) PtCl — >
_ ) PtCl

™s toluene, 85°C R
60 61,85% 62,R = aryl, alkynyl, amine groups

Scheme 17. Synthetic route towards tetrasubstituted chrysene.

A novel cove-edged type graphene nanoribbons were reported by Miillen and co-
workers using 11,11'-dibromo-5,5"-bischrysene 64 as the key precursor which was
synthesized via two-fold Pt(II)-catalyzed benzannulation (Scheme 18).13! Subsequent
Ullmann coupling followed by intramolecular oxidative cyclodehydrogenation led to the
formation of GNRs which was predicted to have a low band gap value (Eg = 1.70 eV)
and high charge carrier mobility of electrons and protons. However, in the case of
hexamers and octamers, authors obtained only partially fused products after
cyclodehydrogenation, which made it difficult for further purification. Such cove-type
peripheral feature opens the possibility of further tuning by controlling their width
through bottom-up synthesis.

63 64,78%

could not obtain hexamer (67) and octamer (68)
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Scheme 18. Synthetic route towards cove-edged GNRs.

The applicability of platinum catalyzed benzannulation was explored in helicene
synthesis by Storch et al. to afford [6]helicene from biphenyl-naphthalene derivatives
(Scheme 192a).°% In the case of aza-helicenes, the reaction required a combination of
catalysts InCls and PtCls to facilitate the two-fold benzannulation.>! While
investigating the scope of this reaction, Fuchter and co-workers found these conditions
to be inefficient to obtain the substituted aza[6]helicenes. Through systematic
optimization by varying solvents and reaction temperature, the authors came up with
much improved conditions without InCls and lower catalyst loading. This condition
realized the synthesis of an array of substituted [6]helicenes (Scheme 19b).°%l In
addition, they could obtain enantiomerically pure non-cyclized precursor 71a (R'=R? =
H) via semipreparative chiral HPLC, which underwent annulation to give 72a with the

same enantiomeric purity.

A )
X O PtCI
A 4 Rl ——
N Me M] - DCE, 120 °C >
OO toluene, 90 °C R2
T1a-c 72a,R'=R?=H, 65%

69a, X = CH, M = PtCl, 70a, 80% 72b, R" = OMe, R? = H 45%
69b, X = N, M = InCls / PtCl, 70b. 80% 72¢,R" = H, R? = OMe 46%

Scheme 19. a) Synthetic pathway towards [6]helicene and aza[6]helicene by Storch et

al. b) aza[6]helicenes by Futcher and co-workers.

In contrast to Pt(II)-catalysts, Au-catalysis is less explored in synthesis of
elaborated polycyclic aromatic systems via alkyne benzannulation. Although, its utility
has been verified for nanographenes of relatively modest size. During the investigation
of Fiirstner group on the synthesis of phenanthrene derivatives using various n-Lewis
acids, AuCls and AuCl were found to be efficient alongside with PtCl>.’”) While
performing the annulation of biaryls bearing haloalkyne moiety, authors noted an
intriguing behavior of gold catalyst to induce halidel,2 shift whereas InCls led to halide
retention (Scheme 20).1** The generation of a metal vinylidene complex as the reactive

intermediate was considered as the plausible explanation for this result.

29



Me Me
O M] Me Me
O 10
AuCl 110
- s .
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X 74b, X = Br, 77%
Z 10 74c, X = 1, 76%
9

Me Me
73a-c O 10.x
InCly O

retention O 9

75a, X = Cl, 95%
75b, X =Br, 7%

Scheme 20. Metal-catalyzed alkyne benzannulation of haloalkyne 73.

Later, Miillen and co-workers utilized this methodology to synthesize di-iodo
substituted pyrene which served as the key precursor for the synthesis of graphenic
cutouts.*® The crucial step during the cyclization involved the endo selective 6m-
electrocyclization of metal vinylidene intermediate resulting in halogen 1,2 migration
to 5,9 positions (Scheme 21). This halogen handle was further used to couple with two
pyrenes to form terpyrenyl system which was then smoothly underwent oxidative

cyclodehydrogenation catalyzed by FeCls.

Ve
2 e 0
' | CO Q)
Z 1S SOARG
| o OO Q
—_—
O toluene, 60 °C O Pd(PPhj),

4
K,CO, O

toluene / H,O (2:1)

0,
76 77, 45% 78, 62%

Scheme 21. Synthetic route towards graphenic cutouts.

Direct and selective substitution at 4,5,9 and 10 positions of pyrene is scarcely
reported in literature. Murakami and co-workers used a slightly different approach
towards 4,10-disubstituted pyrenes via cationic gold(I) catalyzed two-fold
hydroarylation of 2,6-dialkynyl biphenyls (Scheme 22).*!! Authors reported that

cationic gold catalysis is crucial for this reaction to occur as neutral chlorogold(I)
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catalyst proved to be inefficient. They explored the impact of ligands by employing
various Buchwald-type biaryl phosphine ligands, all of which exhibited equivalent
efficacy. Significant electronic effects were also observed in this reaction where
electron-rich aryl substituents gave higher reaction yields while electron deficient aryl

rings and terminal alkynes lowered the yield.

= O A 20 mol% (ligand)AuNTf, é“
O O O p-Xylene, 150 °C O O O
MeO OMe 24h MeO OMe
80 81

ligand = SPhos, yield = 83%
ligand = XPhos, yield = 83%
ligand = t-butylXPhos, yield = 88%

Scheme 22. Synthetic route towards 4,10-disubstituted pyrenes

The greater efficiency of cationic Au species in facilitating annulation processes
can be attributed to their low-lying LUMO and limited back-donation capacity. Alcarazo
and co-workers hypothesized that the inherent m-acidity of Au-catalysts can be
substantially increased by incorporating dicationic phosphine ligands as strong m-
acceptor ancillary ligands.I*¥!  Bis(diisopropylaminocyclopropenium)-substituted
phosphine was chosen as ligand which was prepared in two steps. The catalyst was used
along with silver salts to substitute the chloride moiety in the gold complex. The authors
demonstrated the efficacy of this catalytic system by performing alkyne benzannulation

on an array of 2-ethynylbiphenyls with multiple substituents (Scheme 23).

R R3

hos O ® @
[Au], AgSbFg O Ph
R — > R Ph Aul, AgSbF
o5 ~  CHyCly it ne O o AUl AgSbFs
o 5o RO

RS RE 84 85, 73%
82a-f

83a, R' = Ph, R? = R%= R*= R®= R®= H, 88% ¢l

83b, R' = iPr, R? = R%= R*= R%= R®= H, 74% Au - NP

83c, R' = Ph, R? = R3%= R*= H, R%= OMe, R®= H, 93% PO

83d, R = Ph, R = R®= R= H, R%= Ph, R%= H, 90% A= o NANOP,

83e, R' = OMe, R? = R%=H, R%= OMe, R® = H, R® = OMe, 91% N(iPr),

83f, R' = R? = R%= OMe, R* = H, R% = OMe, R® = H, 98% (iPr),N

Scheme 23. Alkyne benzannulation reaction using gold catalyst with polycationic ligand.

Gold catalysis have also been applied in enantioselective synthesis of S-shaped

double azahelicene.*®! The precursor molecule 86 was designed in such a way that the
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first two-fold intramolecular hydroarylation of triple bonds occurs to form axially chiral
intermediate bearing pyridone rings followed by second enantioselective annulation
leading to helically chiral azahelicene 87 in one step using the same chiral gold catalyst
(Scheme 24). Employing an excess of AgOTf with the Au complex was found to be
crucial for the intended sequential hydroarylation. Remarkably, the circularly polarized
luminescence (CPL) activity exhibited by the S-shaped double azahelicenes surpassed

that of the regular azahelicenes.

1) CF3COOH
2) POCl3, PhNMe,

Q N—R! AuCI(SMe,), AgOTf

(S)-BINAP
CH,Cly, 1t, 72 h

(+)87 /1 60%, >99% ee (+)-88/ 55%, >99% ee
rac-87 + meso-87 / 28% (33:67) R' = CH,CgHy- 4-OC1gHy4, R? = 2-CH30CgH,

Scheme 24. Enantioselective sequential hydroarylation of alkynes towards double

azahelicene.
1.2.2.2.2 Main group n-Lewis acid catalyzed alkyne benzannulation

The ability of main group element based m-Lewis acids to catalyze alkyne
benzannulation have also been explored, especially after the extensive study by Fiirstner
et al B7M4 InCls, GaCls and SbCls!%’! are such examples out of which InCls has been
identified to be the best candidate to induce 6-endo-dig cyclization for biphenyls bearing

si* and heteroaromatic substrates. Gryko and co-workers exploited this

haloalkyne
method to transform tetraarylpyrrolo[3,2-b]pyrroles to their m-expanded analogues
indolo[3,2-b]indoles (Scheme 25).[*°! This two-fold annulation reaction demonstrates
high selectivity towards 6-endo products and broad functional group tolerance including
electron deficient ethynyl aryl group incorporated to pyrrolo[3,2-b]pyrrole core. The
obtained chromophores showed notable enhancement in their two-photon absorption

efficiency with increasing electron-withdrawing strength of peripheral substituents.
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_ >

toluene, 80 °C

90a, R = CF;, 87%
89a-c 90b, R = CN, 80%

90c, R = NO,, 99%
90d, R = OMe, 75%

Scheme 25. InCls-catalyzed two-fold alkyne annulation towards n-expanded

indolo[3,2-b]indoles

Inspired from the above mentioned work and Fiirstner’s study,*’"4! Chalifoux
and co-workers explored the possibility of using InCls catalysis to broaden the scope of
their previous work on the synthesis of peropyrenes and teropyrenes.!'”) Interestingly,
this method surpassed the limitations of Brensted acid catalysis by realizing two-fold
and four-fold cyclization of electron-rich, electron-poor and alkyl substituted alkynes to
afford bay-region functionalized products (Scheme 26). This type of substitution at the
bay region significantly influence both the chirality and crystal packing in the solid-
state. The latter negligibly affects the absorption in the solid-state causing minor red
shifts compared with planar analogues. The four-fold alkyne annulation was also
demonstrated on differentially substituted substrate to obtain “push-pull” type system

(34h).

33



R
a)

Vi R
O O — 30 mol% InCl / O
/ toluene or xylene —
\ 100 -150 °C
A R
R 32b, 85%
_ 32d, 86%
31b.d-g 32e, 91%
32f, 72%
329, 87%
/\ ¢ i &
R=b:OOCsH13d= /O\ 9=Wf= ©—€F9=\/\/\/
% Zi S” CeHis ; F
R! R?

b)

1

R R
o S (4L
toluene or xylene —
100 -150 °C
R! R?
34b, at 80 °C, 85%
34d, 79%
34e, 90%
34f, 0%
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Scheme 26. InCls-catalyzed two-fold and four-fold alkyne annulation towards

2

substituted a) peropyrenes and b) teropyrenes.

Later, the same group came up with the first case of domino benzannulation
reaction of buta-1,3-diynes to synthesize irregular nanographenes (Scheme 27a).[6!]
InCl3-AgNTH: catalytic system was found to be crucial for this reaction to occur as
employing InCl3 led to mono-annulation. The novel domino reaction demonstrates high
regioselectivity towards carbon 1 over carbon 3 for first annulation, by allowing the
formation of a new bay region in the intermediate. This serves as a site for the second
annulation to form the final nanographenes in moderate to high yields. The substrate
scope includes naphthalene, anthracene, and pyrene-based precursors to afford the
corresponding irregular nanographenes. Authors expanded the utility of this reaction by
performing four-fold alkyne annulation on dimethoxy substituted binaphthalene
precursor to obtain chiral butterfly type cyclic system which can act as a chiral ligand
in enantioselective synthesis (Scheme 27b). The same catalytic system was also used
for the synthesis of benzodipyrenes via four-fold alkyne benzannulation reaction

(Scheme 27¢).°”] These m-extended analogues of pentacene showed blue-shifted

absorption compared to pentacene even after the m-extension.
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toluene, 100 °C O

R =4-CgH130CgH,
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avaY O O O
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92a, 91% 92b, 88% 92c, 86%
R
\ (=™ y
- O OO¢8¢ oo
t-Bu
92d, 95% 92e, 59% 92f, 61%

InCly
AgNTF,

toluene, 100 °C

96a, 66%, Ar = ;@OC6H13
95a,b

96b, 61%, Ar = g%}ocm

Scheme 27. InCl3-AgNTf> catalyzed domino benzannulation towards a) irregular

nanographenes b) butterfly type chiral nanographene and c¢) four-fold benzannulation

towards benzodipyrenes.

As mentioned before, substituting bulkier aryl rings at the bay region of
peropyrenes can create a barrier for racemization giving rise to chiral systems (section
1.2.2.1, Scheme 9).3! Later, Chalifaux group reported laterally n-expanded [4]helicenes
with substituents at the cove region via alkyne benzannulation. This modification serves
to enhance the racemization barrier, facilitating the separation of enantiomers. >4 They
broadened this work by synthesizing fluorenone and dibenzoheterole centered
nanographenes using InCl3-AgNTf; catalyzed alkyne annulation (Scheme 28).1°) As the
degree of steric congestion increases around the fjord region compared to bay region,
chirality is induced which also twists the backbone. Authors noted a significant

bathochromic shift for molecule 100 relative to 98 due to the reduction in the symmetry
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thereby offering a novel approach to tune the optical and electronic characteristics of

PAHs.

InCly R R
AgNTf, 6 X
toluene, 100 °C Q O
bay
R R
o7ab R= §OOCGH13 98a, X = S, 76%

98b, X =0, 81%

InCl3
AgNTf,

toluene, 100 °C

100a, X = S, 73%
99a-c R=§ < > OC¢H13 100b, X = O, 77%

100c, X = CO, 83%
Scheme 28. In catalyzed four-fold benzannulation towards achiral and chiral

dipyrenoheteroles.

1.2.3 Base-catalyzed alkyne benzannulation

Base-mediated alkyne annulations are majorly reported in the synthesis of
coronene tetracarboxydiimides which can be seen as the n-extended version of perylene
tetracarboxydiimides (PDI). Applications of PDIs and their analogues ranges from
biological systems!®®!, supramolecular assemblies,®”) organo electronics etc.[®® Miillen
and co-workers devised a synthetic route towards coronene tetracarboxydiimides by using
alkyne benzannulation as a key step to expand the cyclic system around PDI core
(Scheme 29).[°! They identified the requirement of base for the success of this reaction
and non-nucleophilic base 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) was found to be
the best one. This method was employed later on for other coronene tetracarboxydiimide
derivatives.["

R R

O N (0] 0. N o)
2
R2 [ R
et ses
OO toluene, 100 °C O‘ R?

a=R"=0-CgHyq, R?= CygHapy
0”7 N0

b =R"=c-CgHyy, R2= CgHy3
¢ = R" = 2,6-di(isopropyl)phenyl, R? = C4oHy4 )
d =R" = ¢-CgHyq, R2= CH(CH3)C3H; R!
101a-d 102a-d, 95-100%

(0] N 6]
R

Scheme 29. DBU-mediated alkyne annulation towards coronene tetracarboxydiimides.
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Later, DBU promoted cyclization reaction was successfully employed for n-
expanded thienoacene synthesis (Scheme 30).U7!! These acenes composed of alternating
anthracene and thieno[3,2-b]thiophene units exhibited relatively low-lying HOMO-
LUMO levels.

DBU

NMP
250 °C, microwave

104a, R =R', 60%

1 - 2 -
103a-c R'= 510 H R?= ¢ R®=} 104b, R = R, 60%
2Hs CeH1z CgHi7

=R3
CaHg Colrr Croblas 104c, R = R3, 56%

Scheme 30. DBU mediated alkyne benzannulation towards thienoacenes.

1.3  Aza-doped nanographenes (NGs)

A combined understanding of arenes and heteroarenes are crucial for gaining
fundamental insights of aromatic compounds. Heteroatom-doped nanographene (NG) can
be considered as a type of heteroarene that holds a prominent position in contemporary
chemistry of aromatics and materials science.[”?73! Introduction of a heteroatom into the
sp>-hybridized carbon framework is an elegant method to tune the electronic structure of
NG, consequently resulting in optical and electrochemical properties that differ from
those of undoped, all-carbon counterparts. However doping heteroatoms with higher

[74] Bottom-up organic synthesis has become

precision and accuracy remains challenging.
a widely acknowledged method to overcome this challenge to have a precise control over
the size and substituents of heteroatom-doped nanographene along with concentration
and position of the dopant.[”*) Nitrogen is considered as one among the primary element
of choice as dopant, owing to the accessibility of synthetic methods and stability of the
resulting nitrogen-containing polycyclic systems. Similar to their all-carbon analogues,
nitrogen dopant enclosed by non-hexagonal rings acquires positive / concave or negative
/ saddle type geometries. Heterohelicenes are another type of non-planar aza-doped
nanographenes with helical geometry arising from ortho-fused benzene rings.[”>+76]
Although the non-planarity has a significant influence on the electronic and optical
characteristics of the N-doped polycyclic system,”” ¥ the number of such examples are

relatively scarce in literature (representative examples are shown in Figure 2).15-76.78-82]
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This can be attributed to the laborious and multi-step syntheses required for their

preparation.
a) Positively curved N-doped NGs b) Negatively curved N-doped NGs
R
R—
R,F \R Lg——
(R'= +Bu, R?= H) Nozaki, 2015 (R = H) Gryko and Fasel,2018 R = C,Hs, Uno, 2018
(R'= H, R?= t-Bu) Shinukubo, 2015 (R = t-Bu) Gryko, 2021

¢) N-doped helicenes

(R= 2-CH30CgH,4 ) Tanaka, 2014 (R= C3H; ) Wan and Qian, 2022
Figure 2. Representative examples for non-planar aza-doped nanographenes

1.3.1 Aza-doped nanographenes from tetraaryl pyrrolo[3,2-b]pyrrole precursor.

1,4-Dihydropyrrolo[3,2-b]pyrrole (DHPP) composed of two pyrrole rings fused
in [3,2-b]-mode. Such type of fusion provides them exceptional characteristics such as
high electron density, facile functionalization, and high symmetry. While synthetic
approaches to DHPPs have been known since 1972, the real resurgence in this field began
with the discovery of a one-pot multicomponent reaction that yields tetraaryl-1,4-
dihydropyrrolo[3,2-b]pyrroles (TAPPs) (Scheme 31).%%] TAPPs exhibit remarkable
optical properties including both strong absorption and intense emission tunable in a wide
range. The discovery of this multicomponent synthesis made quite substantial
contributions to the field of aza-doped nanographenes where TAPPs have been used as
the potential precursors. In addition to their straightforward access, high functional
compatibility, ability to obtain synthetic handles for post-functional modifications and
presence of highly electron-dense 3 and 6 positions liable to electrophilic substitutions

are the added values which makes them a perfect building block for nitrogen embedded
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NGs. An extensive overview of their synthesis, reactivity, nt-expansion and photophysical

properties will be discussed in a separate chapter.

NH, o Fe(Cl0,); * x H,0 Q
(6 mol%) 4

CHO 5
+ + )Y —— 5 N
AcOH/Toluene / \
o N2

50 °C,12h 6

Scheme 31. Generic representation of the synthetic scheme towards TAPPs.
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2. Aims and Objectives

The curiosity to explore new architectural patterns and topologies in polycyclic
aromatic compounds is fueled by the potential of uncovering unique properties valuable
for both material science and innovation. Particularly, precise design and bottom-up
synthesis of non-planar architecture have gained growing attention as they offer several
advantages over flat analogues. These benefits include increased solubility, structural and
conformational dynamic character, varied chirality and aromaticity, tunability in
electronic, magnetic, optical as well as conductive properties./#*3518] A5 T mentioned
earlier, introduction of pentagons or heptagons into planar backbone forming bowl- or
saddle-shaped structures were demonstrated to possess attractive functional

[801,[87],[88

properties. I However, the synthetic tool box towards such curved aza-doped

architectures are still under development.

The main goal of my PhD-Thesis is to utilize the synthetic potential offered by
TAPPs to explore the pathways leading to the synthesis of aza-doped non-planar
polycyclic aromatic systems. TAPPs are superb substrates in this regard. Multicomponent
reaction leading to their formation enables the assembly of large molecular skeletons
from simple starting materials. These centrosymmetric architectures contain functional
groups which are compatible with multicomponent reaction (vast majority are) in close
proximity. Moreover positions 3 and 6 are free for functionalization and highly reactive.
Although the properties of TAPPs as a platform for the synthesis of elaborated =-
expanded systems were investigated,® their compatibility on alkyne annulation
reactions are not completely known (The chemistry of 1,4-dihydro-pyrrolo[3,2-
b]pyrroles, attached chapter). In addition to other factors mentioned earlier, adding two
seven-membered rings seems to be a good strategy to induce non-planarity into the
TAPP-based nanographene. Considering the versatility of alkyne activation reactions and
their applicability, especially on the synthesis of polycyclic systems, I decided to
investigate the utility of alkyne annulation using TAPPs in the synthesis of large N-doped

polycyclic aromatic hydrocarbons.

40



3. Results and Discussion

3.1 Cationic gold-catalyzed 1,2-aryl shift and benzannulation
towards S-shaped aza-doped polycyclic aromatic hydrocarbons

Alkyne benzannulations on pyrrolo[3,2-b]pyrrole precursors bearing alkynyl
moieties have already been reported in our group. In that case, TAPP precursors
possessing benzene rings bearing alkynyl moieties attached to positions 2 and 5 were
used to obtain m-expanded indolo[3,2-b]indoles via InCls catalyzed cyclization (section
1.2.2.2.2).1 In the first phase of my PhD work, the synthetic approach was to
incorporate the arylethynylaryl substituents at 1 and 4 positions of TAPP. Such rational
design would allow the positioning of carbon-carbon triple bonds in a way that the final
cyclization would lead to a unique 7-5-5-7 type ring system (Scheme 33). To evaluate
this hypothesis, aniline precursors 105a-e were synthesized by either Sonogashira or Sila

Sonogashira coupling of corresponding substrates. Anilines were rationally chosen to

R1
: ®
=
NH, _ O CHO o Fe(Cl0,)3* x H,0 = 0 R2
= (6 mol%) R2 N
+ + )‘\r( -_— \ / \
T AcOH/Toluene NN N

R 50°C, 12 h % O
105a,R" = t-Bu, R? = Me, 97%  Ar=a=4-CN-CgH,
105b, R" = +-Bu, R? = CF3, 87% b = 4-CF3-CgHy 106 R
105¢, R' = t-Bu, R? = OMe, 88% ¢ =4-Cl-CgHy
105d, R' = t-Bu, R% = CN, 84% :f:'g':sgétH
105¢,R" =H, R?=CN, 91% =4-CH3-CgHy
e f = 4-NO,-CgH,
g = 3,5-di-t-Bu-CgH3
h = 2-CI-CgH,
t-Bu t-Bu t-Bu t-Bu
= Me = — _
=0 (=, (J=-one (P=(Fon
Me NC
N N N N
RO S C-O)= [ O+ N
N
N > ) S )
t-Bu t-Bu t-Bu t-Bu
106aa, 46% (R = CN) 106ba, 37% (R = CN) 106¢b, 6% (R = CFs) 106da, 47%
106ab, 24% (R = CFj) 106bb, 20% (R = CF3) 106¢f, 12% (R = NO,)
106ac, 21% (R = Cl) 106bc, 16% (R = CI)

106ad, 12% (R =F) 106bd, 16% (R = F)
106ae?, 0% (R = Me)

0 cN
NC.
NO,

T
Il
Vi A
Il
\J
&
Il

Y,

&
Y
%
7\ =z
Ozg

106eg, 25% 106eh, 30% 106ef, 26%
Scheme 32. Synthesis of precursor TAPPs 106aa-ef bearing arylethynylaryl rings. [a]

106ae not isolated.
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have electronically different substituents at the para positions of benzene rings connected
to the triple bond. The multicomponent synthesis of TAPPs were carried out using a
library of differentially substituted aldehydes under reported conditions®! to obtain the
desired precursors 106aa to 106ef in moderate yields (Scheme 32).

With the precursors in hand, I attempted to perform the intramolecular
hydroarylation reaction of alkynes by employing n-Lewis acids such as InCls, GaCls and
PtCl;. These catalysts were predominantly used for alkyne activation reactions on
polycyclic aromatic systems.[**53] However, none of these reactions led to any
conversion. Alternatively, the usage of Brensted acids (p-toluenesulfonic acid,
trifluoroacetic acid) and neutral chlorogold(I) catalysts such as AuCl and AuCI(PPh3)
gave the same result. While exploring the literature, I came across the double
hydroarylation reaction to obtain aryl substituted pyrenes reported by Murakami and co-
workers.[*!] Authors stated that the use of cationic SPhosAuNTf: catalyst led the reaction
to the final cyclized product, whereas the neutral chlorogold(I) catalysts were found to
be ineffective. By performing the same reaction conditions on precursor molecule 106eg,
using electronically similar IPrAuNTf: catalyst led to the formation of a new product.
Initial analysis of 'H NMR (showing lower number of peaks corresponding to symmetric
structure and absence of pyrrolic singlets at 6-6.5 ppm) and HRMS data confirming the
mass appeared to support my hypothesis on the formation of new seven-membered rings.
Surprisingly, X-ray crystallography contradicted the prediction (Scheme 33|c]).
Apparently, two new six-membered rings are formed at the central DHPP core forming
an S-shaped aza-doped non-planar polycyclic aromatic hydrocarbon. The 6-endo
cyclisation has occurred at an already occupied C2 and C5 positions simultaneously

inducing an aryl shift from C2 to C3 and CS5 to Cé6.
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(IPr)AuNTf, (20 mol%)
m—  m-xylene, 150 °C, 12 h

106aa-ef 108 R

107aa, 54% (R = CN) 107ba, 76% (R = CN) 107bb’' 20, 26% 107cb?, 64% (R = CF3)
107ab, 64% (R = CF3) 107bb, 37% (R = CF3) 107cf, 40% (R = NO,)
107ac®, 73% (R = Cl) 107bc, 38% (R = Cl)

107ad?, 62% (R = F) 107bd?, 65% (R = F)

107eg, 40% 107eg®, X-Ray structure 107eh, 71% 107ef, 69%

Scheme 33. Au-mediated double hydroarylation of alkyne-bearing TAPP 106,
accompanied by 1,2-aryl shift. [a] Reaction was completed in 4 hours. [b] One-fold
hydroarylation leaving the other alkyne moiety intact. [c] Crystal structure of 107eg.

To further showcase the functional group tolerance and synthetic utility of this
established protocol, the reaction was carried out on a library of previously synthesized
substrates possessing electronically different substituents (Scheme 33). In all cases, the
reaction followed the same pathway leading to the rearranged products in moderate to
good yields ranging from 37 to 76%. The only exception was the precursor with four
cyano groups at the periphery (106da), where the reaction did not lead to completion. A
weakened nucleophilicity of the system caused by the cyano groups can be a reason for
the low reactivity. When the reaction time was reduced to 4 hours, mono-annulated
product was isolated denoting that the annulation occurs in a stepwise manner. The scope
of this reaction was also tested on substrates possessing halogen handles ortho to the
benzene rings attached to 2 and 5 positions. Interestingly, cyclisation followed by 1,2-
aryl shift occurred smoothly to obtain 107eh in 71% yield, showcasing the post-synthetic

versatility and the efficiency of this reaction, even in the presence of steric hindrance
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near the migrating center. Additional experiments to investigate the effect of Lewis acids
and Bronsted acids as co-catalysts were carried out. Nevertheless, no significant effect
was observed in the reaction outcome. Similarly, addition of inorganic base did not affect
the reaction pathway, while the presence of an organic base slightly lowered the reaction
conversion. Mechanistic computational studies performed by Dr. Wojciech Chatadaj
(ICHO, PAN) revealed that the 6-endo-dig cyclisation accompanied by the 1,2-aryl shift
is both kinetically and thermodynamically preferred over 7-endo-dig type annulation,

thereby corroborating the experimental results.

Considering the photophysical properties of the dyes 106, TAPPs bearing electron-
neutral substituents on 1 and 4 positions and electron-withdrawing substituents on 2 and
5 positions (106aa, Figure 3) showed a bathochromic shift in absorption and emission
compared to the analogous TAPP with simple phenyl substituents ( 1,4-di(4-
methylphenyl)-2,5-di(4-cyano phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole). At the same
time, their absorption and emission maxima are insensitive to the change in polarity. An
interesting observation was seen when the optical properties of 106da with electron-
withdrawing cyano groups on the rings at 1 and 4 positions was compared with 106aa
with methyl groups present on the rings at 1 and 4 positions. The molecule 106da
displayed bathochromic shift of emission around 20 nm in toluene compared to 106aa
and the shift is more pronounced in THF =~ 80 nm (Figure 3). In addition, the fluorescence
quantum yield ( ¢f; ) of 106da is low (Figure 3). However, their A3 are not affected by
the solvent polarity. Theoretically, the large dihedral angle between N-aryl substituents
and DHPP core limits the through bond electronic communication, meaning that
changing the substituents on twisted aryl substituents should not affect their
photophysical properties significantly. Therefore, the electronic communication is only
possible via the through-space interaction. Computational studies performed by Prof.
Denis Jacquemin (Nantes, France) revealed a significant difference in the topology of
electron density difference (EDD) plots of 106aa and 106da, aligning with the

experimental results and confirming the through-space charge transfer.
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Figure 3. Structure and optical properties of dyes 106aa,da,cb and 107¢b.

The fused dyes 107 displayed bathochromic shift of absorption and emission

compared to the precursors, as expected (Figure 3). Their absorption bands showing

significant vibronic character are located in the blue region with maxima around 480 nm.

These dyes display green emission with large fluorescence quantum yields typically

around 75 %. The optical properties were not influenced by the substituents on the

benzene rings attached to 3 and 6 positions. However, the only exception was the dye

with NOz2 groups for which the fluorescence is quenched (below the detection limit) in

both THF and toluene.

In conclusion, the combination of highly electron-rich DHPP core and cationic

gold catalyst alters the reaction pathway of intramolecular hydroarylation. A new class

of S-shaped nitrogen-doped polycyclic aromatic system has been synthesized with six



ortho-fused, conjugated aromatic rings. The 6-endo-dig cyclization occurred in already
occupied positions, simultaneously inducing the migration of phenyl rings to adjacent
positions. The functional group compatibility of this reaction was tested on a range of
functional groups, especially those relevant to the field of optoelectronics. Optical
properties of the precursor dyes bearing electron-withdrawing groups on arylethynyl
rings were explained by through-space interaction. Despite a small substrate limitation,
I believe this discovery will inspire further explorations on gold-catalyzed alkyne

annulation reactions in the near future.

3.2 Contorted aza-doped polycyclic aromatic hydrocarbons with
multiple odd-membered rings via alkyne annulation

PAHs possessing heptagons or larger rings are scarcely reported in literature

O1LO2L3] Incorporation of heptagonal ring creates geometrical

compared to pentagons.[
strain caused by the warping of the graphenic system that may result in higher activation
enthalpies. This can be a plausible reason behind the limited number of bottom-up
approaches towards these architectures. Based on the findings from my prior work,
altering the course of alkyne annulation opens up the possibility of introducing seven-
membered rings to the system. During the follow-up investigations, alkyne annulation
reaction was performed using Bronsted acid HNTf2 on precursor TAPP 106aa. This
catalyst was specifically chosen as it is the conjugate acid of the gold catalyst’s counter
anion used in the previous work. A new product was formed, for which the '"H NMR
showed significantly different peak distribution as that of the 1,2-aryl shift product. X-
ray crystallography confirmed that 7-endo-dig cyclisation has occurred on C3 and C6
positions of the DHPP core to form a unique 7-5-5-7 type cyclic system (Scheme 34).
This transformation turned out to be quite interesting as it could only be catalyzed by
HNTf., while other Brensted acids failed. I have performed the reaction using a broad

range of catalysts, which were reported for alkyne annulation reaction. Nevertheless,

none of them gave similar outcome.

To explore the functional group tolerance, the reaction was carried out on a library
of electronically different substrates. The alkyne annulation was found to be limited to
specific substrates in which the aryl ring connected to the triple bond had electron-

donating groups (MeO or Me, see Scheme 34(I)). Additionally, substituents attached to
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the benzene rings on 2 and 5 positions need to be electron-withdrawing to maintain the
stability of the final structure (CN, CO2Me or NO2, see Scheme 34(I)). For substrates
with other combinations of substituents, the reaction led to complex mixture of
byproducts (Scheme 34(II)). Additionally, I carried out the reaction on substrate
possessing halogen handles to demonstrate its post-synthetic utility (Scheme 34(III)).
Annulation occurred efficiently to form the product 108ak, followed by the final Pd-
catalyzed intramolecular direct arylation leading to the formation of completely fused

double-helical aza-nanographene 109ak. Mechanistic computational studies conducted

t-Bu

R
NH, O CHO Fe(Cl04); * x H,0 =
Z o]

(6 mol%) N HNT, (20 mol%)
—_— — N
O ’ @ * )\!( AcOH/Toluene \_/ N\ m-xylene, 150 °C, 16 h
o 50°C,12h S tBu
t-Bu S
Ar= a=4-CN-CgH,
f = 4-NO,-CgH, ‘
105 i=4-CO,CH;-CgHy 106 g,

j=4-Br-CgH,
k = 2-Br-4-CN-CgHj

108ca, R = CN, 23%
108aa?, R = CN, 11% 108cf, R = NO,, 48%
108af, R = NO,, 20% 108aa® 108¢i?, R = CO,CH3, 6%

FsC
108bf, R = NO,
108ai, R = CO,CH, 108bi, R = CO,CHj
108aj, R = Br 108bj, R = Br

Pd(OAc),
(4 mol%)

PPh3, Cs,CO3
m-xylene, 150 °C, 18 h

108ak, 28% NC  109ak, 65%

Scheme 34. HNTf>-mediated double hydroarylation of alkyne-bearing TAPP 106. [I]
Successful examples [II] Failed examples. [III] Pd-catalyzed intramolecular direct
arylation of 108ak. [a] Reaction kept at 160 °C for 6 hours. [b] X-ray crystal structure of
108aa.
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by Dr. Wojciech Chatadaj (ICHO PAN) suggest that the formation of thermodynamically
less stable 7-membered ring is favored by kinetically preferred attack of protonated
alkyne at position 3a of the DHPP core over the intermediate leading to 6-endo-dig

cyclization.

The photophysical properties of fused dyes 108 clearly differs from that of usual
TAPP systems.”*! These compounds display much lower fluorescence quantum yields
typically ranged around 0.01. Compared to their regio isomers S-shaped m-expanded
pyrrolo[3,2-b]pyrroles 107, the molecule is characterized by an increased Stokes shift
values which leads to a bathochromic shift of the emission. The substituents present on 2
and 5 positions have a significant impact on the absorption and emission maxima values.
Changing the substituent from CN (108aa) to NO2 (108af) caused red shift of = 60 nm
for both absorption and emission (Figure 4). The low radiative emission characteristic of
the synthesized compounds was rationalized by computational studies performed by Prof.
Denis Jacquemin (Nantes, France). The study revealed that the EDD plot upon excitation
is delocalized on the DHPP core as well as the 7-membered rings, while the contribution
from substituted phenyl rings on 2 and 5 positions are limited. This first excited state here
is computationally dark, in contrast to all the reported TAPPs where the lowest transition
is a bright quadrupolar charge transfer state, involving the pyrrolo[3,2-b]pyrrole core and
substituents on benzene rings at 2 and 5 positions. Electrochemical properties of these
compounds were also measured using cyclic voltammetry. The measurements revealed
that the fused DHPPs possess a lower first oxidation potential compared to their non-
fused parent counterparts, aligning with the general trend that an increased degree of
conjugation results in a lower first oxidation potential. A similar pattern was observed for
ionization potential as well. However, the fully fused molecule 109ak exhibited a higher

first oxidation potential than its precursor.
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Figure 4. Structure and optical properties of dyes 108aa and 108af.

To conclude, Brensted acid HNTf: selectively catalyzes 7-endo-dig alkyne
annulation reaction of TAPPs bearing alkynyl moieties on N-aryl rings, resulted in a
smooth formation of a unique non-alterant 7-5-5-7 type aza-doped polycyclic system. To
the best of my knowledge, this methodology is one among the few examples of rare 7-
membered ring alkyne annulation reaction reported till date in the area of alkyne

activation.
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4. Summary and Comparison

In the first part of my PhD, I developed and demonstrated intramolecular 6-endo-
dig alkyne annulation reaction accompanied by 1,2-aryl shift on TAPP substrates.
Literature studies showed that the occurrence of such rearrangements during alkyne
annulation is considerably higher for gold(I)-catalyzed reactions compared to other
catalysts. The first case of 1,2-phenyl shift during alkyne annulation was reported in 1996
by Swager and co-workers while employing TFA as the catalyst during the synthesis of
laterally fused polycyclic aromatic systems.?!! In this case, the rearrangement can be
controlled, as the complete conversion to the rearranged product occurred only during
harsh reaction conditions with high temperature and longer time. Additionally, annulation
was specific to phenyl substituents bearing alkoxy groups. Similar rearrangement was
observed recently by Chalifoux group during the TFA catalyzed benzannulation to
synthesize pyreno[a]pyrene-based helicenes.[®¥ However, the 1,2-aryl shift product was
obtained only in traces as byproduct and more likely occurred to release the steric strain.
Considering the reaction involving cationic gold catalyst, similar type of migration of
1,2-alkyl or aryl group was demonstrated on allenyl ketones to obtain multisubstituted
furans (Scheme 35A).°%) Analogous rearrangement was observed by Van der Eycken and
co-workers during the enyne cycloisomerization of alkyne bearing precursors to
synthesize pyrrolo[1,2-b]isoquinolines (Scheme 35B).°°! Nevertheless, the cyclization
was assisted by heteronucleophiles in both cases. Current growing interest in this area
has also led to the investigations on the effect of acidic co-catalysts on cationic gold
catalysis.””] The study performed by Xu group in collaboration with Hammond group
found that the acid co-catalysts improve the turnover rate of many gold(I) catalyzed
reactions including cyclization reactions, with lower catalyst loadings. However, in my
work, the control experiments performed with the addition of Lewis or Brensted acid

along with the gold catalyst did not influence the reaction yield.

To conclude, my study explored the intramolecular hydroarylation of aza-doped
precursors possessing alkyne moieties, leading to the synthesis of S-shaped polycyclic
aromatic hydrocarbons. Although analogous instances of rearrangements have been
reported in gold(I) catalyzed reactions, 1,2-aryl shift occurring during alkyne annulation
reaction on such elaborated nitrogen-doped systems is scarce. Considering the alkyne

activation reactions developed till date, only a few of them focus on heteroatom-doped
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Scheme 35. A) 1,2-Aryl shift during the cyclization of allenyl ketones. B) 1,2-
Aryl/(hetero)aryl/alkyl migration during cyclization to form pyrrolo[1,2-

blisoquinolines.

polycyclic systems (discussed in section 1.2). This study serves as a valuable reference
for future research on alkyne annulation reactions on heteroatom-doped polycyclic

aromatic systems.

In the second part of my work, I developed Brensted acid catalyzed 7-endo-dig
type intramolecular alkyne annulation reaction on TAPP substrates to synthesize aza-
doped polycyclic aromatic systems with two embedded heptagon rings. Literature reports
indicate that the regioselectivity of alkyne annulation reaction is strongly influenced by
the choice of substrates and the catalyst used.”*/®’1 Regarding polycyclic aromatic
systems, 6-endo-dig cyclization is frequently reported, whereas 5-exo-dig, 6-exo-dig and
7-endo-dig type cyclization is rare. Shibata and co-workers utilized the synthetic
potential of N-(2-alkynylphenyl)aniline derivatives to synthesize m-expanded
dibenzazepines via 7-endo-dig cyclization using cationic Au catalysis (Scheme 36A).!'%
Later, the same group demonstrated selective cyclization of indoline derivatives to form
7-membered rings utilizing similar catalytic systems (Scheme 36B). Authors had to use
indoline precursors instead of indoles so as to suppress the reactivity of C2 position and
achieve selectivity.l'°!! In both cases, the increased nucleophilicity of aryl carbon attained
by the resonance effect of lone pair from nitrogen is crucial for cyclization to occur.
Alcarazo group did a comparative study on alkyne annulation catalyzed by Brensted acid
and gold catalyst (Scheme 37).°®! Authors demonstrated that the regioselectivity of
cyclization catalyzed by Brensted acid depends on the site of formation of stable vinyl

cation after protonation. This can be tuned by making aryl rings connected to one side of
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Scheme 36. Cationic Au(l) catalyzed 7-endo-dig cyclization of N-heterocyclic

precursors bearing alkyne moiety.

the triple bond electron-rich which favors carbocation formation selectively, followed by
7-endo-dig cyclization. However, Au-catalysis activates both carbon atoms of the triple
bond simultaneously which leads to the cyclization on less sterically hindered position,
given that this position is not preferentially activated. Hence Au(I) catalysis leads to 7
membered ring formation in most of the cases. In a recent study, Langer and co- workers
reported the regioselective alkyne annulation controlled by the choice of Brensted acid
and solvent (Scheme 38).'?! 6-endo-dig type annulation of imidazo[1,2-a]pyridines
possessing alkyne moiety was favored when TfOH was used in CH2Cl: at lower
temperatures (0-20 °C). At the same time, p-TsOH in toluene at elevated temperatures
led to 7-membered ring formation. Although the exact reason behind the selectivity is
not clear, authors hypothesize the cyclization of the protonated alkyne via benzene ring
to be faster than the annulation through imidazole ring due to the protonation of nitrogen.

At higher temperatures, this attack was assumed to become feasible.
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Scheme 37. Distribution of products of hydroarylation reaction on 1-(benzyl)-2-

ethynylarylbenzenes under different reaction conditions.
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125
64-99% 13-53%

Scheme 38. Synthesis of benzo[/]imidazo[1,2-a]quinolines and 1,2a'-

diazadibenzo|cd,f]azulenes via alkyne activation.

In conclusion, my study demonstrates that a change in the acidic character of acid
catalysts can alter the course of benzannulation reaction towards 7-endo-dig type
cyclization in the case of 1,4-dihydropyrrolo[3,2-b]pyrroles. This is one of very few cases
when alkynes’ hydroarylation actually leads to the formation of seven-membered rings.
Computational studies corroborate the unexpected course of this reaction and point
towards the kinetic control as being responsible for it. The reaction is intriguing as it not
catalyzed by cationic gold catalysts which are largely recognized for benzannulation.*”!
Moreover, subsequent double intramolecular direct arylation leads to the N-doped
nanographene possessing four seven-membered rings. The resulting nitrogen-doped
twisted framework comprising of two five-membered and four seven-membered rings is
unprecedented. In Alcarazo’s work, the electron-donating group played a significant role
in regioselectivity in the case of acid catalyzed cyclization. This study enabled me to

investigate the relationship between the molecular architecture in such N-doped

polycyclic aromatic hydrocarbons and their photophysics, discovering that the =-
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conjugated materials possessing seven-membered rings exhibit weak red emission. This
study has expanded our knowledge on alkyne benzannulation in complex heterocyclic n-
systems. The discovered approach shows beyond a doubt that the constant growth of our
synthetic toolbox allows scientists to fine-tune the structures and properties creating

previously unimaginable organic materials.
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Abstract

1,4-Dihydropyrrolo[3,2-b]pyrrole (DHPP) skeleton is comprised of only two fused pyrrole
rings and yet, in non-fused form, it had to wait for discovery until 1972. The [3,2-b]-mode
of fusion leads to several important consequences such as exceptionally high
electron-density, ease of functionalization and high symmetry. In this Chapter we pro-
vide a comprehensive overview of multiple synthetic methods leading to this aromatic,
heterocyclic skeleton. Although older methods comprised of some truly spectacular
transformations, it was the development of multicomponent reaction of aromatic alde-
hydes, aromatic primary amines and butane-2,3-dione leading directly to 1,2,4,5-tet-
raaryl-1,4-dihydropyrrolo[3,2-blpyrroles, which triggered the intense exploration of
chemical space. We concentrate on presenting the newest and the most spectacular
synthetic approaches leading to heretofore unknown, ladder-type heterocyclic skele-
tons. The increased scientific activity has resulted in the preparation of planar, helical
and bowl-shaped =-expanded 1,4-dihydropyrrolo[3,2-blpyrroles and numerous
research applications in, for example, optoelectronics. We provide a critical overview

Advances in Heterocyclic Chemistry, Volume 138 Copyright © 2022 Elsevier Inc. 335
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of photophysical properties of DHPP and especially of its m-expanded analogs.
1,4-Dihydropyrrolo[3,2-b]pyrroles made a contribution into deepening of our under-
standing of excited-state symmetry breaking and fluorescence of nitroaromatics. The
synthesis, reactivity, and photophysical properties are exhaustively presented.

Keywords: 1,4-dihydropyrrolo[3,2-blpyrrole, Nitrogen heterocycles, Synthetic methods,
Chromophores, Fused-ring systems, Acenes, Aromatic electrophilic substitution,
Absorption, Fluorescence, Two-photon absorption

1. Introduction

1,4-Dihydropyrrolo[3,2-b]pyrroles (DHPP) belong to the hetero-
pentalenes, the family of aromatic heterocycles comprised of two, fused,
five-membered, aromatic rings (1, Fig. 1)." > Although there are four distinct
modes of fusion (i.e., [2,3-b], [2,3-4a], [3,4-b] and [3,2-b]) we will focus herein
only on the [3,2-b] pattern due to its importance reflected in its prevalence in
the literature. Pyrrolo[3,2-b]pyrrole (PP) (1a, Fig. 1)° structurally related to
1,4-dihydropyrrolo[3,2-b]pyrrole will not be described here due to space lim-
itations. In spite of the fact that 1,4-dihydropyrrolo[3,2-b]pyrroles do not exist
in nature, they have attracted significant attention during the last couple of
decades in relation to organic optoelectronics. As they consist of two fused
electron-rich pyrrole moieties they maintain the electron-rich character.
Indeed, in the case of unsubstituted 1,4-dihydropyrrolo|3,2-b]pyrrole the
highest occupied molecular orbital (HOMO) is located at —4.88 eV which
makes it more electron-rich than pyrrole or indole.”

Although some synthetic methodologies leading to DHPPs have existed
since 1972, the true renaissance in this chemistry started after a one-pot
multicomponent reaction leading to tetraaryl-1,4-dihydropyrrolo[3,2-b]
pyrroles was discovered. This chapter starts with an extensive synthetic over-
view, followed by a description of photophysical properties and the final part
focuses on applied research in the area. Although, we made an effort to
include all results, we apologize to the respective authors in case we inciden-
tally omitted some contributions.

Fig.1 General structure of 1,4-dihydropyrrolo[3,2-b]pyrrole (1, DHPP) and pyrrolo[3,2-b]
pyrrole (1a, PP).



The chemistry of 1,4-dihydropyrrolo[3,2-blpyrroles 337

2. Synthesis

The first known method for the synthesis of heteropentalenes with a
1,4-dihydopyrrolo|[3,2-b]pyrrole skeleton was discovered by Hemetsberger
and Knittel in 1971.° These authors demonstrated the thermolysis of
a-enazidoester 3 efficiently leading to corresponding pyrrolo|3,2-b]pyrrole.
The method initiates with the preparation of the intermediate vinyl azide
3 via condensation of 2-formyl-1-methylpyrrole (2) with ethylazidoacetate
(Scheme 1). The proposed mechanism includes the in situ formation of vinyl
nitrene 4 under thermal conditions, which then undergoes 1,5-dipolar
cyclization to form pyrrolo[3,2-b]pyrrole derivative 5. Chemical companies
including Sepracor Inc. and Zeneca Ltd. have used this method in the

synthesis of compounds described in various patent applications.” "'

N3
Nj CO5Et
@CHO v—- /N\ 7 CO,Et
Me EtONa Me
2 3 (12%)
AT
N iN
,; i Y/ CO,Et @\/\COQEt
Me Me
5 (85%) 4

Scheme 1 Hemetsberger approach toward 1,4-dihydropyrrolo[3,2-blpyrroles. Adapted
with permission from Chem. Asian J. 2014, 9, 3036—3045.

A few years later, Aratani and colleagues further explored the same
method to come up with a modified synthetic strategy toward larger analogs
of 1 (Scheme 2)."” Introduction of a formyl group via Vilsmeier reaction on
pyrrole derivative 3 paved a way to install one more pyrrole ring to the sys-
tem. Compound 6 was thus prepared by formylation of azide 3, which was
the substrate in the synthesis of DHPP 7. This molecule was then subjected
to analogous sequence of Knoevenagel condensation followed by thermal
cyclization. Finally, the resulting diester 8 underwent subsequent hydrolysis
and decarboxylation to form dipyrrolo[3,2-b:2,3'-d]pyrrole 9. A similar
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Scheme 2 The synthesis of dipyrrolo[3,2-b:2’,3'-d]pyrrole 9. Adapted with permission
from Chem. Asian J. 2014, 9, 3036—3045.

method has been employed for the thiophene analogue dihydropyrrolo[3,2-b]
thieno[2,3-d]pyrrole which was obtained in a higher overall yield of 79%."”

The applicability of a-azidoacrylates as a nitrene source in synthesizing
nitrogen containing heterocycles have been further studied by Mukai’s
group, leading to the synthesis of tetrahydropyrrolo[3,2-b]pyrroles for
the first time (Scheme 3).'> This intriguing method involves an addition

Scheme 3 Mukai approach toward 1,3a,4,6a-tetrahydropyrrolo[3,2-blpyrroles. Adapted
with permission from Chem. Asian J. 2014, 9, 3036—3045.
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of in situ formed nitrene to 1,4-disubstituted benzenes 10a-e forming
1 H-azepines 11a-e and 12a-e, and in the case of 10a,b,e to form additional
products 14a,b,e and 15a,b,e. The reaction mechanism was explained
based on an intermediate diazabicyclooctadienes 13 formed after the
sequential addition of the nitrene to 1H-azepines 11. In fact, the bulky sub-
stituents in 1H-azepines 11a,b,e activate the C4-C5 double bond for the
further addition of the nitrene to form products 14a,b,e and 15a,b,e.
Therefore DHPP 14a was isolated in a yield of 18% accompanied by 15a
(9%) and two azepines 11a and 12a in 8% and 6%, respectively.

The preparation of unsubstituted 1,4-dihydropyrrolo[3,2-b]pyrrole (1)
was first achieved by Mukai’s group by introducing a slight modification
on their earlier reported strategy (Scheme 3).'* The presence of bulky tri-
methylsilyl groups at positions 1 and 4 of the benzene ring (derivative 10e)
led to the formation bicyclic system 14e, as expected, by the stepwise
addition of nitrene. Oxidation and desilylation was performed simulta-
neously using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to form
14d which on further alkaline hydrolysis led to the desired molecule
1 (Scheme 4). 1,4-Dihydropyrrolo[3,2-b]pyrrole lacking any substituents
was reported to be unstable and prone to polymerization under acidic con-
ditions. This method has been patented by Sumitomo chemicals.'

Me;Si QOZMG CO,Me
2 N N
DDQ 7 ] KOH/MeOH 7
N x/ - / —_— | /
: N N
MeO,C SiMes MeOQ,C H
14e 14d 1

Scheme 4 The first synthesis of unsubstituted 1,4-dihydropyrrolo[3,2-blpyrrole (1).
Adapted with permission from Chem. Asian J. 2014, 9, 3036—3045.

A recent discovery, made by Kubota et al in 2021, demonstrated a
pathway toward unsymmetrical 1,4-dihydropyrrolo[3,2-b]pyrroles using
2-formyl-1-methylpyrrrole (2) as substrate.'® To begin with, these authors
used a similar synthetic route starting from the condensation reaction of
2 with ethyl azidoacetate followed by intramolecular cyclization through
a nitrene intermediate to form pyrrolopyrrole 5 as described in the previous
cases (Schemes 1 and 5). Bromination was performed on this compound at
—40 °C using N-bromosuccinimide (NBS) to form two regioisomers 16 and
17 with 6-brominated compound 17 as the major product (1:7 ratio). The
mixture of these highly reactive isomers was then directly subjected to
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Scheme 5 Synthesis of 1,4-dihydropyrrolo[3,2-b]lpyrroles with unsymmetric pattern of
substituents.

Suzuki coupling to synthesize 1,4-dihydropyrrolo[3,2-b]pyrroles 18 and 19
with asymmetrical substitution of aryl group.

Metal-mediated nitrogen transfer reactions of azides can be considered as
an improved alternative method for the nitrogen-containing heterocycles’
synthesis. Although the production of nitrenes by thermolysis of azides is
an effective method, the release of large amounts of nitrogen gas at high tem-
peratures is always associated with an explosive hazard. Dirhodium(II) car-
boxylate (Rh,(O,CC3F5),4) was identified as the catalyst of choice for such
C—H amination reactions.'” The proposed catalytic cycle is shown in
Scheme 6. According to this mechanism, dirhodium(II) salt coordinates
with azide 20 to generate metal complex 21. Upon the release of nitrogen,
the nitrene intermediate 22 undergoes C—N bond formation by stepwise
electrophilic aromatic substitution via arenium cation 23. Under optimal
conditions, namely toluene as solvent at 40 °C, this reagent catalyzed several
transformations of vinyl azides into pyrrole fused systems including thieno
[3,2-b]pyrrole and furo[3,2-b]pyrrole.
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Scheme 6 Mechanism of rhodium-catalyzed 1,4-dihydropyrrolo[3,2-blpyrrole synthe-
sis. Adapted with permission from Chem. Asian J. 2014, 9, 3036—3045.

An unexpected discovery of a thermal reaction leading to N,N-
dimethyl-1,4-dihydropyrrolo[3,2-b]pyrrole occurred in Prinzbach group in
1975 (Scheme 7)."® Authors studied the thermal isomerization of trimethyl-
cis-triaza-tris-c-homobenzene 25 to trimethyl-triazacyclo-octatriene 26.
When the compound 26 was heated up to 150 °C in benzene, they observed
the formation of the DHPP 27 as the major product.

N_ Me N

| - =
N . N .

Me Me Me Me

Me Me
N

Nl
b S
%Me benzene L/U
MeN Y% o =/ \ =
150 °C MS
-MeNH,

27 (40%) 26

Scheme 7 Prinzbach discovery of the formation of pyrrolo[3,2-blpyrrole 27. Adapted
with permission from Chem. Asian J. 2014, 9, 3036—3045.
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Fendesak and co-workers developed an interesting method involving
alcoholysis of diazasilacyclopentene (29, Scheme 8).'” Compound 29 was
prepared by lithium metal reduction of 1,4-diaza-1,3-diene (28), followed
by condensation with dichlorodimethylsilane. Silyl deprotection of
diazasilacyclopentene was performed by dissolving in EtOH, leading to
two tautomeric forms of 30. The subsequent condensation step of 30 led
to 3-aminopyrrole 31. When tetrahydrofuran was used as solvent with
simultaneous dropwise addition of EtOH, the 1,4-dihydropyrrolo[3,2-b]
pyrrole 32 was formed as the major product.

Scheme 8 Fendesak approach toward synthesis of DHPPs. Adapted with permission
from Chem. Asian J. 2014, 9, 3036—3045.

Borrowing hydrogen (BH) or hydrogen autotransfer (HA) reaction is an
efficient and green method in alcohol activation.”” Recent advances in
this area made large contributions to the straightforward access to aza-
heterocycles and their m-expanded analogs.”' The Garrido group employed
ortho- and meta- benzenediamine 33 to react with ethylene glycol using
Pd/C or Pt/Al,Oj as the dehydrogenation catalyst and ZnO as co-catalyst
which activates diol (Scheme 9).>*> Compounds 34 and 35 are formed from
the respective diamines via acceptorless dehydrogenative condensation
reaction (ADC). These authors later reported the same reaction using the
para isomer as the substrate to form 1,4-tetrahydropyrrolo[3,2-b]pyrroles
36 from two units of benzene-1,4-diamine and three units of ethylene
glycol.*?
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Scheme 9 Synthesis of aza-heterocycles via ADC reaction.

As a part of further studies to expand the substrate scope of this method,
the same group performed this reaction using mono- and diaminopyridines
as model substrates (Scheme 10).>> Under the same conditions as before,
2,6-diaminopyridine (37) reacted with ethylene glycol to form azaindoles
38. However, in the case of 2-aminopyridine (39), the formation of a
pyridine-substituted DHPP 40a was observed in 4% yield together with a
byproduct 40b. The drastic decrease in the electron density in the absence
of second amino group, possibly prevents the electrophilic aromatic substi-

tution on the pyridine ring in this case.

Scheme 10 Transformation of 2-aminopyridines into DHPP 40a and other heterocycles.
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Although discovered in 1972, DHPPs remained almost unknown for
several decades. That was mainly due to the substantial drawbacks of the
existing synthetic protocols. In general, low-yielding, extremely narrow
in scope, multistep methodologies limited the utilization of these 107m-
electron heterocycles in diverse fields of the research.

The studies on DHPPs significantly accelerated in 2013, as a consequence
of the report on serendipitous transformation of simple building blocks into
1,2,4,5-tetraaryl-1,4-dihydropyrrolo[3,2-b]pyrroles (TAPPs).***> Janiga et al.
observed precipitation of a highly fluorescent compound whilst reacting
4-cyanobenzaldehyde 41 with p-toluidine 42 and butane-2,3-dione 43 under
the conditions for Debus-Radziszewski imidazole synthesis. The comprehen-
sive investigation of this side-product allowed for its structure assignment as
2,5-bis(4-cyanophenyl)-1,4-bis(4-methylphenyl)-1,4-dihydropyrrolo[3,2-b]
pyrrole 45 (Scheme 11). The imidazole 44 is also formed in low yield.

Scheme 11 The synthesis of 2,5-bis(4-cyanophenyl)-1,4-bis(4-methylphenyl)-1,4-
dihydropyrrolo[3,2-b]pyrrole under Debus-Radziszewski conditions.

Intrigued by this novel multicomponent reaction, the Gryko group ini-
tiated studies toward its plausible mechanism. Two possible pathways were
originally considered with the initial step proceeding through either forma-
tion of the Schiff base from parent aniline and aldehyde or alternatively the
aldol condensation of the aldehyde with butane-2,3-dione.
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Nevertheless, early-stage experiments have shown that both formed
in situ and pre-prepared imine afforded the desired TAPPs. In contrast, sub-
jecting a,B-unsaturated ketone obtained from 4-methoxybenzaldehyde and
butane-2,3-dione to p-toluidine did not lead to the corresponding TAPP.
This finding ruled out the pathway based on the aldol condensation of
the aldehyde with butane-2,3-dione as the initial step.””

Thus, the reaction proceeds most likely through the formation of the
Schift base followed by Mannich-type addition of butane-2,3-dione to
the imine. The next steps remain rather uncertain, probably being the
sequence of cyclization with the five-membered ring formation, nucleo-
philic attack of the cyclic intermediate at the second molecule of Schift base,
followed by cyclization to give tetrahydropyrrolo|3,2-b]pyrrole and final
dehydrogenation to the TAPP (Scheme 12).%°

Scheme 12 Proposed mechanism of TAPP synthesis.

The clear evidence for final step came from the isolation of unoxidized tet-
rahydropyrrolo|3,2-b]pyrrole from the reaction of 2,6-dichlorobenzaldehyde
with 4-tert-butylaniline and butane-2,3-dione;”’ as well as from the reactions
performed under inert atmosphere. Nevertheless, the nature of oxidant is
to date debatable. Most likely it is oxygen from air because reactions are
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conducted without external oxidants in the open flask manner. All the efforts
to improve the reaction outcomes under these originally developed reaction
conditions by the addition of different oxidants (e.g., Ce(NH4)>(INOj3)g,
DDQ, p-chloranil, DMSO, PhNO,, efc.) at various stages unfortunately
failed.””

The studies toward scope and limitations of the developed methodology
were performed under the optimal stoichiometry and conditions (aldehyde/
amine/butane-2,3-dione ratio 2:2:1; in AcOH, 90°C for 3h, Fig. 2). The
highest yield (34%) was observed for electron-neutral 4-methylbenzaldehyde
and p-toluidine. In general, TAPPs were synthesized more efficiently
from electron-neutral or electron-poor aldehydes than from electron-rich

Me Me Me
Q @ SFS Me
A ! I\ 'r [\ /
N N N
Me Me Me
46, 10% (1%) 47, 35% (21%) 48, 34% (34%)
Me R2 R?
i!m Br R
‘ “ ¢ ‘ Ll
OMe ™ I Ome 7\ I | N\ !
o /: @ i\( ® );
R? R!
Me R? R?
49, 45% (29%) 50a, R' = CN, R?= n-Bu, 12% 51a, R' = CF,, R2= CH,, 31%
: 50b, R' = NO,, R? = n-Oct, 16% 51b, R'= NO,, RZ = n-Oct, 36%
25,28,29

Fig. 2 Selected TAPPs prepared under TsOH-catalyzed conditions
parenthesis obtained with noncatalyzed protocol).

(yields in



The chemistry of 1,4-dihydropyrrolo[3,2-b]pyrroles 347

aromatic aldehydes. The reactivity of anilines with 4-methylbenzaldehyde
and butane-2,3-dione was also contingent on their electronic character,
increasing in the order: 4-NO, (11%)<4-Br (15%)<4-Me (34%).
Noteworthy, in case both counterparts were electron rich, the corresponding
TAPP suftered from the lack of stability that was mirrored in the reaction
outcomes.””"

Despite rather mediocre yields (up to 34%), this methodology possesses
numerous advantages such as striking simplicity of the synthetic protocol
(one-pot synthesis), good functional group tolerance and no need of tedious
column chromatography.”* Further attempts to increase the yield by chang-
ing solvent (EtOH, THF, DMF, acetonitrile, toluene) as well as by utilizing
catalytic amounts of either Lewis or Bronsted acids proved that AcOH in
a combination with p-toluenesulfonic acid was the most beneficial.”
Modified reaction conditions allowed for the smooth reaction of aromatic
aldehydes bearing electron-withdrawing and electron-donating groups with
electron-rich or electron-neutral anilines (see products 4651 in Fig. 2). In
reaction with p-toluidine and butane-2,3-dione the best outcomes were
observed for sterically demanding aldehydes (2-Br, 49% and 2-OMe,
45%) as well as for those bearing 4-CN and 4-SFs5 groups (37% and 35%,
respectively). It is noteworthy that optimized conditions allowed for the
introduction of heterocyclic units possessing basic nitrogen atoms (pyridyl
and thiazolyl) as well as thienyl, benzothienyl and benzofuryl groups.
Unsymmetrical TAPPs can also be obtained under TsOH-catalyzed condi-
tions, however in a statistical manner, by mixing two aldehydes with similar
reactivity (Fig. 2).>” "
sesses several limitations. All the attempts with 1,4-dibromobutane-

Unfortunately, the scope of this methodology pos-

2,3-dione, hexane-3,4-dione as well as aliphatic amines and aldehydes gave
no expected products. Moreover, the endeavors to introduce furyl, indolyl
and pyrroyl substituents into positions 2 and 5 of the DHPP core were
unsuccessful. >

Noteworthy, in the case of polycyclic aromatic substrates displaying mis-
erable solubility in AcOH even at the elevated temperature, the use of toluene
as a cosolvent considerably improved the reaction outcomes (Scheme 13).”'
Moreover, to enhance the solubility of the obtained TAPPs, aromatic amines
with long alkyl chains (e.g., n-octyl, n-decyl or n-dodecyl) as well as -butyl

groups were chosen.
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Scheme 13 Improved synthesis of TAPP 54 from polycyclic aromatic aldehyde 52 and
amine 53.

Prepared TAPPs were quickly perceived to have high potential due
to their promising photophysical properties. Thus, moderately yielding
synthetic protocols demanded further optimalization. The screening of
various organic and inorganic catalysts (L-proline, TFA, TfOH, H,SOy,,
AICl,, FeCls, Sc(OTf)s, Eu(OTf)s, Mn(OTf),, Bi(OTf)s, Cu(OTf),,
Zn(OTt),, etc.) showed that catalytic amounts of iron(IIl) salts, such as
Fe(OTf); or Fe(ClOy)3-H,O, have significant influence on the reaction
outcomes, affording up to two-fold yield improvement (77% versus 37%
for the TsOH-catalyzed procedure in the case of 2,5-bis(4-cyanophenyl)-
1,4-bis(4-methylphenyl)-1,4-dihydropyrrolopyrrole).”” It is possible that
iron(II) triflate and iron(IIl) perchlorate, in contrast to other tested salts,
positively impacted not only on activation of imines but also on enhance-
ment of the final oxidation step. However, taking into the consideration
similar catalytic activity but significant price difference, iron(IIl) perchlorate
was chosen for the further studies.

In general, reactivity of anilines under the Fe(ClO,);-catalyzed protocol
predominantly decreases with the increased electron-withdrawing character
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of the substituent (4-Me (77%) > 4-Br (64%) > 4-CN (30%), in the reaction
with 4-cyanobenzaldehyde and butane-2,3-dione). Steric eftects also play an
important role in the reactivity of the aniline counterpart. For example,
3,5-bis(tert-butyl)aniline led to the expected TAPP in significantly lower yield
compared to p-toluidine in the reaction with 2-formylbenzothiophene (12%
versus 46%). Noteworthy, this synthetic protocol allowed for first time to
transform 3,5-bis(trifluoromethyl)aniline and 1-aminonaphthalene into the
corresponding products in reaction with 4-cyanobenzaldehyde and butane-
2,3-dione with 48% and 32% yield, respectively. It is also worth underlining
that for the majority of aldehydes the relative yield increase was observed,;
however, for the electron deficient ones it was the most pronounced. The
significant improvement of the reaction outcomes is particularly notable in
case of five-membered aromatic aldehydes and their benzo analogues.”’
The use of iron perchlorate as a catalyst also permitted the unprecedented
transformation of hexane-3,4-dione 55, leading to DHPP 56 possessing

methyl groups at positions 3 and 6 in a single step (Scheme 14).%’

Scheme 14 Synthesis of 3,6-disubstituted TAPP.

Interestingly, niobium pentachloride was reported by Martins et al.
to have superior catalytic activity in room temperature synthesis of various
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TAPPs.”>”’ Reportedly good to excellent reaction outcomes were achieved
in the presence of 25mol% of NbCls for a range of 4-substituted benzalde-
hydes and amines with a number of functional groups (Me, OMe, Hal,
COszMe, etc.) being tolerated. Among others, p-toluidine displayed the
highest reactivity with butane-2,3-dione and aromatic aldehydes bearing
4-OMe, 4-Cl, 4-Br and 4-SMe groups, yielding the corresponding TAPPs
in 98%, 95%, 92% and 98% yield, respectively. All attempts by the Gryko
group to repeat these multicomponent reactions with NbCls in acetonitrile
failled to give even trace quantities of TAPPs. We found however that
NbCls is reasonably good catalyst in AcOH/toluene mixture (vide infra).

It is noteworthy that TAPPs were also formed at ambient temperature in
the Fe(ClOy,);-catalyzed reactions, albeit with somewhat lower yields (e.g.,
52% versus 72% in case of the 2,5-bis(4-cyanophenyl)-1,4-bis(4-met-
hylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole).  Interestingly, significant
prolongation of the reaction time (up to 64h) gave better outcomes,
but at the same time decreased the synthetic utility of this methodology.
Thus, elevated temperature (50°C), allowing to minimize the loss of
butane-2,3-dione (b.p. 88 °C) in the reaction course, proved to be optimal
and led to the desired TAPPs in high yields within 16h. Additional catalyst
screening (Fe(OTt),, Fe(OAc),, Fe(acac);, HCIO,, VO(acac),, CeFy,
NbCls, Mn(OTf),) did not outperform the catalytic activity of
Fe(ClO,)5-H,O.

The above-mentioned synthetic protocol (Fe(ClOy4);-H,O, AcOH/tol-
uene, 50°C, 16h) gave equal or higher outcomes for both electron-rich,
neutral and deficient aldehydes and amines tested.”® It is worth emphasizing
that significant scope expansion was observed in this case. For the first time
sterically demanding anilines (2-Cl, 2-Br and 2-CN) as well as electron-rich
aromatic aldehydes (3-OH, 4-OH, 4-OMe, 4-NMe,, 4-OH-3,4-diMe)
were converted into the corresponding TAPPs with up to 34% yields.
The library of aldehydes was also expanded to pyrrole and quinoline deriv-
atives, albeit the yields of the corresponding TAPPs were rather moderate
(up to 32%). Nevertheless, one of the biggest breakthroughs was achieved
with amine 58 and the 4-formyl-6,7-dimethoxycoumarin 57 — first formally
nonaromatic aldehyde converted into the desired TAPP 59 in 39% yield
(Scheme 15).
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Scheme 15 Synthesis of first TAPP derived from formally nonaromatic aldehyde.

The progress in this methodology since 2013 has been tremendous and the
scope of both aromatic amines and aromatic aldehydes has been expanded
(Fig. 3). At the same time however, many challenges remain and various sub-
strates, especially amines cannot be presently transformed into TAPPs (Fig. 3).

The synthetic utility of Fe(ClOy);-catalyzed protocol has also been
demonstrated for pyrrolo[3,2-b]pyrroles synthesized on a 40 mmol scale, e.g.,
48, 6062 (Fig. 4). All performed experiments did not show significant loss of
the substrates’ reactivity and required no additional complex work up.”*?

The synthesis of 1,4-dihydropyrrolo[3,2-b|pyrroles has experienced
rapid evolution during the last decade. The breakthrough discovery on
the multicomponent reaction between butane-2,3-dione, aromatic alde-

hydes and anilines gave a new breath to this area of research.

3. Reactivity
3.1 Simple derivatization

The DHPP core possessing two fused pyrrole rings is the most electron-rich
system of the 10w electron heteroaromatic compounds. Due to its
electron-donating properties, 1,4-dihydropyrrolo[3,2-b]pyrrole has a strong
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Fig. 3 The scope of aldehydes and amines compatible and incompatible with mul-
ticomponent reaction leading to TAPPs.

ability to undergo aromatic electrophilic substitution reactions especially in
positions 3 and 6. Additionally, the DHPP skeleton allows the introduction
of six peripheral substituents, which can be further modified to construct
organic functional molecules. Unsubstituted DHPP is air sensitive and
unstable, especially in acidic environments, decomposing to blue polymeric
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Fig. 4 Synthesis of selected TAPPs on the 40 mmol scale.

material.’® Treatment of the 3,6-di-fert-butyl derivative 63a with conc.

HCI at 255-260°C produces gold plates which most probably are the
a-protonated form 63b with a pK,=3.6 (determined by UV in H,O,
Scheme 16). This basicity is comparable to a pK, of typical aromatic amines
and it 1s much stronger than for pyrrole and indole. Additionally, the intro-
duction of methyl groups on the nitrogen atom reduces the basicity.

Scheme 16 The protonation of 1,4-dihydropyrrolo[3,2-b]pyrrole 63a.

1,4-Dihydropyrrolo[3,2-b]pyrroles can undergo typical reactions of aro-
matic compounds, especially electrophilic aromatic substitution. The Gryko
group has provided a few examples of electrophilic aromatic substitution
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that takes place in positions 3 and 6 of 1,2,4,5-tetraaryl-1,4-dihydropyrrolo
[3,2-b]pyrroles. Under mild conditions, compound 64 was subjected to
nitration with a mixture of nitric acid and acetic anhydride to give the
dinitro-product 65 (Scheme 17).%

Scheme 17 The synthesis of 3,6-dinitro-TAPP 65.

Tetraaryl-1,4-dihydropyrrolo[3,2-b]pyrroles, e.g., 62 and 67, also react
with Vilsmeier reagent (POCIl;/DMF) to give 3-formyl or 3,6-diformyl
derivatives, e.g., 66 and 68, depending on conditions and the character of
the substituents (Scheme 18).%" **

Scheme 18 Electrophilic aromatic substitution of TAPPs using Vilsmeier reagent.
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Ina mannersimilar to other pyrrole derivatives, direct cyanation of tetraaryl-
1,4-dihydropyrrolo[3,2-b]pyrroles can be achieved using chlorosulfonyl isocy-
anate (CSI) followed by treatment with DMEF. TAPP 67 reacts effectively with
CSI in dichloromethane (DCM) followed by quenching with DMF to give
3,6-disubstituted TAPP 69 (Scheme 19).%

Scheme 19 The synthesis of 3,6-disubstituted TAPP 69.

Satake and co-workers used 3,6-di-fert-butyl-1,4-dihydropyrrolo|3,2-b]
pyrrole 70a as substrate in the cyanation reaction to obtain the corresponding
product 70b with 50% yields (Scheme 20).””

Scheme 20 The synthesis of 3,6-di-tert-butyl-1,4-dihydropyrrolo[3,2-b]pyrrole-
2,5-dicarbonitrile (70b).

The N,N'-dimethoxycarbonyl derivative 14a can also react with CSI
under similar conditions, but it gives the anhydride 71, the product of reac-
tion between 2-chlorosulfonylcarbamoyl intermediate and a subsequent
intramolecular elimination of N-methylsulfamoyl chloride (Scheme 21).%’
The solvolysis of this anhydride 71 in the presence of alcohol leads to the
corresponding esters 72a or 72b in quantitative yields. Additionally, on
heating in toluene compound 71 undergoes a self-condensation reaction

to produce a pentacyclic product 73.
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Scheme 21 Preparation of pentacyclic product 73.

Gross and Wentrup obtained a similar product 75 using pyrolysis of
1,4-dihydropyrrolo[3,2-b]pyrrole carboxylic acid ester 74 at 850 °C followed
by dimerization at a temperature below —80°C (Scheme 22).*

Scheme 22 Pyrolysis of 1,4-dihydropyrrolo[3,2-blpyrrole carboxylic acid ester 74.

1,2,4,5-Tetraaryl-1,4-dihydropyrrolo[3,2-b]pyrroles have been subjected
to halogenation reactions which provide the corresponding 3,6-disubstituted
derivatives with reasonable yields. There are many difterent methods for the
iodination of heteroaromatic compounds. In the case of TAPP 67, the prep-
aration of the ditodo derivatives, e.g., 76, was only possible with the use of
N-iodosuccinimide (NIS) as an iodination agent (Scheme 23).”’
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Scheme 23 lodination of TAPP 67.

Gryko and co-workers described regioselective chlorination at the 3 and
6 positions of the 1,2,4,5-tetraaryl-1,4-dihydropyrrolo[3,2-b|pyrroles 77. A
solution of N-chlorosuccinimide (NCS) in DCM was used as the chlorinat-
41

ing agent (Scheme 24)

Scheme 24 Chlorination of TAPPs 77.

Dibromosubstituted TAPP 79 can be obtained by treating TAPP 67

with N-bromosuccinimide in a mixture of DCM/MeOH in the presence
37,42

of pyridine (Scheme 25).
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Scheme 25 Bromination of TAPP 67 (Py =pyridine).

The reactions of many pyrrole derivatives with the most reactive elec-
trophilic reagents, such as trifluoroacetic anhydride (TFAA) or cyanuric
chloride, proceed even without a catalyst. However, experiments con-
ducted by Gryko and co-workers show that despite the electron-rich nature
of the core, TAPPs do not react with these reagents.”’

In 1985 Mukai and co-workers treated DHPP 14a with two equivalents
of NBS in dioxane containing 1% water for 1 h at room temperature, and the
oxidized product 80 was obtained in excellent yield (90%)." Further addi-
tion of NBS (2 equiv.) leads to the formation of bicyclic lactam 81.
Hydrolysis and decarboxylation of 81 in a methanolic solution of KOH gave
the deprotected compound 82 as yellow crystals with poor solubility in
common organic solvents (Scheme 26).

MeOZCh MeOZCN OH
H
kR N | NBS (2 eq), dioxane t-Bu 2 /\t
| tBu 1% HO,rt,1h +Bu
N o” N
CO,Me CO,Me
14a 80 (90%)

NBS (2 eq), dioxane
1% H,0, r.t., 1h

H
N @]
t-Bu KOH/MeOH
=N\ = -
i t-Bu AT
(0]
H
82 (82%) 81 (86%)

Scheme 26 Oxidation of DHPP 14a.
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Oxidation of 3,6-di-fert-butyl-1,4-dihydropyrrolo[3,2-b]pyrrole (70a)
with NiO, easily gave 3,6-di-fert-butyl-1,4-diazapentalene (70c).** The
product with 8 m-electrons exhibited anti-aromatic character and can be
readily reduced back with hydroquinone (Scheme 27).

Scheme 27 Oxidation of DHPP 70a.

Olivier and co-workers synthesized the ditungsten biscarbene complex
of 83 with reasonable stability in the solid and solution under inert
atmosphene.” Similar to thieno[3,2-b]thiophene, N-substituted derivatives
of DHPP also undergo double lithiation with n-BuLi at positions 2 and 5.
The dilithiated substrate was reacted with W(CO), followed by alkylation
with Et;O'BF; to obtain the ditungsten biscarbene product 83 in moderate
yield. The complex was studied in terms of optoelectronics, charge transter
and communication between metal atoms. The methyl substituents on the
nitrogen atoms play an important role in determining the molecular config-
urations (Scheme 28).

Me Me W(CO)
N N OEt
M 1. n-BuLi, TMEDA/hexane, 0 °C then 70 °C _ U
| -40° [
2. W(CO)s, -40 °C then r.t N
~ 3. Et,0°BFs, CH,Cly, -30 °C \
Me (CO)sW Me
27 83 (23%)

Scheme 28 Synthesis of ditungsten biscarbene 83.

Satake and co-workers found that 3,6-disubstituted-1,4-dihydropyrrolo
[3,2-b]pyrrole 63a reacted with dimethyl acetylenedicarboxylate (DMAD)
to form 2-vinyl-DHPP 84 together with 2,5-divinyl-1,4-dihydropyrrolo
[3,2-b]pyrrole derivatives 85 (yields 31% and 5%, respectively).”® The
addition of excess of DMAD significantly improved the yield of the
double-vinylated products (Scheme 29). The reaction indicates the strong
electron-donating nature of DHPP, since both the indole and the pyrrole
did not react with DMAD under similar conditions.
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Scheme 29 Reaction of DHPP 63a with DMAD.

Pd-catalyzed cross-coupling reactions are useful in the synthesis of TAPP-
based chromophores. Suzuki reaction with organoboron compounds is an effi-
cient method for the introduction of additional aryl substituents; however, it
increases intramolecular steric repulsion, as evidenced by linear absorption and
emission blue shift. ** 3,6-Dibromo substituted TAPPs, e.g., 86, react with var-
1ous boronic acids in the presence of Pd(PPh3),Cl, to give the corresponding
hexaaryl-pyrrolo[3,2-b]pyrroles, e.g., 87, in good yields (Scheme 30).

Scheme 30 Suzuki reaction of TAPP 86.

Peripheral functional substituents on TAPPs can be used for further trans-
formation leading to the expansion of the TAPP chromophore. Additionally,
the electron-rich TAPP core can be utilized in the synthesis of A-D-A
quadrupole systems, possessing interesting optical properties. In 2017, the first
approach to obtain DHPP linked to two azulene moieties at positions 2
and 5 was developed (Scheme 31).*" In the three-step synthesis (sequential
N-arylation, ring-opening, and a reaction with cyclopentadiene), 2,5-bis
(pyridyl)-1,4-dihydropyrrolo[3,2-b]pyrroles were transformed, via intermedi-
ates 89 and 92, to the 2,5-bis(azulenyl)-1,4-dihydropyrrolo[3,2-b]pyrroles 90
and 93 characterized by bathochromically shifted absorption strongly depen-
dent on the linkage position.
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1. Me,NH, MeOH 1. Me,NH, MeOH
2. NH,PFg 2. NaClo,

NMe,

89 (65%) Me;N 92 (48%)
cyclopentadiene cyclopentadiene
NaO¢t-Bu, Py NaO#-Bu, Py

A\
N
A

90 (5%) 93 (4%)

O,N

Ar' = §O CH, A2 = —§ON<}2

Scheme 31 Synthesis of 2,5-bis(azulenyl)-1,4-dihydropyrrolo[3,2-b]pyrroles 90 and 93.

Ahn and co-workers utilized two pyridinium groups attached to the
DHPP core (e.g., 94-97) as both electron acceptors and water solubilizing
groups (Scheme 32).*" The introduction of such moieties on both sides of
the electron-rich DHPP core changed the optical properties of the product.
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Scheme 32 Synthesis of TAPPs 94—-97.

Fig. 5 Pyrrole-based polymers.

Conjugated polymers are of great interest due to their intriguing elec-
tronic properties that allow them to be applied in semiconducting devices.
Ovyama and co-workers reported that the electrooxidative polymerization
of 1,4-dihydropyrrolo[3,2-b]pyrrole and its simple derivatives produced a
polymeric form that was electroactive in both acetonitrile and water, but

49-51

it was also sensitive to oxygen (Fig. 5). Coté and co-workers performed

a theoretical study of ladder-type DHPP polymers and compared them to
poly-pyrrole polymers (Fig. 5).> The DFT calculations confirmed that
the band gap in ladder-DHPP was lower than in poly-pyrrole. This phe-
nomenon can be explained by the decrease of the bond length in the planar
structure of the ladder-polymer, which causes a more favorable charge den-

sity distribution and guarantees better conductive properties.
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3.2 Synthesis of t-expanded 1,4-dihydropyrrolo[3,2-b]pyrroles
3.2.1 Expansion via biaryl linkages and through carbon-carbon
triple-triple bonds

One of the most modular strategies of T-expansion of a chromophore is by
bridging it with another chromophore via a carbon-carbon triple bond.
Such an increase in the molecular length of'a chromophore is typically per-
tormed by a Sonogashira reaction. In the chemistry of TAPPs the positions 2
and 5 are already occupied with aryl substituents. This is an important factor
since electronic communication is the strongest at these positions. Along
these lines, it is perhaps not surprising that the decoration of the DHPP
skeleton by introducing two arylethynylaryl substituents at positions 2
and 5 turned out to be an effective pathway toward novel chromophores
(Scheme 33).”> These dyes generally represent an A-D-A architecture
where A is an electron-deficient aromatic ring connected via a triple bond
and D as an electron-rich DHPP moiety.

Scheme 33 One-pot sila-Sonogashira reaction toward peripherally n-expanded TAPPs.

TAPPs 98 and 99 possessing TMS ethynyl substituents at positions 2 and
5 were synthesized by multicomponent reaction. However, the Sonogashira
coupling of these dyes performed after deprotection was found to be low
yielding. In order to sort out this problem, Gryko group relied on
the sila-Sonogashira reaction reported by Henze et al, combining both
deprotection and coupling in one step.”” Employing this method signifi-
cantly shortened the reaction time along with an increase in the yield.
Subsequent investigations on the scope of this synthetic route carried out
using iodoarenes and bromoarenes bearing various substituents led to prod-
ucts 100—-106 in yields ranging from 15% to 56%. The results apparently
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proved bromoarenes as more compatible for the reaction with the exception
of compound 102 which was obtained only from 4-iodoanisole.

As stated above, the best positions in the DHPP skeleton to bridge with
an another z-system are positions 2 and 5. To date, however, all attempts to
use cinnamaldehydes or arylpropargylaldehydes in the multicomponent
reaction leading to TAPPs have failed. The use of formaldehyde was unsuc-
cessful as well, limiting the possibilities of structural modification, e.g., via sub-
sequent bromination. Very recently, in response to this problem, Gryko and
co-workers have developed an original approach for the insertion of formyl
substituents at positions 2 and 5 of 1,4-dihydropyrrolo[3,2-b]pyrroles by
conversion of thiazol-2-yl substituents. The transformation of thiazoles
into formyl group was developed by Altmann and Richheimer,’” and then
further refined by Corey and Boger ® in the 1970s. The quaternization of
2,5-bis(thiazol-2-yl)-dihydropyrrolo[3,2-b]pyrrole 107 with methyl triflate
tfollowed by the reduction gave a bis-thiazolinyl derivative. Its hydrolysis using
silver nitrate led to the final dialdehyde 108 in an acceptable 41% yield
(Scheme 34). Further Knoevenagel condensation with malonitrile leading
to dye 109 was achieved as well. Subsequently, the transformation of

Scheme 34 Synthesis of aldehyde 108 and its further transformations.
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dialdehyde 108 into 2,5-bis(ethynyl)-1,4-dihydropyrrolo[3,2-b]pyrrole 110
via reaction with the Bestmann-Ohira reagent (BOR), was successful. Due
to the light sensitivity of this compound, it was used directly in the
Sonogashira reaction to further expand the m-system leading to dye 111
(Scheme 34).>’

The presence of inherently electron-rich free positions 3 and 6 in DHPPs
renders the possibility of introducing a total of six difterent aryl substituents
directly into the heterocyclic core. This linking allows a fine-tuning of opti-
cal properties of the desired compounds. However, as mentioned earlier, the
low reactivity of the functional groups substituted at positions 3 and 6 limits
the scope of such expansion enabled by them. To overcome this issue,
Gryko and co-workers relied on direct arylation. The only reaction condi-
tions that turned out to be feasible in this case was the one reported by
Doucet for sterically congested pyrroles.”® Hexaarylpyrrolopyrroles
(HAPPs) derived from 45 were synthesized in a reasonable yield using var-
ious aryl and heteroaryl bromides (Scheme 35)."*” The aryl comprehensive

Scheme 35 Exemplary synthesis of penta- and hexaaryl-1,4-dihydropyrrolo[3,2-b]pyr-
roles by means of direct arylation.
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scope investigation revealed the eftect of electron density on bromoarene on
the output of direct arylation. While electron-donating bromoarenes almost
exclusively gave monoarylation product, electron-poor aryl bromides such as
4-nitrobromobenzene showed higher reactivity, affording hexaarylpyrrolo
[3,2-b]pyrrole as the major product, e.g., 112113+, Scheme 35. The only
exception in this case was 4-bromobenzonitrile which was transformed exclu-
sively into pentaaryl-1,4-dihydropyrrolo([3,2-b|pyrrole.

The actual position of linkage of triple bonds has a pivotal role in mod-
ulating the optical properties of A-D-A type quadrupolar dyes. Linking
aromatic substituents directly to the heterocyclic core through the carbon-
carbon triple bond can lead to a new family of chromophores. As pointed
out before, the inability of 3,6 dibrominated TAPPs to undergo the
Sonogashira reaction led to an urge to obtain a synthetic route to perform
alkynylation at the core. Based on the work done by the Waser group on
gold-catalyzed alkynylation of electron-rich aromatics,”” Gryko and
co-workers proved that direct alkynylation is possible in the case of 1,4-
dihydropyrrolo[3,2-b]pyrrole utilizing 1-{[tris-(1-methylethyl)silyl]ethy-
nyl] }-1,2-benziodoxol-3(1H)-one (TIPS-EBX) as an alkynylating agent
(Scheme 36).”

Scheme 36 Synthesis of dyes 116—118.

By tfollowing the Waser protocol, tetraarylpyrrolo[3,2-b]pyrroles 51b,
114 and 115 were transformed to 3,6-bis(TIPS-ethynyl)tetraarylpyrrolo
[3,2-b]pyrroles 116-118 using TIPS-EBX catalyzed by AuCl. These
TIPS-ethynyl substituents can serve as a handle for further m-expansion
by the removal of the TIPS group followed by the Sonogashira reaction
torming bis(arylethynyl)pyrrolo[3,2-b]pyrroles, e.g., 119, (Scheme 37).
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Scheme 37 Synthesis of bis(arylethynyl)pyrrolo[3,2-b]pyrrole.

The synthetic potential of this final step was established using bulky nt-systems,
such as anthracene, and electron-withdrawing naphthalene-1,8-imide substit-
uents with excellent yields.

3.2.2 Synthesis of DHPPs fused with benzene rings
The synthesis of indolo[3,2-b]indole (121) was revealed for the first time
in 1884, when Golubev reported a compound with formula Cy,H;oN>,
as a product of reduction of 2,2'-dinitrobenzil with tin in HCI/EtOH."'
Nevertheless, the exact structure of the compound was unknown and the
authors gave it a simple name “diiminotolane.”

Only thirty years later Kliegl and Hass showed the synthesis of
2,2'-dinitrobenzil (120) by oxidation of 2,2'-dinitrodiphenylacetylene with

. . . 162
CrOs3in acetic acid.”

Then compound 120 was reduced with tin resulted in
a substance identical with Golubev’s “diiminotolane” 121. However, the

authors made further conclusions and they named this molecule as a doubly

condensed indole (Scheme 38).

Scheme 38 Historical synthesis of indolo[3,2-b]indole 121.

An improved synthesis of 121 was reported in 1917. Heller, Ruggli and
Zaeslin described a method in which they used zinc powder or SnCl, instead
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of tin, and they obtained the desired product in 30% and 32% yield, respec-
tively (Scheme 38).°>°> A new method of synthesis leading to indolo[3,2-b]
indole (Scheme 39) was introduced by Ruggi in 1917.°° The first stage is addi-
tion of Br, to 2,2'-dinitrodiphenylacetylene (122) resulted in dibromo deriv-
ative 123, which was subsequently reduced with SnCl, in a HCI/AcOH
mixture to give 124, and cyclization to 125 led to indolo[3,2-b]indole
(121) (Scheme 39).

NG, O,N HN H,N
Bry Br SnCly/HCI B -HBr -HBr
If Sl s g = P g o Br iy == 121
ON.__/ NO, _~_NH; -
O = | \_/
124 125

122 123
Scheme 39 Ruggli’s route to indolo[3,2-blindole 121.

In 1935 Ruggli and Zaeslin described an even better method
(Scheme 40).% In the first step 2,2'-dinitrodiphenylacetylene (122) was heated
in aqueous solution of Na,S leading to 2-(2-aminophenyl)-3 H-indole-3-one
(126). Then the reduction of this compound using a SnCl,/HCl/ AcOH sys-
tem resulted in formation of indolo[3,2-b]indole 121 in 78% yield (Scheme 40).

Scheme 40 Stepwise reduction of 122 to 121.

Compound 121 can also be obtained via reduction of 2,2'-dinitrostilbene
128 (formed from 127) with P(OEt);; however, the yield of this reaction is
only 2% (Scheme 41, A).°° Another method of synthesis was presented by
Kaszynski and Dougherty.®” A suitable stilbene was reduced to diethyl
2,2'-diaminostilbeno-4,4'-dicarboxylate with Fe/EtOH followed by diazoti-
zation. Afterwards, the bis-diazonium salt was turned into the bis-azide in
81% yield. Next step was double intramolecular cyclization of the latter com-
pound to obtain diethyl 5H,10H-indolo[3,2-b]indole-2,7-dicarboxylate in
13% yield. Whereas, under Cadogan reaction conditions N-methyl-2-(2-
nitrophenyl)indole 129 was transformed into N-methylindolo[3,2-b]indole
130 in good yield (Scheme 41, B).®
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Scheme 41 Routes toward indolo[3,2-blindole via Cadogan reaction.

The Fischer indole synthesis method has also been used starting with
2-indole-2-one and its derivatives. Their reaction with phenylhydrazine
provided substituted indolo[3,2-b]indoles.”” "'

On the grounds of previous research of Cooper and Partridge,”” Wan
and co-workers worked out a new method leading to compounds equipped
with indolo[3,2-b]indole moiety (Scheme 42).”> The first step was self-
condensation of methyl 2-aminobenzoate (131) under basic conditions
resulted in dibenzo[b,f][1,5]diazocine-6,12(5H,11H)-dione (132) in 75%
yield. Reaction of this compound with PCls gave 6,12-Dichlorodibenzo
[b,f][1,5]diazocine (133) in 64% yield. Compound 133 was subjected to
a reduction reaction in the presence of Zn under acidic conditions, giving
indolo[3,2-b]indole 121 in 70% yield.”” This approach has been further
extended to embrace m-expanded indolo[3,2-b]indoles.””

Scheme 42 The Wan-Cooper route toward 5H,10H-indolo[3,2-blindole.

[t has also been shown that the indolo[3,2-b]indole skeleton can be obtain

. . . . . . . . 75.76
in good yield using electrochemical reduction of dibenzodiazocines.””"”

Previous literature data indicate that the same transformation can be
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performed with Zn/AcOH.””"” On the other hand electrochemical oxida-
tion of some indolo[3,2-bJindoles in CH,Cl, in the presence of Bu,N"
ClO; gave dark green radical cation.’

Lan and Wan obtained stable unsubstituted 4n-electron acenes having
the antiaromatic skeleton of 1,4-diazopentalene.® Analogue 134 was synthe-
sized by oxidation with nickel(IV) oxide (Scheme 43). It has been shown
that its m-expanded derivatives are less stable.

Scheme 43 Oxidation of indolo[3,2-blindole 121.

An another pathway toward indolo[3,2-b]indoles was developed by
Langer and co-workers. 2-Aryl-3-bromoindoles, e.g., 135, were subjected
to Buchwald-Hartwig amination with both aromatic and aliphatic primary
amines to afford N,N'-disubstituted heterocycles exemplified by the benzyl
derivative 136 (Scheme 44).%

Bn
Br Br PhCH;NH, N
Pd,(dba)s, XantPhos Q_S\
N 90 °C ’ @
Me Me
135 136 (72%)

Scheme 44 Langer's method for the synthesis of indolo[3,2-blindoles.

Very recently the Du and Jin groups have independently developed new
copper-mediated strategies leading to these heterocycles, illustrated by for-
mation of the derivatives 138 and 140 from the alkynes 137 and 139
(Scheme 45).5" 52
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Scheme 45 The new copper-mediated strategies toward indolo[3,2-b]indoles.

Fig. 6 Structure of a bisindolo[3,2-b]indole derivative.

A similar route has been published by Shi and co-workers to design and
synthesize bisindolo[3,2-b]indole 141 (Fig. 6).%

The full potential of chemical space bearing DHPP cores was realized,
however, once multicomponent reactions leading to TAPPs was discov-
ered. The numerous functional groups present on substituents at either posi-
tions 2 and 5 or positions 3 and 6 combined with the free, electron-rich
positions 3 and 6 offers a perfect recipe for a number of intramolecular trans-
formations that may eventually lead to the expansion of m-system.

TAPPs with a carbon-carbon triple bond linked to the ortho position of the
C-aryl substituent (143—149) can act as a precursor for T-expansion via intramo-
lecular annulation reaction.”* The parent TAPP 142 synthesized from the
corresponding 2-trimethylsilylethynylbenzaldehyde and 3,5-bis(fert-butyl)
aniline was subjected to sila-Sonogashira coupling with a rationally chosen set
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of aryl 1odides to form Z-shaped bisarylethynylpyrrolopyrroles. The strategic
placement of bulky fert-butyl groups helps to prevent m-stacking of large aro-
matic systems ensuring good solubility. The final transformation relies on the
double cyclization of TAPPs mediated by InCl; to form n-expanded indolo
[3,2-b]indoles 150—156 (Scheme 46). It is noteworthy that in all these examples,
6-endo-dig cyclization products were solely formed even without a single trace of
possible 5-exo isomers.

Scheme 46 InCls-mediated cyclization leading to m-expanded indolo[3,2-blindoles
150-156.

Interestingly, a similar strategy was used to synthesize dyes possessing
seven-membered rings.”* Such a methodology demands a TAPP precursor
decorated with a triple bond located at the ortho position in the N-aryl ring.
This type of cyclization significantly improves the conjugation between the
core and substituents originating from aniline. The parent TAPP 157a, was
predominantly transformed into the 7-endo-dig product 158 by indium(I1I)
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chloride catalyzed annulation (Scheme 47). It is anticipated that both the
nature of the catalyst and the structure of the substrate plays key role in deter-
mining the preference of 7-endo-dig pathway over the 6-exo-dig pathway.
Introduction of seven-membered ring to this polycyclic system can strongly
alter the electronic distribution in the final molecule 158 compared to TAPP
157. This substantial change might be the plausible reason that prevents dou-
ble cyclization.

Scheme 47 Synthesis of dye 158 possessing a seven-membered ring.

Oxidative aromatic coupling (Scholl reaction) is among the most popular
methods toward unprecedented polycyclic systems.®>*® Since the presence
of electron-rich substrates is crucial preconditions for oxidative aromatic
coupling to occur,”” an intrinsically electron-rich positions 3 and 6 of the
TAPPs make them an ideal candidates for this transformation.

Indeed, a library of TAPPs bearing an additional aryl or heteroaryl ring in
ortho position with respect to the central core (159, 161) have been synthesized
in moderate to high yields.” Parent aldehydes possessing heteroaromatic rings
were synthesized by employing either direct arylation protocol using
2-bromobenzaldehyde or Suzuki coupling with the corresponding boronic
acids. These TAPPs smoothly underwent oxidative aromatic coupling medi-
ated by tron(Il) chloride in nitromethane to form m-expanded ladder type
dyes having an indolo[3,2-b]indole core (160, 162) (Scheme 48). It is notable
that in these cases, desired products were produced in 45% to 60% yields, once
again demonstrating the synthetic potential of oxidative aromatic coupling.
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Scheme 48 Synthesis of z-expanded ladder-type dyes 160 and 162 possessing indolo
[3,2-blindole core.

During this study, the Gryko group made a surprising observation
depicting the crucial relationship between steric eftects and the mechanism
of the oxidative aromatic coupling reactions of tetraarylpyrrolo[3,2-b]pyr-
roles, typically 163 — 164.%” The presence of larger steric congestion next
to the oxidation site (e.g., 165) significantly altered the reaction pathway. In
this context, the attack of the intermediate radical cation occurs in an already
occupied position to produce the pyrrolopyrrolium salt 166 bearing a new
spiro carbon atom (Scheme 49). This experimental result was supported
by quantum chemical calculations describing the formation of a spiro-
5-membered ring to be preferred by both TS energy and relative energy
of the product. The reaction seemed impossible to be termed as thermody-
namically or kinetically controlled, since both thermodynamic and kinetic
products turned out to be the same.
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Scheme 49 Oxidative aromatic coupling of TAPPs 163 and 165.

Another unprecedented discovery related to oxidative aromatic coupling
was made while exploring the synthesis of 7-expanded polycyclic systems
utilizing TAPPs obtained from 2-phenylaniline (167).”
cursor compound 167 was obtained in a significantly lower yield compared

However, the pre-

to the analog TAPP possessing biphenyl units at 2 and 5 positions. Under
Lewis acid catalyzed conditions, we expected the formation of compound
168 composed of seven-membered rings. Although a tentative analysis of
"H NMR and HRMS-EI supported the formation of the expected product,
X-ray crystallography result contradicted our assumption. Surprisingly, two
hexagonal rings were formed via cyclization at already occupied positions 2
and 5 with subsequent 1,2-aryl shift from C2/C5 to C3/C6 (Scheme 50).
X-ray diftraction analysis revealed that the rearrangement occurs in fact dur-
ing dehydrogenation, as the XRD structure of 167 clearly showed the
biphenyl moiety attached to the nitrogen. This rearrangement turned out
to be general with respect to the functional group R and in all cases
n-expanded TAPPs 169a-g are formed in comparable yields ranging from
33% to 70%.
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Scheme 50 1,2-Aryl shift triggered by oxidative aromatic coupling.

An alternative approach toward the synthesis of heteroanalogues of
n-extended polycyclic systems similar to 169 was demonstrated employing
the intramolecular direct arylation method.” TAPPs (e.g., 170) obtained
from 2-haloanilines are easily transformed to the fused derivative (e.g.,
171) via palladium-catalyzed direct arylation (Scheme 51). The reaction

Scheme 51 Intramolecular direct arylation of TAPP 170.
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proceeds in a regioselective manner to form a new carbon-carbon bond ortho
to the benzene rings attached to the 2 and 5 positions. This high yielding last
step shows the remarkable influence of the DHPP core on the distribution of
the electron density to the substituents, thus enhancing their reactivity. This
simpler two-step method provides easy access to more elaborated hetero-
polycyclic aromatic systems.

Building upon our previous investigations on oxidative aromatic cou-
pling, a new strategy was developed in combination with intramolecular
direct arylation to synthesize a unique class of m-expanded DHPP 174 with
large “wings” at the periphery.”’ A three-step protocol was developed for
the preparation of this highly conjugated polycyclic system. TAPPs such
as 172 synthesized in high yields (35-45%) starting from 2-bromo-
6-arylbenzaldehydes in a multicomponent synthesis, once again proved
the possibility of using sterically congested benzaldehydes as the perfect sub-
strate for this reaction (Scheme 52). Deliberately placed bromine atom at the
ortho positions allowed Pd-catalyzed intramolecular direct arylation to form
planar derivatives 173 in the following step. The final intramolecular oxida-
tive aromatic coupling successfully gave the desired butterfly-shaped com-
pounds in very good yields (85-90%). As has been experienced in previous

Scheme 52 Exemplary pathway toward double helical t-expanded pyrrolo[3,2-b]pyr-
roles 174.
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work, the insolubility of the planar derivative 173 due to m-stacking was
tackled by introducing bulky tert-butyl groups.

These compounds exhibit helicene-like architectures arising from the
van der Waals radii overlaps between closely spaced hydrogen atoms of
the adjacent aryl rings, preventing planarization. Dye 174 showed three dif-
ferent isomeric forms arising from its double-helicene-like structure: two
twisted enantiomers (P,P) and (M,M) and one folded meso form (P,M).
TD-NMR experiments and DFT calculations revealed the interconversion
energy barrier between folded and twisted forms to be very low, making
separation based on isomers impossible. However, X-ray crystallography
undeniably confirmed their existence. In comparison with earlier literature
reports on double helicenes,”” this study reveals a pronounced effect on
the interconversion barrier of such systems by replacing the central naphtha-
lene units with fused heterocyclic pentagonal rings.

The synthesis of curved n-conjugated polycyclic hydrocarbons termed as
buckybowls possessing a DHPP core was one of the most fascinating discov-
eries established by the Gryko group in collaboration with the Fasel research
group.” A combined in-solution and on-surface synthetic strategy was
performed to fabricate this bowl-shaped aza-nanographene constituting a
non-hexagonal ring to provide unique structural features.

Based on our previous studies, a meticulous design of synthetic strategy
allowed the formation of precursor molecule 177, bearing preformed heptag-
onal rings (Scheme 53). Parent TAPP 175, having bromine atoms and ben-
zene rings in ortho position to the core, underwent palladium-catalyzed

Scheme 53 Synthetic route toward nitrogen-embedded buckybowl 179.
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intramolecular direct arylation to give 176 followed by oxidation with
iron(III) chloride forming compound 177 in high yield. Fortunately, this mol-
ecule was found to be viable for on-surface cyclodehydrogenation for the final
closure of hexagonal rings giving initially 178. Annealing this compound
to 320°C under ultra-high vacuum (UHV) conditions on an Au surface
effectively led to the desired nitrogen-embedded bucky bowl 179.

The molecule 179 was characterized by ultrahigh-resolution scanning
tunneling microscopy and spectroscopy in combination with DFT calcula-
tions. Buckybowl 179 containing a unique combination of two fused
non-hexagonal rings at its core was identified to possess the inverse Stone-
Thrower-Wales topology (ISTW), exhibiting a distinctive bowl-opening-
down conformation of the buckybowl on surface. This study remains as a
perfect example of combining on-surface techniques with in-solution synthe-
sis for the formation of unprecedented m-extended aza-analogues of carbon
nanostructures with high atomic precision. It is worth mentioning that this
1s the first case of aza-nanographene in the literature to possess two fused
pyrrole rings as a core possessing the unique ISTW topology.

Even though surface-assisted techniques have undeniably proven to be a
powerful tool for constructing polycyclic aromatic systems, they have disad-
vantages because of the miniature scale, which makes it impossible to isolate
product and to perform its fundamental physicochemical characterization.
By critically modifying the synthetic strategy, a complete in-solution synthe-
sis of azabuckybowls based on DHPP was achieved.”* The idea behind this
synthetic strategy stemmed from the X-ray analysis of the precursor mole-
cule 177 for the previously reported on-surface dehydrogenation. The large
distance between carbon atoms involved in the reaction (reaching 3.28 A)
was predicted to be the barrier for the final step. An alternative precursor
was designed (180), possessing chlorine atoms attached to the corresponding
carbon atoms located inside the helicene-like fjord regions, which was
expected to undergo six-membered ring fusion via intramolecular direct
arylation. In accordance with this information, the primary precursor mol-
ecule 180 was precisely designed constituting halogen atoms at ortho posi-
tions to the C-aryl ring and a biphenyl group attached to pyrrole
nitrogen. The first intramolecular direct arylation proceeds selectively via
palladium-catalyzed C—Br activation to give 181 followed by a double
Scholl reaction leading to molecule 182 (Scheme 54). The order of these
steps has more significance in preventing the occurrence of the 1,2-aryl shift
that can result in the rearranged product. The final intramolecular direct
arylation was carried out under the more stringent conditions reported by
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Scheme 54 Synthetic route to azabuckybowl 183.

Nozaki et al,”” allowing the formation of target nitrogen-doped curved
nanographene 183. The synthetic scheme represents the first case of
programmed sequential intramolecular direct arylations based on the differ-
ent reactivity of C—Br and C—CI bonds.

Ananother example of taking an advantage of the presence of unsubstituted,
highly electron-rich positions 3 and 6 within 1,4-dihydropyrrolo|3,2-b|pyrrole
skeleton is the synthesis of bis-ketone 185.” The initially synthesized TAPP
184 bearing 2-(methoxycarbonyl)phenyl substituents in positions 2 and 5
was subjected to hydrolysis under basic conditions, and the resulting bis-
carboxylic acid underwent a ring closure reaction promoted by trifluoroacetic
anhydride (TFAA), yielding the desired 1,4-dihydropyrrolo[3,2-b]pyrrole-
dione 185 (Scheme 55).
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Scheme 55 Synthesis of pyrrolo[3,2-b]pyrrole-dione.

3.2.3 N-doped n-expanded DHPPs
Recently, there has been an explosion of research interest in heteroatom-
doped polycyclic aromatic systems, in particular thiophene and furan-based
heterocycles.””” Still, compared with them, pyrrole-based heterocycles
exhibit several advantages over the others. Specifically (1) pyrrole is more
electron-donating which can improve the m-conjugation and electron den-
sity, (2) functionalization of nitrogen facilitates the addition of different
groups, which helps to modulate solubility and polarity. The multicomponent
synthesis of TAPPs opened up numerous possibilities toward m-expanded
nitrogen-doped polycyclic systems with four or more N-heterocyclic rings.”*
A versatile library of m-expanded nitrogen-doped ladder type acenes
have been synthesized using the corresponding TAPPs 186-194 bearing
2-nitrophenyl substituents at positions 2 and 5 (Scheme 56). Performing a
Cadogan reaction on these molecules using triethyl phosphite led to the for-
mation of diindolo[2,3-b:2/,3'-f |pyrrolo[3,2-b]pyrrole (DIPP) comprising four
consecutive fused pyrrole rings.”® As the molecule possess highly electron-rich
backbone, photochemically driven decomposition was observed in chlorinated
solvents. The stability was significantly improved for the molecules bearing
electron-withdrawing substituents such as a CF; group and by protecting pyr-
rolic nitrogen using Boc,O to give rise to the target compounds 195-199.
Scope studies revealed the reaction to be promising with a set of diversely
substituted benzaldehydes in yields ranging from 24% to 35% (Table 1).
Another approach toward similar heteroacene incorporated with hexa-
cyclic nitrogen was carried out from the same substrate. Reduction of the
nitro group using NaBH, in combination with Ni(OAc), (in situ formation
of nickel boride) followed by condensation with the corresponding alde-
hyde led to diquinolinopyrrolo[3,2-b]pyrroles 204-210.”” Both electron-
rich and electron-poor aldehydes efficiently participated in the final step
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Table 1 Different approaches toward N-doped n-expanded DHPPs.

Yield Yield Yield
TAPP R' R? DIPP (%) DCPP (%) QPPQ R? (%)
186 H n-Dec 195 34 — — — — —
187 4-Br n-Hex 196 42  — - — — —~
188  4,5-OCH,O n-Hex 197 61  — ~ - - -
189 4-F n-Bu 198 34 - - —~ -~ —~
190 4-CF; n-Bu 199 50 200 45 204 CN 63
191 H n-Oct  — - 200 37 205 CN 38
192 5-F n-Bu  — — 202 71 206 OMe 88
193  3-OMe n-Hex — - 203 57 207 CN 54
193 3-OMe n-Hex — — - — 208 Me 65
193  3-OMe n-Hex — -~ - - 209 OMe 42
194 H OMe - -~ -~ - 210 CN 60

Adapted with permission from Acc. Chem. Res. 2017, 50, 2334-2345.

of this reaction, enabling the fine-tuning of the structural and optical prop-
erties. X-ray crystallography unambiguously proved the structure describing
the azaindolo[3,2-b]azaindole core as perfectly planar with external benzene
rings twisted from the plane of the molecule.

The synthetic potential of in situ formed 2,5-bis(2-aminophenyl) DHPPs
was again showcased by the preparation of previously unknown ladder-type
dicinnolino[3,4-b:3'4'-f]pyrrolo[3,2-b|pyrroles (DCPP) 200-203.'" The
substrates react with fert-butylnitrite in a modified Sandmeyer reaction via
the intramolecular cyclisation of the diazonium group generated from
aniline.

3.2.4 B-doped r-expanded DHPPs
Incorporation of other heteroatoms directly connecting to the core of
1,4-dihydropyrrolo[3,2-b]pyrroles has proven to be eftective in modulating
the electronic properties and molecular geometries of the m-conjugated
26,10(

backbone, creating a new type of heteroacenes. " Doping with three-

coordinate, sp”~hybridized boron atom has been discovered to have a greater

effect on aromatic systems among other main group elements.
BN-embedded ladder-type acenes were synthesized from the previously

described TAPP precursors 190—-193, which possess 2-nitrophenyl substituents
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at positions 2 and 5. Ni(Il)-catalyzed reduction of these compounds led to
relatively unstable amines, which were directly used for the following step
even without purification (Scheme 57).'"" The final reaction with
dichlorophenylborane resulted in the products 211-214 in good overall yields.
Although these BNPPs were stable as crystals and as solution in most organic
solvents, comparatively faster decomposition was observed in chlorinated sol-
vents. X-ray analysis of the molecule demonstrated Cy}, symmetry with an
almost perfectly planar pyrrolopyrrole core.

Scheme 57 Synthesis of BNPPs 211-214.

Further exploration in BN-embedded polycyclic systems led to an
interesting discovery of a new family of BN-doped dyes containing four
coordinated boron.'”" This approach exploits the intrinsically reactive
positions 3 and 6 of DHPP and the direct access to derivatives bearing
N-heteroaryl substituents at positions 2 and 5. These C=N bonds in
N-heteroaromatic rings can act as an efticient donor in coordinating with
the boron moiety and an appropriate boron source has to be used in the next
step. A straightforward cascade B—CIl/C—DB cross-metathesis and C—H
borylation procedure reported by Song and co-workers,'”” turned out to
be the successful strategy (Scheme 58). The process involving the cross
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PhBF,K, SiCl, Ph  Ph
DIPEA toluene _~ » N B4

N > N
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n-Oct n-Oct

215 216
216 a: R = pyridin-2-yl, 52%
216 b: R = 6-methylpyridin-2-yl, 15%
216 c: R = 5-bromopyridin-2-yl, 20%
216 d: R = 4-bromopyridin-2-yl, 29%
216 e: R = 5-fluoropyridin-2-yl, 42%
216 f: R = quinolin-2-yl, 18%
216 g: R = 6-chloroquinolin-2-yl, 24%
216 h: R = isoquinolin-3-yl, 8%

Scheme 58 Synthesis of 1,4-dihydropyrrolo[3,2-blpyrroles 216 containing four-
coordinate borons.

metathesis of B—Cl/C—B would take place between the arylchloroborane
generated in situ by the reaction of aryltrifluoroborate with SiCly and
another aryltrifluoroborate to give diphenylchloroborane. This molecule
undergoes pyridine-directed electrophilic aromatic borylation of the precur-
sors 215, leading to the target BN-embedded heteroacenes. The sterically
bulkier base plays a role in improving the yield of this step to a large extent.
The resultant C=N — B five-membered chelate ring fuses pyrrolopyrrole
and heteroaryl substituent together, maintaining the m-conjugation in a copla-
nar fashion, forming this unique chromophore (216a-h). According to X-ray
analysis, 216a adopts planar structure at the core with peripheral pyridine rings
twisted by 5° from the plane.

This simple and convenient method can be applied to starting materials
like TAPPs bearing N-heteroaromatic rings. The reaction also tolerates the
presence of halogens in the precursor molecule, allowing the post-functional
modification. Accordingly, a few BN-embedded TAPPs substituted with
halogens were submitted to Sonogashira or Buchwald-Hartwig cross-
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couplings to further expand the w-system (Scheme 59). Although the presence
of reactive boron atoms makes the outcome of the reaction unpredictable, the
desired compounds 216i and 216j were i1solated in comparable yield.

Scheme 59 Post functionalization of BN-TAPP 216c leading to dyes 216i and 216j.

3.2.5 P-doped rn-expanded DHPPs

As a result of extensive investigations on heteroatom doping in polycyclic
systems, Mathey’s group recently reported the first case of phosphorous
embedded ladder-type heteroacenes possessing a DHPP core.'”” The clas-
sical dilithiobiaryl method was adopted to introduce phosphorous atom into
the system. This was achieved by synthesizing TAPPs with bromine atoms at
the ortho position (217) which can undergo the lithium-halogen exchange
reaction using n-BuLi (Scheme 60). The organolithium intermediates react
with dichlorophenylphosphine to form TAPPs 218, which then experience
the cyclization to give the bisphosphindol-pyrrolo[3,2-b]pyrrole derivatives
219 (BPhosPPs). The synthesized compounds was further oxidized with
H>O, or Sg to obtain phosphole oxides (220a-b) and sulfide (220c), respec-
tively. Phosphindol-pyrrolo[3,2-b]pyrroles (PhosPP) composed of a single
phosphole ring have also been prepared by the same method using one
equivalence of n-BuLi and dichlorophenylphosphine.
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Scheme 60 Synthesis of BPhosPPs 219 and 220.

The synthesized compounds 220 exhibit two isomeric trans and cis forms
depending on the relative conformation of the phenyl substituent attached
to the phosphine moiety. These isomers were separated easily by the classical
purification method and showed a significant difference in their physico-
chemical properties.'””

3.2.6 S-doped m-expanded DHPPs

Several examples of structurally interesting heteroacenes consisting of
thiophene rings have been reported in the literature.'”* " However,
thienoacenes bearing a DHPP core became possible only after the discovery
of the multicomponent synthesis of tetraarylpyrrolo[3,2-b]pyrrole.'”” TAPP
precursor 221, was synthesized with 2-(methylsulfinyl)phenyl substituents at
2 and 5 positions (Scheme 61). The subsequent ring closure step involves
intramolecular electrophilic substitution in the presence of trifluoroacetic
acid (TFA) and P,Os followed by demethylation of the sulfonium salt inter-

mediates. Further oxidation of dye 222 was achieved by treating with
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Scheme 61 Synthesis of dibenzothienopyrrolo[3,2-b]pyrroles 222 and 223.

m-chloroperbenzoic acid (mCPBA) to form the corresponding S,S,S,
S'-tetraoxide 223. Crystallization of compound 223 was successfully
achieved and X-ray data showed a C,;, symmetric molecule with a planar
pyrrolopyrrole core.

4. Photophysical properties

During the last decade a large number of TAPPs have been synthesized.
This allowed for studying the influence of different substituents on the spec-
troscopic properties of the TAPP chromophores (Fig. 7, Table 2). Both
unsubstituted DHPP and indolo[3,2-b]indole (121) has an absorption still
in the ultraviolet region of the electromagnetic spectrum and a rather weak
emission since it possesses a relatively small chromophore system.”” Adding
substituents or T-expansion gives rise to bathochromic shifts of both absorp-
tion and emission as it increases the conjugation chain.
One of the heavily studied phenomenon of 1,4-dihydropyrrolo[3,2-0]
pyrroles is the particularly strong electronic communication eftect through
positions 2 and 5. In the case of 51b (Fig. 2), the corresponding dihedral



The chemistry of 1,4-dihydropyrrolo[3,2-blpyrroles 389

Fig. 7 Structures of exemplary TAPPs and n-expanded DHPPs.
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Table 2 Photophysical properties of exemplary n-expanded DHPPs.

Compound  Aups (hnM) A (NM) AV (cm™") @y References
45° 403 450 2600 0.76

51b° 465 552 3400 0.70 108
51b" 471 610 4800 0.03

121° 360 400 2800 nd 73
150° 379 465 4900 0.26 84
174° 430 470 2000 0.13 91
174° 428 498 3300 0.18

183° 530 593 2000 0.027 94
183° 530 615 2600 0.016

186° 428 nd nd 108
207° 322 504 11200 0.13

208° 315 464, CT band appears 10200 0.02

209° 317 453 9500 0.042 99
211° 402 413 660 0.78

212° 387 400 840 0.70 100
216a“ 502 521 730 0.78 101
216f° 583 601 510 0.78

2202 416 487 3500 0.55 103
220b° 439 513 3300 0.49

224° 352 408 3900 0.66 24,27
225° 420 438 1000 0.72

226° 506 580 2500 0.28 27
227 480 518 1500 0.72 29
228a“ 394 407 810 0.52 98
228b° 406 419 760 0.82

2294 322 488 10500 0.012 109
230 395 479 (537){ nd 110

*Absorption and fluorescence in DMF.
bAbsorption and fluorescence in CH,Cl,.
“Absorption and fluorescence in toluene.
4Absorption and fluorescence in THE.
“Absorption and fluorescence in CHCl;.
‘In THF:water 5:95
nd — not determined.
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angles are ca. 38° in the ground state and ~26° in the S; state. The angles can
vary but the general tendency is that TAPP molecules planarize in the
excited state so that the aryl substituents in these positions become more
strongly coupled with the central framework.”

The TAPP 224 (Fig. 7) lacking EDG/EWG shows absorption merely
reaching the visible spectral range (4,1, 352 nm) with the visible blue emis-
sion (Aey, 408 nm). Because aryl substituents lay out of a DHPP plane and the
system somewhat planarizes in the excited state TAPP molecules tend to
demonstrate moderate Stokes shift, e.g., 3900 cm~ ! for compound 224.
In the case of 5-membered rings at positions 2 and 5 the geometry of the
chromophore is more planar; in fact compound 225 shows the fluorescence
maximum with the lower Stokes shifted compared with 224. On the other
hand modulation of the acceptor strength of substituents at the positions 2
and 5 adjusts the charge distribution between the DHPP framework and the
terminal moieties. In fact, an increase of the electron-withdrawing proper-
ties of terminal moieties can lead to formation of charge transfer states with
red-shifted both absorption and emission. Indeed, increasing the electron-
acceptor strength of the aryl moieties (45 vs. 224) gives rise to a bat-
hochromic shift of the absorption maximum with a smaller Stokes shift that
indicate more efficient conjugation with aryls at positions 2 and 5 (Fig. 7,
Table 2).>**/

The thorough study of TAPP 45 (Fig. 7) by means of the time-resolved
IR (TRIR) spectroscopy reveals that the molecule experiences the processes
caused by the excited-state symmetry-breaking (ES-SB)."'""'* The use of
ultrafast time-resolved infrared spectroscopy enables the visualization of
ES-SB. The study of the CN stretching modes on the electron-withdrawing
moiety in real time enables monitoring this photophysical phenomenon. In
polar solvents the IR spectrum shows two CN bands. The latter suggests that
the ES-SB occurs within ca. 100fs. Conversely, in apolar solvents the pres-
ence of a single CN band suggests that the S; state remains symmetric. On
the other hand, in protic solvents the presence of H-bonds tends to amplity
the ES-SB. Based on these studies Ivanov proposed a new model for
ES-SB.'"”

An interesting observation resulted from studying highly polarized,
quadrupolar bis-coumarins possessing an electron-rich DHPP bridging unit.
[t turned out that in analogy to the classical 7-dialkylaminocoumarins,
bis-coumarin with a DHPP unit at the seventh position possesses strong
and moderately bathochromically shifted fluorescence. Shifting the bridge
to the position 6 has a profound effect as it results in a weakly emitting
dye with A.,, """ at 650 nm.

max
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The thorough photophysical studies on TAPPs led to two important dis-
coveries. TAPP 51b, possessing two 4-nitrophenyl substituents at positions
2 and 5, has almost quantitative fluorescence quantum yield in cyclohexane. '
Being an unusual example of an efficient fluorophore with nitro groups,
compound 51b was thoroughly studied in terms of the processes occurring
in the excited state. It revealed an important role of planar CT states for the
fluorescence response. In the excited state the chromophore experiences a
fast transition from 'LE* into the charge transfer state with the torsional
angles reduced compared with the steady state.””'"®''® The growth of
the solvent polarity gives rise to the second CT state with one nitroaryl sub-
stituent twisted with respect to the rest of the chromophore (ES-SB), the
latter causes fluorescence quenching.

A special case 1s the 5-nitrofuran-2-yl substituted TAPP 226 since less
sterically hindered five-membered rings with the electron-withdrawing
NO, group are more efficiently conjugated with the core, forming a
strongly polarized quadrupolar system. This leads to significant shifts in both
absorption and fluorescence compared to the analogous TAPP 51b that pos-
sess 4-nitrophenyl substituents.

The strong electron-donating central framework and the terminal
electron-withdrawing moieties form a strongly polarized A-D-A structure.
In fact, quadrupolar chromophores tend to show stronger two-photon
absorption (TPA) compared with dipolar chromophores. Compounds 45
and 51b were studied in terms of the TPA properties. The two-photon
absorption cross-section (65) for compounds 45 and 51b were measured
as 530 and 420 GM, respectively.''” Computational results show the calcu-
lated TPA of these compounds as 1650 and 1180 GM, respectively.

If substituents at positions 2 and 5 of the DHPP core are strongly
electron-withdrawing the centrosymmetric, quadrupolar systems are created
with markedly bathochromically shifted absorption and emission. Recent
studies have revealed that if particularly strong electron-withdrawing groups

"7 Conversely the

are present the emission maxima of TAPPs reaches 600 nm.
combination of too strong electron acceptors and highly polar media can lead
to configurations with the twisted geometry and the quenched fluorescence.

The planarity of the structures ensures a spatial overlap between the
orbitals carrying the positive charge of the oxidized donor (DHPP core)
and the negative charge of the reduced acceptor (nitrophenyl substituent)
even for polarized CT states. Such orbital overlap, indeed, translates to large
radiative-decay rates and strong fluorescence, while the CT character of the
excited states reduces the propensity for intersystem crossing (ISC) leading

to triplet formation. Torsional degrees of freedom allow conformations with
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orthogonality between the rings of the donor and the acceptor breaking the
delocalization of the frontier orbitals and diminishing orbital overlap.
Therefore, such twisted intramolecular charge-transter (TICT) excited
states are dark. Furthermore, the orthogonal geometry of the TICT states
enhances ISC. Solvent polarity stabilizes such TICT states with relatively
well separated charges localized on the donor and the acceptor. The steric hin-
drance between the NO, groups and the pyrrolopyrrole core maintains
orthogonality in the 2-nitrophenyl TAPP 186, which is consistent with the
lack of detectable fluorescence and the sub-picosecond excited-state life-
times.' " These paradigms bring us closer to electron-deficient nitroaromatics
that, in addition to their characteristics as n-type conjugates, also have attrac-
tive optical properties.''®

In compound 227, on the other hand, two carbon bridges secure the pla-
nar configuration the TAPP chromophore with the dihedral angles ca. 6.7°.
[t shows an intense light absorption in the spectral range as for 51b. The
fluorescence of 227 1is also sensitive to the solvent polarity; however
due to the fixed geometry, it demonstrates a much smoother decrease of
the fluorescence response while bridging inhibits a fully twisted CT state
(Fig. 7, Table 2).*

In the case of m-expanded DHPPs, the range of skeletons studied during
the last decade is overwhelming, which reflects the availability of the TAPPs
possessing suitable synthetic handles. The fusion of parent chromophores
with additional moieties such as indole (228a, 228b), phosphoxole (220a,
220b), quinoline (207, 208, 209), etc. leads to skeletons possessing eight,
ten, twelve or even fourteen conjugated rings with planar or curved geom-
etry. In most cases, the A, 1s located at approximately 400-500nm and
emission i1s moderately bathochromically shifted which leads to rather small
Stokes shifts (Table 2). Emission intensity depends on the particular hetero-
atoms involved in N-doping. The general trend is that with carbon-only
analogs (207-209) the @y 1s in the range of 0.1-0.2 whereas it considerably
increases when a B—N bond is present C (211, 212).

A bridging approach often rigidifies planar geometry of TAPP and pre-
vents twisted CT states. On the other hand, if the bridge moiety features an
additional electronic effect, it can significantly change the charge distribu-
tion within the chromophore. In compounds 211, 212 bridging occurs
by means of an azaborine fragment. This modification does not change
the chromophore in terms of the electronic structure as there 1s no new con-
jugation chain and the electron donor and the acceptor parts interact the same
way as in a generic TAPP chromophore. Indeed compounds 211 and 212
show the absorption maxima in the same range compared with 225. At the
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same time compound 211 bearing electron-withdrawing terminal moieties
shows somewhat red-shifted absorption compared with 212. Furthermore,
compounds 211 and 212 demonstrate a strong emission response with the
small Stokes shift indicating a small geometry change in the excitation-
emission process. The structures of compounds 216a,t possess strong similar-
ities with 211 and 212 as the former possess boron bridges bound with the
pyridine-type nitrogen atoms by means of donor-acceptor bonds, partially
withdrawing the electron density from the pyridine ring. Consequently,
the absorption band of compound 216a is red-shifted in comparison with
compounds 212. In turn 216f shows the absorption red-shifted in relation
with 216a due to a larger conjugation system. Both compounds 216a,f dem-
onstrate strong fluorescence and small Stokes shifts because of a stable planar
geometry. The spectroscopic properties of DHPP fused with indole systems
228a,b resemble generic TAPPs 224, 225 and 45 as well as compounds 211
and 212. They show small deviation in the absorption maxima as rigid geom-
etry is much less prone to the change of the terminal moiety character, so that
228b is only a 12nm red-shifted related to 228a. Both compounds 228a,b
show strong emission with a small Stokes shift. Dyes 220a,b bridged with a
phosphorus atom demonstrate absorption maxima at the range 415-440nm
with the strong fluorescence, but in contrast to other DHPPs fused with het-
eroatoms the Stokes shifts are much higher. Though this comparison is not
accurate enough as spectral data for 220a,b were collected only in CH,Cl,.

Despite the superficial similarity, the spectroscopic properties of com-
pounds 150 and 207-209 are different from described above 211, 212,
216a,f and 228a,b series. The former demonstrate by a weak or a moderate
fluorescence response with a large Stokes shift. The specific orientation of
polarized substituents in 207—209 leads to a difterent model of a charge dis-
tribution than that for other TAPPs. Changing the electron-donor moiety
(209) to the neutral substituent 208 results in the fluorescence from two
states (1: similar to 209 and 2: new CT state). Introducing the electron-
acceptor moiety (207) instead of neutral leads to the fluorescence exclusively
from the CT state (Fig. 7, Table 2).”

Further chromophore annulation leads to a partial planarity distortion.
The compound 174 has a m-extended system with fused benzene rings.
The comparison with TAPP 224 shows that the annulation by itself leads
to about 80nm red-shift. The geometry of compound 174 is twisted
according to both X-ray and computation data that cause lower fluorescence
quantum vyield related with other DHPPs (Fig. 7, Table 2).”" Another con-
sequence of the curved geometry is the solvatochromism of the fluorescence
because the geometry in the excited state depends on the solvent polarity.
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Fully fused DHPP analogue 183 demonstrates as high as 100 nm red-shifted
absorption maximum compared with partially fused 174. However, the
curved geometry causes the fluorescence to be significantly quenched in
any solvents with a noticeable solvatochromism of the fluorescence.”
Conversely, the electronic properties of substituents at the positions 1
and 4 barely aftect the location of both absorption and fluorescence maxima
as the electronic communication is weaker through the nitrogen atoms.
Consequently, owing to a large bond alternation in the substituents aryl rings
experience free rotation around the C—N bond (Fig. 8). Introducing

Fig. 8 (A) Transition from the LE state of 229 to the TICT state through intramolecular
rotation of its donor and acceptor units at the excited state. (B) Energy diagram of the
TICT process. Reproduced from Chem. Sci., 2017, 8, 7258—7267 with permission from the
Royal Society of Chemistry.
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electron-acceptor groups at those aryls can even facilitate the rotation as it
induces stable CT states (229). The control of the rotation around C—N
bond is crucial to govern the fluorescence properties for this system as it
allows formation of fluorescent aggregates (AIE)."'” The authors claim that
the restricted intramolecular rotation (RIR) is the key mechanism respon-
sible for the AIE character displayed by TAPP 229. Compound 229
possessing a hydrophobic character, in a THF-water solvent system shows
fluorescence growth by increasing the water content in the mixture as this
promotes the aggregation (AIE). In THF solution TAPP 229 shows temper-
ature dependent behavior since the fluorescence response exhibits a twofold
increase in the course of a temperature rise from 10 °C to 60 °C. The authors
claim that the underlying reason is the stabilization of the TICT state.'”
Due to the RIR mechanism, TAPP 229 shows high selectivity toward
Cd(II) displaying a rapid growth of the fluorescence signal. Compound
230 is the analogue of TAPP 229, though, it consists of boron acceptor cen-
ters. The addition of water to a THF solution of 230 leads to a significant
red-shift of the fluorescence maximum along with an increase of the fluo-
rescence efficiency.''” TAPPs 231 and 232 consist of tetraphenylethylene
(TPE) moieties.'” Indeed, both compounds shows a weak fluorescence
response in solution. Diversely, a bulky TPE moiety prevents the close
mutual orientation of the m-systems of the adjacent molecules in the crystal
lattice thus blocking aggregation caused quenching (ACQ). Compounds
231 and 232 demonstrate the strong fluorescence response in the solid state
(Adem 516nm, @y 0.77 and A, 468nm, Py 0.16, respectively), which is
another example of the AIE.

The fluorescence efticiency vs. the absorption and emission wavelengths
of selected DHPP-based dyes is collected in Fig. 9.

5. Applications
5.1 Optoelectronic applications

Linearly z-conjugated acenes are considered to be a workhorse in research
directed toward field-eftect transistors (OFETs), organic light-emitting diodes
(OLEDs), and organic solar cells. Among them, pentacene is the most explored
but at the same time, due to the high HOMO level, it is unstable. '*' In the
light of this problem the more stable, ladder-type compounds possessing
condensed thiophene rings became very popular in the literature related

5,97,122,123

to optoelectronics. Along these lines heteroacenes possessing a

DHPP moiety are the obvious object for extensive studies, which indeed
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Fig. 9 The fluorescence efficiency of DHPP-based dyes vs. absorption and emission
wavelengths.

took place in the last two decades. OFET-related properties for DHPPs

have been reported only in a few patents.lm*lz(’

On the other hand both indolo[3,2-b]indole'*” and DHPPs were applied
in advanced investigations directed toward high-spin organic polymers and
OLEDs.'* As early as in 1994 linear polymers prepared from indolo[3,2-b]
indole were investigated as high-spin polymers or photoluminescent
diodes.'*” As later reported by Suh and co-workers, optical and electro-
chemical properties of polymers containing exclusively indolo[3,2-b]indoles
were excellent, but low molecular mass precluded formation of a high qual-
ity of film, which excluded practical applications.'*® More recently TAPPs
possessing 4-cyanophenyl substituents in positions 2 and 5 were successfully
investigated as light-emitting layer in OLEDs."”” A similar line of research
was conducted in China revealing that structurally complex DHPPs can be
used to construct blue OLEDs devices with a high efticiency, high brightness
and high stability."”" '** R ed-emitting OLEDs based on DHPPs possessing
strongly electron-accepting substituents were reported to have external

quantum efficiency 3.4%.""’



398 Gana Sanil et al.

Solution-processed organic photovoltaics (OPVs) have the superiorities
of light weight, low cost, easy fabrication, high mechanical flexibility and
good semitransparency, enabling great potential in next-generation photo-
voltaic technology.'”> TAPPs were also investigated as donors in bulk
heterojunction solar cells. Unfortunately, due to the overall low charge
mobility for holes (10~” cm®/Vs), the overall performance of the blend of
n-expanded DHPP 233 and C70, was measured to be rather poor."”* An
another m-expanded DHPP 234 (Fig. 10) was investigated as photosensitizer
in DSSCs.'”> A multistep synthesis has afforded quadrupolar TAPP 235
designed to be a non-fullerene acceptor in bulk-heterojunction organic solar
cells. It was revealed that dye 235 has high stability, adequate energy level,

Fig. 10 Structures of DHPPs applied in OPV-related research.
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high carrier mobility, good solubility and film formation, which makes it a

, . : . 136,137
potential acceptor material in organic solar cell devices. ™

5.2 Metal-organic frameworks and related applications

Gunnlaugson was the first to present an example of crystalline coordination
polymers containing TAPPs. The design was based on derivatives bearing
nitrile, carboxylate and mixed imidazole-carboxylate donor functionality.'”
More recently Mukherjee and co-workers described the use of a TAPP
as a trifacial nanobarrel (Fig. 11)."”” The Pd-barrel was composed of three
1,4-dihydropyrrolo[3,2-b]pyrrole panels, clipped through six cis-Pd(II)
acceptors. The tetra-imidazole ligand L was synthesized via a copper-
catalyzed Ullmann coupling reaction of 1,2,4,5-tetrakis(4-bromophenyl)-
1,4-dihydropyrrolo[3,2-b|pyrrole with imidazole. The ligand was reacted
with ¢s-(TMEDA)Pd(NO3), in a water/methanol mixture (1:1) at 65°C
in 1:2M ratio. In the next stage the solution was treated with excess
KPFg to afford the targeted compound as a yellow precipitate in quantitative
yield (Fig. 11).

Unfortunately, the authors failed to obtain a crystallographic structure of
this complex. In order to analyze the geometry of this trifacial barrel, they
used the PM6 method. Investigation of its energy-optimized molecular
structure has revealed that three tetraimidazole ligands (L) are paneled to
the three faces horizontally and 90° cis-(TMEDA)Pd(NO3), acceptors are
clipped at the six corners of the barrel (Fig. 12A and B). Research showed
that the presence of a concave cavity with an internal diameter of 13.8A

Fig. 11 Schematic representation of the synthesis of the Pd-barrel. Copied with permis-
sion from Angew. Chem. Int. Ed. 2021, 60, 14109.
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Fig. 12 Optimized structure of trifacial barrel: (A) Side view and (B) top view where
ligands are horizontally oriented; (C) Side view and (D) top view of the other expected
geometry where ligands are vertically oriented. Color codes: carbon (gray), nitrogen
(blue), palladium (red). H-atoms are omitted for clarity. Copied with permission from
Angew. Chem. Int. Ed. 2021, 60, 714109.

with an open window size of 13.6 A makes the barrel an ideal host to accom-
modate curved-surfaced fullerenes Cg and Co.

In 2019 Zang and co-workers reported the synthesis of new luminescent
three-dimensional stable silver cluster-assembled materials (SCAM)
AguCPPP.HO The SCAM of Ag,CPPP was easily synthesized using a
one-pot method from DHPP possessing two pyridine moieties, in a mixed
solvent dimethylacetamide (DMAc), CHCl; and CH;OH. SCXRD anal-
ysis of Agi,CPPP has shown that it has a trigonal 12/m space group and
two-fold self-interpenetrated 3D framework (Fig. 13).

Two CF;COO™ ligands are connected with Ag" in a monocoordinate
mode, and the other four CF3COO™ ligands are chelated with Ag" in
tricoordinate mode. The SBUs are linked with eight CPPP ligands; four
of them coordinate with the silver cluster through pyridine groups, and
the other four ligands coordinate with the silver cluster through nitrile
groups (Fig. 13C).
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Fig. 13 Crystal structure of Ag,,CPPP: (A) CPPP ligand; (B) Silver—chalcogenolate cluster
node; (C) Cage in Ag;,CPPP; (D) Distribution of the cages in Ag;,CPPP; (E)Topological
representation of Ag;,CPPP. All hydrogen atoms and guest solvent molecules are omit-
ted for clarity. Copied with permission from Chem. Eur. J. 2019, 25, 2750-2756.

Photochemical research has shown that the emission intensity of
Ag>CPPP is much stronger than that in CPPP regardless of whether it is
being measured in the solid or in solution. Additionally, Ag;>CPPP shows
high photostability. The authors performed a number of experiments to
understand this phenomenon. Mechanistic studies have shown that the
matrix coordination induced emission (MCIE) effect in Ag,CPPP is
responsible for this appearance. The stiffening tactic not only enhances
the fluorescence of the ACQ molecule in the aggregated state, but also
improves the silver cluster in the unstable state.

An another group reported the use of DHPP-based organic linkers in

construction of metal —organic frameworks (MOFs)."*!

In the first stage
DHPP-based tetracarboxylate linkers were obtained by the reaction of
corresponding benzaldehyde and arylamine followed by a hydrolysis reac-
tion (Fig. 14). The final stage was a solvothermal reaction of ZrCl, with
H4L; in N,N-dimethylformamide (DMF) in the presence of formic acid
as the modulator which a gave colorless single crystals of IAM-7. In an anal-
ogous procedure JAM-8 was obtained.

On account of unequal lengths of the branch arms, the H,L linker has
the largest aspect ratio 1.29, compared to H4L, which contains four branch

arms with equal lengths with a smaller aspect ratio of 1.08 (Fig. 14).
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Fig. 14 lllustration of the different shapes of planar tetratopic linkers observed in
Zr-MOFs. Adapted with permission from Inorg. Chem. 2021, 60, 12129 —12135.

[AM-7 can be regarded as the result of the self-installation of the linear
“spacer” HoL, >~ into the rhombic channels of the 4,8-connected structure
from which the connectivity of the Zr, clusters increased from 8 to 10. The
authors emphasize that this is the first construction of 10-connected
Zr-MOFs from one single type of tetratopic linker (Fig. 15).

It needs to be highlighted that IAM-7 displays a high proton conductiv-
ity of 1.43 x 107 *Sem ™' at 95% RH and 90 °C, which is among one of the
highest for conductive Zr-MOFs. [AM-8 exhibits a much lower proton
conductivity from 5.33 x 107 Sem ™' at 30°C to 3.00 x 10> Sem ™' at
90°C. Such high proton conductivity may be due to high hydrophilicity
and the presence of a carboxylic acid functionality in [AM-7. It turns out
that the asymmetric pyrrole-pyrrole unit can be an excellent basis for the
design of organic linkers with new functionalities and geometries which
can contribute to the development of MOF materials in many applications.

5.3 Other applications

The strong charge-transfer characteristics of A-D-A type TAPPs have been
exploited in other areas of research. Basak and co-workers discovered that
organic resistive memory devices (ORMs) can be prepared from TAPPs
possessing 4-nitrophenyl and 3-nitrophenyl substituents at positions 2
and 5.'** Interestingly, the 2,5-bis(4-nitrophenyl) DHPP fitted characteris-
tics of “write-once-read-many” type of memory device, whereas 2,5-bis
(3-nitrophenyl) DHPP behaved like “write-read-erase-read” (typical for
FLASH memory devices). This research was later extended to achieve

: : . 143
the encoding of nano “bits” with temporary remanence.
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Fig. 15 Structure and topology of IAM-7: (A) Coordination modes | and Il of the
L,*" linker; (B) The 10-connected Zrs node; (C and D) 3D structure and topology of
IAM-7 viewed along the c-axis (Zr, turquoise; O, red; and C, gray). Copied with permission
from Inorg. Chem. 2021, 60, 12129-12135.

A difterent area was targeted with DHPPs bearing substituents with
electron-donating character. Leung and co-workers discovered that
2,5-bis(triphenylamine)-substituted DHPP enables quick detection of
CHC; with the naked eye via reaction with halocarbons leading to deeply
colored species.'™ The authors concluded that, since the photochromic
responses differ in color, the mechanism of photodecomposition must fol-
low electron transfer from electron-rich dye to chlorinated compound. The
chlorination, bromination or iodination at positions 3 and 6 are followed by
further oxidation of these products to highly colored species. An another
approach toward chloroform detection was based on change of emission
of thin films of TAPPs in the presence of chloroform and light.'* Very
recent application targets selective detection of Ti*" cations.”
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6. Summary and outlook

1,4-Dihydropyrrolo[3,2-b]pyrrole, a non-natural aromatic scaffold, 1s
isoelectronic with indole. In contrast to indole and pyrrole however, this
aromatic skeleton was practically unknown until the 1970s and its chemistry
remained rather dormant until 2013 when multicomponent condensation
leading to tetraaryl-1,4-dihydropyrrolo[3,2-b]pyrroles was developed.
The latter was transformative not only because of straightforward access
to these heterocycles but also due to the simultaneous presence of the fol-
lowing factors: (1) functional group compatibility is superb; (i1) the reaction
gives rise to DHPPs possessing synthetic handles ready for further transfor-
mations; (iii) the presence of highly reactive, electron-rich positions 3 and 6
prone to electrophilic aromatic substitutions. Combination of these factors is
responsible for releasing the unprecedented stream of activity which resulted
thus far in the preparation of at least 15 novel heterocyclic skeletons
possessing up to 14 conjugated rings. Eventually it turned out to be possible
to link all six substituents present at positions 1—6, creating an oval-shaped
n-expanded system possessing a bowl shape.

The exploration of DHPPs has embraced such areas as MOFs, optoelec-
tronics, detection of chloroform, etc. It has also contributed to our under-
standing of excited-state symmetry-breaking and to the renaissance in
popularity of fluorescence of nitro-aromatics as a research topic. The
electron-rich nature of 1,4-dihydropyrrolo[3,2-b]pyrroles has attracted sci-
entists’ attention which coincided with the rise of optoelectronics. The
combination of superb physicochemical features and straightforward synthe-
sis has contributed to their popularity in various research applications, as it
makes them an ideal platform for many photonics-oriented challenges of
modern technology-driven society.

We envision that the next stage of DHPP’s development will be focused
mostly on organic light-emitting diodes. Indeed, the never ending quest for
more stable blue emitters can one day focus on one of the derivatives of
DHPP. However, a lot of research is still required to reach this goal. In spite
of the fact that many combinations have been reported in recent years for
various OPV-related applications, the potential of DHPP as the most
electron-rich small aromatic heterocycle has not been yet fully realized.
This will be, in our opinion, one of the most promising directions of research
during the next decade. In the near future, both structures and applications of
1,4-dihydropyrrolo[3,2-b]pyrroles will be limited only by our imagination.
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ABSTRACT: Drastic changes to the character of the acidic
catalyst enable the reversal of the double alkyne benzannulation
reaction output. In the presence of a strong Bronsted acid, 1,4-
dihydropyrrolopyrroles undergo transformation which results in the
formation of two 7-membered rings. Computational studies imply
that the thermodynamically unfavored 7-membered ring is forged
via the kinetically favored 6-endo-dig attack of a protonated alkyne
at the position 3a of pyrrolopyrrole followed by a 1,2-vinyl shift.

B INTRODUCTION

The incorporation of seven-membered rings into the structure
of polycyclic aromatic hydrocarbons and their heterocyclic
analogues offers an unprecedented strategy to modify their
physicochemical characteristics.' > In particular, introduction
of heptagons leads to nonplanar architectures with bowl shape
or negative curvature, which translates to distinct electronic
structures and unique intermolecular stacking in the solid
state.° 2 As a result, electronic, magnetic, and mechanical
properties are entirely different from classical alternant
systems. As far as purely benzenoid structures are concerned,
intramolecular alkyne benzannulation was employed as one of
the key reactions used to make new C—C bonds. Although the
first case of alkyne benzannulation was reported by Scott et al,,
who used flash vacuum pyrolysis (FVP),"* the method only
became popular after the discovery of electrophilic activation
of alkyne using Brensted acid which was reported by
Goldfinger and Swager."* Over the last 20 years, the reaction
has evolved significantly—novel catalysts were introduced such
as m-Lewis acids based on either transition metals or main
group elements, radical reagents, and non-nucleophilic
15717 Significant examples involve the 2-fold alkyne
annulation utilized to synthesize a bis-chrysene precursor of
graphene nanoribbon (GNR),'® reported by Miillen and co-
workers as well as Chalifoux group’s work on multifold
cyclization to make narrow and soluble GNRs.'” The scope of
this reaction was also demonstrated on geometrically strained
nonplanar nanographenes, namely, tetrasubstituted chiral
and helicenes.”' = Impressively, this reaction

bases.

20
peropyrenes
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shows tolerance toward sulfur-,

doped”>*” polycyclic systems as well.

The regioselectivity of alkyne annulation reactions heavily
depends on the substrates and catalyst employed (Figure
1a)."*~"7%® In terms of polycyclic aromatic systems, 6-endo-dig-
type cyclization is majorly reported, while S-exo-dig, 6-exo-dig
and 7-endo-dig are less common. Formation of nonhexagonal
rings induces a warping of the graphenic system, causing a
geometrical strain, which can lead to higher activation
enthalpies.”” ™

Tetraarylpyrrolo[3,2-b]pyrroles (TAPPs) have proven to be
an excellent platform for the synthesis of aza-doped polycyclic
aromatic hydrocarbons.”** Although in most cases dyes
comprising exclusively six-membered and five-membered rings
were synthesized, a limited number of architectures bearing
seven-membered rings were reported as well.”>*” The presence
of highly electron-rich positions 3 and 6 makes TAPPs a potent
precursor for intramolecular C—H activation, leading to the
introduction of 7-extension and curvature. Herein, we report
the double intramolecular alkyne annulation via Brensted acid
catalysis toward nonplanar aromatic heterocycle bearing
multiple odd rings (Figure 1c).

oxygen-, and nitrogen-
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Figure 1. Intramolecular alkyne annulation reactions performed under
different conditions leading to the incorporation of one or two new 6-
or 7-membered rings.

B RESULTS AND DISCUSSION

Design and Synthesis. Recently, we reported the
synthesis of aza-doped S-shaped nanographenes via a cationic
gold-catalyzed alkyne benzannulation reaction (Figure 1b).**
The work capitalized on the modular access to
tetraarylpyrrolo[3,2-b]pyrroles (TAPPs) bearing ortho-diphe-
nylethyne moieties at positions 1 and 4, where the triple bonds
are placed in close proximity to the electron-rich positions 3
and 6. We envisioned that this design would allow for the
formation of two new seven-membered rings leading to a
unique (7—5—5—7)-type cyclic system. Interestingly, however,
the gold catalyst (IPrAuNTf,) induced a 6-endo-dig annulation
with a subsequent 1,2-aryl shift leading to a 6—5—5—6 ring
system. During the additional investigations, we performed the
reaction, under the same temperature and using the same
solvent on the precursor 4aa, with bistriflimidic acid
(HNTf,)*—the conjugate acid of the gold catalyst’s counter-
anion employed in our prior work. Both triflic acid and
bistriflimidic acid were employed in alkyne benzannulation for
various substrates.*”*' To our surprise, we observed the
formation of a new product with a different color and R; than

Scheme 1. Gibbs Free Energy Profile for Benzannulation of Model TAPP I Catalyzed by HNTf,*

AG (kJ/mol)

\
Tar
N
thPh
N
R

a Ar=Ph
b Ar=p-MeOPh

TS4a R N Ar
100.8 |
TS4b o N | o
Ph 88.3 \ A&
. N IVa
g 370
\ Vb
— . 319
7 TS3a\ \ N—Ar
432 N
TS3b L Ph— | Ph

“Calculated at the SMD(m—xylene) /MO06/def2-TZVPP//B3LYP-D3/def2-SVP level of theory. Structures marked with (ab) correspond to Ar = Ph

and p-MeOPh, respectively.
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Scheme 2. Synthesis of z-Extended Pyrrolo[3,2-b]pyrroles with Two Embedded Heptagons Saa via HNTf,-Mediated Two-fold

Alkyne Annulation of Alkyne-Bearing TAPP 4aa

that of both 1,2-aryl shift product 6aa and starting material 4aa
(Scheme 2). However, the reaction mixture showed the
presence of additional spots with similar R values, which made
isolation of the major spot difficult. We anticipate that the
formation of multiple byproducts during the reaction is the
reason behind the low yield and inability to isolate any of the
byproducts made it impossible to characterize them. The initial
'"H NMR analysis showed a significant difference in peak
distribution compared to the benzannulated product with the
same mass (HRMS-APC], calculated for CqH,oN,*: [M + H]*
= 801.3952, found = 801.3956). These results demonstrate the
formation of a new cyclic system which can be described as a
regio-isomer of 6. The X-ray crystallographic results
unambiguously proved the presence of a 2-fold formal 7-
endo-dig cyclization at the C3 and C6 positions, resulting in a
nonalternant aromatic heterocycle (Figure 2). This distinct
arrangement of two adjacent pentagons positioned between
two heptagons is recognized as an inverse Stone—Thrower—
Wales defect in graphene.

Figure 2. Crystal structure (CCDC 2379282) of heptagon-embedded
nonalternant aromatic heterocycle Saa. Solvent molecules and
hydrogen atoms were omitted for clarity.

This transformation was quite intriguing as it could only be
catalyzed using HNTT,. Subsequently, we tested a range of
catalysts which are commonly utilized for alkyne annulation
reactions, including cationic gold catalysts with different
ancillary ligands and counteranions compared to the ones we
used in our prior work™ (see Table SI in the Supporting
Information for details). However, none of them gave a similar
outcome. Alcarazo and co-workers did a comparative study on
the hydroarylation of alkynes using Brensted acid and cationic

616

gold catalysts.”” They showed that the 7-endo-dig-type
annulation is induced by acid only when the vinyl carbocation
intermediate is stabilized by electron-donating groups on
benzene rings attached to it and Au-catalysis toward this
product is governed by steric factors around the reaction
center. Extensive literature studies focusing on the exo vs endo
selectivity of this carbocyclization are limited to gold
catalysts.””~** Intriguingly, Langer and co-workers found that
depending on the choice of Brensted acid and solvent, alkyne
annulation in the case of imidazo[1,2-a]pyridines can be
steered toward the formation of either a six-membered ring or
seven-membered ring. "’

Computational Studies—Mechanism. For a better
understanding of the dichotomy in reactivity under Breonsted
acid and gold catalysts, the annulation of model TAPP Ia
(bearing phenyl group at the alkyne terminus) triggered by
HNTY, was investigated computationally (Scheme 1). The
pathway preferred for gold catalysis,”® encompassing 6-endo-dig
annulation followed by a 1,2-aryl shift, is also plausible but only
when cyclization is triggered by the protonation of the alkyne
moiety (TSla, AG* = 168.8 kJ/mol) to give rise to
intermediate IIla that easily undergoes 1,2-aryl shift (TS3a,
AG* = 64.2 kJ/mol). In contrast, despite extensive research on
the potential energy surface, we did not locate a transition state
associated directly with 7-endo-dig cyclization. However, attack
of the protonated alkyne at position 3a of the 1,4-
dihydropyrrolo[3,2-b]pyrrole (DHPP) system producing Ila
is not only possible (TS2a, AG* = 154.8 kJ/mol) but also
kinetically preferred over another 6-endo-dig cyclization
proceeding through TSla. Intermediate Ila is capable of
rearranging with ring expansion through a 1,2-vinyl shift
(TS4a, AG* = 812 kJ/mol) toward IVa, which after
deprotonation delivers a thermodynamically less preferred
product bearing a 7-membered ring. Similar profiles were
found for both cyclization manifolds of annulation of analogues
TAPP 1Ib, bearing p-methoxyphenyl groups at the alkyne. The
rate-limiting steps, however, proceeding through TS1b and
TS2b were associated with considerably lower activation
barriers (AG* = 143.9 and 120.6 kJ/mol, respectively)
compared to phenyl-substituted alkynes proceeding through
TS1a and TS2a (AG* = 168.8 and 154.8 kJ/mol, respectively).

Scope and Limitations. To showcase the functional group
tolerance and synthetic utility of this reaction, we began the
synthesis of precursor TAPPs 4 which possessed electronically
different substituents at the para-position of the benzene ring

https://doi.org/10.1021/acs.joc.4c02538
J. Org. Chem. 2025, 90, 614—622
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Scheme 3. Synthesis of a Non-planar, 7-Extended Pyrrolo[3,2-b]pyrroles via HNTf,-Mediated Two-fold Alkyne Annulation of
Alkyne Bearing TAPPs 4. (I) Substrates; (II) Successful Examples; (III) Pd-Catalyzed Intramolecular Arylation of Sac; (IV)

Unsuccessful Examples™”

“Compound has been reported previously.*® “Reaction kept at 160 °C for 6 h.

attached to the triple bond. These rationally chosen precursors
were synthesized by following the method described in our
previous work.”® The HNTHf,-catalyzed annulation turned out
to be highly selective as it worked only on specific substrates
(Scheme 3). It is quite evident that the formal 7-endo-dig
cyclization is favored only when the triple bond is activated by
electron-donating groups (MeO or Me) present on the
benzene ring connected to it. Failed examples of Scb—ce

617

confirm this hypothesis [Scheme 3(IV)]. Nevertheless, the
presence of these groups is not the only requirement. Arene
rings on positions 2 and 5 must be electron-deficient (with
substituents CN, CO,Me, or NO,) to a degree that ensures the
stability of the final product. When we changed the electron-
withdrawing ability of the substituents from low (Br as in the
case of Sae [Scheme 3(IV)] to high (NO, in Sab), the reaction
outcome changed from a complex mixture of byproducts to

https://doi.org/10.1021/acs.joc.4c02538
J. Org. Chem. 2025, 90, 614—622
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Figure 3. Crystal structure (CCDC 2381915) of multiple heptagon-embedded double helical nanographene 7ac. Solvent molecules and hydrogen

atoms were omitted for clarity.

Table 1. Photophysical Properties of the m-Extended Pyrrolopyrroles 5 and 7ac

solvent Agps™*/nm Aem™™/nm

Saa toluene 450 575; 618
THF 449 572; 614

Sab toluene 51§ 676
THF 518 747

Sac toluene 462 585; 630
THEF 465 590; 630

Sba toluene 453 573; 613
THF 451 570; 613

Sbb toluene 51§ 641
THF 514 644

Sbd toluene 449 613
THF 449 613

7ac toluene 502 670
THF 503 645

stokes shift/cm™ Pa” e/M~t em™!
4800 0.04 18,000
4700 0.05 21,000
4600 0.02 12,000
6000 <0.001 12,000
4500 0.01 9000
4500 0.01 9000
4600 0.01 18,000
4600 0.05 14,000
3800 0.01 11,000
3900 <0.001 10,000
5900 0.05 14,000
5900 0.04 14,000
5000 0.01 9000
4300 0.01 12,000

“Standard: 9,10dDiphenyl anthracene in cyclohexane (¢bq = 0.7). ”Stokes shift calculated from absorption corresponding to lowest energy (4 = 502

and 503 nm).

predominantly yielding the bis-annulated product. We also
tested the possibility of performing the reaction on substrates
with halogen handles so as to demonstrate the postsynthetic
utility of this reaction [Scheme 3(III)]. Alkyne annulation
occurred smoothly to obtain Sac, which then underwent
intramolecular direct arylation to form the completely fused
nonplanar double helical nanographene 7ac (Figure 3).
Photophysical Properties. The fused dyes § exhibit
distinct photophysical properties compared to previously
reported 7-expanded TAPPs (Table 1 and Section SS.1,
Supporting Information).””** In particular, they show a very
weak ¢y (typically around 0.01), which indicates low-radiative
emission. This is confirmed by theoretical calculations (see
below). Their absorption showed a significant vibronic
structure with a low energy absorption band ranging from
449 to 515 nm. The substituents at positions 2 and §
significantly influence the locations of the absorption and
emission maxima. Specifically, substituting CN to NO, (Saa
and Sab) causes a red shift of ~65 and 100 nm, respectively.
Similar effects are seen in Sba and Sbb. Compared to their
structural isomer S-shaped, z-expanded pyrrolopyrroles,®
these dyes exhibit a bathochromic shift of emission at ~80
nm. As expected, further extension of the 7 system (7ac)

618

induces red shifts of absorption and emission, relative to the
precursor.

Computational Studies—Photophysics. To understand
the peculiar photophysical properties of these systems, clearly
differing from the ones of usual TAPPs, we have performed
theoretical calculations (see the Supporting Information for
details). Let us first discuss Sbb which is a relevant example;
the main conclusions and trends to all systems except 7ac.
Given the symmetric chemical substitution in Sbb, we
performed ground-state optimizations in both the C, and C;
point groups and found that both were stable minima but that
the former is significantly favored (by ca. 7 kcal'mol™" on the
Gibbs energy scale). The electron density difference (EDD)
plots obtained for the five lowest transitions of this stable C,
structure are displayed in Figure 4. As can be seen, the lowest
transition of A symmetry is very weakly dipole-allowed. For
this transition, the EDD reveals a delocalization on the TAPP
core as well as the side seven-membered rings, whereas the
contribution of the nitrophenyls is limited. Such topology is
very original since for the vast majority of TAPPs developed to
date, the lowest transition corresponds to a bright quadrupolar
charge-transfer (CT) from the dye core to the side groups
located at positions 2 and 5.***~* This is in fact the topology
found for the third transition here, i.e., that of B symmetry (see

https://doi.org/10.1021/acs.joc.4c02538
J. Org. Chem. 2025, 90, 614—622
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Figure 4. EDD plots for the S lowest excited states of Sbb. The red
and blue lobes are regions of decrease (red) and increase (blue) in
density upon absorption. For each state, we provide the symmetry,
vertical excitation wavelength, and oscillator strengths computed at a
TD-DFT level with the (LR,neq)-PCM(toluene) solvent model.
Contour threshold: 0.001 au. See Figures S4 and SS in the Supporting
Information for other compounds.

Figure 4) which is significantly upshifted. The second
transition is located at almost the same energy as the first
but is bright. It represents intermediate features between the
first and third states with a marked CT character, yet with
significant contributions to the seven-membered rings. As can
be seen from Table S5 in the Supporting Information, the
same conclusions (state ordering and dipole strengths) are

obtained at both the TD-DFT and CC2 levels of theory, giving
confidence in the result.

To give a qualitative comparison with the experiment, one
should note that the two first transitions are very close in
energy, causing them to form two peaks, which is consistent
with the measurements; e.g., the nearly dark lowest transition
is likely buried under absorption to the second excited state
that should be responsible for the measured A The presence
of such a nearly dark transition is of course detrimental for
emission since it is indicative of a very low radiative rate (the
oscillator strength obtained on the S, minimum is also very
small). In other words, dark-state quenching happens in these
compounds. Very similar trends are obtained in the full series
of compounds 5 and are not further detailed. More
quantitative theory/experiment comparisons have also been
obtained; see the Supporting Information for details (Table
S6). Eventually, 7ac shows some specificities. First, the most
stable structure we could obtain belongs to the C; point group.
While this dye still presents two nearly degenerated excited
states — the lowest (A,) being dark and the second (A,) being
bright — it is noteworthy that the CT character of the second
transition is much less marked than in Saa (see EDDs in the
SI).

Cyclic Voltammetry. Voltammetric experiments were
performed to investigate the electrochemical properties of all
of the synthesized compounds (8, 7ac, and their precursors 4)
(Table 2). The parent TAPP 4 underwent one reversible
oxidation process. While 4ac and 4ba showed one quasirever-
sible reduction event, 4ab exhibited three reduction events, out
of which the first two are quasireversible and the third
irreversible. Fused compounds $ displayed two or three

Table 2. Redox Potentials of the 7-Extended Pyrrolopyrroles S, 7ac, and Precursors 4

compound” event Eoy'A [V]  Eox'C [V] Eox? [V] Eox™ET [V]

4ab 1 1.03 0.94 0.98 091
2
3

4ac 1 1.10 1.00 1.05 0.99

4ba” 1 0.99 0.90 0.94 0.87

4bd 1 0.85 0.75 0.80 0.74

Saa 1 0.73 0.66 0.69 0.63
2 1.14

Sab 1 0.76 0.69 0.72 0.65
2 1.12 1.06
3

Sac 1 0.76 0.65 0.70 0.65
2 1.22 1.12

Sba 1 0.71 0.64 0.67 0.60
2 0.94
3 1.13

Sbb 1 0.73 0.65 0.64 0.62
2 1.11 1.02 1.06
3

Sbd 1 0.63 0.57 0.53
2 091 0.77
3 1.04 0.97

7ac 1 0.88 0.60
2 1.22

IP° [eV]  Eppp™ [V]  Erep™ [V]  Erep”? [V]  Erep® T [V]  EAY [eV]
52 —0.72 —-0.79 —0.68 -3.60
—-0.93 —-1.17
—-1.71
5.1 —0.66 —0.90 —0.70 —4.22
5.1 —-0.70 —0.90 —0.74 —-3.53
5.0
4.9 —-0.62 —0.89 —0.67 —-3.61
4.9 —-0.67 -0.86 —0.68 -3.60
—-0.99 —1.09
—-1.49
4.9
4.9 —0.65 —0.92 —0.67 —-3.61
—-1.35
4.9 —0.68 —0.83 —-0.67 —-3.61
—0.95 —-1.14
—1.29 —1.48
4.8 —0.65 —0.92 —0.69 -3.59
—-1.37
4.9 —0.68 —0.92 —0.68 -3.60
—-1.29

“Measurement conditions: electrolyte (NBu,PFg, ¢ = 0.1 M), dry CH,Cl,, potential sweep rate: 100 mV s™', working electrode: glassy carbon
(GC), auxiliary electrode: Pt wire, reference electrode: Ag/AgCl/NaCl,,; all measurements were conducted at room temperature. bPotential sweep
rate: S0 mV s~'. “Ionization potential. “Electron affinity. Calculated according to the equations: IP(eV) = [Eqx"“*T — E, ,(Fc/Fc*) + 4.8];
EA(eV) = —[Eggp™™FT — E, ,(Fc/Fc*) + 4.8]. E;/,(Fc/Fc*) = 0.52 V under the above-mentioned conditions.
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oxidation events with a reversible first oxidation. The only
exception is Sbd, where all three oxidation events are
quasireversible. Considering reduction, these compounds
showed one, two, or three quasireversible or nonreversible
reduction events. However, molecule Sac did not show any
reduction event. Cyclic voltammetry measurements demon-
strated that the fused DHPPs have a lower first oxidation
potential than the nonfused parent systems, following the
general pattern that as the degree of conjugation increases, the
first oxidation potential decreases. A similar trend is visible for
the ionization potential as well. However, completely fused
molecule 7ac showed higher first oxidation potential than that
of the precursor.

B CONCLUSIONS

In conclusion, the direction of double intramolecular alkyne
annulation for dihydropyrrolopyroles can be controlled
through the choice of acids. The use of exceptionally strong
Bronsted acids induces the formation of a two-seven-
membered-ring-containing dye, which possesses an inverse
Stone—Thrower—Wales topology. Based on computational
studies, we reasoned that the reaction course can be
rationalized by the kinetic forces. The presence of conjugated
ring systems 7—5—5—7 and 7-7-5-5-7-7 shifts both
absorption and emission bathochromically.
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